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snou-sning isien | TUrbulent Flow in a Rotating Two
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wwani | Pass Ribbed Rectangular Channel

Electromechanical Engineering

Fellow ASME
. . Laser-Doppler anemometry has been applied to approximately two-dimensional turbulent
Hsmng-Jung Chin air flow in rotating two pass channel with turbulator of rectangular cross section (AR
Graduate Student =3:1). The axis of rotation is normal to the axis of the duct, and the flow is radially
outward/inward. The duct is of finite length and the walls are isothermal. Two sided
Department of Mechanical and oppositely ribbed channel including one sided ribbed U bend of58 et e/D;=0.27
Electro-Mechanical Engineering, are experimentally conducted with je5000 and 10,000. The main features of the flow,
National Sun Yat-Sen University, reattachment length, recirculation zone, and mean velocity as well as turbulent intensity
Kaohsiung, Taiwan 80424, and shear stress distributions are presented in ribbed ducts. The measured flow field is
Republic of China found to be quite complex, consisting of secondary cross-stream flows due to the Coriolis
effects and centrifugal forces with rib-roughened surfa¢@l: 10.1115/1.1622714
1 Introduction more recently, the subsequent work was done by lacovides et al.

ﬁCiEefrf]iCt'(\)’fez;g\;g'r?feglgﬁgrggoe“r?giAsesnﬁﬁesessgéo Ceonnk:/aer::(;ie\z/ ethfoé_'rements for developing flow in a rotating smooth duct with an
y 9 -ng ! ect ratio of 1.1. Bons and Kerrebrddk| experimentally stud-

Ing 1S used [n3|de the blades by means of cooling passages. complementary velocity and heat transfer in a radially outward
internal cooling passages are connected at the ends, which lea gting cooling passage with smooth walls

a serpentine flow path consisting of alternate channels of radial YHere the results of a subsequent study of Hsieh &8zd] are

outward and inward flow. In addition, to promote turbulence and esented in which the effects of discrete ribs and a large aspect
enhance heat transfer, roughened surfaces I_|ke the rib type are e, (AR=3:1) of the duct have been included. As shown in Fig.
most commonly used on the walls of these internal passages. | q_dimensional transverse square ribs have been added to the
Rotation of turbine blade cooling passages gives rise to Cor'oﬁ?st/second straight channels as well as within the U ead rib
and buoyancy forces that can significantly alter the local hegtangements considedd an inline arrangement. The objectives
transfer in the inward coolant passage from the developmentfg{ the study are further examination of Coriolis and centrifugal
cross streamCoriolis), as well as radiallbuoyani secondary fo(ces induced by inward and outward flow using LDV techniques
flows. Consequently, the flow, and hence the heat transfer, in these the mean velocity as well as turbulent intensity distribution
rotating passages are quite different as compared to that in statigRy tyrbulent shear stress in a ribbed channel during the rotation.
ary channels. It is therefore recognized that comprehensive datasggn gata should not only improve our fundamental understand-
well as accurate methods for predicting flow and heat transfer 3 of blade cooling flow, but would also provide challenging test

necessary. ) ) ) cases for further assessment of turbulence models used in the
A number of investigators have studied the phenomena of tBgmputation of blade-cooling flows.

Coriolis force induced secondary flow. These include the analyti-
cal works by Harf1], Moore[2], and Rothe and Johnstg8l, and .
the experimental works by Wagner and Velkp#f and Johnston 2 Experimental Apparatus and Procedure
et al. [5]. They all came to the same conclusion that, when a2.1 Rotating Facility. Figure 1 depicts the present physical
channel is being rotated, there would be strong secondary flogisometry and relevant parameters as well as flow variables con-
and have identified aspects of flow stability that producsidered. The present test facility initially was followed by Hsieh
streamwise-oriented vortexlike structures in the flow of rotatingt al.[9] with a slight modification in flow passage for rib rough-
radial passage. The cross-section aspect ratio effect on turbémed geometry. It is almost the same as that of Hsieh ¢15].
blade cooling passages was also mentioned in Mo2§’'paper. and the extension for LDV measurements. It was comprised of a
Although plenty of papers reported the results for the effect @lower, a motor, a heat source, two slip ring assemblies, a LDV,
centrifugal buoyancy or combined effects of Coriolis and buoyand a datalogger.
ancy effects on heat transfer or temperature fields, it seems quit&xperimental data were taken on the leading and trailing sur-
few papers dealt with velocity fields especially for LOVaser face of the test section in both rotating and stationary channels.
Doppler Velocimetry/or LDV-like measurement§6] in rotating Rotational speeds of 100, 200, and 300 rpm were set either in the
ducts with cross section aspect ratio different from unity. Onlgounterclockwise or clockwise direction. The test channel geom-
several papers have so far been found reporting such results eititey and operating conditions for velocity measurements are also
experimentally or numerically with/without the aspect ratio effecshown in Fig. 1. A stereographic view of the present experimental
Prakash and Zerklg7] reported a numerical prediction of turbu-setup schematic was similar to that of Hsieh et[8l. Figure 2
lent flow and heat transfer in a radially rotating square duct. Hsielepicts the test channels with rib arrangements and temperature as
et al. [8,9] using LDV techniques measured velocity fields in avell as LDV measurement positions. With the present roughened
rotating two pass square channel with/without rib roughenegtometry, an increase in friction factor as compared to that of
walls, respectively. Recently, Dutta et E1O] numerically studied smooth channel is expected.
turbulent flow and heat transfer in rotating channels where five .
different aspect ratios of the coolant passages were examine.dz'2 LDV Measurements. The present system is a commer-

Cheah et al[11] experimentally studied the flow pattern in a ro-C'a] two color, four beam DANTEC fringe-type LDV system, op-

- . . erated in the backward scatter mode, with the general layout simi-
tating U-bend smooth channel using LDV measurements aqér to that of Hsieh etal[9]. The relevant optical system

Contributed by the International Gas Turbine Institute for publication in ¢tiurd par_ameters are listed in .Tf"‘ble 1. Standard DANTE® K gdUIar
NAL OF TURBOMACHINERY. Manuscript received by the IGTI Aug. 1998, revised OPticS and a model Stabilite 2016 4 W Spectral Physics laser
manuscript received May 2003. Associate Editor: R. S. Bunker. are mounted on a two-dimension@D), traversing system. Two

ﬁZ] for a ribbed channel. Liou and Ché@3] used LDV mea-

Journal of Turbomachinery Copyright © 2003 by ASME OCTOBER 2003, Vol. 125 / 609

Downloaded 31 May 2010 to 171.66.16.27. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



AR
W (mm) H (mm) Dy (mm) mw)| e/H e/Dy p/e
geometries
10 30 15 3:1 | 0.135 0.27 8
relevent Rep Re, Ro
parameters
5000 -10000 0-451 0-0.0902
First pass Second pass U-bend
boundary
conditions isothermal isothermal isothermal
;’- 1st pass ™A -
ow In u u
|u+enu . * A H HT‘H HIB
low M~ ¥ iQO n
-—
Flow out 2nd pass A section A-A

Fig. 1 Geometries and operating conditions in the channel

separate LDV channels are formed by use of color separati®20,000 measurements with a sampling frequency of approxi-
They are 514.5-nngreen lighf and 488.0-nn{blue light wave- mately 400 samples/s, from which the time averaged values were
length beams. These two beams form orthogonal fringes by meatesermined.

of a standard DANTEC two channels optical train. These two setsFor the present system, the link consisted of four fiber manipu-
of fringes allow the simultaneous measurement of two orthogoriators and four single mode fibers. Each fiber manipulator was
components. The transverse velocity component is measured wsed as a launch unit to couple the beam onto the fiber. The single
ing a 488.0-nm beam, while the 514.5-nm beam measuresmade polarization preserving fiber produced a beam diameter of
streamwise velocity component. A combined counter-type signhl35 mm, and a beam divergence angle of 0.5—-0.6 mrad. It was
processofDantec model 57H0O0with functions of counter, buffer fitted with two plugs at each end, which included the microlens
interface, and coincidence filter, which is interfaced with a LE®or focusing(at the receiving endand/or resetting the divergence
(Intel-486 PC in the direct access mode, was employed for dagmgle of the beanfat the probe end

processing. Statistical data were based on a sample size ofhe selection of seed particles for laser Doppler measurements

"open" stands for LDV measurement position

Plexiglass smooth Test duct with 2 sided copper ribbed walls and Plexiglass smooth
' entrance duct | 2 sided plexiglass smooth walls exit duct
y | 180 | 200 70
in x=0 [
- - \ 30
2 Axis of
rotation Case
ﬂr A Test duct(2 cases
i T3t A I 4T N LA ] o Teguna
‘m € \ 4 sides plexiglass
ribbed walls
<= I3 T x 'ro ! \ 30
Flow out T - - -
| 180 200 | 70 U-bend
Plexiglass smooth . Test duct with 2 sided copper ribbed walls and Plexiglass smooth Case B
entrance duct Side view 5 gided plexiglass smooth walls exit duct

L R =240 |

Leading side
Leadimesite N 00001 /==
Copper plate
~ = Direction B Copper
of Ml Teflon
Rotation .
First pass N B Plexiglass
B = 90° c. f. Parsons it
1 etal. 1995) Unit: mm
TS
1S
Second pas! oS
Fig. 2 The measurement positions and dimensions of the test section
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Table 1 Laser-Doppler velocimeter optical parameter Table 2 Maximum possible measurement errors

Laser power 4w Quantity System error Random error
Laser wavelength Measured quantity
green beam 514.5 nm X 30.5 mm $0-01 mm
blue beam 488.0 nm y =0.5 mm *=0.01 mm
z *0.5 mm +0.01 mm
Beam-diameter a¢~? Yo f%{,/S% Jfgg?/%
(major and minor axes of ellipsoid 3, 2 50% 3% ’
green 3.9%0.189 mm v ;2'5% ;3%
blue 3.98<0.189 mm o’ 3% Y206
Beam half angle g . . +1 rpm +0.5 rpm
reen 2720 erived quantity
g S5 u/Ug +1% +1.5%
' u'fu =4% +3%
Focal length
green 400 mm
blue 400 mm
. ) than 10% but typically, it was about 10%. The effect of gradient
Fringe opening broadeni ligible. In the fi i d, typical
green 5.27um roadening seems negligible. In the flow region measured, typica
blue 5.27um uncertainties in the mean velocities and turbulent intensities due
) to this effect were 3—4% and 3-5%, respectively.
Number of fringes 36 As mentioned before, the smalll si#—5 um) of the soot drop-

lets used guaranteed the tracking of velocity fluctuation higher
than 1 kHz to better than 1% speed accuracy. Similarly, particle
drift velocity due to the centrifugal force can be shown to be
represents a compromise between large partitdésmmeter-10 negligibly small. Calculation of the mean and turbulent intensity
pm), which are good light scatterers, and small particlesults in statistical uncertainties af12% for mean velocity and
(diameterc1l um), which follow the air flow very accurately. A =15% for turbulent intensity at the maximum rotational speed. In
satisfactory compromise could be obtained by 4sb-diameter this study, channel rotation was maintained constant within
soot droplets from a straw smoke generator. Since the flow wa®).3%. Table 2 summarizes the estimates of maximum measured
forced convection dominated, velocity measurements were masleor and derived error associated with each measurement pre-
without heating. sented in Sec. 2.

3 Data Reduction and Analysis 4 Results and Discussion

The laser-Doppler signal from the photomultiplier was fed to a The forced flow mechanism present in the rotating channel is
signal processor and, then, measured with a frequency countefluenced mainly by the presence of Coriolis and centrifugal
The digital value of the Doppler frequency shiff, the charac- forces. The tests are conducted for two channel Reynolds numbers
teristic wavelength of the laser, and the half angle between the(R&=5000 and 10,000and three rotational speed§)=100,
beamsd/2 are translated to horizontétreamwisgu and vertical 200, and 300 rpm The parameters apparent for this type of flow

(transversgv velocity components, respectively, by the equatiof rotating ribbed roughened channels are the flow rateg)Re
rotational numbers (Ro) with fixed rib geometry e/Dy

uor v— Nuonfd (1) =0.27 (e/H=0.135), and given size gffe=8. The time average

2sin(6/2)° u circumferential velocity(streamwise/axial direction in the test

channel was measured along a radial line at midplare (

Once a valid laser velocimeter signal is generated, the test SeCrq mm) and downstream distan@hown in Fig. 2 at rotational

tion angular position is recorded with a shaft encoder. The enco ;
divides each revolution into 3600 parts. The two velocity signg €ynolds numbers of 150, 301, and 451, and at the corresponding

tational numbergRo) from 0.015 to 0.0902. The temperature of

and the shaft position are simultaneously recorded onto flopm/ air was maintained at 23.°C for all the experiments. Based
disks by a PC. A typical test had 40 data points in each measuigd we ‘gefinition of Ro, it is found that Ro of the channel at

downstream station. This zone’s two-dimensional velocity and @R _ 10 000 would be half of that channel at ;Re5000 for the
gular position data for the measured point were analyzed after e ro,tational speed

test.

In addition, various sources of uncertainty contribute to the 4.1 Qualification Test and Assessment. Verification of the
random and system errors in the mean velocity measurememsperimental procedure and its accuracy for the mean velocity
These include index of refraction effects that alter the half angleere made for smooth duct without rotation at various streamwise
between the beams and the optical probe volume location; veldeeations, and the results were also compared with the known
ity bias, filter bias, and velocity gradient broadening; particlene-seventh law for turbulent flow velocity profile. It was found
seeding and particle deposition considerations; finite size of tfreot shown that the rms deviations were less that.5% and 2%
data samples; rotating channel wobble and vibrations in rotatioral|x/D=9.73 (9.67) in the firs{second channel, respectively.
speeds of the channel. The visual optical probe volume positiofe examine the conservation of the mean flow rate, the mean
ing uncertainty was kept less than0.01 mm by the careful de- streamwise velocities were also integrated over each cross section
termination of an initial reference location and using stepping mat specified stations. The results showed that the mass continuity
tors with incremental steps equal to afn. was valid within =3% in two entire channels. The ratios of

The nonuniform axial deposition of soot droplets on the glasg,,,/uy for this particular case (Re=10,000) at downstream of
window contributed to the random uncertainty of all the velocityhe first channel and the second channel were found to be about
measurements as well as to the symmetric uncertainty of thels&8 and 1.14, respectively. This coincided adequatsi$%)
measurements made along axial traverses. Of the uncertaintiggh the conventional one-seventh resg#1.233. The good
specifically attributable to the LDA technique, filter bias, velocitagreement served to establish the validity of the measurements
bias, and gradient broadening were carefully examined. Filter biasd data reduction method. There is no discernable trend and the
was avoided. The maximum velocity bias was estimated to be ldksv may be regarded as symmetric without rotation. Moreover,
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Ts 1S
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force
Centrifugal force Centrifu‘gal force
lower (c) U-bend higher
Fig. 3 Schematic of the possible separation mechanisms in the ribbed channel (followed by

Dutta et al. [16])

streamwise velocity and turbulent intensity distribution at the effis finding is the same as reported by lacovides efH2].
trance within the midplane for the cases under study were al$herefore the following figures will only show the flow charac-

measured which demonstrate the degree of uniformity and syeeristics near the vicinity of two consecutive ribs for periodic fully
metry produced by the entry arrangements. developed flow.

4.2 Mean Velocity Distribution. The possible flow separa- Figure_ 4 iIIu_strates the mean flow di_stribution_ at various
tion mechanism§16] in both the first/second channels including>ifé@mwise stations for Be- 5000 under various rotating speeds.
the U bend with rotation are depicted in Fig. 3. The balance of tfe dependence of rotating speeds on the velocity profiles was
centrifugal buoyancy due to radial pressure variation and Coriof@und. The axial velocity profiles obtained for eight downstream
force is discussed later in related figures and, with reference Sitions in each channel with/without rotation are shown in Fig. 4.
this figure, the details of flow development in the present twbhe distortion of the profiles in Fig. 4 appears clearly. Generally,
rotating roughened channels can be discussed. Within the fitk® flow pattern with rotation is skewed continuously from the
second channel, after the flow passing over the seventh rib tiypical one-seventh law turbulent velocity profile. The mean ve-
present measurements show that the flow is fully developed withtity profiles show the presence of a nearly uniform velocity core
the same flow pattern being repeated over successive rib intervadgjion in which the velocity gradient is small, along the entire

612 / Vol. 125, OCTOBER 2003 Transactions of the ASME
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Fig. 4 LDV measurements for streamwise velocity along the channels between two consecutive ribs (Rep=5000) at z*=0.5 and
up=>5.23m/s

length of the duct which isolates the boundary layers adjacentftodings in Fig. 4 become less noted as one would expect. How-
the duct wall except for the region in the U bend. In spite of thigver, the change in reattachment length with Beems significant
the flow structure redistributes slightly with rotation due to th¢e.g., 0. 4—0.D) from Fig. 5 after the flow makes a 180° U
Coriolis force. With the assistance of Fig. 3, it is found that theurn. In contrast to the smooth wall caésee Hsieh et al[9]),
Coriolis force acts toward the trailindgeading wall, while itis in  there is now a region of flow separation along both leading and
the first(second channel as the channel rotates. Since the preserdiling walls in the first and second channel with rib turbulators.
flow is isothermal, rotationalcentrifugal force due to density The symmetric nature holds without rotation. However, the posi-
variationg buoyancy is not found. This can also be seen later tion of the peak value of streamwise velocity distribution along
Fig. 5. Moreover, the flow shown in Fig. 4 is significantly accelthe channel moves fropn/Dy=0.5 toy/D,=0.3 (0.8) when Ro
erated by the presence of the channel obstruction presented bytibeomes higher as the flow proceeds downstream in thédest
opposite ribs. Mean velocities at the central portion a=R@re ond) channel in Fig. 4. In fact, in Figs. 4 and 5 the velocity peak
observed somewhat higher. A large recirculation happens down-the streamwise direction increases and converges toward the
stream of the upstream rib occupying the entire zone in betwedawnstream rib on trailingleading surface in the firstsecond
two consecutive ribs is evident for both channels. This reversbannel.
flow region extends from/D =13 tox/Dy=13.9(first channel A typical vector plot of streamwise velocity at the region be-
and fromx/Dy=12.94 tox/Dy=13.6 (second channgl These tween two consecutive ribs at Re5000 is shown in Fig. 6 in
strongly indicate that flow separation occurs between two coheth channels. This gives a clear picture of the flow. The value of
secutive ribs in both channels. The reattachment length seems [Mot,,| as well as the flow behavior seems not changed niéich-
changed a bitfrom 0.9D to 0.8@,) after the flow makes 180° 6.73 m/g in both channels different rotational speeds even after
U turn. In addition, the separation in both first/second pass wilhe flow makes a 180° sharp U turn. However, the influences of
delay with rotation. The distortion of the mean velocity profilehe present rib, rotational speed and,Ra reattachment length,
from traditional nearly flat shape appears to be shifted toward thesre clearly noted. In addition, the effects of rotation on the mean
trailing side(first channel and leading sidésecond channgbe- flow are clearly seen in Fig. 6. As stated before, in the fisst-
cause the secondary flow exists in the plane of test section dueotw) channel when repeating flow conditions are in evideimo
Coriolis forces with rotation. While the centrifugal force acts toshown herg rotation displaces the faster fluid toward the trailing
ward the saméoppositg direction as the flow proceeds in the first(leading side in the firs{second channel. This situation shown in
(secondl channel. This causes that the mean flow would accelerdt. 6 becomes more noted as Ro increases. These effects are
(deceleratgin the first (secondl channel, respectively, with rota- consistent with the rotation effects observed in flow through
tion. All behaviors stated above will become significant as Rdbbed (staggeredly roughened in straight tangent parts )oudly
increases. bends measured by lacovidgl?]. The Coriolis-induced second-
Figure 5 shows the corresponding of Fig. 4 except fop Reary motion convects high momentum fluid toward trailifigad-
=10,000. In fact, the Ro in Fig. 5 is half that in Fig. 4 for theing) side in the first(second channel.
same rotational speed. Since the inertia force becomes strong, th€o quantify flow development and downstream behavior in tur-
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Uup=10.45m/s

bulent flow over ribbed geometry/or roughed surfa@asse A and of Fig. 7 is that the velocity peak can reach ug%much bigger
B for two different rib arrangementsvelocity measurements than those of smooth dugtfor both rib arrangements in the U
were taken for the region of 180° U beiffdot including the up/ bend and it seems the mean velocity distribution in the first half of
downstream elbow regiopsit Rg,=5000 and 10,000 with rota- the U bend is more uniform than that in the second half of the U
tional speeds of 100, 200, and 300 rpm. In Fig. 7 for cagkeke bend.
the ribs were positioned oppositelyhe streamwise velocity pro-  Figure 8 further deciphered the rotation and rib effects on the
files at midplane are shown in the 180° U bend channels for Reyector velocity within the U bend. For the case-A rib arrangement,
nolds number of Rg=5000 and 10,000, respectively. In everyrotation displaces the faster fluid toward the trailing w@ée
channel, based on the Kutta condition, the separation should ocEigs. 8b)—(d). This is a consequence of Coriolis force-induced
at a 90° sharp corner. In fact, gtD,=1.08 the flow has sepa- secondary flow. Rotation also has a noticeable effect on the flow
rated for a while on the trailing side of the first half of the U benddevelopment within the U bend. Moreover, as can be seen in Figs.
Keeping this separation and passing over the ribs, the flow, evéb)—(d), rotation leads to a more uniform velocity distribution.
tually, reattached on the wall of the second half of the U bend &he upstream separation of the rib is about 1.6 diameters long and
y/Dy=—0.84. This gives the reattachment length bigger thah4 diameters high. This situation becomes less distinct as Ro
1.92Dy. Furthermore, how the flow evolves in the streamwisicrease. While for the case-B rib arrangement, the separation
region downstream can be observed. Like the smooth chanbebble almost occupies the entire space of the two consecutive
(Hsieh et al[9]), the flow at the U bend is still developing and theribs as shown in Figs.(8)—(h). Again, rotation leads to a more
boundary layers are thin except that the migration of the flow tiform velocity distribution which can be seen in Figég)8and
the trailing side changed a little bit. Moreover, the separated flo{lu). The size of the separation bubble becomes smaller especially
seems never reattached because of the presence of theeibs for its height as Ro increases. For instance, aER®451 (300
Fig. 7 for case A After the flow passed over the rib, the flowrpm) the bubble is 1.4 diameters long and 0.15 diameters high.
reattached ay/D= —0.84 (second half of U bend This behav- Further inspection of Figs.(B)—(d), shows that there are two
ior was totally changed when case B arrangement was placamtrotating vortices existing right up/downstream from the rib on
instead(see Fig. 7. trailing wall, respectively. The one upstream is rotating in a clock-
In contrast to case A, there is now a small region of flow sepavise direction and strong; and the one downstream seems not
ration aty/Dy=0.93 along the top floor of the upstream rib righttlear and weak. However, this situation seems to never occur for
after the bend entryfirst half of the U bengfirst and then, the the rib on the leading wall for the cases under study. In contrast to
flow starts to separate from the trailing wall when it passes ov#his finding, the case-B rib arrangement exhibited a different be-
the upstream rib(first halfy and this situation preserves untilhavior(see Figs. 8)—(h)). Only one big vortex exists in between
touching the downstream ritsecond half However, aty/D,; two consecutive ribs. The strength of the vortex becomes weaker
=—0.93(second half there is no more separation region on thas Ro increases.
top floor of the downstream riksecond half which is different These figures strongly support the flow pattern shown in the
from the phenomena mentioned above. Another important featwerresponding results as illustrated in Fig. 7. It is important to
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Fig. 7 LDV measurements for the streamwise velocity distribution in U bend at Re p=10000 and

z¥=0.5 at uy=10.45 m/s LDV measurements for the streamwise velocity distribution in U bend at
Rep=5000 and z*=0.5 at u,=5.23 m/s

remark that the size of the core floidefined as fluid of velocity influenced by a streamwise pressure gradient. Although wall pres-

greater than about QU at each downstream statioshown in sures were not measured, their form can be expected.

Figs. 7 and 8 in the U bend, rather than the degrees of distortion of

the streamwise distribution adjacent to the trailing wall, indicates 4.3 Turbulent Intensity and Shear Stress Distributions.

the importance of the secondary flow: the smaller the core, tAé&e effect of rib and rotation on the boundary layers on the trail-

larger the magnitude of the secondary velocities. This can be sdéep and leading walls for both channels on the midplane of sym-

in Figs. 8d) and (h) at which they all have the highest Ro. metry of the channel and the possible three dimensionality asso-
In general, Fig. 8 shows that for both case-A and -B rib arrangetated with the flow separation on both walls were already evident

ments, the core is found progressively towards the trailing wdfiom the mean velocity fields as shown in Figs. 4 and 5. These

and along the side wall with a corresponding low velocity regiothree effectdrib, rotation, and 3D effegtcombine to produce a

adjacent to both the leading and trailing wall due to the presengeite complex distribution of the turbulent intensity and shear

of the ribs. However, with case B, the situation of the low velocitgtress.
region near the leading wall is getting less strong due to the ab-The results of turbulent intensity measurements are shown in

sence of the rib. The development of the streamwise velocity Fg. 9. The normalized turbulence intensit{/u has been plotted
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Fig. 7 (continued )

in the transverse direction. A/Dy=7.6 (first channel and 7.54 intensity along the rib top floor can be seen. This is because of
(second channgla nearly uniform turbulence intensity of 10% isflow development against the adverse pressure gradient along the
observed all across where the flow was accelerated except nearjpsiream and downstream corner and hence higher shear levels as
rib top floor where it is higher at 120%. Further downstream, fq{igh as 100% ax/D,=8.8 (first channel and 200% atx/D,

instancex/Dy=7.9 in the first channel, the profiles show an in_7 q (second channglAs the flow moves downstream, the dis-
crease in the turbulence levels in the recirculation zone close :

i ; Cl0S€ QN of the turbulence intensity distribution close to the center
trailing wall, going up to 120% near to edge of the dividin X
strear% line a%d u% tg 60% near the Ieadinggwall. Figure 9 a%‘ad”ces a bitonly about 10% due to the bulk movement of the
shows profiles of streamwise turbulence intensities in the vicinif{PW and self-imposed favorable pressure gradient by the flow as
of two consecutive ribs in both the first and second channelst@g flow proceeds further downstream after passing over the ribs
different rotational speeds and 2e5000 which stands for the as shown in Fig. 9.

corresponding developments in the turbulence levels of Fig. 4.The higher turbulence intensity levels shown in Fig. 9 due to
The increase in turbulence intensities along the ribs is expectedation serves to reaffirm the existence of more disturbed flow
due to the growth of the boundary layer shear layer where the flovith ribs. It shows that higher turbulence levesbout 100%

was decelerated. The intensity of shear layer is greater in thear the walls and in the shear layer separating the mean flow
vicinity of the ribs as the flow tries to retain in flow direction androm the circulation zone as shown in Fig. 9 fot/Dy
hence a higher turbulence intensity is seen there. The increase=ih3—14.8 in both the first/second channel. Upon further inspec-
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tion of Fig. 9, it is found that most of the significant shear stress  shear stress distribution more random in transverse direction
variation occurs downstream of the U turn. These measurements along the midplane as compared to those without rotation.
in the second pass indicate thatxab,=12.94—14.5, turbulence

levels vary significantly with separation region’s growth and de-

cay. Unlike the behavior in the first pass, the region of high tuAcknowledgments
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The distribution of the turbulent shear stress component ‘at
Rey= 10,000 within the mid-plane’v’ along the downstream in
both the first pass and the second pass is shovyn !n Fjg. ;0. Th . enclature
measurements indicate that the shear stress distribution is signifi-
cantly affected by ribs and rotation as well as the U bend. The AR = aspect ratio, H:W3:1
shear stress is smalls+5%) as expected due to low rotaton Dy = hydraulic diameter, 2WH¥W+H)
speeds of the present study, with peak values near the leading/ € = rib height
trailing walls. The ribs and rotation increase shear stress. How- H = height of channel
ever, the effect of rotation seems different in the first and second L = test channel length
pass, in which the peak value was shifted toward the trailing wall P = pitch
in the first pass and the leading wall in the second pass due to the R = mean rotation radius
Coriolis forces. Unlike the turbulent intensity distribution in the Re, = Reynolds numbenD /v
second pass as shown in Fig. 10, the U turn has a weak effect oiRe, = rotational Reynolds numbef) D2/ v
u'v’ values. Also shown in Fig. 10 are the profiles of the turbu- Ro = rotional numberQDy/u,
lent shear stresses measured within two consecutive ribs. As ex- u = horizontal velocity(streamwisg
pected, the levels of turbulence are considerably higher and be- u’ = horizontal velocity fluctuation
come even higher over the ribs. At successive streamwise stations, u, = inlet mean velocity
large values ofi’v’ are found near the trailing and leading walls v = vertical velocity(transversg
in both channels indicating that the momentum transport is large v’ = vertical velocity fluctuation
in the region coinciding with large streamwise velocity gradients. W = width of channel
The change in the sign af v’ is closely associated with changes ~ X = X ordinate(streamwisg direction
in the sign of transverse velocity gradients due to rotation and the ¥ = ¥ ordinate(transversgdirection
rib. Upon approaching the riln/ v’ values are low, corresponding Y = y/DH. . .
to the small boundary layer thickness and in the core along the 2 = Z ordinate(spanwisg direction
downstreamu’v’ seems not changed a bit indicating a weak mix- 2~ Z/Dw
ing in the center of the core. Greek Symbols

B = model orientation

5 Conclusions N = wavelength

. . .6 = intersection angle of laser beams
The measurements presented and discussed provide more - — rotational speed

sight into the flow structure within a two pass rotating ribbed
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Analysis of the Worst Mistuning
Patterns in Bladed Disk
Assemblies

E. P. Petrov

D. J. Ewins

Imperial College of Science, Technology & The problem of determining the worst mistuning patterns is formulated and solved as an
Medicine, optimization problem. Maximum resonant amplitudes searched across the many nodes of

Center of Vibration Engineering, a Iarge-spalg finite.element model of a mistur)ed bladed. disk and across aII.the excitation

Mechanical Engineering Department, frequencies in a given range are combined into an objective function. Individual blade

Exhibition Road. mistuning is controlled by varying design parameters, whose variation range is con-

London SW7 2BX. UK strained by manufacture tolerances. Detailed realistic finite element models, which have

so far only been used for analyzing tuned bladed disks, are used for calculation of the

forced resonant response of mistuned assemblies and for determination of its sensitivity

coefficients with respect to mistuning variation. Results of the optimum search of mistun-

ing patterns for some practical bladed disks are analyzed and reveal higher worst cases

than those found in previous studig®Ol: 10.1115/1.1622710
Introduction should be obtained only for some specific bladed disk assemblies

. L . . . and under specific forcing conditions since it is very case specific.
Blade mistuning is inevitable in practical bladed disks and iS The problem of searching for the worst and best mistuning

usually caused by small |mperfect|ons_|n the'r man_ufactur_e a %tterns has been formulated as an optimization problem first by
assembly process. Stress levels and vibration amplitude distri

. ) - : . o . trov[17,18, where the blades of a mistuned bladed disk were
tions are highly sensitive to mistuning variations even in the Sm?’”odeled by pretwisted beams with many degrees of freedom con-

ranges restricted by mgnufacturg tolgrances. . nected by shrouds, and the search was carried out by optimization
The problem assessing the mistuning worsening effect on reﬂq

. ethods which do not require sensitivity coefficients. Several op-
nance response levels has been studied so far mostly as a proligiy ation algorithms using sensitivity coefficients have been de-

of analygls of.response levels for some given mistuning pattgrr\w,%|0ped and used for this problem in REE9]. An attempt to use
'I_'hese mistuning patterns, can be consciously chosen by the invgss girect optimization search has been made in Raf], al-
tigator, as was done in Refd—4], can be randomly generated, ashough use of the maximum coefficient of the dynamic stiffness
in Refs.[5-7], or presented as superposition of both as in Bf.  matrix of the system as a rough estimate for the maximum ampli-
In some referenceiRefs.[9-11]) attempts are made to determingyde and absence of determination of resonances for a mistuned
directly statlstlca[ chgractenstlcs of response levels variation gystem make application of the proposed approach for practical
respect blade mistuning. More complete lists of references giirposes doubtful. Possibilities of using a simulated annealing
studies of mistuned bladed disks can be found in Réfg] and  aigorithm for a combinatorial problem to determine the best ar-
[13]. rangement of mistuned blades on a bladed disk have been ex-
There are wide variations in predictions of what the maximurplored in Ref.[21]. The problem of search for the best arrange-
response level increase can be, e.g., 21% in R&f82% in Ref. ment of mistuned blades with prescribed mistuning values has
[14], 63% in Ref.[3], 105% in Ref.[5], 110% in Ref[7], less been solved by genetic algorithms using gradient-based response
than 50% in Ref[6], 90% in Ref.[8]. Although such results can surface approximations in Re22]. Recently, a new method for
give some estimate for the mistuning worsening effect, they dmalysis of mistuned bladed disks has been develf@dwhich
not guarantee that the trial mistuning patterns used are the walbws use of detailed, realistic, finite element models, such as
(as in the case of deliberately chosen pattewrsthey require were applied only for analysis of tuned bladed disks to date. The
generation and analyzing a very large number of random mistumethod is based on an exact relationship between the response of
ing patterns, which can be used only with very simplified modetsined and mistuned assemblies. It allows us to reduce exactly a
(and, moreover, it is unknowa priori how large this number of large finite element model and to overcome excessive computa-
trials has to bg The theoretical limit for the maximum magnifi- tional expense inherent usually to the analysis of mistuning.
cation of the forced response that can be caused by mistuning i$n the present paper the problem of determining the worst mis-
presented by Whitehedd5,16|, where it is found to be equal to tuning patterns is formulated and solved as an optimization prob-
1(1+ /Np), whereNg is number of blades. Although helpful aslem for large finite element models. Further development of the
an estimate this limit does not allow us to answer whether it cdethod is made to solve the optimization problem for such mod-
be achieved under prescribed forcing and damping for a particulp- An effective method is developed for calculation of the sen-
bladed disk design with specific design parameters and for a givilvity coefficients for maximum forced response with respect to
range of mistuning. Knowledge of the largest response level iRl2de mistuning. The effectiveness and accuracy of the sensitivity
crease caused by the mistuning and of the arrangements of bla%%‘%”'c'ent computations are based on an analytical derivation of
that are the most favorable, and those which are the most dandgf €XPressions for their calculation. qugrlcal StUd'.eS are carried
ous, is very important for design practice. The answers can afidt for @ finite element model of a realistic bladed disk.

Contributed by the International Gas Turbine Institd@&TI) of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME GURNAL OF .
TURBOMACHINERY. Paper presented at the International Gas Turbine ar@roblem Formulation

Aeroengine Congress and Exhibition, New Orleans, LA, June 4-7, 2001; Paper . . ”, . .
2001-GT-0292. Manuscript received by IGTI, December 2000, final revision, March Usually, in service conditions, bladed disks are subjected to

2001. Associate Editor: R. Natole. excitations of the so-called “engine-order type,” i.e., the ampli-
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o normalized TESPONE whereT={u,,uy ,uT is a vector of displacements at a consid-
] 7 ered point;w is the excitation frequency, which can admit values

from a frequency range given, i.evc[0 ,0"]; x={x,y,z}T is
a vector of co-ordinates of the point, which can be any point of the
volumeV occupied by the bladed assembly, ixes V; t is time,
which can be considered over one period of vibration only, i.e.,
te[0,2m w].

We characterize a mistuning pattern by a vector of mistuning
parameterd:

b={b;.,b,, ... 7bNB}Tr (2)

whereNg is a total number of blades in the assembly.

The method proposed does not impose restrictions on a choice
of parameters that characterize blade mistuning. In practice, how-
ever, blade mistuning is usually measured by values of individual
natural frequencies of blades, which can be assembled into a
bladed disk or manufactured together with a disk as in the case of
a blisk. Because of that, it is convenient to assume that tine
component of the vector is determined as the relative difference
between theth natural frequency of thgth bladef(" and natural

frequency of the perfectly tuned, standard blaiéiss, ie.,

j N
2 5 RGN
""oé 0 60 gee®

by=(f{"—f5))/fy . ©)

The choice of the particular mode used for the mistuning esti-
mate is determined by the excitation frequency range of interest
and the available experimental data.

The maximum displacement response is dependent on the mis-
tuning pattern. In order to find the worst mistuning pattéire
Fig. 1 Forced response of each from 26 blades of the fan one that provides the maximum displacement when acceptable

bladed disk: (a) the case of tuned blades; (b) the case of mis-  MiStuning is restricted by manufacture tolerancése following
tuned blades constrained optimization problem is formulated:

M(b)— max (4)
tudes of vibration forces acting on different blades are identic‘é"lIth the bound constraints
but there is a fixed phase shift between forces on adjacent blades b <b<b". (5)
of the assembly.

A perfectly tuned bladed disk subjected to such excitation geg-5|cylation of the Maximum Displacement
erates the same amplitudes for all blades. Moreover, for such a
bladed disk, the only modes that can be excited from a largeBladed-Disc Modeling and Amplitude Calculation. The
variety of natural modes are those that have the same numbeeqtiation of motion for forced vibration of a bladed disk can be
displacement waves around the circumference of the bladed disktten, accounting for stress stiffening and spin softening effects
as the engine order forcing. occurring due to the bladed disk rotation, in a frequency-domain
Even small mistuning can change the vibration response ch&srm as
acteristics of a bladed disk to a large extent. Amplitudes become .
different for the blades of a bladed disk and their distribution [K+Kg(Q)—Q*Mq— 0’M+iD]g=Z(w)g=f, (6)

becomes very irregular. Many closely _spaced resonance peaksv@ﬁ%req is a vector of complex response amplitudes for nodal

?‘ﬁsplacements along co-ordinate axéds a vector of complex

of a bladed .d'sk is shown in Fig. 1. L amplitudes of harmonic nodal loads;is the excitation frequency;
In the derivation of the proposed method attention is focused _ w/m is rotation speedwherem is an engine order number

maximum displacements, since the worsening effect of mistuning M, andD are stiffness, mass, and structural damping matrices

is estimated here from an increase of the maximum displacemggiy,e 5 stem respectivelfs is a stress stiffening matrix deter-
amplitude level in the system compared with one of the tun ined by action of centrifugal forcesM, is the so-called

system. Although mo_de shape variation caused by mistuning C%eudomass” matrix reflecting spin softening(w) is the dy-
also change the ratios between stresses and dlsplacement%amc stiffness matrix; and= y— T

many cases these changes are secondary compared with the a

can be conducted analogously to the one presented here
expressions obtained in Ref19] for sensitivity coefficients of
stress intensity with respect to mistuning.

The maximum displacement respor8eis found by searching
over all points of the bladed disk, over all excitation frequenci
and over all time instants during a vibration period, and is rep
sented by the following expression:

finite element models that have previously been applied to the
analysis of tuned bladed disks only. The method, together with a
new technique for the analytical calculation of sensitivity coeffi-
Sents of the maximum displacement with respect to mistuning,
MEonstitutes a basis for the optimization search of the worst mis-
tuning pattern. The formulation given below for the method for

M=max max max|l(w,x,t)], (1) amplitude calculation is modified to increase its efficiency for the
© X t optimization problem considered here.
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Fig. 3 Correspondence calculated between the mistuning co-
efficient and frequency mistuning

In accordance with the method, the dynamic stiffness matrix for
a mistuned system can be represented by a sum of the matrix fo
tuned systen¥, and a mistuning matriAZ, characterizing dis-
tinctions of the mistuned system from a tuned one, i.e.,

I‘I'he coefficientc(b;) establishes correspondence between the
mistuning parameters of the blade-alone natural frequencies de-
fined in Eq.(3) and magnitudes of the components of the mistun-
Z=7Zy+AZ. (7) ing matrix.
In order to determine this coefficient, calculations of forced
2 . ’ response for a lone blade is performed for a set of trial vatyes
as the multiplication of two matrices andV as follows: (] =p1,nc), when mistuning matric(b;)V, is applied to the bgge.
N N N As a result of these calculations for each trial value of the mis-
Azzlz AZije.eszz el( 2 AzijeJT = E V , (8) tuning coefficientc;, ith resonance frequency of a single blade
hj=1 =1 \i=1 (NXn)(nxN) f) and hence the mistuning parameteare determined. Then
wheree, is a vector whoséth component is equal to 1 and theUsing this set of points spline approximatiotb) with respect to
others are equal O/ is a matrix, in which each row is constructedth® introduced mistuning parametessprovides a possibility to
of the nonzero rows of the mistuning matdZ; E is a matrix obtain the mistuning coefficient for any frequency mistunifigy.
consisting of vectorg corresponding to these nonzero ronsis : ) .
the number of degrees of freedd@OF’s) in the considered sys- Although there is no restrl_ct!on on the stru_cture and values of
tem, andn is the number of nonzero rows iZ. components of the matriX,, it is useful to define some mistun-
Then, the complex amplitudescan be determined from Eqs.ing elements yvhich have a physical interpretation and which help
(6)—(8). In order to calculate the amplitudes we apply th&® form Vo. Simple examples of such elements can be: lumped
Sherman-Morrison-Woodbury formula derived in Ref24] and Masses, dampers, or springs applied to nodes of the finite element
[25] for inversion of special structure, which allows us to obtaifodel.

It can be shown that any mistuning matd¥ can be expressed

the following expression for amplitude determination: Equation(9) can be rewritten in the following set of two equa-
tions, which are much more effective for computation:
q=(Zo+AZ) Yf=[A—AE(l +VAE) VAJf, 9)
1 ) g=0do— Acp, (11)
where A=Z;" is the FRF matrix of the tuned system ahgh ) .
xn) is an identity matrix. where Ac(NXn)=A(NXN)E(NXn) is the FRF matrix of the

The main advantage of E¢) is that it is exact and valid for tuned system with excluded columns corresponding to zero rows
any subset of the so-called “active” nodes and DOF’s selecteflf Matrix AZ andq is vector of response amplitudes for the tuned
The active nodes are those where one wishes to determine ampfded disk. An auxiliary vectop(nx1) is determined from the
tude response levels and where mistuning is applied. The nump@fution of the following equation:

o_f active noqes can be chosen to be sma_ll enough to enable e_ffec- (1+VAg) p= V. (12)

tive calculations. Moreover, the FRF matrix of a tuned bladed disk

used in Eq(9) can be generated from the mode shapes and naturaMaximum Displacement Over Vibration Period. Each
frequencies calculated from a finite element model of one its semmponent of the nodal displacement vector can have its own
tor only, having taken into account the cyclic symmetry propertigshase, which results in an elliptical in space orbit of a node during
of the tuned assembly. The effective method for calculation of thébration. Because of that, the maximum displacement at a node
FRF matrix for a tuned bladed disk is described in R28]. An  cannot be obtained simply as the sum of the squares of the am-
example of the finite element model for a bladed disk, its sectglitude of all its co-ordinate components. The analytical formula
and active nodes chosen, are shown in Fig. 2. has been derived in Reff19] to express the maximum displace-

The blade frequency mistuning is modeled by applying the misaents using complex amplitudes of co-ordinate displacements and
tuning matrix Vo(n/Ng X N/Ng) of the same structure to eachit has the following form:
blade of the assembly. The differences in mistuning between

blades are described by coefficient®;), which are used as a ~ ot L T

multiplier for matrix V,. Owing to this, the mistuning matrix for mta>4|uk||—mta>4|Re(e udll=\5 (Ucuct fuud),  (13)

the whole bladed assembly can be expressed in the following

block-diagonal form: whereu, is a vector of complex amplitudes of co-ordinate com-
k

ponents at théth node considered, arfdrepresents the Hermit-

V(b)=diagic(b1)Vo,c(b2) Vo, - . . c(bng)Vol.  (10)  jan conjugate.
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Maximum Displacement Over a Bladed Disk Assembly. where only thejth block on the main diagonal of the matrix is
The maximum displacement over all nodes of the system and thenzero. Smooth character of the functiofb) (see Fig. 3 al-
corresponding node numbky, are determined by a simple com-lows calculating derivativegic/db without difficulty and with
parison of malfi,| at all nodes analyzed. high accuracy using the spline approximation.

t It should be noted that the calculation of the sensitivity coeffi-
) i ) ) o cients for all the introduced mistuning parameters is not time con-

Maximum Displacement in a Given Excitation Frequency suming, compared with the calculation of the maximum displace-
Range. Near resonance peaks, the amplitude levels of system@nt, since all calculations are performed for only one excitation
with small damping(which is typical of bladed disBsvary frequencyw,;. Moreover, the matrix + VA in Eq. (15) is iden-
abruptly. Because of that, an accurate calculation of resonangg for derivatives with respect to all the mistuning paramelers
amplitudes requires a very small excitation frequency step in Q=T Ng). Taking this into account also allows us to save the

der to locate the resonance frequencies precisely. Mistuned blagg¢hputation time by decomposing the matrix in a Gauss elimina-
disks have many resonance peaks, which are sometimes spigadl solution of Eq.(15) only once.

over a rather wide frequency range. To make the search for the

maximum displacemerit efficient, it is performed as the solu- Sensitivity Coefficients for the Maximum Displacement.

tion of an optimization problem with excitation frequency considfo use the derivatives of the complex amplitudes obtained in the

ered as an optimization parameter varied in a given range. Fprevious section, we derive an expression for the sensitivity coef-

quency stepping is applied to separate the resonance peaks anditients of the maximum displacement with respect to the mistun-

step size can be chosen to be reasonably large for this goaling parameters having taken into account the dependence of the

combination of the golden section method and the inverse quaaximum displacement on the real and imaginary parts of the

dratic approximation methoffor description of these methodscomplex amplitudes. This results in the following formula:

see, for example, Ref26]) is then used for precise determination

of the resonance amplitudes. The displacements found at all reso- @:(ﬁ) TﬁLRe+ (ﬁ) Tailm: E(E @) (17)
autel ob; Lou™/|  ab; ab; au )’

nance peaks are compared and the largest value givesd a b
where three components of the vectar/db; are selected from

value of the corresponding excitation frequenaey; .

the vector of sensitivity coefficients for complex nodal ampli-
Sensitivity Coefficients With Respect to Mistuning tudes,dg/db; , for the nodekyy , where the maximum of displace-
Juents is achieved.
The complex vectos9t/du is introduced in Eq(17) to facili-
e the use of derivatives of complex amplitudes with respect to

The number of variable parameters in the proposed optimi
tion search of the worst mistuning patterns is equal to the numbe
of blades in the assembly. This number is always large enough . ) . ' .
make it necessary to use optimization methods based on the fig. mistuning param%er_s. It is Icrlneflned_by the following expres-
dient of the maximum displacement with respect to the mistunifgion: @9V du= g9/ ou™+ig/Ju™. Having differentiated Eg.
parameters. Because of this, determination of this gradient, whiJ ), this can be expressed through the complex amplitudes in the
components are the sensitivity coefficients for the maximum di&flowing form:
placement with respect to the mistuning parameters, is one of the oM 1 uTu
most important tasks which determines the effectiveness of the —= m(quUf),
developed method. u |u"ul

The sensitivity coefficients could be calculated using finite difwhere a bar above a symbolmeans a complex conjugate.
ference approximations for the derivatives. However, even theExpressiong17) and(18) are calculated jointly with Eqg14)
simplest first-order finite-difference formulas require calculatingnd(15) for all mistuning parametetis; to obtain all components
M(b+Abe) (j=INg) at leastNg times for small increments of the vector of the sensitivity coefficients:

Ab. This is a very time-consuming process and makes this ap- T

proach too expensive for the problem of analyzing mistuned Vo= @ @ ﬂ
bladed disks, leaving apart inevitable approximation errors. The dby by, T ’ﬁbNB
method proposed below for analytical determination of the sensi- . o
tivity coefficients of the maximum displacement in a mistuned The calculations are performed at the excitation frequency cor-

bladed disk with respect to the mistuning parameters provided@&sPonding to maximum displacemeny, . .
fast and exact calculation. The chosen objective functidit is continuous but the gradient

VIt can be diskontinuous when the number of a blade where the

Sensitivity Coefficients for Complex Nodal Amplitudes. amplitudes are maximum is changed with a variation of the mis-
Expressions for determination of the sensitivity coefficients fgHniNg parameters. There is no difficulty to smooth the gradient
the complex nodal amplitudes can be obtained by differentiati|’_fll,.‘jth°Ut influence on the optimal solution, for example, as shown
Egs. (11) and (12) with respect to theth mistuning parameter | Ref. [19] but there was no need to do this for the bladed as-

(18)

(19)

analyzed: semblies investigated. This occasional gradient diskontinuity does
not affect significantly the robustness of the optimal search for the
aq ap worst mistuning patterns since the location of the point of maxi-
(;_bj - _AE(;_bj' A4 mum amplitude is usually not changed in the vicinity of the opti-
mal solution for the considered problem, and, moreover, the de-
p IV veloped optimization algorithm can withstand occasional gradient
(I+VAg) 7 -= ab; a (15)  giskontinuity.

j
where all matrices are calculated at the previously found exc'%'ptimization Search of the Worst Mistuning Pattern
tion frequencywyy, corresponding to the maximum displacement; o _

and the vector of complex amplitudgss determined from Eqs.  The efficient method developed above for calculation of the

(11 and(12). sensitivity coefficientsV9t and the objective functioft allows
Matrix aV/ab; is determined by differentiation of Eq10), us to make a search for the worst mistuning pattern using the
which results in the following expression: derivatives. The most efficient optimization methods using the
sensitivity coefficients belong to the family of quasi-Newton
ﬂ — diadl 0.0 de(by) 0 (16) methods. An effective algorithm also based on the quasi-Newton
ab; T A method has been developed and applied in R for the opti-
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mal search of worst and best mistuning patterns of bladed disks 1.8
for the case when blades are modeled by pretwisted beams. The g_
algorithm allows us to take into account the bound constraints & 1.6
imposed by manufacturing tolerances on mistuning variations. It 8
has been used for the multi-degrees-of-freedom finite element -é
models of the bladed disks analyzed here with some minor modi- & 1.4
fications. &

é 1.2

~A%/a
Numerical Results %;"
A Fan Bladed Disc. The presented method has been applied % 257

to the analysis of a bladed fan disk containing 26 blades, which is %
shown in Fig. 2. A detailed finite element model was used for w3 ‘:u::beqmbw
determination of the FRF matrix of the tuned assembly. It contains AawoIIn®

above 120,000 DOF's in each sector of the finite element model )
and the full bladed disk comprises above 3,000,000 DOF's. Dirdgg: > Dependence the envelope of maximum response 9t on
implementation of this model, comprising more than three miIIioW'Stum'ng parameter variation for two blades of the assembly

DOF's for the mistuned assembly, would be impractical even for a
simple response analysis, leaving apart the optimization search

Because of that, just four nodes were selectradrked by letter : S L -
“A’ in Fig. 2 ) as the active nodes for each blade, namely t'ghe behawc_)r of the objective functlon_ln the_developed optimiza-
nodes where amplitudes are expected to be maximum and |gn sear_ch |s_demonst.rated ona relatively simple eX?‘mp"?' which
placements were determined and controlled at these nodes. fAd be wsuahzed easily. In this example o_nIy two mistuning pa-
proposed method provides exact calculation of the amplitudesrgfneterS are varieghamelyb, ande.Z) and mistuning parameters
these nodes and, moreover, a realistic distribution of exc:itatié?]r all the other blades are not varied and are assumed to be zero
forces over nodes of the blade surface can also be accounted foF.’ these blades are tunedhe objective functnon_norrpahzed
Because the use of such a relatively small number of active nod®s!tS value for the perfectly tuned assemti(0), i.e., M(b)
allows very fast calculations, and does not affect the accuracy of°+(2)/P(0), is shown in Fig. 5. Itis evident that the objective
the calculations, this permits the determination of the maximuffnction has a complex character with several local maxima.
amplitudes occurring in the bladed disk analyzed. The number YPrEOVEr, restrictions imposed on the mistuning variation provide
DOF’s analyzedn, in vectorq equals 468, which is quite accept-th€ Possibility of finding the maximum response on the bound-
able for our purposes. The values of possible blade frequerfé§jeS Of the area of acceptable mistuning values. The points cor-
mistuning were assumed to be located within the ran% sponding to sequential iterations of the optimization search are
[—5% --+5%] and the damping loss factor was taken to b own in this figure by circles. Initial values for the_ mistuning
0.003. Natural frequencies of the bladed fan disk for all nodYfctorb were close to the tuned values, where the objective func-
diameter numbers are shown in Fig. 4, where they are normaliZé@n has a minimum 01(0)=1). After nine iterations the worst
with respect to the first blade-alone frequency. mistuning pattern was found, which for the con5|.dere‘d case lo-
guencies corresponding to nodal diameter numbers other thaff bas valuesh; =5%, b,=—5%, and the other 24 parameters
andN/2 split into pairs; and for a frequency range correspondir@f€ Z€ro.

to one family of modes alN resonance frequencies can poten-

tially be observed even under excitation by a single engine-ord@s ey The increase in the maximum response levels with the
harmonic. Because of this, the frequency range studied is Pffimper of iterations when all 26 mistuning parameters are varied

sented .in Fig. 4 by a rectangular area between two dashed h‘i)é'demonstrated in Fig. 6 where results of the optimization search
zontal lines. The frequency range corresponds to a family of first

flap-wise mode and excitation by sixth engine-order harmonic is
considered while excitation loads are distributed over the blade
surface. Type of search 1

—=&— Random
—=&— Optimal

llustrative Case: Mistuning Variation for Two Blades.

The Realistic Case: Mistuning Values for All Blades are

19 -
1.8 F
» [ o b —0—4—0 L o =
§ 20 g 3 17 F
g i g 1.6 [
g [ g 15 E Al
s 0 8 14
5 ! =
g F--q--- N S S 2 13
2 10 Lt et et ete Z 12 M
Ei i 11 E
T RO A N - - | !
Z B 1'0 INNENEEEE NSNS SNEEE SENEEENENE SN ERE AR EEE ANWEE SN AN
0.5 . - - : - . 0 5 10 15 20 25 30 35 40 45 50
Y 2 4 6 8 10 12 Iteration number
Nodal diameter number
Fig. 6 Increase of the maximum amplitude with the number of
Fig. 4 Natural frequencies of a tuned bladed fan disk and the iteration for the optimization search starting from different ini-
analyzed frequency range tial configurations and for random search
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Fig. 7 Comparison of initial and worst mistuning patterns 150
(circles ) and amplitude distributions  (triangles ) for two of the - Mistuning pattern
optimization searches £ 100 F —o— Initial
g 50 E —o— Worst
starting with six different initial values of the vector of mistuning § 0 FePae 20000050000 gai.).
parameters are shown. As one can see from the figure, first itera- 2 E
tions usually give a larger increase rate for the maximum response g -50 -
normalized with respect to the tuned respofBehan later itera- 5-100 Lo,
tions. Furthermore, results of a search for the worst mistuning 150 N T T T

with the random searclior called sometimes “statistical” or

Monte Carlo simulationsare displayed. In the random search, the

vector of mistuning parameters was generated randomly at each c
iteration and the corresponding valueS®f was calculated. Com- 10'
parison of both methods demonstrates the superiority of the opti-
mization search proposed in this paper. Due to the existence of
many local maxima of the objective functi®f, starting the op-
timization search from different initial points can lead to different
final values for maximum response. Because of that several dif-
ferent initial patterns are used in the analysis to find the largest
local maximum. The initial mistuning patterns were generated by
a random number generator providing mistuning values within the
given mistuning range. The maximum magnification factor found
for all initial patterns is equal to 1.89 which is lower than the limit

0 5 10 15 20 25
Blade number

~—

T
'
H
H
H
=
)
2
3
1=

TTrTTT

Envelope of max. amplitude
S
b
b
I 4 i r

65 70 @75 80

?12]5 given by the formula 1/2(% /Ng) derived in Refs[15] and d) Frequency, Hz
In Fig. 7 mistuning patterns and amplitude distributions found. - T . .
as a result of the optimization search are compared with th&jP- 8 nitial and found worst mistuning patterns,  (&); maxi-

A . . m amplitude distributions corresponding to these patterns,
initial counterparts for two different starting patterns. Both foun bl%. SenSIi)IiIVLijly cogffilcigr:ts S (C).sgn enlvglope ofsmgximums am-

mistuning patterns give the same maximum response value fiffudes calculated for the patterns,  (d).
1.89. Although maximum amplitude is located at different blades,
there is some resemblance between the amplitude distribution and

mistuning patterns when one simply rotates the obtained amqh—de distribution relative to the bladed disk. This effect is also
found in Ref.[19] and is explained by the independence of the
maximum response to the orientation of the worst mistuning pat-
tern (and amplitude distribution correspondinglselative to the
bladed disk, since for blade numbering, any blade can be chosen
as the first one. In Ref19] using a study based on a shrouded

Table 1 Normalized difference between the excitation fre-
guency of maximum response and resonance frequency of a
tuned lone blade

Number bladed disk with higher blade-to-blade vibration coupling, this

of search 1 2 3 4 5 6 effect was much more evident and accurately calculated in con-
Initial, % —1.96 287 -221 -261 249 251 trasttothe unshrouded fan bladed disk considered here.

Worst, %  —2.05 —-3.01 -2.78 -2.05 —-243 -251 As expected, for different initial patterns and the patterns found

as a result of optimization search, the excitation frequencies at
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which the responses are maximum are different. The excitation 2.0
frequencies providing maximum forced response for given mis- @ r
tuning patterns are presented in Table 1 for all six different initial 5 1.8 / ’P“
mistuning patterns and patterns found after the optimization g 1.6 K,
search. In the table the difference between the resonance frequen- §' f
cies of maximum response and resonance frequency of a single & 1.4
tuned bladéw is normalized with respect to first blade-alone fre- s 12
: : ~ _ = 1. o
quencywg using the following formulam = (woy— we)/ wq. All s é_______ A T S A |
the normalized differences are negative because the disk vibration .‘; 1.0 ;.-
is accounted for in the mistuning analysis. In the cases considered, & f
changes in the excitation frequency of maximum response are not ' 0.8
very large for different patterns and are located within a 1% band. E 0.6 'lf' I S s St T A A
For some cases, as, for example, for the sixth optimization search, z
the initial and the worst patterns provide practically indistinguish- 0.4 Frlleiddeidedededelmilbedelelebelelledbdedbedabevleblelde
able excitation frequencies of maximum response. 0 5 10 15 20 25 30 35 40 45
For the worst mistuning pattern found over all used initial val- .
ues maximum response levels for each of the blades, and enve- Nodal diameter number

!opgs of maximum forced response funct.ion .Correspon.di.n.g to tp%. 10 Natural frequencies of a tuned bladed high-pressure

initial and worst patterns, are compared in Fig. 8 with initial valg,yine disk and the analyzed frequency range

ues. Sensitivity coefficients for maximum response levels Witth

respect to variation of mistuning of each blade are shown in

Fig. 8c) for the initial pattern and the found worst mistuning . .
P i d mode shapes of the tuned bladed-disk assembly for all their

pattern. As one can >ee, -the sensitivity qumqems are Closea&Bclic indices(r?odal diametepsthat are possible for th):a consid-

zero for the worst mistuning patterns, which indicates that tHe' q biv in th ; 0 46pTh d fth d

found mistuning pattern is close to a point of local maximum o?reteiqssae}g“ ugég tfoer ragr?;art(i)rzn thtg el rﬁ:teriT(c))f ?ﬁeoutmeeéugg-

the maximum response as a function of the mistuning, since tR&> 9 9

conventional necessary condition for the function extremum poiRMPly: The damping loss factor is set to 0.003 and excitation by
is 99/ db. =0 sixth engine order is considered in the analysis.
,=0.

In the case demonstrated here, and other worst mistuning pat[\l"jltural frequencies of the high-pressure wrbine disk normal-

terns found as a result of the optimization search, mistuning f&-0 X\gtr; resHect to_;lhe f'r(Sjt :olgde-altone fre%uenc%/_ﬁrefshown in
some of the blades reaches the limits imposed by restrictions o'r?]‘ ein c\)/;h?chptﬁzs;na?xirrfu; folracrgg r?ersngrr?seeirssea(rachr:glijsen?e/-
the range of agceptable_ mis_tuning variation. It is evident thg %ed in Fig. 10 by a rectangular area b?etween dashed lines E)I'his
small changes in the mistuning pattern can change many V‘?rr quency raﬁge corresponds to a family of first predominaﬁtly
important vibration characteristics of the bladed assembl so-wise mod ithouah eral natural fre ies of second
namely: (i) distribution of amplitudes over blades of the bladeg p-wise modes, although several natural frequencies of secon

assemblyyii) range of resonance amplitudes; &fid) maximum amily of_modez are alio located within the rr?r]lge. h )
response levels. As active nodes in the optimization search for the worst mis-

tuning patterns, the amplitudes at two nodes chosen at the blade
A High-Pressure Turbine Bladed Disc. The optimization tip (see nodes marked by letter A in Fig. ®ere calculated for
search has also been applied to the analysis of a high-pressemeh blade, and the total number of DOF's analyzed was thus 552.
turbine bladed disk shown in Fig. 9. As for the preceding case of the bladed fan disk, a choice of the
The bladed disk analyzed comprises 92 shrouded blades o nodes as the active nodes for each blade of the bladed turbine
though due to gaps between the shrouds they do not touch edigk does not reduce the accuracy of the maximum amplitude
other during vibrations. The full bladed disk finite element modelalculations.
comprises about 15 millions DOF's and its finite single-sector Results of the optimization search for the worst mistuning pat-
model contains 162,708 degrees of freed@®F's). The sector terns for this bladed disk are shown in Figs. 11 and 12. The in-
model is used for determination the first 24 natural frequenciegease in the maximum response levels with the number of itera-
tions is shown in Fig. 11. The optimization search was started

p ) S I I I
- i i
50 E ‘ ,
45 E Type of search:
§ : —&— Random
g, 40 E —e— Optimal [
E 35§
3 !
& 30 .ﬂ
i H 1]
g 25 |
(=]
“ 20 |
15 E
1.0 :llllllllllll\l\ll\lllll\\1Il]l\|!|l||l||
0 10 20 30 40 S50 60 70 80 90 100
Number of the mistuning pattern
Fig. 9 A quarter of the high-pressure turbine bladed disk ana- Fig. 11 Increase of the maximum amplitude with the number
lyzed (a); and the active nodes chosen (b) of iteration for the optimization and random search
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Fig. 12 Comparison of amplitude distributions (a); mistuning
patterns (b); and sensitivity coefficients for initial and the
found worst mistuning pattern  (c)

Fig. 13 Comparison of results obtained with different num-
bers of active nodes: (a) increase of the maximum amplitude
with the number of iteration;  (b) worst amplitude distribution;
(c) worst mistuning pattern

On the Choice for the Number and Positions of the Active
from two different initial mistuning patterns, generated randomljjjodes. The proposed method and formulas derived above do
and two curves can be seen corresponding to optimization seamtbt, impose restrictions on the number or positions of nodes where
although these curves become be close after several iterationsdifications of mass, stiffness, and/or damping properties of the
Mistuning parameters are varied for all 92 blades of the bladéghed bladed disk can be applied, or where amplitudes have to be
disk. For comparison results obtained by random search are ploétermined. However, in practical computations, in order to take
ted also. The maximum magnification factor for the peak forcddll advantage of fast computations it is desirable to choose the
response level for the considered bladed disks was found asanber of active nodes to be as small as possible.
result of the optimization search to be equal 5.02, which is sig- The set of active nodes consists of two subsgtsiodes where
nificantly higher than all values obtained in the referenced papermsstuning elements are appliedi) nodes where one wants to
and other papers known to the authors. This value is close to t@ve maximum level of forced response calculated. These two
theoretical limit of 5.296 obtained using Whitehead’s formula. subsets can be partly or wholly the same although there is some

Distribution of maximum amplitudes over blades of the bladedifference in criteria for their choice.
disk for initial and the found worst mistuning patterns are shown For the subset of mistuning elements when there is design or
in Fig. 12a). One can see that the optimization process has testher information about the locations where the blade properties
dency to increase the response level for the most stressed bladean differ mostly from standard ones, e.g., due to higher manu-
Fig. 12b) the found worst mistuning patterns are presented. Sorfaeturing tolerances or due to blade wear during service, the mis-
of blades in the worst mistuning patterns have mistuning paramuning elements should be placed in this location. When, as hap-
eter values that are equal to limits imposed on mistuning varipens often in industrial practice, blade mistuning is estimated
tion, i.e., =5%. In Fig. 12c) sensitivity coefficients for maximum simply by natural frequencies of individual blades and there is no
response levels with respect to variation of mistuning of eachore specific data, it is appropriate to locate the mistuning ele-
blade are plotted for the initial and the found worst mistuningients at the nodes where blade mode shape corresponding to the
patterns. At initial configurations, which is far from the worst, theatural frequency analyzed have higher amplitudes. This allows
sensitivity coefficients of the maximum response for blades caontrol of the desired natural frequency of an individual mistuned
differ significantly. At the found worst configuration sensitivityblade efficiently, while keeping the corresponding mode shape
coefficients are close to zero which is indication that at least tlséose enough to the initial one, and without imposing redundant
local maximum for forced response as function of mistuning pahanges on mode shapes and natural frequencies of the other
rameters has been found. modes.
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The choice of the subset of nodes where amplitudes are to bEs] Griffin, J. H., and Hoosac, T. M., 1984, “Model Development and Statistical
calculated is dictated by the needs of the investigation, and in the nvestigation of Turbine Blade Mistuning,” ASME J. Vibr. Acoust08 pp.
examples S_hOWh above these nodes were selected at locatiop giiffin, J. H., 1992, “Optimizing Instrumentation when Measuring Jet Engine
where amplitudes were expected to be maximum. Blade Vibration,” ASME J. Eng. Gas Turbines Pow&i4, pp. 217-221.

In order to check the influence of the choice of active nodes ori7] Sanliturk, K. Y., Imregun, M., and Ewins, D. J., 1992, “Statistical Analysis of
the results, the optimization search has been applied to the high- Random Mistuning of Bladed Assemblies,” J. Mech. Er@32110 pp. 51—

pressure turbine bladed disk with different numbers of aCtlve[B] Ca{stanier, M. P., and Pierre, C., 1998, “Investigation of the Combined Effects

nodes. The results obtained for two and eight active ngaéth of Intentional and Randomm Mistuning on the Forced Response of Bladed
mistuning elements applied to the all active nodes and maximum Disks,” Proc. 34th AIAA/ASME/SAE/ASEE Joint Propulsion Conf. & Exhibit
amplitudes searched among the all active npdes compared in July 1315, Cleveland, AIAA 98-3720.

. . . [9] Mignolet, M. P., and Lin, C.-C., 1993, “The Combined Closed Form-—
Fig. 13. A set of two nodes marked in Fig. 9 by the letter A and a Perturbation Approach to the Analysis of Mistuned Bladed Disks,” ASME J.

set of eight nodes cor_nprising node_s r_narl_<ed by Ietter_s Aand B are Turbomach.115 pp. 771-780.
used for the comparison. The optimization search is started f@z0] Lin, C.-C., and Mignolet, M. P., 1997, “An Adaptive Perturbation Scheme for
both cases from the same initial distribution of individual blade the Analysis of Mistuned Bladed Discs,” ASME J. Eng. Gas Turbines Power,

: 119, pp. 153-160.
natural frequencies. As can be seen, the results are close enouggﬁ, Sinha, A.. and Chen, S., 1989, “A Higher Order Technique to Compute the

especially for the maximum level of forced response. Statistics of Forced Response of a Mistuned Bladed Disc Assembly,” J. Sound
_ Vib., 130, pp. 207-221.
Concluding Remarks [12] Ewins, D. J., 1991, “The Effects of Blade Mistuning on Vibration

i . Response—A Survey,IFToMM 4th International Conference on Rotordy-
A method has been developed to calculate for practical mis- namics Prague, Czechoslovakia.

tuned bladed disks the mistuning patterns that provide the highegs] Slater, J. S., Minkiewicz, G. R., and Blair, A. J., 1999, “Forced Response of
response levels. Bladed Disk Assemblies—A Survey,” Shock Vib. Dig1(1), pp. 17-24.

P . . 4] Dye, R. C. F.,, and Henry, T. A., 1969, “Vibration Amplitudes of Compressor
The ”_‘etho_d uses an optlm_lzatlon approach in a search for tﬁ% Blades Resulting from Scatter in Blade Natural Frequencies,” ASME J. Eng.
worst mistuning pattern and is based on the developed effective power,91, pp. 182-187.
algorithm for analytical calculation of the sensitivity coefficients[15] Whitehead, D. S., 1966, “Effect of Mistuning on the Vibration of Turboma-
for the maximum response level in respect to blade mistuning. It _ chine Blades Induced by Wakes,” J. Mech. Eng. S&(1), pp. 15-21.
is intended for use with finite element models having a Iarge nu 16] Whitehead, D. S., 1998, “The Maximum Factor by Which Forced Vibration of
R Blades can Increase due to Mistuning,” ASME J. Eng. Gas Turbines Power,
ber of degrees of freedom, which could be used only for tuned 159 pp. 115-119.
bladed disks so far. It takes full advantage of the use of an exagt7] Petrov, E. P., 1988, “Determination the Worst Blade Mistuning upon Forced
condensation method based on the Sherman-Morrison-Woodbury \f;brstion Offlmpellers Esing ?heINqnlir}ea}r PrOfgramming Methé)ds,"AbstractSf
fOrmUIa fOI’ the flnlte element model. of the ConferenceéMatl emgnca_ Simulation of Processes an S_tructures O
Case studies carried out for realistic finite element models of Power and Transport Turbines in CAD-CAM Syste@@etvald, Ukraine, Vol.
¢ ! ¢ 3, pp. 71-72.
fan and turbine bladed disk assemblies have demonstrated tf€] petrov, E. P., 1993, “Optimization of Perturbation Parameters for Forced Vi-
efficiency of the proposed method for seeking the worst mistuning  bration Stress Levels of Turbomachine Blade Assembligaidc. of the
patterns and the highest response levels that are possible in spe- IUTAM Symposium on Discrete Structural Optimizatid@akopane, Poland,

e . . . . pp. 108-117.
cific excitation conditions and de5|gn of bladed disks. The pro 19] Petrov, E. P,, and Iglin, S. P., 1999, “Search of the Worst and Best Mistuning

posed method is much superior to the random, “statistical” search — patterns for Vibration Amplitudes of Bladed Disks by the Optimization Meth-
used in the past both in terms of computational expense and in ods using Sensitivity CoefficientsProc. of 1st ASSMO UK Conf. Engineering
terms of response levels provided by the identified worst mistun- _ Design Optimizationilkiey, UK, pp. 303-310.
. tt P P y I}20] Sinha, A., 1997, “Computing the Maximum Amplitude of a Mistuned Bladed
Ing paterns. Disk Assembly via Infinity Norm,” Proc. of the ASME Aerospace Division,
AD- 55, pp. 427-432.
[21] Thompson, E. A., and Becus, G. A., 1993, “Optimization of Blade Arrange-

ACknOW|edgment ment in a Randomly Mistuned Cascade using Simulated AnnealiehA/
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Blade Count and Clocking Effects
on Three-Bladerow Interaction in
a Transonic Turbine

e-mail: Haidong.Li@!j-!J;ha?n..acIIJl[ A computational study of the multirow interaction mechanisms has been carried out for a
one-and-a-half stage (NGV-rotor-stator) transonic turbine. In addition to measurable
L. He subharmonic unsteadiness on the rotor blades induced by two fundamental stator passing
e-mail: Li.He@durham.ac.uk frequencies, a significant aperiodic (“mistuned”) circumferential variation of unsteady
forcing magnitude by about three times has been observed in the downstream stator
School of Enginesring, blades. Further parametric studies with various stator blade counts illustrate that the
University of Durham, circumferential variation pattern of the unsteady forcing is dictated by the NGV-stator
South Road, blade count difference, while the local stator forcing magnitude is affected by its circum-
Durham DH1 3LE, UK ferential clocking position relative to the upstream NGV blades. The present work sug-
gests that the circumferential clocking together with the choice of blade count should be
considered as an aeromechanical design parameter. For cases with stator-stator (or rotor-
rotor) blade counts resulting in a tuned (or nearly tuned) unsteady forcing pattern, the
clocking position should be chosen to minimize the unsteady forcing. On the other hand,
if the choice of blade counts leads to a significant aerodynamic aperiodicity (mistuning),
the clocking-forcing analysis can be used to identify the most vulnerable blade that is
subject to the maximum forcing.
[DOI: 10.1115/1.1622711
1 Introduction Griffin et al.[4] predicted the same trend in a mid-span simulation

of the same turbine. Dorney and Sharfitd and Cizmas and
Dorney[6] found that the minimum pressure fluctuation on the
wnstream stator blade indicates an optimal clocking position of
Yiciency. Similar findings were obtained by Arone et{#l.and
Ginmoller et al[8]. In a two-dimensional2D) computational

In multistage turbines, wake disturband¢estropy/vorticity dis-
tortions from the upstream blade row and potential disturbanc
from the adjacent downstream blade row are the primary unste
sources for any blade rows embedded in the middle. The influqu

from immediate upstream row’s trailing edge shock waves is halysis of a transonic turbine stage, Humi@l found that in-

other important unsteady source for transonic turbines. Fori&@actions between chopped upstream stator wakes and rotor

downstream blade row, there are more complicated interactiqysyes/irajling edge shocks could generate strong nonuniformity at
among the unsteady wakes and shock waves from the immedigigarent circumferential positions in the downstream absolute

upstream row, and the choppéahd hence also unsteadyakes frame of reference, leading to a significant potential for a stator-
and/or shocks from the relatively stationary further upstream roWaror clocking. All the previous work closely relevant to the ef-

All these upstream interactions may significantly influence thgcts of stator-statofrotor-rotoj interaction on blade aerome-
unsteady loading on the downstream blade row under considgfanics seems to point to two related issues:

ation. To minimize this unsteady blade forcing is of obvious im-

portance to blade fatigue life. Therefore understanding of bladei- Does the clocking affect unsteady forcing to such an extent
rows interaction mechanism and identification of controlling pa- SO that it can be used as a design parameter to control blade
rameters of unsteady forcing are of general interest to aerome-. fOVCGQ response_s? _

chanic designs. ii. How is the clocking effect influenced by blade counts?

Various previous researches have been conducted in the relatiofne second issue is of particular interest here, as it is appreci-

to unsteady blade row interaction effects on aeromechanics apdy that different blade counts can lead to completely different
aerothermal performance in axial turbomachines. Stator-staigscking effects as far as averaged aerothermal performances are
and/or rotor-rotor interactions exist when the wakes and shogkncerned. For a case with the same NGV and stator blade count,
waves passing through adjacent downstream blade row have §fé should give the maximum clocking effect on the flow loss/
been completely mixed out. Capece et[al} reported that mul- efficiency. While if the difference between NGV and the stator
tiple stage interaction effects have a significant influence on t%de numbers is 1 for instance, the passage-averaged flow loss
unsteady aerodynamic forces to the first and second stage v@i€remain virtually the same, when clocked.
rows of a three-stage compressor. In a low-speed compressor exsrom the aeromechanics viewpoint, the fatigue life of a blade
periment, Hsu and W¢2] found an optimal clocking position row is dictated by the blade subject to the maximum forcing
under influence of rotor-rotor interaction, which can reduce theninimum damping Blade aeromechanic models typically as-
unsteady loading of the middle row stator by 60%. Huber et adume a “tuned” cascade/blade row, in which all blades in the row
[3] measured an increase of efficiency by about 0.8% in a twoscillate in the same frequency with the same amplitude and a
stage turbine for an optimized second stator clocking positiononstant blade-to-blade phase sfiiftterblade phase angleThe
corresponding unsteady flow satisfies the phase-shifted periodic-
Contributed by the International Gas Turbine Institd®TI) of THE AMERICAN  ity. Any difference from this tuned blade row model can be re-
%EEEJ;A%ZT&ECRCANLC;LEFNGr?SEeiT:;OfaF;U*i'ri]zati&f:eig;?i% r':\aSIMg aOSURT’\L/?kL)"?g . arded as “mistuning.” Mistuning effects due to nonuniformity in
Aeroengine Congréss aﬁd E)Phibition, Amsterdam, The Netherlands, June 3—6, 2 'f;‘de St.rUCtural dynamlc properties have. beep eXtenSIV?Iy studied
Paper No. 2002-GT-30310. Manuscript received by IGTI, December 2001, final &-9., Kielb and Kazg10]). However, mistuning behavior and
vision, March 2002. Associate Editor: E. Benvenuti. effects of purely aerodynamic origins have rarely been reported.
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The present work was started with a numerical study of steady Table 1 Turbine operating condition
and unsteady flows for a one-and-a-half stage transonic H.P. t&F

bine under a nominal operation condition, which has been experi- NGV Rotor Stator

mentally studied by Miller et a[.11]. Based on the observation ofBlade number 36 60 21

a significant, but unreported aperiodimistuned flow pattern in Reltattl_ve EIXIt MadCh number 0.95 5?9'28 0.86
H 7 ational spee nm

the downstream stator, the authors further investigated how t@% de Reynolds number 166

NGV-stator blade count affects the blade forcing and more inter-
estingly how this effect can be linked to the clocking and the
corresponding practical implications on blade aeromechanics.

2 Mfathod_ology ) ) ) Figure 2 shows the isentropic Mach number distribution on the
In simulations of unsteady turbomachinery flows with movingotor blade in comparison with the experimental time-mean data.
boundaries, an integral form of three-dimensional Navier-Stokge overall agreement is regarded as satisfactory for the purposes
equations written in the absolute cylindrical coordinate system ¢$ the present work, though some numerical oscillations appear at

usually used, the rear part of the suction surface.

J 3.2 Unsteady Flow. A validation calculation of the un-

5[ f f Udv+§ % [Ft (G=UvmgnytHny - dA steady flow was carried out based on the nominal operation con-
SV SA dition listed in Table 1. In all the unsteady computations, a mul-

tipassage domain was adopted with a direct periodic/repeating
=J J JSdV+¢ jE[VXnX+V,,n9+V,n,]-dA, (1)
Y SA

whereU is the vector of conservative variablds, G, andH are

inviscid flux vectors,vy,q is mesh moving velocity due to blade
rotation if the mesh is attached to a rotor. The extra inviscid flL
term Uv,4 counts for the contribution to the fluxes due to gric
movements; is the inviscid source term. Full viscous stress term
(Vy, V4, andV,) are adopted in the current work. The syste
equations are closed by the equation of state and the mixi |
length turbulence model by Baldwin and Lomjg2]. :

The above governing equations are discretized in space u
the cell centered finite volume scheme, together with the ble
second-order and fourth-order artificial dissipati¢h3]. Tempo-
ral integration of the discretized equations is carried out using t/ §
second order four-step explicit Runge-Kutta scheme. A tim
consistent multigrid techniquel4] has been adopted to speed u
convergence procedure.

The computational domain consists of multiple passages wit
blade being at the center of each passage. The direct peric
conditions are applied on the lower periodic boundary of the fir
passage and upper boundary of the last passage. On blade
end-wall surfaces, a log law is applied to determine the surfa
shear stress and the tangential velocity is left to slip. At the inle
stagnation parameters and flow angles are specified. At the e
pitch-wise mean static pressure at each spanwise section is speci-
fied. The 1D nonreflective procedur&5] has been implemented Fig. 1 Computational mesh  (original experimental configura-
at both inlet and exit to shorten extension domains. On the intéien)
faces of adjacent blade rows, mixing plane treatment was adapted
for steady calculations, while a direct interpolation on sliding =P Mach Number
meshes was applied to unsteady computations.

{ —— TF3D
124 © o Exp.

3 Case Study on Experimental Configuration

The case concerns a one-and-a-half stage transonic turbine. Tl 107
experimental measurement was carried out by Miller efHl] ]
and Moss et al[16]. The numerical simulation conducted here is ©38 4
based on a quasi-three-dimensional section near the mid span wi 1
the stream-tube height varying from inlet to exit to match the 06

experimental diffusing ducting geometry on the meridional plane.
04 4

3.1 Steady Flow. The operation condition of the steady ]
flow is derived from Ref[16] and the major parameters are listed g5
in Table 1. The purpose of this calculation is to match the experi- ]
mental rotor operation condition as close as possible XD 0.0 -
computational cells in each NGV passage, £30 cells in each

rotor passage, and 140 cells in each stator passage were used 00 o2 o4 06 08 1.0
Figure 1 shows the mesh distribution for the current steady calcu Axial Chord Length

lation and the same mesh was thereafter used for unsteady

simulations. Fig. 2 Isentropic Mach number distribution
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P/P Cal. Sensor S1= = = Sensor P6
060 Exp. m SensorS1 O SensorP6
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Fig. 3 Pressure time histories at sensor positions S1 and P6 (S1: suction

surface 5% axial chord; P6: pressure surface 67% axial chord )

condition. The numbers of passages in the three blade row coperiment data, though the amplitude is overpredicted. A significant
putational domain for the original configuration were taken to bdifference between the pressure surface and the suction surface is
12/20/7 to match 1/3 of the annulus. The calculated results dhat the NGV trailing-edge shock does not directly sweep across
compared with the experiment on two rotor surface poisesmsor the pressure surface. Therefore the amplitude of the pressure fluc-
S1 and PBwhere unsteady experimental data are avail@blg. tuation on the pressure surface is much smaller than that on the
Sensor S1 is at about 5% axial chord length from the leading edgigction surface near the leading edge. Note that the downstream
on the suction surface. Sensor P6 is at about 67% axial chatdtor is of a different blade count compared to the NGV. But the
length on the pressure surface. Figure 3 shows the time tracesin$teady pressure traces at these two rotor surface points hardly
static pressure on these measured points. The predicted sucsibow any sign of the stator frequency, which suggests that poten-
surface datdS1) agree with the experiment very well. The prestial effects from the downstream stator is much weaker compared
sure surface predictio(P6) captures the main feature of the ex+o the effects from the upstream NGV flow distortions.

i1

=
o
1

=
o
1

=
EY
1

Normalized Fn amplitude

0.2 4 0 =0

0 5 1 15 20 25 30 35 40 45 50
Events per revolution

Fig. 4 Spectrum of normal force on a rotor blade (normalized by the first har-
monic component, experimental condition, blade counts 12 120/7)
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Fig. 5 Time histories of unsteady normal force on stator blades (experimental con-
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Fig. 6 Spectrum of normal force on stator blade 5 (normalized by the first har-
monic component, experimental condition, blade counts: 12 120/7)

3.2.1 Subharmonics on Rotorln principle, when two pri- ;— w, is about 12% of the magnitude of the primary NGV flow
mary harmonic disturbances with frequenciesand w, coexist, disturbance, which is comparable to the experimental observation
flow responses may contain subharmonics with frequencies liKet].

Nw;+Mw, OF Nw;—Mw,, wheren and m are positive integer o )

numbers, due to nonlinear interactions. The embedded rotor row is3-2-2 Aperiodic Flow in Downstream StatorWhen the num-
predominately affected by the upstream NGV flow distortion an@er of NGV blade is different from that of the stator, the NGV-
downstream stator potential disturbance. These two disturbangafor interaction will induce an aperiodic flow pattern in both
at different frequencieglue to different NGV-stator blade coupts Stator rows. First of all, it was noted that the aperiodic variation of
interact with each other and generate subharmonic modes. Wgsteady forcing magnitude on the NGV blades is very sfiesb
shown on Fig. 4, the spectrum of the rotor blade normal fordban 5% due to very weak upstream running potential influences.
(i.e., the force component in the direction normal to the blad8ut on the other hand, the flow in the downstream stator row turns
chord indicates measurable subharmonics at frequencies;of out to be strikingly different. Figure 5 shows time histories of the
—w;y, 20— w,, andwl+3w,. The subharmonic component atunsteady normal forces on the seven stator blades at the nominal
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Table 2 Number of passages used in calculations disturbances and the sub-harmonics. Thus the time traces do not
appear simply periodic in time. However, a detailed examination

Case index NGV Rotor Stator - confirms that the phase-shifted periodicity exists among the rotor
1 (nomina) 12 20 7 blades. This implies that even under induced subharmonic inter-
2 12 20 10 actions, as discussed in Sec. 3.2.1, each harmonic component still
2 %g %8 %% can be directly traced back to the two primary disturbances, i.e.,
5 12 20 13 those from the upstream flow distortions and the downstream sta-
6 12 20 14 tor potential waves, respectively. Hence the rotor blades under

consideration are still aerodynamically tuned. Therefore regard-
less of NGV-stator blade counts, periodically unsteady results
(computational or experimenjah onesingle rotor blade passage
condition(note these time traces are vertically shifted for clarity would be sufficient for reconstructing the unsteady flow field for
One can easily see that the unsteady flow around the stator blatf@swhole rotor annulus.
is markedly aperiodic or mistuned. There is neither a constant . .
magnitude, nor a constant phase shift. The maximum magnitude™-2 Stator Unsteady Loading. The computational results
of the unsteady forcéblade 2 is about three times of the mini- SU99est the NGV-stator blade counts have a key influence on the
mum one(blade 7. aperiodic uns_tea}dy forcmg of the downstream stator row. Figure 8
Before discussing the stator aperiodicity further, the authof§OWS the distributions of peak-to-peak unsteady normal force
would make a comment regarding the frequency of the unsteaffj2gnitudesnormalized by the time-averaged normal force on the
ness. Figure 6 shows the spectrum of the normal blade force t_or bladgfor five dl_fferent NGV-stator blade counts.
one of these stator blades. It is clear that only the unsteadiness 4t'St for the case with an equal NGV-stator blade cduar20/
the rotor blade passing frequency and its higher-order harmonjcQ the unsteady forcing magnitude is constant for all blades in

bances with frequencies other than that of the rotor blade-passifi dmagnirtlu.de c‘orresrf)onds.ttln exactlly theh l\(lj(}V—stztog intﬁrf%rlergjce
one. The NGV wakes are chopped by the rotor blades, and &/€9¢ V‘.’# Its C”'Cf“':: erential wave ant 'Cta“?ﬁ y the blade
seen by the stator as unsteady disturbances. But the frequeﬁﬁé’m difference. If the NGV-stator blade count difference is one,

remains to be the rotor passing frequency. Hence the term “m wavelength covers the whole circumference. The wavelength

tuning” or “mistuned” should be used with this frequency char'S & half of a circumference when the blade-count difference is 2.

wAlternatively, the aperiodic patterns can be directly linked to the

situation, where unsteady forcing on each blade has the Saﬁﬁ)érespc_)nding C'OC"‘F‘Q positions, as the same local clocking po-
amplitude but with a constant blade-to-blade phase shift. sition will repeatNd times, whereNd is the difference of blade
Also it should be pointed out that although the unsteady stat'a\"m_beriS betweer} the NGV apld the stator. on with
loading is largely different from blade to blade in terms of both !t iS @lso noted from Fig. 8 that a NGV-stator interaction with a
phase and amplitude, the time averaged blade loading values \QRI€" interference wavelength seems to generate a larger forcing
very similar(with a blade-blade variation of less than 5%his is magdnitude difference among the stator blades. As we can see, the

in line with relatively small influences on averaged aerothermgjXimum normal force magnitude of caset8ade count 12/20/
performances due to stator-stator interactions, as commorty IS higher than case lade count 12/20/30The same trend

observed can be found between case(ldade count 12/20/23and case 6
' (blade count 12/20/14 Furthermore, for the same interference
4 Case Study With Variable Blade Counts wavelength, the case with a smaller number of stator blades tends

to have a smaller aperiodic forcing variation. For instance, case 3

With the strikingly large aperiodic unsteady forcing pattern Ob(blade counts 12/20/11and case Sblade counts 12/20/1%oth
served in the downstream stator row, one would naturally aglyve a count difference of 1 and thus the same NGV-stator inter-

about corresponding mechanisms and controlling parametergdfence wavelength. But the circumferential aperiodic forcing
any. A number of computations were thus conducted with diffe{ziation in case 3 is considerably smaller than that in case 5. This

ent NGV-stator blade counts and clocking positions. All the Cas@fight be attributed to the number of NGV wakes “seen” by a
studied have the same number of blades in the NGV and rol@hior passage. In case 3, the stator pitch is larger than that of the
rows as in the original experimental configuration, i.e., 12 NGY|Gv Hence each stator passage sees either 1 or 2 NGV wakes.
blades and 20 rotor blades. Only the stator blade count Wag; in the case 5, each stator passage would see either 1 NGV
changed over a range from 7 to 14, as listed in Table 2. Whgpke or nothing at all. The latter one with a smaller stator pitch

changing the stator blade. count, the dimensions qf .thtla stajghse 5 seems to be subject to a bigger difference in the NGV
blades were scaled accordingly to keep the same solidity in orQgike effect on the blade forcing.

to achieve the same steady loading coefficients on the blade sur-

face as the original one. Therefore the overall loading of the stator4.3 Link Between Clocking and Forcing. Given the sig-
row was kept the same as the original configuration. Meanwhileificant aperiodic forcing distributions in the stator blades for un-
the gap between the rotor and the stator was kept the same foregiuial NGV-stator blade counts, it is interesting to explore the
the cases, so the time-averaged loading on the rotor remairsedrelation between the stator forcing magnitude and the NGV-
roughly the same when the downstream stator blade count w&igtor clocking. The clocking is defined by the relative circumfer-

changed. ential position at blade leading ed¢gee Fig. 1k
4.1 Rotor Unsteady Loading. A general observation re-

Ostator . 2
garding the rotor unsteady forcing is that the magnitudes of sub- siator~ OGy @
harmonics can be changed considerably depending upon the statd&dnsteady normal force magnitudes of all the stator blades for
blade count and rotor-stator gap distance. Nevertheless, in thik cases with different blade counts are plotted against each
cases studied, all rotor blades consistently exhibit unsteady loddade’s local clocking position, as shown in Fig. 9. Although the
ing with the same amplitude and a constant phase shift, indicatiresults for different blade count cases are different quantitatively,
the phase-shifted periodicity. The time histories of unsteady ndhere is a clear overall trend of the unsteady force magnitudes in
mal forces on different rotor blades of casdlade count ratio relation to the clocking. Regardless of blade counts, the maximum
12/20/11 is shown on Fig. 7. Each blade is subject to two primarforcing appears when a stator blade is clocked in a region of
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Fig. 7 Time histories of normal force on rotor blades (Blade counts: 12 /20/11)

0.2-0.5 NGV blade pitch relative to its corresponding NGV A further confirmation of the clocking-forcing correlation is
blade. And the minimum forcing happens when a stator blade psovided by the results for case(Blade counts 12/20/1iwhen
clocked to around 0.8 NGV pitch. the stator row is clocked to four different clocking positioi@s
Also plotted in Fig. 9 is that of the equal NGV-stator bladel/11, 2/11, and 3/11 NGV pitghFigure 10 shows the stator force
count(12/20/12. In this case, the local clocking positions are thenagnitudes versus the clocking positions from the four calcula-
same for all the blades. The forcing dependence on clocking wians. All the points from the calculations collapse to one single
generated by several separate calculations at specified clockingve, meaning that the aperiodic unsteady forcing is solely
positions. We can see that the result of the equal NGV-stator cowaiused and determined by the local clocking position for a given
case follows the same trend as others with unequal NGV-statwade configuration.
blade counts. For both situations with equal and unequal blade counts, a com-
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Fig. 8 Unsteady normal force magnitudes of the stator row for five different
blade counts
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Fig. 9 Unsteady normal force magnitudes variation with local clocking position

mon feature seems to emerge. Unsteady forcing can be linkedstome frequency. As a result, the phasing between the two distur-

the clocking position, either inherently determined by an aperiod@ances can either enhance or suppress each other. The kinematical

flow distribution or artificially determined by clocking the statorrelation between a NGV wake and a rotor blade that chops the

The effectiveness of the clocking on the forcing can be explainedhke tells us that the instantanequisase angle of the chopped

in a simple and fundamental manner as follows. NGV wakeis given by
As illustrated in the sketch on Fig. 11, NGV wakes are chopped

and turned by rotor blades. A chopped NGV wake will be seen as Orotor— ONGV » 3)

an unsteady disturbance by the downstream stator at the rotor

passing frequency. So the stator blades are effectively subjectwbere 6,4, is the instantaneousircumferential position of the

two separately primary sources of periodic disturbances at traor. On the other hand if we look at a stator blade subject to the

Clocking Position of Blade 1
--0- 0 NGV pitch
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Fig. 10 Unsteady normal force magnitude on stator blades at different clocking positions of
blade 1 (blade counts: 12 /20/11)
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Rotor wake

= = = = Chopped NGV wake

Fig. 11 Sketch showing NGV wake-rotor wake interference (both phases
of chopped NGV and rotor wakes seen by stator are determined by instan-
taneous rotor phase 0,4, )

moving wake(and/or trailing edge shock wavesom this rotor In other words, the above proves that the phasing between un-
blade, therthe phase angle of the rotor unsteadiness seen in theteady chopped NGV wakes and unsteady rotor wakes!/or
stator bladeis given by shock wavepis solely determined by the stationary NGV-stator

O O (4) clocking position. It should be emphasized that the above argu-

rotor - Zstator ment is purely based on a generic kinematics of a single blade in

The above two phase angles given by E(.and (4) simply  each row and does not involve blade count.
mean that the instantaneous rotor blade positioovement dic- It is noted that some possible phasing mechanisms have been
tates the events. It then must follow that the relatlvg pha§|ng Pfiscussed in detail by Hummeé8], which might lead to a more
tween the chopped NGV yvak_e and the rotor unsteadifiessing specific determination of the clocking positions with the maxi-
wake and/or shock wayes given by the difference of the two mum and minimum forcing. Here we may get some indication of

phase angles, i.e., the NGV wake paths in the stator by looking at the time-averaged
Ongy— Ostator- (5) entropy contours. For the case with an equal NGV-stator blade

(a} (b

Fig. 12 Time averaged entropy contours at different clocking positions (stator
L.E. relative to NGV L.E. ) (equal NGV stator blade count: 12 /20/12); (a) clocking
at 0.2 NGV pitch, near maximum forcing,  (b) clocking at 0.8 NGV pitch, near
minimum forcing.
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count, the time-averaged flow is the same for all stator passagesponse. For a given design, if the stator-stammior-roton blade
The results for the two clocking positions roughly correspondingpunts lead to a significantly aperiodic forcing variation, the
to the maximum and the minimum forcing magnitudes are shovatocking-forcing analysis should be used to identify the aerome-
in Fig. 12. The stator blade subject to the maximum forcing ishanically most vulnerable blade, which is under the maximum
located in a position where a time averaged NGV wake pasdescing.

through the pressure side stator surfageig. 12a)). The mini-

mum unsteady forcing appears at the position where a NGV wakegknowledgments

passes over the suction side of the stator blafigs 12D)). The authors wish to thank the Engineering and Physical Sci-
It should be cautioned that the exact clocking positions COIM&: ~es Research CoundEPSRG of U.K. for sponsoring this

sponding to the forcing extrema may well depend on blading dﬁf rk under Grant No. GR/M43821. THi§ paper is a substantially

S'g.n ha?k? thhe 'ntr% rﬁ\é\/vgap.kTmsdlsthbeca{use thtat tdhe clocklr;]g Modified version of that presented at the 2002 ASME Gas Turbine

which the choppe wake and the rotor unsteadiness ennaiiiqco once at Amsterdam. The valuable comments on clocking by

(or cancel each other will be largely dependent on the propag r. Matt Montgomery(Siemens Westinghousand Professor Ted

tion of the rotor unsteadiness. For a transonic turbine, it should Egiishi (lowa State Universityare much appreciated

noted that downstream propagation of rotor wakes is determiné :

by the convection following the relative flow direction, while theNomenclature

pressure waves associated with the rotor trailing edge shock wave

will propagate to downstream in completely different directions. dA = mesh cell face area

As such, a stator blade at a different rotor-stator gap should sense__dV = mesh cell volume

a different phasing between the rotor wake and shock distur- F» G, H = inviscid flux vector o

bances. Given that the phase of the rotor unsteadiness seen by the ~ Fn = force component in the direction normal to blade

stator changes with the rotor-stator gap for different configura- ChQVd

tions, the NGV-rotor phasing effect should also be dependent &k N¢» Nr = unit normal vectors of cell face

the rotor-stator gap. U = conservative variable vector
On practical relevance and implications, the present results Mx: Vg, V, = viscous terms

dicate that clocking together with blade counts should be relevant w = angular frequency

to aeromechanical design consideration. In terms of controlling 6 = circumferential position

unsteady blade forcing, stator-stator rotor-roto) blade counts
should be chosen as such that all blades in a row are aerodyna#fferences
cally tuned or nearly so. Then the designer may select the optifl] Capece, V. R., Manwaring, S. R., and Fleeter, S., 1986, “Unsteady Blade Row

mum clocking positior(Fig. 1) for the present casgto have a 'l”égfalc;igns in a Multi-stage Compressor,” AIAA J., Propul. PoWe2), pp.
”.””'.”.‘”m forcmg: lf.the, choice of ,blade Coum,s IS suc.h that a[2] Hsu, S. T., and Wo, A. M., 1998, “Reduction of Unsteady Blade Loading by
significantly aperiodidmistuned forcing pattern is unavoidable, Beneficial Use of Vortical and Potential Disturbances in an Axial Compressor

the clocking-forcing analysis may be carried out to identify the  with Rotor Clocking,” ASME J. Turbomach120, pp. 705-713. )

most vulnerable blade subject to the maximum forcing. The cleai] feoer & SoRsor B 2 Sime, 2. T Sasbeh, 2. B a0 s e
identification of the least safe blade is very useful as it may be I-Experimental Investigation,” ASME J. Turbomacti18, pp. 630—635.

used as a basis for a circumferentially preferential damping treatfs] Griffin, L. W., Huber, F. W., and Sharma, O. P., 1996, “Performance Improve-
ment. The understanding of this aerodynamic mistuning may be ment Through Indexing of Turbine Airfoils: Part Il-Numerical Simulation,”
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[5] Dorney, D. J., and Sharma, O. P., 1996, “A Study of Turbine Performance
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dictated by the blade count difference. The rt_alatlve_ phasmg b%lzl] He, L., 2000, “Three-Dimensional Unsteady Navier-Stokes Analysis of Stator-
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In a “direct-transfer” pre-swirl supply system, cooling air flows axially across the wheel-
space from stationary pre-swirl nozzles to receiver holes located at a similar radius in the
rotating turbine disc. This paper describes a combined computational and experimental
study of the fluid dynamics of such a system. Measurements of total and static pressures

have been made using a purpose-built rotor-stator rig, with 24 pre-swirl nozzles on the
Mahmood Farzaneh Gord stator and 60 receiver holes in the rotor. The number of pre-swirl nozzles could be
Gary D. Lock reduced, and it was possible to calcula@y, the discharge coefficient of the receiver
: holes. Information on the flowfield was also obtained from three-dimensional, incompress-
Michael Wilson ible steady turbulent flow computations. The measurements showed that there was a
significant loss of total pressure between the outlet from the pre-swirl nozzles and the
J. Michael Owen rotating core of fluid in the wheel-space. This loss increased as the pre-swirl flow-rate and

inlet swirl ratio increased, and as the number of nozzles decred&gthcreased as the

swirl ratio at the receiver hole radius approached unity; alSg decreased as the number

of nozzles decreased. Computed pressures and tangential velocities were in mainly good
agreement with the measurements. The computations help to explain the reasons for the
significant losses in total pressure and for the relatively low valueSyah this pre-swirl
system. [DOI: 10.1115/1.1578502

Department of Mechanical Engineering,
University of Bath,
Bath BA2 7AY, UK

Keywords: Pre-Swirl, Rotor-Stator Systems, Fluid Dynamics, Discharge Coefficients

Introduction mainly as the inlet flow is turned radially as it enters the cavity.

Karabay et al. found that the ratig, /8, reduces ass, in-

Thg air used for intgrnal cooling of turbine plades in enginesaeases and the free-vortex flow in the cover-plate cavity could
supplied through receiver holes near the periphery of the rotatlﬂgen be’represented by

turbine disc. The air is delivered across the wheelspace from “pre-
swirl” nozzles, in the stator, angled to impart swirl to the air in the

direction of rotation, thus reducing the relative temperature of the

air entering the receiver holes. Fluid dynamics parameters of in- Vi Xp|? Bp,eft
terest to the designer include te&ectivepre-swirl ratio, the loss Qr = Bop,eft N =Bp

of total pressure in the system and the discharge coefficients.

In some engines, as illustrated in Fig(al, the pre-swirl
nozzles are located at a low radius on the stator, and the cooIingA | ive “di for” il . d
air flows radially outward to the receiver holes through the rotat- n alternative “direct-transfer” pre-swirl arrangement is use
ing cavity between the disc and a rotating cover-plate attached"i.]omher €ngines, as shown in Figbl In. this system the station- .
it. The flow in cover-plate systems has been studied computati y pre-swirl nozzles are located at a higher radius, compared with

ally by Popp et al[1] and both experimentally and computation-cover'plate systems, and the pre-swirl air is confined, by the seals,

ally by Karabay et al[2,3]. Popp et al. studied the geometricto a compact rotor-stator chamber in the outer part of the wheel-

factors affecting the collection of the pre-swirl air at the base GPoe: The flow and heat transfer in a model pre-swirl rotor-stator

the cover-plate, and made comparisons with system efficiencns%Stem was studied by Wilson et g], who found that the pre-

. swirl flow mixed fully with a superposed radial outflow of disk-
?ﬂg?sgtr?ﬁeb% '\f/:eé(ce)g;i?] feraﬁnf?ovsr?;‘tke[?]éxKZg?ggymeggl'i;g:n?recgoling air before entering the receiver holes. Dittman ef@l.
’ 9 oling . > €XP 9 ' easured discharge coefficients for both the pre-swirl nozzles and
vortex flow occurs in the rotating cavity between the cover-pla &

. . . . . e receiver holes in a direct transfer pre-swirl rig. Greater losses
and the disk; the adiabatic effectiveness of the system is th|'?1ntotal pressures are expected for direct transfer systems com-

azr:ri%atgtlsrsfoaf?gggrl:ﬂetﬂg r;Iti)c\)/\sestIt(r:aéta?(3 I\/)(/Sgrse :;)hic;n tgséér?r?g ritna%‘red with the free-vortex flow found in cover-plate systems, due
P 9 uctu u strong mixing between the pre-swirl flow and the recirculating

pre-swirl ratio,3, =V, ,/Qr,, (the ratio of the tangential compo- rotor-stator flow in the chamber. Earlier research into direct trans-

nent of velocity of the pre-swirl air to the speed of the rotatingge . : :
) . r systems, and rotor-stator systems in general, is described b
disk at the same radipysand the turbulent flow parametex; Owe)rg and IiogerE?] 4 9 ' y

=Cwp Re¢?'8’ whereCy,, is the nondimensional flow rate of = This paper describes a combined experimental and computa-
the pre-swirl air and Reis the rotational Reynolds number fortional study of the fluid dynamics of the idealized pre-swirl rotor-
the disk. , ~ stator chamber shown schematically in Fig. 2. The results are used
Karabay et al{2,3] found that the “effective” pre-swirl ratio, to describe the flow structure in the chamber and the effects of the
By, for the radial outflow at the base of the cavigt radius a parameters, and\r,, andN, the number of pre-swirl nozzles.
close to that of the nozzlgsvas less tharB,. The difference is Discharge coefficients for the rotating receiver holes are also pre-
caused by mixing losses, which in cover-plate systems occinted and discussed.
Designers are also interested in the total temperature of the
national Gas. Tulbine and Aeroengine Congress and Exiibiion, Amsterdam, Teos1J G that enters the turbine blade-cooling passages, and this
Netherlands, June 3-6, 2002. Man%script re?:eived by the IGTI Nc’>vember 14, éO ;II be aﬁeCte.d by heat transfer .from the turbl.ne dls'.( to the a.lr'
revised manuscript received January 25, 2003. Paper No. 2002-GT-30415. Re! gat transfer in the system considered here will be discussed in a
Chair: E. Benvenuti. future publication.
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Fig. 2 Schematic diagram of the rotor-stator experimental rig
(not to scale )

where
4bscos
C=—gp—
wd?r, 3)

The outer shroud was in two sections, one attached to the stator
and the other to the rotor; the inner shroud was stationary. A
stationary annular chamber was fitted around the periphery of the
system, and this chamber could be pressuridgd an external
flow rate, m,) to control the seal flow ratemg, through the pe-
ripheral seals. The value ohy was determined from calibration
tests of the seal assembly.

. The rig could be rotated at speeds giving rotational Reynolds
Experimental Apparatus numbers Rg (based on the disc radiusp to around 1.2 1¢°. It

A rotor-stator rig, purpose-built for both flow and heat transfewas possible to control independentty,, m,, andms, the pre-
studies, was used for the measurements. The geometry, which wail, blade-cooling and sealing flow rates, respectiele Fig.
based on information obtained for existing engine designs, is &), and the mass flow rates were measured using British Standard
lustrated schematically in Fig. 2. orifice plates. Tests were carried out for sealing flow raigs,

The disc radius wab=216 mm, and the principal dimensionsof zero andC,,s/C,,,=~0.1; only results for the former are
gave the inner-to-outer radius ratia/p) as 0.67 and the gap ratio included here.

(s/b) as 0.051. The rotating disc was made from transparent poly-A total-temperature probe and pitot-tube located in the outlet
carbonate, for the subsequent application of optical heat transfiem the nozzles, together with a static-pressure tap between the
measurements using liquid crystal techniques. There were 24 ¢ipzzles, were used to measure the total and static temperature and
cular pre-swirl nozzles, angled &=20° to the tangential direc- the velocity of the inlet flow(Equation(2), rather than the mea-
tion, in the stator, and 60 axial receiver holes in the rotor; thgured inlet velocity, was used to calculatg.) Static pressure
receiver holes were square-edged with a length-to-diameter retéigps were located at nine radial stations in the stator, and nine
of 1.25. The radial location of the nozzles, for whigp=r,/b pitot-tubes were located at the same radii on the mid-axial plane
=0.74, was less than the centreline radius of the holes,at (z2/s=0.5) in the wheel-space. This enabled the measurement of
=r,/b=0.93(Fig. 2). The number of pre-swirl nozzles, N, couldthe radial distribution of, the static pressurepthe total pres-

be reduced fronN =24 to 12 by blocking every other nozzle, andsure, andv,, .., the tangential velocity of the air in the core out-
this allowed higher inlet swirl ratios to be tested for the preswigide the boundary layers. As the blade-cooling air discharged di-
flow rates available. The ratio of the area of the receiver holes ectly into the atmosphere, it was also possible to calculze

that of the nozzlesAg/Ay) was 2.9 forN=24 and 5.8 forN the discharge coefficient of the receiver holes.

.P. Turbine Disc | |L.P. Turbine Disc

!

Fig. 1 (a) A cover-plate pre-swirl system  (reproduced from
[1]); (b) a direct-transfer pre-swirl system  (reproduced from [5])

(b)

=12. The inlet swirl ratio,8,, was calculated from: It should be noted that the above measurements were made at
only one angular location. However, the pitot-tubes in the mid-
B.= E(% :EA Re 02 ) axial plane were subject to a rotating core of fluid, which would
P N\Rey,/ N TP tend to average-out any circumferential variation in total pressure.
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The parameter range tested in the experiments was
0.77x 10°P<Rey<1.2x 10°

0.6x10°<C,, ,<2.8x 10"
(giving 0.12<\y,=Cy, Re,**<0.4).

0.5<8,<3.

Owen and Roger§7] have shown that the flow structure de-
pends principally org, and\+ and only weakly on Rg, and this
result has been confirmed by Karabay et[2|3] for cover-plate
pre-swirl systems. Hence, although the values of Reed here
are lower than thosgypically around 10) found in gas turbines,
the flow structures are considered to be representative of tho
found in the cooling systems of engines.

It was not possible to vang,, C,,,, Re,, andN indepen-
dently (see Eq.(2)); for B,=<1, 24 nozzles were used, while tests
with 8,>1.5 were carried out using the 12-nozzle configuration
(Tests were carried out foB,~1 for both 12 and 24 nozzles;
however, in these cases there was also a factor of two differen
in flow rate)

Computational Model

Computations were carried out using a 3-D incompressible floy z=0 Z=8
model, with one discrete pre-swirl nozzle on the stator and cyclic a) 140 x 211 axial x radial grid
symmetry boundary conditions applied at the tangential faces =,
the domain. Computations were carried out onlyNor 24 (i.e. a
15 deg segmeijt

The structured cylindrical-polar mesh used is illustrated in Fig
3. To permit steady-state computations, an annular outlet was us
on the rotor that matched the centreline radiys, and total flow
area of the receiver holes. The Reynolds-averaged Navier-Stok
equations were solved in primitive-variable form using the finite-
volume method, hybrid differencing and the SIMPLEC pressure
correction scheme. The low-Reynolds-number Launder-Sharn
[8] k-¢ turbulence model was used; this model has been use
successfully in previous pre-swirl research where both flow an
heat transfer is to be consider&ke, for example, Pilbrow et al.

[9]). Grid distribution tests showed that a 24P11Xx40 (axial
Xradialxtangential grid was required. Near wall grid points sat-
isfied the conditiory + <1, and a convergence condition that total et
absolute residuals be less than tOwhen normalized by inlet .}-(t%v_’ -;tz*' REad i RIERaR SR aT
mass flux and tangential velocity values was used. e Tl {1 pre—swirl nozzle

Boundary conditions for the axial and tangential velocity com: {EEiEERall EaBGad inlet boundary
ponents were prescribed for the angled flow at the ifwdtich iy CREEEREE L (stator surface)
was square but having the same area as the circular nozzles in
rig), using the flow rates recorded in the experiments. The radii
velocity component at inlet was zero. The angular velocity of the b) 211 x 40 radial x tangential grid
disc was also set to match the measured disc speed. At the annuiar
outlet boundary on the rotating disc, a uniform normal velocCityjg 3 140x211%40 computational grid— (a) 140X211 axial
component based on measured flow rates was imposed to enSbHEﬁhal grid (b) 211X40 radial Xtangential grid
continuity, and tangential velocities were computed from a zero
normal derivative condition(At the seal clearances, see Fig. 2, a
linear variation in angular velocity between rotating and stationa
components was used for the zero sealing flow cases.

annular

outlet
(rotor surface)

%w. There is mixing between the pre-swirl flow, the recirculating
flow inward of the nozzles and the radially inward flow on the
Results stator; this reduces the effective pre-swirl ratio. Es>0.5 ap-
prox., the velocity fields in the two planes are very similar, indi-
Computed Flow Structure. Figures 4a) and 4b) show com- cating that the discrete-inlet flows have merged. Under the influ-
puted vector velocity fields, for Re=0.78x 10, Arp=0.236,and ence of the rotating disk, the flow becomes very nearly
B,=0.96, for the flow in two planes: one through the middle ofixisymmetric prior to turning radially to form the disk boundary
the pre-swirl inlet nozzlgFig. 4(a)), and the other midway be- layer.
tween nozzlegFig. 4(b)). Figure 4a) shows that the axial flow of
pre-swirl air impinges on the rotor and flows outward over the Comparison Between Computations and Measurements.
rotating disk; the disk boundary layer supplies the blade-cooliffiggure %a) shows measured and computed stator-surfate (
flow leaving the system at the annular outletxat0.93. Figure =0) static pressures for three cases af,R@8x 10°, with Bp
4(b) shows very similar characteristics except at low radius in the0.52 (for which Ay ,=0.127) and8,=0.96 (\r,,=0.236),
region of the axial pre-swirl flow; in this plane, midway betweeroth for N=24, andﬁ =1.86 (\, p—O 229) for N=12. (The
the inlet nozzles, the flow close to the stator at arousd).74 computations shown for the latter case areNet 24 at the same
(the nozzle radiusis affected by entrainment into the pre-swirlflow conditions; reliable solutions fol=12 were not obtained
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R’Ied,—O.ZBX 13 ' )‘TBPEA?'Z% andl B,=0.96—(a) inlet nozzle mid- £y 5 \Measured and computed radial variation of pressure,
plane, (b) midway between nozzles Re¢=0.78><106—(a) static pressure at stator surface,  (b) total
pressure at axial midplane (z/s=0.5) measured computed (N
=24) O A7 ,=0.127, B,=0.52, N=24 — — — A A;,=0.236, B,
~0.96, N=24 —— @ A\ ,=0.229, B,~1.86, N=12 - - - *

due to increased gridding requiremeptSorresponding total pres-

sures at the axial midplane/6=0.5) are shown in Fig.(®). The

computed static pressures are the values obtained midway be-

tween inlet nozzles; the reference pressure for these incompré¥€nts, and computational results for the three inlet pre-swirl ratio
ible flow results was chosen arbitrarily as the measured sta@i@ses discussed in the foregoitige values of3, are indicated on
pressure ak=0.9. There is reasonably good agreement betwedhe figuré at Re;~0.8x 10°. Figure 6 also shows measured re-
computed and measured values radially outward of the pre-swtlits for similar values ofs, obtained at a higher rotational Rey-
nozzles; inward of this location, the static pressure field is affect@dlds number, Rg~1.18X 1P, with the flow rateC,, adjusted

by the three-dimensional flow around the discrete nozzMea- so thathy , remained approximately constant for similar values

surements were made on a radial line through the nozzle miof- 8,. The measured results show that, as expected, there is
no significant effect of Rg on the radial distribution ofg.,

plane)
The midplane total pressure results, shown in Figh),5are for the lower values ofg,, and only a small effect on the

relative to the total pressure measured at the pre-swirl nozzle omtagnitude of3.. .
Not surprisingly, the results fg8.. in Fig. 6 are consistent with

let. There are three noteworthy poin¢s: owing to mixing losses,
those for g.. in Fig. 5b). (i) The mixing losses near the inlet

there is a significant drop in total pressure near the ifvétere
Po-<Poy: (ii) except at the smaller or larger radig.. is ap- mean thap..<B, atx=x, such thai3, .<gp; (i) except at the
proximately constant, which is consistent with free-vortex flonsmaller or larger radiiB.. decreases asincreases: this is consis-

(i) at the larger radii, the increase|i. is associated with work tent with free-vortex flow in which §. is constanti(iii) at the
done on the air by the rotating disk and shroud. The tangentiallrger radii,3.. increases as increases as a consequence of work

averaged computations generally show less variation witian  input from the rotating disk and shrou(lhe tangential velocity
at the boundary at/s=0.5,x=1, in the computed results is less

the data.
Figure 6 shows measured distributions @f(=V, ../Qr) at than that of the disc, as this point lies within the small clearance
z/s=0.5, obtained from the total and static pressure measutsetween the rotating and stationary sections of the shroud.
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O N=24 (AvA=29)
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2.00 2.50 3.00
~ B,
4
065 07 075 0.8 0.85 0.9 095 x 1.0 Fig. 7 Measured variation of .., with B, (— — — Eq. (4a),
— Eq. (4b))
Fig. 6 Effectof g, and A, on measured and computed varia-
tion of B, (z/s=0.5) measured computed (N=24) (Re,~0.78
X10°, 1.2X10°) (Re,=0.78X10° O, X Ay ,=~0.127, B,~0.52,
N=24 — — — A, + Ay,=~0.236, B,~0.96, N=24 @, X A7, L _
~0.229, B,~1.86, N=12* * - - where m, is the measured mass flow rate through the receiver

holes and is the isentropic value.
Consider the isentropic flow in a stream tube from station 1 to

The tangentially averaged computed values @f for 8, station 2 in a rotating fluid. The work dorgy the air, W,,, is
=0.52 in Fig. 6 show similar behavior to the measurements. TH&/€n by
computed level 0f3., is in reasonable agreement with the data for W
x<0.9, however the increase @, in the outer part of the system _ M2 _ _ _
is overpredicted. The computational results are in good agreement n, = 0oV 11V =CplToo™ Too) (©)
with the data forg3,=0.96 outward of the nozzle radiug, ] )
=0.74. For3,=1.86, the computed distribution is qualitativerWhereTOv the total temperature instationaryframe of reference,
correct but the level of., is underpredictedAs described in the 1S
foregoing, this computation was carried out for=R4, while the
measurements correspondNe=12.) The local minimum in3., . Ta=c.T+ EUZ @
seen in the computed results a+®.74 occurs in the region just proTl T2
outward of the pre-swirl flow, where there is strong shear and | ) ) )
entrainment into the jet flowas illustrated in Fig. % For all the T being the static temperature addhe magnitude of the velocity
computed results, circumferential variations from the tangentiallj & stationary frame. ] ) ] ]
averaged behavior Shown in F|g 6 were Very Sma” except aroundt IS anvenlent to |Ocate station 1 in the I’Otatlng core Of f|UId
the nozzle radiusc,=0.74, where peak values ¢.. for S, and station 2 at the outlet of the receiver holes_, such that
=1.86 were up to around 50% higher than the average values. Riéb - It can be shown from Eq6) that, for isentropic flow of a
measurements were made ®f atz/s=0.5 atx=X,. perfect gas,

The discharge coefficients for the receiver holes are expected to 11y y—1ly
be affected by conditions ne&e x;, (x,=0.93), and Fig. 7 shows m_ (ﬁ) [(ﬂ)p_m[ - (&) }
the measured variation &, , (i.e. at8., atx=Xxy), with 8, for A, Pox Po1 Y—1)po1 Po.1
N=12 andN=24; the measurements were made over a range 12
lci);g/:\rl:ues of Rg and Ay . The distributions are approximately +29(r2V¢,2—r1V¢,1)—V$),2] @8)

N=12(0.9<B,<2.9: pB.,~0.1+0.283, (49) For the case wher¥, =V, ,=0, Eq.(8) reduces to the stan-

_ . _ dard result for flow through a stationary nozzle. Whesr,, Eq.
N=240.5<pp<1.5: B.p~0.1+0.345, (4b) (8) is equivalent to the result used by those authses, for ex-

Referring to Eq(2), it should be remembered thaf, depends ample Dittmann et al6]) who baseCy, on relative total pressure
strongly on\y, and N and only weakly on Rg. For a given rather than thebsolutevalue used here. It should be emphasised
value of B,, N, doubles wherN is increased from 12 to 24. that the use of relative pressuresoisly valid if r;=r,, which
Figure 7 shows that, for a given value 8§, .., decreases d@§ may not be true in all cases. It can also be shown that, for
decreases. Larger numbers of nozzles and larger values of flamy value ofV,,, m; will have a maximum value when
rate are expected to reduce the mixing losses, but it is not possiWlg,=r,.

here to differentiate between the ef'fectsl\bfand)\Tvp. Measurement of CD. It should be noted that, owing to an

Measured Discharge Coefficients error in processing the experimental data, the versions of Figs.
o ; _ ) 8(a) and &b) presented in the conference paper GT-2002-30415
Definition of CD for Receiver Holes. Cis defined here as  are incorrect. The corrected versions of these figures are presented

M here, and the following text has been modified accordingly.
=

Cp= (5) In the results discussed heng, ; and V.qg,1 were respectively .
m; taken as the total pressure and tangential component of velocity
Journal of Turbomachinery OCTOBER 2003, Vol. 125 / 645
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0.50 creases; also, for a given value gf ;,, Cp decreases all de-
creases. Linear extrapolatidqwhich may not be approprigteo
B~ =1 suggests thaCp~0.7 for N=12 (Ag/Ay=5.8), and
Cp=~0.9 for N=24 (Ag/Ay=2.9). These values are consistent
with the results of Popp et al1], who also found thaCp de-
creases a®\g/Ay increases. Their maximum values 6f, at
B =1, were 0.53 and 0.8 fohg/Ay=7 and 2, respectively.
Dittman et al.[6] found that, for a given number of nozzles
(N=11 or 12, C; increased as the number of receiver holes
increased(from 4 to 24, which is consistent with the “unifor-
mity” argument. They also showed that, as expected, radiusing the
0.10 1 inlet of the receiver holes increas&}, . It is difficult to make
quantitative comparisons with their measurements, as they based
their values ofCp on predicted rather than measured values of

CD
0.40

0.30 A

O N=24 (Ar/Av=29)
® N-i2 (Ar/Ay=58)

0.00 T T in th
(@ O 4 o A, 03 04 Pressure in the core.
0:70 Conclusions
Measurements and three-dimensional steady computations have
0601 Cp been carried out for the fluid dynamics of a compact pre-swirl

rotor-stator chamber, simulating part of the blade-cooling air sup-
ply system used in some gas-turbine engines. The effects of rota-
tional speed, flow rate, pre-swirl ratio and number of pre-swirl
nozzles on the flow field and on the total pressure losses in the
system were investigated.

Turbulent flow computations, carried out using a simplified 3-D
steady model of the system, gave results for total pressure and
O N=24 (AW/Ay=29) tangential velocity which were in mostly good agreement with
® N=12 (AdAv=58) measurements in the outer part of the systamluding the radial
location of the receiver holgdlt was shown that, owing to mixing

losses, there is a significant drop in total pressure between the

0.00 T T T T T T T T T . . f
000 010 020 030 040 050 060. 070 o0go o090 100 Pre-swirl nozzles and the core of rotating fluid. Consequently, the

o.b measured and computed values of swirl raj, (outside the
boundary layers on the disc surfagewere significantly lower
than the inlet pre-swirl ratiog, . Measurements showed that, at
the radiusr,, of the receiver holes in the rotating disk,. , in-
creased linearly with increasing),, and the ratio was higher for
N =24 pre-swirl nozzles than fdd=12; it should be noted that,
for the same value 0B, the flow rate forN=24 is double that
for N=12. Discharge-coefficient§, were measured assuming
solid-body rotation for the flow inside the receiver holes. As ex-
pected,Cp, increased as3.., increased. For a given value of
B, Cp decreased a decreased.

0.50 4

0.40 4

%

0.30
0.20 -

010

Fig. 8 Measured variation of Cp with (&) N7, (b) Be

measured by the pitot tubeatry, . Also,V, , was assumed to be
equal toQry, (the rotational speed of the receiver hgleandp,
was taken as the atmospheric pressure.

In measurements &, in rotating disks, experimenters usually
assume, explicitly or implicitly, that the swirling air achievesAcknowledgments
solid-body rotation at exit from the receiver holes, as is assumed-rhe experimental work described here was funded by Alstom
here. If the length-to-diameter ratio of the receiver holes is SUfflhower Ltd and the UK Engineering and Physical Sciences Re-

ciently large then th!s assumpt.ior) will be valid; in the rig “?egearch Counci(EPSRG. Mr Farzaneh-Gord is a PhD student
here, the length-to-diameter ratio is 1.25 and so the assumption |Sqeq by the Iranian Government.

questionable. As noted in the foregoing, calculated from Eq.
(8) will be a maximum whenV, ,=r,. That is, the assumption \jomenclatur
that V, ,=Qr, will produce a lower bound for the true value omenclature

of Cp; an upper bound could be found by settiig ,=V ; in A = area
Eq. (8). a = inner radius of cavity
It is expected tha€y will be a maximum when the air near the b = outer radius of cavity
receiver holes is in synchronous rotation with the disk, i.e., when ¢ = constant for calculation o8,
B p,=1; the air will then enter the holes with minimum shear. It C = constant(in Eq. (3))
is also expected that higher values ©f will occur the more Cp = discharge coefficient of receiver holes
uniform is the distribution of flow between the receiver holes. As ¢,, ¢, = specific heat at constant pressure and constant
the numbeN of inlet pre-swirl nozzles is reducegthence as the volume, respectively )
ratio Ag/Ay increasep the distribution of the discrete inlet flows C, = nondimensional mass flow rate=-fub)
to the receiver holes is likely to become less uniform, and values d = pre-swirl nozzle diameter
of Cp would be expected to decrease. G = gap ratio &s/b)
Figures 8a) and(b) respectively, show the variation 6, with k = turbulence kinetic energy
A1p and with 8., ,. Figure &a) shows thatCp, increases aa , m = mass flow rate
increases and, for any value ®f, Cp, is larger forN=12 than N = no. of pre-swirl nozzles
for N=24. It should be remembered that, for a given value of p = static pressure
Nrp, Bp increases adl decreases: the effects df and g, are po = total pressure in stationary frame
therefore coupled in the experiments. r, ¢, z = radial, tangential, and axial coordinates
Figure 8b) shows that, as expecte@p increases ag.., in- Re; = rotational Reynolds no.=% pQb?/ u)
646 / Vol. 125, OCTOBER 2003 Transactions of the ASME
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s = axial spacing between rotor and stator
T = temperature
U = total velocity in stationary frame
U, = friction velocity (= 7, 7p)
Vi,V,,V, = time-averaged radial, circumferential,

axial components of velocity in stationary frame

W = work done by fluid
x = nondimensional radius<r/b)
y, y* = distance normal to wall, nondimensional distance
(=pyU./n)
B = swirl ratio (=V,/Qr)
Bp = pre-swirl ratio =V, ,/Qr)
e = turbulent energy dissipation rate
y = ratio of specific heats%c,/c,)
A1 = turbulent flow parameter< C,,/R€)%
0 = angle of pre-swirl nozzle to tangential direction
u = dynamic viscosity
p = density
7 = shear stress
Q) = angular speed of disk
Subscripts

b = blade-cooling air, receiver hole radius
e = external air
eff = effective value
i = isentropic value
N = nozzles
0 = total value in stationary frame of reference

Journal of Turbomachinery

p = pre-swirl air

R = receiver holes

s = sealing air

t = total value in rotating frame of reference
« = value in core outside boundary layers
, 2

1, 2 = upstream, downstream stations in stream tube

References

[1] Popp, O., Zimmerman, H., and Kutz, J., 1998, “CFD Analysis of Cover-Plate
Receiver Flow,” ASME J. Turbomach120, pp. 43—49.

[2] Karabay, H., Chen, J. X., Pilbrow, R., Wilson, M., and Owen, J. M., 1999,
“Flow in a “Cover-Plate” Pre-Swirl Rotor-Stator System,” ASME J. Turbo-
mach.,121, pp. 160—-166.

[3] Karabay, H., Wilson, M., and Owen, J. M., 2001, “Predictions of Effect of
Swirl on Flow and Heat Transfer in a Rotating Cavity,” Int. J. Heat Fluid Flow,
22(2), pp. 143-155.

[4] Meierhofer, B., and Franklin, C. J., 1981, “An Investigation of a Pre-swirled
Cooling Airflow to a Gas Turbine Disk by Measuring the Air Temperature in
the Rotating Channels,” ASME Paper 81-GT-132.

[5] Wilson, M., Pilbrow, R., and Owen, J. M., 1997, “Flow and Heat Transfer in
a Pre-Swirl Rotor-Stator System,” ASME J. Turbomacti9, pp. 364—-373.

[6] Dittmann, M., Geis, T., Schramm, V., Kim, S., and Wittig S., 2001, “Discharge
Coefficients of a Pre-Swirl System in Secondary Air Systems,” ASME Paper
2001-GT-122.

[7] Owen, J. M., and Rogers, R. H., 1989pw and Heat Transfer in Rotating
Disc Systems: Vol. 1, Rotor-Stator SysteResearch Studies Press, Taunton,
UK and John Wiley, NY.

[8] Launder, B. E., and Sharma, B. I., 1974, “Application of the Energy-
Dissipation Model of Turbulence to Flow Near a Spinning Disc,” Lett. Heat
Mass Transferl, pp. 131-138.

[9] Pilbrow, R., Karabay, H., Wilson, M., and Owen, J. M., 1999, “Heat Transfer
in a “Cover-Plate” Pre-Swirl Rotating-Disc System,” ASME J. Turbomach.,
121, pp. 249-256.

OCTOBER 2003, Vol. 125 / 647

Downloaded 31 May 2010 to 171.66.16.27. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Heat Transfer Coefficients and
Film Cooling Effectiveness on the
Squealer Tip of a Gas Turbine
Blade

1

Jae Su Kwak Experimental investigations were performed to measure the detailed heat transfer coeffi-

Je-Chin Han c_ients and f_iIm cooling effectiveness on the squealer ti|_o of a gas turbinc_e blade in a

five-bladed linear cascade. The blade was a two-dimensional model of a first stage gas

turbine rotor blade with a profile of th6&E-E® aircraft gas turbine engine rotor blade.
The test blade had a squealer (recessed) tip with a 4.22% recess. The blade model was
equipped with a single row of film cooling holes on the pressure side near the tip region
and the tip surface along the camber line. Hue detection based transient liquid crystals
technique was used to measure heat transfer coefficients and film cooling effectiveness.
All measurements were done for the three tip gap clearances of 1.0%, 1.5%, and 2.5% of
blade span at the two blowing ratios of 1.0 and 2.0. The Reynolds number based on
cascade exit velocity and axial chord length wasx11° and the total turning angle of
the blade was 97.9 deg. The overall pressure ratio was 1.2 and the inlet and exit Mach
numbers were 0.25 and 0.59, respectively. The turbulence intensity level at the cascade
inlet was 9.7%. Results showed that the overall heat transfer coefficients increased with
increasing tip gap clearance, but decreased with increasing blowing ratio. However, the
overall film cooling effectiveness increased with increasing blowing ratio. Results also
showed that the overall film cooling effectiveness increased but heat transfer coefficients
decreased for the squealer tip when compared to the plane tip at the same tip gap
clearance and blowing ratio condition$DOI: 10.1115/1.162271]2

e-mail: jchan@mengr.tamu.edu

Turbine Heat Transfer Laboratory,
Department of Mechanical Engineering,
Texas A&M University,

College Station, TX 77843-3123

Introduction tip, the blades of modern gas turbines are typically grooved chord-
. . . wise. The groove acts as a labyrinth seal to increase flow resis-
In modern gas turbine engines, inlet temperatures have begu_rt%irace and thus reduces leakage flow and heat transfer coefficient
exceed th? allowable temper_ature of turbine component materi f’the tip. It is therefore very important to know the distribution
_thus creating a ne!ad for turb_lne components to be cooled ProPEi¥ihe heat transfer coefficient and film cooling effectiveness on
in order to maintain the desired performance. Among the turbl@ﬁe squealer tip of film cooled blade
components, t'he blade tip is one of the most critical regions be'In the open literature, there is limited information on the flow
cause of the high heat load caused by hot Ie_akage flow through 4 and heat transfer of a grooved blade tip. Metzger ef2dl.
tlzl)lpac?:l:t)i. Faonr dtgﬁrggéhg)nuéj%gv\?llae ille(’stthhergeu 'i ?hgapa b%t&efg { i Chyu et al[3] investigated heat transfer in a rectangular
pal ' \ 9 gap fooved tip model. Their work included the effect of the depth-
pressure difference between the blade’s pressure side and su

side. This hot leakage flow is the major cause of blade tip failurer%.'wdth ratio and the tip gap to width ratio of a cavity with both

Because of the complex flow field and heat transfer distributiog“ovIng and standing shrouds over the stationary grooved tip

o - : odel. The result showed that the local heat transfer coefficient
sophisticated cooling technology must be applied to cool the bla 5stream of the grooved cavity was greatly reduced compared to a

t'p":. 1 sh ical i hods for th d rectangular plane tip model, while the coefficient downstream of
igure 1 shows typical cooling methods for the modern g Re grooved cavity was enhanced because of the flow reattach-
turbine blade. Inside the blade, impingement cooling, pin-fin Co0lcnt at that region. They concluded that there was an optimum
ing, and rib turbulated cooling are employed to remove heat fro lue of depth-to-Width ratio for a given pressure difference
blade’s interior. Outside the blade, film cooling, which is a com-ﬁross the gap. Heyes et 4] studied tip leakage flow on plane

. ; .a
Bmg'Q::?itr?Odc(];%rleCrOgi“rngotrqutﬁét?r:?;Inzlljrl?ngleinOf bl:g;:"éstﬁfopd'% d squealer tips in a linear cascade and concluded that the use of
Y € 9 . : g passag squealer tip, especially a suction side squealer tip, was more
discrete holes. The cooler air provides a protective film on the

: neficial than a flat tip. Yang and Dill¢b] studied local heat
surface and prevents the blade _surface from being expo_sed to ﬁgfﬁcients on a turbine blade tip model with a recessed cavity
hot gas. Due to the decreased film-to-wall temperature dn"ferenig

heat transfer rates can be reduced substantially. Detailed turb n%uealer tipin a stationary linear cascade. Based on the mea-
cooling methods are described by Han effal. urement at a single point on the cavity floor, they reported that

To reduce the leakaae flow and heat transfer coefficient on the convection coefficients were insensitive to the tip gap height.
9 feri et al. [6] computed the flow and heat transfer on the
Currently Senior Researcher, Aeropropulsion Department, Korea Aerospace ag_uealer_np of a GE-Efirst _stage gas turbine blade.' They ob-
search Institute, Daejeon, Korea, served higher heat transfer in the bottom of the cavity compared
Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN  tO the plane tip. The heat transfer on the pressure side rim was
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF Comparab|e to the p|ane t|p case but was h|gher on the suction

TURBOMACHINERY. Paper presented at the International Gas Turbine angd: ; B
Aeroengine Congress and Exhibition, Amsterdam, The Netherlands, June 3-6, 2 e rim. They concluded that the Iarge heat transfer in the bottom

Paper No. 2002-GT-30555. Manuscript received by IGTI, Dec. 2001, final revisiof] the cavity was due to flow impingement containing hot gas.
Mar. 2002. Associate Editor: E. Benvenuti. Dunn and Haldemah7] measured time averaged heat flux at a
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Fig. 1 Schematic of a modern gas turbine blade with common cooling techniques

recessed blade tip for a full-scale rotating turbine stage at trazpoled turbine blade models. Amd@1] predicted heat transfer
sonic vane exit conditions. They found that the Nusselt number and flow on the blade tip of a gas turbine equipped with a mean-
the suction side lip and on the floor of the recess near the leadicember line strip.
edge of the blade was higher than that of the blade stagnatiorThere are limited experimental data on the blade tip film cool-
value. Azad et al[8,9] studied the flow and heat transfer on theng. Kim et al.[22] and Kim and Metzgef23] used a 2D rectan-
first stage blade tip gap of an aircraft engine turbine (GE-E gular tip model to simulate leakage flow. A transient liquid crys-
They presented the effects of tip gap clearance and free-strefafs technique was used to investigate heat transfer coefficients
turbulence intensity level on the detailed heat transfer coefficiemnd film cooling effectiveness with various film cooling configu-
distributions for both plane and squealer tips under engine reprations. In the authors’ knowledge, however, there is no literature
sentative flow conditions. They used transient liquid crystals tecfor a squealer tip film cooling test available, and this study might
nique and found that the overall heat transfer coefficients on the the first experimental data for the squealer tip film cooling test.
squealer tip were lower than those on the plane tip. Azad et al.The present study applied a hue detection based transient liquid
[10] also studied the effect of squealer geometry arrangement @iystals technique to obtain the heat-transfer coefficient and film
gas turbine blade tip heat transfer. They found that a blade tip witholing effectiveness distributions on the squealer tip, and the
the suction side squealer was more effective to reduce heat traigsults were compared with the plane tip cé&evak and Han
fer than that with pressure side squealer. [24]). A five-bladed linear cascade was used as a test section and
Some literature for the plane tip case is also available in tiiee blade profile was that of the first stage rotor blade of a modern
open domain. Mayle and Metzgétl] used a two-dimensional aircraft gas turbine engine (GEXE The experiments were per-
(2D) rectangular tip model with and without rotating shroud tdormed for the tip clearances of 1.0%, 1.5%, and 2.5% of blade
find the rotating effect on blade tip heat transfer. They noted thghan with the averaged blowing ratios of 1.0 and 2.0.
the rotating effect could be neglected in order to access the blade
tip heat transfer over the entire range of parameters consideregEigperimental Setup
the study. Metzger et aJ12] measured local heat flux using heat _. . .
flux sensors in a rotating turbine rig with two different tip gaps, F19Ure 2 shows the schematic of the test facility. The test sec-

Bunker et al[13] used a hue detection based liquid crystals tection consisted of a stationary blow-down facility with a five-

nigue to investigate the detailed heat transfer coefficient distrib@ll-ade linear cascade. The definition of blade tip and shroud are

tion on the blade tip surface. Their result was obtained at thr@C Shown in the upper side of Fig. 3. Compressed air stored in
different tip gap sizes and two free-stream turbulence levels wihe tanks entered a high flow pneumatic control valve that was
sharp or rounded edges. Bunker and Bajte4] studied the effect esigned to receive feedback from the downstream pressure to
of squealer cavity depth and oxidation on turbine blade tip heat

transfer. Teng et al.15] measured the heat transfer coefficients

and static pressure distributions of a turbine blade tip region in Coolit.Alr Compressed Air

large-scale low-speed wind tunnel facility using a transient liqui i

crystals technique. They concluded that a major leakage flow ¢

isted in the mid-chord region, and the unsteady wake augmen

the Nusselt number at a large tip gé890), while the effect of the Heater
unsteady wake disappeared with decreasing tip gap clearance Coolant Air

Some researchers conducted numerical approaches to inve B""‘S’:s Solenoid Pressure Feedback
gate blade tip heat transfer. Ameri and Steinthordd@n17 pre- Valve
dicted heat transfer on the tip of the SSM&pace Shuttle Main 1
Engine rotor blade. Ameri et al.18] also predicted the effects of =
tip gap clearance and casing recess on heat transfer and s =
efficiency for several squealer blade tip geometries. Ameri algfrfem (f ™.
Bunker [19] performed a computational study to investigate th .
detailed heat transfer distributions on blade tip surfaces for a lar i Amcbulence ind
power generation turbine and compared the result with the expe
mental data of Bunker et a[13]. Ameri and Rigby[20] also
calculated heat transfer and film cooling effectiveness on film Fig. 2 Schematic of blow down facility
Journal of Turbomachinery OCTOBER 2003, Vol. 125 / 649

Downloaded 31 May 2010 to 171.66.16.27. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



= A T a Tp cap ok
/_'_/ Sh d % J,{f’/ unTus M
27 [ g
(I
H Fo| Tip ]
TE LE
.‘:-3 Hrﬂot:urwrui- Erferior

Pro piwrs -1l 38 Alm <00ling Hols

S ),f#
6.7 |/ t j’ g N e

]
e
‘\\ \I
L

g

£ /
w/ .{r_, . i 21020

~

1 =
Sl |
S I SRR GH I |
" e R N
¥ N AN
1 PO I A I
™ ! samen | Vleind L
f’:/ T _dz2.0° T S B SR |
i - e AL,
P S R
5 Sy A e )
i SRRV g \
8.61em I Cartios Hoatsr =" Coollng AT SUgpising How i
X Fig. 4 Film-cooling measurement blade
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conductivity. A cartridge heater was inserted into the blade to heat

the aluminum core and, consequently, to heat the outer polycar-

bonate shell. Thirteen film cooling holes were instrumented on
maintain a velocity withint3% of the desired value. The inlet of both the blade tip and the pressure side, respectively. Tip holes
the test section was 31.1 cm wide and 12.2 cm high, and its tagere located along the camber line while the pressure side holes
bottom, and sides were made of 1.27-cm-thick polycarbonajgere located 0.444 cm below the squealer tip surface at an angle
plates for the pressure measurement test. In the heat transfer fsB0 deg with respect to the blade pressure surface. Each hole
however, the top plate was replaced with a 1.27-cm-thick clenad a diametefd) of 0.127 cm, and the distance between each
acrylic plate for better optical access to the blade tip. Two adjusiole was 0.635 cm (@&). Figure 5 shows the geometry of the film
able trailing edge tailboards were used to provide identical flowooling holes on the pressure side and the tip of blade.
conditions through the two passages adjacent to the center bladerhe experiments were conducted for two different blowing ra-
For the heated coolant air case, the coolant air was bypassed ufg# (M) of 1.0 and 2.0. Because the actual velocity of leakage
the desired temperature was achieved. Once the temperafis@ and coolant air could vary with the location and the flow rate
reached the desired value, the heated coolant air was diverteatahe coolant, blowing ratio was defined &= PN/ pmVavg
the test blade by a three-way solenoid valve. A turbulencetere, \, and V,yg are the averaged coolant air velocity and the
generating grid of 57% porosity was placed 26.7 cm upstream ®feraged velocity of cascade inlet and exit velocity whle and
the center blade. The turbulence intensity was measured 6 gmare the densities of mainstream and coolant air, respectively.
upstream of the center blade with a TSI IFA-100 unit. In this tesfwo separate tests were required in order to obtain both heat
the turbulence intensity at that location was 9.7%. The turbulengansfer coefficients and film cooling effectiveness. In the first test,
length scale was estimated to be 1.5 cm, which is slightly largghheated cooling air was injected and the coolant-to-mainstream
than the grid size. The tip gaps used for this study were 1.31, 1.9@&nsity ratio was around 0.99. In the second test, heated cooing air
and 3.29 mm, which correspond to about 1.0%, 1.5%, and 2.5%\@4s injected and the coolant-to-mainstream density ratio was
the blade spa12.2 cm. Hard gaskets of desired thickness werground 0.92. It is noted that the coolant-to-mainstream density
placed on top of the side walls, the trailing edge tailboard, and two
outer guide blades to create tip gaps of desired height.

During the blow-down test, the cascade inlet air velocity an~
exit velocity were 85 and 199 m/s, respectively. The Reynolc k Shroud N
number based on axial chord length and exit velocity was 1
X 10°. Azad et al.[8,9] described the detailed flow conditions,ﬂ - ro.zzam%
including the flow periodicity in cascade and the pressure disti i
bution along the blade. 0.508cm

The blades were made of aluminum and finished with electric ¢.444¢m t
discharge machiningEDM) machine. The blade had a 12.2-cr
span and an 8.61-cm axial chord length, which are three times 300 — Polycarbonate
dimensions of a GE-Eblade tip profile. Each blade had a con- B
stant cross section for the entire span as shown in the lower s

Pressure-side — r— Suction-side

of Fig. 3. Figure 4 shows the film cooling measurement blade. T
lower portion of the blade was made of aluminum with two hole
for supplying coolant air and one hole for a cartridge heater. Tl
upper portion consisted of an inner aluminum rim with a cavity

and an outer shell made of a polycarbonate with low thermal Fig. 5 Geometry of film-cooling holes
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_:':\:‘:D PJP Results also show that over#|/P decreases slightly as blow-

d ing ratio increases. The possible reason for this trend is that leak-
1.00 1.06 112 119 1.25 age flow may be blocked by the film injection. Coolant injected
into the narrow tip gap can work as flow resistance, and thus
reduce leakage flow. As blowing ratio increased fravh=0
to M=2, P./P decreased by about 7% at the maxim@yn P
(a) Squealer Tip region.

M=0 Heat Transfer Measurement Theory

Hue detection based transient liquid crystals technique was
used to measure heat transfer and film cooling effectiveness on the
blade tip. The local heat transfer coefficient over a liquid crystals
coated surface without film injection can be obtained using a one-
dimensional semi-infinite solid assumption for the test surface.

(b) Squealer Tip The 1D transient conduction equation, the initial condition, and
M=1 the convective boundary condition are

kaZT_ aT 1
y—pCpW, (1)
att=0, T=T,, )
: aT
() qu=uzeaIerT|p at x=0, —k—==h(T,=Tp); asx—x», T=T;. (3)

The solution of above equations at the convective boundary sur-
face x=0) is the following:
hyat
erfc( f) 4)

Tu—T; 1 h2at
=1-ex

Tm_Ti k
By knowing the initial temperatureT() of the test surface, the
mainstream temperaturd () at the cascade inlet and the color
change temperaturel {) at timet, the local heat transfer coeffi-
cient(h) can be calculated from E¢4). For the film cooling test,
the mainstream temperaturd@,{) in Eq. (4) is replaced by the

(d) Plane Tip
mM=0

Fig. 6 Pressure distribution on the shroud surface for C local film temperature T;), which is a mixture of the coolant
=1.5% and injection from tip hole only case (T¢) and mainstream temperatur€,(). The film temperature is
defined in terms of the film cooling effectiveness
. . . § Ti—=Tn
ratio could be varied around 1.5-2.5 for the typical film cooled =37 OF Ti=7TcH(1=n)Ty. (5)
Cc m

blades in real gas turbine engines. The effect of coolant-to-
mainstream density ratio on heat transfer coefficients and filfihen, Eqs(4) and(5) can be combined as follows:

cooling effectiveness is not considered in this study. H2at hat
1—exp< : )erfc(—a”.
k2 K

(6)
on similar transient tests were run to obtain the heat transfer

TW_Ti TW_Ti
Ti=T T+ (A=—n)Ty—T,

Pressure Measurement and Results

To investigate the pressure distribution on the tip with film
cooling, a total of 46 pressure taps were equipped on the shroud ... . > . . .
surface. Pressure was measured with the Scanivalve system éﬁfglﬂ?;éfah)()fa?ﬁeﬂltrensf%?gggI?/T/f:smIr:/:erllt?d&]\z/.hli?et?heeﬂ;totlzitt, was
Labview software. The pressure side film cooling holes were cov-

ered with duct tape, and coolant was injected through the tip ho gt. In the second_test, both surface and c_oolant air were heated.
only. ecause both mainstream and coolant air temperature changed

Figure 6 shows the pressure distribution on the shroud surfat %hctg;ﬁ’rtehc%?(;:?liﬁltﬁ?saggj% oftt;wee tfrquéar;atﬁjrrgf)fv\tlﬁz :ﬁg%rgtfga%'
for the injection from tip holes only. Figureg&—(c) present the ) Y, P

pressure distribution for the squealer tip, and Fig)) Bhows the at the cascade inlet varied from 20 °C to 24 °C. The temperature

e N " f the cooling air varied from 20 °C to 22 °C for the unheated and
plane tip without injection. The black curves indicate the blade ti A N :
location under the shroud. High /P indicates low static pressure fom 40 °C to 50 °C for the heated coolant case, respectively. The

: : : : : varying temperatures were represented as a series of time step
Elr(])l\?vhvve?g::(i:tlg while low P,/P corresponds to high static pressur%hanges £.i=12.. N). Using Duhamel's superposition theo-
Comparing the squealer tip caséBigs. 6a)—(c)) with the rem (Ekkad et al[25]), Eq. (6) can be written as follows:

plane tip casdFig. 6(d), Kwak and Han 24]), results show that h\/a_tl

the overallP,/P of the plane tip case is much higher than that of Tawr—Tit={7(Te1.0~ Trmr0 + Tm10— Til}F(T>
the squealer tip cases. This indicates that leakage flow is signifi-

cantly reduced by the squealer tip. The maximBpiP location n

also moves from near the suction side at about 35% of chord for +2
the plane tip case to near the camber line at about 20% of chord i=1
for the squealer tip cases. Thus the path of leakage flow is shifted

{m(ATcyj = ATmy) + AT}

towards the leading edge, and this may result in a higher heat “F hva(t,—7) @)
transfer coefficient in the cavity near the leading edge. k '
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h\/a_t2> S5————————T T 1

Two= Tio={m(Tc20~ Tm2,d + Tmz0— Ti2}F ( .

0 O 55F
+ 2, {m(ATeqy = ATog) + ATz} g soF
1= =
(@) © 45F
hva(t,— ) 8 40}
XF\—— (8) £
ﬁ 3B
whereF (x) = 1—exp)erfc(x). AT,, andAT, are step changes in 30F
the mainstream and coolant air temperatures, respectively. S 25 ! ) , A
scripts 1 and 2 indicate separate tests. 0 50 100 150 200

Equations(7) and (8) were solved iteratively at each pixel to
obtain the detailed heat transfer coefficient and film effectivene

datisons A1 11 :
The experimental uncertainty was calculated by the Kline ar Initial temperature ('C)

McClintock method 26]. The uncertainty for the local heat trans- 38 41 44 47 50 53 56 59
fer coefficient and film cooling effectiveness was estimated to t b)
8% and 10%, respectively. However, the uncertainty near tﬂ
squealer tip edge and film-hole edge might be much greater tt
10% due to the 2D/3D heat conduction effect. The uncertain
near the blade-tip trailing edge cavity region also might be high
than 10% due to the longer color change tif@2® seg¢. The re-
searchers must be cautious in applying the present 1D transient
film-cooled blade tip model for measuring local heat transfer c&ig. 7 (a) Relation between hue and temperature for both lig-
efficients. Since the blade tip is exposed to both internal and efd crystals (b) Initial temperature distribution for  C=1.5%
ternal convection, the thickness of the blade-tip model should be ) . o
sufficient, in order to not violate the transient 1D semi-infinite Before the transient test, the 20 °C bandwidth liquid crystals
assumption. The estimated mid-plane temperature of the pres¢@$ sprayed uniformly on the blade tip, and the blade tip was
0.64-cm thickness blade-tip model, near the leading edge Ca\)i@ated f_or about two hours. After the surface temperature rgached
with the highest heat transfer coefficient, could be deviated froffie desired temperatur@bout 60 °G, the color of the liquid
the initial temperaturéat 60 °Q by 0.2 °C only. However, the Crystals on the tip surface was recorded by a RGB color charge-
estimated mid-plane temperature of the blade-tip model, near §fupled device(CCD) camera with 24-bit color frame grabber
trailing edge cavity with the lowest heat transfer coefficient, couf@oard. From every pixel of the stored image, hue was calculated
be lower than the initial temperatutat 50 °Q by 5 °C due to Uusing the single hexcone color mod&boley et al.[27]), and the
both internal and external convection effects during the 25-sititial temperature of the blade tip was determined using the cali-
transient time. It is imperative that a thicker blade-tip model witRrated hue versus temperature relation. Figubg $hows the dis-
a less number of film cooling holes should be used in order tgbution of the initial temperature for thé=1.5% case. )
reduce the potential internal cooling effects and the 2D/3D con-After the initial temperature measurement on the blade tip, the
duction effects due to the holes. It is also desirable to have2f °C bandwidth liquid crystals was removed and the 5 °C band-
uniform initial temperature of the blade-tip model to reduce axiayidth liquid crystals was sprayed on. The blade tip was heated for
temperature gradients that develop during the transient perio@8out two hours until the reference temperatures became the same
Overall, the present 1D transient semi-infinite model is accepta@é those of the initial temperature measurement test. Reference
except near the trailing edge cavity region. temperatures were measured by two thermocouples located at the
blade trailing edge surface and inside the cavity to ensure the
same temperature conditions for the initial temperature measure-
ment and the transient tests. After temperatures reached the de-
Heat-Transfer Measurement and Results sired value, the compressed air was allowed to flow by turning on

Two different liquid crystals were used in this study. The 20 othe flow controller. When the mainstream velocity reached the
bandwidth liquid crystal§R34C20W, Hallcregtwas used to mea- Preset value, the color change of the liquid crystals was recorded
sure the initial temperature of the tip surface, and the 5 °C barfy-the speed of 30 frames per second. The test duration time was
width liquid crystals(R30C5W, Hallcrestwas used to measure SNOrt €nough10-30 segto make a semi-infinite solid assump-
the color changing time. tion. From every pixel at ea}ch stored image, hue was evaluated

Calibration was performed to find the hue versus temperatf89 useod to calculate the time from the initial conditi@out
relation. A foil heater was placed at the bottom of a 0.635-crfU—60 °C, depending on locatipro a given houe_valge{SO),
thick copper plate. Above the copper plate, a 0.32-cm-thick bmgy@lph corresponded to the f[emp.erature of 30.6 C in this test. Two
polycarbonate plate was attached with high conductivity glue. BEIMilar tests were done with different coolant air temperatures.
cause the color display of liquid crystals depends on the bac‘[}hen, the local h.eat-transfer coefficient and film cooling effective-
ground color, the same black polycarbonate material was used f§iSS On every pixel were calculated using Egs.and (8).
the calibration and for the blade tips heat-transfer tests. Input volt-Heat Transfer Coefficient Results for Coolant Injection
age to the foil heater was set properly in order to increase tkeom Tip Holes Only. Figure 8 shows the heat transfer coeffi-
surface temperature by 0.6 °C, and enough time was allowed fient distribution for the coolant injection from tip holes only. Due
the temperature to be steady at each temperature step. The surfade shadow of the squealer rim, data near the leading edge
temperature was read by a thermocouple that was attached atdheity could not be acquired. The plane tip resiflig. 8(d)) is
surface of the black polycarbonate plate and the color of the liqudesented for comparison. Detailed results of the plane tip heat
crystals was recorded to a computer. At each temperature step,ttaesfer with film cooling are discussed by Kwak and Had].
hue was calculated from the stored image, and the relationsi@pmpared to the plane tip cadeig. 8d)), the squealer tip cases
between hue and temperature was obtained. Figaesfiows the (Figs. §a)—(c)) show a much lower heat-transfer coefficient. The
results of the calibration for both liquid crystals. maximum heat transfer region also moves from 30—40% of chord
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Fig. 9 Conceptual view of flow in the cavity, (a) cavity closer
to the trailing edge, (b) cavity closer to the leading edge

(d) Plane tip, M=0

Fig. 8 Heat transfer coefficient for C=1.5% and coolant injec-
tion from tip holes only
large, leakage flow may reattach to the suction side rim or the

cavity surface and form a recirculation region near the pressure

(plane tip casgto the leading edge portion of the caviggquealer side of the cavity as shown in Fig(t9. This may happen near the

tip cases These trends correspond to the pressure distribution
shown in Fig. 6.

The heat transfer coefficient in the cavity decreases as blowin~ p
ratio increases. However, the heat transfer coefficient on t || | | | [ I TN h (Wm’K)
squealer rim does not change much with changing blowing ratic
These also agree with the pressure distribution shown in Fig. 6.
the pressure distributiofFig. 6), the maximumP,/P near the
leading edge decreases as the blowing ratio increases. Howe
the P,/P at the pressure and suction side squealer rims does |
change much as the blowing ratio changes. The overall heat tra
fer coefficient decreases by 7% as the blowing ratio increas
fromM=0 to M=2.

For the squealer tip cases, heat transfer coefficients on the s
tion side rim near 10—20% of chord and the pressure side rim ne
10—-40% of chord show relatively high values. Generally, he:
transfer coefficients on the rim are higher than those in the cav
except near the leading edge. The distribution of heat trans
coefficients in the cavity shows the highest value near the leadi
edge portion due to reattachment of the leakage flow. Relative
high heat transfer coefficients appear near the suction side ca\
also due to reattachment of the leakage flow. However, heat tra
fer coefficients near the pressure side cavity show lower values
seems that after leakage flow reattaches to the cavity surface, fl
moves from the suction side to the pressure side of the cavity a
forms a recirculation region near the pressure side of the cavity
illustrated in Fig. 9. Figure 9 presents the conceptual view of flo
in the cavity. If the width of the cavity is relatively small, leakage
flow may not go into the cavity, and recirculation may occur in th
cavity as shown in Fig. @). Therefore heat transfer near the
trailing edge of the cavity is minimal due to the recirculation agig. 10 Heat transfer coefficient for ~C=1.5% and coolant in-
shown in Fig. a). However, if the width of cavity is relatively jection from both tip and pressure side holes

100 200 300 400 500 600 700 800 900 1000 1100

(c) Plane tip, M=2
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leading edge of the cavity. Due to the recirculation in the cavit
heat transfer coefficients near the pressure side of the cavity n Cavity

be lower than on the suction side. tcemee-m=- Pressure-side rim
————— Suction-side im

Effects of Pressure Side Injection. Figure 10 presents the
heat transfer coefficient distribution f@=1.5% and coolant in-

jection from both tip and pressure side holes. The plane tip res 800 . ;.\('\-
(Fig. 1Qc), Kwak and Han[24]) is presented for comparison. sool, = SR ;,-RF",".'.“/‘(\
. . . B by v " '
Compared to the plane tip cageig. 10c)), heat transfer coeffi- ¥ LT T~
cients for the squealer tip cas@@gs. 1Ga) and (b)) show lower 400 L
values. 200f M=0 ;
For the squealer tip cases, compared to the injection from 1 0

holes only, overall heat transfer coefficient decreases by about £
This may be caused by the additional blockage effect of the pre 800
sure side injection. ( ) 600

At M=1, a high heat transfer coefficient is observed on tr
suction side rim near 20—40% of chord. &t=2, however, the
heat transfer coefficient on the suction side rim decreases, wt
the heat transfer coefficient on the pressure side rim near 10-5
of chord increases. The overall heat transfer coefficient decrea
by 9% as blowing ratio increases frokh=1 to M=2.

Figures 11a) and (b) show the averaged heat transfer coeffi
cient for the coolant injection from tip holes only and the coolar
injection from both tip and pressure side holes, respectively. Tl
local heat transfer coefficients on the pressure side rim, sucti
side rim, and cavity are averaged at a gix¢@, location. In both
cases, the averaged heat transfer coefficient in the cavity contil
ously decreases agC, increases. Generally, the heat transfe
coefficient on the squealer rim is higher than that on the cavity

Compared with the injection from tip holes onlffig. 11(a)),
the injection from both tip and pressure side holEgy. 11(b))
shows a slightly smaller value of the overall averaged heat trar
fer coefficient for each blowing ratio. This may be caused by tt
additional blockage effect of the pressure side injection.

400
200

800
600
400
200

800
600
400

Effects of Tip Gap Clearance. Figures 11b) and 12a) and 200

(b) present the averaged heat transfer coefficientder1.5%, b)
C=1.0%, andC=2.5%, respectively. All cases have injectior
from both tip and pressure side holes. 800

All cases show a decreasing trend of the averaged heat tran: coot %
coefficient in the cavity ag/C, increases. For all tip gap clear- ;
ance cases, the overall averaged heat transfer coefficient sligl 400
decreases as blowing ratio increases. The overall averaged | 200
transfer coefficient slightly increases as tip gap clearance i
creases for each blowing ratio.

As blowing ratio increases, the heat transfer coefficient on ti
suction side rim generally decreases, while the heat transfer cc..
ficient on the pressure side rim generally increases. This may be - PN
caused by the pressire side injecton. As blowing rato increasg L1 Averages het Tanefer coeffientior | G156 and (@
pressure side injected coolant may mix with leakage flow ang, iy and pressure side holes
enhance heat transfer on the pressure side rim. Because of differ-
ent interactions between leakage flow and injected coolant for
each tip gap, the effects of film cooling on heat transfer coefficient

Averaged heat transfer coefficient (W/m’K)

distributions appear differently. leakage flow recirculates in the cavity as described in Fig. 9, the
coolant injected from the tip holes may be pushed towards the
Film Cooling Effectiveness Results pressure side and accumulate there. Thus high film cooling effec-

) . . . _tiveness can be observed between the camber line and the pressure
Film cooling effectiveness was calculated simultaneously witiqe while film cooling effectiveness near the cavity suction side
the heat transfer coefficient from Edg) and(8) for three tip gap g very low. On the suction side rim, higher film cooling effective-
clearances with two different blowing ratios. ness appears near the trailing edge, as accumulated coolant exits
near the trailing edge of the cavity. As blowing ratio increases,

Film Cooling Effectiveness Results for Coolant Injection g, ¢qoling effectiveness and the film covered area also increase.

From Tip Holes Only. Figure 13 presents the film cooling ef-
fectiveness distribution fo€=1.5% and coolant injection from Effects of Pressure Side Injection. Figure 14 shows the
tip holes only. Again, the plane tip resyiig. 13c)) is presented film cooling effectiveness distribution fa€=1.5% and coolant

for comparison. Detailed results of the film cooling effectivenessjection from both tip and pressure side holes. The plane tip
on the plane tip are discussed by Kwak and HH2d]. Compared result (Fig. 14c), Kwak and Han[24]) is presented for com-
with the plane tip caséFig. 13c)), the squealer tip caséFigs. parison. Compared with the plane tip cadeig. 14c)), the
13(a) and (b)) show a much higher film cooling effectiveness. squealer tip casg§igs. 14a) and(b)) show a higher film cooling

The squealer tip cases show high film cooling effectivenesdfectiveness.
between the camber line and the pressure side rim. As reattacheBor the squealer tip cases, film cooling effectiveness and the
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Fig. 13 Film cooling effectiveness for C=1.5% and coolant
injection from tip holes only

&0o
BOORY
400
200

cooling effectiveness on the suction side rim and in the cavity also
increase for the injection from both tip and pressure side holes
case.

Results show that coolant injected from the tip holes is pushed
towards the pressure side and exits from the cavity near the trail-
ing edge. At this location, coolant injected from the pressure side
holes and the tip holes accumulates, and results in high film cool-

&0
&00
400
200

Averaged heat transfer coefficient (W/m’K)
&

(b)
EEma—

004 009 013 017 021 026 030

(a) Squealer tip, M=1

&0o
g00
1
400
200

Fig. 12 Averaged heat transfer coefficient for coolant injection
from both tip and pressure side holes and (a) C=1.0%, (b) C
=2.5%

film-covered area increase as blowing ratio increases. Fokthe

=1 case(Fig. 14@a)), film cooling effectiveness on the pressure(c) Plane tip, M=2
side and suction side rims from 50% of chord to trailing edg
show a higher value than that of the injection from tip holes onl
(Fig. 13@)). This may be caused by the pressure side injectt
coolant. As the pressure side coolant is carried over the press
side rim, film cooling effectiveness on the pressure side rim in-
creases. Some part of the pressure side coolant may go directl¥ip 14 Film cooling effectiveness for ~ C=1.5% and coolant
the suction side rim and may accumulate in the cavity. Thus filmjection from both tip and pressure side holes
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Fig. 15 Averaged film cooling effectiveness for (a) and (b): C XIC,
=1.5%, injection from tip holes only  (c) and (d): C=1.5%, in-
jection from both tip and pressure side holes Fig. 16 Averaged film cooling effectiveness for injection from
both tip and pressure side holes, (a) and (b): C=1.0%; (c) and
(d): C=2.5%

ing effectiveness near 85% of chord. As blowing ratio increases to

M =2, the film covered area increases and film cooling effective- ) ) .
ness also increase. ness. The high blowing rate of coolant to the narrow tip gap may

Figure 15 shows averaged film cooling effectiveness at a giveguSe & large amount of accumulation and recirculation of coolant
x/C, location forC=1.5% and coolant injection from tip holes!n the cavity, which resul_t in high f||_m cooling effectiveness. qu
only and both tip and pressure side holes. Both cases show tfat 2-5%, coolant may dilute well with leakage flow and result in
film cooling effectiveness increasesx€, increases in the cavity rélatively low film cooling effectiveness compared with narrower
and on both the pressure side and the suction side rims due toYRe9@p clearance cases. Because of the different interactions/
coolant accumulation. For the coolant injection from tip hole8Xings between coolant and leakage flow for each tip gap clear-
only case(Figs. 15a) and (b)), the averaged film cooling effec- ance, blowing ratio effects on film cooling effectiveness appears
tiveness in the cavity is higher than on the rims. For the both tffferently.
and pressure side holes injection cdbBegs. 15c) and (d)), the .
averaged film cooling effectiveness on the pressure side rim is tﬁQnCIUS'OnS
highest atx/C,>0.5 due to the pressure side injected coolant, The major findings based on the experimental results are as

which is carried over. follows:

Effects of Tip Gap Clearance. Figures 1%c) and (d, 16(a) 1. Pressure and heat transfer coefficient measurements showed
and (b), and 16c¢) and (d) show the averaged film cooling effec- that tip leakage flow and heat transfer coefficient on the tip
tiveness forC=1.5%, C=1.0%, andC=2.5%, respectively. All surface were reduced by using a squealer tip blade.

cases have coolant injection from both tip and pressure side holes2. For all cases, the heat transfer coefficient in the cavity
All cases show that the averaged film cooling effectiveness in-  showed the high value near the leading edge and the suction
creases as blowing ratio increases, and the maximum averaged side of the cavity due to leakage flow reattachment. How-

film cooling effectiveness exists at aboxtC,=0.8 due to the ever, the heat transfer coefficient was lower near the pres-
accumulated coolant in the cavity and the pressure side coolant sure side and the trailing edge of the cavity due to possible
carrying over. FoM =1, theC=1.5% case gives the best overall flow recirculation.

averaged film cooling effectiveness. Fk=2, however, theC 3. Coolant injection from both tip and pressure side holes

=1.0% shows the highest overall averaged film cooling effective- showed a slightly reduced heat transfer coefficient compared
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to the injection from tip holes only, due to the additional « = Thermal diffusivity of blade tip material
blockage effect of the pressure side injected coolant. (1.25x 10" " m?/s)
4. For all cases, the heat transfer coefficient on the pressure; = Local film cooling effectiveness
side and suction side squealer rims was higher than that inp, = Density of coolant aikg/m®)
the cavity at allx/C, locations except the cavity leading p,, Density of mainstream aitkg/m’)
edge region. i Step change of timéseg
5. As blowing ratio increased, static pressure on the shroud
slightly increased and the overall heat transfer coefficient dReferences
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An Overview of High-Temperature
saryw. nunter | El€Ctronics and Sensor
philip 6. Neudeck I [Jevelopment at NASA Glenn
rovert . Ololie § Ragearch Center

Glenn M. Beheim

J. A. Powell This paper gives a brief overview of the status of high-temperature electronics and sensor
development at NASA Glenn Research Center supported in part or in whole by the Ultra
Efficient Engine Technology Program. These activities contribute to the long-term devel-
opment of an intelligent engine by providing information on engine conditions even in
high temperature, harsh environments. The technology areas discussed are: 1) high-
temperature electronics, 2) sensor technology development (pressure sensor and high-
Liangvu Chen temperature e_Iectronic n_ose), 3) pac_kaging c_)f harsh envi_ror_lment devices and sensors, and
0Al 4) improved silicon carbilde glectronlc materials. A'descrlptlon of the state-of-'thejart and
Cleveland. OH 44142' techno!ogy _challenge_s is given for each area. It is concluded that the realization of a
' future intelligent engine depends on the development of both hardware and software
including electronics and sensors to make smart components. When such smart compo-
nents become available, an intelligent engine composed of smart components may become
a reality. [DOI: 10.1115/1.1579508

NASA Glenn Research Center at Lewis Field,
Cleveland, OH 44135

Introduction mation on the state of a system that does nottfijs information

. .would be used for the design and advanced modeling of systems
. S Wat are used in flight 2) vehicle health monitoringvHM ) which
requirements for re_duced_ emissions, reduc_:ed fuel bur_n, and ivolves the long-term monitoring of a system in operation to
creased sa_fety, the inclusion of intelligence into the engine des'QQtermine the health of the vehicle systéeg., is the engine
and_ope_ratlon b‘ec_omes_ necessary. As h_as b_een seen in the ‘E:HE‘?éasing fuel burn or increasing emissipnghis information
motive |r_1dustry_s inclusion of |mpr_0ved !ntelll_gence in internaly 19 be used to change engine parameters to improve perfor-
combustion engines, the aeronautic engine will have to incorpRrance; 3 active control of the vehicle in a feedback mode where
rate technology that will allow the internal systems to monitofformation from a sensor and possibly accompanying electronics
engine conditions, analyze the incoming data, and modify opergf-ysed to change a system parameter in real-terg, fuel flow
ing parameters to optimize engine operations to achieve improvgdthe engine changed due to system measureindtash appli-
performance. This implies the development of sensors, actuatigiion has its own requirements for electronics and sensor tech-
control logic, signal conditioning, communications, and packagrlogy.
ing that will be able to operate under the harsh environmentsThis paper gives a brief overview of the electronics and sensor
present in an engine. However, given the harsh environments éievelopment at NASA Glenn Research CeridASA GRO) sup-
herent in an engine, the development of engine-compatible elg@rted, in part or in full, by the Ultra Efficient Engine Technology
tronics and sensors is not straightforward. program. Four major technology areas are discussgdidgh-

The use of complex electronics to enhance the capabilities amtinperature electronics,) Zensor technology development, 3
efficiency of modern jet aircraft implies operation at temperaturgmckaging of harsh environment devices and sensors, amd-4
above 300°C. However, since today's conventional silicon-baspdbved silicon carbide electronic materials. A description of the
electronics technology cannot function at such high temperaturstgte-of-the-art and remaining technology challenges is given for
these electronics must reside in environmentally controlled areg@gch area.

This necessitates either the use of long wire runs between shel-
tered electronics and hot-area sensors and controls, or the fughh-Temperature Electronics

cooling of electronics and sensors located in high-temperature ar-

eas. Such low-temperature electronics approaches suffer from se= 110N carbide(SiC) presently appears to be the strongest can-
rious drawbacks in terms of increased weight, decreased fuel rja:e S.em'.COTSUCtor for tlmplementlng 5(:.0_620 r?t mtegraied
ficiency, and reduction of aircraft reliability. A family of high- /€Cironics In heé nearer term, as competing high-temperature

temperature electronics and sensors that could function in A§qtron|cs technologies are either physically incapable of func-

areas as high as 600°C would enable substantial aircraft perfm%rﬂlr:agto? tg'rs glrghsc;f ﬂiéir;rﬂfritgég_gaeﬁgcc;w@zln’\? S(Ij“ig?:(;ﬂg_
mance gains through weight reduction and active controls. ’ g y P ' '

| < : fc). Discrete SiC devices such as pn junction diodes, junction
n addition, the electronics and sensors do not need to be parﬁ d effect transistordJFETS, and metal-oxide-semiconductor
the flight systems on the aircraft to contribute to the developmeﬁw Id effect transistor$MOSFETS have previously demonstrated

of an lnttellkl]gerln engine. Thre?_ enV|s_|oned l:_se?_ of electrstl)nlc adQcellent electrical functionality at 600°C for relatively short time
sensor technology in aeronautic engine applications arsystem eriods[1]. However, for such electronics to be useful in crucial

development and ground testing where the sensor provides in fbine-engine  applications, much longer 600°C harsh-

environment lifetimes must eventually be realized. Between 500

Contributed by the International Gas Turbine Institute and presented at the Intet- ; . . - f
national Gas Turbine and Aeroengine Congress and Exhibition, Amsterdam, Tt%Se 5000 h of operation is needed for various jet engine ground

Netherlands, June 3—6, 2002. Manuscript received by the IGTI February 28, 208¢Sts, While many years of reliable operation is required for inser-
Paper No. 2002-GT-30624. Review Chair: E. Benvenulti. tion into everyday passenger aircraft.
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The operational lifetime of SiC-based transistors at 600°C is o~
not limited by the semiconductor itself, but is instead largely 90\5'9'_20 VNQ/ND gate tfit4v‘<?vef°rms at 600°C with V. pp=2.5V,
erned by the reliability and stability of various interfaces with theSS™ = "substrate = =
SiC crystal surface. The physical degradation of the metal-

semiconductor ohmic contact interface limits the 600°C operating? h Kadi il be di d in the followi
lifetime of all devices, while high-temperature MOSFET operaflidh temperature packaging will be discussed in the following

ing lifetime is also limited by the electrical integrity of the oxide-Sections. Complete systems including SiC electronics are envi-

semiconductor interface. Thus, junction-based transistors withGigned which include signal conditioning electronics and wireless
gate insulators appear more feasible in the nearer term. Of ffgnmunication.

candidate junction-based transistor technologies that might he

used to implement SiC integrated circuits, the pn junction gaR€NSOr Technology Development

JFET seems closest to demonstrating long-term operation ap

500°C ressure Sensor Technology. One application that requires

improved sensor technology is high temperature pressure sensing.
MStandard pressure sensors are temperature limited, while SiC-
based pressure sensors have a much wider temperature range and
have the added benefit that high-temperature SiC electronics can

| axial JFET desi h Fig 1 h e integrated with the sensor. However, the difficulty of microma-
non-planar epitaxial gate esign shown in Fig. 1 was cho ning SiC to form a well-defined diaphragm structure, combined

over that of a planar ion-implanted structure, largely to aIIevia%ith the lack of reliable device packaging for these operating
the challenging process of sufficiently activating high-do$éam  onyironments has largely prevented the application of these
implants in SiC. The two-level interconnect approach Usggyices.

oxidation-resistant silicon nitride as the dielectric passivation Progress has been made in both micromachining and packaging
along with oxidation resistant gold for the metal interconnecm' An approach using reactive ion etchifRIE) to form a well-
Contrary to the depiction of Fig. 1, the devices are laid out so thgkfineq diaphragm structure has been develgpedhe SiC dia-
both the second and third layers of silicon nitride always cove ragm is produced by patterning the starting wafer with nickel
the first via layer to the oxygen-sensitive metal-SiC ohmic contagijiowed by a deep reactive ion etching process as describiéd in
interface. However, because non-optimized ohmic contact metglStrm an array of 15Qum deep circular cavities in the SiC as
Wetrekc)atmploged in this experiment, long term 600°C operation Wafown in Fig. 4. The resulting diaphragm has well-defined side-
not obtained.

Figure 2 shows operation of a NAND gate at 600°C. The de-
vices show good operation at these high temperatures. These cir-
cuits are the fundamental building blocks of more complex sys-
tems. However, adjustment of the substrate biag V. and
power supply bias (Mp) was necessary to compensate for
current-voltage property changes with temperature, as the circuit
noise margins were not sufficient to absorb these changes while
maintaining basic functionality. Therefore, they are not capable of
operation over the desired 25°C to 600°C temperature range using
fixed power supply voltages. Degradation of contacts to the device
limited operational circuit testing at 600°C to less than 1 h.

Figure 3 shows a device following 600°C testing with visible
evidence of contact degradation. This illustrates an area where
additional technology development is necessary before 600°C
SiC-based circuits can become useful. The operational lifetime of
the circuit at 600°C could be extended by using separately opti-
mized n-type and p-type ohmic contacts specifically designed to
resist high-temperature degradation. These contacts, combined

with the improv_ed packaging of the devi_ce as a_whole, could Ie%_ 3 Optical micrograph of 6H-SIC JFET gate following
to implementation of complex electronics at high temperaturesgoec electrical testing. Each bondpad is 100 X100 um?2, and
Significant progress has been made in improving the reliability efch of the four gate fingers is 3 X150 um. Degradation of the
high temperature contac{8]. Advances in the development ofbondpads is clearly evident.

onstration of 600°C digital logic using SiC JFET2]. A resistive
load direct-coupled FET logi¢DCFL) approach was adopted to
demonstrate simple 600°C digital logic using SiC JFET's. Th
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Fig. 4 Scanning electron microscopy (SEM) micrograph of AIN bottom coyer

cavity etched in 6H-SiC by deep reactive ion etching method {a)

Kovar

Pressure Port (section of sensor
) can be seen)

.* Stainless steel serew housing

walls and does not exhibit curvature at the corners of the cavi
present in cavities made by other etching processes. After forn
tion of the cavity, piezoresistive mesas are forntand a high N
temperature multilayer metallization stai is deposited on the "
backside of the cavity. The piezoresistive mesas shown in Fig.
are configured in a Wheatstone bridge circuit. This structure cot
pletes the basic SiC pressure sensor. (b)

A key challenge in fabricating a high-temperature pressure sen-
sor is packaging. A forthcoming section discusses the geneFid. 6 (a) Sub-assembled 6H-SiC sensor unit for insertion into
problems associated with high-temperature packaging. Howevisg stainless steel screw housing;  (b) fully packaged 6H-SiC
packaging for pressure sensors have their own challenges siftgssure transducer with pressure port and pins visible
the package itself can transmit stress to the sensor and cause the
readings to deviate from predicted values. The packaging strategy
adopted at NASA GRC for pressure sensors decouples thermomike bottom substrate consists of an insulating dielectric material
chanical interactions between the sensor and packaging compith thermomechanical properties similar to that of $i€., alu-
nents. The existence of stress during thermal cycling is generathynum nitride. The top and bottom covers are chosen to mini-
recognized to induce fatigue at several critical areas of the systamize stress caused by coefficient of thermal expan&drE) mis-
such as at the wirebond/pad interface. The packaging methodwolatches. The packaging process also traps an air pocket within the
ogy adopted here borrows from the traditional flip-chip bumpeference cavity and provides hermetic sealing for the sensor after
packaging technology that allows a chipr a chip array to be encasement between the top and bottom cover substrates. This
intimately attached to another level of metallization via either direct chip attach(DCA) process eliminates the need for wire-
through-hole in the package substrate or directly on correspondingnds and the associated failure mechanisms at high temperature.
interconnects on the package substrate. The approach elimina@egpresentative fully packaged transducer is shown in Fig). 6
wirebonds, thereby making it possible to pack chips more denselyThe net output voltage as a function of applied pressure at
than previously possible, and undesired effects caused by lakgegious temperatures is shown in Fig. 7. The full-scale output
differences in the coefficient of thermal expansion between staif=SO at a maximum applied absolute pressure of 200 psi was
less steel and sensor. 32.5 mV at room temperature for an input voltage of 5V, which

The basic components of the package are shown in Fay. 6 was in good agreement with predictips]. This indicated a sen-

sitivity of 32.5 uV/V/psi. The excellent linearity obtained could
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Fig. 5 SEM micrograph of top view of a 6H-SiC pressure sen-

sor cell with patterned metallization and four piezoresistors. Fig. 7 Net bridge output voltage of 6H-SiC pressure sensor as
The circular patterns are ohmic contact test structures. function of pressure at various temperatures
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be largely attributed to the thermomechanical stress managem zpmo ° Rice in Unburned

adopted with the packaging, however, more data points will t 4 ydroenrtione At Start Up
needed to improve the measurement resolution. &
Thus, a hermetically sealed 6H-SiC pressure transducer op  zsun 1 PR Eraa

ated at 600°C and at 200 psi has been demonstrated using

innovative packaging method. While this packaging method ——— G2 Sensor

expected to enable extended high-temperature device functior- zpan

ity, long-term reliability characterization will be performed in thei $n02 Sensor

future to validate such capability and demonstrate a new geneg -\_,.a-.r‘m

tion of single crystal SiC MEMS based pressure transducers g s -

tentially capable of long-term operation at 600°C in air. @ 02 Sensad
High-Temperature Electronic Nose Technology. The detec- ! /JT WM“'A“""F“

tion of the chemical signature of the emissions of an engine m **** R e

indicate the efficiency and health of the engine. Rapid or sudd e

changes in the emissions produced by combustion indicé

changes in the engine combustion process. The automotive ind ~ *% J

try has made significant progress in emissions reduction as well —r and

monitoring the health of the catalytic converter by including oxy Engine Start I Steady Engime Operalion | Engine 0F

gen sensors in the engine exhaust stream and using these ser . 5 i o e me R e tEp

for combustion contro|6]. Ideally, an array of sensors placed in TIKE (MINUTES)

the emission stream close to the engine could provide information

on the gases being emitted by the engine. However, there are veigy 8 The response of a sensor array composed of a tin oxide
few sensors available commercially which are able to measure f#t#sed sensor (doped for NO , sensitivity ), an oxygen sensor,
components of the emissions in situ in harsh environments such?gd @ SiC-based hydrocarbon sensor in an engine environment
an engine. The harsh conditions and high temperatures inherent

near the reaction chamber of the engine render most sensors_in-

operable. The notable exception to this is the automotive oxyglformation that can be determined by electrochemical cells or
sensor. Thus, in order to detect the other species present in2gOttky diodes. It is envisioned that the elements of the high-
emissions stream, the development of new high-temperatjf&nPerature electronic nose arragsistors, diodes, and electro-
chemical sensor technology is necessary. chemical cellgwill have very different responses to the individual

The development of sensors to measure emissions in harsh €S in the environment. This information will be integrated and
vironments has been ongoing for a considerable f{ife How- interpreted using neural net processing to allow a more accurate
ever, the characterization of a complex chemical environment{§términation of the chemical constituents of harsh, high tempera-

difficult with only one sensor. Thus, integration of a number of thE/f€ environments. .
individual high temperature gas sensors including hydrocarbons first-generation high-temperature electronic nose has been
oxygen, NQ has begun. Development of such a microfabricate@onsnated on a modified automotive engine. Figure 8 shows
gas sensor array operable at high temperatures and high flow r&i§srésponse of a tin oxide based sertsimped for NQ sensitiv-
would be a dramatic step towards realizing the goal of monitorin§y): @ 0xygen (@) sensor, and a SiC-based hydrocarbghlC
control of emissions produced by an engine, a power generatigf'SC!- The figure shows the individual sensor responses during
unit, or a chemical reactor. Such a gas sensor array would, J}f initial start of the engine, a warm-up period, a steady state
effect, be ahigh-temperaturelectronic nose and be able to detecpPeration period, and at the engine turn-off. The sensors were
a variety of gases of interest. Several of these arrays could §erated at 400°C while the engine operating temperature was
placed around the exit of the engine exhaust to monitor the emiss/ C- Each sensor has a different characteristic response. The
sions produced by the engine. The signals produced by this n@9en sensor shows a decrease i ddncentration while the
could be analyzed to determine the constituents of the emissidipx @nd GHy concentrations increase at start-up. The hydrocar-

stream and this information then could be used to monitor 9N concentrations decrease as the engine warms up to steady-
health of the system producing those emissions. state while the NQ concentration increases before stabilizing.

e G, NO,, and GH, concentrations all return to their start-up

The concept of an electronic nose has been in existence fo?—ho? <y o
number of year§8]. Commercial electronic noses for near-roony&/ues after the engine is turned off. These results are qualitatively

temperature applications presently exist and there are a numbef@psistent with what would be expected for this type of engine.
efforts to develop other electronic noses. However, these eldd1€y also show the value of using sensors with very different
tronic noses often depend significantly on the use of polymers afftfPONSe mechanisms in an electronic nose array: the information
other lower temperature materials to detect the gases of inter&pvided by each sensor was unique and monitored a different
These polymers are generally unstable above 400°C, and trRgpect of the engine’s chemical behavior. Significant further work

would not be appropriate for use in harsh engine environmenf$."€cessary to achieve operation temperatures of 600°C.

lggr’o?“ieﬁggt_e development is necessary for a high tempera&:{ri%kaging of Harsh Environment Devices and Sensors
The development of such a high-temperature electronic noseThe operation of electronics and sensors in harsh environments
has begun using high-temperature gas sensors being developeddquires packaging techniques beyond those of conventional
a range of applications,9]. There are three very different sensotower temperature technology. For in-situ aerospace engine moni-
types that constitute the high-temperature electronic nose: red@ing, electronics and sensors must operate at temperatures of at
tors, electrochemical cells, and Schottky diodes. Each sensor typast 500°C and at gas turbine pressures up to 3000 Ib psi. This is
provides qualitatively very different types of information on thex chemically reactive gas environment composed of species such
environment being monitored. This is in contrast to a conventionas oxygen in air, hydrocarbon/hydrogen in fuel, and catalytically
array of sensors that generally consists of elements of the sapmésoning species, such as Nénd SQ, in the combustion prod-
type, e.g., Sn@resistors doped differently for different selectivi-ucts. Additionally, the sensors and electronics may be exposed to
ties. Each sensor in this conventional system provides informatibigh vibration. Thus, the packaging materials and basic compo-
available through the differently doped Sp@sistors(reactions nents must withstand temperatures of at least 500°C, chemical
occurring on the surface of the sensor fillsut do not provide corrosion(especially oxidizing and reducingand potentially high

Journal of Turbomachinery OCTOBER 2003, Vol. 125 / 661

Downloaded 31 May 2010 to 171.66.16.27. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Fo

g ¢
*
st > 5 * e e g
29 M * : ‘
E
wS2f
0 1 Uy
II s AT A I E s ]! Reom temperature data
cm z - .
> 50T
n T T T T T
Fig. 9 Prototype high-temperature electronic package com- 0 200 400 B0 il 1000 1200
posed of ceramic substrates and Au thick-film metallization for
harsh environment systems TEST TIME I:H'DIJI'B]

Fig. 10 Forward resistance of a packaged SiC Schottky diode
at 500°C in an oxidizing environment for over 1000 h

dynamic pressure and high acceleration. These packaging materi-
als and components include the substrate, metallization matefje-attach scheme using Au thick-film material as a conductive
al(s), electrical interconnectiongsuch as wire-bondsand die- ponding material has also been developed to package SiC micro-
attach. These are far beyond standard operation conditions ég&tems.
most advancedcommercial electronics/sensors, and thus new This complete electrical interconnection system was tested us-
technology development is necessary. ing an in-house-fabricated SiC semiconductor test ¢Bighottky
The packaging technology also needs to be tailored for the dode in an oxidizing environment over a temperature range from
vice being packaged. The packaging needs of pressure sengeim temperature to 500°C for more than 1000 h. The thick-film-
technology has been discussed earlier in this paper. Gas chemiggled interconnection system demonstrated the required2&w
sensors, gas flow sensors, and accelerometers are other sengaEs of the room-temperature resistance of the Au conduatmat
which each have their own packaging requirements. Further, Si€ble(3% decrease in the first 1500 hrs of continuous) telstc-
high-temperature electronic devices for signal processing attital resistance at 500°C in an oxidizing environment. Also, the
communication have their own packaging requirements. Therglectrical isolation impedance between the printed wires that were
fore, as noted elsewhere in this paper, packaging technology f@t electrically joined by a wirebond remained satisfactorily high
harsh environment operable devices has become a key issue($00.4 GN) at 500°C in air. The attached SiC diode demonstrated
in-situ testing and the commercialization of harsh environmey (<3.8x 1072 ()-cn®) and relatively consistent forward resis-
microsystems. ) tance from room temperature to 500°C, as shown in Fig. 10. This
One of the major challenges of high temperature sensor pagiplies the operability of the die-attach between the room tem-
aging is to satisfy the requirements for mechanical operation gérature and 500°C. Preliminary results from finite element analy-
the systems. Both the operation and performance of microsystegis of a SiC die-attach with 1 mfivdie on an aluminum nitride
based sensors can be very sensitive to external mechanical forggpstrate show low thermal strgds]. These results indicate that
One major undesired external force is the thermal mechaniggls prototype package and the compatible die-attach scheme meet
stress generated in the die-attach structure due to the mlsmatclfh@fbasic requirements for low-power long-term operation in high-
coefficients of thermal eXpanSiQ@TE) between the die material temperature and Chemica”y reactive environments.
(such as Si; the substrate material, and the die-attaching mate-
rial. The thermal stress of the dieattach structure must be syp- . . .
pressed in order to achieve precise and reliable device operat ﬁ}proved SiC Electronic Materials
because the thermally induced stress may generate unwanted d€ompared to silicon wafer standards, present-day SiC wafers
vice outputs in response to the changes in thermal environmental® small, expensive, and generally of inferior quality. In addition
extreme cases, thermal stress can cause permanent mechatochigh densities of crystalline defects such as micropipes and
damage to the die-attach due to the extremely wide temperatatesed-core screw dislocations, commercial SiC wafers of the 4H
range experienced in these harsh environment applications. Em&l 6H polytypes also exhibit significantly rougher surfaces, and
thermal mechanical stability is one of most important criteria ifarger warpage and bow than is typical for silicon waftd].
die-attach material selection. Further, problems with the quality of the oxide grown on SiC have
Ceramic substrates and precious metal thick-film metallizatioted to difficulty in the application of Metal-Oxide-Semiconductor
have been proposed for hybrjdO] and chip-level packaging of Field Effect Transisto(MOSFET) technology. The vast majority
high temperature, harsh environment operable microsysfgins of semiconductor integrated circuit chips in use today in silicon
based on their excellent stabilities at high temperature and chemgly on MOSFET technology. This disparity is not surprising con-
cally reactive environment. Aluminum nitride was proposed teidering that silicon technology has undergone several decades of
package high temperature SIiC MEMS because this material pasmmercial process refinement. While significant advances have
sesses a low thermal expansion coefficieri, 12. nonetheless been made in the development of SiC electronics and
Recently, a chip-level electronic package has been designednsors(as seen in this paperthe existence of improved SiC
fabricated, and assembled for high-temperature harsh environmstatrting material should significantly enhance the development of
microelectronic systems using ceran@uminum nitride and alu- these technologies.
minum oxide substrates and goltAu) thick-film metallization Recent work has been aimed at improving the quality of the
(see Fig. 9. The electrical interconnection system of this adSiC starting material on which devices are fabricated by eliminat-
vanced packaging system, including the thick-film metallizatioimg the defects and growing step-free SiC surfaces. The formation
and wirebond, has been successfully tested at 500°C in an oxidif-SiC mesa surfaces as large 822 mm completely free of a
ing environment for over 5000 h. A compatible low resistancsingle atomic step was recently reportglb]. As described in
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Step-free surfaces have also been proposed as being ideal for
realizing greatly improved heteroepitaxial growth of films with
much lower dislocation densitig46]. For example, previous ef-
forts to grow heteroepitaxial films of the 3C-SiC polytype on Si
and 4H/6H-SiC substrates have resulted in 3C-SiC films with ex-
tended crystal defects including DPB’s and/or stacking faults
SF’s. The ability to reproducibly obtain 3C-SiC heteroepitaxial
films free of extended crystal defects could enable advantageous
new electrical devices.

Thus, significantly improved growth of SiC material has been
achieved. This growth is not only of 4H and 6H-SiC on commer-
cial SiC substrates but also the 3C-SiC polytype. Further work
needs to be done to characterize these new growth mechanisms,

Fig. 11 Optical Nomarski images of two adjacent 200 mm but also to realize the advantages in device properties that use of
square mesas on a 4H-SiC wafer. Mesa A is step-free and mesa these new materials can provide.

B contains a screw dislocation which provided a continuous
source of steps during growth.

Summary

The realization of a future intelligent engine depends on the
elopment of both hardware and software including electronics

. de
[15], step-free surfaces are produced on commercially purchaslﬁ% sensors. The development of electronics and sensors for en-

on-axis 4H- or 6H-SiC wafers by first dry etching trench patterng, applications is problematic due to the harsh environments in
into the wafer surface to form an array of isolated growth mes

Lo ) o hich the devices must operate. NASA GRC is active in devel-
Pure stepflow gpltaxal growth, carried out “.”def conditions thabing electronics and sensors for these environments. These in-
Suppress t.vyo-dlmensmn@-D) terrace nucleation, is then used 0. e sic_pased electronics, high-temperature pressure sensors, a
grow all initial surface steps on top of the mesa over to the edge §bh temperature electronic nose, and appropriate packaging tech-
the mesa, leaving behind a top mesa surface that is completg ogies. The advent of improved electronic materials has the po-
free of atomic steps.

Figure 11 is an optical image of a 4H wafer showing two adj tential to significantly affect the quality and capabilities of the

. . . evices fabricated for these environments. The eventual goal of
cent 200um mesas fabricated using this process. Mesa A on t 9

left is featurel d B on the riaht tai hillock whi s work is the formation of high-temperature, integrated micro-
eitis teatureless and mesa 5 on the right contains a NIoCK Whi oo 1y \which sense, process, and communicate the information,
dominates the surface morphology. Mesas that initially conta

screw dislocatiofSD) defects cannot be flattened due to the cor'h—od eventually modify engine conditions based on this informa-

tinual spiral of new growth steps that emanate from screw dislQ- n. When such smart components become available, an intell-
cations during epitaxial growth. As reported[t5], the high den- 8ent engine composed of smart components may become a reality.
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Heat Transfer and Friction Factors
for Flows Inside Circular Tubes
With Concavity Surfaces

Ronald S. Bunker

General Electric Research Center, Heat transfer and friction coefficients measurements have been obtained for fully devel-

One Research Circle, ES-119, oped, turbulent internal flows in circular tubes with six different concavity (dimple) sur-
Niskayuna, NY 12309 face array geometries. Two different concavity depths and three different concavity array
Fellow ASME densities were tested using tube bulk flow Reynolds numbers from 20,000 to 90,000.
Liquid-crystal thermography was used to measure the temperature distributions on the
Katherine F. Donnellan outside of the concavity tubes. Using the average heat transfer coefficient for the fully
General Electric Power Systems, developed region, the overall heat transfer enhancements are compared to baseline
Schenectady, NY 12345 smooth tube results. Friction coefficients are also compared to values for a smooth tube.

Dimple depths of 0-20.4 relative to the dimple surface diameter were used, with surface
area densities ranging from 0.3 to 0.7. Dimple arrays were all in-line geometries. The
results showed that heat transfer enhancements for dimpled internal surfaces of circular
passages can reach factors of 2 or more when the relative dimple depth is greater than 0.3
and the dimple array density is about 0.5 or higher. The associated friction factor multi-
pliers for such configurations are in the range 6f6l The present study provides a first
insight into the heat transfer and friction effects of various concavity arrays for turbulent
flows. [DOI: 10.1115/1.1622713

Introduction famous example is golf balls, where they serve to delay the point
The technology of cooling gas turbine components via interngr Eoundary Layer sbepsratlon, ther§b|_)|/ reduczl‘ng ?]verall dra? f(_)r the
convective flows of single-phase gases has developed over gﬁ ere, as shown by Bearman and HariyAnother example is
xternal flow over a circular cylinder, for which Bearman and

)(;%aer;igsri?lvscgwir)r: € rsnrggmgif?:ﬁgngsggziggeﬁ] t%;/r?ryrgsfgréltesx t%é\rvey [2] show similar drag reduction effects to those of a
9 y 9 ’ y resp ' here. Application of such concavity surfaces to external flows

ﬁVOLUt'OnhOf COO|II’1% fc)lagdsage geo_met?esh b_egan 'E‘ _pariallj‘el W Or marine vessels and airframes has been suggested by Kiknadze
cal exchanger and fiuic processing techniques, ' SImply: Pack; 5 [3], in which defined arrays of shallow concavities may

aged into the constraim_ed designs reqyireq of turbine airfoils; i. ver the main hull or fuselage surfaces to prevent a thick bound-
aerodynamics, mechanical strength, vibrational response, etc. layer from forming, thereby reducing the drag. In a direct

enhancement of internal convective flow surfaces for the augmeqz i o application, Lake et aJ4] have demonstrated the use of
tation of heat transfer was quickly improved through the mtrodugﬁscrete dimples pl’aced on a model of a low-pressure turbine air-

t?on of rib rougheners or turbulators, and also _pin banks or Pl to reduce aerodynamic losses under low Reynolds number
fins. These surface enhancement methods continue to play a Iaigﬁditions

role in tloday’g turbln? cooling des;]gnsl. With tr;e r?dvlancedmen(tjs N Applications of concavity surfaces involving heat transfer were
materials and manufacturing technologies of the last decadey,gyq |y ynknown until the recent dissolution of the Soviet Union,

drastically larger re_alm of 5””?06 enhan(_:ement te‘?h”iqlﬁes_ R&Swhich time Russian research from the 1980s began to surface.
become cost effective for use in the cooling of turbine airfoil§, e Russian nomenclature, concavity surfaces and the internal
Turbulators and pins may now be of varying shape, orientatioflyys developed from them in confined geometries are alternately
segmentation, and size, e_ssentlally proyldlng a continuous spges\wn as “whirlwind” cooling, “tornadolike technology,” “or-
trum of possmle geometries for achieving flow-surface intera erly system of spherical hollow®©SSH,” and “orderly reliefs
tions which serve to enhance local/global heat transfer coe f spherical hollowSORSH.” In the broadest sense, these flows
cients. Such enhanced heat transfer comes at the inevitable pygg jne of a larger category known as “vortex” te(;hnologies as
of increased pressure losses, though the range of methods nowelriped in the summary of Khalatfs], which include various

a designers command allows a large degree of tailoring 1o tagg,ans for the formation of organized vortical or swirling flows in
place. In all of these internal cooling methods which use modifigd,pines.

surfaces, the enhancement features are projections from the SUfrpe pasic fluid dynamic condition for flow over concavities of

face into the flow, generally always substantially normal to thg,perical or cylindrical shape is well described in the study of

surface and the bulk flow direction. Afanas'yev et al[6]. A flow with boundary layer thickness less

Another class of surface enhancements results from the deprgsy, the concavity surface diameter reacts with the cavity by flow-

sion of feature; |nt_0 the coollng channel walls, forming recessgg into the “bowl,” experiencing a separated region of some
rather than projections. Generically, such features are known @8.nt on the entry side. The spherical shape creates a pressure

concavities, and may be formed in an infinite variation of 9€0Mke|d within the bowl acting to collapse or concentrate the flow in

etries with various resulting heat transfer and friction characterigie qownstream portion of the recess, creating a vortex structure.

tics. Concavity surfaces are commonly known for their drag 1§y 5 steady flow over a symmetric spherical dimple, a pair of
duction characteristics in external flows over bodies. The Magfmmetric,” counter-rotating vortices is ideally formed, as shown

y the computational work of Isaev et &F]. In most real flow

b
Contributed by the International Gas Turbine Institute and presented at the Intgi; ; B Al
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, JJEhSGS, only one vortex is created, and this vortex may move side

e . . . e . . « n
16-19, 2003. Manuscript received by the IGTI December 2002; final revision Mar(ﬁ?'S'de with some frequency. This condition is said to “expel
2003. Paper No. 2003-GT-38053. Review Chair: H. R. Simmons. flow from the cavity as an organized vortical structure. As the
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vortex penetrates into and interacts with the mainstream flow,
provides a scrubbing action, which brings fresh core fluid to tr
surface for enhanced heat transfer. Because the motion is or
nized, rather than the more dissipative effect of shearing laye
the pressure loss is less than that observed with projecting ¢
structions such as turbulators. In fact, some cases of conca\
surfaces have friction nearly the same as smooth surfaces.

Studies focusing on the heat transfer coefficients on a surfe
with a single hemispherical concavity show the fundamental p
tential of this method for thermal enhancement. Kesarev and K
zlov [8] show the detailed shear stress and heat transfer coeffici
distributions relative to a flat surface for a single dimple in a win
tunnel wall with freestream turbulence levels from 7 to 22%
Overall heat transfer augmentations of up to 1.5 were observ
Schukin et al[9] studied the effect of moderate freestream acce
eration and deceleration over single dimples, showing that t
dimpled surface resulted in approximately a 25% heat transt
improvement in all cases. Syred et FlO] demonstrated the ef-
fects of surface curvature with a single dimple, yielding enhanc
ments of more than 2 for concave surfaces.

The full potential for concavity surface heat transfer comes |
the application of full-surface arrays of ordered concavities. Wiriu
tunnel surface studies of Afanas’yev and Chudnov$ki] and
also Afanas’yev et al.12] for arrays of spacings from about 1 to
1.7 dimple diameters showed heat transfer enhancements of 30 to
40% with no increase in friction. Heat exchanger studies of
Belen’kiy and co-worker$13,14] investigated the use of dimple Experimental Apparatus and Method

arrays on the inner walls of an_nular passages and on tube surface& test apparatus was designed to measure the local heat transfer
of crossflow bundles, respectively. In some cases, as much asqagficients and overall pressure drop across different dimpled
2.4 heat transfer enhancement was obtained with friction increa: éncavity arraytubes and one smooth tube. Six different dimple/
on the order of 2—4, relative to smooth surfaces. The variability mple array geometries were machined inside aluminum tubes.
heat transfer and friction with dimple spacing and depth Wa§, gxample of a test channel is shown in the photo of Fig. 1. Each
pointed out, though not systematically investigated. Recent stygyannel was prepared k) first cutting the tubes in half to gain
ies using arrays of hemispherical dimples in more confined chafiscess to the interior surfad@) machining the concavities with a
nels with channel Reynolds numbers of up to 60,000 have begs 7. mm pall-nosed end mill, an) welding the tube halves
reported by Chyu et al15], Moon et al.[16], and Mahmood ogether with an electron beam. Additional silicon sealant was
et al.[17]. In these studies, full-surface distributions of heat rangpplied to the exterior seams after welding to assure complete
fer coefficients were obtained showing the local cavity flow sep@galing of any pin holes or cracks. Any burrs were polished off the
ration effects, and high thermal enhancement regions inside afiftace of the tubes in preparation for the assembly of the heater
downstream of the cavities. Heat transfer enhancements of 2-25 liquid crystal sheets. All tubes had a 3.81-cm interior diam-
have been demonstrated with friction factor increases from abQify. Two tube wall thicknesses were employed, 3.175 and 6.35
15t04. . . mm, to obtain concavity arrays of differing depths. Aluminum was
For application in turbine cooling, the summary of Nagé@i8l  selected to allow the local thermal response of the variable wall
provides some insight into the effects of concavity array geomakickness(i.e., due to dimplesto be smoothed out, thereby pro-
ric parameters, namely the dimple depth-to-diameter ratio, thgjing surface averaged heat transfer coefficients as a function of
channel height-to-dimple diameter ratio, and the dimple spaciggial location along the tube. This method also avoided severe
or surface density. In general, shallow dimples yield lower heatyiewing issues associated with the direct application of liquid
transfer. A deptth/d of 0.5 at the limit of a hemisphere yields thecrystals to the flow path concavities.
highest heat transfer, but also a high friction factor. Higher density As shown in Table 1, two concavity surface diameters were
factors also result in higher heat transfer, with as much as a 2jded, as well as two concavity depths, which represent different
improvement fronf of 0.1 to 0.7. As the relative height decreasesections of a full hemisphere. This resulted in two sets of tests
to close the distance between walls, the heat transfer increasggh dimple diameter-to-tube diameter ratidéD of 0.229 and
Enhancement of up to 200% is seen in very “tight” channels, b@.271, and dimple depth-to-diameter ratibsd of 0.233 and
with more drastic increases in friction. An important feature t9.394. The dimple depth is that measured at the center of the
note about dimpled surfaces is the analogous form of the fricti@@ncavity. For reference, the maximuntd would be 0.5 for a full
coefficient to that seen for rough surfaces, i.e., a decreasing magmisphere. Figure 2 shows the cross section of each tube layout,
nitude of coefficient as Re increases, and a limiting value foriacluding the angles between concavity centerlines and the num-
“fully rough” zone. A critical Re is demonstrated above which theber of concavities around the perimeter. All cases used in-line
friction coefficient does not change. dimples axially. The dimple densitlyis defined as the ratio of
The foregoing literature summary shows that the reported stystojected dimple surface area on the tube ID to the smooth wall
ies concerning the thermohydraulics of surfaces with concavitisarface area. This density is a measure of the packing of the
have focused on flat plates, low aspect ratio channels, and cert@iimple array. By varying the axial spacing of the dimple rows, a
external flow heat exchanger geometries. No investigations hawage off values from 0.339 to 0.704 was obtained.
been reported for the application of concavity arrays within circu- The test facility as shown in Fig. 3 was composed of an air
lar tubes. The use of such arrays in the confined and axisymmetaoler, a plenum, an insulated developing flow section, the alumi-
flows of circular tubes has many potential applications, includingum test section, a data acquisition system, and a liquid-crystal
the cooling of gas turbine components. The present study providhermography system. A steady flow rate of air is supplied to the
a first insight into the heat transfer and friction effects of variougst by an in-house compressor, and metered through a calibrated
concavity arrays for turbulent flows. sonic venturi. Flow is developed in a smooth section of insulated

Fig. 1 Sample test channel with machined concavities
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Table 1 Test channel concavity specifications

Concavity Concavity
Tube ID diameterd depthh Concavity
Tube D (mm) (mm) (mm) h/d d/D densityf
2 38.1 10.312 4.064 0.394 0.271 0.704
6 38.1 10.312 4.064 0.394 0.271 0.582
4 38.1 8.738 2.032 0.233 0.229 0.506
3 38.1 10.312 4.064 0.394 0.271 0.473
5 38.1 8.738 2.032 0.233 0.229 0.418
1 38.1 8.738 2.032 0.233 0.229 0.339

phenolic tubing attached to the aluminum test section by a rablaehp shunt resistor. The power delivered to the test surface ranged
fit and epoxy. The aluminum test section is wrapped with fodrom 50 to 250 W depending on the tube being tested. Thermo-
layers of material as depicted in Fig. 4. The first layer is thibouples were used to measure the air temperature inside the tube,
double-sided photo-mounting tape. The second layer consist oingide the plenum, and the ambient temperature. These thermo-
thin-foil heater, which allows for a low-voltage, high dc current t@ouples are used to measure the temperature increase of the flow
distribute a uniform heat flux across the entire length of the tegside the test section. A thermocouple was also taped to the
section. The heater consists of a 0.0127-mm layer of Inconel dgiddle of the test section on the outside of the liquid crystals for
posited on a 0.102-mm backing of Kapton. The third layer igse in calculating heat losses to ambient. Pressure drop was mea-
another piece of double-sided tape. The final layer is a sheet(Qfred using a static pressure wall tap located at the entrance of the
Hallcrest thermochromic liquid crystallOC5W with a wide-  gimpled test section. An inclined water manometer was used to
bar]d response in the range between 40°C and 45°C. The curigbsure the pressure in inches ofCHas compared to atmo-
delivered to the Inconel heater was measured using a 50-mV, 1Q@neric pressure. These values were used to calculate the Fanning
friction factor for each dimple configuration.
Convective heat losses to ambient were measured by filling the

center and the outside of the aluminum and phenolic tubing with
insulation. The test section was heated without any flow and
monitored using four type-K thermocouples attached to the tube
f surface. Steady state was reached for three different power inputs
40.00° covering the range of expected losses, 5, 10, and 15 W. The insu-
lation on the outside of the test section was then removed and the
\g/ test section was heated again until the liquid crystatsv visible
as in an actual tesbecame completely colored using the same
power levels. After curve fitting the two cases, the heat flux values

Axial Spacing = 10.9 mm were subtracted from each other to provide the overall convective

ambient heat losses at the wall-to-ambient temperature ratios ex-
perienced during flow testing. The ratio of convective ambient
f heat losses to total power input was between 1.5% and 5% for the
36.00° ?- full range of test conditions with the dimpled tubes. The relative
v + 2730 heat losses were from 5% to 16% for the smooth tube case, due to
£

the much lower total power required without dimpled surfaces.
Surface temperature measurements were made using the
steady-state liquid-crystal hue detection method of Farina et al.
[19]. The liquid crystal sheet was calibrated by setting a tempera-
ture gradient across a 25.4-cm length copper bar with seven em-

Spacing = 11.99 Spacing = 13.28 mm ¢
pacine m pacing bedded thermocouples. An RGBed-green-blugimage of the

Fig. 2 Cross-sectional tube definitions

Lights RGEBCCD|  Lighs

Camera

h‘.w \"olt.agn.:){‘ Flenum P& T
Inlet Power Supply
* & T Shunt
Exit T I\. l
Phenalic tube (insulated) Plenum
T
381 em ‘l‘j M ESem ——¥
4.5 cm
Samnic Pressure
Venturl Regulator
Compressor Chiller
Fig. 3 Test facility and instrumentation
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Fig. 4 Tube construction with heater ,
’ “X" location <4 Flow

L . Fig. 6 Example of tube axial Nusselt number variation
heated bar was taken under the test lighting conditions and camera

location, and the hue-temperature calibration extracted from a
curve fit of the response.

The inlet bulk air temperature was measured with a thermatuminum tube then complies with the 10—15 diameters length for
couple just prior to the heated section of tube, and the exit bulk &ydrodynamically developed flow. From the aluminum tube inlet
temperature just after the heated region. The average test cham&= 300 mm, the thermal entry region is clearly seen. The initial
air temperature was used as the representative air temperaturenfagnitude of this entry effect compared to the developed Nu re-
all heat transfer calculations, but most importantly for the middigion is about 1.4—1.5, very much in agreement with previous data
third of the heated tube where fully developed conditions applguch as that of Boelter et d120]. The present fully developed
The definition of the local heat transfer coefficient in this study isegion is taken as that from=200—100 mm, in accordance with

_ . the data of Ref[20] that showed about 5 hydraulic diameters

h= (Qtotar— Qioss/ Asmooth wbe interior ( Twall corrected™ Tair averag%: thermal entry length to reach within 10% of absolute fully devel-

whereQ,, is the net input heater poweQ(,.,— Qiosd Per unit oped Nu for a smooth tube. For the concavity tubes, the added
area after heat loss correctiofy.cormecteqiS the local interior turbulation is expected to reduce development lengths signifi-
aluminum wall temperature derived from the local liquid-crystatantly. The results of this region are averaged to provide the over-
(heatey indicated temperature, with one-dimensioitaD) con- all Nu levels of this study. Downstream gf= 100 mm, the effect
duction corrections for the Kapton, adhesive, and average aluraf-the exit conduction/convection loses is noted, with stronger
num thickness. Inlet air temperatures were between 16°C amegnitude as the overall internal Nu level is increased. This re-
19°C for all tests. Interior tube wall temperatures ranged betwegion is due primarily to the nonheated short section of channel at
30°C and 47°C for the various cases, providing wall-to-fluid tenthe exit. No corrections were made for these axial conduction inlet
perature ratios from 1.048 to 1.095. For the range of test condird exit effects. The only data used was that betweafi200 and
tions encountered, the bulk air temperature rise through the whd@0 mm, such that very small variations in axial heat transfer
test section is from 2°C to 10°C, and that for the fully developecbefficients resulted, leading to negligible axial conduction. En-
data region only, 0.7°C to 3.5°C. In all tests, the minimum tentancement factors in this study are obtained by normalizing the
perature potential between the heated surface and the bulk air wagasured Nu to that of a smooth tube, turbulent flow as deter-
14°C. mined by Dittus and Boeltd21] and shown in Holmah22].

Figure 5 shows an example of the liquid-crystal display for a The Fanning friction factor definition was used to calculate the
single heater setting and flow rate in one of the dimpled tubes. Tfitstion coefficient for each test section in the unheated condition,
color response is uniform in each axial location due to the alumi- _ %  %\/2
num, except for the inlet very near the power lead. To eliminate Ct=0.25'(Dn/L)* (AP/0.5% p* V7).
any concerns with viewing angle of the surface, only the centBlormalized coefficient of friction, or enhancement factors, for the
axial line of the images is used to provide data. The resulting Nlimpled tubes were obtained using the measured smooth tube re-
numbers, based upon smooth tube hydraulic diameter and surfagks at each Re number.
area, are shown in Fig. 6 for three Re number examples in theUsing the single-sample methods of Kline and McClintock
same channel. The unheated upstream tube length is just undef2R), the estimated uncertainty in local Nusselt numbers for these
hydraulic diameters. The total length to the center region of thests ranged from 11.5% to 12.5%. The higher uncertainty corre-

sfp——— Flow

380 mm = 300 axial pixels
Fig. 5 Example of liquid crystal display on test section
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Fig. 7 Nusselt number correlations for all tests

Fig. 8 Normalized Nusselt number all tests

sponds to high heat flux conditions at high power settings. The

uncertainty in mass flow rate is 3%, which can lead to as much ggyvides an enhancement factor of about 1.2 over most of the Re
10% uncertainty in the coefficient of friction. The inclined Marange tested. Moving to more dense geometries increases the en-
nometer can result in as much as 15% uncertainty in pressure digcement factor to 1.6 or 1.7, a very substantial amount. The
measurement at the very low Re for the smooth tube, decliningd@ghtly deeper concavity arrays all provide enhancement factors
1.2% at high values of Re. In the concavity tubes, the pressigg the order of 2. From previous literature data in noncircular
drop uncertainty can be as high as 9% at lowest Re, but is typhannels, these enhancement levels can be expected to hold at
cally under 1% for the majority of cases. higher Re conditiongnote that the present data do not all extend
to Re of 90,000 due to power supply limitations

The concavity array density dependence may be specifically
) highlighted as shown in Fig. 9. In this comparison, Re is seen to

Heat Transfer. The smooth tube and concavity tube test rengye a minor effect for each test case, but the two overall relative
sults of the Nusselt number as a function of the Reynolds numk&jncavity depths used are clearly distinct from each other. For
are shown in Fig. 7. The characteristic dimension used in all cas&smmon density factors, the small increase in depth results in
for the Nusselt number and the Reynolds number is the smog{foyt 209% increased heat transfer. The density parameter shows

tube internal diameter. The data have been grouped accordingjg most overall effect on heat transfer augmentation friom
several apparent curve-fitted relationships denoted in Fig. 7. The

smooth tube Nu {=0 andd/D=0) corresponds very nicely to
the expected Re number dependence from previous literature. The
least dense geometry of concavities 0.339 and the shallowest
depth cased/D=0.229 (/d=0.233) exhibits very nearly the
same Re dependence as the smooth tube, but with a somew )
enhanced magnitude. R RN
Upon increasing the concavity density to greater than 0.4, tt 2 ————¢f—®&——g— v .
Re number dependence increases tb%Ras shown by the greater -
line slope. This relationship holds for both higher density cases ’
the shallow depth. The highest Nu responses are shown for t
three test cases of slightly deeper concavities. All concavity derg
sities at the depth al/D=0.271 (/d=0.394) result in the same 2

Results and Discussion

2.5

1.5 152 —+

correlation of Nu=0.033 R&® PP |t is intriguing that such

~
]

seemingly small variations in depth and density should have &
major an impact, though previous Russian investigations do fo
low this trend. Keep in mind that the present study also bases t
Nu number on the smooth tube surface area, not the modifit
dimpled surface area. The added surface area of the dimples m
play a role in the heat transfer enhancement, just as added turl
lator surface area does for rib-roughened channels, but our inter
is in the overall thermal augmentation which can be gained rel;
tive to a smooth tube.

Fig. 8 shows this same data in the Nusselt number enhancem
format, where the normalizing Nu number is that of the smoot
tube, fully developed turbulent flow Dittus-Boelter correlation

1

0.5

® Re =21410
m Re = 50730

0.3

0.4

0.5 0.6
Concavity Density

0.7

0.8

provided above. The shallow and least dense concavity geometry  Fig. 9 Heat transfer enhancement with density ~ f
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Fig. 10 General expression for Nu  (Re, f) Fig. 12 Normalized friction factors

=0.3-0.5, but little effect abové=0.5. This indicates that addi- tion. This difference is attributed to measurement errors associated
tional enhancement may be obtained by making the concavitiegh mass flow and pressure drop. As in the heat transfer results,
yet deeper. friction factor is greatest for the deeper concavity cased/&f

The present data may be approximately fit to a correlation in0.271. In fact, these three test surfaces are essentially the same
terms of both Re and densify Figure 10 shows this fit for the in terms of friction. For the shallower cases, again the least dense
resulting dependence of R¥ %5 The parameted/D (or h/d) geometry shows the lowest friction of all concavity cases, while
does not appear in this form due to insufficient data at highBr the other increased density surfaces are more elevated in effect.
values. Such data would help to further collapse the relationshipFigure 12 depicts this data as enhancement factors for friction,
into a compact expression with good fit. where for self-consistency the measured smooth tube data has

L . ) been used as the normalization factor, not the Blasius correlation.

Friction.  The friction factor results somewhat mirror the heaj the shallow depth conditions, friction enhancement is relatively
trgnsfer results in their variation Wlth concavity depth and dens.ltﬂat over the range of Re numbers, while the deeper cases all show
Figure 11 shows the Fanning friction factors for all tests, coveringyery strong dependence on Re number. Friction factor enhance-
the full range from Re of 20,000 to 90,000. These data were @llonts of 2—3 are observed for the shallow concavities, and 4—7
measured without wall heating. For comparison, th_eoszgnooth tUR® the deeper concavities. The effect of concavity depth clearly
correlation of Blasius is also shown & =0.079 Re"“. The gominates the friction factor enhancement.

present smooth tube data is about 25% above the Blasius correla- ) o
Performance Comparison. Beyond the application of con-

cavity tubes as an alternative heat transfer enhancement method,
especially in cases where other forms of surface treatments may

0.070 | —* Smoothf=0 be difficult, the benefit of such surfaces must be shown in terms of
—o-=0.339 performance. Figure 13 shows the normalized Nu number plotted
—*1=0418 directly against normalized friction factor, both for the present

0.060 - —=1=0.473 data and existing literature data.

——1=0.506 a/D = 0271 - In this comparison, the data of Chyu et El5] are for a rect-

5 0.050 1 - 1=0.582 - angular channel with hemispherical concavities on the two wider

§ : —o-f=0.704 sides. The channel aspect ratios were either 4 or 12. The concavity

w -=— Blasius } relative depth wak/d=0.29 and the densitj=0.5. The channel

S 0.040 Re number range of these tests was between 10,000 and 40,000.

5 The data of Webb et dl24] are for a circular tube with normal rib

= 0.030 rougheners having blockages of 444., 8% total blockage for

o _ the tube cross sectipnThe turbulators are transverse to the bulk

E d/D = 0.229 flow direction with a pitch-to-height ratio of 10. The large amount

€ 0,020 b e } of other literature data for turbulated channels of various geom-

w etries and surface features is denoted by the general zone in which
heat transfer is enhanced by 2—-2.5, while friction is usually en-

0.010 hanced by 6—12 or more. Indeed, due to the very confined nature

‘:‘:‘-:ﬁ‘—‘m:i:t of the circular tube flow, the turbulated data of Rg¥4] shows a

0.000 . ‘ ‘ ‘ very high heat transfer enhancement, but with friction enhance-
ments about four times as much as the heat transfer enhancement.

0 20000 40000 60000 80000 100000 The nature of flow and heat transfer for such turbulated channels

Reynolds Number is well documented for turbulent flows, showing significant flow
separations and recirculating zones. While such flow disturbances
Fig. 11 Fanning friction factors lead to elevated heat transfer coefficients in the flow reattachment
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4 greater than 0.3 and the dimple array density is about 0.5 or
higher. Under such conditions, the fully developed Nusselt num-

m Present Data ber may be correlated as N0.033 R&# P33 The present data
35 —— Reynolds Analogy results in an overall Nu dependence of’®&f%° The parameter
4 Chyuetal [15] h/d does not appear in this form due to insufficient current data at
| o Webbetal [24] | higher h/d values. The associated friction factor multipliers for
such configurations are in the range of 4—6, resulting in a perfor-
3 mance below that of Reynolds analogy behavior, but better than
o o 0 that due to rib rougheners within circular tubes.
E B P
§ 25 s == Nomenclature
z . { Various Turbulated | A = Smooth tube internal surface area
“a Channels o+ d = Concavity surface diameter
2 g I e o e D, = Smooth tube hydraulic diameter
u f = Concavity array density, ratio of total projected
-. . concavity area on smooth tube to the total area
15 of the smooth tube surface
' C; = Coefficient of friction, Fanning friction factor,
. 0.25(Dy,/L)* (AP/0.5* p* V?)
" h = Concavity depth at center
1 v ‘ T T T ' . v v w h = Heat transfer coefficient
1 2 3 4 5 6 7 8 9 10 11 12 k = Thermal conductivity
Normalized Friction Factor L = Test section pressure drop measurement length

) ) Nu = Nusselt numbeh Dy, /k
Fig. 13 Performance of concavity tubes Nup = Smooth tube N& .023 R%ﬁ pPiL/3
P = Pressure
Pr = Prandtl number of air
regions and on the rib top and forward faces, the mixing also Reg, = Flow Reynolds numbepVDy/u
causes very high friction coefficients. The concavity data of Ref. T = Temperature
[15] are very encouraging, showing essentially a Reynolds anal- T, ... = Average external test section temperature
ogy behavior. This is essentially the relationship between heat T, = Ambient air temperature
transfer and friction that many previous Russian studies have o, corected = INterior corrected wall temperature

served for flat plate concavity arrays. For turbine cooling pur- T.ir = Measured air temperature, average of test region

poses, this behavior is highly desirable in many situations. One inlet and exit

cautionary note is appropriate though, in that data such as Ref. V = Average flow velocity in tube
[15] are obtained with relatively large ratios of channel height to u = Viscosity

concavity depth(1.33 and greater for Ref15]). At such ratios, p = Density

there is no significant interaction between concavity surfaces. Per
Nagoga[18], at ratios of 0.5 and lower, interactions occur be: eferences
tween the vortices expelled by each concavity, causing primarﬁ:§/

an increase in friction coefficient with no additional heat transfer[1] Bearman, P. W., and Harvey, J. K., 1976, "Golf Ball Aerodynamics,” Aero-
benefit naut. Q.,27, May, pp. 112-122.

. . . &2] Bearman, P. W., and Harvey, J. K., 1993, “Control of Circular Cylinder Flow
The present circular tube concavity data lie between these tWo ~ py the Use of Dimples,” AIAA J.31(10), pp. 1753-1756.

cases. The Reynolds analogy is not followed. The friction penalty[3] Kiknadze, G. I., Gachechiladze, I. A., and Oleinikov, V. G., 2000, “Method

however, is not as high as that for turbulated circular channels. :Andd_Appf"SgJ?D f€t>r ?T\‘ntmé"?ggtggfoundary or Wall Layer of a Continuous
. P edium, atent No. 6, s .

TJUSI as t.he performance fac(oormallze_d Nu divided by normal- [4] Lake, J. P, King, P. I., and Rivir, R. B., 2000, “Low Reynolds Number Loss

ized Ch is smaller for the turbulated circular tube than for a tur- ~ Reduction on Turbine Blades with Dimples and V-Grooves,” AIAA Paper No.

bulated rectangular channel of equivalent blockage, so the perfor- 00-0738,38th AIAA Aerospace Sciences Meeting and Exhiténo.

mance factr for the concavity surace tube appears {0 be smalldl oo &8, o0, s o

than th.at for the _concawty surface rectangular channel. F_rpm pre- therma? Technologies in Energy and Poever Systevtesy 20—25, Kiev.

vious literature, it may be expected that deeper concavities willg; Afanas'yev, V. N., Veselkin, V. Yu., Leont'ev, A. I., Skibin, A. P., and Chud-

result in higher heat transfer, but also higher friction coefficient.  novskiy, Ya. P., 1993, “Thermohydraulics of Flow Over Isolated Depressions

Some of this pressure loss may be alleviated by rounding the (Pits, Groovegin a Smooth Wall,” Heat Transfer-Sov. Re&5(1), pp. 22-56.

i : : : 7] Isaev, S. A., Leont’ev, A. |., and Baranov, P. A., 2000, “Identification of Self-
edges of the concavities with little impact on the heat tranSfer[ Organized Vortexlike Structures in Numerically Simulated Turbulent Flow of a

coefficient. Viscous Incompressible Liquid Streaming around a Well on a Plane,” Tech.
Phys. Lett.,26(1), pp. 15-18.
. [8] Kesarey, V. S., and Kozlov, A. P., 1993, “Convective Heat Transfer in Turbu-
Conclusion lized Flow Past a Hemispherical Cavity,” Heat Transfer-Sov. R2S,,pp.

The present study provides a first insight into the heat transfery, éiﬁikliﬁ%. V., Kozlov, A. P., and Agachev, R. S., 1995, “Study and Applica-

and_frlctlon effects of various ConcaV|t}’ arrays for' t}erU|ent flows " tion for Hemispherical Cavities for Surface Heat Transfer Augmentation,”

in circular tubes. Heat transfer and friction coefficients measure- IGTI Turbo Expo, Paper No. 95-GT-59, Houston.

ments have been obtained for fully developed, turbulent intern&t0l SEyfrfed,t Nf-,SK*}alatOé, A.,tKozlov, HA., ??ChUKfm’ A.,(jeledA%achevz R., i?_oo,
H H : H H Sl _ “Effect o urface Curvature on Heat lranster an ydrodynamics within a
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: LT Y Munich.

dimple surface diameter were used, with surface area densitigig] Afanas'yev, V. N., and Chudnovskiy, Ya. P., 1992, “Heat Transfer and Friction

ranging from 0.3—0.7. The tube bulk flow Reynolds numbers were on Surfaces Contoured by Spherical Depressions,” Heat Transfer-Sov. Res.,

from 20,000 to 90,000. The results showed that heat transfer e, i‘f‘éﬁggi:\l‘l\(}“,‘\l Chudnovsky, Ya. P. Leontev, A. 1., and Roganov, P. S

hancements for dimpled internal surfaces of circular passages can 1993, “Turbulent Flow Friction and Heat Transfer Characteristics for Spheri-
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Experimental Demonstration of
o Kemvon § - Maximum Mistuned Bladed Disk

Propulsion Directorate,

Wright-Patterson AFB, OH 45433 Forced Response

e-mail: james.kenyon@wpafb.af.mil

A theory was previously developed for predicting robust maximum forced response in

J. H. Griffin mistuned bladed disks from distortion of a structural mode. This paper describes an

Department of Mechanical Engineering, experiment to demonstrate the theory. A bladed disk is designed to be sufficiently sensitive
Carnegie Mellon University, to mistuning to obtain maximum response. The maximum amplitude magnification from
Pittsburgh, PA 15213 mistuning is predicted using the theory, 1.918. The bladed disk is intentionally mistuned to

g-mail: jg9h@andrew.cmu.edu obtain the maximum response, and the response to an engine order traveling wave exci-

tation is measured. The measured amplitude magnification is in close agreement with the
theory. The robustness of the maximum response is demonstrated.
[DOI: 10.1115/1.1624847

1 Introduction consider the physical effects of mistuning on the dynamic charac-
Mistuning of turbine engine bladed disks contributes to en ir%eriStiCS of a bladed disk and to determine how each of these
9 9 9 %ysical effects influences the forced response. Kenyon and Grif-

high cycle fatigue by increasing the vibration amplitudes . o . : . X
. 4 ; . . In [10] identified two primary physical mechanisms associated
blades. Bladed disks in gas turbines are typically designed to h increases in forced response amplitudes due to mistuning in a

cyclical!y symmetric, SO that egch plade is identica! apd the di mgle family of bladed disk modes, frequency splitting and mode
8|r ZUb 1S pter:fe?_lyk?r?né)cilﬁ:.tM|s_tun|ng refers tl?[ v?natlon? mt th.%listortion. Frequency splitting describes the separation of the re-
ades or the diskinu at anse as a resuit of manutactunig ey natyral frequencies that occur in tuned bladed disks into
variations, wear, or da_mage. These vanatlons_lead to S|gp|f|c_ Wo distinct natural frequencies. Mode distortion refers to har-
changes in the dy”a“?'c response of blade.d disks. T_he V'brat'%nic content in the mode shape of a mistuned system in addition
modes of a bladed disk can become localized, leading to Iarg)e the fundamental wave form of the nominally tuned mode
vibration amplitudes that contribute to accelerated fatigue a'ﬂﬁacBain and Whaley11] derived an analytical solution for the

failure. ; L ;
The variations in blade and hub properties are random in nrrg?uaxmum response due to frequency splitting that agreed with the

) ; - ) umerical results of Ewingl2]. Their result was later corrobo-
ture, making bladed disk forced response difficult to predict. I%ted by Kenyon and Griffif10]. Kenyon et al.[13] recently
some instances, mistuning leads to excessively large vibration : ’

plitudes that quickly lead to fatigue failure. Predicting the maxi veloped a theory for predicting the maximum forced response

. . X n a bladed disk from mode distortion in a single structural mode.
mum response that a partlcula_r bladed disk (_je3|gn can experiefiGas also noted in Ref13] that the maximum response derived
has been a research area of interest for quite some time. Wh

) = ; - Here was robust. In other words, if a bladed disk is intentionall
head[1] first addressed this issue in 1966 by developing algebraiticned to exhibit that maximum response, then small, unintex-

expressions for the maximum response based on the numbelﬁ al random mistuning will not significantly affect the response

blades on a bladed disk, though he was not able to demonstr, . .
that result numerically. Whitehed@] later considered the specialn pgtrlijg;lyc}f the bladed disk. These results were demonstrated

case of structural coupling, though he later asserted that this resu istuning makes experimental investigation of bladed disk dy-

was Incorrect and that his orlglnal_solutlon was appll(_:able n 6}lllamics especially challenging. The variations in system properties
Case.ig]' In his latest paper on maximum respofish Whl_tehead ociated with mistuning may be smaller than the uncertainty in
considered example cases in which his proposed maximum "Voka'rlnS measurements. As a result, correlation of experimental data to
occur, thou_gh these cases were not demonstrated through NUM&terical or analytical models is difficult since there are undeter-
cal simulations or experiments. mined variations in the system properties and uncertainty in how
.A. number_ of other approaghes have bee_n propqsed for de ese variations will affect the response of a bladed disk that is
mining maximum reésponse in a b_Iaded .d'Sk (_je3|gn. Dye_a% ing tested. In addition, measurement devices that contact the
Henry[4] used Monte Carlo simulations W'th a simple NUMENcy) o des such as strain gages or accelerometers can actually contrib-
model based on measured system properties to statistically €Stk to mistuning. Qualitative studies of the effects of mistuning
mate the maximum response of a bladed disk. A number of Otn%

h h d vari thods 1o determine th ve been conducted experimentally, for example, Rf4],
researchers nave proposed various metnods to determine the , and some researchers have reported some success in predict-
tistical distribution of mistuned forced response amplitudes fro

which the maximum response can be estimated, for exam g and measuring the natural frequencies and mode shapes of
Refs. [5], [6]. Sinha[7] recently proposed an upper bound Orb"rstuned bladed dis416,17. However, agreement between pre-

8 . iyl . cted and measured forced response amplitudes has remained
maximum response using an infinity norm approach. RiVag sive for instance RefE17], [18]
Guerra and Mignolefts] and Petrov and Ewin®] used numerical This ’paper descrit,)es an e>’<periment in which the maximum re-

optimization techniques to obtain maximum response in blad%ﬂonse predicted by the theory in RE£3] is demonstrated. A
disk models. Fladed disk with simple geometry has been designed for sensitiv-

A distinct approach to determining maximum response is {f, 44 mistuning in an isolated family of first bending modes. The

tuned system is characterized, and the mistuning necessary to ob-

Contributed by the International Gas Turbine Institute and presented at the Intgt= : : : . f L B
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, JLﬁéem maximum response is calculated. This mistuning is imple

16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 20081€nted on the bladed disk by varying masses attached to the blade
Paper No. 2003-GT-38060. Review Chair: H. R. Simmons. tips. The forced response of the system to an engine order travel-
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ing wave excitation is measured and compared to the tuned sys- &0 K b= KB (6)
tem response to demonstrate the maximum magnification of the

response amplitude. In addition, small random mistuning is addediere 5, is the Kronecker delta, anth and n now represent
to the system, and the response is measured to demonstrate gggeral mode indicegm,n} e {0,1N—1}.

the maximum response is robust. The forced response of the tuned system to an engine order
traveling wave excitation is considered. The excitation ofjthe
2 Review of Theory mass can be described mathematically:
This section briefly reviews the theory presented in R&8]. fi(t)=focogEH;— wt). @)

Additional details about the derivation as well as a discussion of ) ] )
the physical implications of the results can be found in REg).  Using standard modal analysis techniques, it can be shown that
Consider the mass-spring-damper system shown in Fig. 1. Tthe amplitude of the steady-state response of each blade is the
equation of motion for thgth mass is s?mg, and at resonance+ wp,—g for small damping, this am-
. . . itude is
mM;X;+ (Cj+2Cc) X — Ce(Xj -1+ X+ 1) + (K + 2Ke) X —Ke(Xj - 1 P
Xtuned™ FeDPE/Cewe, (8)

+xj+1)=f;(t), j=0,1,.N-1, ) _ _ .
. . . . where Fg is the modal force in the mode corresponding to the
where the “” superscript indicates differentiation with respect t%ngine order of the excitatiorfg=bgfy7e, and 7.=N for E
time andN represents the number of blades on the disk. The G N2y and 7 =N/2 otherwise. T E

system is cyclic such thaty=Xxy. The equations of motion for

; . . 1 The tuned modes form a complete basis spanning the same
the entire system can be written in matrix form

displacement space as the mistuned modes. Therefore the mis-
MX + Cx+ Kx =f(t). (2) tuned mode resulting in maximum response can be written as a

. . ) L . linear combination of the tuned modes,
This formulation allows for mistuning in both mass and stiffness

parameters. Thus the mass maiixM°+ AM, where the super- M

script “o” indicates the tuned system matrix, asdVl is a diago- o= E bt Bmdic 9)

nal matrix whosegth element represents a small perturbation in the m=0

mass of thgth sectorm;. Similarly, the stiffness matriK =K*  with M=(N—1)/2 for N odd or M=N/2 for N even. Eachx,,
+AK, whereAK is a diagonal matrix containing small perturbagnd B is a real constant signifying the contribution of thgh

tions in the blade stiffnessds . Finally, it is assumed that the tuned modes to the mistuned mode.

dampingC is proportional to a linear combination of the tuned The blade that exhibits the highest response can be at any lo-

mass and stiffness matriced,” andK". cation on the disk. For mathematical convenience, this blade is
The tuned modes are determined fAK=AM =0 from the assigned the reference coordinate0 (i.e., j=0), so that the
standard structural eigenvalue problem contributions of the sine modesy at this blade location are zero.
KD =M"®°0°2, ©) The component of the mode, E®), atj=0, denotedp,, will be

used for this discussion. It is assumed that damping is sufficiently
whered®’ is a matrix whose columns represent the tuned modesdmall and that the frequencies are sufficiently separated so that
real form and2°? is a diagonal matrix consisting of the squares ofnly the response of a single mode must be considered. Noting
the tuned natural frequencies of the system. The tuned mathatb,, are the arbitrary coefficients of the tuned modes and scal-
shapes are extended and wavelike in form, witequally spaced ing the 3., in Eq. (9) such that the contribution of the tuned mode
nodal diameters. It is well known that the tuned system exhibitorresponding to the engine order of the excitat®y=1, the
repeated natural frequencies for eamlexceptm=0 and, in the mode component a#=0 is written
case ofN even,m=N/2. The modes corresponding to the repeated
fiequenmes can be _expr_essed dz$ﬂsj:bm sin m@ and ¢r§’j bo=be+ 2 B (10)
=b, cosmé,, where §;=2mj/N. The modes fom=0 andN/2 m#E

have the formb,, cosmg;. The tuned modes are orthogonal WmE . . . .
respect to the tuned mass, damping, and stiffness matrices, sg&AMININg the response in the mode, &9, and using similar

that modal analysis techniques as in the tuned analysis, the maximum
mistuned forced response occurs at blage® and can be shown
bM” bp=MrSn, (4) tobe
Qs:ncd’;: CmOmn> (%) Xmax= Fe®o /CE‘UE ) (11)
X. X X.
| J1 | j l j+1
f'-l f; ﬁ'ﬂ
cC CC cc CC
— —=— —=— ——
k k k k.
e m. < m; ‘ m.
Cia i G Cist
kj—l kj ki+1
Fig. 1 Lumped parameter model of bladed disk dynamics
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where the *” superscript implies mistuned values. It can be
shown that the modal fordeg remains the same as for the tuned
case[13].

From Egs.(8) and(11), it is clear that frequency changes can
cause changes in forced response amplitude not generally associ-
ated with mistuning. Therefore it is assumed here that o} .

The tuned modes are scaled so that 1, and the magnification
in the response amplitude due to mistuning is defingd,
= Xmax/Xuned- Thus from Eqs(8) and(11),

9= boCe/CE , (12)
where thebg in ¢q, Eq. (10), is unity. Using orthogonality, the
mistuned modal dampingg is written

cz=cE+r§E BiCr. (13)

It is convenient to choose the mode scaling factis so that all

of the modes have the same modal dampipg Modes are com-
monly normalized so that the modal mass is unity. In this case,
however, the tuned modes are normalized so that the modal damp-
ing equalsceg,

#.Cé=cg, m=01,.N—1 (14)

Using Eq.(14) with Egs.(10) and(13), the amplitude magnifica-
tion in Eq. (12) becomes

_ 1+2m¢ EmeBm
1+ ZneeBh
The maximum mistuned response of the bladed disk can be

found by maximizing Eq(15) with respect to all of th, simul-  ¢,ngjgeration was the sensitivity of the bladed disk to mistuning.
taneously. After some algebra, it can be shown that a relationshig pjaged disk could not be too sensitive to mode distortion from
exists between thg, and theby, at the maximum. Selecting one gy ning so that a reasonable estimate of the tuned response
of the modes as a reference and labeling it Rie mode, this ¢,4 pe made even with small, inadvertent mistuning from manu-
relationship is expressed as facturing variations. However, the bladed disk had to be sensitive
B/ BE=bn/bg, (16) enough to obtain the maximum response with physically realiz-
) o ) ~able mistuning.
where the ™" superscript now indicates optimum values. Using The bladed disk was fabricated from 0.125-in. steel sheet and

(15) Fig. 2 Finite element model of experimental bladed disk

this result and defining had 18 blades. During the experiment, mistuning was applied to
the bladed disk by adding masses to the blade tips. Therefore

v= z ba/b3, (17) small steel blocks with equal masses were added to the tips of

m#E each of the blades in the nominally tuned system so that the fre-

quency of the optimally mistuned mode would be approximately
et@e same as the frequency of the tuned modes. For the tuned
system, equal masses of 11.72 g were attached to each blade using

Eg. (15) can be rewritten in terms of one variabif; . After some
algebra, the maximum amplitude magnification factor is obtain

1+ ybrB% accelerometer wax. The masses were measured to an accuracy of
Oma™ 57 - (18) =0.02 g. In the optimized system, variable masses were attached
1+yBR to the blade tips according to the mistuning needed for maximum

Sincebg and y are defined by the tuned system properties, E§ESPONSe. ) ) -
(18) represents an optimization problem in only one variaple, To assist in design and analysis, a finite element model of the

A simol ion for th i | be found b bladed disk was developed as shown in Fig. 2. The model con-
SImplé expression for the optimum va ue/s can be found by sisted of 8-noded solid elements and had 91,692 degrees of free-
setting the derivative o, €qual to zero,

dom. Part of the fixture assembly used in the experiment, a cylin-

— 141+ ybr drical clamp, was included in the model to obtain a more accurate
RT ™ b (19) estimate of the boundary conditions on the bladed disk. The cyl-
¥Or inder was fixed at an axial location consistent with the experimen-

It should be noted that the amplitude magnification factor in E¢gl setup. The masses at the blade tips of the actual system were
(15) can be maximized either directly or by using the simplemodeled by increasing the density of the elements at the tips of

expressions in Eq$18) and(19). the blades in the model.
3.2 Tuned System Characterization. The dynamic charac-
3 Bladed Disk Characterization and Optimization teristics of the nominally tuned bladed disk were determined ex-

perimentally. The bladed disk was mounted in a fixture as shown
3.1 Bladed Disk Design. In order to obtain an appropriatein Fig. 3. The fixture consisted of a cylindrical clamp assembly
test article to demonstrate the theory described in the previatmit provided a uniform boundary condition on the inner diameter
section, a bladed disk was designed to have an isolated familyddfthe disk. The clamp was mounted in a four-jaw lathe chuck and
first bending modes. To achieve this, long slender blades wesecured on a multi-ton granite table to isolate the system from its
selected for the bladed disk. For ease of manufacture, the blagedroundings. For reference, the blades were numbered sequen-
disk was designed from steel sheet metal. An important desigally from 1 to 18. A noncontacting eddy current probe was fixed
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—a— Experiment
3
=]
=
Fig. 3 Experimental setup for measuring natural frequencies, =N
damping, and mode shapes of the bladed disk 5
under the tip of one of the bladéslade 17. The outputs from the
probe and from an instrumented hammer were connected to -1 -
; . 27 0 27
spectrum analyzer, which was in turn connected to a desktop coni-
puter with commercially available modal analysis software i “ig. 5 Nominally tuned cosine  (113.7 Hz) and sine (114.3 Hz)

stalled. During data acquisition, the transfer function between the o shapes
displacement of the tip of the instrumented blade and the input
force on each blade was determined. Ten transfer functions were
a_cquwed and "’!"eraged for each blade using Hanning WIndOWS &‘Etinct natural frequencies. Six masses weighing 0.32 g each
signal ptr)(.)l.cess'ndg' EaCh mlodal test was pegormed twice to Ver{ire added to the blades in an evenly spaced manner, resulting in
reEl)%ata iity, |afn the resu tz were averadge ' de sh f the {2.§x harmonic mistuning pattern with blade 160 (see Ref.
b d"e nafturql re?uen((:jles,. ar;:pmg, an ”mo e sdapes ort erfé] ] for a discussion of frequency splitting and the prescribed
ending family of modes in the nominally tuned system Wergygyning distribution The mistuning split the three nodal diam-
measureq using a frequency resolution of 0.0625 Hz. The natuLal, mode pair into individual cosin@13.7 H2 and sine(114.3
frequencies of the tuned system are plotted as a function of f16) n4es, Fig. 5. The measured modes are compared with pure
number of _nodhal diameters in thg mode s?aﬁe in Fig. 4a1;he slidfifie and cosine waves in the figure. The mode shapes agree well
mistuning Ilr'] tl € ﬁyStem Caﬂse Some ofthe repefate reqUENGH the sine and cosine functions, indicating that even with the
phalrs to split. r|1(t IS caﬁe, the average of t el thO requen_l(_:r']eséﬂlitting in the natural frequencies, the modes are relatively undis-
the pair \évals d‘ga enast eéunénzpeateaj natulra rgqfuency.. "€ torted. The lack of distortion in the tuned mode shapes verifies
three nodal diameter tuned modes were selected for optimizatipn 5 4ccurate estimate of the tuned forced response to an engine
for maximum response. As seen in Fig. 4, the three nodal diamefef., traveling wave excitation can be obtained
modes were somewhat isolated from the other modes, reducmq-he damping measured in the tuned modes is.shown in Table 1.
their sensitivity to distortior(see Ref[19]). As a result, exciting 11 damping ratio in the three nodal diameter modes, or the
these modes with a three engine order excitation will provide odes of interest, wag,.=0.00063. To obtain an acéurate
; ' une: : .
reasonable estimate of the tuned system response. However, 0@ rement of the damping values, the repeated frequency pairs
pvergll spacing of the frequencies in the first bending mode fam ere split as described previously, and the modal damping was
is still sufficiently close that the maximum response can be o iken as the average for the two rﬁodes in the pair. The damping
tained with physically viable mistuning. . values in Table 1 were used to optimize the mistuning for maxi-
The mode shapes of the three nodal diameter modes were &m response, as will be described in the next section.

amined by splitting the nominally repeated frequency pair into
3.3 Mistuning Optimization for Maximum Response.

The bladed disk was optimized for maximum forced response
according to the theory presented in Rdf3] and in Sec. 2. For

150
o Experiment the optimization, the modal damping constariswere calculated
I~ .. from the measured damping ratios usin
e & Finite Element Model ping 9
~ 125 1 8 8 4 é °® Cn=4mMyf mdm, (20)
oy ¢ . _
g a wheref,, is the measured frequency in cycles per secondZand
= * 8 is the measured modal damping ratio of thién tuned mode. The
E 100 7 modal masgn,, is obtained from
3 ND Tuned Modes
75 T T T T T T T T Table 1 Modal damping in nominally tuned bladed disk
0 1 2 3 4 5 6 7 8 9 ND 0 1 2 3 4
Nodal Diameter Damping(¢) 0.00079 0.00078 0.00067 0.00063 0.00067
ND 5 6 7 8 9
Fig. 4 Natural frequencies versus nodal diameters for the Damping({) 0.00070  0.00068 0.00072 0.00068 0.00073
tuned bladed disk
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M= gﬁ:‘M"é;’n, (21) Table 2 Mistuning distribution for experimental bladed disk

o _ ai2amij/N — _ _ Blade 1 2 3 4 5 6
whereg,;=e " /y2, m=0,1,..N—1, and the c_)perat_dfl de- 1. 510 39.8% -8.7%  —24% 3.5% 12%
notes the Hermitian. Here the tuned mass maitixis a diagonal > 5 5 m o 5
matrix whose elements are equivalent lumped masses for e e 0 0 0 . 0 0
blade, determined by treating each blade as a cantilevered bedth ~15% 1.6% L5%  —14% 1.5% 1.6%
and integrating the kinetic energy of the blade motion over tt&lade 13 14 15 16 17 18
length of the blad¢20]. The masses added to the blade tips in théo —15%  1.2% 35% -24% -87% 39.8%

experimental bladed disk are also added to the equivalent lumped

masses from this calculation. The mode resulting in maximum

response was determined from the optimization, and the predicted

maximum amplitude magnification was calculated, 1.918. The family of modes being considered here consists of first
The method presented in Rqfl3] for calculating the inten- bending blade modes. Therefore E0) can be simplified by

tional mistuning for maximum response was extended to compuensidering only tip displacements,

the mass mistuning needed for maximum response in the experi- o(0)

mental bladed disk. The eigenvalue problem for the tuned natural ¢y —by, (31

frequencies and modes can be described in matrix form by whereb, is the scalar complex displacement of the blade tip in the
zero sector in the@th tuned mode. In addition, the sector mistun-

0 A0 N0 ()02
KP" =M, (22) ing AM () is reduced to a lumped maém; at the blade tip. Thus
where®’ is a matrix whose columns are the tuned modes of the N—1
system written here in complex exponential form, af¢f is AM . =b*b E el2m(@= PN 5p. (32)
again a diagonal matrix consisting of the squares of the tuned Pa TP, I

natural frequencies of the system. The modes are normalized

o o - .
that the modal mass of each tuned mode is unity, Wshere the ™" operator denotes the complex conjugate. Letting

y r=q-—p,
q)o Moq)c:l’ (23) ~ —_
AM,q=bgbym, , (33)
dHK P =02, (24)  \where
Mistuning is assumed to occur in the mass matrix, so that the N-1
mistuned mass matri=M°+AM, where AM is a diagonal m, = 2 e‘z’"“’\‘émj (34)
matrix consisting of the mistuning of each blade. The mistuned j=0

modes are written as a linear combination of the tuned modegs, . _ 1 N—1 due to the periodic nature of the dilee Ref
¢=®"B, where thepqgth element of8 denotes the contribution [13}) This expression is theth element of the discrete Fourier
of the pth tuned mode to theth mistuned mode. Using Eq&23)  ransform of the mass mistuning at the blade tips.

and (24), the mistuned eigenvalue problem can be written, The left side of Eq(27) can be algebraically rearranged and

Q2B=(I +A|\7I)B(22. (25) expressed in terms of tha, ,
L 2AM PC— _ 2P

Here, 02 is a diagonal matrix consisting of the squares of the @ AMB w"Dm, (35)
mistuned natural frequencies, and A& matrix is derived by where the matriXD reflects a regrouping of the known terms,
projecting the mistuning onto the tuned modes,

“ bg boﬁg béblﬂi bg bN—l,BcN—l
__ AeH °
AM=0TAMP" (26) by by bib,BS - bibesY
Considering a mistuned mode with natural frequencyor the D= : : . :
optimization, Eq.(25) can be reduced to . . . . . .
~ bN-1bn-1BN-1 bN-1PoBs - bR-1bn-28N-2
— 0?AM °=(0? - Q7?) 85, (27) (36)

where g€ is the column ofB corresponding tay and consists of With Egs. (35) and (36), Eq. (27) is rewritten,
the mode participation termg,, described in Sec. 2 recast to — 0?’Dm=(w? - Q°?)p°. (37)
correspond to the complex form of the tuned modes.

The matrix AM can be rearranged to obtain the mistunin
needed for the mode described By. This matrix consists of
elementsAM ,, whereAM = ¢>‘,’,HAM ¢q- Since the tuned sys-
tem exhibits cyclic symmetnAM,,, can be written as a summa-
tion over sector$ of the system,

his expression is solved fan using linear algebra techniques,
nd the physical mass mistuning for maximum response is calcu-
lated using the inverse Fourier transformrof

1 N—1
smy=—=> e ’2m/Nm_. (38)
N r=0
- - (DM A A () (D) The method was applied to determine the mistuning necessary
AMpq= ZO ¢y TAMY By (28)  to obtain the optimum mode for maximum response. For the cal-
= culations, the mistuned natural frequency was selected to be the
The mode at théth sector can be written as the mode at the zeigame as the tuned frequency for consistency with the maximum

sector with a phase shif21], response theory in Sec. 2. To implement the intentional mistuning
W) ot a0 in the bladed disk, small steel blocks were fabricated and ground
oV =e2mPiN (0 (29) to the appropriate weight. These masses were accurat.@g g.

The mistuning is shown in terms of blade frequency variations in

Therefore Eq(28) can be recast, Table 2. The maximum variation in an individual blade frequency

N-1 was approximately 40%. The calculated mistuning for maximum
AM = 2 ei2w(qu>ilN¢:)<0)HAM(j)QS;(O) . (30) response is significantly larger than what is typically observed or
i=o0 considered in gas turbine bladed disks, for instance [RgfHow-
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17 It was observed in numerical forced response simulations that

—o— Theory the damping in the tgned modes and thg optimized.mo.de are pre-
; dicted to be approximately the same in the application of the
—# Experiment theory described here and in REE3]. From the results presented
5/ —a- FE Model here, this was not the case in the experiment. The measured damp-

ing in the three nodal diameter modes W4$,.s~ 0.00063, and
the damping in the optimum mistuned mode wWgg= 0.00080. It
was found that the measured damping depended on the amplitude

0
E\ /3\ of the response, and in turn, on the amplitude of the excitation.
J 0 ] This result is not surprising given the clamped boundary condition
/ \ at the disk inner diameter. This boundary condition introduces
friction damping that depends on how strongly the disk vibrates.
-7 T

Amplitude

The damping values given in Table 1 were obtained using consis-

05 j) tent excitation amplitudes. Therefore the relative damping values
: in the tuned system were essentially unaffected by the amplitude
0 dependence, and the optimization and predicted amplitude magni-

fication were considered accurate for this bladed disk. In the op-
timized mode, the strong response in blade 1 led to an increase in
the damping for that mode. The damping will be discussed in

more detail later with regard to the traveling wave forced response

ever, the large mistuning results from designing the experimengafPeriment.
bladed disk to be insensitive to mode distortion so that the tuned
response could be obtained. It should be noted that the intentional Traveling Wave Forced Response Experiment
mistuning strategy derived here places no restrictions on the size
of the mistuning. Furthermore, the theory on maximum response4.1 Description of Experiment. An experiment was con-
is derived in terms of mode shape and does not depend directlydiscted to measure the response of the bladed disk to an engine
the size of the mistuning. As a result, the predicted maximuarder traveling wave excitation. The traveling wave excitation was
response may often be achieved in bladed disks with differegi¢signed to simulate an excitation that may be experienced by a
tuned system characteristics using smaller mistuning, see, for &}aded disk in an engine. The test setup for the forced response
ample, Ref[13]. test is shown in Fig. 7. The setup consists of the bladed disk
The optimized mode was measured using the experimentapunted on a stand, with an electromagnet positioned behind each
setup previously described. The measured mode shape in the pde. The stand and the electromagnets were fixed at one end of
timum mode of interest is shown compared to the theoreticaly vibration isolation table. A single-point laser vibrometer was
optimum mode in Fig. 6. The optimum mode shape calculatédounted on a two-dimensional traverse at the other end of the
using the finite element model of the bladed disk is also showiable, with the beam focused at the plane of the bladed disk sur-
The modes are normalized to have unit length. As seen in tface. The electromagnets and the vibrometer were computer con-
figure, the mode obtained experimentally agrees well with tHeolled using commercially available test control and data acqui-
theoretically predicted mode shape for maximum response. Blagldon software. The traveling-wave excitation system is described
1 (6=0) can be seen to demonstrate the largest response. Baseéhomore detail in Ref[22]. Transfer functions were measured for
these results, the mistuning for maximum response was succegash blade over a frequency range of 100-200 Hz with a fre-
fully calculated for the bladed disk, and the mode for maximurguency increment of 0.0244 Hz. Blade tip velocities were deter-
response was obtained. mined for the transfer functions rather than tip displacements.
Although the frequencies of the mistuned modes were split Ihowever, the displacements are obtained by integrating the ve-
the bladed disk, the frequencies of the optimum mode and lgcities in time. This results in division by the frequency of the
complement were too close to yield meaningful results in a forcggisponse. Since the amplitude magnification, or the ratio of the
response test with a traveling wave excitation. Therefore addiaximum response to the tuned response, was to be determined
tional masses weighing 0.32 g were added in a six-harmonic patd the system was designed to respond at approximately the
tern to split these frequencies by approximately 1 Hz. The natugdme frequency in the tuned or optimized configuration, this cal-
frequency of the optimum mode after splitting was 113.0 Hz. The
damping measured in the optimum mode wWgs=0.00080. The
optimized mode shape did not change appreciably from the!. e ——— .
shown in Fig. 6 when frequency splitting was added to the syster Bjaded Disk in Fixture |

Fig. 6 Optimum mode shape for maximum response

3.4 Numerical Simulations and Damping. A lumped pa- i ‘
rameter modelFig. 1) of the experimental bladed disk was de- ‘ "
veloped to perform forced response simulations. The equivale
lumped mass and stiffness parameters for the individual blad
were obtained by treating the blades as cantilevered beams &
integrating the kinetic and elastic strain energies over the length
the blade as described in the previous section and in [Réf.
The coupling stiffnessk. in Fig. 1, was obtained by fitting the
natural frequencies of the lumped parameter system to the me
sured frequencies in Fig. 4. Forced response simulations we
performed using the lumped parameter model to verify the pre -
dicted amplitude magnification and optimization described in th
previous section. The modal damping values measured in th
tuned bladed disk were used in the forced response simulatio
The predicted amplitude magnification was obtained in the n
merical forced response simulations. Similar results were obtained
using the finite element model for forced response simulations. Fig. 7 Test setup for traveling wave forced response test
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Fig. 8 Forced response of optimized bladed disk with maxi- Fig. 9 Forced response of nominally tuned bladed disk

mum response

. As can be observed in the figure, there was some mistuning
erent in the system. An initial approximation of the tuned re-
sponse was calculated by taking the average of the resonant am-
EE!ti;udes of the individual blade responses. In this manner, the

culation was omitted. The estimated uncertainty in the amplitu
magpnification factor for each blade in this experiment wat%
[23].

It was pointed out previously that the damping in the blad
disk was nonlinear and amplitude dependent. This does not satia
the damping assumption presented here and in [R&]. How-
ever, the predicted maximum response from the theory can still
demonstrated if the damping in the system is equivalent to t
damping that would occur if the theoretical assumption were sa
isfied. As pointed out in the previous section, this condition iB
satisfied if the damping ratios in the tuned and optimized syster)
are approximately equal. With amplitude dependent damping, trﬂ.ﬁ

can be :_:tccomplished in _the traveling wave experimer_n by adjua’ameter modes. Therefore the analytical result of MacBain and
ing the input force amplitudes for the tuned and optimized sy

i ; hi th d ina in both. The diff . haley [11] was used to obtain a better estimate of the tuned
ems 1o achieve the same damping In both. 1he diiierence in onse based on the measured response. To compare the analyti-
forces used to test the tuned and optimized systems is accourg%f

ned response was estimated at 16.55 mm/s/V at a frequency of
proximately 114.1 Hz. Based on these results, the amplitude
agnification was 2.04, approximately 6% higher than the theo-
ical magnification of 1.918. However, a refinement in the tuned
Gta analysis leads to improved agreement.
“As in any bladed disk, small mistuning was present in the
laded disk described here. Since the bladed disk was designed to
relatively insensitive to mode distortion, the primary effect of
s small mistuning was to split the frequencies of the three nodal

. . . : model to the experimental data, analytical transfer functions
for since transfer functions are measured. Thus an increase in

litude of the t fer function indicat X n t e calculated based on REf1] and compared to the measured
ampiitude of the transier function indicateés an increase in I?Pdnsfer functions. The analytical model predicted that there would
forced vibration response amplitude due to mistuning. be

- . i f di hich th f i three distinct transfer functions that repeat cyclically in the
bl dxpdertljr_nin S were per c()jrrfne thm tW lCd § retgpc_)ns((je 0 trbqades. The experimental transfer functions occurred in three dis-
aded disk was measured for the tuned and opumized SyStefist pnands of similar transfer functions that repeat in a cyclic
W'th various forcing amplltud(_es. The _damplng for the tuned a shion, Fig. 9. For each of these bands, an average transfer func-
Op;[.'m'ZIEdf systtt;ms was obéalned usmg ? hﬁlf-pov¥er bda?r?vrl n was computed pointwise as a function of frequency. The three
estimate from the measured response data. it was found thatl Wilth ey functions that were obtained in this manner were com-

an excitation amplitude of 1 Vpp, the damping in the tuned syste

- ; red to the three transfer functions from the analytical model.
was{=0.0012. It should be noted that the frequencies of the tun The analysis in Ref[11] depends on several key parameters.

citation amplitude of 250 mVpp, the damping in the op'[imizej-he damping in the system and the amount of frequency separa-

system was also found to l§e=0.0012. Therefore these excitation
levels (1 Vpp for the tuned system and 250 mVpp for the opti-
mized systemwere used to evaluate the theoretical prediction of 1.5
maximum amplitude magnification.

* Experimental Data
— MacBain & Whaley

4.2 Maximum Amplitude Magnification. With the excita-
tion levels selected, the amplitude magnification in the optimizetz 1
bladed disk was determined. For the optimized system, the re€&
sponse of the bladed disk to a third engine order traveling wav &
excitation with an amplitude of 250 mVpp was measured. The
transfer functions for all 18 blades are shown in Fig. 8. As ex-g
pected(see Fig. 6, the maximum response occurred in blade 12
(6=0). The other blades exhibited a relatively small amplitude in"&
the mode with maximum response, indicating that the responsg
was localized at blade 1. It should be noted that the resonant pea
in the transfer functions were well-separated, so that interactio 0 T ' !
between different modes was limited. The maximum response ¢ 0.99 0.995 1 1.005 1.01
this excitation was 33.73 mm/s/V at a frequency of 112.8 Hz. 4

To obtain the tuned system response, the tuned masses were
attached to the blade tips, and the forced response of the systg 10 Fit of experimental transfer functions to frequency

with an excitation amplitude of 1 Vpp was tested, as shown in Figplitting model of MacBain and Whaley — [11]

cation

0.5 1
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Fig. 12 Variation of blade 1 response due to small random

tion in the sine and cosine mode pair appear explicitly in t istuning

formulation. In addition, it is well-known that a six nodal diameter
harmonic mistuning pattern will split the natural frequencies of
the three nodal diameter mode pair, but to determine how particu- . - . .

lar blades will respond, the orientation of the mistuning pattern ¢h continuous function whose domain is Birdimensional space
the disk must be determined. Finally, the response amplitudessi'?i""r.'ned by th? elemgnts .Of the modal content ve{qfq;}. The
Ref.[11] are normalized by the tuned system response. TherefdRgximum of this function is found by setting the gradient of the
the tuned system response must be determined as a normalizati tion to Zero and solving for th%m_} tha_t satisfies this condi-
factor. Determination of this last parameter, the tuned system fN- The mapping of B} onto the mistuning space spanned by

sponse, provides the desired improved estimate of the turl@§ €lements oAM, {om;}, is a bijection except for an arbitrary
response. rotation around the disk due to the periodicity of the system. As a

The analytical frequency splitting model was fit to the experponseqluence, the maximl_Jtrr? in the ftotgﬁd r_le_ﬁpons%_witth r]??r[])ect to
mental data by determining appropriate values of these paraﬁﬂ' IMPIIES & maximurm with respect iom; . the gradient of the
Qiged response function in tiedimensionaf sm;} space is zero

eters. The damping measured in the experiment was used, and I o ins il h inimal h
remaining parameters were systematically adjusted to obtairfad Small variations inom; will have minimal impact on the
grced response amplitude.

best fit of the analytical transfer functions to the transfer functio . o
obtained in the experiment. The frequencies from the experimentT0 observe the robustness of maximum response quantitatively

. h > in the experimental bladed disk would require a large number of
were normalizedy, according to the convention in Ré¢t.1], and eS&S in which a small random mistuning distribution is added to

. . e
the response amplitudes were normalized by an assumed tufbe masses on the blade tips. Such an experiment would be diffi-

response value of 17.58 mm/s/V. The frequency splitting and m'cfjlt and time consuming. However, the robustness of the opti-

tuning orientation were adjusted in the analytical model. The eX-. . - : i
perimental transfer functions were compared to the analyticglIZeci disk can be observed qualitatively using only a small num

transfer functions, Fig. 10. Reasonable agreement can be sggpOf 1€Sts with random mistuning. Here, the robustness of the
between the measured and analytical transfer functions. sy&em is illustrated by examining to what degree the responses of

As a second check, the distribution of the response around fﬂg/&\"dual. _bl_ades ((:jhanfg(; ngeg rgndC!olin mlstunlfng IS S%deddd'
disk was examined. Here, the maximum response of each indi sensitivity study of the bladed disk was performed by adding

vidual blade over the frequency range considered was determi d i':]{:rqggrzglﬁn'?;lfsr‘;ggég tbh|g dneo dm(ljri]:lllﬁil:r? eﬂ;}lﬂgﬁgldr'zls( e:)nndsteo
and compared to the distribution predicted using IREE]. Again, y P :

the experimental data were normalized by the assumed tuned-pé'-ree random mistuning patterns were _compute_d using a random
number generator. The random mistuning consisted of normally

E‘;i%glsiec;fulljésnsd Thrz/st‘a/)\(/b;?r? gﬁf;ltr éigl'tviﬂ ol\r/]v ggbjlég;zgrzgiistributed sets of mass variations with a standard deviation of

0 : ”
Therefore the assumed tuned response amplitude can be use Fs u/;)]igf tf\l/\t/aagoimlnlzlmn;ﬁg dOfO?] t?hneeilzl(‘jagde. d-li-gke derlrt]lg\?iil rr;ﬁzs
estimate the amplitude magnification. Using the improved estl 9 p y 9

mate of the tuned system response of 17.58 mm/s/V, the amplit{ggsses %Ireadﬁ/ on tr?e bladelét_ips a distance ﬁllong the Elad%(lfngth
e ! - ’ -that would result in the same kinetic energy change as the addition
magnification in the system is 1.92, which agrees very well W'th removal of the mass specified in the mistuning pattern. The

the theoretically predicted amplitude magnification of 1.918. d . ; d for th imized
should be noted that the extraordinary agreement between f?@e rzn hom mls_tur?llng pat(tjerns were uhsef ortde optimize fsf'
theory and the experimental results is fortuitous given that t &h an the nominally tuned system. The forced response of the

uncertainty in the experiment is4%. However, it is clear that the system was measured, and the maximum response of each blade

: s : . —.over the frequency range was determined.
theory predicts the measured response within the practical limit2Z i . . . .
tion of experimental uncertainty. To facilitate discussion, the response of blade 1 is considered.

The results of the sensitivity study for blade 1 are shown in Fig.
. 12. For each of the three random mistuning patterns, the response
5 Robustness of Maximum Response amplitude of blade 1 is normalized by the appropriate “baseline”
As pointed out in Ref[13], the maximum forced response de+tesult, or the amplitude of blade 1 with the bladed disk in either
rived in Sec. 2 is robust with respect to small random variations the optimized or tuned configuration with no random mistuning.
the system properties. In other words, if a system is intentionallhus the data shown in the figure indicate the amount by which
mistuned for maximum response, additional small random mistutine response amplitude of blade 1 changes as a result of small,
ing will not significantly change the maximum forced responseandom mistuning.
amplitude. The robustness of the system response is a direct cor-or the optimized system, the response amplitude of blade 1
sequence of the process used to obtain the maximum respom$@nges little when small random mistuning is added. The maxi-
The amplitude magpnification factor, E(.5), can be thought of as mum change from the baseline value is approximately 7%. In
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blad_ed disk varies significantly Wlth small ran_dom mistuning. The[l] Whitehead, D. S., 1966, “Effect of Mistuning on the Vibration of Turboma-
maximum change from the baseline value is 36%. It should be ~ chine Blades Induced by Wakes,” J. Mech. Eng. Sgjipp. 15-21.

noted that this significant variation occurs despite the fact that the2] whitehead, D. S., 1976, “Research Note: Effect of Mistuning on Forced Vi-
bladed disk was designed to be relatively insensitive to mode bration of Blades With Mechanical Coupling,” J. Mech. Eng. S@i8, pp.
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Experimental and Numerical
Investigation of Impingement on a
Rib-Roughened Leading-Edge
Walli

Effective cooling of the airfoil leading edge is imperative in gas turbine designs. Among

M. E. Taslim several methods of cooling the leading edge, impingement cooling has been utilized in
many modern designs. In this method, the cooling air enters the leading edge cavity from

K. Bakhtari the adjacent cavity through a series of crossover holes on the partition wall between the
two cavities. The crossover jets impinge on a smooth leading-edge wall and exit through
H. Liu the film holes, and, in some cases, form a cross flow in the leading-edge cavity and move

toward the end of the cavity. It was the main objective of this investigation to measure the
heat transfer coefficient on a smooth as well as rib-roughened leading-edge wall. Experi-
mental data for impingement on a leading-edge surface roughened with different conical
bumps and radial ribs have been reported by the same authors previously. This investi-
gation, however, deals with impingement on different horseshoe ribs and makes a com-
parison between the experimental and numerical results. Three geometries representing
the leading-edge cooling cavity of a modern gas turbine airfoil with crossover jets im-
pinging on (1) a smooth wall, (2) a wall roughened with horseshoe ribs, and (3) a wall
roughened with notched-horseshoe ribs were investigated. The tests were run for a range
of flow arrangements and jet Reynolds numbers. The major conclusions of this study
were: (&) Impingement on the smooth target surface produced the highest overall heat
transfer coefficients followed by the notched-horseshoe and horseshoe geometries. (b)
There is, however, a heat transfer enhancement benefit in roughening the target surface.
Among the three target surface geometries, the notched-horseshoe ribs produced the
highest heat removal from the target surface, which was attributed entirely to the area
increase of the target surface. (c¢) CFD could be considered as a viable tool for the
prediction of impingement heat transfer coefficients on an airfoil leading-edge wall.

[DOI: 10.1115/1.1624848
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Engineering Department,
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Introduction tigators such as Burggrgfi], Chandra and Haf2], El-Husayni
. et al.[3], Han[4], Han et al[5—7], Metzger et al[8-10], Taslim
Various mgthqu have been developed.qver the years o k%ed Spring[11,12, Taslim et al.[13—-15, Webb et al[16], and
the turbine airfoils temperatures below critical levels conswteg ang et al[17]

with the required life for each component. Parallel with advances . foil leadi d f bei d high
in airfoil material properties, advances in airfoil cooling schem Airfoll lea Ing-edge suriace, being expose to very nigh gas
' mperatures, is often a life-limiting region and requires more

Eggﬁnals doesbieﬁnisret??éﬁg Sé '?ngx?::u?nbjﬁgg\t/eré:qé%g'?fori'r{ﬁéomplex cooling schemes especially in modern gas turbines with
9 9 Slevated turbine inlet temperatures. A combination of convective

within the airfoil and convectively remove heat from the airfoil.; .~ : . e
The coolant is then ejected either at the tip of the airfoll, througrdlﬂesIgn life. This study focuses on the leading-edge jet impinge

. o nt, the coolant enters the leading-edge cooling cavity as jets
transfer, the cooling channel walls are often roughened with nfﬁ} g-eqo 9 vy J

X : m the adjacent cavity through a series of crossover holes on the
Expensive research has been conducted on various aspects o

- o : fition wall between the two cavities. The crossover jets im-
rib-roughened channels and it is concluded that geometric Pardilige on the leading-edge wall and exit through the leading-edge
eters such as passage aspect réfiR), rib height to passage

o ; ) film holes on the pressure and suction sides, or form a cross flow
hydraulic diameter or blockage rati@/@y), rib angle of attack i, the |eading-edge cavity and move toward the airfoil tip. A sur-
(@), the manner in which the ribs are positioned relative t0 0ngy of many existing gas turbine airfoil geometries shows that, for
anotherin-line, staggered, crisscross, gfeib pitch-to-height ra- anavtical as well as experimental analyses, such cavities can be
tio (S/e) and rib shaperound versus sharp corners, fillets, ribgimpified by simulating the shape as a four-sided polygon with
aspect ratio (AR,), and skewness towards the flow direcliongne curved side that simulates the leading-edge curvature, a rect-

have. pronouncec_i effects on both .Iocal and overall heat tr‘ansg@@e with one curved sid@ften the smaller sideor a trapezoid,
coefficients. The interested reader is referred to the work of inVe$ smaller base of which is replaced with a curved wall. The

available data in open literature is mostly for the jet impingement

Contributed by the International Gas Turbine Institute and presented at the Intgr- ;
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jsﬁh flat surfaces that are smooth or rib roughened and a few cases

16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 2005’.? impingement on concave but smooth surfaces. These studies
Paper No. 2003-GT-38118. Review Chair: H. R. Simmons. include the work of Chupp et dl18], Metzger et al[19], Kercher
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Fig. 1 Schematic of the test apparatus

and Tabakoff20], Florschetz et al.21-23, Metzger and Bunker were taken, consisted of three removable cast bronze pieces,
[24], Bunker and Metzgef25], Van Treuren et al[26], Chang which were heated by foil heaters attached on the back of the
et al. [27], Huang et al[28], Akella and Han[29], and Ekkad pieces. By proper adjustment of the ohmic power to the foil heater
et al.[30]. Taslim et al[31-34 reported on impingement cooling the desirable surface temperature was obtained. All test sections
of a smooth as well as roughened airfoil leading edge. They exere 85.5 cm long. The circular wall simulating the leading-edge
amined sandpaper roughness and different conical bump and@se had an inner radius of 1.1 cm and an arc angle of 137 deg,
dial rib geometries in a test section with a circular nose, tWaas made up of fiberglass with a 9.9-cm-long recess in the middle
tapered sidewalls, and a flat fourth wall on which the crossovgy house the three bronze pieces. This circular recess along the
jets were positioned. Circular and racetrack-shaped crossover j@ifier radius with a depth of 3.2 mm allowed the bronze pieces to
at 0 and 45- deg angles with the channel's radial axis were CORk fitted into the fiberglass shell. A flange on each side of the
pared. Results were also compared for leading-edge geometfiggjing-edge piece facilitated the connections of the sidewalls.
with and without showerhead film holes. This paper, howevefne two identical side channels with a cross-sectional area of
deals with impingement on an airfoil leading edge that is roug_l@B_SG cn? (5.1x7.62 cm and same length as the leading-edge

ened with horseshoe ribs that are commonly used on the leadifgs ¢ \yere also made of fiberglass. The side channel's main func-
edge surface in the traditional channel flow cooling of the leadin on was to maintain the dump pressure to consequently control

edge cavity. A numerical study was also conducted and t e amount of flow through the “gill” holes on the airfoil suction

(r:lg:?eesrg:;rllJiensgu![tess][‘orré;ipl)trsesentatlve cases are compared with % pressure sides. Eight angled cylindrical holes with a diameter

’ of 4.88 mm and a center-to-center distance of 3.25 cm were

. drilled on each side channel wall at an angle of 30 deg with the
Test Sections sidewall to simulate gill holes on the suction and pressure sides of

Figures 1 and 2 show schematically the layout, cross-sectiol airfoil. These holes were staggered along the length of the test

area, and the target surface geometries for the three test sectiggrgion with respect to the crossover jet holes on the jet plate.
investigated in this project. A conventional technique of heated Two removable 1-mm-thick jet plates corresponding to a
walls in conjunction with thermocouples was used to measure théd;= 3.2 were made of aluminum to produce the impinging jets
heat transfer coefficient. The test wall, where all measuremeffits the symmetric and asymmetric impingement te$tg. 2d).
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Fig. 3 Mesh arrangement on target and outer walls

vy /i temperature was adjusted to a desirable level by varying the
1.7/ Ohmic power to these heaters. Six thermocouples embedded in
EE the middle bronze piece and three thermocouples embedded in
o= d) Jet Piate h
" Geometry each guard bronze piece measured the wall temperatures. The av-

erage of the six thermocouple readings in the middle bronze piece
which, if different only differed by a fraction of a degree, was
used as the surface temperature in the data reduction software for
the average heat transfer coefficient. The selected nominal surface
Fig. 2 Target surface and crossover hole geometries temperature was 45°C. With a jet temperature of about 20°C, a
reasonable 25°C temperature difference between the wall surface
and air was attained. Two thermocouples embedded in the wall

Seven cylindrical holes with a diameter of 0.71 cm were drilled &€hind the guard heaters were used to measure the side wall tem-
a distance of 3.27 cm from each otheenter to centgron each perature adjacent to the n_uddle bronze piece. By proper adjust-
jet plate. The only difference between the two jet plates was tﬁ%ent.of the power to the side heaters, theowall temperature under
manner by which the crossover holes were drilled. For the syl Side heaters was set to be around 45°C. The conduction heat
metric impingement, the crossover holes were arranged such 98 from the test piece to the fiberglass wall was calculated to be
the jets impinged on the horseshoe or notched-horseshoe figgligible (less than 0.02% of the total heat fluac power was
while for the asymmetric impingement tests, jets impinged in b&!Pplied to individual heaters through an existing power panel
tween the horseshoe or notched-horseshoe ribs. For the smd¥iiy individual Variacs for each heater. Typical amperage and
wall, of course, the symmetric and asymmetric cases were iderfi/tage Ievels_ for eat_:h heater_varled from 0.23 to O.4_A and 20 to
cal. Therefore, for all smooth wall tests, jets impinged on th> Vi respectively. Air properties were evaluated at jet tempera-
middle of the bronze pieces. The jet plate was attached and sedid§: The supply channel was formed by the exterior walls of the
to the side channel walls to simulate the partition wall between t§if€ channels, the jet plate and a 1.27-cm-thick aluminum back
leading edge and its adjacent cavities. The cylindrical holes we?&te- The end caps with throttling valves controlled the flow and
centered along both the length and width of the jet plate. THEESSUre in each_che_lnnel thus simulating many variations that may
removable bronze pieces, installed in the fiberglass outer sh@fCUr in a real airfoil. Static pressure taps and thermocouples in
provided the ability to change the impingement surface georﬁ@Ch_ channel measured the pressure and temperature at different
etries in the test rig. Three different target geometries were marii¢@tions. The test sections were covered on all sides, by 5-cm-

factured and testetFig. 2): thick glasswool sheets to minimize heat losses to the environment.
(1) a smooth wall that served as a baseline The radiational heat loss from the heated wall to the unheated
(2) a roughened wall with horseshoe and st'raight ribs walls as well as losses to ambient air through the fiberglass nose-

(3) a roughened wall with notched-horseshoe and straight rigdece were taken into considt_aration when heat_transfer coefficients

For each geometry, a Unigraphics® model was created for§"e reduced. A contact micromanometer with an accuracy of
LOM (laminated object modgmachine. This LOM model was 0.025 mm of water as well as a series of oil ar_ld mercury manom-
used to mold and create three cast bronze test pieces for eacR!§fS measured the pressures and pressure differences between the
the three geometries. AX3.1-cm custom-made thin etched-foilStatic pressure taps mounted on both sides of the target wall for
heater with a thickness of about 0.2 mm was glued around tRach geometry. For_ all cases, a critical venturimeter was used to
outer curved surface of each bronze piece to provide the necesdgfsure the total air mass flow rate entering the supply channel.
heat flux. For each geometry, three identical bronze pieces, sepa- .
rated by a 1-mm-thick rubber insulator, were mounted next é%mputatlonal Models
each other. Heat transfer coefficients were measured on the middl&he computational models were constructed for a representa-
piece while the other two pieces acted as guard heaters to mitte repeated domain with two symmetric planes in each case.
mize the heat losses to the adjacent walls. In addition, tweigure 3 shows this representative domain for the horseshoe ge-
custom-made thin etched-foil heaters were also mounted on thaetry and details of the mesh distribution on the surface of the
test section side channel walls next to the middle bronze piedemain. The computational domain size for the other two geom-
free edges, again acting as guard heaters. The test section whaikes were the same. The CFD analysis was performed using
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Fluent/UNS solver by Fluent, Inc., a pressure-correction base Crossflow Case
multiblock, multigrid, unstructured/adaptive solver. Standard hic
Reynolds numbek-¢ turbulence model in conjunction with the 5b) Outflow

generalized wall function was used for turbulence closure. Tl
averagey™ for the first layer of cells was calculated to vary be:
tween 4.5 and 10 for all cases. Other available turbulence mod
in this commercial code, short of two-layer model which require ...g. ; = i 5
a change in mesh arrangement for each geometry and was bey . -

the scope of this investigation, were also tested and did not pi @i @  S5¢) A typical flow circuit for the crossover holes
duce results significantly different from thosesot model. Mesh  Jememin mass flow rate analysis (circular flow caes).
independence was achieved at about 400,000 cells for a typi Tube

model. Cells in all models were entirely hexagonal, a preferreu

choice for CFD analyses, and were varied in size bi-geometrically Fig. 5
from the boundaries to the center of the computational domain in

order to have finer mesh close to the boundaries. Figure 4 shows

the mesh distribution around the periphery of a typical model.

Inflow and outflow arrangements

. . air, after impinging on the leading-edge wall, ejected from the
Results and Discussion opposite side of the channel simulating exit flow through an airfoil
A total of 31 test setups each for seven jet Reynolds numbeig. In the latter two flow arrangements, all side channel holes
ranging from 10,000 to 50,000 were run in this investigation. Allvere plugged and valves were closed so that the only way out for
tests had several common features described as follows. There cooling air after impingement was through one end of the
were always seven impinging jets issuing from the jet plate. Theading-edge channel. The three jets upstream of the middle jet
middle jet(fourth) always impinged on the bronze test piece in théspent aif formed a cross flow that severely affected the impinge-
middle of the test section and the reported heat transfer results arent heat transfer coefficient. For a consistent comparison of heat
always for that middle bronze test piece. The third and fifth jetsansfer results for all these arrangements, the jet Reynolds num-
impinged on the side bronze pieces that acted as guard heatbes.for all cases was calculated based on the air mass flow rate
The remaining four jets impinged on the fiberglass leading-ed¢farough the fourth crossover hole. To determine the air mass flow
wall to simulate the flow field in a typical leading-edge cavityrate variation across the crossover holes, a one-dimensional flow
The jet Reynolds number is based on the air mass flow rat&cuit of each test setup consisting of appropriate orifices, tubes,
through the middle crossover hole. The nondimensional jet distomentum, and pressure chambers, shown in Rigwas built
tance to the target surfacg/d;,, remained fixed at 3.2 for all and analyzed. Appropriate discharge coefficients for the orifices
target surface geometries. were calculated from correlations for sharp-corner holes. The re-
Two inflow arrangements to the supply channel, as shown sults, shown in Fig. 6, revealed that the air mass flow rate through
Fig. 5a, where air either entered from one end or both ends wettge fourth crossover hole for the cases of flow entering the supply
tested. The outflow arrangement, shown in Fig. Was consisted channel from one end or both ends and exiting through the side
of four different cases. For the “nominal flow” case the air, afteholes (on both sides or on one sidavas very close to that of
impinging on the leading-edge wall, ejected equally through theverage mass flow through the seven holes, i.e., 14.28% each. The
side channel holes which simulate the gill holes on the pressuraximum difference was calculated to be 0.01%. It is also noted
and suction sides of an airfoil. For the “one-sided” case the aithat the mass flow rates through other crossover holes are very
after impinging on the leading-edge wall, ejected through the gitlose to the average percentage for these cases. For the circular
holes on one side only. For the “circular flow” case the air, afteand cross-flow arrangements, however, a 1% drop, compared to
impinging on the leading-edge wall, ejected from the same side the average mass flow percentage of 14.28, was calculated for the
the test section as it entered while for the “cross-flow” case thmass flow rate through the fourth crossover hole and the jet Rey-
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Fig. 7 Nusselt number variation with Reynolds number for the

Fig. 6 Percentage of air flow rate through each crossover hole smooth surface (baseline ) target geometry

for all flow arrangements

] ] enhance the convective heat transfer coefficients on the leading-
nolds number was corrected accordingly. Static pressure tapseifye surface when the coolant is traveling in the cooling channels
the middle and at each end of the supply channel did not measggially. Several investigators including the first author have re-
a significant differencéabout 1 cm of water column for a supplyported experimental data on a variety of leading-edge rib geom-
pressure ranging from 110 to 172 kPa, absoluExperimental etries, often a critical area in airfoil life expectancy. Impingement
uncertainties in heat transfer coefficient and jet Reynolds numbgp horseshoe ribs, however, is not reported by any investigator
following the method of Kline and McClintock35], were deter- yet, The target wall for this geometry was roughened with two
mined to be 6% and 1.5%, respectively. sets of ribs—a horseshoe rib that wrapped around the leading edge

Geometry 1. Impingement on a smooth leading-edge Wa”and two radial ribs in between the horseshoe ribs and on both

shown in Fig. 2, was tested in this baseline geometry. Heat transides of the airfoil stagnation line as shown in Fig. Zompared
fer results of this geometry are shown in Fig. 7. Several obsen} _the baseline geometry, the total wetted heat transfer area was

tions are made. Whether flow was entering the supply chanfafréased by about 40.5%. The two radial ribs were installed in
from one end or both ends, it had no significant effect on t tween _the_ horseshoe ribs becaus_e itwas speculated _that the jets,
impingement heat transfer coefficient because, as we showedfifE" ImPinging on the horseshoe ribs would interact with the ra-
Fig. 6, the air mass flow rate through the fourth crossover hole (g{’“ ribs on their exit way through the gill holes, thereby increase
which the heat transfer results are reported, was nearly identi overaltljlhiathtransfer.co_efflcflehnt._ . i h

for both inflow arrangements. Other target surface geometries be- © €Stablish the superiority of the impingement cooling over the
haved similarly, as we will discuss shortly. The maximum Ca|Cl£_onvectlve cooling, the heat transfer coefficient results for the two
lated difference of 1.9% was for the nominal outflow at the lowedW arraggen;gntss a_?ﬁ for the sar?le am(iunt %f k(]:ootllrtlg flofw are
Reynolds number. Similarly, whether the jets, after impinging ofmpared in Fig. o. d? ar r_nassl_ 0(‘;\’ ra(;,\] ar}u? eald ransae’il co-
the target surface, were exiting the leading-edge channel throdgfjc'ent Were not nondimensionalized to the Reynolds and Nus-
one row of side holes or both rows, it had no significant effect orf ¢ "Umbers to make the comparison more realistic. The impinge-
the impingement heat transfer coefficient. The maximum calc 1ent heat transfer coefficient is about 2.6 times that of channel
lated difference of 3.9% was again at the lowest Reynolds nunH:?W at the lowest cooling air mass flow rate and about 3.3 times
ber. The cross- and circular-flow arrangements, however p'%t_ the highest air mass flow rate. It should be noted that these
duced lower heat transfer coefficients. An explanation for thl'gt'o.S are for the average heat transfer coefficient on the entire
behavior is the presence of a cross fitspent aif, generated by eadlpgh-edfqti sur;acénn tf?_e_ sutrfact(_a of the cgs:hbro_nze_ piece .
the fifth, sixth, and seventh jets in the circular flow arrangemehf).c"’; e?d brans erhcﬁ'ehluet?] raﬂl]os arOle Tehllmplngem.en
and by the first, second, and third jets for the cross-flow arrande2" g(iﬁ 1 ‘;muﬁ. hlg etr an leset va uesd _|sb?on_1par_|son
ment. This cross flow reduces the strength of the fourth jet bef goved that where high heat removal rates are desirable, impinge-
it impinges on the target surface which in turn reduces the ifl€Nt iS a viable solution. Impingement tests for this geometry
pingement heat transfer coefficient. The maximum decrease ccc)!\ﬁf_ﬁre conducted for all inflow and outflow arrangements shown in
pared with the nominal outflow case was calculated to be ab dl' 5. The final resulltsl,l ho;tvem:r, are s?k(])vxt/n |ntF|g. f9 for one
13% which occurred at the lowest jet Reynolds number. This giff'ow case since, similar to the smooth target surtace case,

ference decreased with increasing jet Reynolds number to ab%l"tether ﬂ.OW _entered the supply channel fro_m one end or_bo_th
2.5% at the highest jet Reynolds number. ends, the impingement heat transfer results did not show a signifi-

cant change. Symmetric and asymmetric impingement cases,
Geometry 2. Horseshoe ribs are commonly used on théowever, produced different results. For asymmetric impingement
leading-edge surface of the airfoil cooling cavities in order twhere jets impinged on the leading-edge area in between the
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Fig. 8 Comparison between the heat transfer results of chan-
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Fig. 10 Nusselt number variation with Reynolds number for
the notched-horseshoe target surface geometry

the share of the middle bronze piece from the cooling air in the
asymmetric impingement case is two half jets that, with different
unt of cross flow, are less effective than one full jet in the

higher heat transfer coefficients compared with the symmetric igymmetric impingement case.

pingement cases. The reason for this increase of up to 13% at low ) ) )
Reynolds numbers is the interaction of coolant with both horse- Geometry 3. The target wall for this geometry was identical
shoe and radial ribs on its way to the side holes. The asymmeti@cthat of geometry 2 except that the horseshoe ribs had a 60 deg
impingements for the circular and cross-flow cases, however, pfgtch in the middle as shown in Figc.2Based on our experience
duced lower heat transfer coefficients compared with the symmufith notched ribs in rib-roughened axial-flow channels, it was
ric impingements. With the aid of Fig. 6 it can be reasoned thgkpected that vortices shed off the notch in the cross- and circular-
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geometry

NN F0000

flow cases could improve the overall impingement heat transfer
coefficients. Compared with the baseline geometry, the total wet-
ted heat transfer area on the middle bronze piece was increased by
about 40%. This geometry was also tested for all inflow and out-
flow arrangements the results of which are shown in Fig. 10. The
asymmetric impingement produced higher heat transfer coeffi-
cients than those in the symmetric impingement for the nominal,
one-sided, and cross-flow cases while it did not show a significant
difference for the circular-flow case. When comparisons are made
between the three-target surface geometries in Fig. 11, we see that
in general when crossover jets impinge on the unroughened part
of the target surface, they produce higher local heat transfer coef-
ficients around the impingement area and the role of roughnesses
is mostly to act as expended areas to increase the total heat
pickup. That is why we notice higher heat transfer coefficients in
most asymmetric cases.

Comparisons. Figures 11 and 12 compare the results of the
three target surface geometries for symmetric impingement. Sev-
eral observations are made. First, for all three target surface ge-
ometries, whether the cooling flow entered the supply channel
from one end or both ends, the overall heat transfer coefficient did
not change as shown in Fig. 12 for selected representative cases. A
physical explanation based on Fig. 6 was given when the results
of geometry 1 were discussed above. The same discussion holds
for the other two target surface geometries. Second, smooth target
surface geometry produced higher impingement heat transfer co-
efficients than roughened target surface with horseshoe or
notched-horseshoe ribs, and notched-horseshoe ribs performed
better than horseshoe ribs. Our CFD results showed the same
behavior. The presence of horseshoe roughness directly under the
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Fig. 11 Comparison between the heat transfer results of all jﬂ‘

target surface geometries

Fig. 13 Comparison between the area-augmented heat trans-

o . fer results of all target surface geometries
impinging jet for the symmetric case seems to have reduced the

effectiveness of the impingement for two reasons. One is that
when the same jet was impinged on the smooth surface in
tween the horseshoe ribs, higher heat transfer coeff

li’s showed the same results, i.e., the target surface roughnesses
. . . hen they are smaller in size and more in numbers, at best, im-
returning flow and creates recirculating zones that further redu fove the impingement heat transfer coefficient by a few percent
the overall heat transfer coefficients. Our previous work in thig maximum reduction of 27% in heat transfer coefficient between.
the nominal cases of smooth and horseshoe geometries at the low-
est Reynolds number was measured. However, what makes these

200 - n roughnesses desirable is the area increase they introduce on the
Symmetric Impingement target surface which results in higher heat removal from the
Nominal Outflow ® leading-edge surface which is often a critical area in turbine airfolil

W cooling design. Figure 13 includes the contribution of the in-
M‘ o A creased area in the overall heat transfer from the target surface
v @ & [NUe At/ Apasd ] in the data reported in Fig. 11. The lower clus-
Nﬂ:_ . = ter of data represent the smooth geometry while the notched-
Jet & horseshoe cases represent the highest area-augmented heat trans-
» Il fer. A maximum increase of about 32% in heat removal for the
1o - ‘r\\ ~ ) .E . notched-horseshoe geometry, compared to the smooth target sur-
5 \‘x % | face, was measured at the lowest Reynolds number which is en-
[ & W tirely attributed to the increase in heat transfer area.

&0 ﬁ'*—-w/ Static pressure ratios across the jet plate for all geometries and

representative flow arrangements are shown in Fig. 14. At the

g ﬁ lower Reynolds number range, different geometries and flow ar-

Gieom  Inflow Arrangement rangements have almost the same pressure ratios across the cross-

(] L Smocth One End over holes. At higher Reynolds numbers, however, a difference in

¥ Samoalh Both Ends pressure ratios across the crossover holes for different geometries
S0 A& L Harsarfioe € st is observed. Higher pressure ratios which did not go beyond

;g:r*;i:”:!wﬁmﬂﬂg:fx 1.011, in general, correspond to the nominal cases in which there
- PR ] is a flow split after impingement. The small difference between

the pressure ratios were mainly due to different inflow and out-

1000 2 0000, 2000 S fiow arrangements and not to target surface geometry.
Re, CFD Results. Representative CFD results are compared with
Jet the experimental data in Fig. 15. CFD models with constant heat
flux boundary conditions identical to the tested geometry for each
Fig. 12 Comparison between the heat transfer results of all case were run on PC Pentium 4, 1.6-GHz machines with 512 MB
target surface geometries for the two inflow arrangements memory. A typical case took about 1000 iterations and about four
688 / Vol. 125, OCTOBER 2003 Transactions of the ASME
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Fig. 14 Comparison between the pressure ratios across the
crossover holes for all target surface geometries

i

Fig. 16 Representative velocity vectors near the symmetry
plane

tween the test and CFD results for the notched-horseshoe geom-
etry is very encouraging. It is worth noticing that the numerical
results also confirm that the smooth target surface produced higher
impingement heat transfer coefficients followed by the notched-

to five hours to converge. Very good agreements between the mearseshoe and horseshoe geometries. Representative heat transfer
sured and numerically calculated impingement heat transfer coepefficient and target surface temperature variations are shown in
ficients are observed. A small difference of 4%, at the most, f@liigs. 17 and 18. As physically expected, the area directly under
the smooth target wall makes these CFD packages viable toolgtie jet shows the highest heat transfer coefficient and lowest sur-
predicting the impingement heat transfer coefficient. For thace temperature with the opposite behavior for the areas that are
roughened target surface cases, the difference is higher due toribedirectly affected by the jet.

presence of recirculating zones in the flow domain, as seen in Fig.

16 and generally more complex flow patterns around the horseynclusions

shoe and straight ribs. A maximum difference of about 9% be-

4
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Fig. 15 Comparison between the experimental and numerical
heat transfer results for all target surface geometries
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Three leading-edge surface geometries, consisting of a baseline
smooth surface and two surfaces roughened with a combination of
horseshoe and straight radial ribs, were tested for impingement
cooling. The smooth target surface produced the highest impinge-
ment heat transfer coefficients followed by the notched-horseshoe
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Fig. 17 Representative heat transfer coefficient variation on
the heated surface
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K v = voltage drop across the foil heater on the middle
363 bronze piece
a = rib angle of attack

p = air dynamic viscosity at jet temperature
453 p = air density at jet temperature and pressure
48
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A probabilistic methodology to quantify the impact of geometric variability on compressor
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Department of Aeronautics and Astronautics, using a Monte Carlo simulation. Finally, a mean-line multistage compressor model, with
Massachusetts Institute of Technology, probabilistic loss and turning models from the blade-passage analysis, is developed to

77 Massachusetts Avenue, quantify the impact of the blade variability on overall compressor efficiency and pressure

Cambridge, MA 02139 ratio. The methodology is applied to a flank-milled integrally bladed rotor. Results dem-

onstrate that overall compressor efficiency can be reduced by approximately 1% due to
blade-passage effects arising from representative manufacturing variability.
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1 Motivation stage mean-line compressor model is used to estimate the impact

Turbomachinery airfoils must perform reliably and efficientIy()f‘,;]l(lzr(f;)II geometric variability on overall compressor perfor-

in severe environments for prolonged periods of time. The optimal

shapes of compressor and turbine airfoils have been the subject of

a large body of research literature. Advances in numerical meth- Geometric Characterization of Compressor Blade
ods that allow prescribed velocity distributions for controlled difyzrigpjlity

fusion and supercritical transonic operation have resulted in

highly optimized airfoils and ever more efficient compression sys- | i Section presents results from an application of principal-
[Amponent analysi$PCA) to characterizing sets of compressor

tems. Despite recent noteworthy ao!vgnces in ma.n'ufacturi.ng teglade surface measurements. As discussed below, high fidelity
niques(e.g,, electro-chemical machining, flank milling, edin- odels of geometric variability for use in probabilistic simula-

ished airfoils always exhibit some deviation from their intende - I
shape and size. The effect of such variations on compressor igns can be readily constructed from the PCA results. Statistically
: ased models of variability are clearly superior alternatives to

Iﬁgﬂgl]ce is poorly understood but generally thought to be det euristic models based on manufacturing tolerances or anecdotal

Probabilistic techniques applied to structural design and anal vidence alone, as they represent the “actual” variability found in

. . . easurements.
sis have been used in the aerospace industry for more than two

decadeg$1]. In contrast, few similar endeavors have been under-2.1 Background. The nominal airfoil geometry is taken to
taken inaerothermalanalysis and design of turbomachinery combe defined by coordinate pointx?e R™ j=1,... pwheremis
ponents. Turbomachinery probabilistic aerothermal analysis is egpically 2 or 3. We consider a set afcoordinate measurements
pecially challenging because of the highly nonlinear mathematiqaai’j eRMi=1,...nmj=1,...p} taken, for instance, with a
models involved. A marked increase in computational requirgoordinate-measuring machine. The measurements may corre-
ments occurs in direct proportion to the physical complexity of thepond to single radial locationsn=2) or entire spanwise seg-
turbomachinery physics. Until recently, probabilistic treatments ofients (n=3). Index] uniquely identifies specific nominal points
turbomachinery aerothermal analysis and design have beserd their measured counterparts. Similarly ind@entifies a dis-
deemed prohibitively expensive. The advent of relatively inexpetinct set of measured points. The discrepancies in the coordinate
sive parallel hardware has considerably increased the feasibilityrofasurements can then be expressed as
such probabilistic studies. ’ g 0o i_ L

In this work we present a methodology for estimating the im- X=X, 1= =1
pact of geometric variability on the aerodynamic performance &ubtracting from these error vectors their ensemble average,
individual blade passages and, by a modeling extension, on the n
aerothermal performance of high-pressure axial compression sys- Y=EE v i1
tems. The methodology is applied to an integrally bladed rotor Fongsg W =5 p

from a multistage axial compressor. . . . _ N
The paper is divided into three sections. The first section diglveS @ centered set afrdimensional vectors,y={x; ;=%;

cusses the development of a probabilistic model for the geometficili =1 - - - Mi=1,... p}. V¥r|t|ng thTe m-dimensional mea-
variability present in a set of compressor blade measuremeriidrements in vector forn; =[x, , ... x,,;1", thescatter matrix
The second section illustrates the use of conventional compu®d-Setx is given by

tional fluid dynamicgCFD) analysis in combination with classi- S=XTX.

cal probabilistic simulation techniques to assess the impact of o ) o
geometric variability on the aerodynamic performance of indithe scatter matrix is related to the covariance ma@iwia C

vidual blade passages. In the third section, a probabilistic muli=(n—1) 's.
It can be showr(see, for instance, Reff2] and[3]) that the
Contributed by the International Gas Turbine Institute and presented at the Intgirections along which the scatter is maximized correspond to
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Junentrivial solutions of the eigenvalue problem,
16-19, 2003. Manuscript received by the IGTI December 2002; final revision March
2003. Paper No. 2003-GT-38130. Review Chair: H. R. Simmons. Sv=2A\v. Q)
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= Nominal
Or == Nom.+ Mean |
Ax ~ = Mode 1
SinceS is symmetric positive definite, it has in genenap ortho- O ,/ : .
normal eigenvectors; e R™P, i=1,... mp with corresponding ; ; ; i ;
real, non-negative eigenvaluas, i=1,... mp. By construc- 0 5 10 15 20
tion, the variance of the geometric data corresponding to eigen- x 10~

vectory; is\;/(n—1). The eigenvector corresponding to the larg-
est eigenvalue gives the direction along which the scatter of the
data is maximized. The eigenvector corresponding to the next
largest eigenvalue maximizes the scatter along a direciiomal
to the previous eigenvectors. It is in this sense that the eigenvec
tors of S are said to provide aoptimal statistical basis for the
decomposition of the scatter of the data.

The PCA synthesis 08 can be shown to be equivalent to the
singular value decompositiof8VD) of X in reduced forn{4],

OSE i Ay -

XZUEVT, (2) 0.145+ - s / ......
where X =diag@y, . . . ,0mp), 0;=VXj, j=1,... mp, and the
columns ofV are the corresponding eigenvectorsSofThe stan-
dard deviation of the geometric data attributable toithenode is 0.14}- j

thereforeo;=(n—1)"*25;. The columns ofA=US are called
the amplitude vectors gorincipal component®f the data sek.
The SVD of X is made unique by requiring thde ;" be a

nonincreasing sequence. 0135k i o : |
L S . ~— Nominal
2.2 Application. As an application of the PCA formalism ‘== Nom.+ Mean
outlined above, we consider an integrally bladed rgiBR) con-

== Model

sisting of 56 blades. Surface measurements of 150 blades fron : ;
four separate rotors were taken using a scanning COOrdinate Q.13f- ;3" i ;
measuring machine. Each blade was measured at 13 different re 0.1 0.105 0.11 0.115 0.12
dial locations. The scanning measurements of each radial station
were condensed to 103 points corresponding to those defining the Fig. 2 IBR mid-span section: Scaled mode 1
nominal airfoil sections.

For the present application, the 13 separate cross-sectional mea-

surements were stacked together to form a three-dimensional rep- : ; .
resentation of the measured portion of the blade. Using bicutﬁ&ﬁii&f?&ﬂ'ﬁﬁd? ’Eﬂgtti)gsellne geometry and scaled by their
spline interpolation, the nominal geometry, as well as each mea- ' '

sured blade, were sliced along a mid-span axial streamline path of %=X+ X+sayV; . 3)

varying radius(see next sectignIn addition, the coordinate val- an additional scaling factos has been used for plotting purposes
ues were scaled by the blade tip radius. _ to help distinguish the effect the eigenmodes from the mean ge-
_Using the notation introduced above, the resultingyset two- g metry. Figure 2 indicates that the main effects of mode 1 are
dimensional centered measurement vectors can be written agniform thickening of the airfoil and azimuthal translation. Mode
Xmp matrix X wheren=150,m=2, andp=103. Figure 1 shows 3 on the other hand, exhibits a thinning of the airfoil on the
the modal scatter fraction, /=™ \; (decreasingand the partial suction surface away from the leading edge, with the shape of the
scatterE!Ll)\i /=P \; (increasing of the first six eigenmodes of latter being maintained. The perturbations to the airfoil nose are
S. The first mode contains 82% of the total scatter in the originghrticularly noteworthy as the aerodynamic performance of tran-
measurements and it clearly dwarfs the scatter fraction of tkenic airfoils is known to be sensitive to leading-edge shape and
other modes. The scatter corresponding to the second-most ett@ckness.
getic mode is roughly eight times smaller than the first. Figure Xa) indicates that the first five modes, when combined,
Figures 2 and 3 depict the outlines of the first and third eigenontain 99% of the total scatter present in the sample. The rapid
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Fig. 3 IBR mid-span section: Scaled mode 3

decrease in relative energy of the higher modes suggests that a
reduced-order model containing only the first few modes may be
sufficient to represent most of the geometric variability contained
in the original set of measurements.

The above description of modes 1 and 3 would suggest a de-
composition into customary geometric features of known aerody-
namic and structural importance. Table 1 summarizes percent
changes in maximum thickness, maximum camber, leading-edge
radius, chord length and cross-sectional area, as well as trailing-
edge deflection angles, for the first six eigenmodes. In computing
the parameters shown in the table, the modes were not scaled (
=1) and a positive amplitude was assumebhe row labeled
“mean” contains the changes corresponding to the average airfoil
X. From Table 1, no single mode produces a dominant change in a
particular feature; rather, each mode contributes to changes in all
features. It follows that, in characterizing actual geometric vari-
ability, checking only for compliance of individual design toler-
ances based on customary geometric features may not be effective
since these features show strong correlation.

2.3 PCA Results versus Number of Samples.In the appli-
cation of PCA to compressor rotor blade measurements discussed
above, all available sampl€$50 were used in the analysis. This
section discusses how PCA resultovariance matrix eigenval-
ueg vary according to the number of samples being considered.
Given n measurement samples, there af different ways of
selectingk<n among thenf.Figure 4 depicts convergence trends
of the first three eigenvalues of the covariance matrixkfonea-
sured samples. The average value and standard deviation of each
eigenvalue are computed from rf),10*] random permutations
of the indices{1---n}. For each random permutation, the eigen-
values of the covariance matrix of the corresponding indexed
measurements is computed via singular value decomposition. In
Fig. 4 the average eigenvalues are shown as solid lines and a 2
interval about the mean by dash-dot lines.

The uncertainty of the first covariance matrix eigenvalue is very
large for small sample sizes and decreases monotonically as the
sample size is increased. Since th&c bands are approximately
the 95% confidence bands, the figures suggest that at least 130
blades would be required to have 95% confidence that the domi-
nant eigenvalues deviate from thé&ir-n value by no more than
10% of the total varianc@.

2.4 PCA-Based Reduced-Order Model of Geometric Vari-
ability. A reduced-order model of the geometric variability
present iny can be motivated as follows. L&{,i=1,... mpbe
independent, identically distributed random variables fio(0,1)
(normally distributed with zero mean and variange By linear-
ity, the random vector

1Geometric parameters computed witoiL [5].

(%) or “n choosek” is defined fork=<n by [6]: (§):=n!/[(n—k)'k!].

3The total variance of the blade population is defined88, o2 and for the data
presented here it is roughly 2105,

Table 1 IBR mid-span section: geometric features of PCA modes

Mode Max thickness  Max camber  LE radius TE angle Chord Area

(%A) (%A) (%A) (A deg (%A) (%A)

Mean (from x°) -0.12 —0.98 18.33 0.06 —0.04 —-1.03
§ 1 —-0.54 —0.06 —4.22 0.00 —0.04 -0.77
= 2 —1.09 0.28 215 0.04 —0.04 -1.27
€ 3 0.53 0.04 1.83 —-0.02 0.01 0.85
S 4 -0.74 0.10 1.34 —-0.07 0.02 -0.87
T 5 -0.11 0.27 4.23 0.06 0.02 -0.01
6 0.03 -0.01 -4.11 0.01 0.00 -—0.08
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(—), *20 interval about the

mp

X:XO+Y+ 2 O'iZiVi
i=1

has meanx®+X and the same unbiased estimator of total variance
as the set of measuremenis This suggests a reduced-order
model of the form

K
X:X0+X_+ El O'iZiVi
i=

(4)

whereK<mp s a free truncation parameter. For large enoogh
asK increases the total variance ¥fapproaches that of. In fact,
the total scatter of a finite set of instances>ois bounded by
SLNSZMN.

3 Impact of Geometric Variability On Blade Passage
Aerodynamics

3.1 Blade Passage Analysis: MISES.The transonic com-
pressor blade analysis was carried out using MISESitiple
blade interacting streamtube Euler sojyem interactive viscous
flow analysis packagr] widely used in turbomachinery analysis
and design. MISES'’ flow solver, ISES can be used to analyze and
design single- or multielement airfoils over a wide range of flow
conditions. ISES incorporates a zonal approach in which the in-
viscid part of the flow is described by the projection of the steady-
state three-dimension&D) Euler equations onto an axisymmet-
ric stream surface of variable thickness and radius. The resulting
two-dimensional equations are discretized in conservative form
over a streamline grid. The viscous parts of the fld@undary
layers and wakeare modeled by a two-equation integral bound-
ary layer formulation[8]. The viscous and inviscid parts of the
flowfield are coupled through the displacement thickness and the
resulting nonlinear system of equations is solved using the
Newton-Raphson methd®]. A feature of MISES that is particu-
larly relevant to probabilistic analysis is its speed. For the cases
reported herein, typical execution times are three to ten sec per
trial on a 1.8-GHz Pentium 4 processor.

The aerodynamic performance of an isolated compressor rotor
passage may be summarized by the changes in total enthalpy and
entropy in the flow across the passage, i.e., the amount of work
done on the fluid and the losses accrued in the process. The de-
pendence of total enthalpy changé),, on tangential momentum
changes across the blade row is described by the Euler turbine
equation,

Ah=w[rius tang;—ryus tan By — 9)1,

where o, r, and u denote wheel speed, radius, and axial flow
velocity, and the subscripts 1 and 2 denote inlet and exit, respec-
tively. For small radial variation and axial velocity ratio4/u,)

near unity, the enthalpy change depends primarily on the amount
of flow turning, 9:=8,— ;.

An appropriate choice for a measure of loss in an adiabatic
machine is entropy generatigd0]. The increase in entropy re-
sults in a decrease of the stagnation pressure rise when compared
with the ideal(isentropi¢ value. In what follows, the loss coeffi-
cient is defined as the drop in total pressure at the passage exit
scaled by the inlet dynamic pressure,

PT,—Pr,

Pr,—P1

w: (5)
Here p$2 is the ideal(isentropig total pressure at the passage exit
andFT2 is the mass-averaged total pressure at the passage exit.

Details of MISES’ cascade loss calculation can be found in Ap-
pendix C of Ref[9].
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3.2 Probabilistic Analysis. Computed loss coefficient and f ' ! ! — Suction | .
turning values are taken to be functionsndhdependent variables 0.5k Na i .
representing the geometry of the flow passage rendariables : : ; :
representing other flow parameters,

w=w(X,Yy), T=3XyY), ob-{n

wherex e R" denotes the vector of geometric parameters wnd
e R™ contains the remaining parameters. Baettand 9 are deter- ™
ministic functions ofx andy, i.e., for givenx andy, there is a !
unique corresponding value &f.

Consider next a continuous random vecx¥owith joint prob-
ability density functionfy . For fixed flow parameterg, the ex-

pected value ots(X,y) is defined by RIS R e, U
P =E[w(X,y)]= J w0y () dx (6) :
x : 0 02 0.4 06 038 1
and the variance ofs(X,y) is given by x/c
2 .= Varl X, =E X,y)— 2| 7 Fig. 5 IBR Pressure Coefficient, M;=0.90, axial velocity-
o (w(X.y)) X L@ (XY) = po)] ™ density ratio (AVDR): 1.27 !

Similar expressions follow for meam, and varianceaf, of
turning.

In general, the functional dependencewfon the geometric pased on inlet tip radius was<aL0°. Figure 5 shows the pressure
parameters is too involved to allow for a closed form evaluationgisripytion on the suction and pressure surfaces of the airfoil.

of the integrals in definition$6) and (7). However, numerical aer 4 short precompression entry region, a shock appears on the
approximations can be obtained via probabilistic analysis tecyction surface followed by mild compression until about two-
niques. One such ‘?Chr!'que’ the Monte Carlo mﬂ'm“.@ 'S thirds of the chord length; from there the flow is further deceler-
applied here to estimating the effect of geometric and inlet floyey ynjl the trailing edge is reached. On the concave side, an
condition variability. Garzon and Darmofgl4] applied and com- 44y erse pressure gradient exists until about midchord, followed by
pared other probabilistic analysis techniquesy., response sur- 5 piateay. The baseline loss coefficient and turning were computed

face methodology, probabilistic quadratute assessing the im- b%/ MISES to be 0.027 and 14.40 degrees, respectively.

pact o.f gepmetrig variability on aerodynamic performance. In tha The noise model employed in the probabilistic analysis is the
investigation, while the mean aerodynamic performance could B&a_hased model described in a previous section. The model is

reasonably estimated using lower-fidelity probabilistic analySigsfineq by Eq(4). The convergence criterion used for the Monte
techniques, the accurate prediction of the aerodynamic perfetz o simulations was

mance variability required Monte Carlo simulatioihCS). Thus,
in the present work, we rely solely on Monte Carlo simulations for |&1’;‘,— &"\_f”| <e,
probabilistic analysis.

One of the attractive features of MCS is that parallelization here the superscrlptsil‘rr)ldlcate the number of samples taken. In
present study; =10 and n=10 were used. Results from

concurrent calculations can be readily implemented in shar ical : tati ted that 2000 trial
memory parallel computers as well as across networks of hete imerical eéxperimentation suggested rais were
geneous workstations. In the present context, each function ev. Kplcally sufficient to achieve the required tolerance for the case
ation consisted of grid generation, flow-field analysis and poggpc_)rted here. . . .
processing steps that were automated and parallelized usirb{'g.ure 6 shows histograms of loss coefficient aqd turning. The
command scripts. All probabilistic simulations reported in thi@0SCiSsa represents the values of the output variable, while the
paper were carried out on a 10-node Beowulf cluster at the v Brdinate indicates the relative number of trials that fall within each
Aerospace Computational Design Laboratory. Each node the equal-length intervals subdividing the abscissa. In the limit
equipped with dual 1.8-GHz Xeon processors. For the pres tIarge number of trialsN— o, the outline of the histogram bar

application, 2000 trials required about one hour of computing tinfi°t approaches the continuous distribution of the output variable.
ugielg all ten nodes. q putng e two vertical dashed lines indicate the nomifiaseling and

mean values. The estimated mean loss coefficient is about 4%

3.3 Application. The nominal rotor reported here was parhigher than the baselin@oiselessvalue, while the mean turning
of the sixth stage from an experimental core axial compressi@about 1% lower than nominal. The standard deviation of loss
system. The following operating conditions were assumed in tleeefficient is 0.0008, which is less than 3% of the mean loss. For
through-flow analysis: mass flow rate of 20 kg/sec, wheel speedtbé turning, the standard deviation is 0.087 degrees which is only
1200 rad/secl;,=301 m/sec) and axial inlet flowno swir). In ~ about 0.6% of the mean turning.
addition, the stage inlet static temperature and pressure were takefihe small impact of geometric variability on aerodynamic per-
to be 390 K and 200 kPa resulting in an inlet Mach number dérmance is not surprising given the small geometric variability
0.43. present in the measurement samples. Production airfoils, manu-

The axisymmetric viscous flow packagerFLow was used to factured with processes that are less tightly controlled than the
perform the initial through-flow calculatiomTFLow implements current flank-milled IBR case, should be expected to exhibit
a meridional streamline grid discretization of the axisymmetricigher levels of geometric variability. The Appendix illustrates the
Euler equations in conservative form. Total enthalpy at discretifferences in shape variability between two IBR manufactured
flow field locations and constant mass along each streamtube waith point and flank milling, respectively. As discussed in the
prescribed directly. The localized effects of swirl, entropy generédppendix, the flank-milled IBR data being studied has approxi-
tion, and blockage due to rotating or static blade rows can also lmately ten times less variability than can occur in other common
modeled[15,16]. manufacturing processes.

The inlet relative Mach number and flow angle were taken to be To explore the impact of increased manufacturing noise ampli-
0.90 and 62.6 degrees, respectively, and the Reynolds numhete on the aerodynamic performance statistics, a series of Monte
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the baseline value, while the standard deviation of turning in-
creased by a factor of 5. One implication of the increase in rela-
tive importance of the scatter is that controlling the manufacturing
process by “re-centering” the target geometry may not be suffi-
cient to effectively improve the mean performance.

The mean loss coefficient and turning depicted in Fig. 7 do not
vary linearly with geometric noise amplitude in the vicinity @f
=1. Rather the amount of curvature indicates a higher-order de-
3 pendence. The increase in loss and turning variability—a mea-
i sured by their estimated standard deviation—increases nearly lin-
1 early with geometric noise amplitude, at the approximate rates of
139 14 141 142 143 144 145 146 0.001A for loss and 0.H degrees for turning. This behavior can

be explained by considering a quadratic approximation to the loss
(b) Turning coefficient; namely,

f
i
1
i
L
g
g
g
ud
J
J
J
J
J
J
J
|
J
[

, - &5 (X) =B+ Cr X+ CoX?
Fig. 6 IBR: Loss and turning histograms @(X)=BoF CoX+Cox,

wherex is a noise variable. In particular, consider a centered nor-
mal variableX e N(O,aa;“() wherea is the noise amplitude multi-

Carlo simulations were performed with various levels of geome!¥ing ox - Then, the expected value of is

ric noise. In those simulations, the geometric noise model was E[&(X)]= 8¢+ CE[X]+ C,E| X2|= &+ Cra202.

modified to take the form o co T )
Thus the mean-shift in loss coefficient is seen to depend quadrati-

K . . .
cally on the amplitude of the noise. The variance of the assumed

Y — 0 v- . .

X=X +X+azl aiZiVi, (8)  quadratic loss is
wherea is a geometric variability amplitude. Figure 7 summarizes Var(s (X)) = c2a202| 1+ 2 Coa0x
the Monte Carlo estimates of mean and standard deviation of the (So(X))=Ccraok Cy
outputs of interest fom=1,...,8. In thefigure, the horizontal

he nondimensional quantitpaoy/cq, is the ratio of the change
Closs due to the quadratic term relative to the linear term for a
— o (after amplification bya) noise. Thus if the impact of the
uadratic terms at this noise level is small compared to the linear
ms, we would expect to see a largely linear dependence on the
tandard deviation of the loss with respect to the noise amplitude

dashed line indicates the loss and turning corresponding to 4
average geometrx’+Xx. Similarly, the baseline loss and turning,
are indicated by solid lines. At the original noise lewvek 1, the
impact of the average geometry dominates the difference in |
coefficient and turning from the baseline values, i.e., the geomeg
ric variability about the average geometry has little effect on the 15 jinear dependence anof the standard deviation of the
“mean shift.” For a noise amplitude oh=2, the effect of the t

. iability b iceable: in th fthe | urning angle is clearly seen in Fig. 9. The loss standard deviation
geometric variability becomes noticeable; in the case of the l0gS, 5, fairly linear, but some curvature can be seen indicating that

coefficient, the noise contributes about half of the total shift. F?ﬁe quadratic terms are more important in the loss behavior.

a=4, the contribution of the average geometry {0 turning Mean g rher ynderstanding of how the amplitude of the noise im-
shift is about half of the total. Fa> 4, the shift from nominal in 55 the cascade aerodynamic performance can be seen in Fig. 8
both loss and turning is dominated by the variability of the bladg, 9 which show the cumulative distribution functidDF)? of

measurements, rather than by the average geometigy=At the Io?s and turning for values o& ranging from 1 to 8. The

loss mean shift is about 23% of the nominal value, an increase o
a. fact_or of six froma=1. The standard deviation of loss Coefﬁ_m distribution functionF: TR—[0,1] of a random variableX is defined by
cient increased by a factor of 6 from 0.0008aat 1 to 0.005 at F(b)=P{X=<b}, i.e., the probability thaX takes on a value smaller than or equal to

a=>5. The turning mean shift &=>5 is roughly twice as large as b.
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Fig. 10 IBR: Effect of geometric variability on momentum
thickness. Mean indicated by solid lines, one-standard devia-
tion interval by error bars. [SS]: suction side, [PS]: pressure
side.

Fig. 8 IBR: Impact of geometric variability on loss coefficient
distribution, a=1,2,....,8

nominal and average-airfoil values are indicated by dashed and ] ) ) ) )
dash-dot vertical lines, respectively, and the arrows indicate tBEOWth in mean momentum thickness relative to the nominal is
direction of increasing. Figure 8 shows how the high-end “tails” S€€n to occur most significantly at the leading edgetably at

of the loss distributions become thicker asncreases. Foa=1 about 5% chorlon the pressure surface. ) )

the probability that the loss coefficient will take on values smaller AS discussed by Cumpsf{8],” the momentum thickness itself
than nominal is only about 15%, while at=8 that probability does not necessarily point to the mechanism by which losses are

has dropped nearly to zero. created. A more appropriate quantity to consider is the boundary
By comparison, the behavior of the turning distribution witHayer dissipation coefficient, defined by

increasing noise amplitude does not show a significant impact on s+ o /lu

mean turningFig. 9). The CDF of turning seem to all cross in the / f — —(—) dy, 9)

vicinity of the nominal value, indicating that the mean shift is 0pUe 9y | Ue

small compared to the variability. This behavior of loss and turgpare + stands for shear stresy.. is the boundary layer edge

. . . . e

ing has been consistently observed in a variety of compress@iacity,  stands for densitys is the boundary layer thickness,
applications studied previous{7]. In particular, the mean 0SS is 504, s the component of the flow velocity along the dominant
always increased as a result of geometric variability while the, directionx (herex and its normal complemestare boundary

mean turning is relatively unaffected. layer coordinates As shown by Dentofil 0] the cumulative value
The impact of geometric variability on boundary layer thick- y o y 00}

3~ H ’
ness is illustrated in Fig. 10 for noise lexaek 5. The figure shows of pUeCq over the interval 8x’<x,
nominal and mean momentum thickne®éd) on the suction and x
pressure side6ndicated in the plots by SS and PS, respectively J
The dashed and dot-dashed lines indicate the nominal values—
i.e., without geometric noise—while the solid lines indicate thi a measure of the rate of entropy generation per unit®spahe
mean values from Monte Carlo simulation. The error bars indica@undary layer.
to a one-standard-deviation interval about the mean. The discrepFigure 11 shows cumulative Va|ueslﬂﬂgcc" as per Eq(10) at
ancy between nominal and mean momentum thickness valuegésmetric noise levea=5. The rate of entropy generation is
more pronounced on the pressure side, as is its variability. TRgout three times higher on the suction side than on the pressure
side. The nominal-to-mean shift is more pronounced on the pres-
sure side, as is the variability. As shown in the figure, the mean
shift and variability in entropy generation rate increase rapidly in
the first 10% chord and change little aft of the 25% chord loca-
tion. This indicates that loss variability is accrued primarily at the
leading edge and agrees with the observed growth of mean mo-
o mentum thickness in this region.

While the PCA-based probabilistic model optimally describes
the geometric variability, the impact of the geometric modes on
the aerodynamic performance depends not only on the magnitude
of the underlying geometric variability, but also on their aerody-
namic sensitivity to that geometric perturbation. To quantify the
relative importance of the PCA modes on aerodynamic perfor-
mance, we have performed Monte Carlo simulations with increas-
ing values ofK (i.e., increasing numbers of PCA mogleBigure

pUCidx’, (10)
0

o
%

o
=N

=)

B
T

8

&
&)
T

Comulative Distribution Function

i st i R Iy

ey LR

T :3211;:(1““ 12 presents statistics of loss and turning according to the number
‘o | — MCS of PCA modes used in the geometric noise madeinotedK in
% 12 13 14 s 16 7 Eq. (8)) for noise amplitudea=5. For each value ok, a Monte
9 Carlo simulation withN=5000 trials was performed. Baseline
Fig. 9 IBR: Impact of geometric variability on turning distribu- 5Section 1.5; see also Dentpho].
tion, a=1,2,...,8 Sit is assumed here that the process takes place at constant temperature.
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Fig. 11
entropy generation as per Eq.
lines, one-standard deviation interval by error bars.
tion side, [PS]: pressure side.

IBR: Effect of geometric variability on boundary layer
(10). Mean indicated by solid
[SS]: suc-

and average-geometry values are denoted by constant dashed

Table 2 Percent difference in statistics from reduced-order
model (with K modes) and full model (K=mp) simulations, a

=5
K Mo O My Ty
1 —14.5 —56.4 1.08 -71.1
5 -5.2 —20.0 0.43 -9.3
10 —2.2 —-5.7 0.19 —-5.2
15 —-1.4 -3.0 0.12 —-2.4
20 -0.8 —-2.5 0.07 -1.4

4 Effect of Geometric Variability on Overall Compres-
sor Performance

In this section, the impact of airfoil geometry variability on
overall compressor performance is estimated. Compressor effi-
ciency and pressure ratio are obtained by exercising a multistage
mean-line compressor model in combination with probabilistic
loss and turning models for the IBR blade discussed above.

A compressor stage mean-line model was derived from the fol-
lowing two observations. First, given the rotor total pressure loss
coefficient¢, , the flow turningd, , the outlet area, and the up-
stream flow conditions, the rotor outlet state is described by the
nonlinear system

lines, while the values corresponding ko=mp (all mode$ are
shown by a solid line. The average-geometry contribution to mean
loss constitutes a relatively small fraction of the total shift from
nominal, as pointed out earlier. The geometric scatter of the first
six modes is responsible for about 90% of the total mean shift in
loss coefficient. Similarly, the first six modes taken together pro-
duce close to 90% of the turning mean shift obtained when all
modes are considered. The first six modes are also the most influ-

w
F==AT-|——C—(r2V2Sinaz—rlvlsina1)=0, (11)
p
mVTTz f M, ~0
Pr,Az COSa, R y—1 \O+bizy=l
1+ ——M3
2
12)
H:=V,[sina,+ cosa, tan B, — 9,) ] — wr,=0, (13)

ential on loss coefficient variability, as indicated by its standaigere

deviation plot. The first two modes clearly dominate turning angle
variability. Table 2 shows the percent differences between the sta-
tistics of the reduced-order and full-model simulations. Using

TTZ(ATT) :TT1+ ATT ,

12

only the first PCA mode, mean loss is underpredicted by 15% and Vo(AT7 M) =M YRy,
the error in standard deviation of loss and turning is 56 and 71%, 25 T2 2 y=1 | "’
respectively. It takes 15 modes to reduce the error in standard 1+ TMz
deviation of loss coefficient to 7%. Beyord= 15, comparisons
stop being meaningful due to lack of resolution in the Mont&T,(ATT)
Carlo simulation. 1
E?’MiR TT2 yI(y=1)
=Prg| 1mb 7 o || T
1+ ——M3 "
x107 ( 2 1R)
S megeew In the above equation®, T, M, A, andR stand for temperature,
5 P RGOS pressure, Mach number, area, and gas constant, respectively;
§ 3 4 B denotes absolute angl relative flow angles; the subscripts 1, 2,
g Baspogio and 3 denote rotor inlet, rotor exit/stator inlet, and stator exit; and
= T Al modes g 3§ SR PO the subscriptsl and R denote “total” and “relative” quantities,
00 e | T K 2508 respectively;w stands for wheel speeth for mass flow rate, and
mmimimimin .= Baselin 8 : r for radius. The stator is described by similar equations with
5 10 15 20 5 1o 15 20 =0, loss coefficientps, and turningds.
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Fig. 12 IBR mid section: Statistics versus number of PCA

modes, a=5

Journal of Turbomachinery

Equations(11)—(13) form a nonlinear system in the variables
AT, M,, and a,, which was solved numerically using a
Newton-Raphson solver. Equatighl) is simply a restatement of
the Euler turbine equation for calorically perfect gases. Equation
(12) is the flow parameter formula for quasi-one-dimensional flow
of calorically perfect gasegFligner’s formula. Equation (13)
states that the absolute and relative tangential velocities are re-
lated via the wheel speed.

The probabilistic mean-line calculations estimate only the im-
pact of blade-to blade flow variability—caused by geometric
noise—on compressor performance. Geometric variability leading
to three dimensional flow effects.g., tip-clearance leakage, part-
span losses, off-design radial imbalances, end-wall losses, etc.
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Fig. 13 IBR: Loss coefficient and turning angle versus incidence, a=5

are not considered. The present approach therefore is likely toFigure 13 shows loss coefficient MCS results. The geometric
underestimate the performance variability of actual compressamsise assumed in the simulations was the PCA-based model as
in the presence of geometric variability. before, with noise amplituda=5. The output statistics were
computed for each fixed value of from N=2000 trials. In Fig.
3, the solid line connects the computed nominal loss coefficient
‘e., in the absence of geometric ngisthe dash-dot line con-
8tts the values computed for the average-geometry airfoil; the
shed line indicates the MCS mean values; and the error bars
show two-standard-deviation intervals centered at the mean. The
é=dd(a,x) and 9=I(a,x), figure shows a typical “loss bucket” shape with minimum nomi-
nal loss approximately at zero incidence. The loss coefficient in-
creases more steeply for positive values of incidence as does its
Q/%ﬁiability. No points are plotted for>1 degree where numerical
nvergence of the Monte Carlo simulations was deficiags
than 80% of the MISES' runs in the Monte Carlo simulation con-

4.1 Loss Coefficient and Turning Angle Models. Concep-
tually, the loss coefficient and turning angle obtained from bla
passage analyses may be taken to be deterministic function
various geometric and flow parameters such as inlet flow ang
inlet Mach number, etc. In particular, let

described above. In the present application, “incidence” is tak
to mean the difference between the nominal inlet flow afigbze

the minimum-loss ang)eand the actual flow angle of the incom- e
ing stream. Other geometric and flow parameters are assumety i

rged.
be fixed and their f ional d d . licitl del ?he computed data points illustrated above are used to define
e fixed and their functional dependence is not explicitly modelegqcewise-cubic interpolating splines with zero-second-derivative
Furthermore, we separatkinto nominal and noise terms,

end conditions. To avoid dangerous extrapolation outside the in-

o(a,X)= @) +Ad(a,X), (14) cidence range for which computed data points were available,
additional points were added at=2, 3, and 4 by linearly ex-
trapolating the nominal loss and turning and replicating the mean-

Apgla):= E[A d(a,X)], "55(“)=:V3r(A B(a,X)). Zhn‘t and variance values corresponding to the highest computed

then define

In generalA u4(@) and o%(a) may not be available in closed 4.2 Probabilistic Six-Stage Compressor Model. The start-
form. Instead, let\ () and &f,,(a) be models of loss “mean iNg point for the probabilistic analysis was a six-stage compressor
shift’ (i.e., the difference between loss variance, respectivefiodel with nominal pressure ratie®=10.8 and polytropic effi-

Then ciency °=0.96. The nominal rotor and stator loss coefficients
. were ¢,=¢$s=0.03, and the nominal rotor turning was,
E[ (@, X)]=E[ do(a) +Ad(a,X) ]~ do(a) +Any(a), =14.4 deg. The high nominal efficiency is due to the absence of
X X end-wall and tip-clearance losses in the model.
Var X))=E[(A X)—A X))2]~52(a). Stator nominal loss and turning, as well as their mean shift and
X ($aX)) x[( PlaX)=Augla X)) )=0y(a) standard deviation, were taken directly from the IBR incidence

) o . ) models discussed above. Stators are generally required to produce
For fixed , it is further assumed that ¢(«,X) is normally dis-  pore flow turning than rotors. Therefore it should be expected that
tributed; that is, the stators will exhibit higher exit flow variabilite.g., more flow
Ag(a,X)eN(AL (@),52(a)). defleptior) than th_e rotor. A§ a conservative estimate_t_he same
¢ ¢ nominal, mean-shift and variance models for loss coefficient were
Models of Afy(a), G4(a), Aprg(a), and 65(a) were ob- used for the stator and for the rotor. The stator turning variability
tained from computed statistics of loss and turning at fixed valuasodel was obtained by scaling the rotor model to the stator nomi-
of incidence for isolated blade passages using the MISES blad& turning—effectively using the same standard-deviation versus
passage analysis in a Monte Carlo simulation. Finally, an identidacidence model as for the rotor.
argument was applied to obtaining models for turning angle. Monte Carlo simulation resultsN(=2000) show a 0.2% drop
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Table 3 Impact of geometric noise amplitude on compressor Table 5 Six-stage compressor, mean loss, and mean turning
performance. e, and =° are the efficiency and pressure ratio (no variability )
for the nominal compressor  (no noise ).

a=1 a=2 a=5
a el e 0eX 100 ° s o, e v e w e ™
1 0.961 0.038 1073 0022 0.961 10.73 0.960 10.71 0.954 10.62
2 0.963 0.959 0.083 10.79 10.71 0.043
5 0.951 0.275 10.59 0.111

for the six-stage compressor model reported above but with 80

from nominal polytropic efficiency to the mean value, and a 0.5%dependent blades per rootor or statoy. Statistics for three

decrease in total pressure ratio for the base noise level. At g -~ . X
baseline noise level the primary contribution to performance de- able 3, it is seen that at=1, the mean shifts for the baseline

vitions comes ffom the average geomety rater than flom #leeCP e IR B2 L8 S o0 e iatons in the
geometric variability. : y p

The geometric variability present in the IBR coordinate me _uItipIe-bIade case are 13 and 7.7% lower, respggtively, than in
surements is quite small, due to the use of a highly controlld€ Single-blade case. At tize=5 noise level the eofflmency mean
manufacturing process. The “small” geometric noise in the meg: it IS one percentage point, in contrast the 1:2./0 drop seen with
surements translates to small loss and turning variability, which e single-blade calculation. The standard deviations of efficiency

turn result in small compressor performance uncertainty: the staﬁp-d pressure ratio have decreased by 30 and 75%, respectively,

dard deviation of polytropic efficiency and pressure ratio ar%omhpared to _the_sm?fl_e_-blade results. . hif
0.04% and 0.02, respectively. The impact of increased noise levell '€ Féduction in efficiency and pressure ratio mean shift can be
is reported next. explained in part by considering a deterministic compressor with
loss and turning given by the mean values obtained from Monte
4.3 Impact of Geometric Noise Amplitude. Presumably, Carlo simulation. As the number of blade passages is increased,
as the amount of geometric variability increases, so should itse mean values of efficiency and pressure ratio converge to those
impact on compressor performance. This subsection attemptsofiiained for mean loss and turning models. Table 5 shows the
quantify that trend within the limitations of the current mean-lingesulting polytropic efficiency and pressure ratio values using
model. Table 3 summarizes the polytropic efficiency and overatiean loss and turning for the three noise levels considered. Com-
pressure ratio statistics for three noise variability levals:1, 2, paring the values in Table 5 to the mean polytropic efficiency and
and 5. pressure ratio in Table 4 and taking into account their reduced
For a=2, the mean shift in polytropic efficiency and pressurgariability, it can be concluded that the contribution of the mean
ratio are 0.3% and 0.7%, respectively. The standard deviation\s#flues of loss and turnin¢for given incidencg dominates the
polytropic efficiency increases roughly by a factor of 2 when conmean shifts of polytropic efficiency and pressure ratio.
pared with itsa=1 counterpart. At the=5 level, the standard
deviation of efficiency has risen to about 0.2%, a sevenfold in-
crease froma=1. At this level of noise, the mean shift in poly-5 Conclusions
tropic efficiency also becomes noticeable~at% from nominal.
When comparing the impact of geometric noise amplitude x)
pressure ratio variability, the increase is nearly linear with noi
level, i.e., compared with the=1 case, the standard deviation o
pressure ratio ai=2 increases by a factor of 2 andat5 by a
factor of 6.

els of geometric variability are reported. In comparing Table 4

In this paper, we developed and applied a probabilistic method-
ogy to quantify the impact of geometric variability on compres-
r aerodynamic performance. The methodology utilizes a
principal-component analysi$PCA) to derive a high-fidelity
probabilistic model of airfoil geometric variability. This probabi-
listic blade geometry model is then combined with a compress-

4.4 Multiple-Blade Rows. In the calculations reported ible, viscous blade-passage analysis to estimate the aerodynamic
above, it was assumed that for a given bladed row, all passagé@sformance statistics using Monte Carlo simulation. Finally, a
behaved identically, i.e., that a single passage can be considereBrgpabilistic mean-line multistage compressor model, with proba-
represent each bladed row. In this section, multiple passages Biigtic loss and turning models from the blade-passage analysis, is
blade row are considered. Loss and turning values for each pégveloped to quantify the impact of the blade variability on com-
sage are sampled from a normal distribution according to inlBtessor efficiency and pressure ratio.
incidence. Thus, for each passage instance, loss and turning valueghe methodology was applied to a flank-milled integrally
are in general different but have the same statistics prescribedgded rotor(IBR) with blade surface measurements taken by a
the loss and turning models. The corresponding system of stfg@rdinate measuring machine. The PCA model of the geometric
equationg Eqgs. (11)—(13)] is solved for each passage. The outleyariability demonstrates that 99% of the geometric scatter can be
conditions are area-averaged to initialize the inlet conditions 8fodeled with approximately the five strongest PCA modes. How-
the next rotor or stator and the calculation is marched through tR¥er, subsequent aerodynamic analysis of the blade passage dem-
compressor. onstrates that approximately 15 modes are needed to model 99%

Table 4 shows polytropic efficiency and pressure ratio statistie$ the overall aerodynamic impact on loss and turning.

At the blade passage level, the overall impact of the variability
in the flank-milled IBR was found to be very low causing only a
4% shift (i.e., increaspof the mean loss compared to the loss of

Table 4 Six-stage compressor, IBR airfoil-based loss and turn- S .
g P the design-intent blade, and an even smaller impact on the mean

ing models, 80 blade passages per row. e° and = are the effi-

ciency and pressure ratio for the nominal compressor (no  turning. The source of the change in mean performance was at-
noise ). tributed to variability in the loss and turning. However, compari-
sons of the level of geometric variability in the flank-milled IBR
a e? He X100 0 Mo o data to other manufactured blades showed the flank-milled data in
this study to have at least five times less variability than com-
% 0.963 8'_32(1) 8'.836?5’ 10.79 1(1)'07. 32 060_8?0 monly observed in other situations. Thus a study of the aerody-
5 0.953 0.197 10.61 0.029 namic impact of the variability was also performed at increased
noise levels.
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Fig. 14 Measured deviations for sample point and flank-milled IBR

At five times the actual IBR geometric noise lev@thich is nally, robust aerothermal blade design has been applied to miti-
considered representative of many manufacturing procgsbes gate the impact of the geometric variability and will be reported in
mean loss was approximately 20% larger than the nominal loss.dnbsequent publicatiori47].
particular, for this application we note that:

« The majority of the mean shift in loss arises from the bladéCknowledgments

variability and only a small portion is due to errors in the mean The authors wish to thank Professor M. Drela, Professor E.

geometry. Thus simply re-targeting the manufacturing process wWillreitzer, and Professor |. Waitz for their helpful comments and

not have a substantial impact on the mean aerodynamic perfotiggestions. Thanks also to Mr. Jeff Lancaster for helping us ac-

mance of the blades. quire geometric variability data. The support of NASA Glenn Re-
» The major source of the increased mean and variance of #earch Center through Grant No. NAG3-2320 is thankfully ac-

passage loss can be traced to the leading-edge of the blade, &pewledged.

cifically in the first 5% of the chord on the pressure surface. In this

region, substantial increases in mean dissipation and subsequeAfypendix: Comparison With Production Manufactur-

boundary layer momentum thickness were observed as a resuliij Variability
the geometric variability.

« Mean turning is not greatly impacted by geometric variabil- 1n€ flank-milled IBR considered in the main text exhibited
ity. At all the noise levels studied, the mean turning is similar t eometric var_lablllty .Wh'(_:h is uncommonly low for productlon
the nominal blade turning, though the variation of the turning@dware. Point milling is a well understood and widely used
increases with geometric noise level. ethod for manufacturing compressor blades. In this techmq_ue, a

ball cutter removes material from a block of metal following

The impact of the blade variability was then studied for a mutomputer-controlled paths. The main disadvantages of point mill-
tistage compressor using a mean-line model for a notional sixg are the time required to cut an entire blade surface in several
stage compressor. As observed in the blade-passage analysisptsses and the resulting scalloped surface fiffiSh An alterna-
actual noise in the flank-milled data has a small impact on thiee to point milling that is starting to become practical is flank
compressor efficiencya 0.3% decrease in mean efficiency frommilling, whereby a conical tool is used to cut the entire surface of
nomina) and pressure ratiga 0.7% decrease in mean pressura blade from the blank material in a single p&%3]. Flank mill-
ratio from nomina)l. However, at the fivefold geometric noiseing poses a more challenging tool control problem than point mill-
level, the compressor mean efficiency drops by 1% indicating thiag, but can potentially be more time and cost effective. Another
geometric variability could have a significant impact on the conadvantage of flank milling is that it produces a better surface
pressor performance. Furthermore, the majority of this mean sHiftish than point milling, requiring less time for surface polishing.
in compressor efficiency can be accounted for by the mean shiftThe geometric measurements reported above corresponded to an
the passage aerodynamic behavior. IBR manufactured via tightly controlled flank milling.

Future work will include studies of other blades including those Figure 14 shows plots of measured deviations of two produc-
with larger manufacturing variability. Also, three-dimensional eftion compressor rotor blades, one manufactured with point milling
fects such as tip clearance are currently being investigated. &ird the other with flank milling. Deviations in chord length and
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Table 6 Spanwise maximum deviation intervals (per unit [4] Trefethen, L. N., and Bau, D., 199Rumerical Linear AlgebraSociety for

chord ) for point- and flank-milled IBR measurements Industrial and Applied Mathematics, Philadelphia, PA.
[5] Drela, M., and Youngren, H., 200XFOIL 6.9 User GuideDept. of Aeronau-
Dimension Point (X l(ﬁ) Flank (x 103) Ratio tics and Astronautics, Massachusetts Institute of Technology, 77 Massachusetts
Ave, Cambridge MA 02139.
Chord length 8.6 0.49 18 [6] Ross, S., AFirst Course in Probability 1997, Fifth Ed., Prentice Hall, Upper
LE thickness 2.7 0.49 6.7 Saddle River, NJ.
TE thickness 3.8 0.57 5.6 [7] Drela, M., and Youngren, H., 1998, User's Guide to MISES 2.5®ept. of

Aeronautics and Astronautics, Massachusetts Institute of Technology, 70 Vas-
sar ST, Cambridge MA 02139.
[8] Drela, M., 1985, “Two-Dimensional Transonic Aerodynamic Design and

. ) . ) ) Analysis Using the Euler Equations,” Ph.D. thesis, Massachusetts Institute of
leading-edge thickness at various spanwise locations are shown. Technology.

The deviations have been scaled with respect to the nominal spaifi®] Youngren, H., 1991, *Analysis and Design of Transonic Cascades With Split-
wise average chord. Largest positive and negative deviations at tg’ Va“eSJ' gﬂasltggsst'jﬁsﬁs! mgzs?ec?}lﬁ;tf :“Stl'_‘Ute Of_TEChnol\'/Cl’ng o
each spanwise station are indicated by dashed lines, which in turtf! Tfpt;grr:{achinés S ASME 5. Turbomacrll(;, g;r 626101%26 0ss Mechanisms in
p_rovides a rough measur? of Variab_”it_y in eaCh_ measur_ed dime'ﬁﬂ] Hammersley, J.’ M., and -Handscomb, D. C.., 19Miz)nté Carlo Methods
sion. Table 6 shows maximum deviatiofer unit chordl inter- Methuen & Co., London, England.
vals in chord length, leading and trailing-edge thickness for thé&L2] Thompson, James R., 20@imulation: A Modeler's Approacliohn Wiley &
measurements shown in Fig. 14. The point-milled IBR exhibits _ Sons, Inc., New York. . _ )
roughly 18 times more variability in chord Iength than the ﬂank_[ls] Flshman,_George S., 199Klonte Carlo: Concepts, Algorithms and Applica-

. A : tions Springer Verlag, New York.
milled rotor. Thelva”a,b”'ty in ITE and TE Fhlqkness MEeAaSUre-14) Garzon, V. E., and Darmofal, D. L., 2001, “Using Computational Fluid Dy-
ments f_OI‘ the p0|nt-_m|IIed |BR_ IS rOUthy Six times that of the namics in Probabilistic Engineering Design,” AIAA paper 2001-2526.
flank-milled rotor. This comparison provides a justification for the[15] Drela, M., 1997 A User's Guide to MTFLOW 1,Dept. of Aeronautics and

higher geometric variability levels considered in the main text. Astronautics, Massachusetts Institute of Technology, 70 Vassar ST, Cambridge
MA 02139.

[16] Merchant, A., 1999, “Design and Analysis of Axial Aspirated Compressor
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Experimental Investigation of
Centrifugal Compressor
Stabilization Techniques

Results from a series of experiments to investigate techniques for extending the stable flow

Gary J. Skoch range of a centrifugal compressor are reported. The research was conducted in a high-
U.S. Army Research Laboratory, speed centrifugal compressor at the NASA Glenn Research Center. The stabilizing effect
National Aeronautics and Space Administration, of steadily flowing air-streams injected into the vaneless region of a vane-island diffuser
Glenn Research Center, through the shroud surface is described. Parametric variations of injection angle, injec-
Cleveland, OH 44135 tion flow rate, number of injectors, injector spacing, and injection versus bleed were

investigated for a range of impeller speeds and tip clearances. Both the compressor
discharge and an external source were used for the injection air supply. The stabilizing
effect of flow obstructions created by tubes that were inserted into the diffuser vaneless
space through the shroud was also investigated. Tube immersion into the vaneless space
was varied in the flow obstruction experiments. Results from testing done at impeller
design speed and tip clearance are presented. Surge margin improved by 1.7 points using
injection air that was supplied from within the compressor. Externally supplied injection
air was used to return the compressor to stable operation after being throttled into surge.
The tubes, which were capped to prevent mass flux, provided 6.5 points of additional
surge margin over the baseline surge margin of 11.7 poiil: 10.1115/1.1624846

Introduction Oakes et al[7] worked to characterize the instability in a high-
The effort to determine the causes, precursors, and cont?&eed centr_ifugal compressor as it approached and entered surge.
mechanisms for stall and surge in both axial and centrifugal Corﬁ[rays of h'gh. response pressure transducers were Iocated'up-
stream of the impeller inlet and in the endwall of the vaned dif-

pressors has had many contributors over the years. Rofifers . ; e .
tested numerous channel diffusers with back-swept impellers alfiger- Two rotating stall modes were identified, a nine-cell mode

found that diffuser initiated surge occurred at a nearly constaljet Was a precursor to the initial surge cycle and a single cell

impeller to throat diffusion ratio of 1.8 for Mach numbers belowmnode that coincided Wlth_ surge initiation. Both modes were found
unity. Rodgers concluded that a rapid accumulation of blockad P located near the diffuser. , .
near the diffuser throat limits the achievable diffusion ratio. The SPakovszky[8] extended the Moore-Greitzer stability model
work was based in part on earlier work by Rundstadler and Delfif @xial compression systems to centrifugal compressors by add-
[2] who demonstrated the importance of diffuser throat boundaljd @ radial duct to model the vaneless region between the impel-
layer blockage to the pressure recovery of the channel diffust and vaned diffuser. The improved stability model also shows
Both works show the sensitivity of compressor performance $§€ importance of the vaneless space to compressor stability but
flow conditions in the vaneless and semivaneless regions off@m the viewpoint of system dynamics. The radial extent of the
channel diffuser. vaneless region and the amount of swirl in flow entering from the
A number of investigators have also demonstrated various stripeller discharge are important parameters that influence system
egies to extend the stable flow range of centrifugal compressc#&bility. The improved model predicted a vaneless space distur-
Jansen et al[3] reported the stabilizing effect of a slotted hubbance rotating in a direction opposite the impeller. Working in the
wall treatment, beginning at the impeller exit and extendingame compressor used for the experiments reported herein, Spak-
downstream of the diffuser throat, applied to a variable geomet@yszky verified the predicted disturbance and went on to demon-
vaned diffuser. RaW4] demonstrated surge margin improvemenstrate range improvement using small amounts of externally sup-
in a conical pipe diffuser by using “porous drillings” to bleedplied air injected tangentially into the diffuser vaneless space in
flow from the region of the diffuser throat. Nelson et @] re- the direction of impeller rotation.
ported a successful effort to stabilize the axial-centrifugal com- The motivation for the present work was to improve the stable
pressor of a turbo-shaft engine using both steady-flow and pulstslv range of centrifugal compressors by modifying flows in the
injection of air into the diffuser channels through slots in theaneless and semi-vaneless regions of the diffuser. One strategy
suction side of the vanes. was to design a system of injectors that could provide variations
Stein et al{6] conducted three-dimension@D) time accurate in position, direction and flow rate to affect as many regions of the
simulations of a high-speed centrifugal impeller at surge condiiffuser as possible. To implement that strategy, nozzles were in-
tions. Air injection at the impeller inlet was added to the modedtalled through both the hub and shroud surfaces of the diffuser
and several parametric variations of injection angle were angnd air injection was tested at several impeller tip clearances and
lyzed. The computations showed that a flow reversal occurred 8Perating speeds. Another strategy implemented only on the
the leading edge of the impeller blades at reduced mass flow c@froud surface employed tubes that were inserted into the diffuser
ditions. Air injection eliminated a local separation that was cauganeless space to bleed low momentum flow discharging from the
ing flow reversal and improved impeller stability. impeller tip.
This paper focuses on the techniques applied to the shroud-side

Contributed by the International Gas Turbine Institute and presented at the Imsnf- the diffuser. Results are presented from tests that were done at
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Ju ’ p

desi d with tant tip cl f 2.4% of impell
16-19, 2003. Manuscript received by the IGTI December 2002; final revision Mar: sign SPee ’ with a constant tip clearance or 2.4% or impelier
2003. Paper No. 2003-GT-38524. Review Chair: H. R. Simmons. blade exit height.
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Test Compressor

The test compressor is an Allison Engine Company design th
was scaled up to a flow size of 10} (4.54 kg/$ from the
original size of 3.655 If/s (1.66 kg/3. McKain and HolbrooK9]
give complete aerodynamic and mechanical design descriptiol
including impeller and diffuser geometries.

The staggimpeller with vane-island diffusgmwas designed to

produce a pressure ratio of 4:1 at the design mass flow. The st:

dard day corrected speed for the design flow condition is 21,7¢

rev/min with an exit tip speed of 1615 ft{g¢92 m/g. The inlet

relative Mach numbers on the suction surface range from 0.9

the tip to 0.45 at the hub. The impeller contains 15 main blade

and 15 splitter blades and has 50 degrees of backsweep fr N
radial at the discharge. The splitter-blade leading edge, located

« Steady State Static Pressure

@ High-response Static Pressure

20% of main blade chord, is offset slightly toward the main-blad @ stroud sice ijector

suction surface in order to produce an even flow split. Both th
main blades and splitter blades are formed from quasinorm
straight-line elements between the hub and tip. The inlet tip dian
eter is 8.264 in(210 mm and the inlet blade height is 2.501 in.
(64 mm). The exit diameter is 16.986 i1t431 mm and the exit
blade height is 0.671 in(17 mm). All dimensions are for hot
conditions at 100% of design speed.

The vane-island diffuser contains 24 passages. The vane le
ing edge is at a radius ratio of 1.08 and the mid pitch of the
passage throat is at a radius ratio of 1.10. The diffuser exit is aii:
radius ratio of 1.68.

a . . . - .
Ig. 2 Diffuser shroud instrumentation and injector locations

Surge Control Apparatus Only steady flow injection was used in these experiments. In-
a shroi&?tion air was supplied to all eight valve bodies by an external

Cross sections of the centrifugal compressor test rig, @Hanifold located around the circumference of the inlet. The mani-
0

injector and the air supply system are shown in Fig. 1. Also sho
is one of eight recirculation air pickups that were used for a co
figuration where recirculating air was supplied to the injectors.

old was supplied by an external air source or by recirculating
ow collected through eight Pitot tube pickups located at the dif-
fuser dischargéFig. 1).

Shroud Side Injectors. Eight injector nozzles were installed . .
on the shroud sidJe of the diﬁgser rils shown in Fig. 2. The injector.COntrOI Tubes. Tubes were inserted through the shroud-side
nozzles were contained in valve bodies that had been designedI ctor openings into thg diffuser vaneless space as shown in Fig.
pulsed-injection experiments where a voice-coil-type actuat Fe{ lhe gybeshwere felljbrlcatedl_fromh 0'37(;5 ('19 d_rnm)_ dlzmett]er fl
drove an internal valve, hence the large size. The injection nozz gel tubing that was bent to align the end residing inside the flow

were interchangeable to permit testing of the wall-jet directiorfal? With the local absolute velocity vector. The interior end was
shown in Fig. 3. also partially recessed into the carrier plug to limit its immersion

to 50% of diffuser span when the plug was fully seated without
shims. Shims were placed under the exterior flange of the plug to
achieve lesser immersions. Eight tubes could be installed using
Recirculation Air Ot the same openings employed by the shroud side inje(gs 2).
i The tubes provided a bleed path for the impeller discharge when
the exterior ends were left open. However, the results reported
here are from tests done with the external ends capped to prevent
any mass flux through the tube.

Pitot Tube For
Recirculation Air

Test Procedure, Instrumentation

N Compressor stability experiments were completed over a speed
range of 60—100% of design speed and at tip clearances of 2.4,
3.6, and 4.8% of exit blade height. Results from tests done at

Nozzle

Shroud Air In

FE

" FORWARD REVERSE |
% - TANGENT  TANGENT
TTTTTTTTTITTTTTTTTTTTTT S e IMPELLER
EXIT RADIUS
Fig. 1 Cross section of test compressor and air injection ap-
paratus Fig. 3 Shroud side injector orientations
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m:: 'T:znsg::t;fk&e Plane the total temperature rakes and three qf the total pressure rakes
(Station 5) were replaced by Pitot tubes when recirculated air was used to
supply injectors.
Steady-state data were collected using the test cell data system
N (Escort Systemthat records all steady-state pressure, temperature
>SN\ NN\ and speed data needed to determine compressor performance.

SANN\N Steady-state measurement uncertainties are pressure 0@ Jpsi

N
0.2)
772

N range improvement provided by each shroud-side technique.
N Some of the results are shown as complete speed lines, others as

AN partial speed lines beginning near the surge flow rate of the base-
> // // line characteristic.
————————————————————————— : : Z N S— All of the characteristics in Fig. 5 were obtained with injector

) ) nozzles installed on the hub surface. The hub nozzle air supply
Fig. 4 Cross section of test compressor and control tube was closed for these experiments but a manifold between each
nozzle and air supply lines permitted communication between
nozzles. This communication improved the stable flow range of
the compressor, as did the porous drillings described by [Raw
100% of design speed with a tip clearance equal to 2.4% of elérJB:fwazrgzz?(t))\:;/r%;ﬁ,etlgeo.slurlrfse(ggvz’ /rs)afgvrlc;rr tt?\?ar? ?tsv(\e/grs]i:rotr;:g res
blade height are reported here. At each condition, the compressgf,o compressor with a solid diffuser hub surface.
was throttled to a starting poir_wt on the operating characteristic th_atThe inlet corrected mass flow on each characteristic shown in
was near surge for the baseline compressor and then ramped ip 5 \yas adjusted to account for the air that was injected into the
surge by closing the throttle slowly at a constant rate. %iffuser since it was injected downstream of the main flow orifice.
The flow rate where the compressor surged was determined iy < fio\y was adjusted by adding the absolute injection flow rate
noting the flow rate where an audible change occurred in t.‘ﬁthe absolute flow rate at the compressor inlet and then correct-
§oqnd emanating from the compressor. As.a check on the aUd.' .Sthe sum to inlet conditions. The adjustment was made for both
indicator, the pressure delta across the main flow orifice was digi - lated and external air supplies in order to determine the
tized during the ramps. A second surge flow rate was later det%-W rate through the diffuser.
mined from the digitized orifice data to verify the initial number. 114 final data point shown on each characteristic is at the flow
The computed surge flow rate was generally lower than the glise determined from the audible surge indicator, adjusted for in-
dible surge rate. The audible surge flow rates reported herein glg;qn The location of the data point on the ordinate was deter-
within —0.05 and+0.15 Ihy/s (—24 and+68 g/9 of the com- \nined from a second order curve fit of three to six data points

puted value. receding surge
The surge flow rate was sensitive to changes in impeller tﬁo g surge.

clearance. Air injection changed the local metal temperature
enough to change the clearance between the impeller trailing edge

\X///% s\ N/cn?), temperature 1 R0.6°C), and mass flow 0.05 Jis (0.11
/§ § kgls). The Escort System was also used to collect performance
%% [ P ———— data while ramping toward surge since the throttle was being
/§ §\ 2,38 4in Diffuser, See closed slowly. Data readings were taken at roughly 0.Vslb
UP?‘g:g‘ o:'g’;”’“ Control Tubs I %s § Fowe 7. (50 g/9 flow increments between the ramp starting point and the
i 2NN surge point.
¢ \\§ Impeller Exit
3\ (Station 1) -
/ ;\ Experimental Results
Z/ A
/’/'/’//I////,////-,., //§ Pressure rise characteristics, shown in Fig. 5, illustrate the
/, B

7/

and the shroud. After arriving at a starting point on the characte 450 " " - T T RN
istic that was near surge, the flow path dimensions were allowe
to adjust to the temperature conditions created by air injectior
Th_e tip clearance was the_n adjusted to its initial valut_e using mg &0 +‘H—
unique feature of the test rig that permits controlled axial move ook A gg + i
ment of the impeller during operation. Tip clearance was mee ™ LT ™ A +
sured during operation using a high-voltage touch-probe systen% -I.
High-response diffuser pressure data was collected using & - AAA 4 4, A4 T
psid(34.5 N/cn?) Kulite pressure transducers. Data were recorde-% A A
at a 2.5-kHz sampling rate with the raw signal filtered to a band& , .| A _
; ) s 3 +
width of 1 kHz. The high-response transducers were located on3 Injoctor Flow A A
on the shroud side of the diffuser as shown in Fig. 2. One passag % Comp. Design ge
was heavily instrumented with transducers located along a mi& [ Sym. Configuration  (TuboDesth)  Flow Rate
pitch line extending from the vaneless space to a point near tt3 - Baselino 0.0 928
. Ll O Recirc. Fwd. Tangent 0.9 9.02
passage exit. ) ) 3:00[T [ control Tubes (15) 8.61 A
Steady-state static pressure arrays were located in two passa M Control Tubes (50) 800 A
on each of the shroud and hub surfaces. The shroud side ste A ExtRevorseTangont 17 8.90
. g N L A Ext. Reverse Tangent 46 8.43 1
pressure arrays are shown in Fig. 2. Similar arrays were locate ~ Constant Exit Corrected Flow
on the hub. Stage total temperature and total pressure rise we 250 Q  Estimated Point
OOy 0 a0 e ) I N W T S W T WY IS VA VOO TS TS T S N1

determined from measurements collected in the upstream plent

; . 7.5 8.5 9.5 10.5
and from rakes located in the discharge channel downstream Net Inlet Corrected Flow, [b/s
the diffuser. The downstream rake plane is marked in Fig. 4. Six
four-element total pressure rakes and eight three-element tatgy. 5 Total pressure ratio characteristics at design speed and
temperature rakes were located in the downstream plane. Five2@ tip clearance
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Surge margin is typically used as an indicator of range im- Comparing the two reverse-tangent characteristics reveals part
provement when comparing compressor designs, where suajehe reason for the loss in pressure ratio. When the mass flow

margin is defined as data along the 1.7% characteristic was adjusted to account for the
effect of external air injection, the first operating point along the

Tret Msurge Ps choked flow segment of the characteristic aligned with the first

SM=|1- Torge Mot x100% and 7= Py’ point on the baseline characteristic. A loss in pressure ratio is

evident at subsequent points on the 1.7% characteristic that dimin-

'ﬁges somewhat as surge is approached. Shifting the 4.6% charac-
Fl'stic did not produce the same choked flow alignment and the
fs of pressure ratio is more substantial at low flow rates.

nigues. The reference points shown on each characteristic curv fryerse-tangent _injection_reduces th_e t_angential velocity compo-
Fig. 5 lie along a line of constant compressor-exit corrected floRfNt Of flow entering the diffuser, beginning on the shroud surface
computed at the design point of the baseline compressor. Refdfd €xtending into some portion of the diffuser passage. At high
ence points were estimated using second order curve fits of fRi€ctor flow rates the reverse-tangent process is inefficient and
measured points. Reference points in Fig. 5 that do not coincif® dynamic head that could be recovered is lost instead. The

with a measured point are indicated by a hexagon that surrouri@8§ulting compressor characteristic appears to move down a con-
the symbol. stant throttle line as if compressor speed was being reduced.

Each technique produced a unique pressure rise characteri
A similar reference point on each characteristic is needed in or
to compute surge margins that can be compared between the t

Forward-Tangent Injection. The hardware configuration of Control Tubes. The final data set presented in Fig. 5
forward-tangent injection is shown in Figs. 2 and 3. The injecte@quaresshows results from the control tube configuration where
air stream was in the direction of impeller rotation and coincidefiie outer ends were capped to prevent mass flux through the tubes.
with the tangential component of the impeller discharge flow. THenly seven tubes were used in order to avoid a vibration mode in
center of the injector opening was at a radius ratio of 1.04. Tliee impeller that could be excited by an eight per rev disturbance
nozzles were sized to choke when 5% of compressor design masslesign speed.
flow was injected through eight nozzl€362% per nozzleusing Laser anemometer surveys of this impel8koch et al[10])
air supplied at 80°K27°C). showed that a region of fluid with low through flow velocity ac-

Spakovszky 8] first demonstrated the effectiveness of this coneumulates near the impeller tip along the suction surface of the
figuration using externally supplied injection air. It was investiblade. The low through-flow velocity fluid contributes to a jet-
gated again to determine whether the range improvement couldvagke profile at the impeller exit. The original intent behind the
duplicated using an internal air supply. In the current work, inje@ontrol tube design was to bleed some of the low momentum fluid
tion air was taken from the diffuser discharge using the Pitot stytfscharging from the impeller and re-inject that fluid at the impel-
pickups shown in Fig. 1. The open circles in Fig. 5 show resulfgr inlet, which was shown to benefit impeller stability in compu-
from forward-tangent injection using eight injectors. tations by Stein et al[6]. However, a stabilizing influence was

Forward-tangent injection rates between 0.3 and 2.1% of desigjynd to result simply from the presence of control tubes in the
flow were tested. There was little variation in stage pressure rafigfser. It was not enhanced by bleed and, since the diffuser is the

or flow range between the curves that were obtained. An injectRdist stable element in this compressor, re-injection into the im-
flow rate of 0.9% produced the largest increase in stable flcx%

. . ller did not impact the stable flow range.
range. The total pressure ratio at surge decreased by 1% comp rqqﬁmersion into the vaneless space was varied during control
to the baseline surge pressure ratio.

. X - . ) tube experiments since bleed flow was not used. Figure 5 shows
Design point surge margin on the baseline curve is 11.7%, co P g

. . . Psults obtained from two immersions. The open squares were
puted using the design flow point of 10.fs 5,4'54. kg/$ as a  uiained when the leading edge of the tube was immersed in the
reference. Surge margin improved to 13.4% with O.9-perce{) neless space to a depth of 15% of the local span. The solid

forward-tangent injection. The improvement in surge margin is, ~ - represent data from a 50% immersion.

14% (ASM/SMgaseiind, Which is much less than the 27% gain 4 ) ) . ) .
reported by SpakovszKig]. However, baseline surge margin for The 15% control-tube configuration provided a surge margin of

' : : .+ 16.1% while losing only 1.4% in pressure ratio at surge. The 50%
Lhev;er:]eﬂtjg?rr:jfé%ltj(;?:?Qa}'\lzzsh'ngor;ga %lﬁlicte? the Communlcatléclrc?ntrol-tubes provided a surge margin of 18.2% with a 5.5% de-

crease in pressure ratio at surge. The control tube configuration
Reverse-Tangent Injection. The reverse-tangent injectorfollows the pattern of reverse tangent injection where pressure
configuration is shown in Fig. 3. Eight injector nozzles were inratio is traded for flow range. However, the level of pressure loss
stalled at the locations shown in Fig. 2. The injected stream wls a given improvement in range is much less with the control
coincident with the tangential component of the impeller disubes.
charge flow at a radius ratio of 1.04, but the direction of the jet ) ) L .
was opposed to impeller rotation. The total pressure at the injectoroUrge Mechanism. A surging flow condition in a centrifugal
opening had to be greater than the stagnation pressure of the GRPressor is most likely the result of many factors that contrib-
peller discharge to inject flow against impeller rotation. As suchit€ individually or in combination to a final event that triggers
an external air supply was used. surge. In this compressor, the event that precipitates surge occurs
Injector flow rates ranging between 0.5 and 4.6% of compresdBrthe diffuser. ) )
design flow were tested. The solid triangles in Fig. 5 are data fromFigure 6 is arX-T diagram of high-response pressure measure-
the highest injector flow rate. The open triangles are results frofents collected in the diffuser through one surge cycle in the
the middle of the injection flow-range at 1.7% of compressor d@aseline configuration. The operating condition was design speed
sign flow. Comparing the two characteristics shows that the staiith 2.4% impeller exit tip clearance. The pressure transducers
flow range increased as injector flow rate increased, but the losg/ged to construct the contours were located along the center of the
total pressure ratio increased as well. diffuser passage as shown in Figs. 2 and 6. Measurements from
Reverse-tangent injection at 1.7% of compressor design fldwo vaneless space transducers in line with the passage row are
provided a surge margin of 12.7%. When the injected flow ratacluded. A pressure trace from the first vaneless space transducer
was increased to 4.6% of design flow, the stable flow range iis-also shown in Fig. 6.
creased but the pressure ratio at surge dropped substantially, lo¥ernet et al[11] used Particle Image Velocimetry to visualize
ing 11% compared to the baseline pressure ratio. Surge marfiow fields in this diffuser during surge and then connected the
decreased to 9.7% as a result. observations to a simultaneous measurement of pressure variation
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and accelerate the through-flow component at lower spans. The
combination results in lower average flow angles entering the
diffuser.
When the flow angle at the diffuser entrance is reduced both
_ _ _ diffusion ahead of the throat and incidence angles at the vane
Fig. 6 X-T diagram of diffuser passage pressures through leading edge are also reduced. Roddéiscites the level of dif-
one surge cycle fusion taking place between the impeller trailing edge and the

diffuser throat as a stability factor in a centrifugal compressor
with a channel diffuser. Blockage growth increases with diffusion
to the point that diffusion is reduced by accumulated blockage,

. . . N leading to a positively sloped static pressure rise characteristic.
in the diffuser throat. A reversal in flow direction through the S ;

. . R O . akovszky 8] developed a system model for centrifugal com-
diffuser was observed during the time interval indicated by regi P 8] b 4 g

B in Fig. 6. A sudden spike in pressure at the diffuser thro "%essors to predict destabilizing flow resonance caused by un-

o " . . eady interactions between the impeller and diffuser. Flow angle
marked the beginning of the reverse flow period, which continued yh& diffuser vaneless space was shown to influence the har-

. Bnic number of certain disturbances. Reducing flow angle in the

profile from transducer 1 shows the same characteristic Sp'ke\)gneless space may have prevented the formation of one such

pressure followed by an immediate decrease to the minimum fl%ckward rotating disturbance
the surge cycle. i

Region A in Fig. 6 highlights a time interval just before surger.0D|ffuser performance, leading edge incidence, and backward

tating instability modes are discussed in more detail next.
The pressures at transducers 1 and 2 are gradually decreasing, 9 y

while the pressure at transducer 3 is gradually increasing. A rapidDiffuser Performance. Diffusion occurring ahead of the
increase in vaneless space pressure occurs at surge, suggettiogit was reduced for a given compressor flow rate by each tech-
that a sudden collapse in diffusion is taking place upstream of th&ue. Diffuser static pressure rise coefficients are shown for the
diffuser throat. Static pressure in the diffuser passage then drivegaameless, semivaneless, and vaned-passage regions of the diffuser
compression wave upstream into the vaneless space. in Figs. 7-9. Static pressures measured on the hub and shroud at

Blockage created by flow defects forming on either endwall afach element boundary were averaged before computing the static
the vaneless space or near the leading edge of the lower van@iiessure rise across each element.

passage 1 could explain the observed condition. A reduction inV | S Fi 7 sh the stati . ¢
flow area created by the defect would lower the static pressure jn’21€'€SS Space. Figure 7 shows he stalic pressure rise coel-

the leading edge region of the vaneless space requiring higlt]!g,enthacross tlheh(t:hguser vaneless space. The b?ﬁe“ne configura-
diffusion levels to support the existing static pressure gradienfO" SNOWs a sSlignt decrease Iin pressure rise as theé CoOmpressor Is
Diffusion across the vaneless space eventually reaches a lirf ottled. When the baseline configuration was tested with a solid
existing downstream static pressure levels can no longer be sjjP Surface the curve was increasing slightly as compressor flow
ported, and diffuser flow suddenly reverses direction. as redL_Jceq. The opposite s!o_pe in this case is attrlbuteq to the
communication between hub injectors that was noted earlier.

Surge Control Mechanisms. A significant interaction with Data collected for the extended range configurations show a
the tangential component of velocity in flow entering the diffusdower static pressure rise than the baseline at high through-flow
is a common element of the techniques that were tested hawtes. The decline in pressure rise at high through-flow is due to
Reverse-tangent injection and control tubes act directly agaimstiuced flow area caused by injected air and to a loss of total
that component. A reduction in vaneless space tangential veloginessure caused by interaction with the free-stream. Both reverse-
and some mixing of the jet-wake profile on the shroud surface aw@ngent injection and control tubes act against the tangential com-
likely to occur. At the same time, both injection and control tubegonent of velocity in the flow field so an increase in pressure loss
reduce the local through-flow area of the diffuser vaneless spasenot unexpected.
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Fig. 8 Static pressure rise in the diffuser semivaneless region

at design speed and 2.4% tip clearance

point seen on the other characteristics, suggesting that interaction
losses developed more slowly in this configuration.

Semivaneless Space.Figure 8 shows the static pressure rise
measured across the semivaneless space. The characteristics gen-
erally maintain a negative slope over most of the flow range. The
baseline characteristic exhibits a negative static pressure rise at
high through-flow rates that is symptomatic of low swirl angle and
negative incidence on the diffuser vanes. Low swirl angle de-
creases the effective throat area and diffusion across the element is
reduced.

As the compressor is throttled, flow aligns with the throat and
diffusion increases. This is demonstrated in Fig. 8 by the baseline
characteristic as well as the extended range characteristics. The
notable difference for the extended range characteristics is that the
static pressure rise across this element is lower at a given rate of
compressor through-flow. In the case of 4.6% reverse-tangent in-
jection, the static pressure rise does not become positive anywhere
on the characteristic.

The reasons for this behavior are twofold. First, when tangen-
tial velocity near the shroud is reduced and through-flow velocity
at a lower span is increased, a lower average swirl angle is main-
tained to a lower compressor flow rate. Comparing characteristics
from the same configuration illustrates this effect. The lower mag-
nitude application in each pair is less effective at maintaining low
swirl angle and produces more static pressure rise than its higher

At high compressor through-flow rates, the tangential velocifj@gnitude partner. For example, static-pressure rise on 15%
component in air leaving the impeller is low and the losses assgntrol-tube characteristic is higher than it is on the 50% charac-
ciated with a head-on interaction between the injected jets or cdgtistic. The comparison also holds for the 1.7 and 4.6% reverse-
trol tubes and the tangential component are small. As compres&tgent injection characteristics.
through-flow is reduced the tangential component grows and theA total pressure loss is the second reason for the low static
interaction produces increasing total pressure loss. Hence the Riessure observed in the semivaneless space. Losses in total pres-
ther reduction in static pressure rise seen as compressor thougjie across the entire diffuséshown latey were estimated for

flow is reduced.

each of the range extension techniques tested. The loss across

There is an inflection point on all but one of the characteristiggach element was not measured but it is reasonable to assume that
where the slope turns negative and static pressure rise begingt gortion of the overall total pressure loss occurs in each element
increase. The maximum pressure loss caused by the interactéoal is reflected in the static pressure rise coefficient across the
has been achieved at the inflection point and diffusion resumesed@ment.

the compressor is throttled further.

The 4.6% reverse-tangent injection characteristic shows nega-

The slope of the vaneless space characteristic is negative nidag static pressure rise along its entire characteristic. The loss
surge on each of the characteristics shown in Fig. 7, except ogeefficient measured across the diffuser was also largest for this
indicating that the vaneless space was becoming stable near sucgafiguration. The high momentum of the injected stream was
The 15% control-tube characteristic does not contain the inflectidirectly opposed to the high tangential momentum of the impeller
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Fig. 9 Static pressure rise in the diffuser vaned passage at

design speed and 2.4% tip clearance

Journal of Turbomachinery

discharge flow. The injection process reduces the tangential veloc-
ity of the impeller discharge by mixing and the high losses pro-
duced by this process are not surprising.

Vaned Passage. Static pressure rise measurements from the
vaned passage are shown in Fig. 9. The baseline static pressure
rise characteristic exhibits a rapid increase at high compressor
through-flow but quickly achieves an unstable positive slope as
blockage growth limits diffusion in the passage and decreases
static pressure rise at low compressor flow rates.

The extended range configurations, however, generally demon-
strate higher static pressure rise than the baseline at low compres-
sor flow rates. The slopes of the 4.6% reverse-tangent and 15%
control-tube characteristics are negative or turning negative near
surge, indicating an improvement in passage stability.

For the extreme case of 4.6% reverse-tangent injection, the
characteristic in Fig. 9 has a negative slope over the entire flow
range. This corresponds to a static pressure-rise characteristic in
Fig. 8 that is below zero over the entire flow range. The conclu-
sion drawn from this comparison is that reducing diffusion in the
semivaneless region improves passage diffusion. Reduced block-
age development in the passage or in the throat can account for
this behavior since low momentum fluid resulting from throat
blockage will diffuse less effectively.

Diffuser Total Pressure Loss. Figure 10 shows the diffuser
loss coefficient for each configuration, where
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Fig. 10 Diffuser total pressure loss coefficient at design speed
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0= (P1—Pg)/(P;—p1).
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Fig. 11 Diffuser vane leading edge loading on the hub surface
at design speed and 2.4% tip clearance

that the range extension techniques employed on the shroud influ-

Total pressure at the impeller dischardg® ) was estimated using €nced the diffuser flow field across the entire span. For the ex-
the measured tip speed and stage total-temperature rise #find treme case of 4.6% reverse-tangent injection, negative |nC|den(_:e
whereV, is the tangential velocity. The impeller tip static pressurgt the hub remained fairly constant as the throttle was closed. This
(p1) and mass flow were used to find the radial component & due to a significant reduction M, coupled with an equally
velocity V,. An estimate of blockage at the impeller discharg&ignificant increase iV, created by the reduction of through-flow
was needed to estimageandV,. A 15% reduction of impeller aréa caused by the injected jet. . o
discharge area was used in the estimate of impeller total pressurb€ading edge loading at the shroud surface is plotted in Fig. 12.
for all design speed conditions. The assumption of a constant 192ding levels on the baseline characteristic begin at a higher
percent area reduction does not provide an exact representatioff¥®! and increase faster on the shroud than on the hub. Air dis-

the actual flow area for each configuration; the goal was simply

gparges from the impeller tip with higher time-averaged swirl than

provide a comparison of the losses generated by each technig@.at the hub due to the low through-flow velocity fluid that has
The loss coefficient curves for the extended range configui@ecumulated near the tip. The result is a more positive incidence

tions show that the level of total pressure loss across the diffugdt the vane leading edge and higher loading.

is a function of control action magnitude for similar techniques. A reduction in swirl angle at a given flow rate is evident for

Lower loss was produced by 1.7% reverse-tangent injection th8&ch technique from the leading edge loading levels shown in Fig.

4.6% reverse-tangent injection.

Stability may improve, even if surge margin does not, by cre-

ating losses in the vaneless space that increase corrected flow into
the diffuser. However, a large pressure loss is not a necesse
condition for significant flow range improvement. Total pressure
loss produced by 4.6% reverse-tangent injection was much highfc{
than the loss created by the 50% control tubes, yet the ran¢y
improvement provided by the control tubes was greater. &

Leading Edge Incidence. Diffuser vane leading edge inci- g
dence was reduced by each of the range improvement techniqL-g-
that was tested. The change in pressure loading across the lead 2
edge of a diffuser vane is an indicator of changes in leading edg«'l'.:»
incidence and is shown separately for the hub and shroud surfac§
in Figs. 11 and 12, respectively. r

Loading levels seen in Fig. 11 are generally negative at the th
surface, indicating negative incidence. Since there is not a stror 2

jet-wake profile at the hub, flow discharging from the impeller hut%

has a lower time-averaged tangential velocity component and
higher through-flow component than flow discharging near the tig §
When combined with the viscous drag generated by a transitic
from the rotating reference frame of the impeller to the stationar
frame of the diffuser a significant reduction in swirl angle may
result.

Further reductions in loading for a given compressor through-

----- T T LI L |
0.20 l:['l]'El %
m}
i n Y :
L™ -+
L 1] ad A [(])++
0.10p [ | O + a
] - A
L +
Iy -
ATAR A
0.00+ AL Anm s A T
A N +
Injector Flow +
% Comp. Design 1
Surge A A
Sym. Configuration [ Tt’l:;‘?:ﬁm) Flwmm @_‘
<+ Baseline 0.0 9.28 n
010 ©  Recic.Fwd.Tangent g9 s.02
[;} Control Tubes (15) 8.61 A
| ] Confrol Tubes (50) 8.09
A Ext.Reverse Tangent 17 8.90 1
A Ext. Reverse Tangent 4.6 843
p{t ] I | PR S S S T | I R S SN S
7.5 8.5 9.5 10.5

Net inlet Corrected Flow, ib/s

flow rate are demonstrated by the extended range configuratiomig, 12 Diffuser vane leading edge loading on the shroud sur-
This is indicative of increased negative hub incidence and shovase at design speed and 2.4% tip clearance
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12. Once again, the loading at a constant compressor flowrate 170" "~ ¢t rorroTn
a function of the control action magnitude for similar methods. r 1
The 15% control-tube and forward-tangent methods permitte r
the leading edge to support a higher loading level at surge than- r
baseline configuration. This effect was also seen at the hub & r |
suggests that these cqnfigurations pr(_es_entt_ed a more uniform flo AAA A, 1
field to the vane leading edge, permitting it to support a hlghE - ‘A |
load. Reverse-tangent injection, however, reduced the pressg ' -l. A |
load supported at surge indicating a possible disruption in flo@ i iy A ]
field uniformity. ¢ r
2 1.60 4 .
Backward Rotating Instability Modes. ~Spakovszky[8] de- § - 'ﬁk_ﬁ .
scribes a relationship between compressor geometry and operag - Injestor Flow “L+A 1
condition, repeated below, that can be used to determine the mk - % Comp.Design o o A 1
mum harmonic of backward traveling instability waves that resu - Sym. Configuration  (TybeDopth)  Flow Rate ]
from dynamic coupling between compressor blade rows, . L+ Baseline 0.0 928 ]
] Recirc. Fwd. Tangent 0.9 9.02 J
~ Control Tubes
g> T i r E Control Tubes ((;)) :::; 1
R nZtana’ [ 2 e M oss :
For a centrifugal compressaA%/R is a nondimensional dis- 1'53.5' S— '8_'5' B '9f5' T T s

tance between the impeller trailing edge and diffuser leading ed¢
n is the minimum harmonic for backward rotating disturbances,
anda is the absolute swirl angle entering the diffuser. Fig. 13 Stage total temperature ratio at design speed and 2.4%
When Spakovszky 8] applied the coupling criterion to this tip clearance
compressor it showed that backward traveling waves with har-
monics ofn>2.8 could be expected. His full compressor model
predicted backward rotating third, fourth, fifth, and sixth harmonic L -
disturbances, where disturbances with harmonic numbers above 4 Notable exception is the characteristic for reverse tangent
were unstable over the entire characteristic and the fourth hipection at the 4.6% injector flow rate. This was the highest
monic became unstable as the compressor was throttled to lofYerse-tangent flow rate tested and the increasing negative slope
flow rates. on the mldd!e portion of the characteristic implies a net reduction
Spakovszky8] also suggested that disturbances with harmoni@ SliP velocity. ) _
numbers above 4 could not exist in this compressor because of dMPeller static pressure ratio developed by the baseline com-
requirement that the disturbance cover at least two impeller blaREgSSOr and each of the extended range configurations is shown in

passages, which left the fourth harmonic disturbance as the indp: 14- The slope of the baseline characteristic is negative at the
bility that contributed most to surge. surge point, indicating that the impeller was stable at surge.

The coupling criterion indicates that for a fixed geometry the EXCept for the 15% control-tube configuration, the altered char-
minimum harmonic of a backward traveling wave increases §§t€ristics acquire a zero or positive slope prior to surge in Fig.
swirl angle is reduced. It follows that if the minimum harmonic:4- When this impeller was tested with a vaneless difféS&och
number for an unstable disturbance is increased to one that &l [10) the stage did not surge until a flow rate of 7.2/l

not be supported by compressor geometry, then the contributiontaf> K9/ was reached. The changing slopes seen here at flow
that disturbance to surge is eliminated. rates above 7.2 JHUs suggest that each technique eventually

Two of the range improvement techniques tested here signifi-
cantly reduced the absolute swirl angle in the diffuser vaneless
space, which should have increased the minimum harmonic nur- , gg 7 —— T T
ber for backward traveling disturbances. Pressure transduce
were not available in sufficient quantity to detect disturbance

Net Inlet Corrected Flow, Ib/s

with high harmonic numbers. However, it still follows that if the 5 gql- AdL 4 A .
minimum harmonic of backward traveling instabilities was in-&e " N
creased beyond 4, then backward rotating disturbances could rg am .%

be maintained in the compressor and the contribution to surge |

io,

275 .D I%AMA N
]

the original fourth harmonic disturbance would have bee %
eliminated. ] F ] 0 li 1
2 o A
Impeller Performance and Stage Efficiency. Figure 13 8 2.70| .q) #3%_ b A
shows temperature ratio versus diffuser through-flow for the bas's | + |
line configuration and each of the extended range configuratior 8 i ) LI 8
17} Injector Flow
The total temperature measurements were corrected for the effiy 2 g5}~ % Comp. Design + A -
of injecting air into the system at a temperature that differed frorg Sym. Configuration  (TubsDepth)  Flow Rate ++ Ay
the local flow. The following correction was applied to the mea & I -g Baseline 0.0 928 i
. Recirc. Fwd. Tangent X X
sured total temperature: 26001 o Tabms (:59) :‘s’f _:_ _
. . . i [ ] Control Tubes (80) 8.09
Ts Mimpeller™ T5,measured( mimpeller+ minjector) - Tinjector‘ Minjector- [ A Ext Reverse Tangont 17 8.90 +
A Ext. Reverse Tangent 46 843
Impeller work input for each method generally follows the lin- 2‘55;.5 """"" 8_'5 """"" 915‘ T

ear trend of the baseline curve and continues to rise as mass fl
is reduced below the surge point of the baseline. The linear rise in
temperature ratio indicates thdj is changing in proportion t%,  Fig. 14 Impeller static pressure ratio for the baseline and ex-
and impeller slip is not heavily influenced by the presence of thended range configurations at design speed and 2.4% tip
injected air streams or control tubes. clearance

Net Inlet Corrected Flow, Ib/s
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085 T " * LA A A L B LA Tal_)le 1 Comparison of changes in surge margin and pressure
I (ﬁ W—H:f— + | ratio
MBLA A T A B c
0.80F ma 0o — surge A surge A PR
A+ margin, margin, at surge,
- L Configuration percent percent percent
- Ll ]
Y phinm e m ) Baseline 11.7
8 0.75 n 0.9% forward-tangent 13.4 1.7 —-1.0
s AAA L adda A A+ 1.7% reverse-tangent 12.7 1.0 —2.6
@ A 1 4.6% reverse-tangent 9.7 -2.0 -11.0
§ 15% control-tubes 16.1 4.4 -1.4
2 070k i 50% control-tubes 18.2 6.5 —-5.5
2 Injector Flow
% Comp. Design rge
[ Sym. Configuration { Tl:/.bospD:‘Mh) Flomab
-+ Baseline 00 928
0.65[ 8 :ecr-l?:-;m' 09 9.02 7 through-flow with time, at design speed, as the throttle is closed to
B conboiTioes o oy N initiate surge and then as the compressor is stabilized using
[ A  ExtReveisoTangent 17 8.90 reverse-tangent injection.
P e e S s Injection was initiated using a hand-operated valve when au-
7.5 8.5 9.5 10.5 dible surge was detected. Only two injectors, 4 and 5 in Fig. 2,
Net Inlet Corrected Flow, Ib/s were used for this test. The total injected flow rate went from 0 to
) S ) a value of 2.9% of design flow when the valve was first opened.
Fig. 15 Stage adiabatic efficiency at design speed and 2.4% As only two nozzles were in use, the flow through each nozzle
tip clearance was roughly equal to 1.5% of compressor design flow and both

nozzles were choked.
Throttle closing continued, with injection stabilizing the com-
began to destabilize the impeller. Forward-tangent injection desf{€SSOr. until the compressor surged a second time. At the second
aurge point, both injectors were choked and additional supply

bilized the impeller much sooner in terms of compressor flow rat fessure to raise injector mass flow was not available so a second
Increased impeller work input in the extended flow region df J

the characteristics produced higher total pressure at the impe I%?&Yﬁrytﬁguclgnqoigsesgff)%rpgpSST;?d‘eThe throttle was then opened
exit that mitigated somewhat, the effect of diffuser loss on sta if rego or fI’OI'FT)1 2 fully develo egd .s roe condition can be ac-
pressure ratio. However, with increased impeller work input and a Very u'ly aevelop urg ”

lower stage total pressure ratio, the stage efficiency is adversg ouplgsgles(étg?;bﬁggtr%l:i[gonqsr?gse; a_tl_'lfqh: tfg;t 3\'/%2 (ﬁcl,?sr:;abélgé d
impacted as seen in Fig. 15. P ' P

using the control tubes or forward-tangent injection, since on-off
control could not be done remotely. However, it seems reasonable
: I that retractable control tubes and controllable recirculation valves
Practical Implications could also be used to the limits of their effectiveness.

Pressure loss incurred across the diffuser precludes the continu-
ous use of any of the techniques described herein. However it
would make sense to employ these techniques if they can be u?éﬁhmary
intermittently, turned on when the onset of compression systemThree techniques to extend the stable flow range of a 4:1 pres-
instability is detected and then turned off when stable operatisure ratio centrifugal compressor have been demonstrated.
returns. An intermittent operating strategy would make it possible Table 1 summarizes the results obtained from each technique.
to take advantage of improved stability provided by operating dsurge margin, computed along a line of constant compressor-exit
the altered characteristics without enduring the penalty of a premrrected flow, is shown for each technique in column A. The
sure loss during stable operation. improvement over the baseline surge margin (S8Mgaseiind IS

The feasibility of preventing surge by activating one of thehown in column B. The change in stage pressure ratio at surge,
techniques described above is demonstrated in Fig. 16 wWhéRR— PRgascind/ PRaaseiine< 100%, is given in column C.
reverse-tangent injection was used to bring the compressor out ofForward-tangent injection using recirculated air caused very

surge. The figure shows the change in absolute compresktle pressure loss in the diffuser so an improvement in surge
margin was demonstrated even though the stable flow range im-

provement was relatively small. Reverse-tangent injection pro-
duced the highest losses in stage pressure ratio for the increase in

Revarse-Tangent Surge Begins Again stable flow range that was achieved. It provided only a small
Injection On (2.9%) At Lower Through-Flow ) A . ..
improvement in surge margin and only at a low injected flow rate.
2f‘";§j,"$ Tlhr_:zﬂ:es g;’?ﬁrfz;zogmﬁzﬁzyéIfg::‘m" ?gg“ﬂe Control tubes produced significant improvement in stable flow
nitiate Surge . . .
osed toun ? range with only moderate pressure loss in the diffuser, hence the

greatest surge margin improvement.
The range improvement techniques acted on flow in the diffuser

z vaneless space and caused a reduction in average swirl angle
z across the span. Lower swirl angle produced the following results:
[
2 1. Diffusion between the impeller exit and diffuser throat was
2 reduced.
< | 2. Incidence on the diffuser vane leading edge was reduced.

20 40 60 3. Backward rotating instability modes may have been elimi-

Time (seconds) nated.

Fig. 16 Recovery from surge using reverse-tangent injectors 4 Each technique produced some loss of total pressure in the dif-
and 5 at 100% of design speed and 2.4% tip clearance fuser. Pressure losses created in the diffuser vaneless space helped
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stabilize the compressor by throttling the diffuser but resulted in 7,4 = stage total pressure ratio at surge
poor compressor performance and surge margin. Excessive pres- SM = surge margin, (¥ (7 et/ Tsurgd - (Msurge Mrer))
sure loss in the diffuser was not a necessary condition for stability X 100%
improvement, however. Reducing the average swirl angle acroSMg,sqine = SUrge margin on baseline characteristic
the span of the vaneless space as the compressor approached surge U = impeller exit tip speed
was the important control action. If swirl angle reductions could  pU? = impeller dynamic head
be achieved with minimal pressure loss when approaching surge,AH,., = isentropic enthalpy rise
then both performance and stability would be maintained. AH,, = actual enthalpy rise
The loss in total pressure across the diffuser precludes continu- n = adiabatic efficiencyAHsen/ AH ot
ous operation using the techniques demonstrated here. Howexﬁé

an operating strategy that activates a particular technique Whenasurement Station Subscripts

compression system instability is detected would be a practical 0 = upstream plenum
alternative in order to take advantage of the significant stability 1 = impeller trailing edge
improvement that is available. 2 = diffuser vane leading edge
Recovery from fully developed compressor surge using this 3 = diffuser throat
strategy was demonstrated using reverse-tangent injection. How- 4 = diffuser exit
ever, based on measured surge margin improvement, retractable 5 = rake plane in diffuser exit passage
control tubes would be the best of the three methods tested here
for an intermittent operating strategy.
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Average Passage Flow Field and
Deterministic Stresses in the Tip
and Hub Regions of a Multistage
Turbomachine

This paper continues our effort to study the dynamics of deterministic stresses in a mul-
tistage turbomachine using experimental data. Here we focus on the tip and hub regions
and compare them to midspan data obtained in previous studies. The analysis is based on
data obtained in particle image velocimetry (PIV) measurements performed in the second
stage of a two-stage turbomachine. A complete data set is obtained using blades and fluid

Oguz Uzol with matched optical index of refraction. Previous measurements at midspan have shown
that at midspan and close to design conditions, the deterministic kinetic energy is smaller
Yi-Chih Chow than the turbulent kinetic energy. The primary contributor to the deterministic stresses at
midspan is the interaction of a blade with the upstream wakes. Conversely, we find that
Joseph Katz the tip vortex is the dominant source of phase-dependent unsteadiness and deterministic
stresses in the tip region. Along the trajectory of the tip vortex, the deterministic kinetic
Charles Meneveau energy levels are more than one order of magnitude higher than the levels measured in the

hub and midspan, and are of the same order of magnitude as the turbulent kinetic energy
levels. Reasons for this trend are explained using a sample distribution of phase-averaged
flow variables. Outside of the region affected by tip-vortex transport, within the rotor-
stator gap and within the stator passages, the turbulent kinetic energy is stltignes
higher than the deterministic kinetic energy. The deterministic and turbulent shear stress
levels are comparable in all spanwise locations, except for the wakes of the stator blades,
where the turbulent stresses are higher. However, along the direction of tip-vortex trans-
port, the deterministic shear stresses are about an order of magnitude higher than the
turbulent shear stresses. The decay rates of deterministic kinetic energy in the hub and
midspan regions are comparable to each other, whereas at the tip the decay rate is higher.
The decay rates of turbulent kinetic energy are much smaller than those of the determin-
istic kinetic energy. The paper also examines terms in the deterministic kinetic energy
transport equation. The data indicate that “deterministic production” and a new term,
here called “dissipation due to turbulence,” are the dominant source/sink terms. Regions
with alternating signs of deterministic production indicate that the energy transfer be-
tween the phase-averaged and average-passage flow fields can occur in both directions.
The divergence of the pressure-velocity correlation, obtained from a balance of all the
other terms, is dominant and appears to be much larger than the deterministic production
(source/sink) term. This trend indicates that there are substantial deterministic pressure
fluctuations in the flow field, especially within the rotor-stator gap and within the stator
passage[DOI: 10.1115/1.1625692

Department of Mechanical Engineering,
Johns Hopkins University,
Baltimore, MD 21218

Introduction dependent unsteadiness on the average-passage flow field are ac-

The *average-passage’ Reynolds-averaged Navier-Stok%cs)unted for through the deterministic stresses, which must be

) . ) modeled in order to obtain a closed system of equations. Different
Sg’:i:qg?t't?r:sé’_glvt;?g;gsd f];gicsbyvﬁi?r?Cri%ﬂisiggslij%rgh models for the deterministic stresses have already been proposed

. . : iy . a(’e.g., AdamczyK2], Van de Wall[ 7], Meneveau and Kat£8], He
chines, while using steady boundary conditions, but still account: al. [9]). However, unlike RANS closure models, there are

Ing for blade-rows _|nteract_|ons. This approach_ IS es_pema%;:) widely accepted and validated modeling tools. To develop such
important as a practical design tool for turbomachines with m

. . models one requires a database obtained either from experiments
tiple blade rows and varying number of rotor and stator blades i§ ¢om unsteady RANS involving multistages. The latter ap-

consecutive stages. In this formulation each blade row hasp@ach introduces uncertainties related to turbulence closure
steady average-passage flow field, which extends from the inlet{@ qe|s.

the exit of the machine. Neighboring blade rows are replaced with | previous experimental studies, the deterministic stresses have
circumferentially uniform systems of body forces, energy source$een obtained either by traversing single point sen@ggs, Prato

and (not necessarily uniforindeterministic stressg@\damczyk et al. [10,11], Suryavamshi et a[[12,13), or by particle image

[1], Adamczyk et al.[2], Adamczyk et al.[3], Rhie etal.[4], yelocimetry (PIV) measurements in quasi two-dimensiof@D)
LeJambre et al[5], Busby etal.[6]). The effects of phase- centrifugal pumpgSinha and Katf14] and Sinha et al.15]). In
order to implement PIV in a multistage axial turbomachine, Uzol

Contributed by the International Gas Turbine Institute and presented at the I8k al.116] and Chow et all17] recently introduced a facility that
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, June [ ] [ ] y y

1619, 2003. Manuscript received by the IGTI December 2002; final revision Mar&ables unObStrUCteq optlcal access using transparent rotor and
2003. Paper no. 2003-GT-38598. Review Chair: H. R. Simmons. stator blades operating in a liquid, which has the same optical
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index of refraction as the blades. A brief description of this syster . T

is provided in the following chapter. Subsequent paptsol Mooy, a1 =mgesttor
et al.[18] and Chow et al[19]) provided data on the distributions 3
of phase-averaged and average-passage velocity distributio
along with the deterministic stresses and turbulence parameters
a midspan plane, covering the entire second stage of a two-sta NN
axial turbomachine. The results showed substantial nonuniform ‘i‘,\\\“g&(////

%,
ties in distributions of deterministic stresses, which were causekaser [

1% Stage Rotor

OONNER Flow
N 5
Sheet

by blade-wake and wake-wake interactions. At midspan and clo:
to design conditions, the turbulent kinetic energy was higher tha
the deterministic kinetic energy, whereas the Reynolds stress
and deterministic stresses were of the same order of magnitud:
but followed completely different trends.

This paper continues our effort to study the dynamics of detel
ministic stresses in a multistage turbomachine using experimentai
data. However, this time we expand to the tip and hub regionsg. 1 Test section of the axial turbomachine. The second-
The analysis is based again on two-dimensional PIV measukgage rotors and stators are made of transparent acrylic.
ments performed in three spanwise planes, which cover the entire
second stage of a two-stage turbomachine. One plane is located

close to the hub, the second is located at mid span, and the thirglis,, ~overing an entire rotor blade passage of 30 ded. In thi
in the tip region, where the dynamics are dominated by the ﬁ ; COVEring \ ' passag A s

Window Motor 25 HP

. . per we focus on three spanwise platemtaining the stream-
vortex. The data enable us to examine the effects of the tip-vortex-. and |ateral velocity componentsvhich are located at 3

and hub boundary layer on the phase-averaged and aver ‘cent, 50 percent, and 90 percent of the rotor span. At least one
passage flow fields, as well as on the distributions of determinisigqreq instantaneous realizations are recorded for each phase
stresses. As will be demonstrated, for example, unsteady featuiey |ocation. For selected cases we record 1000 image pairs in
of advection of the tip vortex results in very large determlnlstlgr er to obtain converged statistics on the turbulence. We use
kinetic energy. Furthermore, we also examine the decay rates 0% v ok camera and an Nd-YAG laser sheet. and the sample area
deterministic kinetic energy along the stator passage, and_ COMpRres . 50 mn?. and each velocity distrib‘ution consists of
the results to the decay of average-passage turbulent kinetic 8 61 vectors’. As a result, five data sets at different axial loca-

ergy. F.in.allyz aftgr introducing the evolution eq”?“O”S for the d‘?l'ons are needed to cover the entire second stage. The sample area
terministic Kinetic energy, we compare the mag_nlt_ude_s and spa bx 50 mn?) covers 124 percent, 104 percent, and 92 percent of
distributions of the dominant production and dissipation terms. stator pitch and 87 percent 7’4 percent ar;d 65 percent of the

balance of all the terms also attempts to determine the effect - .
divergence in the deterministic pressure-velocity correlations. rotor p't.Ch at 3 percent, 50 percent, and .90 percent span locations,
respectively. Data analysis includes image enhancement and
cross-correlation analysis using in-house developed software and
Experimental Setup and Procedures proceduregRoth et al.[20], Roth and Kat421]). Adapting these
rocedures to the current geometry, including modifications to the
age enhancement procedures, and removal of the blade trace/
ature prior to velocity computations are discussed in Uzol
al.[16]. Additional details about the PIV setup and data acqui-
ion system can be found in Chow et 17,19 and Uzol et al.
§]. A conservative estimate of the uncertainty in mean displace-
Ent in each interrogation window is 0.3 pixels, provided the
ndow contains at least 5-10 particle paifRoth et al.[20],

Facility. The axial turbomachine test facility enables us t
perform detailed and unobstructed PIV measurements at any pql
within an entire stage including the rotor, stator, gap betwe
them, inflow into the rotor, and the wake structure downstream 9
the stator. To generate such data using optical techniques i
needs an unobstructed view of the entire domain at any ph
angle. This unlimited optical access is facilitated using a rotor a%a

stator ”?ade of a transparent mate(md:rylic) th‘."‘t has the same oth and Kat421]). For the typical displacement between expo-
optical index of refraction as the working fluid, a _concentrategures of 20 pixels, the resulting uncertainty in instantaneous ve-
solution, 62 percent—64 percent by weight, of Nal in water. Th\fcity is about 1.5 percent. Slip due to the difference between the
fluid hafsa ZSpeC,'f'C gravity of 1.8 and a kinematic viscosity 0lecific gravity of the particlél.6) and that of the fluid1.8) may
1.1x10°° m‘s, i.e., very close to that of water. Thus, the blades,se an error of less than 0.2 percent, i.e., much less than other
become almost invisible, do not obstruct the field of view, and doyntributors(Sridhar and Kat£22]). Uncertainty related to inflow

not alter the direction of the illuminating laser sheet required fQfy iations and timing errors is estimated to be less than 0.6
PIV measurements. Information related to use and maintenancq)gfcem_

the Nal solution can be found in Uzol et 4L6]. The two-stage
axial turbomachine shown in Fig. 1 has four blade rows. There
12 rotor blades, each with a chord length of 50 mm, span of 421_53”lase-Averaged Mean Flow and Turbulence

mm, thickness of 7.62 mm, and camber varying from 2.54 mm atUsing the instantaneous measurements, the phase-averaged pa-
the hub to 1.98 mm at the tip. The resulting Reynolds numbeameters are calculated using

based on the tip speed and rotor chord length <3 at 500 1N

rpm, the speed of the present tests. The stators have 17 blades, — _ = _

each with a chord length of 73.2 mm, span of 44.5 mm, thickness uixy,¢) N g‘l LUy, @)k @)

of 11 mm, and camber of 6.22 mm. The gap between the rotor and

the stator is 50 mm. The system is driven by a 25 HP rim-driven — 18 _

motor, which drives the first rotor directly, and the two rotors are ujuj(xy,¢)= NZ {lui(x,y, @) Ik—ui(x,y, @)}
connected_ by a common _s_haft, supported by precision bearings. k=1

More details about the facility can be found in Uzol et[d6,18 X{[uj(%,y, &) k—Uj(x,y, d)}, (2)

and Chow et al[17,19. _

30y

PIV Setup and Experimental Procedure. The measurement k(xy.¢)=aluiui(x.y. )], )
domain covers the entire second stage. Data have been obtainedrereN =100 is the number of instantaneous vector maps and for
500 rpm, for 10 rotor phases, every three degrees of blade orieach phases andy are the axial lateral coordinates, respectively,
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and ¢ is the phase angle. The subscrip@nd] take values of 1 wakes and the tip vortices in the stator passage once they merge
and 2, representing the axial(=u) and lateral ¢,=v), almost together[unless one performs three-dimensiori@D) velocity
circumferential(although the light sheet is flavelocity compo- measurements

nents, respectively. The 3/4 coefficientlofthe “turbulent kinetic Upstream of the rotorX<0) and within the rotor passage one
energy,” is selected to account for the contribution of the out ofap, “jgentify the wakes generated by the first stage. At the 50

lane velocity component, assuming that it is an average of t . .
gvailable me)r:lsuredp components. T%e phase-averaged gfJIow a ég%gent planéFig. 2f)], one can see the lower half of a first-stage
sta

and thez component of the vorticity are calculated using or wake with positive vorticity at-0.05, 0.2, and the upper
half of the following wake with negative vorticity dt0.05, 0,

U) as discussed in Uzol et dl18]. The phase-dependent oscillations
i ’

a=tan (4) of the first-stage stator wakes in the tip region are substantial
compared to the midspan, even upstream of the second-stage ro-
o tor, as is evident by comparing the corresponding vorticity plots in
v

—~_ (5) Figs. 2 and 3. At midspan the wakes do not change significantly,
2 whereas at the tip the incoming stator wake is straight/at
=0.0, and significantly distorted &T=0.7, most likely due to
Detailed data and discussions on the characteristics of the phgse flow field induced by the tip vortex. These periodic fluctua-
dependent variations in flow structure and turbulence at the §@ns of the first-stage stator wakes become clearly evident when
percent span plane are presented in Uzol ef#8] and Chow gl measured rotor phases are examined as a sequence. The first-
et al.[17,19. Relevant phenomena include formation of a Iattlcgtage rotor blade row does not generate a tip vortex since it is
of chopped-off rotor/stator wakes, wake-wake and wake-blade iganged by an external ring containing the permanent magnets of
teractions leading to wake shearing and kinking, circumferentigla rim-driven motor, and there is no tip gap. The wakes of the
variations of work input, phase dependent variations in statffst stage rotor generates inclined vorticity layers with alternating
blade loading due to wake impingement, etc. In thls section ns(Uzol [18]). In Fig. 2f) (50 percent, the second-stage rotor
compare the phase-averaged flow and turbulence in three plagggqe gissects such an inclined wake, creating a layer of negative
near the tip(90 percent spannear the huli3 percent spanand \qnicity on the pressure side of the blade, and positive vorticity

at midspan(50 percentspan. Figure 2 shows the phase-averagegf, e suction side. Thus, the rotor is engulfed by the first-stage
distributions of axial velocity @), lateral velocity ©), absolute o \yake. Due to spanwise variations in velocity, there are phase
velocity magnitude |V[), relative velocity magnitude |Vl.), differences between the first-stage rotor wake at midspan and in
turbulent kinetic energyk), and phase-averaged vorticity) in  the tip region(90 percent Consequently, in the tip regions the
the three planes, for one of the ten measured phases,0.0 (T first-stage rotor wake is located upstream of the blade. As a result,
is the rotor blade passing periodFigure 3 presents the vorticity the inclined vorticity layers appear to have opposite signs, e.g.,
distribution at a different phase in order to highlight certain phehere is a positive vorticity layer on the pressure side of the blade
nomena, as follows. in the tip region and a negative vorticity at midspan. The phase lag
Flow in the Tip Region. The flow field in the tip regior(90 is_ also evident in F_ig. 3, before the plad_e intera(_:ts with the_ _in-
percent spanis dominated by the presence of the tip vortex. ThElined wakes. At midspan the blade is aligned with the positive
vicinity of the tip vortex is characterized by low relative velocityVOrticity layer with the negative layer slightly downstream, and
magnitude[Fig. 2(d)], high turbulent kinetic energjFig. 2€)], the_rotor blgde is about to sllce_through this wake. In the tip
high lateral velocityFig. 2b)], and in part, wake-like distribution reégion, the first-stage rotor Wake is located upstream of the rotor
of vorticity (streaks of opposite signs on opposite sides of tflade. There are several possible reasons for dele_ly,_such as the
wake[Fig. 2f)]. The turbulent kinetic energy levels as well as tnh&ffects of the boundary Ia){er on the casing, both within the first-
phase-averaged axial and lateral velocity nonuniformities in tifé2ge stator passage and in the gap between stages.
flow field are substantially higher than those at midspan. The tiﬁA|_th°U9h_the flow field in the tip region is quite complicated,
vortex starts dissecting the 90 percent plane to the figinttion the interaction of the_ incoming flrst-.stage stator wakes with the
side of the trailing edge of the blade that generategeity., Fig. Totor blade and the tip vortex can still be depicted. The upstream
3). The large structures on the pressure side of the blade, whigigtor wakes get chopped off by the rotor blades and then merge
occupy most of the rotor blade passage, are generated by Vfith the tip vortex. Att/T=0.0[Figs. 2e) and 2f) at 90 percerlt
previous blades. In Fig.(R) one can see two such systems, th&he rotor blade is about to cut through the stator wake. At this
first near the pressure side of the blade, and the second in tagtant this stator wake intersects with the tip vortex of the previ-
rotor-stator gap. The “blobs” with high positive vorticity appearous rotor blade at0.09, 0.2. As the wake gets chopped off, the
in regions, where the tip vortex dissects the 90 percent plane,Wake segment and the tip vortex merge along the pressure side of
can be deduced from the sharp gradients in horizontal and latelf2@ rotor blade, generating concentrated positive vorticity regions,
velocity [Figs. 4a) and 4b)]. Due to the vortex-induced velocity, identifiable, for example, in Fig. 3 0.27,0.08, (0.15,0.24, and
U diminishes abovépitchwise the vortex center, and decreases in Fig. 2f) at(0.32,0.12. These high vorticity “blobs” enter the
sharply to the right of the center. The vortex center is also ch&econd-stage stator passage along the suction side of the stator
acterized by high turbulence level. The tip vortex impinges on tH#ade, and eventually become difficult to distinguish from the in-
pressure side of the following rotor blade and then interacts wigined structures generated by the tip vortices and entrained rotor
the wake of that blade. The impingement is evident in F{fj) at wakes. These complex interactions near the tip create much wider,
(x/L=0.12,y/Ls=0.04) Ls=203 mm is the stage length, as thanclined patches of high vorticity in the tip region, as compared to
concentrated positive vorticity regions comes into contact with ttiee midspan. Note that these processes are easier to recognize as
blade. Att/T=0.7 (Fig. 3 this very same region can be seerone examines all the ten phases in sequepoty two sample
interacting with the wake of the rotor blade(@t2, 0.16. During phases are presented in this paper
this interaction the rotor wakéf the subsequent blagés split, In comparing the vorticity distributions at midspan to the tip
and part of it is entrained by the tip vortéaf the previous blade region[Fig. Zf)], one can also notice that the wake of the previ-
The split rotor wake segments merge with the tip vortex in the gaus blade is located further downstream compared to the struc-
between the rotor and the stat¥ig. 2(f)], and the resulting tures in the tip region. Furthermore, the angle between the wake
complex structure is transported through the stator passages. Tlans| the streamwise direction at midspan is lower than the main
the positive and negative vorticity regions within the stator pasrientation of structures in the tip region. These differences are
sage in Fig. &) are, in fact, combined tip vortex arisubsequent caused by the lower axial velocitpresumably due to the casing
rotor wake. It is not possible to distinguish the individual rotoboundary layer, and higher lateral velocities just downstream of
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Fig. 2 Phase-averaged distributions for ~ t/ T=0.0 (a) axial velocity (u); (b) lateral velocity (Vv); (c) absolute velocity

magnitude (|T/|_); (d) relative velocity magnitude (|T/|_,e|); (e) turbulent kinetic energy  (k); and (f) vorticity (w) at three

spanwise planes. The plane location is indicated as percentage of the span. Uyp =8 m/s is the blade tip velocity at 500
rpm, Ls=203 mm is the stage length and x=0 is the rotor leading edge. Q=52.36 rad/s (500 rpm).
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#Q with the rotating and stationary hub boundary layéFée rotating
hub section is located at 0.07<x/L¢<0.2.) These interactions
are the main causes of the phase-dependent unsteadiness and de-
terministic axial and lateral velocity fluctuations. Unlike the other
spanwise planes, near the hub high lateral velocity is induced both
by the blades and by the rotating hub. The levels of phase-
averaged velocity nonuniformities appear to be lower than those
at midspan or the tip. Conversely, in most hub regions the turbu-
lence levels are substantially higher than the levels at midspan
[Fig. 2(e)]. The 3 percent plane has a wide region with elevated
turbulent kinetic energy, especially within the rotor passage and
the rotor-stator gap. Figur€fd shows that the same domain con-
tains several narrow vorticity layers, some with alternating signs
(details follow). Inspection of all the available phase-averaged
data reveals that the wide turbulent region is generated mainly
within the rotor passages, presumably due to the rotating hub
boundary layefand its interaction with upstream structuresnd
are then convected through the stator passages while merging with
the upstream rotor and stator wakes.
Fig. 3 Sample phase-averaged vorticity distributions at three Chopping off and shearing of the first-stage stator wakes are
spanwise locations at  t/ T=0.7 also observed near the hub. AT =0.0[Fig. 2(f)], the rotor blade

is approaching the upper stator wake, while it has already sheared

the lower stator wake, which intersects with the blad@dit, 0.1.

Figure 3 shows an early stage of stator wake shearing. As noted
the rotor blade in the tip region. As the tip vortex is transported ifefore, at midspan the rotor is also engulfed by the wake of the
the rotor-stator gap, its advection angle is initially very steefirst-stage rotor. In the hub region one finds instead several in-
about 60 deg at/L<0.2. However, as it gets closer to the statoglined vorticity layers, some with alternating signs that dominate
row, its advection angle decreases to about 40 degx/laf the rotor-stator gap, extending diagonally frof.1,0.2 to
>0.25. The orientation of structures in the tip region remaing.25,0.04, but the trend seems to repeat itself on the other side of
higher than that at midspan throughout the entire stator passagge short rotor-wake segment. Well-founded explanation for the

The vorticity contours at the 90 percent span in Fif) 2so  formation of these structures requires analysis that is well beyond

reveal a wake-like zone just aboypitchwise the second-stage the scope of this paper, and would require 3D measurements. It
stator wake. The positive vorticity layer can be seen above tBgems, however, that a major contributor to this phenomenon is
layer (associated with a previous bladen be seen on the bottom= _ 07, and the subsequent transition to a nonrotating hub at
left side of the plot, along with parts of the positive vorticity Iayet;(“_szo_z_ Such transitions generate a variety of three-
at the(bottqm lef) corner. This phenomenon is most likely causegimensional flow structures on their owe.g., Bouda et al[23]),
by some tip leakage flow at the stator blade tip. Although thes el as stretch and realign upstream wakes. The negative in-
stator blade is designed to come into contact with the window, th@neq vorticity layer to the right of the rotor waK&igs. 3 and
measurements |nd|cate. that there is some qukage. This Ieakg@g] exists already at the entrance to the rotating section, and may
flow reduces the effective flow area at the exit from the statqtyen pe initially part of the first rotor wake. The layer turns
compared to the midspgsee distributions ofl, Fig. 2a)]. This  gjightly upward within the rotor passage, presumably by the rotat-
phenomeno_n occurs only in the three stator bl_ades facing the Wig boundary layer, and is then turned downward while gaining
dow (and will be solved by sealing the gap in the fulurghe  gyengthmaybe due to stretchingin part by the rotor bladéFig.

other blades of this stator, and all the blades of the first-stag and in part by the transition to a nonrotating boundary. It is
stator are banded by an external ring, which is manufactured witfL, possible that the increased strength is affected by the hub

the blades as one unit. . . ... vortices on the rotor blade. The origin of the inclined structures
To recapitulate, at midspan, the spatial nonuniformities in Veiith positive vorticity is not obvious. They may be a result of

locity are associated with wake-blade and wake-wake interactiof$a action of the first-stage stator wake segnientthe pressure

(Uzol et al.[18]). In the tip region, there are numerous addition ide with the combination of a rotating boundary layer and the

interactions involving the upstream wakes, the rotor blade Walﬁ‘essure gradients in the rotor pressure side. Note that the positive

and, most importantly, the tip vortex. The resulting nonunlformlri clined streaks are less evident in Fig. 3, shortly after the stator
%}é

ties and phase-dependent variations in the flow structure in the ke is chopped off by the rotor. The lateral velodiig. 2(b)]

region are much higher than those at the midspan. For exam aks at the interface between the negative and positive vorticity
the axial velocities in Fig. @) vary from very low (even nega- layers, and consequently, the relative velo¢Ryg. 2(d)] is mini-
tive) values at(0.15, 0.0 and(0.23, 0.23, just above the points mal at the same location. The turbulent kinetic energy also peaks

of Intersection betw_een the tp vortices and _the 90 percent pla%?’this interface, giving it a wake-like structure, which migrates
to very Elgh value? Just beIO\(\plrt]ch\Imse tlhe tllp vortex |nt|ersec- ownstream, and overwhelms the rotor wake signature. In fact
tions. The nonuniformities in the lateral velocity are also muc, y . . :
higher than at midspan. Clearly, the largest spatial, phasQ? structures seen being advected in the stator passage are origi

dependent variations are associated with the presence of the.r\%ézc: db?/nithgt%hne%?nt]hegoglsa:pgagwms?ai/tcfre\/vgjl:g; V;?]léesé'esc?r?ﬂy
vortex. As the tip vortex is convected towards the stator passa S mag also be an F;m ortant factor. Clearlv. analvsis /y
these phase-averaged nonuniformities sweep through the fl o ay . P e earty, yst
field, creating high phase-dependent velocity fluctuations. Th planation of this phenomenon requires additional extensive
one should expect to find significantly higher levels of determir® Srtf'k id h th i K be identified f
istic stresses in the tip region, as will be demonstrated in the n(?xt niiké midspan, where the rotor wake can be iaentilied for a
section. arge distance, even after belng deformed by upstream wakes
(Chow et al.[19]), in the hub region, the wake of the upper rotor
Flow in the Hub Region. The flow field near the hub region blade (which is out of the field of view at this phasbecomes

is dominated by interactions between the rotor and stator wakasich less distinct already at only a short distance downstream of
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(which is located at the center of the windpwZonsequently, the
upper blade is dissected at the 3 percent plane, whereas the lower
blade is dissected at the 15 percent plane. We suspect that the 3
percent plane is located closer to the wall, and possibly below the
hub vortex, whereas at the 15 percent plane we dissect the hub
vortex, leading to differences in velocity distributions. The radial
differences in the points of dissecting the blades exists also in
these planes, but their impact is largest near the hub, in part due to
the smaller radius of curvature, and in part due to large spanwise
variations in flow structure near the hub. The deviations at mid-
span and the tip are 10 percdB0 percent and 60 percent on the
upper and lower blades, respectivend 8 percent90 percent

and 98 percent respectively. Consequently, the lower blade
seems to be affected more by the leakage at the tip of the stator
blade.

Fig. 4 Absolute velocity magnitude distributions along the

suction side of the stator blade, 1 percent stator chord lengths Average-Passage Flow Fields, Turbulence, and Deter-
away from the surface, for 3 percent, 50 percent, and 90 per- ministic Stresses

cent spanwise planes, allat t/T7=0.7
The measured phase-averaged flow fields at ten different rotor

phases, every 3 deg of rotor orientation, which cover the entire
the wake. In Fig. &) the rotor wake can be identified only be-fotor passage, enable us to calculate the average-passage flow
tween(0.15, 0.23 and (0.2,0.18. The same rotor wake Segmemjields and distributions of deterministic stresses. Recall that each
with a similar length, can also be seen in Fig. 3 attached to tBé&the present phase-averaged flow fields is an ensemble average
rotor. Breakup of this wake occurs due to nonuniformities iff 100 instantaneous realizations. Thus, the “average-passage”
streamwise velocity associated with the first-stage stator wake,fi@yv fields presented in this section are obtained by “time aver-
discussedfor midspan by Chow et al[19]. The streamwise ve- aging” of the “ensemble averaged” parameters. We do not ac-
locity is lower within the stator wakes and higher between therfount for passage-to-passage variations. The average-passage ve-
When the rotor wake is exposed to these nonuniformities, it liscity, T;, i=1,2, deterministic stressui”u;’, and deterministic
sheared. At midspan the shearing generates kink with elevatddetic energyk,e, are calculated from
turbulence levelghot spot$, whereas in the hub region the rotor

M
wake becomes discontinuous, and the presence of other large - 1 E — 6
structures makes it very difficult to identify the broken segments. Ui(x,y)= M~ [ui(xy, )]k 6)
The elevated levels of lateral velocity in the rotor-stator gap in
the hub region result in relatively high flow angles at the stator —~ 1
inlet. The average stator inlet flow angle at the hub is 47 deg, uiui(x,y) = ME {[uw(x,y, ) l—Ti(x,y)}
whereas it is only about 34 deg at midspérhe stator inlet flow k=1
angle at the tip is also relatively high, about 47 deg, due to the AT o~
effect of the tip vortex. The high inlet flow angle at the hub {400y DTyl )
affects the suction side boundary layer of the stator blade, espe- Kol X,Y) = %[u{’ui”(x,y)], 8)

cially on the downstream side. As is evident from the distributions
of axial velocity, velocity magnitude, turbulent kinetic energy, an#hereM is the total number of phase-averaged realizations, cov-
vorticity in Fig. 2, the boundary layer on the downstream side Bfing an entire passage, the tilde denotes an average-passage
much thicker than the corresponding layers in the other planggiantity and the double prime represents the deterministic fluctua-
Furthermore, expansion of the boundary layer starts much earlig@n, i.e., differences between average-passage and phase-
near the hub, at abow/Ls=0.55, compared ta/L.=0.64 and averaged values. Average-passage values of all the phase-
x/Ls=0.66 at the midspan and the tip, respectively. It is interestveraged parameters are calculated using the same procedure
ing to note that, although the average stator inlet flow angles dfegs. (6) and (7)], including the average-passage values of the
about the same at the tip and the hub, the suction side boundampulent kinetic energy and Reynolds stresses. For exarkple,
layer starts to get thicker much later at the tip. This difference the average-passage turbulent kinetic energy, is calculated by re-
most likely related to flowgand associated pressure gradignt$lacingT; with k in Eq. (6). Since the measurements provide a
induced by the tip vortex. Figure 4 compares the distributions @ihite number of phases, the blades do not cover each point at the
phase-averaged velocity magnitude along the suction side of &wme frequency, and as a result the average-passage data becomes
stator blade, 1 percent stator chord lengths away from the surfapatchy, especially within the passages. To provide a smooth tran-
for the hub, midspan, and tip regions, all at the same pti&$e, sition and prevent this patchiness, we have to construct additional
=0.7. The substantially higher momentum loss near the hub, ésterpolated fields every 0.75 deg of rotor orientation. The process
pecially atx/Ls>0.55, is evident. However, there is no reversés based on linear interpolation of the experimental data in points
flow along the suction side of the upper stator blade in the tBat are circumferentially shifted according to their phase, and
percent plane, namely there is no evidence of flow separationuging weighted averages based on their phase lags. The proce-
this plane. dures are discussed in detail in Uzol et[dl8]. In this paper we
Although thickening of the boundary layer occurs on both stdecus on spanwise variations of the average-passage flow param-
tor blades that are within the field of view, there are slight differeters in the stator frame of reference. Uzol et[aB] presents
ences between them. In fact, weak reverse flow develops along tbsults at midspan in both the rotor and stator reference frames.
suction side of the lower stator blade, starting franh ;=0.65. Figure 5 shows the distributions of average-passage velocity
Thus, local boundary layer separation occurs on the lower blageagnitude, vorticity, turbulent kinetic energy, and Reynolds shear
but does not occur on the upper blade at all phases. These circgiress, as well as the distributions of deterministic kinetic energy
ferential differences are not caused by differences in flow fieldsnd deterministic shear stress. As before, we compare the distri-
They are a result of using a flat 860 mn? measurement plane butions in the 3 percent, 50 percent, and 90 percent spanwise
(laser sheegtthat is perpendicular to the surface of the upper blag#anes. Several observations can readily be made:
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Fig. 5 Average-passage (a) velocity magnitude, (b) vorticity, (c) turbulent kinetic energy, (d) deterministic kinetic
energy, (e) Reynolds shear stress, and (f) deterministic shear stress contours at 3 percent, 50 percent, and 90 percent
spanwise locations in the stator frame of reference. In the vorticity plots, the arrow at 50 percent span and the arrow on

the left at 90 percent span indicate upstream stator wake transport directions. The arrow on the right at 90 percent span
vorticity plot shows the tip vortex transport direction.
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Average-Passage Flow in the Tip Region. At 90 percent deterministic kinetic energy, and the only ones that exceed the
span, the average-passage vorticity conthiig. 5(b)] reveal two turbulent kinetic energy, occur along the tip-vortex and wake tra-
separate, inclined, wakelike vorticity distributions in the rotorjectories(mostly the tip vortexin the 90 percent plane. The origin
stator gap, both of which are marked by arrows. The structuoé these highkye values can be identified in the phase-dependent,
with a steeper angle, about 55 deg, is associated with the trajspatially nonuniform velocity distributions associated with trans-
tory and advection of the tip vortex. The arrow is aligned with thport of the tip vortex and its interaction with the wakes that it
direction of tip-vortex transport. This region is also characterizezhcounters. Along the tip vortex trajectory, the levelskgf; are
by a very low axial and high lateral velocity componefit®t more than one order of magnitude higher than the levels at the hub
shown), very high average-passage turbulent kinetic en¢fgy. and midspan, and are of the same order of magnitude as the tur-
5(c)], alternating signs of average-passage Reynolds shear stimdent kinetic energyFig. 5(c)]. From midspan to tip, the turbu-
that coincide with the regions with alternating vorticity sigf&y. lent kinetic energy increases by about 5 times, whereas the deter-
5(e)], and extremely high deterministic kinetic enefdiig. 5(d)].  ministic kinetic energy increases by more than an order of
The wake-like layers of alternating vorticity signs with a shalmagnitude. The high levels &, along the tip-vortex trajectory
lower angle, about 39 deg, are associated with advection of teetend to the entrance and into the stator passage. Even within the
chopped wake segments generated by the first-stage stator blpdssage they are still about four times higher than the levels at
This association was concluded from observations of phaseidspan and hub regions. Note that within the shown passage, the
dependent distributions of vorticity. This wake transport directioregion with elevated level dfye is an extension of the transport
also coincides with the low velocity magnitude region in Figr)5 direction of a tip vortex generated by the rotor blade located be-
that extends diagonally frort0.15, 0.0 to (0.22, 0.2. As is evi- low the sample area. The deterministic kinetic energy decays
dent, transport of the stator wake segments and advection of thighin the stator passage. This decay may be a result of vortex
tip vortex occur along different paths. Hence, they may even Ibeeakup due to interaction with other structures, or it can also be
transported through different passages in the stator blade row.caused by the vortex migrating out of the 90 percent plane, but we

The transport direction of segments of the first-stage statoannot provide a substantiated explanation for this trend using the
wake at 50 percent span is also indicated by an arrow in tpeesent data. Measurement in neighboring planes, as well as 3D
corresponding vorticity plot in Fig.(6). The advection angle in measurements in an axial plane are needed to track the vortex
this plane, 38 deg, is very close to that at the tip, but the wakejectory. Outside the tip-vortex transport direction within the gap
occupies a wider region compared to the tip region, as is evideartd the stator passages, the turbulent kinetic energy levels are still
from the wide positive and negative vorticity zones on either sid®-4 times higher than the deterministic kinetic energy.
of the arrow. Near the tip the stator wake segments are ingested i
part by the tip vortex, reducing the domain directly affected by
their advection. 0

rbther Trends of the Deterministic Kinetic Energy. In the
tor-stator gap the deterministic kinetic energy levels at midspan

At the hub, the wake transport direction is not as distinct as e abo!“ 3.0 percent higher tha_n the levels at the hub V.V'th'n the
clear trajectories at the midspan or the tip regions. The compl 2p. This difference can be. attr_|bu_ted_to th.e more spatially uni-
flow structure generated by interaction of wakes with the rotati m phase-averaged velo_c:|_ty _d|st_r|bu_t|ons in the I.ﬁE@' 2. A
and stationary boundaries, as discussed before, are responsibl jen qf elevated deterministic kinetic energy exists also in th.e
the reduced clarity. These interactions also contribute to the pb region, along the edge of the se_\parated region on the suction
evated levels of average-passage turbulent kinetic energy in ﬁﬁ%‘j of the bottom stator blad_e. Th_|s phenomenon is associated
rotor-stator gapFig. 5c)]. One can still identify regions with with phase-dependent fluctuations in the boundary of the sepa-

predominantly positive and negative vorticity, but the rotor-statéf"‘ted region, caused by transport of structures throug_h the stator
gap does not contain distinct wake-like layers with alternati ssage. Elevated levels can be observed near the trailing edges of

signs. However, the corresponding distribution of determinist e upper stator blade and near wake at midspan. This pattern is

2 s : . ; . iated with modulation of the flow in the aft region by ad-
kinetic energy within the gaffFig. 5(d)] still shows a region with associa
elevated levels that extends diagonally frof©.2,0.1 to vected rotor and upstream stator wakezol et al.[18])_. .
(0.35,0.2, and continues within the stator passage. The elevated " contrast to the distributions @, the turbulent kinetic en-

level of kyet, i associated with unsteadiness in the transport of tfl%gyl In tthe .ZUb region Is _orlllly 2_tﬁ h'9h¢r tha_rt1hthe corlrespcf[ndlng
complex near-hub structures demonstrated in Figs. 2 and 3. evels at midspan, especially in the region with compiex interac-
tion of wakes with thefixed and rotatingboundaries. Recall that

Average-Passage Flow Field Around the Stator. The previ- the rotating section extends tdL¢=0.2. Within the tip-vortex
ously discussed spanwise variation in the thickness of the boumdgion, the maximum turbulent kinetic energy is about 5 times
ary layer on the suction side of the stator, as well as the resultitigan the levels at midspan.
effects on the wake thickness and effective exit flow area, are
clearly evident from the average-passage velocity and vortici
distributions [Figs. §a) and §b)]. Substantial nonuniformities

t Distributions of Deterministic Shear Stresses. The deter-
rXinistic and(average-passagturbulent shear stresses have com-

that exist in the average-passage velocity magnitude in the able magnitudes, but different structures, in most areas, and in

extend into the stator passage. They are caused by the comﬁ} Xspanwise locations. The only exceptions are the V\_/akes of the
tator blades where the turbulent stresses are much higher, and the

wake-blade, wake-wake, wake-tip vortex and wake-hub interat ¢ . h the det inistic st bst
tions discussed in the previous secti@nd in Uzol et al[18]). Ip-vortex region, where the deterministic stresses are substan-
ttlg.“y higher. The trajectory of the tip vortex is characterized by

The average-passage velocity fields also reveal that the poin : ” . -
maximum velocity on the suction side of the stator shift doV\”(;oncentrated layers with positive and negative deterministic and

stream as we go from the hub to tip. This trend indicates that t ynolds stresses with opposite signs. However, the deterministic

stator blades are more front loaded close to the hub and morefff stresses are about an order of mag_nitu_de higher than the
loaded in the vicinity of the tip. average-passage Reynolds stresses. Quantitative demonstration of

the differences in magnitudes and trends between Reynolds and
Distributions of Deterministic Kinetic Energy. The highest deterministic stresses along an arbitrarily selected line in the rotor-
deterministic kinetic energy levels develop immediately dowrstator gap is presented in Fig. 6. Other noted differences include
stream of the rotoftexcept for the rotor passag@he decay pro- higher turbulent shear stresses in the 3 percent plane and within
cess starts within the rotor-stator gap and extends into the statoe gap region. Conversely, at midspan the levels are close, but
passages. There are substantial circumferential nonuniformitiestiey have opposite signs. The negative and positie¢erministic
the distribution ofkge, within the gap in any plane, but the mostand Reynoldgstress layers in the midspan gap are associated with
striking variations occur in the tip region. The highest levels dfansport of the upstream stator wake and its interaction with the
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Fig. 6 Deterministic and turbulent shear stresses at X/Lg
=0.2 (in the rotor-stator gap ) at the 3 percent, 50 percent (top),
and 90 percent (bottom ) spanwise planes. Solid symbols, Rey-
nolds shear stresses; hollow symbols, deterministic shear
stresses. Note the differences in scales.

rotor wake. In the middle of the stator passage, the determini
shear stress is higher than the turbulent stress at the tip, but

trend is reversed in the hub and the midspan planes.

Along the suction side of the stator blade, there is a region wiftf\¢
negative deterministic shear stress. This region is much wider a'f:
the tip, and it is narrowest at midspan. As will be shown in tl
next section, this region is characterized by negative determini
energy production, i.e., flux of energy from the deterministic ki
netic energy to the average-passage kinetic energy. Before ¢
cluding, one should note that there are many additional pheno
ena that can be observed by careful examination of t
distributions in Fig. 5. We have only discussed those that have

impact on the dynamics of deterministic stresses.

Decay Rates of Deterministic and Turbulent Kinetic En-
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Fig. 7 Distributions of (a) deterministic and (b) average-
passage turbulent kinetic energy along the stator midpassage

at the 3 percent, 50 percent, and 90 percent spanwise planes.
The levels are normalized by the respective inlet values. The X
coordinate starts at the stator leading edge plane (Xx/Lg
=0.38), and the stator trailing edge is located at  x/L;=0.73.

of the stator leading edge. The stator trailing edge is located at
x/Ls=0.73. Several observations can be made as follows:
The valuesky; decrease gradually along the stator passage at
all spanwise locations. At the exit of the stator blade row, 68
percent, 80 percent, and 82 percent of the inlet deterministic ki-
netic energy is already dissipated at the tip, midspan, and the hub
planes, respectively. The decay continues downstream of the sta-
tor, and atx/Ls=0.9, the levels are only about 5.6 percent, 10
percent, and 12.5 percent of the respective hub, midspan, and tip
inlet values, i.e., there is one order of magnitude decay in all
cases. The decay rates vary between planes, most likely due to
variations in the local dominant flow phenomefeas discussed
beforg. For example, in the hub region, the decay ratkgf{ Fig.
7(a)] is quite slow unitx/Ls=0.5, and only about 30 percent of it
Jigclost until that point. Just downstream of this point, there is a
den drop to about 30 percentxdt ;= 0.54. In the tip region,
the values remain flat up tdL,=0.52, and then decay at a faster
e.
igure 1b) demonstrates that the decay rates of the turbulent

pnkinetic energy are much smaller than thoségf. The decay rate

t.the tip and midspan planes are very close to each other, and at
the exit from the stage only about 40 percent of the turbulent
kinetic energy is dissipated. At the hub, the turbulent kinetic en-

gy decay rate is even slower, and it is only 20 percent lower by

Ls=0.9. This lower decay rate is most likely associated with
tyrbulence production in the hub boundary layer, which feeds tur-
bulent kinetic energy into the 3 percent plane.

The fast decay of the deterministic kinetic energy within the
stator points to the fact that significant amount of “wake recov-
ery” may occur along stator passage. The term “wake recovery”
refers to reduction in dissipation rafmixing los9 of a turbulent

Figures Ta) and 7b) show the variations of the normalizedwake due to reduction in its velocity deficit, caused by straining
deterministic and turbulent kinetic energies along the stator middthin the stator passage. This process was first suggested by
passage at the 3 percent, 50 percent, and 90 percent span I&raith [24]. Adamczyk [25] showed, using a 2D perturbation
tions. Since all levels are normalized with their respective inleinalysis, that the difference in the mixing loss is equal to the
values, these distributions actually show the corresponding deaange in the flux of deterministic kinetic energy from inlet to the
patterns. Thex coordinate starts from/Ls=0.38, i.e., at the plane exit. Therefore, when the ratio of the exit to inlet deterministic
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Fig. 8 Distribution of (a) deterministic production  (Pp, term 1); (b) dissipation due to turbulence  (D;, term 2) on the
right-hand side of the deterministic kinetic energy transport equation [Eg. (9)] at the 3 percent, 50 percent, and 90
percent spanwise planes.

kinetic energy fluxes is less than one, wake recovery process aad average-passage flow fields. The second term is production/
curs, and the mixing loss of the upstream wake is reduced. In tHissipation due to the deterministic fluctuations of turbul&y-
present experiments, the ratios of exit to inlet deterministic kinetiwldg stresses and will be called “dissipation due to turbulence
energy flux are much less than one at all spanwise locations. AB+).” The reason for defining this term as dissipati@mstead of
eraging the fluxes of deterministic kinetic energy at the ifleid-  production will become evident in this section. The third term is
ing edge and the exit(trailing edge of the stator passage, wethe viscous dissipation associated with gradients of deterministic
obtain exit to inlet flux ratios of 29 percent, 17 percent, and 2A%locity fluctuations. The last four terms involve spatial transport
percent(i.e., reductions of 71 percent, 83 percent, and 72 percewnf deterministic kinetic energy, but do not participate in produc-
for the hub, midspan, and tip planes, respectively. These trends @@ or dissipation.

consistent with previous experimental results obtained by VanThe present experimental data enable us to deteriniptane
Zante et al.[26] for NASA Stator37 at peak efficiency and 75distributions of all terms on the right-hand side of E@), except
percent span, in which they reported a 71 percent reduction in @ the pressure-velocity correlation term. Of course, one has to

flux of deterministic kinetic energy. keep in mind that out-of plan@D) effects may have a significant
impact on the results, especially in the hub and tip regions. Nev-
Deterministic Kinetic Energy Budget ertheless, as the following discussion shows, many interesting

) o . trends are revealed from the in-plane components. Distributions of
The momentum equations for the deterministic fluctuationgye first two terms on the right-hand side of the deterministic

u, are obtained by subtracting the average-passage RANS equgetic energy transport equation, i.e., deterministic production
tions from the RANS equations. Then, a scalar product/ofiith  and dissipation due to turbulence are presented in Fig. 8. Some
the momentum equation far’ and time averaging provides theobservations can be summarized as follows.

transport equations for the deterministic stresses. The followingFirst, P, andD+ are the dominant source/sink terms in the Eq.
deterministic kinetic energy transport equation is obtained as tff. The third, viscous dissipation term is 3 to 4 orders of magni-

trace of the equation of deterministic stresses: tude smaller. There are regions in the flow field where eifhgor
—_ —_— D+ are substantially larger than one another, sometimes by orders
~ 9 = et —— aui  aui auf of magnitude, and in other regions they are of the same order.
uk(y_xk(zui U =-u de—xk+(ui U) e e 9% Second, as is evident from Fig(e8, there are distinct regions
in the flow field with positive and negative deterministic produc-
d P S e tio_n_. S_ince_this_ term is common to the average-passage an_d deter-
T % S Uil Uy + ;Ui P” Sik— Ui’ (Uj Uy) ministic kinetic energy transport equation@vith opposite
signg, the results show that energy transfer between the phase-
g [1— averaged and average-passage flow fields occurs in both direction.
v (E u{’ui”) . (9) Adamczyk[25] showed that the sign of the volume integralRy
k

determines whether the wake mixing loss is reduced or increased
As before, the tilde denotes time-averaging over all phasby passing through a blade row. Negative volume-averaged deter-
(average-passage valliemd the overbar denotes ensemble aveministic production indicates reduction in mixing losgessoci-
aging. The double prime refers to deterministic fluctuation andaded with a decrease in deterministic kinetic engrgyowever,
single prime is a turbulent fluctuation. The first three terms on thedamczyk’s analysis does not account for the effecdDgfon the
right-hand side are source/sink terms. The first Gneluding the evolution of the deterministic kinetic energy. Sinbg is mostly
minug is a production/dissipation term due to deterministioegative, the deterministic kinetic energy my decrease in spite of
stresses and will be called “deterministic productidtp]” in the  the fact thatPp is positive.
following discussion. This term also appears in the transport equa-Third, D is negative almost everywhere, and its magnitudes
tion of the average-passage kinetic energy with a reversed sigre particularly high downstream of the rotor, along the tip vortex
and determines the energy transfer between the phase-averdggdctory(extending into the rotor-stator ga@nd in parts of the
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2 5 v =t Since all thein-planeterms of Eq.(9) (including advection by
coatial tranopert orreanen the average-passage velocity on the left-hand)seeept the
transport - . o .

15 pressure-velocity correlation can be calculated, it is possible to
estimate the pressure-velocity correlation term from a balance of
the other terms. Since one expects the three-dimensional effect to
be minimal at midspan, such an estimate is more likely to yield
reasonable results at midspan. Thus, we perform the analysis us-
ing the midspan data. Figure 9 compares the deterministic produc-
tion term to the divergence of the pressure-velocity correlation
term along the stator midpassage. As is evident, the pressure-
velocity correlation term is much larger than the deterministic
production term, especially within the rotor-stator gap and at the
entrance of the stator passage. Considerable oscillations along the
\ midpassage line may be due to lack of statistical convergence and
[Deterministic production, P_} the combination of many terms. However, an overall decreasing
trend towards the exit of the stator appears visible in spite of the

x 10°

2
tip

Energy / QU

noise. This trend indicates that substantial deterministic pressure

[ fluctuations occur within the gap, and at the entrance to the stator

2 a5 08 07 o8 9 passage. These fluctuations are attenuated as the flow exits the
x/L stator row.

Fig. 9 Distributions at midspan of the deterministic produc-

tion (Pp, term 1) and divergence of the deterministic pressure- Conclusions
velocity correlations  (term 5) along the midpassage of the PIV measurements are performed covering the entire second
stator. stage of a two-stage axial turbomachine and near the hub and tip

regions. Phase-averaged flow fields are obtained for 10 different

rotor phases, and the results are then used to obtain the average-
wake transport direction at mid span. Hence, we refer to this teqpassage flow fields and distributions of deterministic stresses. The
as the “dissipation due to turbulence.” The loss of deterministieffects of the tip vortex and the hub boundary layer on the phase-
kinetic energy to turbulence should be accounted for, especiallyameraged and average-passage flow fields, as well as on determin-
these regions. At mid sparp is typically larger thanD; up- istic stresses are discussed, and the results are compared to the
stream of the stator passage, starting froths=0.3, and in the characteristics at midspan.
middle of the stator passage. The tip vortex is a dominant source of phase-dependent un-

In the tip region, along the tip-vortex transport direction, thersteadiness and deterministic stresses near the tip region. The as-
are parallel layers with high values &, with opposite signs. sociated turbulent kinetic energy levels as well as the phase-
Thus, in part of the tip vortex, energy is transferred from deteaveraged axial and lateral velocity nonuniformities are
ministic kinetic energy to average-passage energy. However, addbstantially higher than those at midspan. The transport direction
ing the first two terms in Eq(9) would still result in negative of the upstream stator wakes is different than the transport direc-
values, i.e., the deterministic kinetic energy decays over the entifen of the tip vortex. Along this tip-vortex transport direction, the
tip region of the rotor-stator gap. One should also keep in mirdkterministic kinetic energy levels are more than one order of
that the flow in the tip region is highly three dimensional, and theagnitude higher than the levels at the hub and at the midspan,
missing out-of-plane terms may have a significant contribution #nd are about the same order of magnitude as the turbulent kinetic
the overall balance. energy levels. Outside the tip-vortex trajectory, the turbulent ki-

Near the hub, in the rotor-stator gap, the deterministic producetic energy levels are still 3—4 times higher than the determinis-
tion is predominantly negative, much more than at midspan. This kinetic energy levels. The deterministic and turbulent shear
trend is consistent with the higher average-passage velocity magess levels are comparable in all spanwise locations, except for
nitude in the same regiofFig. 5@)], and the faster decay of the wakes of the stator blades, where the turbulent stresses are
deterministic kinetic energy near the hifEig. 5d)] compared to much higher. However, along the tip-vortex trajectory, the deter-
midspan. ministic shear stress levels are about an order of magnitude higher

There is also a wide negative deterministic production regidghan the turbulent shear stress levels.
upstream of the leading edge of the stator blade, and a narroweThe flow field near the hub is dominated by interaction between
domain along the suction side of the stator boundary layer urtfile rotor and stator wakes with the rotating and stationary hub
aboutx/L¢=0.45. Further downstrean®?, becomes and remains boundary layers. These interactions are the main causes of the
positive through the trailing edge and the stator wake. A simil@hase-dependent unsteadiness and deterministic axial and lateral
behavior occurs in the tip region, but the negative region is exelocity fluctuations. However, the levels of these phase-averaged
tended further downstream, ending at abeiit;=0.5. This phe- velocity nonuniformities appear to be lower than those at midspan
nomenon does not occur at the hub &ng is always positive or the tip. Conversely, in most of the hub region, the turbulence
along the suction side of the stator blade. High posiByevalues levels are substantially higher than those at midspan. Also, both at
occupy substantial parts of the rotor-stator gap, especially the the hub and at midspan, the turbulent kinetic energy is much
gions dominated by wake transport in the midspan and tip regiotmgher than the deterministic kinetic energy.

Spatial transport of deterministic kinetic energy due to deter- The decay rates of deterministic kinetic energy in the hub and
ministic fluctuations, term 4 on the right-hand side of B3, and midspan regions are comparable to each other, whereas at the tip,
the transport term due to Reynolds stress fluctuatitersn 6, are the decay rate is higher. The decay rates of turbulent kinetic en-
usually of the same order of magnitude as the deterministic prergy are much smaller than those of the deterministic kinetic en-
duction and dissipation due to turbulence terms. Although netgy. In the evolution equation for deterministic kinetic energy,
presented here, it is observed that term 4 is a dominant producttbe deterministic production, and newly introduced dissipation
term around the rotor leading edge region. It is about one orderdaiie to turbulence terms are found to be the dominant source/sink
magnitude higher than deterministic production and about 3 toparameters. There are distinct regions in the flow field with posi-
orders of magnitude higher than the other terms. The determinigiice and negative deterministic production. Since the deterministic
production itself is also positive in this region. production term is the common term between the average-passage
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and deterministic kinetic energy transport equaticb]ﬂ with op- [4] Rhie, C. M., Gleixner, A. J., Spear, D A., Fischberg, C J., and chharias, R.
M., 1998, “Development and Application of a Multistage Navier-Stokes

posite SIgDI, the results show that the energy tfa”Sfer betwe_en t.he Solver. Part I: Multistage Modeling Using Body Forces and Deterministic

phase-averaged and average-passage flow fields can be in either gyesses » ASME J. Turbomach20, p. 205.

direction. The divergence of the pressure-velocity correlation(s] Lejambre, C. R., Zacharias, R. M., Biederman, B. P., Gleixner, A. J., and

term, obtained from a balance of all the other terms, is dominant Yetka, C. J., 1998, “Development And Application of a Multistage Navier-

and appears to be much |arger than the deterministic production Stokes Solver. Part II: Application to a High Pressure Compressor Design,
. L . . ... ASME J. Turbomach.120, p. 215.

term. This trend indicates that there are substantial deterministi

! « : - o | Busby, J., Sondak, D., Staubach, B., and Davis, R., 2000, “Deterministic
pressure fluctuations in the flow fle'd, espeually within the rotor- Stress Modeling of a Hot Gas Segregation in a Turbine,” J. TurbomagR,,

stator gap and within the stator passage.
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Heat Transfer in 1:4 Rectangular
reeyush agarwal | P@SSages With Rotation

Sumanta Acharya The paper presents an experimental study of heat/mass transfer coefficient in 1:4 rectan-
. gular channel with smooth or ribbed walls for Reynolds number in the range of-5000
D. E. NIkItOpOU'OS 40,000 and rotation numbers in the range ef012. Such passages are encountered close
to the mid-chord sections of the turbine blade. Normal r{egD,=0.3125 and P/e
Department of Mechanical Engineering, =8) are placed on the leading and the trailing sides only. The experiments are conducted
Louisiana State University, in a rotating two-pass coolant channel facility using the naphthalene sublimation tech-
Baton Rouge, LA 70803 nique. For purposes of comparison, selected measurements are also performed in a 1:1

cross section. The local mass-transfer data in the fully developed region is averaged to
study the effect of the Reynolds and the rotation numbers. The spanwise mass transfer
distributions in the smooth and the ribbed cases are also examined.

[DOI: 10.1115/1.1626683

Introduction available under rotating conditions. Thus the main motivation of
the present paper is to investigate the heat transfer behavior in a

Increasing the turbine inlet temperature can enhance the pow% aspect ratio coolant channels under conditions of rotation.

output of a gas turbine engine, but this requires the developme n the present study, a 1:4 aspect ratio channel has been se-

of advanced high-temperature materials or more effective interqg&ed and both smooth and ribbed cases have been investigated.

and external blade cooling strategies. In internal cooling, tkffesults are compared with those of a square channel for both

\gr%kcl)?r? Ofllru:idbégg'gzygeﬁgrr?ep;e;::;ggrgng'rigué?;iﬂatrgreo du?t?roSt tionary and rotating cases. The study is cc_mducted for a range
op eynolds number5000—-40,00D and rotation numbeK0—

the holes located at the trailing edge or the blade tip. Improv%d13 For the ribbed channe/D, — 0.3125 andP/e=8. The rib
internal cooling designs rely on developing a better understandig' Ié of attack is 90 deg 'Fhe -value @H=0 i25 and

of the flow and heat transfer in rotating ribbed passages. Import _
. . - ; 0.5
issues to be explored include the effect of aspect ratio and orien-

. . The r.\a'phthalene sublimation technidi8=-6,17,18 is used in
tation of the c_oolant channel, gnd the effect of the rib turbulat%e present study to obtain surface heat/mass transfer data for both
shape and orientation. These issues need to be explored over paq

rameter ranges of relevance to gas turbine enaine aplications gtionary and rotational conditions. Mass transfer measurements
In recentgears efforts directgd at im roving interﬁ%l coolin@ermit the acquisition of detailed local distributions of the Sher-
y ’ P 9 ood number, which can be related to the Nusselt number using

have led to concepts that include the use of inclined fibls .
: : ; the heat-mass transfer analogy. The rotation of the channel creates
vortex generator§2,3], profiled ribs|4,5], dimpled surface$6], coriolis forces, which, in turn, generate secondary flows orthogo-

etc. .MOSt of these studies have been performed with Square Craesris the main flow direction. These secondary flows are impor-
section channelgl—12]. For example, Wagner et 4ir] examined 204 e the principal reason for the differences in rotating and
the heat transfer characteristics of turbulent flow in rotating rotating flow cases. Note that with the naphthalene sublima-
square, _smooth_ serpentine passages, and were amang the fIrﬁg‘)gotechnique, centrifugal-buoyancy forces are not represented.
quantify in detail the role of Rotation number (R@Dh/V) and However, as shown by Wagner et &F], heat transfer on the

surfaces does not vary with density ratio for rotation numbers less
#han 0.12, and does not become significant until a rotation number
$51/0.35. Since the rotation numbers studied in this paper are all
ess than 0.12, and for the majority of the results presented Ro

nels were provided through mass transfer measurements by
eral investigators including Park et &L] and Kukreja et al[10].
In real gas turbine blades, practical constraints often dictate f
choice of the coolant passage cross section and orientation. Crfeﬁﬁ'
sections can have aspect rati@sR’s) that span the range from
1:4 (near the thickest portion of the blgd® 10:1 or highelnear
the trailing edgg while the channel orientation can deviate sig
nificantly from the orthogonal orientatidi®0 degrees to the rota-
tional axig. However, the literature dealing with low or high AR
channels is quite limited compared to the square-aspect raixperiments
channel. Hari11] and Han et al[12] reported heat transfer, pres- P — o
sure drop, and th(_e friction factor for rib_bed rectang_u_lar chann%ili’gésSlezzngissamsocuhrirgf tcl)(r:] 2?%{2&82?5 é?it\ﬁl: %;g La;élgu_
of low aspect ratios £1:4) under stationary <_:ond|t|0_ns. P.arklic motor. A dummy counterweight on the opposite end of the arm
et al. [13] investigated the effect of various rib configurationsg e for balancing. The rotating arm is housed inside a pressure
angled to ’the main flow direction in stationary channels with dif;ooq) for safety purposes. Compressed air is used as the working
ferent AR's (1:4,1:2,1,2:1,4:1 Although computational14,18 g,iy for all experiments. The air is taken from large, exterior
and analytica[16] efforts have been made in this area, the majofasarygirs in order to minimize flow disturbances caused by the
ity (.)f the data .p.ubhshed for low AR. coolant chann_els are fo ompressor. A concentric bore orifice plate is used to measure the
stationary conditions, and there are little or no experimental d ss flow rate in the meter run. Naphthalene laden exhaust air is
directed through flexible tubing to a fume hood.

Contributed by the International Gas Turbine Institute and presented at the Inter-—: ; _ ;
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Ju eFIgure 2 shows the schematic of the two-pass test section and

16-19, 2003. Manuscript received by the IGTI December 2002; final revision MaréH9- 3 shows the co.rrespond.ing cross-sectional view. The alumi'
2003. Paper No. 2003-GT-38615. Review Chair: H. R. Simmons. num alloy test section consists of a 69.85-mm tapered settling

he parameter ranges studied in this paper. Therefore the use of
the naphthalene sublimation technique is justified for the param-
eter ranges considered, and has the added advantage of providing
detailed spatial distributions.
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chamber; a frame that supports eight removable, wall frames; an
a removable 180-degree bend. These major components are ¢
cured in a flangelike manner, using O rings between all parts tc
prevent air leakage. The ribs are placed using double-sided tape
prevent leaks and to prevent them from rattling. When assemblec RIB
the test section forms 6.3525.4x 304.8-mm-long inlet and out-
let sections 38.1 mm apart that are connected by the 180-degre
6.35x25.4-mm square cross-section bend. For the ribbed duct, INNER PLATE
the aluminum ribs are 3.1%83.175<6.35 mm long and have
holes on either end for mounting. Steel 0.635-mm-diameter music
wire is inserted into these holes to secure them to the sidewalls of
the test section. The ribs are mounted only on opposite walls. All
exposed surfaces except the ribs are coated with naphthalene. i ) ] ] )
Fresh 99% pure naphtha|ene Crysta|s are melted in a hea walls under .a leed, ||nQar_ Var!able d|ﬁere|.’]t|a| trans_ducel’
walled glass beaker and molten naphthalene is quickly poured ity DT) type profilometer. A bi-directional traversing table is se-
the hollow cavity of the plate frame to fill completely the regiorfurely mounted to the platform of a milling machine. The plates
between the walls. The cast plates stand for attl@dsin a fume are secured to a 15.875-mm-thick tooling aluminum plate, which
hood to attain thermal equilibrium with the laboratory. Test seds fixed to the traversing table. This mounting plate has been ma-
tion assembly is begun by first inserting the two inner sidewalfined with an assortment of pin supports and machine screw taps
and then attaching the bend. For ribbed surfaces, ribs are ti@nensure the walls not only lie flat on the plate, but also are
attached to these walls and the two outer sidewalls are mounté@@ounted in the same location for all scans. A custom written
Detailed surface profiles of the cast surfaces are required fjegram run on a personal computer is used to control the motion

local mass transfer results. These profiles are obtained by movﬁf%the traversing table through microstep drive motors with a
0.00127-mm step size.

Naphthalene sublimation depth is calculated from the two sur-
—— face profiles for each wall. The surface scan of each plate takes
é about 25 min while the assembly time on the test section takes 8

Fig. 3 Cross-stream section of the test section

180-degree bend min per plate. Except for the assembly and scanning time, each

| plate is kept in a sealed container with naphthalene-saturated at-
g Divider mosphere. Thu_s loss of naphthalene _due to natural convection
Outer SideWII/ W1 o_nIy occurs during approximately _58 min. This loss has been es-
- [ timated to be less than the resolution of the surface measurement
Inlet L | N rer Sice el and verified experimentally. Nevertheless, this estimate is in-
T M TY cluded in the uncertainty analysis. Each profile is normalized with
respect to a reference plane computed from three points scanned
on the aluminum surface of the walls. The difference between the
normalized profiles gives the local sublimation depth. The local
mass fluxm” and the local mass transfer convection coefficient

_;J L H“'Seﬁling Chamber zi,gr?;each location are then calculated from the following expres-

Preesure Transducel

Jegulstor
and Filter

To Furne hood

From - "= ps/ At; hn ="/ py,— p(X)], (1)
External

Tark Meter Run ~.Orifice Plate wherepg is the density of solid naphthalenéjs the local subli-

mation depth At is the duration of the experiment, apg, and

Fig. 2 Schematic of the test section and meter pp(X) are the vapor density of the naphthalene at the @bt
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tained from equation of statand in the bulkobtained from mass 3.0r
balances The local Sherwood number Sh is then calculated by

Sh=hyDp /Dy a=hyDpSclv, @) o5

where the binary diffusion coefficie®,_, for naphthalene sub-

limation in air is taken as the ratio of the kinematic viscosity of air

v to the Schmidt number for naphthalene-air €&5). Sherwood

number results presented in this study have been scaled with _o

correlation adapted from Ref21] for fully developed smooth ¢n

wall pipe flow, =
w

Sh,=0.023R&8sd, 3)

where Re is the duct Reynolds number. Comparison of heat tran:
fer and mass transfer results can be done through the use of tt
heat-mass transfer analofg2]: 0.5

Nu=ShPr/Sg°* 4)

where Nu is the Nusselt number and Pr is the Prandtl number ¢ Oﬁh L L L 4 L L
air. Both local and area-averaged results are reported in this pape 20 40 60 80 100 120
Area averaging is performed as a simple arithmetic average of th. x/Dh
< . : .
ﬁgs 28 data points scanned over the region between consecut'EYge_ 4 Comparison of the present Sherwood number ratios
Uncertainties for all computed values are estimated using twleth those published in the literature - (AR=1:1)
second-power equation methga3]. Volume flow rate and duct
Reynolds numbe(Re) uncertainties are estimated to be less than

10 percent for Re6000. The uncertainty is higher for low Rey- 3 ) .
nolds numbers due to the combined uncertainty in the gas expQHcted f‘t Re:5760 and Re-0.12 Lor b?fth 1'1faﬂd 14 aspect_ratloh
sion factor, and the generic calibration equation used for the off?@nN€ls in order to examine the effect of the aspect ratio. The

fice flow meter, which is not very accurate at low flow rates. Th%omparison of the centerline normalized Sherwood number ratios
uncertainty is ﬁwuch less at higher Reynolds numbers. are shown in Fig. 5, and the same qualitative trend is observed for

For the stationary experiments, a thermocouple is imbeddedg two aspect ratios. The scale on thexis is different due to the

—F—— Re=30,000 (Inlet) -Present

Re=30,000 (inlet) -Han et.al.(1993)
Re=25,000 (inlet) -Wagner et.al. (1991)
Re=30,000 (Outlet)-Present )
Re=30,000 (outlet)-Han et.al.(1993)
Re=25,000 (outlet)-Wagner et.al.(1991)

1.5

Effect of Channel Aspect Rati&xperiments have been con-

the naphthalene filled plate to measure wall temperature for t&f€rence in hydraulic diameter between AR:1 (=1in.) and
calculation of the vapor density of naphthalene, whereas in t =1:4 (=0.41in).

rotating experiments the measured temperature of the incomind" the inlet duct(radially outward flow, the trailing walls ex-

air is used. Since the temperature difference between inlet and {lence_lncreased mass transfer while _the_leadlng-wall mass
sfer is reduced because of the rotation-induced secondary

temperature of the facility has been measured to be substanti o )
P y ﬂg’vnvs The opposite is true for the outlet duct where the flow is

less than a degree the effect is not significant and has been ds th is of ion. While th litative f h
cluded in the uncertainty estimates. Significant viscous heating {g§vards the axis of rotation. While the qualitative features are the

the test section due to rotation-induced relative motion is insigaMe: quantitative differences are observed between the 1:1 and
nificant because the test section is inside the small pressure vessel
and exposed only to stagnant air.

The reported resolution of the LVDT is 0.00127 mm while the 35 35-
analog-to-digital(A/D) board is reported to have an accuracy of

30

0.002 mm in a 12-kHz acquisition rate, 16-bit resolution mode. o0

Experimental tests of accuracy and repeatability for the entire ac 25 251y

quisition system indicate a sublimation depth uncertainty of ., 20

0.0038 mm. Maximum sublimation depths are maintained at abOLcED % .
w1

0.152 mm by varying the duration of the experiment. This targe®15
depth was selected to minimize uncertainties in both depth mez , |
surement and changes in duct cross-section area. These uncerte

1.0

ties were found to be 1 and 3 percent, respectively. The resultin 25 05r
experimental duration was between 120 min for=R3@,000 and 00 ool P
180 min for Re=5000. Overall uncertainty in Sherwood number ~ ° 0 fan 0"
calculation is about 8% and varies slightly with Reynolds numbel 35 35
(<1%).

30 30k
Results and Discussion 25 25l

Smooth Channel Results. 529 \
Validation A series of tests have been conducted to validate thi&s
experimental and analysis methods used. Figure 4 shows the ce
terline normalized Sherwood number ratio distribution for a 1:1
stationary channel at Re30,000 along with published data os

w15

1.0F

05
[7,19]. Overall, comparisons show excellent agreement in the d | L
fully developed region of the inlet duct. Differences are seen ir ~ © 0% 5 10 5 20 25 %

the developing region of the outlet duct, and are attributed to the

differe_nces in the ber_ld region. In the present study, a SmOOthFH;. 5 Effect of aspect ratio on centerline normalized Sher-
bend is employed while in both Han et fL9] and Wagner et al. wood number: Re =5760, Ro=0.12, (a) AR=1:1, leading and
[7] two successive 90-degree bends with zero bend radius haxgling walls, (b) AR=1:1, sidewalls, (c) AR=1:4, leading and
been used. trailing walls, (d) AR=1:4, sidewalls
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Fig. 6 Effect of Reynolds number on centerline normalized
Sherwood number at Ro =0, AR=1:4, (a) leading and trailing
wall average, (b) sidewalls average

Fig. 7 Fully developed averaged normalized Sherwood num-
ber for AR =1:4 at (a) Ro=0, (b) Ro=0.025

insensitive to Reynolds number while the heat transfer on the

1:4 aspect ratios, with the 1:4 case having lower values in t stabilized surface appears to decrease slightly with Reynolds

developing region. In the fully developed region of the 1:4 aspe
ratio inlet channel, the rotation-induced increase in the mass tranSEffect' of Rotation Numbea set of experiments has been con-

fer ratio is 17.5% on the trailing wall compared to 29% in the 1: ucted at three different rotation numbers at=R8 000 for the

channel. The rotation-induced decrease in the mass transfer r Up ; .
. h L . nnel cr ion. The resul re shown in Fig. 8 for h
on the inlet leading side is 40% for the 1:4 case compared to 3 r{; channel cross sectio e results are sho 9. 8 for bot

in the 1:1 channel. Thus with rotation the 1:4 channel shows a et (flow radially outward and outlet(flow radially inwarg

e X - annels. The Sherwood number ratio on the leading wall is re-
degradauon.m the hgat transfer on the leading and ”?‘".'“9 SYiiced by 10% relative to the stationary case by increasing the
faces combined, while the 1:1 channel does not exhibit a

A . . . ation number from 0 to 0.045, while on the trailing wall the
change W'th rotation. In t_he o_utley channel, the increase in m fierwood number ratio is increased by 12%. The Sherwood num-
transfer ratio on the leading side is 24% and the decrease on

" U ) . Ber ratio along the sidewall also generally exhibits an increase
trailing side is 20% for the 1:4 aspect ratio case. For the LJy, rotation, with an increase of about 8% for R0.045 relative
channel the enhancement on the leading side is 30% while

e, .
. . T the stationary case (Rd). In the outlet channel the reverse
9 e X - -
detgradtﬁtloln onl thfe t“’;‘"'tf‘g S.'dg IS %nlé’ 12 /(‘; '{_hus_folr both asFt)e&Ehawor is expected on the leading and trailing walls relative to
ra;lost he ev? OI :.0 a Iton?hn qclet r(]egra ?'ond's. ower in e inlet channel. However, only the destabilized wall is entirely
outiet channel refative 1o the Iniet channel, and IS presumaily,qistent with expectations. It is observed that the rotation-
linked to the bend _mduced secondary flows increasing 'the m').(”@iuced mass transfer enhancem@® relative to the stationary
and heat transfer in the 0l_JtIet channel_. However, as in the in se on the leadingdestabilizeglwall is much more pronounced
channel, the 1:4 aspect ratio channel still has lower net heat tr in the degradatiot6%) observed on the leadingstabilized
fer enhancement relative to the 1:1 aspect ratio channel. On they  \hich does not appear to change from=Rn025—0.045. A

sidewalls, the mass transfer ratio evolution is nearly identical fQt, 4 hend effect is a possible explanation for this behavior. The
both aspect ratios, except for the lower values in the developing

region for the 1:4 case.
Effect of Reynolds NumheFo examine the effect of Reynolds

number, experiments were conducted at three different Reynol “[ |y gt 2or
numbers under stationary conditions for both 1:1 and 1:4 cha 1sf Roo
nels. The comparison of the centerline normalized Sherwoc —=&— Ro=0.025. Leading

——h—— R0=0.025, Trailing
——%—— Ro=0.045, Leading

number ratio of is shown in Fig. 6 for the 1:4 aspect ratio only 5%
The fully developed normalized values for the 1:4 channel arg 4
slightly lower than 1, and are typically 9—12% lower than those og
the 1:1 aspect ratio cageot shown in the interest of brevity — '2r
Figure 6 shows that as the Reynolds number is increased frc
20,000 to 30,000, the fully developed ratio decreases slightl
along the leading and trailing surfaces. No further decrease 08f ) L o
observed when the Reynolds number is increased to 40,000. TI ¢ 5 16 15 20 25 30
is consistent with the expected asymptotic behavior in the full
developed region at high Reynolds numbers. In the developir ,,
region, the mass transfer ratio increases slightly with Reynolc
number, with values in the range of 1.5-1.7 for the leading '8¢
trailing walls (Fig. 6(a)) and 1.62—-1.92 for the sidewallig. 16
6(b)). The slightly higher values in the above-mentioned range _
correspond to the developing regions of the outlet duct and ag14
presumably due to the secondary flows induced by the bend. &

Figure 7 shows the average value of the fully developed ma:
transfer ratio with increasing Reynolds number at=Roand Ro 1.0
=0.025. In Fig. Ta), for Ro=0, the dependence on Reynolds
number appears to be relatively weak. In Figh)the differences
between the stabilized and de-stabilized surfaces are of the orc ~ ©
of 10% for both the outward-flow and inward-flow passages, and
this difference appears to increase marginally with Reynolds numig. 8 Effect of rotation on centerline normalized Sherwood
ber. In fact, the heat transfer on the stabilized surface remaimsnber at Re =30,000 for AR =1:4

1.0
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Fig. 10 Centerline distribution of the Sherwood number ratio
along the ribbed and sidewall  (inlet) for AR =1:4

1 1 1
08505 70 15 20 =25
y/Dh

Fig. 9 Spanwise distributions at different rotation numbers in
the fully developed region at Re =30,000 for AR=1:4, (a) and and P/e=8). Figure 10 shows the centerline distribution of the

(b) leading and trailing, and  (c) and (d) sidewalls Sherwood number along the leading surface and the average of
the Sherwood number ratio along the sidewalls in the inlet chan-
nel for a nonrotating case. An obvious feature of the ribbed wall

ss transfer profile is its periodic behavior.

sidewall mass transfer displays a modest monotonic increase WHASS . . .
piay nlike the smooth channel, which did not attain truly fully

rotation, which is as high as 10% relative to the stationary case for
the highest rotation number examined. No evidence of buoyanﬁiﬁ
induced separation, as reported in Dutta ef #], has been ob- l
served in the present study. This is expected because the buoy
in the mass transfer experiments is negligible (GrR€ as per
Ref.[16]).

Figure 9 shows the spanwise distributions for different rotati
numbers in the fully developedregion at-R&0,000. These distri-
butions are a result of averaging in the streamwise direction
tween successive ribs. Some level of asymmetry can be seen
the profiles and is indicative of the asymmetry in the flow induced["
by the bend and the asymmetry in the incoming flow. In smoo
channels, these asymmetries do not wash out quickly, and per%
well downstream. In general, the cross-stream profiles follow th
expected patterns of reduction and enhancement of mass tran
along leading and trailing walls. For the destabilized surface, t
peak heat transfer occurs close to the centerline where
Coriolis-induced secondary flows impinge, and decay outwar
along the lateral direction. Along the stabilized surface, the minf
mum heat transfer occurs in the middle where the secondary flowF

ly developed conditions shortly after the entrarigethe inlet
nel or after the bendin the outlet channgl Inspection of the
centerline mass transfer profil@sSig. 10 indicates that there is a

ose to the upstream corner.
ffect of Reynolds NumheFigure 11 shows the average fully

lifts off the surface, and the peak heat transfer occurs close to r%
corners where the secondary flow moving down the sidewall i
pinges. Thus close to the corners, there is a crossover of the ;ﬁ
files along the stabilized and destabilized surfaces, with heat tral
fer along the stabilized surface actually being greater than the h
transfer along the destabilized surface. Note that close to the cER

e compared with Han and co-workefsl,12 for aspect ratio

stabilized and destabilized surface can be a factor of 1.5 differdngyN0/ds number effect is observed, with Sty8kcreasing with

at Ro=0.045. This is in contrast to the average Sherwood num
ratio where the differences are much smaller and in the range
10-20%. Along the sidewalls, enhancement is consistently notgg
with rotation, with the spanwise variation being relatively flat exs
cept close to the corners.

terline, the differences in the Sherwood number ratio betweent%

%qlewalb. With rotation(Fig. 11(b)) it is observed that for all the
lls, the mass transfer ratio also decredgeshe range of 10—

veloped conditions, the ribbed channel reaches periodically

peak behind the rib where the flow reattaches and a peak imme-
oqgiately upstream of the rib due to a corner vortex. The lowest heat
transfer occurs directly at the rib location, and this is a conse-
yence of the rib being thermally inactive in the present study.
ribs also significantly enhance the mass transfer along the
ooth sidewalls. This increase in mass transfer is believed to
{ﬁsult from the acceleration of fluid between the ribs and an asso-
gfed increase in turbulent kinetic energy. It is worth noting here
at the ribs in the blade cooling application are usually not rect-
g&gular but rounded, in which case the flow supposedly remains
{jaore attached to the ribs, particularly on the upstream side. In the
fase of the square ribs that are usually studied in the laboratory
d are the object of the present study, the flow separates very

%veloped mass transfer ratio in the inlet and outlet channels for
ne ribbed leading and trailing walls and for the smooth sidewalls
Bplifferent Reynolds numbers. The results for the stationary case

4 and 1:1 channel, respectively. The present results for the sta-
nary 1:4 aspect ratio case generally agree with those of Han and
%-workers[ll,lz. However, in the present results, a consistent

p(by nearly 20% on the ribbed surface and 13% on the smooth
%) with increasing Reynolds number. This dependence on Re

for the rotational case is comparable to that observed for the non-
rotating case. This behavior is surprising considering that the flow

Results of Ribbed Channel, AR=1:4. For the ribbed chan- appears to be fully developed with consistently periodic modules.
nel, measurements are made with thermally inactive square crassshould be noted that special care was given in verifying this
sectioned ribs, mounted on the leading and trailing surfaces in mend through repeated experiments. One possibility is that the

in-line arrangement and 90 deg angle of attaekD(,=0.3125 exponent of the Reynolds number 0.8) with which the Sher-
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Fig. 12 Effect of rotation number at Re  =30,000, AR=1:4 (fully
developed averaged normalized Sherwood number )

corner vortex upstream of the rib. At R®.045, the trailing sur-
face shows roughly a 20% enhancement over the leading surface
over most of the interrib module. Figure (b3 shows the corre-
sponding profiles for developing flow in the first inter-rib module
following the bend in the outlet channel. Even in the first inter-rib
module following the bend, there is an increase in the Sherwood
number ratioq15—-20% on the leading surface relative to the trail-
ing side. This indicates that in a 1:4 channel, the bend induced
secondary flows are not strong enough to counter the rotation-
induced secondary flows. The outer sidewall in the outlet channel
has a slightly highefless than 10%Sherwood number ratio than
inner sidewall. This is due to the bend effects and is associated

b) with the accelerating flow on the outer sidewall. Note that unlike
%8 1 | a 1:1 duct where a separation on the inner sidewall leads to low
000 30000 40000 heat transfer values in this region, no such separation or region of
Re significantly reduced heat transfer is along the inner sidewall im-
Fig. 11 Fully developed mass transfer ratio in the inlet and mediately following the bend. This is to be expected, based on the
outlet ribbed channel, (a) Ro=0, (b) AR=1:4, Ro=0.025 (aver- fact that for the 1:1 channel the bend is effectively of a “shorter
age of the inlet duct sidewalls and outlet duct sidewalls is plot- radius” compared to the 1:4 channel. This is also evidenced by the
ted) fact that for the 1:1 channel the I{@4] curved-pipe similarity

parameter (RED,/[2r]}%, wherer is the bend radiysis larger by

a factor of 3 compared to that of the 1:4 channel.

. P Figure 14 shows the spanwise distribution along the ribbed
wood number has been normalized is different. An attempt Biling and leading surfaceéFigs. 14a) and (b)) and smooth

gzgrgfglgvzﬁg;e;ﬁie\/;lue was not done due to the limited MUl hher and outer side walld=igs. 14c) and(d)) for different rota-

et of Roiton Numbetigure 12 shows he efect of nell TEerS ) e W deyeioned egon ol 0,00 These
rotation number at Re30,000. In the inlet(radially outward ging

flow) passage, the trailing wall shows an increase of 18% and
leading wall decreases by 18% when the rotation number is in-

creased to 0.045. Correspondingly, in the outtedially inward 35F 35r
flow) passage, the mass transfer ratio on the leading edge i 3ok 30
creases by 20% and decreases by 14% on the trailing edge. T ™

sidewalls show a rather modest increase with(Rihin the ex- 25 25
perimental error rangeFor a 1:1 case at Re25,000, Re=0.05 L 20
(Wagner et al[9]), the enhancements on the destabilized surface @
were observed to be nearly 10% and the degradation on the s&1.5 %15

bilized surfaces were nearly 20%. Therefore it is concluded th:
for the 1:4 case, the rotation effects are stronger and the enhan
ment is higher than the 1:1 rotating case. This is believed due * 05
the effect of the stronger secondary flow formation in a 1:4 char

N
nel. y

Figure 13a) shows the centerline distribution of the normalized
Sherwood number in a single periodically developed region bep, 13 Centerline normalized Sherwood number distribution
tween successive ribs in the inlet duct. The first peak corresponlshe inter-rib region at Re =30,000, Ro=0.045, AR=1:4, (a)
to flow reattachment while the second peak corresponds to thkt fully developed region, (b) outlet developing flow region
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levels of degradation along the stabilized surface compared to the
1:1 cross-section channel. Thus, for a specific parameter value, the
1:4 cross-section channel has lower heat transfer rates compared
to the 1:1 channel.

2. For a smooth channel, the spanwise distributions along the
destabilized surface show a peak at the center and decrease toward
the corner. Along the stabilized surface, the center has the lowest
heat transfer value and the values increase toward the corners. A
crossover point is observed near the corners where the stabilized
surface has higher heat transfer than the destabilized surface.

3. For the smooth duct, the Sherwood numbers are relatively
insensitive to Re. For the ribbed duct, the Sherwood number ratios
show a weak Re number dependence under stationary and rotating
conditions, with Sherwood number ratios decreasing with Re.

4. At Re=30,000, as Ro is increased from 0 to 0.045, the 1:4
cross-section smooth duct shows roughly a 10-12% change in the
inlet duct relative to the stationary case. For the ribbed duct, the
corresponding change is about 18%. This observation is consistent
with the square-aspect ratio results of Johnson ¢26].who also
show that 90-degree trips show a greater sensitivity to Ro com-

il i 1 1 J
08605 70 15 20 25
y/Dh

Fig. 14 Spanwise distribution for different rotation numbers in
the fully developed region at Re =30,000, AR=1:4

pared to the smooth channel.

5. The spanwise distribution for the ribbed cases show fairly
uniform distributions in the mid-span regions, and unlike the
smooth channel case, the peak heat transfer rate on the stabilized
surface is highest in the middle.
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between successive ribs. The profiles along the leading and tr
ing surfaces indicate a relatively uniform mass transfer distrib
tion in the mid-span regions of the ribbed walls followed by a

sharp dropoff toward the corners. Note that this behavior is diflomenclature

tinctly different than the smooth chann@¥ig. 9 where an in-
crease in the Sherwood number was observed toward the corners.
Along the smooth sidewall§Figs. 14c) and (d)), no significant
variation is observed with rotation in the inlet du&tig. 14(c)).
Slightly higher valuegrelative to the stationary casere obtained
close to the destabilized trailing-surface side where the rotation-
induced secondary flows impinge, and correspondingly slightly
lower values are obtained at the opposite end adjacent to the sta-
bilized surface. In the outlet duct, larger differences are observed
(Fig. 14(d)). Values are again higher closer to the destabilized
surface(leading surfaceand lower closer to the stabilized sur-
face, but surprisingly this is only true along the inner wall. A
plausible explanation for this is that the bend-induced acceleration
along the outer wall skews the rotation induced secondary flow
pattern toward the inner wall. Along the outer wall, a relatively
uniform distribution is obtained with a mild increase toward the
stabilized surface. With span-wise averaging however, the high
and lows in the profiles average out, and the averaged values do
not show a strong Ro number dependence as seen in Fig. 12.

It should be noted that the secondary flow effects after the bend
are different with and without ribs. This is expected since the ribs
induce secondary flows that are confined near the walls. The in-
teraction of rib-induced and bend-induced secondary flows result

in a different pattern with multiple rolls that causes enhanceg average

mass transfer.

Concluding Remarks

Mass/heat transfer distributions have been obtained in a 1:4
smooth and ribbed channel under stationary and rotating condi-
tions. The naphthalene sublimation technique has been used to
obtain these measurements. These results have been compared
with results for a 1:1 square cross-section channel. The following
conclusions can be drawn:

1. For a smooth channel, the 1:4 cross section shows lower
levels of enhancement along the destabilized surface, and higher

732 / Vol. 125, OCTOBER 2003

gﬂz_inaged by the South Carolina Institute for Energy Studies. Their
Sypport is gratefully acknowledged.

Re = Reynolds number (RepVDW w)
Ro = Rotation number (Re wDh/V)
AR = Aspect ratio (W/H)
e = Height of the rib
Dh = Hydraulic diameter
H = Distance between leading and trailing walls
p = Pitch (distance between the two consecutive
ribs)
Sh = Sherwood number
Nu = Nusselt number
Sh, = Reference Sherwood number
Nu, = Reference Nusselt number
IS = Inner sidewall
OS = Outer sidewall
L = Leading side
T = Trailing side
IL = Inlet leading
IT = Inlet trailing
OL = Outlet leading
OT = Outlet trailing
OSW = Outlet sidewall
ISW = Inlet sidewall
SW = Sidewall

Average of leading and trailing side

Sc = Schmidt number of naphthalene
v = Viscosity of air
pw = Density of naphthalene
pp = Bulk density of naphthalene
D,_, = Binary diffusion coefficient of naphthalene in
air
Pr = Prandtl numbefair)
® = Rotation speedRPM)
V = Velocity of air inside the channel
W = Distance between sidewalls
Bo = Buoyancy parameter

(Bo=(Ap/p)(RIDh)R)
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Large Eddy Simulation of Film
Cooling Flow From an Inclined
Cylindrical Jet

Predictions of turbine blade film cooling have traditionally employed Reynolds-averaged

Mayank Tvag_|1 Navier-Stokes solvers and two-equation models for turbulence. Evaluation of several

Research Associate versions of such models have revealed that the existing two-equation models fail to re-

solve the anisotropy and the dynamics of the highly complex flow field created by the

Sumanta Acharva jet-crossflow interaction. A more accurate prediction of the flow field can be obtained

Professor from large eddy simulations (LES) where the dynamics of the larger scales in the flow are

. o directly resolved. In the present paper, such an approach has been used, and results are

Mechanical Engineering Department, presented for a row of inclined cylindrical holes at blowing ratios of 0.5 and 1 and

Louisiana State University, Reynolds numbers of 11,100 and 22,200, respectively, based on the jet velocity and hole

Baton Rouge, LA 70803 diameter. Comparison of the time-averaged LES predictions with the flow measurements

of Lavrich and Chiappetta (UTRC Report No. 90-04) shows that LES is able to predict the
flow field with reasonable accuracy. The unsteady three-dimensional flow field is shown to
be dominated by packets of hairpin-shaped vortices. The dynamics of the hairpin vortices
in the wake region of the injected jet and their influence on the unsteady wall heat transfer
are presented. Generation of “hot spots” and their migration on the film-cooled surface
are associated with the entrainment induced by the hairpin structures. Several geometric
properties of a “mixing interface” around hairpin coherent structures are presented to
illustrate and quantify their impact on the entrainment rates and mixing processes in the
wake region.[DOI: 10.1115/1.1625397

Introduction large eddy simulatiorlLES) predictions are in excellent agree-
mlent with measurements. Clearly, RANS modeling either at the

higher turbine inlet t t Thi ter chall -equation level or at the second-moment level is inaccurate for
'gher turbine In'et temperatures. tNis poses a greater challenge jQractly predicting the turbulent stresses and the scalar mixing,

design more effective blade‘ cooling stratggies. Film cooling {¥hile LES can more accurately capture the flow physics. In the
co_mmonly used to cool the first-stage tu_rbme plade a_nd to mallyze sent paper, LES for an inclined film-cooling jet is reported, and
tain the blade temperatures below their melting point. In fil"atf6rt js made to understand the flow physics associated with
cooling, coolant jets are injected at an angle into the heated croggs ¢oojant-jet—crossflow interaction. While limited comparisons
flow that deflects these coolant jets over the blade surface to pg, ayailable experimental data are made in this paper to validate
vide cqolant film coverage. However, film-cooling air representsiie calculation procedure and the subgrid scale models employed,
reduction of the air in the main flow path through the combustofye main goal of the paper is to focus on the large-scale unsteady
and coolant injection introduces additional aerodynamic |°SS"§}/namics of the coolant jet, and how these dynamics influence the
Therefore, the goal of the turbine designer is to minimize coolapfixing and heat transfer that control the cooling effectiveness of
usage and maximize cooling effectiveness. This requires a coffe jet.
plete and accurate understanding of the flow and heat transfer
behavior associated with the film-cooling injection process. .

Most of the computational studies on film cooling flow havécomputational Procedure
been done using steady Reynolds-averaged Navier-Stokesn LES, the governing equations are spatially filtered, with the
(RANS) calculation proceduregGarg and Gauglefl1,2]; Berhe filter width (proportional to the size of each grid elemerdpre-
and Patankaf3]; Walters and Leylek[4]; Lakehal et al.[5]; senting the scales in the flow field that are resoljd®@man et al.
Acharya et al[6]). However, the turbulent stress field is highly{8]; Tyagi and Achary49]). The nondimensional filtered govern-
anisotropic in the wake region of the coolant jet, and the inhereinly equations for the conservation of mass, momentum, and en-
unsteadiness of the coolant jet-crossflow interactions may hasy for an incompressible Newtonian fluid are given as
important implications on the passive scalar entrainment process.

Advanced gas turbines are designed to operate at increasi

In general, RANS calculations underpredict the lateral spread and ‘9_UJ' =0,

mixing of the jet while they overpredict the vertical penetration of IX;

the coolant jefAcharya et al[6]). For a square jet injected ver- 2

tically into a crossflow, comparisons of predictions and measure- ‘9_U' + % —_ » + i ’9_U2' + 97ij 1,

ments(Hoda et al[7]) reveal that RANS procedures with an ar- ot IX; X Regx5 — dx

ray of turbulence model§rom two-equation models to Reynolds 90 1 20 A 20

stress modejssignificantly underpredict the lateral shear stress__ —1—¢]| — U-—+oos—2+ 4 —

u’w’ (responsible for the lateral mixing and spreadinghile 9t ax;  ReProxi = ox Re Pr dx; @
*Author to whom correspondence should be addressed. whereU; is the filtered velocity fieldf; is the body force term,

Contributed by the International Gas Turbine Institute and presented at the Intgrs _ _ o i i _
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Ju%@dG T T“‘)/(TJ To), WhereTl is the coolant-jet tempera

16-19, 2003. Manuscript received by the IGTI December 2002; final revision MaréHre andT.. iS_ the (‘er_SSﬂOW temperamre- In the present calcula-
2003. Paper No. 2003-GT-38633. Review Chair: H. R. Simmons. tion, a Cartesian grid is used, and an immersed boundary approach
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Periodic Planes the center of hole on the film-cooled surface. Therefore, the do-
— main is[ —5D,12D | X[ —1D,4D]X[—3D,3D]. The jet delivery

;. Free-stream Conditions T tube is simulated as an inclined cylindrical surface, and as noted
’ earlier, the immersed boundary method is utilized to enforce the
_;m Outflon no-slip conditions on the delivery tube surfatisof [10]). _
Inflom — . ~ At the inlet of the coolant delivery tube, flow boundary condi-
‘ ' _ — tions must be provided that are consistent with the measurements.
38499 Film-cooled Surface - In most experimental studies, detailed velocity measurements at

the inlet to the coolant delivery tube or the jet exit are not pro-
RANS INLET CONDITIONS vided. Thus judicious choices must be made in this respect. It is
generally accepted that since the crossflow influences the flow
development in the delivery tube, the computational domain must
include all or a portion of the coolant delivery tube. The present
computations, with a 1.T» long delivery tube, are being com-
pared with two sets of measurements with delivery tube lengths of
(Yusof [10]; Fadlun et al[11]; Tyagi and Achary49]) is utilized 6D and 1.7®, respectively. When comparing with the cooling
to resolve the inclined surfaces of the coolant delivery tube. Witkffectiveness measurements of Sinha ef1ad] with a 1.7 long
the immersed boundary method, grid points internal to a soliklivery tube and blowing ratiM =0.5, the correct delivery tube
surface have body force terms added such that the no-slip boufghgth was used in the calculations, and a large stagnation-type
ary conditions at the interior surface is exactly satisfied. For terptenum was assumed in the computations upstream of th®1.75
perature, a conjugate heat transfer problem is solved Aviththe  delivery tube, with the plenum fed by air streams flowing parallel
energy equation representing the ratio of thermal diffusivity of thg the main crossflow. When comparing with the @lelivery tube
immersed solid to thermal diffusivity of the fluid adelrepresent- measurements of Lavrich and Chiappéit8], instead of extend-
ing an indicator function that is 0 in the fluid region and 1 in théng the delivery tube to beB long (due to the associated need for
immersed solid region. increasing the number of grid points significantly, and the limita-
The subgrid scaléSGS stress tensor and SGS scalar flux vections in the available computing resourieie delivery tube was
tor are represented by; andq;, respectively, in the governing maintained at 1.75, and mean velocities at the tube inlet were
equation. In this study, a dynamic mixed mod@MM) is used to  specified from a RANS calculation where B 6ong delivery tube
model the SGS stress tensor and the scalar flux véletoin et al. fed by a large cylindrical plenungas in the experimentswas
[12]; Vreman et al[8]). The DMM can represent the backscatteused. Since LES requires the specification of instantaneous veloci-
of energy through the scale-similar part while it can drain thges, turbulent velocity fluctuations were added to the mean ve-
energy from the large scales to the small scales using an eddyities. The velocity fluctuations were generated using a Gaussian
viscosity part. This model is generally considered to be the simandom number generattBox-Muller algorithm) with a variance
plest model that satisfies both the physical and mathematical g@rresponding to the RANS-computed turbulent kinetic energy.
quirements for SGS models. Box filters are used in the GermandThe top boundary of the computational domaiacated O
identity for the calculation of the dynamic coefficient and for thérom the surfacgis treated as freestream boundary. At the inlet, a
calculation of Leonard stresses appearing in the subgrid strésty developed turbulent profilél/7th law, boundary layer thick-
term. The dynamic coefficient is test fillered to avoid numericaless~ 1D) is specified from the experimental data. At the out-
instabilities. Additional details of the procedure are given bflow, a convective boundary condition is used where the convec-
Tyagi and Acharyd9]. tion speed is obtained from the mass flux balance. The spanwise
The momentum equations are solved using a projecti@firection (Z) is assumed to be periodic.
method. The temporal differencing is done using an explicit
second-order accurate Adams-Bashforth scheme. The spatial qggg|ts
cretization is done using a fourth-order central finite-difference
scheme for all the terms except the convective term Comparisons With Measurements. To validate the LES cal-
(oU U, 1dx,) that is upwind-differenced with a third-order accu-culation procedure, the time-averaged LES results are compared
rate scheme. The pressure-Poisson equation is solved using andtih the velocity measurements of Lavrich and Chiappgita|
rect solver based on a matrix diagonalization approach. The Lanad the film-cooling effectiveness data of Sinha ef B] Figures
placian operator in the pressure equation is approximated using and 3 present the velocity comparisons for blowing ratidg (
fourth-order central difference for the gradient operator and af 0.5 and 1.0, respectively. The streamwitb @nd vertical )
second-order accurate central difference for the divergence operamponents of the velocity are shown along the spanwise center-
tor. All the terms in energy equation are differenced using fourtiplane /D=0) at three axial locationsX(D=0, 5, and 10,
order central differences. Additional details of the numericabhile the spanwise\W) component of velocity is presented at
scheme used are given by Acharya et[d] and Tyagi and Z/D=0.5, which corresponds to the spanwise edge of the hole.
Acharya[9]. The time-averaged statistics is obtained as the run-time average
The computational domain of interest is shown in Fig. 1, anflom the computations over approximately ten flow-through time
represents a spanwise-periodic module containing a single coolpatiods(flow-through time is the time taken by the cross-flow to
delivery tube inclined at 35 deg to the streamwise direction. Feweep the computational domain from the inlet plane to the exit
this geometry, detailed flow measurements have been provideddigne. The velocity predictions at both blowing ratios are gener-
Lavrich and Chiappettgl 3] with a coolant delivery tube length of ally in good agreement with the experimental data.XAD =5,
6D (whereD is the diameter of the coolant-jet delivery tapand the streamwise velocity underpredicts the measured data particu-
film-cooling effectiveness data are provided by Sinha ef®] larly for M=1.0. However, the spanwise and vertical velocity
with a coolant delivery tube length of 1.5 The LES results of components are in excellent agreement with the data. These ve-
the present study are compared with these reported measureméotity components play a critical role in the spanwise and vertical
A uniform grid of 172<102X 62 is used to model the computa-penetration of the jet, respectively, and the good agreement with
tional domain of size 13 X5D X 6D. The film-cooled surface is the data aM =0.5 andM =1.0 provides a measure of validation
placed at 1.D from the bottom of the computational domain withfor the LES calculations.
the length of the coolant delivery tube being equal to D.7%he Predictions of the centerline film-cooling effectiveness at a
center of the jet injection hole at the film-cooled surface B 5 blowing ratio of 0.5 are shown in Fig. 4. Also shown are the data
downstream from the inlet plane. The origin of axes is placed af Sinha et al[14] at the same blowing ratio. In both experiments

Fig. 1 Schematic of the computational domain and boundary
conditions
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Fig. 2 Comparison of predicted and measured  (Lavrich and  Fig. 3 Comparison of predicted and measured  (Lavrich and
Chiapetta [13]) velocities at a blowing ratio ~ M=0.5. (a) Stream-  Chijapetta [13]) velocities at a blowing ratio  M=1.0. (a) Stream-
wise component of velocity at ~ Z/D=0. (b) Vertical component  wise component of velocity at  Z/D=0. (b) Vertical component
of velocity at Z/D=0. (c) Spanwise component of velocity at of velocity at  Z/D=0. (c) Spanwise component of velocity at
ZID=0.5. ZID=0.5.

and computations the coolant delivery tube length was the same . . . -
and equal to 1.75. The agreement between the predictions an%grface of hole dellyery tube is seen to be q_wckly d|5$|pat_ed. The
the data is excellent with the predicted profile lying virtually orfiosence of ;uqh r|p- o roIIer-shaped vortices at'the yvm.d\./vard
top of the data. The good agreement between the cooling eff _@I_ge of the jet is primarily associated with the inclined jet injec-

tiveness predictions and the data again confirms the predict e, due to WhiCh the cro;sflc?w partially blocks the. windward
accuracy of LES portion of the jet vortex ring issuing out of the delivery tube

boundary layer. Note that no evidence of a horseshoe vortex is
Identification of Coherent Structures. The primary coher- seen upstream of the inclined jet. This is in contrast to the normal
ent structures for jets in crossflo@CPH reported in the literature jet injection studiesFric and Roshk$15], Muldoon and Acharya
are the counter-rotating vortex paitVP), the horseshoe vortex, [17]) where a horseshoe vortex pair was clearly generated imme-
the upright wake vortices, and the jet-shear layer vortices. Mostdifitely upstream of the jet hole. Inclining the jet reduces the pres-
these structures have been identified experimentally for norngire gradients immediately upstream of the hole exit that are re-
jets injected at high blowing ratios, and the flow structures hawponsible for the formation of the horseshoe vortex.
been visualized using smoke-wire or dye-injection techniquesTo visualize the upright vortices in the wake region, the vertical
(Fric and Roshkd15]; Kelso et al.[16]). There have been no componentw, is presented at a plane just above the surface
studies, either experimental or computational, that have reported/ D=0.01) in Fig. %b). In the near-wake region, a symmetric
on the flow structures associated with an inclined jet injected intmrtex pair, with opposite vorticity on either side of the centerline,
a crossflow at a moderate blowing ratio. Since inclined jets are isf observed. This is clearly in contrast with the wake of a bluff
primary interest in film cooling, the present study attempts toody where the vortices are shed alternately on either side of the
identify the key flow structures and their dynamics for an inclinedenterline, and positive and negative vortices are shifted in the
coolant jet at a moderate blowing ratiME 1.0). streamwise direction relative to each other. Fric and Ro$thkd
To simplify the understanding of the unsteady dynamics, diffeattribute the origin of these wake upright vortices to the entrain-
ent components of the vorticity field are presented at respectiment and reorientation of the crossflow boundary layer in the
projection planes in Figs.(&-5(d). The spanwise vorticity com- wake region. Further downstream, the wake vortices are less
ponentw, at Z/D=0 shows shear layer or roller vorticésega- organized, and seem to have spread outwards in the spanwise
tive vorticity patchesalong the leeward edge of coolant [gig. direction.
5(a)]. These roller vortices are shed regularly into the wake region The streamwise vorticity componeat, is presented aX/D
and are convected downstream. The origin of the roller vortices5 and 10[Figs. 5c¢)—5(d)] to illustrate the development of the
appear to be linked to the corresponding boundary layer vorticiepunter-rotating vortex pair. This coherent structure persists in the
exiting the coolant hole. Vorticity generated along the windwarfar field of the jet, and is the only dominant organized pattern that
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Fig. 4 Comparison of (a) predicted non-dimensional tempera-
ture with experimental data of Lavrich and Chiapetta [13] at M e} oy (@ XD = 5 d) e @ XD =10
=1.0 and (b) predicted centerline film-cooling effectiveness

(lines) with experimental data  (symbols ) of Sinha et al. [14]at  Fjg. 5 (Color) Components of the instantaneous vorticity field
M=0.5 on different projection planes  (M=1.0)

structure, and its association with the various vortical structures

can be observed in the time-averaged mean velocity field. Tigientified in Fig. 5, a single hairpin vortex structure is presented in
origin of the CVP is associated with the vorticity along the sparfig. 6, along with several projected views and the corresponding
wise edges of the exiting coolant jet boundary layer. Figufes 5 vorticity in the X-Z, Y-Z, andX-Y planes. Superimposed on the
and Hd) show that the instantaneous CVPs are somewhat asyR@irpin structure are the velocity vectors XatD=5.7, and the
metric in nature, and consist of patches of positive and negati@@surface of helicity € U;w;) associated with the legs of hairpin
vorticity. When time averaged, a symmetric and organized CVP$#ucture(shown as blue and red surfage&lthough helicity is a
observed. non-Galilean invariant property, it can be used to provide details
Despite the large body of literature dealing with JICF, there Rf the flow physics in inertial frame@s is the case with present
still no consensus on the generation mechanisms and evolutionary
dynamics of the coherent structuré&ic and Roshkd15]; Eiff
and Keffer[18]; Kelso et al.[16]; Blanchard et al[19]). In an ¥ :
attempt to explain the flow physics better, coherent structures : i
extracted here using positive isosurfaces of the Laplacian of t
pressure fieldWray and Hunf20]; Tanaka and Kid§21]; Dubief z
and Delcayre[22]). Since the vortex cores are associated wit ;i
strong vorticity and local pressure minima, it can be readil
shown that positive surfaces of the Laplacian of pres$pre,
=(w;w;)/2-S;;S;;] can be used to identify coherent structures
For incompressible flowsp \ is also directly related to the sec-
ond invariant of the velocity gradient tensor. In Figs. 6 and 7, tr
isosurface corresponding to a positive value of @7 p ) is
plotted, and yields packets of hairpin coherent structures. The
fore, a coherent hairpin structure is identified here as the prime
large-scale structure associated with the JICF. The evolution
this hairpin structure can explain the dynamics of the cohere
eddies, and its structure projected on different planes can be
lated to the various vortical features observed in Fig. 5. Based = w1, contiurs an eIl = §
the present simulations, it is our premise that the various stru.  JiEeay sl haimavedor s cus
tures identified in Fig. 5 are all related to the evolution, growt [ [Fuel = surtscn indoaies paskn [negative) haliity

I
R N

SN NN A PP

o TR
o= 3,78

Front View
Al CONBOLUrs on
/0 =57

s !  ansocisted with the
and transport of the hairpin structures, and are not isolated, dis-

parate structures with individual origins. Fig. 6 (Color) Details of the flow field in the vicinity of a hair-
To explain the morphological details of the hairpin coherentin vortex (M=1.0)
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plane normal to the surface. The entrained flow is then pulled
upwards along the hairpin structure. This observation of crossflow
entrainment and reorientation is consistent with the flow visual-
ization studies of Fric and Roshkdl5], who postulated this
mechanism to be the origin of the wake vortices. The present
simulations, however, reveal that the wake vortices are intrinsi-
a) Time ty cally related to the development of the hairpin structure, and the
crossflow entrainment and reorientation are a consequence of the
hairpin structure dynamics.

The train of roller vortices presented in Figabis also related
to the hairpin structure. In fact it represents the signature of the
heads of the various hairpin coherent structure packets in the wake
region (see Fig. 7. The side view and the superimposed con-

b} Time iy + toursshown in Fig. 6 clearly show that the hairpin head is associ-
ated with strong negative, whose values match those of the
roller vortices shown in Fig. ®). The entrainment of the cross-
flow fluid around the head of hairpin structures is expected to be a
dominant contribution to the mixing processes in the wake region
(shown in Fig. 9. Note that the velocity field induced by the arch
of the hairpin(head and upright legsgenerates a backflow be-

¢} Time 1 + 2T tween the legs and below the head of the hairpin. This backflow
generated is the main mechanism associated with the velocity
deficit in the wake region of coolant jet.

From the observations made in Figs. 5 and 6, it is clear that the
structure and dynamics of the hairpin vortices can be used to
rationalize many of the reported observations on flow structures in
JICF. The hairpins are associated with Lagrangian disturbances
o) Tine 1o + 3T issuing out of the jet representing hairpin-shaped loci of local
pressure minima. The streamwise spacing of these disturbances
and the Strouhal frequency of shedding of hairpin vortices can be
related through the convection speed of these structures. The jet
fluid wraps around the head and and the streamwise-oriented legs
of these structures. The crossflow boundary layer is entrained by
the horizontal and upright legs of the hairpins and is lifted upright

¢) Time 1y + 4T (i.e., reorienteglaround the upright legs of the hairpin structures.
The experimental visualizations and measurements reported in the
Fig. 7 (Color) Unsteady dynamics of coherent structures and literature support the unified mechanism related to hairpin struc-
their influence on wall heat transfer at different time instants (@) tures that has been discussed in this pdperith et al.[23]; Eiff

to (arbitrary ), (b) to+T, (c) to+2T, (d) To+3T, and (e) to at4T.  gnd Keffer[18]; Blanchard et al[19]; Rivero et al[24]; Camussi

The time gap T is equal to 300 time steps =] .
(=1.5D/U)). Arrows are tracking hairpin E from one snapshot et al.[25]; Fric and Roshkq15]; Kelso et al[16]).

to another (M=1.0). Dynamics of the Hairpin Structures. Hairpin structures
evolve while convecting downstream in the wake region and con-
trol the entrainment and mixing of the crossflow fluid with the

computation. It provides the sense of rotation of fluid parcels alhjected coolant fluid. Hairpin structures entrain crossflow T‘Iuid
they move along with streamlines. The streamwise CVP is cleaffji0 the wake region of jet and can lead to the formation of "hot
associated with the horizontal legmarallel to the surfageof hair-  SPOtS” on the film-cooled surface. The surface temperature of the
pin structures. At almost all time instances, these legs are moreaiabatic solid surfacéat Y/D=1.0) is a measure of the film-
less located at similar, Z) coordinates at a specifk/D plane. coolln_g effectiveness. A time sequence of the coherent structures
Therefore, time-averaging will distinctly capture the CVP as i_ﬁupe_rlmposed on the corresponding surface temperature is shown
many experimental and steady RANS studies. The helicity coff: Figs. 1a)—7(e). The coherent structures are represented as a
tour as well as the velocity vectors at théD =5.7 plane clearly POSitive isosurface of the pressure Laplacian0(7) while the
define the CVP whose core is centered along the horizontal legsegptours of the nondimensional temperature on the wélD(

the hairpin. The CVP structure is also seen in éhecontours on = 0) span the range from (ted) to 0 (blue). Since the jet fluid is

the projected plane a¢/D =5.7 (front view), where the two legs heated in the present simulations, the wall temperature values can
of the hairpin structure are associated with streamwise vorticty B¢ directly interpreted as cooling effectivenéssth 1 represent-

the opposite sign, and these are somewhat asymmetric in naturégsPerfect coolant coverage and 0 representing no coverage
seen in Fig. &). At t=tg, five hairpin structures can be clearly identifi@d-E),

In the XZ projection planénormal to the vertical direction, top while hairpin structure F is in a nascent stage. Hairpins are labeled
view in Fig. 6, the wall normal vorticity is clearly associated witha/Phabetically in the time sequence of their generation. Thus, the
the upright legs of the hairpin structures. These upright legs dast coherent structure in computational dom(@ixit plane~7D)
therefore most likely to be representative of the wake vorticés labeled A and this convention is followed while identifying
observed in the flow visualization pictures of Fric and Roshkduccessive hairpins located closer to the coolant hole exit. Also,
[15] and Kelso et al[16]. These upright leg structures are ori-note that some of_the hairpin structuf€sand B are not exf[racted
ented nearly parallel to thé-Z plane, and help explain the Sym_completgly by a single value of the pressure Laplac[an |sosur_face.
metric shedding of vortices in the jet wake seen in Fi@)5As In examining the wall temperature values, low cooling effective-
noted earlier, this behavior is in distinct contrast to the alterna@®Ss can be seen immediately below hairpi@bd upstream of it,
shedding of vortices behind a solid cylind@r any bluff body.  Which is obscured by the hairpins E angl & evidenced by the
Note that these upright legs of the hairpin structures entrain figiue color(low film-cooling effectivenessin this region. This is

from the crossflow boundary layer as they rotate in a horizont@$sociated with jet lift-off see Figs. &) and 8b)] immediately
downstream of the coolant hole. However, it should be noted that
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Fig. 9 (Color) Details of the “mixing interface” created by the
hairpin coherent structure  (M=1.0)

compared to hairpin F. Hairpin H closely follows hairpin G and
there is another hairpin | forming aroundldownstream of the
coolant hole exit.

At t=1,+4T, hairpin D is at exit plane. The higher cooling
Fig. 8 (Color) Instantaneous non-dimensional temperature effectiveness assoc!at‘?d_ with halrpln G n F|(p|)7_appears to be
field on different projection planes ~ (M=1.0) transported along with it in the next time instariéég. 7(e)]. Note

that hairpin H is now at the same location as G in Figl),7but

has a lower cooling effectiveness. It is interesting to note that

generally large hairpins are followed by small hairpins that do not
ow in size(there is evidence of a small “unlabeled” hairpin
tween D and E in all time instange8s explained earlier, large
airpin structures can generate substantial backflow and create
elocity deficit in the wake region.
. €lerom Fig. 7, it can be clearly concluded that the cooling effec-
region. _— . ftiveness is intrinsically linked to the dynamics of the hairpin struc-

AL t=1o+T, hairpin A has left the domain. The morphology o \eq when the hairpins are formed, high cooling effectiveness is
hairpins B and C have changed, while hairpin D has grown g seen helow the horizontal legs of the hairpin structures. As
size. Note that D in Fig. @) is roughly at the same location as Cy,q hajrpins convect downstream and move closer to the surface,
in Fig. 8(@), but the cooling effectiveness at this spot is not exactlyiq e cooling effectiveness is also observed in the core regions of
the same at the two time instances, reflecting the unsteadinesg, hairpin immediately below the roller vortices. The cooling

the flow field. Further, as hairpin D traverses to the right, angke fiveness on the surface does vary with time and is dictated
moves closer to the surface, cooling effectiveness below the haif; the dynamics of the evolution and growth of the hairpin

pin increases and high effectiveness values can now be seen in Ectures
core regions of the hairpin. Evidence of increased cooling effec- '
tiveness generating beneath the legs of hairpin E and head oPassive ScalalTemperature) Mixing. The details of instan-
hairpin F can now be seen. However, in the core regions of hairgemeous temperature field are given at several projected planes of
E, the effectiveness is low. Hairpin F has developed further andttee computational domairrigs. §a)—8(d)]. The center plane cor-
followed by another hairpin Gat a nascent stape responds taZ/D=0.0 and shows the mixing of the main flow
At t=1,+2T, hairpin B has left the computational domain andnondimensional temperature of &nd the injected jethondimen-
hairpin C has moved close to the exit plane. Hairpin D has grovaional temperature of)1The jet temperature drops rapidly in the
further in size and is associated with high cooling effectivenessownstream direction, as it entrains and mixes with the crossflow.
Hairpin E has grown in size and convected downstream. The IdWhe injected jet is lifted off the surface downstream of the injec-
effectiveness region beneath it has not been ameliorated, althotigh, and there is crossflow fluid entrained beneath the jet. The
there is evidence of increased film-cooling effectiveness below thélows in the coolant—crossflow interface correspond to the heads
horizontal legs of hairpins E and F. Hairpin G has evolved to @f hairpin coherent structures. The temperature distribution on the
well-formed structure and is followed closely by hairpin H. wall is shown in Fig. &), and as noted earlier, this temperature
At t=ty+3T, hairpin C has left the computational domaindistribution also corresponds to the film-cooling effectiveness val-
Hairpin E has convected to the right and has grown in size. Thares. Again, an immediate decrease in film-cooling effectiveness is
is evidence of increased cooling effectiveness below hairpin $&en just downstream of the jet injection and is due to the jet
and is presumably due to the downward migration of the G haiifting off the surface. Note that downstream of the jet injection,
pin at this time instance. The cooling effectiveness below G hgh cooling effectiveness is first noticed along the spanwise
higher than the cooling effectiveness at this location at earlier tineelges of the jet. This is associated with the horizontal legs of the
instances, and is a reflection of a low-frequency unsteadiness lagirpin structures that are closer to the surface. Evidence of this
sociated with the evolution and transport of the hairpin structuresas presented in Fig. 7 earlier. The coolant jet is closer to the wall
In fact hairpin G appears to have lower effectiveness below at further downstream stationX{D >5.0) leading to a recovery

&
i)
dy XD =10

the horizontal legs of hairpin D are closer to the surface, a
provide higher cooling effectiveness. Further downstrede-

neath hairpins A—§ the coolant jet is attached to the surface, an@
higher cooling effectiveness values are obtained in the entire |
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Fig. 10 Relative change in geometric properties from their respective mean value over ob-
servation period. (a) Surface Area. (b) Average Curvature. (c) Wrinkling. (d) Entrainment
across the “mixing interface” versus time (M=1.0).

in film-cooling effectiveness in the entire jet region. The instantaeen to be directed toward the region beneath the head of hairpin
neous temperature distributions at tw@D locations X/D=5 structure. Similarly, the vectors converge beneath the hairpin head
and 10 are shown in Fig. &l), and reflect the vertical and lateralin the side view. Clearly, the direction of heat flux vectors indi-
penetration of the jet. The coolant jet is observed to have a wetlates that the heat flux is directed toward the core of the hairpin,
defined kidney-shaped structure with local maxima close to tlaad that scalar mixing is enhanced beneath the head of hairpin and
core of the CVP and large gradients near the crossflow-cooldgtween its upright legs. Absence of scalar gradients in the cross-
interface. The cross-plane mixing of scalars leads to the decreflewv is observed in the front view representing a cross-stream
in scalar value in the core of coolant jet at stations farther dowprojection across the hairpin legs.
stream. Close to the surface, there seems to be lobelike extensions control volume of the size of a hairpin coherent structure is
of the CVP. These are associated with the enhanced scalar mix@&fined around/D =5 over the film-cooled surface. As packets
induced by the horizontal legs of the hairpin vortical structuresof hairpin structures convect through this control volume, they

To further investigate the mixing and entrainment process ddeform the scalar-dissipation isosurface. The geometric properties
to a single hairpin structure, an isosurface of the scalar dissipatiohthis “mixing interface” are presented as a function of time in
rate (=0 0 ,) is extracted and plotted in Fig. 9. The valueFigs. 1@a)—10(d). Different geometric properties such as the sur-
(=0.01) is chosen such that this isosurféaskown in red forms face area of mixing interfadd-ig. 10(a),] average curvaturgFig.
an envelope over a hairpin coherent struct(geown in gray. 10(b),] wrinkling of the interface[Fig. 10(c),] and entrainment
However, this measure of scalar dissipation rate does not accoaatoss the interfaciFig. 10d)] are evaluatedGeurts[27]). The
for subgrid stirring and mixing of scalar field and should beurface area of the “mixing interface” increases whenever the
treated as a macroscale mixing mead®eutherland et a[26]). head of the hairpin structure is crossing through the fixed control
Also the scaling factof = 1/(Re Pr) is omitted from the defini- volume. Hairpin packets usually are formed as clusters with
tion of the scalar dissipation rate since it does not change asmyaller hairpins following large hairpin coherent structure and
interpretation of the results. there is generally some gap between such clugfégs 7). Such

The contour of the scalar dissipation isosurface clearly follondusters would lead to peaks and valleys in the surface area of the
the contour of the hairpin structure, indicating that scalar mixintmixing interface” with a local minimum between such clusters
is strongly influenced by the entrainment and mixing across theig. 10(a).] Note that local peaks of the surface area diminish in
hairpin structures. The gradient of the scalar fietdd ;) is pre- size as the hairpin cluster passes beneath this interface, suggesting
sented as vectorsepresenting heat flux vectgrsn different pro- that growth of following hairpin vortices may be hindered by the
jections of the hairpin structure. In the top view, these vectors aeading hairpin vortex in the cluster. The average curvature of this
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surface(defined as the surface integral of local curvafwteanges ¢ Scalar field distribution on different projection planes of com-
substantially(from —75% to +75% of the mean valyeduring putational domain revealed correspondence with large-scale co-
this time interval corresponding to the passage of the hairpin vdrerent structures. Details of gradients of the scalar field around a
tex. The event that corresponds to this change in curvature is tierpin coherent structure showed the dynamical significance of
relaxation of the “mixing interface” between two hairpin clusterssuch large-scale vortices on the mixing process.

followed by its subsequent stretching by the following hairpin

cluster. The entrainment across this interface can be evalua edk

approximately from the difference in flux contributions using thé\Cknowledgments

surface integral over the control volume that encompasses therhe authors would like to thank Mr. Asif Hoda for providing
“mixing interface” around hairpin structurefThis is simply a the RANS solution for LES boundary conditions and Dr. Ray-
result of the Gauss divergence theorem to evaluate surface integiehd Jones for several fruitful discussions.

in a divergence-freg¢incompressibleflow field]. The change in
curvature is associated with the reversal of the entrainment PI9
cess across the interfadéig. 10d).] Also, the entrainment omenclature

achieves a local maximum over the time interval between the U; = Filtered velocity field

passage of the hairpin clusters. Wrinklitdefined as the surface p = Pressure field divided by constant density

integral of absolute value of local curvatuis a relatively stable 7;j = Subgrid scaldSGS stress tensor

geometric propertyusually varies betweer 10% to +10% of g; = Subgrid scalgSGS scalar flux vector

average mean vallelt is a measure that is insensitive to “con- f; = Body force terms arising due to immersed boundary
vexity” or “concavity” of mixing interface and implies that this ® = Nondimensional temperature

interface maintains corrugations at almost all times. It is an im- [O0=(T-T)/(T;—T.)]

portant measure because small-scale mixing is insensitive to the T, = Coolant-jet temperatur@imensional
curvature of mixing fronts and depends only on the absolute value T,, = Crossflow temperatur@imensional

of the curvature. ¢® = Indicator function
. v = Kinematic viscosity of fluid
Conclusion Re = Reynolds number£U,D/v)

Large eddy simulations are performed for a simplified geometry Pr = Prandtl number {0.71)
representing film-cooling of a gas turbine blade surface and simu- D = Jet diameter
lates an experimental study of Lavrich and ChiappEt@. The L = Coolant delivery tube length
following remarks summarize this study: M = Blowing ratio
SDR = Scalar dissipation rate<{0 ,0 ,)
e Comparison of time-averaged LES predictions with experi- X = Streamwise direction o
mental data of Lavrich and Chiappel8] shows the adequacy of v = vertical direction(normal to the film-cooled surfage
the LES approach for film-cooling flows. Few discrepancies are 7 = Spanwise directiotiperiodic
noted at stations farther downstream. Insufficient averaging of
time-dependent fields as well as the uncertainty associated with
boundary conditions can be regarded as the main reasons for tHgéerences
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Influence of Clocking and
Vane/Blade Spacing on the
Unsteady Surface Pressure
Loading for a Modern Stage and
One-Half Transonic Turbine

C. W. Haldeman
M. L. Krumanaker This paper describes pressure measurements obtained for a modern one and one-half
- stage turbine. As part of the experimental effort, the position of the high-pressure turbine
M. G. Dunn (HPT) vane was clocked relative to th_e downstream low-pressure turbine (LPT) vane to
r M determine the influence of vane clocking on both the steady and unsteady pressure load-
ings on the LPT vane and the HPT blade. In addition, the axial location of the HPT vane
relative to the HPT blade was changed to investigate the combined influence of vane/
blade spacing and clocking on the unsteady pressure loading. Time-averaged and time-
accurate surface-pressure results are presented for several spanwise locations on the
vanes and blade. Results were obtained at four different HPT vane-clocking positions and
at two different vane/blade axial spacings for three (of the four) clocking positions. For
time-averaged results, the effect of clocking is small on the HPT blade and vane. The
influence of clocking on the transition ducts and the LPT vane is slightly greater (on the
order of +1%). Reduced HPT vane/blade spacing has a larger effect than clocking on
the HPT vanes and blad€s-3%) depending upon the particular surface. Examining the
data at blade passing and the first fundamental frequency, the effect of spacing does not
produce a dramatic influence on the relative changes that occur between clocking posi-
tions. The results demonstrate that clocking and spacing effects on the surface pressure
loading are very complex and may introduce problems if the results of measurements or
analysis made at one span or location in the machine are extrapolated to other
sections.[DOI: 10.1115/1.1625398

Gas Turbine Laboratory,
The Ohio State University,
Columbus, OH 43235

1 Introduction combined two-stage turbine was about 1.42(,/Pt o), ac-
cording to Dunn and Haldema#], who performed measurements
with a similar SSME turbopump design. Huber et[4l} clocked

. . o= b . N3fe upstream vane relative to the downstream vane in six circum-
motivated exploration of ways to significantly improve desigferential positions in order to arrive at their conclusions. They
tools. The design tools of choice are generally simplifications @fetermined the stage efficiency by measuring the inlet and exit
much more exotic tools that have been shown to be “acceptabli§tal pressures and temperatures, rotor speed, and torque. Using
valid. The rapid increase in computational capability, driven bthis technique, efficiency gain of 0.8% was achieved by locating
the ability to operate many computers in parallel, has significantlige first-stage vane so that its wake would impinge the second-
reduced the real time required to obtain predictions for turbomatage vane’s leading edge. They also determined that the least
chinery applications. This has challenged the experimentalists&ficient location for the second vane was in the middle of the
produce data sets that duplicate the design parameters to the gig@gSage. This finding was in agreement with the calculations per-

est degree possible. These data sets are then used for modef@@ed by _Dorgfy ar:jd Sﬁamgg]' \]I‘\_lh? a:so found thatl?ﬂa_xilej_m d
code validation, and code development purposes. efiitiency 1S obtained when the hirst-stageé vane wake 1s aligne

X ! A . . with the leading edge of the second-stage vane. Compressors
Clocking (or indexing is the technique of locating a down-ya4eq and vanes can be clocked as well as turbines, as has been

stream vandor blade row in different circumferential positions shown by Dorney and Gundy-Burlgs] and Barankiewicz and
erature[1-3] that clocking can increase performance by properly rotor/stator/rotor rig to demonstrate that clocking can reduce the
placing the downstream airfoils in the wakes of the upstream afitade unsteady loading. More recently, Humi&jldescribed the
foils. Huber et al[1] experimented with the Space Shuttle maimesults of a study looking at the flow field behind the rotor of a
engine (SSMBE alternate turbopump desigfATD) at NASAs transonic high-pressure turbine stage. The analysis used a two-
Marshal Space Flight CentéMSFC). The ATD turbine is a dual- dimensional Navier-Stokes code and concentrated on the midspan

stage machine with an equal number of blades and vanes in ef@#on downstream of the rotor. A slightly different investigation

row (54 vanes, 50 bladgsThe rig was operated at the aerodyWas done by Reinmoller et al9] using a Fauvre-averaged
! avier-Stokes formulation coupled with experimental measure-

namic des_lgn point and at off deS|gn_ cond|t|0n$. At the deS|_ ents. In this case clocking variations of less than 1% were ob-

point condition, the stage pressure ratio for the first stage turblggrved both numerically and experimentally

was about 1.25R+,in/Ps0u) and the stage pressure ratio for the e grive to reduce weight and cost of gas turbine engines has

led to the reduction in the number of stages, reduced spacing
Contributed by the International Gas Turbine Institute and presented at the '”‘B(étween blade rows. and more highly loaded airfoils Single stage

national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Ju(ﬁie h L - . h .

16-19, 2003. Manuscript received by the IGTI December 2002; final revision Mar¢HgN-pressure turbines are becoming a standard in the industry. As

2003. Paper No. 2003-GT-38724. Review Chair: H. R. Simmons. a result, airfoil loading has increased, causing secondary flows

The need for improved durability, reliability, maintainability,
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and shocks that arise from transonic passage flows to becor
more significant. This has also increased the potential for aerod s
namic losses. Because of these factors, vane-blade interaction | 4 2% bl o

become a concern in designing an efficient and durable machin Ay A
One of the most widely used data sets for this type of analysi§w~ mﬂ»——-«-

(reported Refs[10-13) comes from a turbine stage designed by ¥

Allison and then transitioned to researchers at Calspan Corpor sy

tion (now at The Ohio State UniversjtyThe stage is ideally de-
signed for code verification since it has three blades for every two
vanes. In addition, the stage can be made to easily operate g 1 Sketch of turbine stage located in OSU GTL shock
vane exit Mach number of 0.8 or 1.1 and the vane/blade spacifignel

was easily changed over the range from 20% to 60% of vane axial

chord by the simple insertion of axial spacers. Research in the

area of vane/blade spacing is also being done at the von Karmaz%g pressurized with dry air to a predetermined pressure sufficient

:Qsetgtllj;?] t;yor?]ephoes ﬁit ﬁFlg’S;’m'eChv;rl]zo A?C;uggzléﬁ"wgwe%ge?nto produce the desired pressure at the turbine inlet. Pressure val-
; gn-p ges are selected to duplicate the design flow conditions. The de-

compared with effects from rotational speed and axial spacing. - X
They find that coolant ejection and rotational speed do not effete. flow funct!on w\J019), stage pressure ratio, and correcte_d
ed are duplicated. In order to initiate an experiment the turbine

the magnitude of the unsteady pressure forces on the leading e§§ rought to approximately 98% of the desired physical speed in

of{_r;]?srrc#g;:lﬂ?g;:st mrlf)d:a?rs] \?v);:ll Se?]%?r?w% din close coo eratth evacuated test section immediately after the shock tube has
Prog P peratpliy pressurized. A fast acting val{/@.254-m (10-in.) sleeve

with the people developing the advanced computing codes at P €| initially separating the pressurized shock tube from the

and Whitney and at the United Technologies Research Center . . At
indicated by previous publications of a portion of the experime _v%cuated expansion nozzle is then opefegiening time on the

tal results associated with this work by Clark et [d5], Davis rder 015 2| m$ tohallfowl_thg te? gas passage _t(;wough the turpine
. ; ! stage. Utilizing the facility in this manner provides more test time
et al.[16], and Clark et al[17]. This experimental program WaS pan is available when operating in shock-tube mode and is sig-
initiated to examine vane/blade interactions from various PErSpECe . ntlv less expensive. However. this comes at a cost of a re-
tives. Time-averaged and time-resolved défar both surface y P ' ’

pressures and heat fluwas examined under varying spacingfjuced total temperature making heat flux measurements on the

. Y . . . low vane difficult. Thus, often the experiments are separated into
clocking combinations and operating points. This paper deals S;E%

e ¥

o . X - ose that can be done in a blowdown mdderodynamic mea-
%gfj?rl:gswzl;thdcelcs)i(;krllngpigg.Vane/blade spacing effects on pressu rementsand shock modéheat-fluy.

. . The turbine stage is housed in a device located in the expansion
Authors often present clocking results in terms of performan%eozzle of the shock-tunnel facility as illustrated in Fig. 1. This

gain or |oss. As part of this study, the upstream and downstreaaﬂvice consists of an inlet duct, an exit nozzle designed to govern

total pressure and total temperature rakes were used to obtaln[h%]ﬂow through the turbine rig, a 200-channel slip ring to provide

?hset”:;e;ﬁ tgfatrlgeir:gggglﬁ(;?vgfaﬂg%kr'g%&n Sglfjc;rdmﬁ:rcee'.r;'g Wrﬁgeégeelectrical path to the laboratory data acquisition system, and an
because the turbine is a transonic machlione with a S-duct confiy%a'%r- motor drive system. A sketch of the stage and one-half turbine
ration between the HPT rotor exit and the LPT vane entran ed for these measurements is shown in Fig. 2. The turbine con-

resulting in significant mixing out of the potential performanc quration was 36 HPT vanes, 56 HPT blades, and 36 LPT vanes.

effect, already a small variation. It is important to note that thghe change in axial spacing was accomplished by removing a

clocking and spacing results are discussed here for the first tirITP a;:aetretljoicnat':eid bzethvee(re:o\t/ti]r? F:EJ svincee rag;je;?gsgpgza ar?e?i,ugtsi 0I|Iq
and were not reported in the earlier papers mentioned above. HI fi 9. & 9 P

transfer results from this effort are presented in Krumanker et %Is(y;( '\E/i;r?: gxti)aeltvcvﬁgrrzi tttg)e aEEJt ‘ég[,‘/f \?; nde ';E;ﬂﬁg%n e ar\g?alif
[18].

ing system remains fixed in space while the vane row is moved
; ; closer to the blade row. The axial distance between the HPT blade
2 Experlmental Rig anq MetthoIogy ) ~row and the LPT vane remains the same for both experimental
The machine used for this study is an early design version @hnditions. The scale on the figure is intended to help orient the
the high-pressure stage of the PW6000 engine, at that time fgader to the relative axial position of pressure transducers noted
ferred to as MTFEmid-thrust family of engines|t is a transonic, in various figures of the paper.
stage and a one-half turbine designed so that many different assurface-pressure measurements were performed for the shock-
pects of the flow physics could be investigated experimentally afghe runs and were shown to be identical to those obtained for the

thus used to calibrate computational codes. Clark €tlal used plowdown runs. The time-averaged data comes directly from the
results from this stage to study the applicability of airfoil scaling,

while Davis et al[16] used the results to help in the calibration of
a major CFD code under development at Stanford University, and
Clark et al.[17] used the experimental results to redesign the HP’

vane. The instrumentation, its calibration, and data reduction tec HPT Vane HPT Blade LPT Vane
niques used in this paper are important topics and are covered /ﬁ
depth by Krumanakef19], but the key points are reproduced '
below. |

perform this experiment was previously described in detail ir S, Inner and outer removable
Dunn et al.[20]. Thus, only a brief summary will be given here. Y. axial spacers

Figure 1 is a sketch of the facility with a sample turbine stage. Th I TTTTTTTTTT
experiments described here were performed with the facility of HERERN

_ ) ) 1 | Exit choke
2.1 Experimental Facility and Model. The facility used to Flgw ] :
I
|
1
|

erating in blowdown mode. That is, the copper diaphragms ai 0 1 2 3... Axial Distance Scale
removed and the combined driver and the driven tilbes entire

shock tube, 0.47-n§18.5-in) diameter by 30.5-n{100-ft) long] Fig. 2 Axial flow path of turbine stage
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Table 1 Vane/blade interaction test matrix

Run Vane/blade High vane clock
no. spacing position

4 Nominal Pos. 1, no offset
5 Nominal Pos. 1, no offset
15 Nominal Pos. 2, 1/4 pitch
18 Nominal Pos. 4, 3/4 pitch
19 Nominal Pos. 4, 3/4 pitch
20 Nominal Pos. 3, 1/2 pitch
21 Nominal Pos. 3, 1/2 pitch
22 Nominal Pos. 1, no offset
23 Nominal Pos. 1, no offset
24 Closed Pos. 1, no offset
25 Closed Pos. 1, no offset
26 Closed Pos. 2, 1/4 pitch
27 Closed Pos. 2, 1/4 pitch
28 Closed Pos. 4, 3/4 pitch

time-resolved data that was selected over one rotor revolution for

and time-resolved data. A general description of the data reduction
is given below, while specific details relevant to each section are
given as needed throughout the text.

2.2 Data Reduction and Error Analysis. Sections 3 and 4
of the paperthe nominal and reduced spacing ddtave enough
common data presentation and reduction that it is appropriate to
examine these techniques together. The data are shown in six ba-
sic presentation styles or types:

a. Time-averaged surface pressuf®r this case the pressure is
normalized by the total inlet pressure. All of this is done in a
time-accurate way, with the average being created over the
period used(generally one revolution of dataNo phase
lagging was done to account for different axial positions
(i.e., the total pressure measured by the rakes atximas
taken to be the total pressure at all the sensor at time
where realistically one should account for the flow time re-
quired from the rakes to each sensdihis error is much less
than the run-to-run variation, and removes a complicating

which the values of the nondimensional parameters of flow func- factor from the reduction process. Flgure“s 3-6 are of this
tion, stage pressure ratio, and corrected speed most closely dupli- YP€ and are labeled on the ordinate as “Normalized Pres-
cated the design values. The airfoils were highly loaded and the_ SU"® PL/Proa). g .

experiments were operated at conditions that had no predicted™ Percen_t change ff"”? 9|°Ck position .1 for time-averaged
flow separation across the stage. For the clocking experimental data Since small variations are examined, the changes be-
results presented, the HPT vane was clocked relative to the LPT tWeen clock positions can best be seen by looking at the
vane. Clocking position is based on the stacking axis of the HPT ~ time-averaged data for clock positiontype (a)], and then
vane, which is placed at top dead center of the rig. Each clock looking at_t_he varla_tlon fro_m this clock position for the other
position moves the stacking axis 2.5° counterclockwise. The spac- Cl0ck positions. This provides both the general trend and the
ing between two stacking axes is 10° so that four clock positions ~ Variations that would not be possible if just the normalized
are needed to cover the entire vane passage. The axial spacing was Pressure data were plotted for all clock positions. This data
changed by removing the spacers shown in Fig. 2 and moving the and the error propagation are discussed in more detail below.
HPT vane row closer to the blade row. Results presented in this Figures 7—-9 are of this type and have “% Change from
paper are from the runs listed in Table 1. Runs 4, 5, 22, and 23 Clock Position 1" on the ordinate. _

represent the design point. These runs were all at design correctef Time-accurate data from FFT$or the time-accurate data,
speed, pressure ratio, and nominal spacing between the HPT vane FFTs are performed to provide the amplitude as a function of

and blade with the HPT vane set at clock positiofsée Table 2;

the error bars represent the maximum variation over all)rufsE ]
the clocking runs at nominal spacing, there were two runs done at A conversion has occurred so that the data represent the

each clocking positioriother than position 2

frequency. The actual data presented, while referred to as
FFTs, are really derived from a single-sided power spectrum.

peak value at a given frequency, as opposed to a more tra-

The data in all cases are treated as time-resolved. The time- ditional RMS value. The data are also normalized by the
average data presented represent a numerical average of the data inlet total pressure. Put another way, these data are the
over a set time rangéas opposed to some other low-frequency ~ Power spectrunfor normalized FFT of type{a) data. The
response sensprThe time-resolved data could be presented in  FFT is performed over the same time range as that for the
many different ways. This experiment was designed to look at the —averaging, and runs at the same clock position were aver-
unsteadiness effect on blade life, so the natural tendency is to aged together. Where multiple runs were done at the same
examine how the energy spectra vary for different key frequen- ~ clocking position, an uncertainty band was generated by cal-
cies. In this case, these frequencies are the fundamental and first culating the maximum run-to-run variation. The FFT data
harmonic. However, one could use similar data to look at the Wwere created using a Hamming window on the data selected
integral effect of how the fundamentals and harmonics combine to  to reduce spectral leakage and an interpolation routine was
change the shape and overall level of the unsteady envelope. This used to adjust the peak values to account for peaks, which
type of interpretation is of particular interest when examining is-  occurred between frequencies resolved by the FFT directly.
sues related to film cooling and how overall cooling demands Only the amplitudes of the fundamental and first harmonic
might be reduced by clocking. This topic will not be addressed in  frequencies are plotted. Figures 10—16 are of this type and
this paper due to length constraints, but will be the subject of the ordinates are labeled as “FFT Peak Amplituésrmal-

future work.

ized by Pa).” As an example, in Fig. 10 clock position 4

The paper is split into two major sections. The first deals spe- has an amplitude peak for the fundamental frequebtade
cifically with clocking effects at the nominal spacing condition. passing of about 0.5% of the total inlet pressure at about
The second looks at the effects of reduced spacing. In both sec- 50% axial chord on the pressure side. The first harmonic
tions, there are subsections that present the time-averaged data (2Xblade passinghas a value of about 0.25% for the same

Table 2 Design properties

Property Designed Measured
PTotaI, inlet/ Pstatic, exit 5.19 5.170.7%
Corrected speed (rpidf9) 421 415.71%
Nominal spacing% vane axial chord 88%
Reduced spacin@ vane axial chord 69%

Journal of Turbomachinery

clock position and gauge location.

d. Change due to clocking, time-accurate datéis is done to
demonstrate the difference between the clocking positions
for type<{c) data. This procedure takes the normalized FFT
data for clock position 1 and subtracts it from the other clock
positions. It is given as a percentage and is discussed below.
The error represents the maximum range in the experimental
variation of the normalized amplitude. Since these are nor-
malized FFT amplitudes, both andAZ will be nondimen-
sional. Figures 17—19 are of this type and the ordinates are
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labeled as “Change due to Clocking at Nominal Spacing Clock,— Clock,
(%) (Clocking positionX— Clocking position 1.” This is = W'

the time-accurate version of tygb} data.
e. Change due to reduced spacirithis is used to show how Clock\ ?( [ AClock, 2+ AClock\?
Y Clock, Clock,

spacing affects the data and is for any given clocking posi-
tion, the nominal spacing data subtracted from the reducEd . N

spacing normalized pressure, divided by the nominal sp or cases Where.a change in the percent of a reading |§ presented
ing datalor the percentage change in the tygedata due to casegd) and(f)]; the error propagation is shown below:

spacing. Figures 20-22 are of this type and have ordinates Z=Norm. FFT AMp cjockp —Norm. FFT AMR cioek(1y

of “% Variation (Clock (X) Reduced—ClockX) Nominal/

Clock (X) Nominal).” This is a similar method as was used Norm. FFT Amp= — FFT Peak Amp.

for type<b) data. Time-Averaged Valué

f. Change due to spacing, time-accurate ddfthis is the same AZ=[{(ANorm. FFT AMR )2
as type(d) data, except instead of comparing everything to ' 1. Clock()
clock position 1, the comparisons are made for one clock +(ANorm. FFT AMP ciock(1))?}]-

position at different spacindgsuch as in typée)]. These are ) ) ]
shown in Figs. 23—29. The ordinates are labeled as “Change Nominal Axial Spacing Data

H 0, _ H ” . .

due to Spacing%) (Reduced—-Nominal, Clock PoX). 3.1 Time-Averaged Results. The time-averaged data are
Looking at the data set in a more general manner, the ba$iesented in terms of the normalized pressure, where the average
figures are typea) (the normalized pressurand type(c) (the inlet total pressure is used as the normalizing parameter. The first

normalized FFT data over the same time rangée other figure four plots show the nominal time-average data for different sec-

: ) . fions of the machine at the nominal spacing and at clocking posi-
types are ways of presenting the change from one configurationfy? . pacing gp
P y P g 9 g 1. The range baréwhich are hard to see at these schples

another. The data are presented in this fashion, because . " .
represent the average maximum run-to-run variation, as experi-

ZZ?CV%ZT da[r)eeslgsir;;ﬂ;ga\fvgi }ljs”ta;'g; :r?teméjezg :;gk?:(f(scf FiniiCed for this subset of data. Figure 3 shows the time-averaged
o ; " data plotted for the HPT vane, HPT blade, and LPT vane at dif-
However, it is important to realize that typés) and (d)—(f) are  forent sample sparithe high vane data at 50% does not have the
given in terms of percent change; the actual value has differefatia| resolution of the 10% data, so it is not shavitis plot, as
interpretations. For case®) and (e), the percentage change isyel| as Figs. 4-6, is designed to show how the average value
from the nominal condition. In caséd) and(f) the data show the changes with position. It is important to note that the individual
change in the normalized FFT amplitudes due to changing conglin-to-run variations are quite small. Figure 4 shows the inner and
tions. It is only listed as a percent change because the input vari-
able (P /P can be listed as a percent of the total inlet pres-
sure. As a final note, Fig. 22, for examglgpe (e)], the scale of 1 -
+49% represents the percentage of the nominal case that is beir ; S HPBSo% Span
p p g ° sp
changed, while in Fig. 2ftype ()] the scale of=2% represents 73 9% o LPV350% Span
the percent change in the total inlet pressure in each of the inVef;; o J
tigated frequencies as the spacing is changed. g 06 A .
The uncertainty propagation is specific to each type of data R ®
although they clearly share similar roots. Several options Were§ 04 . =
available to examine the repeatability of the measurements. Sincg >
four runs were available at the design point, the choice was mads o2 ® £ s o
to look at the maximum deviations from the averages for the
normalized pressure that were encountered over these runs fi oL = G 4
individual sensor locations. Plotting these maximum deviations as Pressure Side X/BX Suction side
a percentage Qf read',ng, and t_ak'ng care to separate.the pOSIHng3 Time-averaged normalized pressures, clocking position
from the negative deviations yielded remarkably consistent nU-for HPT vane, HPT blade, and LPT vane, various spans
bers for specific sensor locatiosiPT vane, HPT blade, LPT
vane, eto. These variations were averaged to generate an “aver-
age variation” that was then used to create a range bar for the rur< o T r
that had only one or two repeat conditions. This method lead 1 3’-'.‘«‘&‘1’)'&%:“3?1":3'1’)?&'
towards a conservative estimate of the overall error for the runs ¢ = —
This method seems properly robust in that the average maximui
positive and negative deviations tracked closely. Sensors were ¢ © & 3
amined without regard to span location. The results are as follows™ 5, 2 %

0.23

HPT vane +2%

HPT blade +1.2%
LPT vane +0.8%
Outer transition duct +0.45%
Inner transition duct +0.42% 02

021 $

Normalized Pressure

et

Based on these ranges, the uncertainty was propagated using 1 »
following formulation for types(b) and (d) data, where for type s 4 as 5 55 6 65
(b) X=clock positionx, Y=clock position 1, and for typéd) X XX

:C|0_Ck positionx reduced spacingy = clock positionx nominal  Fig. 4 Time-averaged normalized pressures, clock position 1
spacing. inner and outer transition ducts
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0.24 T T I . HPT Blade 50% Span 5 Clock 2
o ZE0.12 Dey B Refh PO o Clock3
© 25862 Deg (+1/4 YP) 3 x Clock 4
o 26112 Deg (+172 VP & i i i1 3
0.235 § A 26362 Deg (+3/4 VP) |orerineeees . % e
~ 3 ; S 1 ! §1
= o
& o : £~
b i ;"0 LPT Vane 50% Span
¢ LIRS [
g 0225 : P o ] 1
£ : ¥ F 3 1 ] .
3 4 E; { 4
3 022 +
E N < X
z ? - 035 0.5
0215 Pressure Side X/BX Suction side
021 Fig. 7 Variation in normalized pressure due to clocking posi-
35 4 45 H 55 6 65 tion for HPT blade and LPT vane at 50% span

Axial Location

Fig. 5 Time-averaged normalized pressures for inner transi-
tion duct, clock position 1, various circumferential positions ues vary with circumferential position for different clock posi-
tions. One item to note is that for both the inner and outer transi-
tion ducts, clock position 4 is consistently a lower pressure
outer transition ducts at representative circumferential positiongsition than the other clock positions. On the outer duct, there is
The main point of interest is the relatively different pressure disrot much change between clock positions 2 ar{diiough they
tribution as seen by the two surfaces. Figures 5 and 6 show te both higher than clock position, bnce one moves away from
variation that occurs at clocking position 1 with circumferentiaghe rotor trailing edgéTE) (the rotor TE is at about 3)4For the
position on the ducts. Each circumferential location is 1/4 of ianer duct(Fig. 8) clock positions 2 and 3 still seem to yield
vane pitch from its predecessor. One can see that the effect of Higher pressure than clock position 1, as was shown in the outer
upstream wakegotor and vangare more noticeable on the outertransition duct. Unlike the outer duct, there appears to be a mea-
transition duct close to the blade trailing edge, but damps out @srable(although smajl variation that occurs between clock po-
one moves axially downstream. For the inner transition duct tkgtions 2 and 3 as one moves through the vane passage. This
difference is not as large as the outer ducts at the blade trailisgows the effect from the HPT vane wakes propagating through
edge, but the difference seems to be more consistent as one trapgisHPT blade and striking the downstream duct. The effect of
axially downstream.
The effect of the variation in clock position on the time-
averaged values for the HPT blade, LPT vane, and transition durt

are shown in Figs. 7—Rype (b)]. Figure 7 for the midspafb0% ] & i P -
span location illustrates that clock position of the LPT vane rela- ® % § % 3 g %
tive to the HPT vane has little influence on the time- average(: @ % (0, Ref) :
pressure distributions for the HPT blade and the LPT vane. Th"‘ - ¥ § 8 E
variations observed are of the same magnitude with the possm“' ° & i x § % ..;:
exception being the LPT vane near the leading edge. The tlm(— - (+ 1/4 Vane Passage, VP) g
average pressure distributions for 10% and 90% spans were aIE - ¥ 3 5
analyzed and the result was consistent with that found at 50% » g $ F : §
span. The results just noted were anticipated, since from the r(§_" . £ “ lg vp) k
tor’'s perspective, it is passing through all the high vane wake® « .; =
over a single revolution, no matter where the “first vane” is lo- = _ i w ok 2 § M y
cated. When the high vane is clocked relative to the low vane on P : 8&:3 X

might see some changes in the time-average pressures on the | ., Y AL

vane, but only if the rotor is not dominating the flow field. 38 4 B b ¥ 6 5

The effect is not as clear-cut on the transition ducts where the
edge effects are more dominant and the rotor passing becorhigs 8 Variation in normalized pressure due to clocking posi-
|ess |mportant F|gures 8 and 9 ShOW hOW the t|me averaged an for the inner transition duct at various circumferential

positions
”
0225 3
1 | ] ]
G 25373 Deg 9, Refy hd L : % ¥ £
o IMTbEls VR § = 3 x oren | |&
022 -1 2 2123 Deg G VP) : 1 g 2 . 3
- E
;Eozxs 3 £ . : g : § §
e ' % v ¥ £ LH §
Y i S ) (+1/4 VP) 2
] - 172 VP) 5]
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clocking appears to be greater on this duct than that on the LPT3-2-1 High-Pressure Turbine VaneHigh-pressure vane data
vane. Therefore, one would expect that effects due to clocking presentgd in the clocking case to show a complete picture of
also a function of axial distance between the HPT vane and L€ Interaction '?et\_Neen the HPT vane ‘ﬁnd blade, althr(])ugh %ne
vane. Figure 9 presents the results of the pressure distribution'§p!d €xpect the interaction to be small. Figure 10 s ows the
the outer surface of the transition duct. Measurements were tafdfdamental and first harmonics for the HPT vane at 10% span.
at circular locations of 253.73, 256.23, 258.73, and 261.23the interesting point to note here is the relative eqU|vaI¢_ant_5|ze of
which correspond to changes in the vane passagd of 0 the fundamental and first harmonic over much of the airfoil. The
1/4VP, 1/2VP, and 3/4VP. Figure 9 shows that the effect froffjeasures are all grouped within the range bars until one gets to

clocking is not as great on the outer surface as it is on the im%l?out 50% on the suction surface. At this point, the interaction
surface of the transition duct. ecomes confused and noi§yote the large bars on these mea-

surements Clocking effects would not be expected at these loca-
3.2 Time-Accurate Data for Nominal Spacing. The pre- tions, and they are not observed given the range of measurements
ceding section shows that the effects of clocking on the timet the trailing edge. At the trailing edge, the fundamentals and
averaged values are small, but discernable, throughout the rharmonics have both grown, but in comparison to the HPT blade
chine. The main impact of the clocking is seen in the transitideading edgdsee Figs. 11 and }2these values are still about 2.5
duct. In this section, the unsteady nature of clocking changestimes less in magnitude.
investigated by looking at the data in the frequency domain. To . . .
characterize the unsteadiness, both the fundamental and first hap-2-2 HPT Blade. Figures 11-13 illustrate the magnitude of
monic amplitudes will be presented. For the vane data, these wi fundamental and the first harmonic of the unsteady surface
taken at blade passing frequency, while for the blade data it WA€SSUre at 10%, 50%, and 90% span on the HPT blade. All of
done at vane passing frequencies. The actual levels of both {gS€ Plots are on the same scale for ease of comparison. It is

fundamentals and the harmonics will be shown, since these sh8iificult to pick out trends by simply looking at the results. Clock
how the levels change with position on the blade surfddgs position 2 has the lowest fundamental at 10% span by about 25%;
) ghowever, when one looks at the 90% span data, the results for this

is difficult with these plots, since the changes are small. In thfd0CK position become the maximum. As is shown by the data

section, the differences between the clocking positions will aldgn9€ Pars, most of the variation observed from clocking is con-

be plotted for the LPT vane onljFigs. 17—19,(type (d)]. The tained within these bars, suggesting _that if there ?s a clocking
equations for the error propagation were shown in Sec. 2.2. effect, it is small when compared with the experimental data
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Fig. 17 Variation in normalized pressure fundamental and first
harmonic peaks due to clocking position for LPT vane at 10%
span

Fig. 14 Normalized pressure fundamental and first harmonic
peaks, LPT vane at 10% span

range. The fundamental on this HPT blade at 10% span was beund; when compared to the 10% défég. 11) or the 90% data
ported by Clark et al[15] to be the cause of the redesign of théFig. 13 the results suggest that at each spanwise location, there
HPT vane for this turbine. What is perhaps more illustrative is ttie a different clock position that has the peak magnitude for the
variation in harmonic and fundamental amplitudes as a function fndamental. At 50% span, sensor mortality at t1&0% x/by
span. At 50% spafFig. 12), there is not much difference in mag-location makes determining the best clock position at that span
nitude between the fundamental and harmonic values along mwspossible, since data from only clock position one were ob-
of the blade. In addition, the clocking variation seems tightl{ained. However, the single data point fer10% x/b, and the
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remaining pressure transducers do show that the magnitudes a.2.1 HPT Vane and Blade.Figure 23 illustrates that the ef-
50% span are almost the same as those at 10% span. At 90% sfet, of spacing on the majority of the HPT vane at 10% span is
clock positions 3 and 4 have the lowest peak magnitudes, but tiegligible. Only at the trailing edge does one see some action.
magnitude is 60% of the value at 10% span. The results obtainéidures 24—-26 show that the effect of reducing spacing is not
for the first harmonic also suggest that no single clock positiamiform across the different HPT blade spans. At 10% span, all
consistently reduces the magnitudes at each of the spanwise nibka-clocking positions have an increase in the fundamental value,
surement locations. whereas at 50% span, all clocking positions seem to be relatively

The results suggest a strong word of caution for those who arechangedas compared to the 10% spaffhe harmonics also
arriving at conclusions regarding the “goodness” of clockingend to be neutral to the spacing changes; no one position domi-
based on measurements taken only at midspan. Results presengeds. Clock position 4 seems to have the best mitigating effect on
here illustrate a great deal of dependence on span and the céne-blade overall.

plexities caused by the three-dimensional design of the airfoils. 422 LPT Vane. The results presented in this section illus-

3.2.3 Low-Pressure Turbine VaneThe frequency analysis is trate the magnitude of the changes in the fundamental and first
presented for the LPT vane at 10%, 50%, and 90% span in Figggrmonic of the unsteady surface pressure at 10%, 50%, and 90%
14-16. In the low-pressure vane, the variation due to clocking $pan on the LPT vane as the spacing is reduced. Figures 27-29
more noticeable due to several reasons. The first is that harmonic
analysis shows that for all spans the fundamental is stronger than
the harmonic with the exception being at the trailing edges. Thi<
implies that the fundamental blade passing frequency is domina - % Evan i
ing the unsteady results. In addition, when comparing the size ¢ 2 L I
the fundamental on the low-pressure vane to the HPT blade, or a’ of-{ o geou i}
sees that the normalized amplitudes are of the same order at ts s Clock 4]
leading edgegabout 0.03 on the vane to about 0.05 on the blade §

However, referring to Fig. 3, one can see that the low-pressur;

vane is about 3 times less in actual pressure level; thus the pr
portional influence of the unsteadiness as a function of averag
local level is greatest in the low-pressure vane. General trenc
shown in the results for the fundamental obtained at 10%, 50%
and 90% span suggest that clock position 4 has a marginal sl L Y
higher level of unsteadiness. At 50% and 90% span, clock positic.. Pressure Side XBX Suction Side
4 has the greatest peak magnitude, and at 10% span, it has the

second highest peak magnitude. Fig.

Review of the results for the amplitude of the first harmonics @“ ne
the pressure illustrates that clock position 2 clearly has the peaek
amplitude at all spans. This is different from the results presented
for the HPT bladgsee Figs. 11-13hat suggest clock position 2
could be the better position, but it may be the worst for the LP”
vane. In general, the amplitudes of the first harmonic are abo
half of the fundamental, but could still be large enough to caus
difficulty if the frequency of the harmonic happened to coincide,
with an excitation mode of the vane. Arguments could be madz 2,
for a couple of the clock positions being the optimum, based upcig
results at selected spans. .

Combining the results of the fundamental with those from the
first harmonics, a clear-cut “best clock position” is difficult to i :
find. However, what the results do illustrate is that trade-offs ca 12 [ 10% Span H H
be made with clock position to reduce the amplitudes at differer - . T !
spans of the vane. This is shown more clearly in Figs. 17-19,
where the same data have been plotted as a relative change ffign 21 Influence of reduced spacing on time-averaged nor-
clocking position 1. As one can see it is hard to make a claim ofalized pressure as a function of clock position for the HPT
an absolute best clocking position when all three major variablBgde
(span, wetted distance, and harmojiage considered.

5 e
7.5 | 50% Span

(Clock_ (Red.) - Clock (Nom.)]
Y

20 Influence of reduced spacing on time-averaged nor-
alized pressure as a function of clock position for the HPT

12 90% Span : $ '

12
12

tiol
lom.))(Clock (Nom.)

-12
12

)

(Clock (Red
e

4 Reduced Axial Spacing Data

o Clock 1

o Clock 2
4.1 Time-Average Data. In a manner similar to the time- 3 o Clock 3}
averaged data at the nominal spacing, Figs. 20 and 21 show, £ S i; _________ F
one would expect, that the effect of reducing the spacing by 22¢ é '

is small on the time-averaged values on the HPT vane and blags
with the exception of the vane trailing edge and the blade leadirZ

tion
iom.

edge. Figure 22 shows the effect on the low-pressure vane, whi;g D ]
as expected is much smaller than either the HPT vane or HF 3 i JI ..... ]
blade. T b .
4.2 Time-Accurate Data for Reduced HPT VangBlade : : ; : & &
Spacing. The figures presented in this section illustrate percent - s o 05 1

Pressure Side X/BX Suction Side

age change in the magnitude of the fundamental and first har-
monic of the unsteady surface pressures as the spacing is redugg.22 Influence of reduced spacing on time-averaged nor-
The data are presented in a manner similar to the changes shewélized pressure as a function of clock position for the LPT
between clock positions in the preceding section. vane
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Fig. 23 Variation in normalized pressure fundamental and first
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Pos. X)

suggest that the reduced spacing does not produce the same;}
fects at each clock position for the fundamental. Examining thl;‘i 0
harmonics one sees a random effect, one for which the nomin

and reduced spacing for each clock position intertwine and the@g !
is not one offset from the other. While one might make a case fcgs
clocking position 1 to reduce the fundamental on the blade, &%
seems to be the worse position for the low-pressure vane and t
endwalls.

han,;
(Reduced

i First Harmoinic |

0.5 .
Pressure Side X/BX Suction Side

5 Conclusions

_The results of these experiments suggest that the clocking [y, 27 variation in normalized pressure fundamental and first
sition of the HPT vane has some effect on the time-averaged sh&rmonic peaks due to reduced HPT vane /blade spacing for

face pressure distributions for the transition duct and LPT vane LT vane 10% span
is also possible that reflections from the transition duct and/or the
LPT vane at different HPT vane clocking positions have an effect
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Aoy Fig. 28 Variation in normalized pressure fundamental and first
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Fig. 24 Variation in normalized pressure fundamental and first
harmonic peaks due to reduced HPT vane /blade spacing for
HPT blade 10% span
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Fig. 25 Variation in normalized pressure fundamental and first Fig. 29 Variation in normalized pressure fundamental and first
harmonic peaks due to reduced HPT vane /blade spacing for harmonic peaks due to reduced HPT vane /blade spacing for
HPT blade 50% span LPT vane 90% span
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Deviation from Average by Span 50% span and extrapolate it to 10% and 90% spans. These

Time-Averaged Data measurements suggest that when the designer is determining the
1 ] stage configuration, attention to all contributing factors must be
L ] assessed.
0.5 ]
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of the blade data. For the time-accurate pressure distributions, the 5* _ . pressure
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" P, = local static pressure
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tude of the first harmonics was decreased by up to 30%. son with Experimental Results,” ASME paper no. 2000-GT-0446.

Another important observation is that the effects at 50% spali6l Eﬂa\gsv E- :H' Yao, Jé ?Nlark,ul Ft’-, ?jtetls?n’ Gt-_v AlanStov J. 3., JTamESOT?Ar-v IE_unn,

PSRy : ) 0 . G., Haldeman, C. W., “Unsteady Interaction Between a Transonic Turbine
are SIQr.Hflcan.tly dlffe_ren_t from th_ose .at 10% and 90% spa_n for the Stage and Downstream Components,” ASME paper no. GT-2002-30364.
three-dimensional airfoils used in this study. Therefore, it would;7) cjark. J. P., Aggarwala, A. S., Velonis, M. A., Gacek, R. E., Magge, S. S., and

be an unwise decision to simply do a computational analysis at Price, F. R., “Using CFD to Reduce Resonant Stresses on a Single-Stage,
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Passive Flow Control on
Low-Pressure Turhine Airfoils

Two-dimensional rectangular bars have been used in an experimental study to control
boundary layer transition and reattachment under low-pressure turbine conditions. Cases
with Reynolds numbers (Re) ranging from 25,000 to 300,000 (based on suction surface
length and exit velocity) have been considered at low (0.5%) and high (8.5% inlet)
free-stream turbulence levels. Three different bars were considered, with heights ranging
Ralph J. Volino from 0.2%_ to 0.7% of suction surface length. Mean and ﬂuctuat_ing velocity and interm_it-

. tency profiles are presented and compared to results of baseline cases from a previous
study. Bar performance depends on the bar height and the location of the bar trailing
edge. Bars located near the suction surface velocity maximum are most effective. Large
bars trip the boundary layer to turbulent and prevent separation, but create unnecessarily
high losses. Somewhat smaller bars had no immediate detectable effect on the boundary
layer, but introduced small disturbances that caused transition and reattachment to move
upstream from their locations in the corresponding baseline case. The smaller bars were
effective under both high and low free-stream turbulence conditions, indicating that the
high free-stream turbulence transition is not simply a bypass transition induced by the
free stream. Losses appear to be minimized when a small separation bubble is present, so
long as reattachment begins far enough upstream for the boundary layer to recover from
the separation. Correlations for determining optimal bar height are presented. The bars
appear to provide a simple and effective means of passive flow control. Bars that are large
enough to induce reattachment at low Re, however, cause higher losses at the highest Re.
Some compromise would, therefore, be needed when choosing a bar height for best over-
all performance.[DOI: 10.1115/1.1626685

Department of Mechanical Engineering,
United State Naval Academy,
Annapolis, MD 21402

e-mail: volino@usna.edu

Introduction boundary layer reattachment. The lower the Reynolds number, the

Modern low-pressure turbin@PT) airfoils are subject to in- farther downstream transition will tend to occur and hence the

: . . : . E%oblems associated with performance at altitude.
creasingly stronger pressure gradients as designers impose hi %reparated flow transition has been studied extensively, and in
loading in an effort to improve efficiency and lower cost by re- :

X L . recent years several studies have focused on transition in the LPT.
dUC".‘g the number of _alrfon_s Inan engine. .” the adverse PressWiino [7] provides a review of much of that work. Separation can
gradient on the suction side of these airfoils becomes str

0 h ; .
enough, the boundary layer will separate. Separation bubbles, e affected through naturally occurring phenomena in an engine

i ) ) L d through deliberate attempts at flow control. Several studies
ticularly those that fail to reattach, can result in a significant lo%?ave shown that high free-stream turbulence inten@RgTI)
of lift and a subsequent degradation of engine efficie(ey.,

g tends to cause the transition to move upstream, resulting in a
Houymouz[adls[l], Mayle [21’ ar_1d Sharme_l et a[S_]). The Pfob' maller separation bubble. Reducing the separation bubble size
lem is partlcularl_y relevant in aircraft engines. Alrf_o_lls optlmlzetf nds to result in thinner boundary layers after reattachment,
to prqduce maximum power unde_r takeoff pondltlon_s_ may st ereby reducing losses. Moving the transition upstream, however,
experience boundary layer separation at cruise conditions, dueré

. . . Qults in a longer turbulent region on the airfoil, which tends to
the thinner air and lower Reynolds numbers at altitude. Acompﬁicrease losses. Volinp7] showed that the net result of these

nent efficiency drop of 2% may occur between takeoff and cruise  eting effects depends on the Reynolds number. High FSTI
conditions in large commercial transport engines, and the d'ﬁ%'nds to reduce losses at low Re. At high Re, where separation

E_nche colu!d c:)e a(s: large as 7|°f/° in smalller bengifrfles capir"’ltim:"bi’i}[)bles are relatively small even with low FSTI, high FSTI re-
igher altitudes. Component life may also be affected by MO, s iy higher losses. At very low Re, boundary layers may fail to

than an order of magnitudédodson(4]). Because the LPT pro- \oaach even with high FSTe.g., Volino[7] and Van Treuren

duces the bulk of the net power in many engines, changes in i) 1g)) "Unsteadiness caused by wakes generated upstream of
component efficiency can result in nearly equal changes in over, airfoil has been shown in several studiesy., Howell et al.

gngine eﬁipienquislgr[S]). There are several sources fo.r Iossg ) to reduce the extent of separation bubbles and reduce losses.
in an engine, including secondary flows, but the suction si

in the LPT (Curtis et al.[6]). Prediction and control of suction p,pie¢ are largest. Staditien et al.[10] found that at high Re
side separation, without sacrifice of the benefits of higher IoadmlgSses were higher with wakes than in steady flow. '

areétherefqre, necLer)?_ary ]IO.'; improvedlgngirgjegjeskjgn. dary | Existing results suggest that separation bubbles should be kept
eparation on airfolls Is complicated by boundary 1ay&ly, 5| “hyt without producing an unnecessarily long turbulent re-
transition. Turbulent boundary layers are much more resistant

. . . fon. Hourmouziadig 1] discussed “controlled diffusion blad-
separation than laminar boundary layers. If transition occurs far. » in which an airfoil is designed so that a small separation
ehnou%h upistream, It can prevent segarbeg:on._ If tfﬁ‘”s't'gn ogcsrsbl bble is present. The bubble itself is not thick enough to produce
the shear layer over a separation bubble, it will tend to INdU¢gy, |osses, and its presence allows a shorter turbulent region near

the trailing edge. This idea is discussed below in conjunction with

Contributed by the International Gas Turbine Institute and presented at the Intgr-
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jme present results.

16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 2003. Capitalizing on the beneficial eﬁeCts_ of unste_zady Wal'(e& How-
Paper No. 2003-GT-38728. Review Chair: H. R. Simmons. ell et al.[9] and Brunner et al[11] studied airfoils modified for
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higher lift. Losses increased with airfoil loading, as adverse pre: flap ~ -+ bleed air
sure gradients became stronger and separation bubbles bec:

larger. With wake passing, however, the magnitude of the los

increase was in some cases relatively small compared to the

crease in lift. Aft loaded airfoils tended to have lower losses, sinc

separation and transition occurred closer to the trailing edge, r

sulting in a shorter turbulent region.

While high FSTI and wakes help to mitigate separated flov
problems, they clearly do not solve all problems, as evidenced t 357
the known efficiency drop in modern engines at altitude. Howe!
et al.[9] indicated that their highly loaded airfoils might be close
to a limit, and that higher loading could cause unacceptable sef
ration problems even in the presence of wakes. Looking beyor
FSTI and wakes, other types of flow control could prove usefu - 3
The literature contains numerous examples of separation contr ﬂa:'eed a
Most have been applied to external flows over aircraft, but a fe
studies have considered passive devices added to LPT airfoi isoo
Van Treuren et al[8] utilized vortex generators on the suction
surface of an LPT airfoil. The vortex generators caused reattac
ment at Re=50,000(all Re in the present paper are based on exi
velocity and suction surface lengthLosses appeared to be
slightly lower with the vortex generators. The vortex generator
were not effective at Re25,000, and the boundary layer did not
reattach even with 8% FSTI. Van Treuren et[&] did not con- Fig. 1 Schematic of the test section
sider higher Re. In another study, Lake et[dl2] used various
passive devices including dimples and boundary layer trips in an
LPT cascade. They considered cases with Re above 100,000. Mu-
rawski and Vafa[13] added extensions to the trailing edges of the
airfoils in their cascade. These extensions tended to move gfe@@mbers, and a three-dimensional contraction before entering the
separation location downstream. At low Re, they reduced ti@st section. At the exit of the contraction, the mean velocity is
length of the separation bubble and reduced losses. At high R@&jform to within 1%. The FSTI is 0.5%0.05%. Nearly all of
losses increased. Byerley et f14] used “Gurney flaps” to con- this free-stream “turbulence” is actually streamwise unsteadiness
trol separation. These devices were trips, near the trailing edge@nfrequencies below 20 Hz and is not associated with turbulent
the pressure side of the airfoils. They helped to keep the bound&gdies. The rms intensities of the three components of the un-
layer attached on the suction side, but also increased losses ingtgadiness are 0.7%, 0.2%, and 0.2% in the streamwise, pitchwise,
cascade. Active separation control has also been employed. Bang spanwise directions, respectively. For low-FSTI cases, the test
et al.[15,16 used steady and pulsed vortex generator jets to suggction immediately follows the contraction. For high FSTI, a
cessfully control separation under LPT conditions. passive grid is installed at the contraction exit followed by a 1-m-

The studies listed above indicate that separation control sholig rectangular settling chamber. At the inlet to the test section
be possible under LPT conditions. Existing results are, howevéte high-FSTI mean flow and turbulence are spatially uniform to
limited both in the range of Reynolds numbers considered in eagfthin 3% and 6%, respectively. The free-stream turbulence is
study and in the types of data acquired. More experiments drearly isotropic with rms intensities of 8.8%, 8.9%, and 8.3% in
needed with various types of devices to expand the experimerif2¢ streamise, pitchwise, and spanwise directions. The integral
data base. Detailed measurements will also help in the explanatiefgth scales of these components are 3 cm, 1.6 cm and 1.4 cm.
of the physical mechanisms by which various devices affect tAde integral scales were computed from the power spectra of each
flow. component.

Passive flow control is considered in the present work. Thin The test section, shown in Fig. 1, consists of the passage be-
bars of rectangular cross section are placed on the suction surfaeen two airfoils. Details are listed in Table 1 and more infor-
of an LPT airfoil near the suction surface velocity peak. Expermation is available in Ref.7]. A large span-to-chord ratio of 4.3
ments were conducted in a single-passage cascade simulator,vé&$ chosen to ensure two-dimensional flow at the spanwise cen-
scribed in Volino[7]. The geometry of the passage corresponds t'line of the airfoils, where all measurements were made. Up-
that of the “Pak-B” airfoil, which is an industry supplied researctstream of each airfoil are flaps, which control the amount of bleed
airfoil that is representative of a modern, aggressive LPT desigl allowed to escape from the passage. The flaps, along with a
Volino [7] documented cases in the present facility without flowailboard on the pressure side of the passage, are adjusted to pro-
control. These serve as baseline cases for the present study. duce the correct leading edge flow and pressure gradient along the

airfoils. The flow in the passage matches that in a multiblade
; cascade.
Experiments Experimental conditions match those of the ten baseline cases

Experiments were conducted in a low speed wind tunnel, def Volino [7], who considered high- and low-FSTI cases at five
scribed by Volino et al[17]. Briefly, air enters through blowers Reynolds numbergRe=25,000, 50,000, 100,000, 200,000, and
and passes through a honeycomb, a series of screens, two set8id@,000. The Reynolds number range is representative of condi-

tailboard

Table 1 Test section parameters

Axial True Suction Inlet Exit
chord chord Pitch Span side, L flow flow
(mm) (mm) (mm) (mm) (mm) angle angle
153.6 170.4 136.0 660.4 228.6 35° 60°
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losseg(as indicated by large increases in momentum deficit at the
trailing edge. As the size of the devices was reduced, it was found
that all devices that were just large enough to induce boundary
layer reattachment at R&25,000 caused about the same increase
in losses at higher Re. This was somewhat unexpected, as it was
thought that the delta wings vortex generators might present less
blockage, and more effectively promote mixing and inhibit sepa-
ration than the trips or bars. Reasons for this unexpected finding
are discussed with the results below. Since no device appeared to
have a clear advantage, rectangular bars were chosen for further
study because of their simplicity. The bars were of uniform rect-
angular cross section and extended along the airfoil span, as
shown in Fig. 2. It should be noted that the tests described above
were not exhaustive, and do not preclude the possible usefulness
of vortex generators or other types of devices.

The results of the preliminary tests with the bars indicated that
the streamwise width of a bar and the location of its leading edge
were unimportant. The bar height and the location of its trailing
edge were critical. Hence, it appeared that the backward-facing
step at the trailing edge was most important for flow control. Bars
were most effective when the trailing edge was near the location
of the suction surface velocity peak. If the trailing edge was much
farther downstream, it was located under the separation bubble
and was ineffective. If the trailing edge was upstream in the fa-
vorable pressure gradient region, the stabilizing effect of the ac-
celerating flow appeared to lessen the bar’s effectiveness.

In the present study, rectangular bars were fabricated from mul-
tiple layers of vinyl tape. The trailing edge of the bar was located
at s/L;=0.51, near the suction surface velocity peak. All bars
were 6 mm wide in the streamwise direction. Bar heights of 0.4
mm, 0.8 mm, and 1.6 mm were used. The bar heights were all less
than 1% ofL,. They compare to local boundary layer thickness at
the bar location of about 3.8 mm, 2.7 mm, 2.0 mm, 1.4 mm, and
1.2 mm in the baseline Re25,000 through 300,000 cases, respec-
Fig. 2 Scale drawing of suction side airfoil showing location tively. For each bar height, all 10 cases of the baseline study were
of bar redocumented, for a total of 30 new experimental cases.

Measurements. Pressure surveys were made for each case
tions from cruise to takeoff. The FSTI levels in an engine maysing a pressure transdud@r-870 Pa range Validyne transducer
vary considerably, but the values in the present work are believadd a Scanivalve. Stagnation pressure was measured with a pitot
to span the range of most interest. tube upstream of the passage inlet, and 11 pressure taps were

Prior to the detailed experiments of the present study, variol@sated on each airfoil along their spanwise centerlines. Locations
devices were used in preliminary attempts at flow control. Thef the taps on the suction side are listed in Table 2 along with
devices included trip wires of various diameters, rectangular barsasured local FSTI components, and theKReoduct at these
of various widths and thicknesses, and delta wing vortex genesiations based on a nonseparating, inviscid solution. The uncer-
tors of various heights, spacing, and angles with respect to tt@nty in the suction side pressure coefficients was 7% at the low-
flow. All of these devices were tried at several streamwise locast Re, and below 4% in other cases. Most of this uncertainty was
tions along the suction surface. Documentation included streatue to bias error. Stochastic error was minimized by averaging
wise pressure profiles and velocity profiles acquired near the trgiressure transducer readings over a 10-s period.
ing edge. Large devices of any type eliminated separafémn  Velocity profiles on the suction surface were measured at
indicated by the pressure profijedut caused large increases instreamwise stations corresponding to pressure taps 7—11, as given

Table 2 Measurement stations locations, local acceleration (inviscid solution ), and measured
local free-stream turbulence

Low Low High High
FSTI FSTI FSTI FSTI
u'/U,, v'/U,, u'/U,, v'/U,,
Station s/Lg ReK (%) (%) (%) (%)
1 0.111 1.58 0.44 5.2
2 0.194 1.20 0.39 4.6
3 0.278 0.86 0.37 4.0
4 0.361 0.75 0.38 3.5
5 0.444 0.62 0.39 3.2
6 0.528 —-0.02 0.41 2.8
7 0.611 -0.81 0.47 0.05 2.9 5.9
8 0.694 —0.95 0.47 0.12 3.0 6.2
9 0.777 —0.58 0.48 0.14 3.4 6.6
10 0.861 —-0.53 0.54 0.11 3.8 6.8
11 0.944 -0.18 0.51 0.11 4.0 6.8
756 / Vol. 125, OCTOBER 2003 Transactions of the ASME
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in Table 2. These stations are downstream of the bar. Profiles 18 x
stations 1-6 are fully documented for the baseline cases in Re
[7,18], and show that the upstream boundary layer closely follon 16
a laminar solution, even in the high-FSTI cases. Profiles we
measured near but not at the spanwise centerline of the airfoll
insure that the pressure taps did not interfere with the veloci
measurements. Profiles were acquired with a hot-wire anemo
eter (AA Lab Systems model AN-1003and a single-sensor
boundary layer prob€TSI model 1218-T1.p The sensor diam- o
eter is 3.8um, and the active length is 1.27 mm. At each mea”
surement location, data were acquired for 26 s at a 20-kHz sa
pling rate (2° samples All raw data were saved. The high og
sampling rate provides an essentially continuous signal, which

0.8

Low FSTI

Re=25,000

needed for intermittency and spectral postprocessing. The 10 o4 glg’f’gsaﬁegg:
sampling time results in low uncertainty in both statistical an _*> lemmbpar
spectral quantities. Data were acquired at 60 wall normal locatio 0.2f

in each profile, extending from the wall to the free stream, witl

most points concentrated in the near-wall region. The closestpo 9, 02 04 06 08 1 T2
was within 0.1 mm of the wall, which corresponds oL s/,

=0.0004 and between 0.01 and 0.2 boundary layer thicknesses. ) )

Flow direction in a separation bubble cannot be determined witha ~ Fig- 3 C,, profiles, low FSTI, Re =25,000 cases

single-sensor hot-wire, but velocity magnitude can be measured
and was found to be essentially zero within the bubbles of the
present cases. Determining the direction was not, therefore, cerod agreement with the inviscid solution on the pressure side.
sidered essential. Uncertainties in the mean velocity are 3—%f the suction side, the baseline case shows good agreement with
except in the very near wall region where near-wall correctionge inviscid solution in the favorable pressure gradient region, but
(Wills [19]) were applied to the mean velocity. Uncertainties im large separation bubble in the adverse pressure gradient region.
the momentum and displacement thicknesses computed from S¥paration is indicated by the nearly const@ptvalues, which
mean profiles are 10%. Uncertainty in the shape faétois 8%. are well above the invisid solution. T, values remain high to
The uncertainty in the fluctuating streamwise velocity is belohe trailing edge, showing no sign of reattachment. With the 0.4-
10%, except in the very-near-wall region, where spatial averagingm-thick bar, there is an increase@ over the baseline value at
effects, due to the finite length of the hot-wire sensor, becons@l .=0.53. The pressure tap at this location is immediately down-
important in some cases. For the present cases, as explainedsfayam of the bar, and the flow over the tap is probably affected by
Volino [7] based on the work of Ligrani and Bradsh&20,21,  the close proximity of the bar. Thg, values in this case remain
spatial averaging should not be significant for the<26,000 and high to the trailing edge, indicating that the boundary layer does
50,000 cases, even near the wall. For the higher Re cases, spagireattach. The same is true for the 0.8-mm bar case. With the
averaging should not be significant fpr-1 mm (y/Ls>0.004), 1.6-mm bar,C, drops below the baseline values near the end of
but may cause errors as high as 30% closer to the wall. It is nfie favorable pressure gradient region. The larger bar is apparently
certain that the errors are this large, however. The estimates afdugh of an obstruction to slow the near-wall flow upstream of
based on the results of Ligrani and BradsHa®,21], who con-  the bar. Downstream of the 1.6-mm b@, values are high, as in
sidered a boundary layer with ge2600. The momentum thick- the other cases, but at the most downstream pressu@,tepops
ness Reynolds numbers in the present cases are all below 138Ghear the inviscid solution value, indicating boundary layer re-
This may indicate less developed turbulence in the present stugditachment.
which could imply fewer small-scale eddies and lower averaging The velocity profiles for the low-FSTI, Re25,000 cases are
errors. shown in Fig. 4. The top row of the figure shows dimensionless
The intermittencyy, is the fraction of time the flow is turbulent mean velocity profiles at stations 7—11. The baseline case shows a
within the transition region. It was determined at each measuligoundary layer near separation at station 7, a small separation
ment location based on the instantaneous streamwise velocity $igihble at station 8, and an increasingly larger bubble at stations
nal, using the technique described by Volino et[al/]. The un- 9-11. The mean profiles of the 0.4-mm and 0.8-mm bar cases are
certainty iny is 10%. As explained by Volino et dl17], turbulent
flow is defined here to include a range of large- and small-scale
eddies, turbulence production, and dissipation. A boundary Iayer0
may be characterized by significant fluctuations but still be g
nonturbulent if these fluctuations are induced by an externs
source that does not also cause near-wall turbulence producti 0
Such is often the case under high-FSTI conditions. Free-strei 0
eddies buffet the boundary layer, inducing nonturbulent bounde o.osi
00
.05[
%

.05

layer fluctuations but very little momentum transport. Transitio®,,
to turbulence is characterized not so much by large increas€s in >
levels, which may remain essentially constant, but by the appe
ance of higher frequencies. The higher frequencies signal the g
eration of turbulence in the near-wall region and are used to d,
tinguish between turbulent and nonturbulent flow. Furthes”
discussion is available in Rdf17]. .

0
)

Results

* haseline o Q4mmbar + 0.8mmbar * 1.6 mm bar

Velocity and Pressure Profiles. Pressure coefficients for the
low-FSTI, Re=25,000 cases are shown in Fig. 3. Also shown iBig. 4 Station 7—11 profiles, low FSTI, Re =25,000 cases: (a)
the inviscid solution for the present geometry. In all cases theren®an velocity, (b) u’, (c) intermittency

Journal of Turbomachinery OCTOBER 2003, Vol. 125 / 757

Downloaded 31 May 2010 to 171.66.16.27. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Vlrtua”y Indlstlngwshable from the basellne case. The 1. 6 mm b 0.05F - oreeee ';;"5' ,,,,,,,,,,,,,,, ARSI :.: vvvvvvvvvvvvv :u ............. ":n
case shows a clear separation bubble at station 7, suggesting %, 38 g ﬂ; : o ;
the boundary layer has separated from the trailing edge of the k> Q“j /j ég' ‘ y‘“# J
This bubble continues to grow, and at station 8 the separati 0 — — : — y
bubble is larger with the 1.6-mm bar than in the other cases.
station 9 all cases appear similar. This agreement is really a croy,
ing, as the shear layer in the 1.6-mm bar case is on the verges"

reattaching, while the separation bubble is growing in the oth
cases. At station 10, the near-wall velocity in the 1.6-mm bar ca

0.05

has begun to rise, indicating incipient reattachment. By station 1 o.05¢ - g PRRRRI N TR T
the boundary layer has clearly reattached in the 1.6-mm bar c&®,, 7 8 8 £ 0 .10 1 R
although the mean profile has not recovered to a fully develop > : l B 3} L‘
turbulent shape. Dimensionles$ profiles are shown in the sec- 0 B . . ) i
ond row of Fig. 4. As with the mean profiles, the baseline case a 0 0 ° ., ° 0 !

the 0.4-mm and 0.8-mm bar cases are indistinguishable throt
station 10. All show a smalli’ peak growing in the shear layer
over the separation bubble. As explained by \Vol{7918], this Fig. 5 Station 7—profiles, high FSTI, Re =25,000 cases: (a)
peak is not indicative of transition. It is caused primarily by lowmean velocity, (b) u’, (c) intermittency
frequency fluctuations that are amplified when they act across the
region of high mean velocity gradient in the shear layer. At station
11, there is a slight increase i in the 0.8-mm bar case over thebars, but the boundary layer still does not appear fully reattached.
baseline case, and the high values extend into the near-wall kermittency rises slightly above zero at station 11 of the 0.8-mm
gion. These near-wall fluctuations suggest the beginning of trapar case, while remaining essentially at zero with the smaller bar
sition and reattachment, but they are not large enough in this casl in the baseline case. Thé profiles show a large peak in the
to significantly affect the mean profile. The 1.6-mm bar casghear layer, which grows in the streamwise direction. As shown in
shows a largeu’ peak than the other cases at stations 7 and ¥lino [7], this peak is caused by the action of the high FSTI on
The peak is in the shear layer and is similar to the peaks at statiéhe shear layer, and does not indicate significant momentum trans-
9 and 10 of the other cases. It does not indicate transition. TRert. As in the low-FSTI cases of Fig. 4, the 1.6-mm bar case
peak becomes larger at station 9, and extends into the near-§alPws significant differences from the other cases in Fig. 5. The
region, which is a sign of incipient transition. By station10is U’ peak is significantly higher in this case at stations 7 and 8. At
much larger with a clear double peak. This risaiincorresponds station 9,u’ values are higher in the near-wall region, the inter-
to the beginning of reattachment observed in the mean profile. THéitency rises above zero, and the mean profile appears to be
third row of Fig. 4 shows the local intermittency. Its is zero in alfeattached. At stations 10 and 11 the intermittency continues to
cases through station 9, but begins to rise at stations 10 and 1ingrease. The mean profile adjusts toward a more turbulent shape
the 1.6-mm bar case. The intermittency peak is in the shear layeefween stations 9 and 11. Ti¢ peak decreases somewhat by
indicating that this is where transition begins. Intermittency onigtation 11, but still shows the relatively high values of a transi-
reaches about 13% at station 11. This is consistent with the mdimal boundary layer, rather than the somewhat lower values of a
velocity profile, which shows the boundary layer is reattached biutlly turbulent boundary layer. As in the low-FSTI, R25,000
not yet a fully developed turbulent profile. As the turbulence isase, the 1.6-mm bar is not large enough to immediately trip the
intermittent, it is likely that the boundary layer is only intermit-boundary layer to turbulent, but it causes transition to move up-
tently reattached. The high' peak at station 11 is also consistenstream and leads to a reattachment that did not occur in the base-
with a transitional boundary layer. As a boundary layer becom#ge or smaller bar cases.
fully turbulent, the dimensionless’ peak will decrease in mag-  The velocity profiles of the low-FSTI, Re50,000 case are
nitude to about 0.1, and move close to the wall. shown in Fig. 6. The effects of the bars are clear. At station 7, the

The behavior in the 1.6-mm bar case is interesting. The bar wh&-mm bar has caused a relatively large separation bubble com-
not large enough to immediately trip the boundary layer to turbipared to the other cases and a smallpeak in the shear layer
lent, but it did move the separation point upstream. This causeder this bubble. The smaller bar cases are indistinguishable from
the transition to move upstream, and led to at least a partial reite baseline case, with mean profiles only on the verge of separa-
tachment by the trailing edge, which did not occur in the othdion andu’ near zero. By station 8, the 1.6-mm bar case has
cases. The 0.8-mm bar trip case is also very interesting. The bar in
this case was so small that it had no immediate measurable affect
on the mean ou’ profiles. Well downstream at station 11, how- 908

. S X a)

ever, the effect of this bar became visible in theprofile. Ap-
parently this bar introduced a very small disturbance in the flo\ -
which was too small to detect at first, but grew as it moved dowi
stream.

The velocity profiles of Fig. 4 and the pressure profiles of Fig)
3 are in good agreement. Both show transition and reattachmens.
the same locations, and the measured static pressures agree
the local free-stream velocities of Fig. 4. The agreement betwe
the pressure and velocity results was apparent in all cases.
brevity, the pressure profiles are not presented in the cases wi%,
follow. =

Figure 5 shows the velocity profiles for the high-FSTI, R«
=25,000 cases. The format is that same as in Fig. 4. As in t
low-FSTI case, the baseline, 0.4-mm trip and 0.8-mm trip cas
are nearly indistinguishable at the upstream stations. By station
11, some differences are apparent in the mean profiles for thésg 6 Station 7-11 profiles, low FSTI, Re =50,000 cases: (a)
cases. The separation bubble is less distinct in the cases with iifean velocity, (b) u’, (¢) intermittency

® baseline o 04mmbar + 0.8mmbar * 1.6 mmbar

* haseline o 04mmbar + 0.8mmbar * 1.6 mm bar
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Fig. 7 Station 7—11 profiles, high FSTI, Re =50,000 cases: (a) Fig. 8 Station 7—11 profiles, low FSTI, Re =100,000 cases: (a)
mean velocity, (b) u’, (c) intermittency mean velocity, (b) u’, (c) intermittency

undergone a sudden transition, wis=1, highu’ levels in both

the shear layer and near-wall regions, and the beginning of regiy ,rhylent and begun to reattach. In the baseline caselpes
tachment as indicated by nonzero mean velocity near the wajly'yyein to show elevated near wall values until station 10, and

The other cases are indistinguishable, exhibiting a small sepafaygjtion and reattachment occur at station 11. The mean profiles
tion bubble and showing no sign of transition or reattachment. t

. 3 X station 11 show the fullest profile and thinnest boundary layer
station 9, the t’)oundary layer is clearly reattached in the 1.6-MMhe 0 4-mm bar case. The larger bars result in thicker boundary
bar case, and’ values are beginning to rise in the 0.8-mm bafyyers The mean profile in the baseline case has not yet recovered
case. At station 10 the intermittency indicates fully turbulent flowy 5 fully turbulent shape. As will be discussed below, the thinner
and the boundary layer has reattached in the 0.8-mm bar case. 4fi§ched boundary layer in the 0.4-mm bar case suggests that this
0.4-mm bar case is still separated wigh-0, butu’ has begun to case will have lower losses than the other cases.
rise near the wall. By station 11 the 0.4-mm bar case has becomerhe high-FSTI, Re-100,000 cases are shown in Fig. 9. As in
turbulent and the boundary layer has started to reattach. The bagg- |ow-FSTI case, the 1.6-mm bar trips the boundary layer to
line case remains nonturbulent with a large separation bubblegihulent and eliminates separation at this Re. The intermittency is
station 11. As observed in the R&5,000 cases, the 1.6-mm bar isnonzero at station 7 of the 0.8-mm bar case, and it continues to
not large enough to immediately trip the boundary layer to turbyise through station 10, indicating an extended transition zone.
lent, but it does move separation upstream, which causes trafgécause the transition begins so far upstream, the separation
tion and reattachment to move significantly upstream. The smallgipple is eliminated and transition occurs in an attached boundary
bars appear to have no immediate effect on the boundary laygger. with the 0.4-mm bar, the intermittency indicates that the
but they must introduce small disturbances that grow in theansition does not begin until station 8, so a small separation
streamwise direction and have a significant effect in moving thgpble forms, as in the baseline case. The boundary layer is reat-
transition and reattachment upstream. The 0.8-mm bar must intfgched by station 9, however, and the transition is nearly complete
duce a larger disturbance than the 0.4-mm bar, since transition gjjdstation 10. In the baseline case, the transition begins at station
reattachment occur one station farther upstream with the 0.8-myMand the boundary layer is reattached at station 10. Examining
bar.‘ ) ) the mean profiles, the 1.6-mm bar causes an immediate thickening

Figure 7 shows the high-FSTI, R&0,000 cases. With the of the boundary layer, and the separation bubble in the baseline
larger bars, transition and reattachment move upstream. With §1&e also causes a thicker boundary layer. By station 11, the mean

1.6-mm bar, the intermittency is already nonzero by station 7, agbfiles for these two cases agree closely. The boundary layers are
the boundary layer is fully turbulent and attached by station $hinner in the cases with the smaller bars.

With the 0.8-mm bar;y rises above zero at station 8 and is near
fully turbulent by station 10. The mean profile appears to indicate
reattachment by station 9. The intermittency rises above zero in
the 0.4-mm bar case at station 9, and continues to rise at statii 905~ e - SRR :
10 and 11. The mean profile shows reattachment at station 10.2w g i
the baseline case, the intermittency begins to rise at station ~
and the boundary layer is reattached at station 11. At station 11-
mean profiles are indistinguishable in the cases with bars, a
fuller than in the baseline case. In all cases, the transition begy,
upstream of the location in the corresponding low-FSTI case <
Fig. 6, but the transition length is longer. Volino and Hultgf2g]
also observed that transition begins farther upstream with hig
FSTI, but is more abrupt in low-FSTI cases. X
Figure 8 shows the low-FSTI, ReL00,000 cases. The 1.6-mmo,
bar immediately trips the boundary layer to turbulent and elim>
nates the separation bubble. The 0.8-mm bar causes a small
peak above the baseline values at station 7. The intermitter
jumps from O to 1 between stations 7 and 8, and the separat
bubble is effectively eliminated. As in the lower-Re cases, the
0.4-mm bar has no visible effect at station 7, and the mearuandFig. 9 Station 7—11 profiles, high FSTI, Re =100,000 cases: (a)
profiles are indistinguishable from the baseline case. The boumaean velocity, (b) u’, (c) intermittency

ary layer separates, but by station 9 the shear layer has become

e ¥

* haseline o 04mmbar + 0.8mmbar * 1.6 mm bar
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Fig. 10 Station 7—11 profiles, low FSTI, Re =200,000 cases: (a) Fig. 12 Station 7-11 profiles, low FSTI, Re =300,000 cases: (a)
mean velocity, (b) u’, (c) intermittency mean velocity, (b) u’, (c) intermittency

In the low-FSTI, Re=200,000 cases of Fig. 10, the intermit-rated. By station 9 the shear layer in the baseline case is transi-
tency profiles show that the 0.8-mm and 1.6-mm bars immediatelgnal, and it is fully turbulent and reattached by Station 10. At
trip the boundary layer to turbulent and eliminate the separati@tation 11 the mean profiles for the four cases are all different,
bubble. The 1.6-mm bar, which is the same thickness as thwth the 0.4-mm bar and baseline cases having the thinnest
boundary layer at station 7 of the baseline case, results in a sbbundary layers.
stantially thicker boundary layer than in all of the other cases. TheFigure 13 shows the high-FSTI, R800,000 cases. As in the
0.4-mm bar case shows a small separation bubble at station 8, low-FSTI cases, the 0.8-mm and 1.6-mm bars trip the boundary
is fully turbulent and reattached by station 9. The baseline calsger to fully turbulent, and the 0.4-mm bar causes the transition
exhibits a clear separation bubble at station 9, and is fully turbte start by station 7 and finish by station 8. Transition has started
lent and reattached by station 10. The mean profiles at stationdllstation 8 of the baseline case and is complete near station 10. In
show that the growth of the bubble in the baseline case resultsaih of these cases the transition begins far enough upstream to
a thicker boundary layer than in the 0.8- and 0.4-mm bar casegrevent separation. The mean profiles at all stations show that the

Figure 11 shows the high-FSTI, R200,000 cases. As in the boundary layer is thinnest in the baseline case and that the thick-
low-FSTI cases of Fig. 10, the 0.8- and 1.6-mm bars trip theess increases with the bar size. With the 0.4-mm and 0.8-mm
boundary layer to turbulent. The transition has already started, @'s the boundary layer is only slightly thicker than in the baseline
indicated by the nonzero intermittency, in the 0.4-mm bar caseadse, but it is substantially thicker in the 1.6-mm bar case.
station 7. In all of these cases, there is no separation. In the baseSome consistent trends run through the data from all cases. If a
line case,y does not rise above zero until station 9, and there mdpar is large enough, it will immediately trip the boundary layer to
be a small separation bubble at station 8. At station 11, the meéully turbulent and prevent separation. As Reynolds number in-
u’, and intermittency profiles of the baseline, 0.4-mm, ancreases, the boundary layer thickness decreases as does the thick-
0.8-mm bar cases are all in good agreement, while the 1.6-mm Ipass of the bar required for tripping. If a bar is small enough, it
case exhibits a noticeably thicker boundary layer. initially appears to have no effect on the boundary layer. The

The low FSTI, Re=300,000 cases are shown in Fig. 12. As iboundary layer appears to proceed over the bar with no measur-
the Re=200,000 cases, the 0.8-mm and 1.6-mm bars trip theble change in the mean velocity of from the corresponding
boundary layer to turbulent. The 0.4-mm bar appears to have baseline case. The bars must, however, introduce some small dis-
effect at station 7, where the mean andprofiles agree with the turbance into the boundary layer. The boundary layer is unstable
baseline case and the intermittency is zero. By station 8, howevagainst small disturbances in the adverse pressure gradient region,
the boundary layer in the 0.4-mm bar case has become fully tge the small disturbances grow and eventually cause transition.
bulent, while in the baseline case it is still laminar and has sepaarger bars must impart largéalbeit sometimes still undetect-

* haseline o Q4mmbar + 0.8mmbar * 1.6 mm bar * haseline o 0.4mmbar + 0.8mmbar * 1.6 mm bar

Fig. 11 Station 7—11 profiles, high FSTI, Re =200,000 cases: Fig. 13 Station 7-11 profiles, high FSTI, Re =300,000 cases:
(a) mean velocity, (b) u’, (c) intermittency (a) mean velocity, (b) u’, (c) intermittency
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able perturbations than the smaller bars, resulting in transitic o ® basolno
locations that move upstream as bar size is increased. The optii Sy . . o 0.4 mm bar [|
Ealr size depends on the Reynolds number and is discussed fur 4} g M ?g il gz[ H
elow. _— j
The present results shed some light on the transition mechani 2_" + . . |
under both high- and low-FSTI conditions. Volifi8] examined * * * ¥ #

spectra of the fluctuating velocity in the boundary layers and she ¢ ]
layers of the baseline cases. He observed sharp peaks in the s 95 oss o ovs Y
tra of the low-FSTI cases at frequencies that matched the mi = ™~ ' ' ' s
unstable frequencies for Tollmien-Schlicthif§S) waves in the
boundary layer just upstream of separation. He therefore cc ' ' ' : ' : '

. .
0.85 0.9 0.5 1

cluded that the transition in the shear layer might be through a” 6) *
mechanism in these cases. In the high-FSTI cases, Vplip 1 * * 1
observed broadband peaks in the spectra and the relatively I(g * o

transition regions noted above. Volino and Hultgi@2] made < |, Jud ° |
similar observations, and concluded that the high-FSTI separa ™

flow transition was through a bypass mode, very similar to tt .

high-FSTI transition in an attached boundary layer. \Volji8], 0 L : L . ' . '
however, noted that the broadband peaks in the high-FSTI ce °¢ 06 07 075 08 08 08 0% !

s

spectra were centered at the same frequencies as in the low-FSTI
cases, suggesting a similar transition mechanism under high- amgl 14 Shape factor and momentum thickness versus
low-FSTI conditions. He concluded that disturbances that begstreamwise location, low FSTI, Re =100,000: (a) H, (b) 6
to grow in the boundary layer prior to separation were causing a
TS-type transition in the shear layer over the separation bubble in
both the high- and low-FSTI cases. High-FSTI has a strong effect
in moving the transition upstream, but the bars in the present cas@acceptable loss of lift from the airfoils. For those cases in which
had an equally strong or stronger effect in both the high- ariie boundary layer reattaches and recovers to a fully developed
low-FSTI cases. This confirms that the free-stream turbulencetigbulent shape, the suction side profile loss is likely the dominant
not solely responsible for bypass transition in the high-FSTI casé@ss mechanism in the passagtowell et al.[9]). As explained

The magnitude of the disturbances induced by the bars is tBy Howell et al.[9], for a given shape factor and passage exit
small to be quantified based on the mearubrresults presented angle, the momentum thickness of the suction side boundary layer
above. Perhaps more can be learned from boundary layer specidhe trailing edge is proportional to the suction side profile loss.
Analyses of spectra based af fluctuations for the present cases, F19uré 14 provides an example of the development of the shape
show some interesting but inconclusive results. Vo[itg] found factor and momentum thickness, using the low-FSTI, Re

thatu’ spectra are often characterized by low-frequency fluctu 5,100,000 cases. In the baseline cadencreases from 2.4 to a

tions that are induced by the free stream and have no direct eff @h value of about 5 as t.h.e boundary layer separates. Reattach-
on transition. In the early stages of transition, these low-frequenfifNt occurs near the trailing edge, adddrops to about 2.2,
fluctuations can hide the very-low-amplitude fluctuations impor- ich is still above the tl_eru_Ient value of 1.6, indicating that
tant for transition. Volind 18] found that spectra of the turbulent'©COVery from the separation is not complete. In the 0.4-mm bar
shear stress are less affected by the low-frequency unsteadi , the boundary layer separates Bneaches a value of 3.7.
and can provide a better means for detecting the early stage £ boundary layer then reattgphes, ekhcgra.dually drops to a
transition. Acquisition and analysis of turbulent shear stress dz ly turbulent value by the trailing edge. With the 0.8-mm bar,

for the cases of the present study may prove useful for explainiggns't'on ?.ccurs flarfenoughlupstream lto p:ever:t stt)eplara;tloril-,l and
and quantifying the transition mechanism. ops continuously from a laminar value to a turbulent value as

transition occurs. In the 1.6-mm bar case the boundary layer is
Shape Factor and Momentum Thickness. The shape factor tripped to turbulence, anHl quickly reaches its turbulent value.
and momentum thickness are useful parameters for evaluating Tie 1.6-mm bar causes an immediate thickening of the boundary
state of the boundary layer with respect to separation, transitidayer, and the momentum thickness remains higher than in the
and losses. They provide a means for summarizing the informather cases at all streamwise locations. The 0.4- and 0.8-mm bars
tion presented in the velocity profiles of Figs. 4—13. In the preseappear to have no immediate effect @nWhen transition and
cases, the boundary layer has a shape fadtof about 2.4 at the reattachment occur, howeveérbegins to rise. When reattachment
end of the favorable pressure gradient region. This is the expectaturs in the baseline case, it caugeto increase to a higher
value for this laminar, accelerated boundary layer. If the boundavglue than in the 0.4- and 0.8-mm bar cases. Near the trailing edge
layer separates, the displacement thickness grows rapidly, whilés lowest in the 0.4-mm bar case. This would presumably be the
the momentum thickness remains nearly constant. The result isase with the lowest profile losses. The larger bars force the tran-
very high shape factor. If the boundary layer reattaches, the d&tion to occur farther upstream than necessary, resulting in a
placement thickness drops, and the momentum thickness beginktaer turbulent region and higher losses. In the baseline case the
grow. The boundary layer eventually recovers to a fully turbulerseparation bubble becomes relatively thick, resulting in a thick
shape, with a shape factor of about 1.6 in the present cases. boundary layer after reattachment. The 0.4-mm bar case provides
Stage losses in a multiblade turbine cascade can be determinegood example of the controlled diffusion described by Hour-
through measurement of the momentum deficit in the wake dowmouziadig 1]. With the 0.4-mm bar, the separation bubble is rela-
stream of the blade row. With the single-passage facility of therely thin, and the turbulent region is relatively short, resulting in
present study, wake measurements are not meaningful, since theweer losses.
is flow on only one side of the airfoils on each side of the passage Figure 15 shows the shape factor and momentum thickness at
If a boundary layer separates and does not fully reattach, or restiation 11 §/L,=0.94), near the trailing edge, for all the low-
taches near the trailing edge, momentum thickness will be reBSTI cases. In the Re25,000 cases, the shape factor indicates
tively low at the trailing edge, and high losses will be generated that the boundary layer only reattaches in the 1.6-mm bar case.
the wake downstream of the passage. While the losses in suchhe shape factor in this case is still above the expected turbulent
case cannot be quantified in the present study, it is safe to asswralkeie, indicating that recovery from the separation in not com-
that they would be unacceptably high, and that there would be piete. Comparison of momentum thicknesses is not meaningful at
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basolne higher losses than the other cases. A=R60,000, the 0.4- and
0.4 mm bar || 0.8-mm bar cases and the baseline case all have about the same
95 rmm bar losses. As Re increases to 200,000 and 300,000, the baseline case
_— - emerges as the case with lowest losses, in agreement with the
low-FSTI cases of Fig. 15.
. The optimal bar height clearly varies with the Reynolds num-
ber. As Re increases, the boundary layer becomes thinner and
0 ' , ‘ ‘ f ’ 's more prone to transition, so a smaller bar is needed. At Re
’ " Re x 10° =25,000, the 1.6-mm bar is needed, and a larger bar would be
desirable to force a more complete reattachment. At 5000,
2r ] the 0.8-mm bar is best, since it is large enough to cause reattach-
b) * ment at low FSTI, but produces lower losses than the thicker bar
- ] at high FSTI. At Re=100,000 and 200,000, the 0.4-mm bar is
* best, since it is large enough to force complete reattachment at
low FSTI, and results in equal or slightly lower losses than the
baseline or 0.8-mm bar cases. AtR&00,000, the baseline case is
Low FSTI best, although the losses are only slightly lower than those of the
% o5 y 15 2 25 3 a5 0.4-mm bar case. If a bar is used for passive flow control, a single
Re x10° bar thickness must be chosen for optimal overall performance.
The best size will depend on the operating range of the engine. If
Flg 15 Station 11 Shape factor and momentum thickness ver- the Operating range is |arge’ a Compromise between improved per-
sus Re, low-FSTI cases: (a) H, (b) 0 formance at cruise and higher losses at takeoff may be needed.

a)
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Correlation of Results. The size of a bar necessary to trip a

this Re. For the Re50,000 cases, the 0.8- and 1.6-mm bars cau§@undary layer to turbulence can be predicted using the following
reattachment, while recovery from the separation is only partial§prelation from Gibbing$23].
complete in the 0.4-mm bar case and the shear layer remains _
separated in the baseline case. The 0.8- and 1.6-mm bar cases are, Rey=Uqd/v>600, (1)
therefore, preferable at this Re, and both have about the sawfered is the bar thickness arldy is the velocity in the untripped
momentum thickness at station 11. At-R&00,000, already de- boundary layer aty=d at the streamwise location of the bar.
scribed in Fig. 14, the 0.4-mm bar produces the lowest losses. Thguation(1) predicts that bar thicknesses of 4.7 mm, 2.3 mm, 1.3
0.4-mm bar case is also best at=Rz00,000, with slightly lower mm, 0.68 mm, and 0.50 mm would be needed to immediately trip
losses than with the 0.8-mm bar or in the baseline case. At e boundary layer to turbulent in the R25,000 through
=300,000, the transition occurs sufficiently far upstream in th300,000 cases, respectively. In agreement with this prediction, the
baseline case to keep the separation bubble small and prodi&silts above show that the boundary layer was only tripped in the
lower losses than in any of the cases with bars. Re=200,000 and 300,000 cases with the 0.8-mm and 1.6-mm
The station 11 shape factors and momentum thicknesses for bi@gs, and in the Re100,000 cases with the 1.6-mm bar. Since an
high-FSTI cases are shown in Fig. 16. As in the low-FSTI casesptimal bar does not immediately trip the boundary layer; it will
only the 1.6-mm bar is large enough to force reattachment la@ thinner than indicated by E¢f).
Re=25,000, and it does not even quite result in full recovery to a The most effective bars in the present cases appear to be those
turbulent profile. At Re=50,000, the shape factor shows that all ofhat cause reattachment to begin between stations 8 and/,;at
the bars cause reattachment, while the boundary layer in the bagfeabout 0.74. When reattachment begins by this location, there is
line case has reattached but not fully recovered from the sepasafficient distance downstream for the reattachment and recovery
tion. The 0.4- and 0.8-mm bar cases have lower momentum thidkem the separation to be completed before the trailing edge. The
ness than the 1.6-mm bar case. At the higher Re, reattachmerféginning of reattachment and the start of transition are related
complete in all cases, and the 1.6-mm bar cases have significaahgd occur at approximately the same location. There are a few
correlations in the literature for prediction of the distance from
separation to transition onset. In general they are not very robust,

. . . . . — but some give reasonable estimates. Md@leprovides the fol-
oo Y S emvar||  lowing correlations:
o + 0.8 mm bar 7
. * 1.6 mm bar Re,=300 Rés (short bubbleg, 2
T 2r ]
*ow ) . . Re,=1000R&7 (long bubbl. ?)
1r 1 . .
Equations(2) and(3) apply to short and long separation bubbles,
0 . s . ) s s respectively. Volind 7] found that the present baseline case results
0 0.5 1 B 2 25 3 35 lie between the predictions of Eq®) and(3) tending toward the
x10 long bubble correlation at low FSTI and about midway between
2 . : . ; . . the two correlations at high FSTI. Although they differ by a factor
* b) of 3, Egs.(2) and (3) provide at least a rough estimate of the
15r & 1 reattachment location.
T . * The following correlation provides an estimate of the effect of
£ . * 1 bar height on reattachment location. The equation is based on a
05k ] | curve fit of the present data:
High FSTI —
L , , , , , (St=Sp)m/(Si—Sp)p=[1+0.23d/6,)**° %, 4)
0 05 ! Yo f 25 8 X1(;°;'5 where §—s,), is the distance from the suction side velocity
maximum &/L;=0.53) to the location of the beginning of reat-
Fig. 16 Station 11 shape factor and momentum thickness ver- tachment in the baseline case, aisgs), is this distance with
sus Re, high-FSTI cases: (a) H, (b) 6 a bar in place. The present data along with Efj.are shown in
762 |/ Vol. 125, OCTOBER 2003 Transactions of the ASME
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5 TR e, cation, however, we do not seek to enhance turbulence or heat
ool o HighFSTLpredicteds,, || transfer, or even to fully eliminate the separation bubble. Since the
O nrer e || smaller bars in the present experiments did not increase losses or
088G 1 = Equation 4 “ll boundary layer thickness, or have any other immediate measur-
?\ able effect on the boundary layer, it is not clear that any other
0.7r \ T 1 device will be superior.
ook - ® ¢ ~ | While the present bars have proven effective, it is clear from
Table 3 and Figs. 15 and 16 that the optimal bar height varies with

Re and FSTI. If applied passively, a single bar height would be
selected for the entire operating range of the engine. If the oper-
ating range is large, a compromise will be necessary between
improved performance at low Re and higher losses at high Re.

02 - Passive flow control has the distinct advantage of being relatively
02f simple to implement in practice, but active flow control may pro-
vide a means for optimizing performance over a wider range of
o1y conditions. Unsteady active control also provides possibilities for
o . . . . . . . further flexibility and improved performance not available with
1 1.5 2 25 B 35 4 45 5 passive devices. Further consideration of active control is pre-
P sented by Volind 24].
Fig. 17 Correlation of transition and reattachment start loca- The present cases all involve steady inlet flow. In engine flows,
tion to bar height; bars indicate range of possible values result- the periodic wakes from upstream airfoils will make the flow un-
ing from finite station spacing steady. While steady flow experiments are necessary for building

understanding of the flow and flow control devices, experiments
should eventually be performed in flows with wakes.

Fig. 17. The finite spacing of the streamwise measurement stations

results in some uncertainty in the transition start location, as indi-

cated by the error bars in Fig. 17. Wolif@] showed that the

boundary layer behavior upstream of the separation is predictable

and laminar. To predict reattachment in a case with a bar, t@nclusions

laminar solution could be used to predict the separation location

and the momentum thickness before separation. A correlation sucH: Rectangular bars have been successfully employed as flow
as Egs.(2) or (3) could then be used to estimate the distance ﬁp_ntrol devices on the suction side of a Iow-pressur(_a turbine air-
transition and reattachment in the baseline flow. This would giJgil- Boundary layer reattachment was forced even in very-low-
sy. Equation(4) could then be used to predist, for a given bar Reynolds-number cases.

thickness. Alternatively, the desiresj,, could be specified and 2. Optimal bars are not large enough to immediately trip the
used with Eq.(4) to predict the optimal bar thickness. Settingooundary layer to turbulent or prevent separation, but rather in-
Sm=169mm @,,/L;=0.74) and using the measurgavhen duce very small disturbances that at first are essentially undetect-
available or predicted values fasy, and 6, for the baseline cases, able, but eventually promote transition in the shear layer at a
optimal bar heights have been predicted for the present cases dadnstream location.

are presented in Table 3. 3. Bars were effective under both high- and low-FSTI condi-

Discussion. The above correlations are based only on tht('eons’ indicating that the high-FSTI transition is not simply a by-

present data set, so it is doubtful that they are universally app[ﬁ‘:j1SS transition induced by the free stream.

cable. Still, they provide a start in the assessment of passive ﬂow4. The optimal location for reattachment results in a relatively

control devices. With more experiments with different airfoils, it 0"t turbulent region, but occurs sufficiently far upstream to pre-

may be possible to refine correlations such as @j. to make vent a Iarge_ separation bubblg_and ensure comple'te recovery from
them more generally applicable. the separ_atlon before the trailing edge. A bar he!ght can be se-

Alternative passive devices such as vortex generators !§fted to induce reattachment at the desired location.

dimples should also be considered. There is no guarantee, how®- The optimal bar height varies with the Reynolds number and

ever, that these devices will provide improvement over the presdffte-stream turbulence level. Bars that were large enough to in-
bars. Dimples have been used in some applications such as in€&ce reattachment at the lowest Re produced significantly higher
nal blade cooling, to provide enhanced heat transfer with lowtgsses at the higher Re. If a wide range of Reynolds numbers are
pressure drop than boundary layer trips. Dimples enhance heatountered in practice, some compromise between improved per-
transfer by promoting turbulence and mixing, which would alstormance at low Re and higher losses at high Re will be necessary
tend to promote boundary layer attachment. In the present apjfi-the choice of an overall best bar height.

Table 3 Baseline case boundary layer thickness at bar location (s/Ls=0.53), and predicted
bar heights for tripping  (dy;,) and for incipient reattachment  (d,y) at s/L=0.74 (all values in
mm)
Low FSTI High FSTI
Rex 1073 599.&) 0p d1rip dopt 599.5;) Hp dlrip dopl
25 3.8 0.48 4.7 2.4 39 0.48 4.7 1.5
50 2.7 0.34 2.3 1.2 2.8 0.33 2.3 0.6
100 1.9 0.23 1.3 0.4 2.2 0.24 1.3 0.2
200 1.3 0.16 0.7 0.2 1.6 0.16 0.7 0
300 1.2 0.14 0.5 0.1 1.4 0.14 0.5 0
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Separation Control on
Low-Pressure Turbine Airfoils
Using Synthetic Vortex Generator
Jets

Oscillating vortex generator jets have been used to control boundary layer separation

Ralph J. Volino from the suction side of a low-pressure turbine airfoil. A low Reynolds number (Re
Department of Mechanical Engineering, =25,000) case with low free-stream turbulence has been investigated with detailed mea-
United States Naval Academy, surements including profiles of mean and fluctuating velocity and turbulent shear stress.
Annapolis, MD 21402 Ensemble averaged profiles are computed for times within the jet pulsing cycle, and

e-mail: volino@usna.edu integral parameters and local skin friction coefficients are computed from these profiles.

The jets are injected into the mainflow at a compound angle through a spanwise row of
holes in the suction surface. Preliminary tests showed that the jets were effective over a
wide range of frequencies and amplitudes. Detailed tests were conducted with a maximum
blowing ratio of 4.7 and a dimensionless oscillation frequency of 0.65. The outward pulse
from the jets in each oscillation cycle causes a disturbance to move down the airfoil
surface. The leading and trailing edge celerities for the disturbance match those expected
for a turbulent spot. The disturbance is followed by a calmed region. Following the
calmed region, the boundary layer does separate, but the separation bubble remains very
thin. Results are compared to an uncontrolled baseline case in which the boundary layer
separated and did not reattach, and a case controlled passively with a rectangular bar on
the suction surface. The comparison indicates that losses will be substantially lower with
the jets than in the baseline or passively controlled cafp®l: 10.1115/1.1626686

Introduction these effects is available in Volinfb]. While high FSTI and
wakes help to mitigate separated flow problems, they clearly do

Modern low-pressure turbin€PT) airfoils are subject to in- ot solve all probl id d by the k ey d

: . ) ; e problems, as evidenced by the known efficiency drop
creasingly stronger pressure gradients as designers impose hlg?n &lodern engines at altitude. Howell et ], for example, stud-
loading in an effort to improve efficiency and lower cost by re- . ! !

ducina the number of airfoils in an engine. If the adverse ressu"red airfoils modified for higher lift, noting that their highly loaded
9 . ; gine. 1 th P 1 Ffoils might be close to a limit, and that even higher loading
gradient on the suction side of these airfoils becomes strong . )
. . could cause unacceptable separation problems even in the pres-

enough, the boundary layer will separate. Separation bubbles, par-

ticularly those which fail to reattach, can result in a significant. - of wakes. Looking beyond free-stream turbulence and
Y . : - S9 wakes, other types of separation control could prove useful. Gad-
loss of lift and a subsequent degradation of engine efficiéagy,

Hourmouziadig 1], Mayle [2], and Sharma et a[3]). The prob- el-Hak[7] provides a recent review. Techniques include boundary

lem is particularly relevant in aircraft engines. Airfoils o timizedayer tripping, vortex generation, suction, and injection of fluid
P Y 9 S P normal to the wall to either increase the boundary layer momen-
to produce maximum power under takeoff conditions may stlp

; . . o ym or promote turbulence.
experience bpundary layer separation at cruise cpndltlons, due hile the general literature is extensive, only a few studies
the th'”?‘?‘r air and lower Reynolds numbers at altitude. Acompﬂéve considered separation control under LPT conditions. Some
nent efficiency drop of 2% may occur between takeoff and Cruige

o . : . . e utilized passive techniques. Lake et8] considered
conditions in large commercial transport engines, and the dlffedlr ples and boundary layer trips. Van Treuren ef8].consid-
ence could be as large as 7% in smaller engines operatinge : :

high ltitud d vortex generators. Volif6] used rectangular bars to impose
IgS era It'u es. LPT airfoils i licated by bound | disturbances in a boundary layer and move transition upstream.
eparation on arfolls I1s complicated by bounaary 1ay&b,sqiye flow control is appealing for its simplicity and the relative
transition, which can prevent separation if it occurs far enou

. o : se with which it might be implemented in gas turbine environ-
upstream, or induce boundary layer reattachment if it occurs in t|

h | tion bubble. At | R Id b nts. It has its limitations, however. Volij6] found that pas-
shear jayer over a separation bubblé. Al lower Reynolds NUMDEIGe jeyices can successfully control separation even at the lowest
transition will tend to occur farther downstream, hence the pro

. . ) eynolds number of interest, but that these devices caused sub-
lems associated with performance at altitude.

" . . stantial increases in losses at higher Re. This is an important limi-
Separated flow transition has been studied extensively, and for aircraft engines, where the Re range between takeoff

recent years several studies have focused on transition in the LE 1y ¢rjise is large. An active device could be turned off at high
Volino [4] provides a review of much of that work. Separation cafe static passive devices are also unable to take advantage of the
be affected through naturally occurring phenomena such as highsteadiness caused by wake passing. An active device might be
free-stream turbulence intensilySTI) or the unsteadiness causedimed to turn on and off in response to wake passing events.
by wakes generated upstream of an airfoil. Further discussion l%steady devices might also take advantage of the calmed region
following a transient turbulent event.

Contributed by the International Gas Turbine Institute and presented at the Inter- ; ; ; ;
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, JuneThe literature contains several examples of active separation

16-19, 2003. Manuscript received by the IGTI December 2002; final revision Mar@rpntro'- Lee et al[10] used_blowmg in supersonic engine inlets to
2003. Paper No. 2003-GT-38729. Review Chair: H. R. Simmons. prevent or control separation. Sturm et[dll] reported on blow-
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ing in a compressor cascade. Johnston and Nistjiused vortex- Synthetic jets hold an advantage over continuous or pulsed jets
generator-jet§VGJ’s) to control separation in turbulent boundaryin that they require no net mass flow. In the LPT environment, this
layers. This method utilizes blowing from “small, skewed, andneans that no compressor bleed air is required. Use of bleed air
pitched holes” to create streamwise vortices similar to those crier flow control or cooling comes at a cost in efficiency, although
ated by solid vortex generators. Any jet injected into a flow wilthe small amount of air required for the pulsed jets of Bons et al.
tend to produce some turbulence, and the turbulent mixing wiR5] might not be prohibitive if bleed air were already routed to
tend to bring some high momentum fluid into the near wall regiotie airfoils for cooling. Synthetic jets would not be useful for a
and inhibit separation. Streamwise vortices bring additional higipoled airfoil since ingestion of hot gas into the airfoil would be
momentum fluid into the near wall region. The most effectivBarmful. For uncooled LPT airfoils, however, the airfoil tempera-
VGJ's enter the boundary layer at a relatively shallow pitch angfere will match the main flow temperature, and ingestion of hot
(typically 30-45J relative to the wall and a high skew anglegas should be acceptable. Routing of bleed air to uncooled airfoils
(45-909 relative to the main flow. Compton and Johnsfag] ~ for flow control may present a prohibitive addition of complexity
showed that the co-rotating vortices produced by VGJ's are strg2d weight. With synthetic jets this problem could be avoided. In
ger and more effective for separation control than the countdhe present study, the oscillating flow of synthetic jets and the
rotating vortices which form downstream of a normal jet. Mcompound angle injection of vortex generator jets are combined to
Manus et al[14] and Raghunathan et 4lL5] used pulsed VGJ's. produce synthgtlc V(%J's. This is believed to be the first applica-
Sinha and P4l16] used acoustic excitation to perturb an unstea(fg)n of synthetic VGJ's. They are used to control the flow over a
separating flow. Jacobson and Reynold3] used piezoelectri- .ak-B airfoil. A survey of the literature |nd|cat§s that the jet loca-
cally driven cantilevers to influence the near wall turbulenclions and angles chosen by Bons ef{25] were likely optimal, so

structure on a flat plate. They noted that the devices could be udBgir 9ometry has been copied in the present study. _
in separation control. Miau et 18] used an oscillating fence to | N€re are many parameters which could be varied in a synthetic
promote reattachment downstream of a backward facing st Study, including Reynolds number, FSTI, jet geometry, jet lo-
Sinha et al[19] used a driven flexible wall transducer to detect@tion, jet velocity, jet oscillation frequency, and jet waveform, to
pressure fluctuations and then produce near wall vortices upstr e a few. These are all potentially important parameters and
of separation. Whitehead et &0] used a film transducer to pro- Should eventually be studied. The scope of the present study is
duce airfoil vibrations and reduce separation at high angles '® focused. A single experimental case is completely docu-
attack. Oscillatory blowing has been used in several studies mgnted with detailed measurements including time resolved mean
control separation on airfoils. Amitay and GleZ@] provide one and fluctuating velocity and turbulent shear stress throughout the

recent example. Oscillatory jets are often referred to as “synthe oW field_. The goals of the_study ?re to build an un_derstanding of
jets” since they have no net mass flow. They are typically direct e physics of how synthetic VGJ's control separation and to gen-

normal to a surface, meaning that they probably do not produ Ea_te_questlons for future parametric studies which may lead to
optimized flow control for a broad range of flow conditions.

such strong streamwise vortices as VGJ's. . . by Lo
Only a few active control studies have been conducted undlsrVoI|no [4,28] studied unmodified flow over the Pak-B airfoil at

LPT conditions. Huang et a22] and Hultgren and Ashpig23] _eynolds numbers ranging from 25,000 to 300,000 under both
employed high voltage electrodes to produce glow dischar ghdafnd IOV}'} FSTI. In ne_grly ?Ilhcase_sf t_r|1e boulpctl)ary Ihay?r sepa-
plasma in a boundary layer to control separation. Bons et ted from the suction side of the airfoil. At all but the lowest

, eynolds numbers it reattached before the trailing edge. The most
[24,25 used steady and pulsed VGJ's to successfully contr :
separation on LPT airfoils. They used the “Pak-B” airfoil, whichg verely separated case was the low FSTEB®000 case. This

is an industry supplied research airfoil that is prone to separati ase has therefore been chosen as the test case for the present

problems at low Re. It has been used in numerous studies,[agﬁ“cauon of synthetic VGJ’'s. The unmodified case from Volino

; ; ) s used as a baseline case for comparison to the new results.
noted by Volino[4]. Bons et al[24] used spanwise rows of VGJsAISO used for comparison is a case from Volif in which a

at several streamwise locations on the suction surface of the)?&ssive bar was employed to force reattachment. The bar was

foil, and found that a row near the suction surface velocity maxjy o as/L.=0.51, extending along the airfoil span. Its stream-

ise width was 6.35 mm and its height was 1.6 mm. The suction
rface length was 228.6 mm. Bars of various heights were tested.
e 1.6-mm bar was the smallest bar to cause reattachment at

¢ | h and exit vel idered. B 5 Re=25,000. Wling[5] found that the most effective bars in terms
surface length and exit velocityere considered. Bons et §25] f minimizing losses were not large enough to immediately trip

found that both steady and pulsed jets were effective in cONtrofh poyndary layer to turbulent. Rather, they induced small distur-

ling separation. The pulsed jets were fully effective even when the,ces \which grew and caused transition and reattachment down-
dimensionless pulsing frequenEy was as low as 0.1, whefe®  giream of a small separation bubble.

is a ratio of the transit time for flow between the VGJ hole and the

trailing edge to the time interval between pulses. Ensemble aver- .

aged velocity profiles showed a long relaxation or “calmed” peEXperiment

riod following each jet pulse. During this calm period the bound- Experiments were conducted in a low speed wind tunnel, de-
ary layer remained attached long after the turbulence generatedsbyibed by Volino et al[29]. Briefly, air enters through blowers
the pulse had moved downstream. Calmed regions have been g passes through a honeycomb, a series of screens, two settling
served following turbulent spots in transitional boundary layeishambers, and a three-dimensional contraction before entering the
(e.g., Gostelow et al[26] and Schulte and Hodsol27]). The test section. At the exit of the contraction, the mean velocity is
mean velocity profiles in the calmed region gradually relax fromniform to within 1%. The FSTI is 0.5%60.05%. Nearly all of

the turbulent shape associated with the turbulent spot they followjs free-stream “turbulence” is actually streamwise unsteadiness
to a laminar(and in some cases separatguiofile shape. The at frequencies below 20 Hz and is not associated with turbulent
calmed boundary layer is very resistant to separation, much likeeddies. The rms intensities of the three components of the un-
turbulent boundary layer, but it is very laminarlike in terms of itsteadiness are 0.7%, 0.2%, and 0.2% in the streamwise, pitchwise
fluctuation levels and low losses. The pulsed jets were more @d spanwise directions, respectively. The test section immedi-
fective than continuous jets, even when the pulsed jet duty cydeely follows the contraction.

was as low as 1%. This was believed to indicate that the startingThe test section, shown in Fig. 1, consists of the passage be-
vortex formed at the beginning of each jet pulse was responsilileeen two airfoils. Details are listed in Table 1, and more infor-
for most of the flow control in the pulsed jet cases. mation is available in Volind4]. A large span-to-chord ratio of

mum (pressure minimumwas most effective. The VGJ holes
were oriented at 30° to the surface and 90° to the main flow. Ag
holes were oriented in the same direction, to produce co-rotati
vortices. Reynolds numbers as low as 60,@B8sed on suction
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Fig. 2 Drawing of suction side airfoil with cavity and VGJ's:
(a) full airfoil, (b) cross section of VGJ holes

Fig. 1 Schematic of the test section

_ _ ) Lg). The holes are drilled at a 90° skew angle with respect to the
4.3 was chosen to insure two-dimensional flow at the spanwiggain flow and a 30° pitch with respect to the surface, as shown in
centerline of the airfoils, where all measurements were made. Ugig. 2. Each hole extends from the suction surface into the cavity

stream of each airfoil are flaps, which control the amount of bleedl the core of the airfoil. The length to diameter ratio of the holes
air allowed to escape from the passage. The flaps, along withsay 5.

tailboard on the pressure side of the passage, are adjusted to pro- .
duce the correct leading edge flow and pressure gradient along thd/€asurements. Pressure surveys were made using a pressure
airfoils. The flow in the passage matches that in a multibladgansducer(0—870-Pa range Validyne transducand a Scani-
cascade. The single passage configuration allows for a large sc4lve. Stagnation pressure was measured with a pitot tube up-
passage and better probe access than possible with a multibigigam of the passage inlet, and eleven pressure taps were located
cascade in the same size wind tunnel. The wake downstreamPff€ach airfoil along their spanwise centerlines. Locations of the
the passage is not representative of a multiblade facility, howevEPs on the suction side are listed in Table 2 along with measured
since there is flow only on one side of each airfoil. Downstreaff¢al FSTI components and the acceleration parani€tt these
effects that could influence the upstream flow in the passage &f@tions based on a nonseparating, inviscid solution. The uncer-
also potentially missed. Experimental conditions match those Nty in the suction side pressure coefficients was 7%. Most of
the low FSTI, Re=25,000 baseline case of \Volina] and the th!s uncertainty was due to bias error. Stochagtlc error was mini-
passive bar case of VolinG]. r_mzed by averaging pressure transducer readings over a 10-s pe-
The synthetic VGJ's were produced from a cavity within th&lod. ) .
suction side airfoil. The airfoils are machined from high density Velocity profiles on the suction surface were measured at
foam, which has a consistency much like hard wood. The surfagé€amwise stations corresponding to pressure taps 7-11, as given
of each airfoil was sanded smooth, painted, and sanded agairiltdable 2, and at four additional stations, labeled 7.5, 8.5, 9.5,
provide a smooth surface. A 1.27-cm-diameter hole was drilléfd 10.5, centered between the pressure taps. All stations are
through the airfoil span at about mid-chord, as shown in Fig. 2, f#ewnstream of the VGJ holes. Stations 7, 8, 9, 10, and 11 corre-
form a plenum. One end of the plenum is plugged, and the narr§Rond to stations documented in the baseline case in Volino
end of a funnel is inserted in the other. A 20.3-cm-diameter louf?:28l. Profiles at Stations 1-6 are fully documented for the base-
speaker(100-W subwoofer is attached at the wide end of thellne case in Volino[4,28], and show that the upstream boundary
funnel. The funnel is sealed to the speaker and to the airfoil wityer closely follows a laminar solution. Profiles were measured
silicone RTV to prevent air leakage. The speaker is driven with¥ar but not at the spanwise centerlilne of the alrf0|l to insure that
200-W audio amplifier, which is in turn powered with a 12-V ddhe pressure taps did not interfere with the velocity measurements.
power supply and driven by a function generator. For the present
study the function generator was set to output a sine wave. The
amplitude of the signal from the function generator and the ga]'@b[e 2 Measurement station locations, local acceleration (in-
of the amplifier were adjusted to provide the desired input voltag#scid soln. ), and measured local free-stream turbulence
to the speaker. Holes for the VGJ’s were drilled into the suction Station

! 0, ! 0,
surface in a spanwise line sfl.,=0.514. The holes are 0.8 mm in slLs Kx 10 u'/U., [%] v'IU., [%]
diameter(0.35% ofLg) and are spaced 8.5 mm ap&Bt7% of 1 0.111 6.32 0.44

2 0.194 4.80 0.39
3 0.278 3.44 0.37
4 0.361 3.00 0.38
Table 1 Test section parameters 5 0.444 2.48 0.39
6 0.528 —0.08 0.41
Axial True Suction Inlet Exit 7 0.611 —-3.24 0.47 0.05
Chord Chord Pitch Span side, L flow flow 8 0.694 —3.80 0.47 0.12
[mm] [mm] [mm] [mm] [mm] angle  angle 9 0.777 —2.32 0.48 0.14
10 0.861 —-2.12 0.54 0.11
153.6 170.4 136.0 660.4 228.6 35° 60° 11 0.944 —-0.72 0.51 0.11
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Profiles were acquired with a hot-wire anemoméfek Lab Sys- section, the jets should drive approximately the same mass flow
tems model AN-100Band a single sensor boundary layer prob#rough the holes with the wind tunnel on or off. The jet velocity
(TSI model 1218-T 1.6 The sensor diameter is 3;8n, and the at the exit plane will presumably be affected by the mean flow,
active length is 1.27 mm. At each measurement location, ddtawever.
were acquired for 26 s at a 20-kHz sampling raté®(@mples The measured maximum jet exit velocity was 9.4 m/s for most
All raw data were saved. The high sampling rate provides @i the cases presented below. Given the sensor length and the
essentially continuous signal, and the long sampling time resutti@meter of the holes, the measured velocity is an average over the
in low uncertainty in both statistical and spectral quantities. Datgiddle 30% of the jet. The Reynolds number based on this veloc-
were acquired at 60 wall normal locations in each profile, extendly and the jet diameter is 500. At this Reynolds number, approxi-
ing from the walll to the free stream, with most points concentratéiately 30 diameters would be needed to establish fully developed
in the near wall region. The closest point was within 0.1 mm dgminar flow inside the jet holes. Since the length to diameter ratio
the wall, which corresponds tg/L.=0.0004 and about 0.015 in only 7.5 and the jets are unsteady, the jet velocity is not ex-
boundary layer thicknesses. Flow direction in a separation bubifiected to have a fully developed parabolic laminar profile, but
cannot be determined with a single-sensor hot wire, but velocitgther a more flat profile. Given the averaging due to the sensor
magnitude can be measured and was found to be essentially 27§ and the expectation of a flat profile, the instantaneous mean
within the bubbles of the present cases. Determining the directi$flocity of the jet is assumed to approximately equal the measured
was not therefore considered essential. Uncertainty in the meggiocity. Ideally this assumption would be checked with a survey
velocity is 3—5% except in the very near wall region, where nea®f velocity across the jet exit plane, but the very small jet diameter
wall corrections(Wills [30]) were applied to the mean velocity. Precludes an accurate survey. The uncertainty in instantaneous
Uncertainties in the momentum and displacement thicknesdBgan velocity is, therefore, higher than the 5% uncertainty in the
computed from the mean profiles are 10%. Uncertainty in t{geasured velocity. The uncertainty is estimated to be between 10
shape factoH is 8%. Local skin friction coefficients were com-and 20%.
puted from the near wall mean velocity profiles using the tech- pata processing. In addition to conventional time averaging,
nique of Volino and Simor{31]. This technique accounts for{he velocity data were ensemble averaged relative to the time
streamwise pressure gradient effects on the mean profile. The {ihin each jet oscillation cycle. For this purpose, the speaker
certainty inCy is 8%. The uncertainty in the fluctuating streaminpyt voltage was digitized simultaneously along with the instan-
wise velocity is below 10%. As explained in Volind] based on  taneous velocity data. Data were ensemble averaged at 24 in-
the work of Ligrani and BradshayB2], spatial averaging effects stances within the cycle. At each instance, data were averaged
due to the finite length of the hot-wire sensor should not be sigyer 1/180th of the cycle. For each 26-s data trace, this results in
nlflcan_t in the present case. ) roughly 3000 data points to average for each ensemble. With this
Profiles were also acquired using a cross-sensor boundary lajg{ny data points to average over a 26-s time record, the ensemble
probe (TSI 1243-20. The sensors are Sdm-diameter hot films ayeraged results are well resolved and have uncertainties as low as
with 1.02-mm active lengths. The probe is used to document thgyse given above for the time averaged results. The start of the
instantaneous turbulent shear stressy’v’. Profiles were ac- cycle was arbitrarily chosen as the instant when the speaker input
quired at the same stations as with the single-sensor probe. Dadftage crossed from negative to positive. As will be shown be-
were acquired at 25 locations in each profile, extending from|dw, this roughly corresponds to the beginning of the jets’ outward
mm from the wall to the free stream. Sampling rates and timgsilse.
were the same as for the single-sensor profiles. The vortices in-
duced by the oscillating jets cause significant secondary velociResults
particularly at the streamwise stations immediately downstream of ) ] ) .
the jet holes. The magnitude of these secondary velocity compo-J€t Velocity. Figure 3 shows a typical time trace of the mea-
nents remains below 20% of the local streamwise velocity, hogtred jet velocity and the speaker input voltage. The frequency of
ever, so they should not cause significant error in the hot-wit€ input signal was set to a nominal value of 10 (detual value
measurements. The uncertainty-iru’v’ is 10%. was 10.5 Hz The maximum and average velocities in each out-
The VGJ velocities were measured using a hot-film prois ward pulse were 9.4 and.5.9 m/s, regpectlvely. The jet velocity can
model 1210-10Awith a 0.25-mm active sensor length. The ser2€ €xpressed as a blowing raio defined as
sor was placed directly over the exit of the jet hole. During out-
flow from the hole, the jet was expected to blow directly across : : ,
the sensor, providing an accurate measure of the jet velocity. U — Jetvelocity L
certainty in the velocity is 5% and results mainly from uncertainty '°f ~ - Speaker Input Voltage
in the position of the sensor, which could lead to a slightly lowe
velocity reading than the velocity at the jet exit plane. During
inflow of the oscillating jet, the flow is expected to behave more
like a sink flow than a jet. The measured velocity does not therez
fore provide an accurate indicator of the velocity inside the hol&
during inflow. The jet velocity was calibrated against the rms inr‘g?
put voltage to the speaker with the main flow in the wind tunne2
turned off, and the calibration was used to set the jet velocity i8
later experiments. The jet velocity is fixed by the frequency ang
amplitude of the displacement of the speaker diaphragm, whic
causes a pressurization of the cavity relative to the pressure at 1
jet exits. The dynamic pressure of the flow through the test sectic
is about 2.4 Pa at the jet location. Since the test section exits
atmosphere, the dynamic pressure results in an average press

. . - Y \, ’
of 2.4-Pa vacuum in the cavity, and a 2.4-Pa pressure differen _, PSS S 54 . 5 A
across the speaker diaphragm. This pressure is much smaller tt ~ ° 5% 51 815 82 58 =63 835 54 545 55

the pressure experienced by the speaker when driving the jets, and
is not expected to influence its motion. If the amplitude of theig. 3 Time trace of jet velocity and speaker input voltage,
diaphragm motion is unchanged by the presence of flow in the tést=0.65
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B:Pjetvjet/Pochv 8

o
wherepje= p.. since the jet fluid comes from the boundary layer, 16 $
andU..(=2 m/s) is the local free-stream velocity at the jet loca- 8
tion. For the present casés,,,=4.7 during each cycle anl, . 1.4

=3.0 during the outward pulse. The mass flux of the jets can k

compared to the velocity deficit in the boundary layer as 1.2
M =[pjetVjed TD[e4) SI/[ .U 6" ], 1

where S=0.118 holes/mm is the number of holes per unit spar®
The displacement thicknes&} (=1.08 mn) is the baseline case
value at the jet location. This giveM,,=0.258 andM .
=0.162. This could be interpreted to mean that 16% of the boun
ary layer in terms of displacement thickness is sucked off durin 44
the inflow half of each jet cycle, and then re-injected into the
boundary layer during the outward pulse. 02
The momentum coefficierg, is defined as the ratio of the jet
momentum to the free-stream dynamic pressure. Using the de o ' '
.. 0 0.2 0.4 0.6 0.8 1
nition of Bons et al[25], siL,

s

0.8

06

|0A+*DO

¢, = [pjeVie mDLd4)S]/[ p..UZChord),

where the axial chord is 153.6 mm. The maximum value pfn
each cycle is 0.0085. The average value/é[for the outpulse is
44 n?/s?. This gives an average, =0.0042. suction peak is higher in all the cases with jets than in the baseline
Figure 3 shows that the speaker input voltage and the jet vel¢@se. This is an expected result, suggesting that the lift will be
ity are slightly out of phase. The jets lag the input voltage bkigher when the boundary layer is attached. Fhe=0.65 case
about 0.006 s, which is a dimensionless leig T of 0.063, where appears to agree most closely with the inviscid solution. The
Tis the jet oscillation period of 0.095 s. The lag is expected, as théoad range of effective frequencies agrees with the results of
jets respond dynamically to the pressurizing of the cavity in tH8ons et al[25].
airfoil by the speaker, and there is no reason to expect the speakefhe objective of the present study is not to establish the optimal
voltage and the jet velocity to be exactly in phase. The finiti€t conditions for the present case, but to investigate in detail a
distance from the speaker to the jet holekthe order 0.5 mand case in which the jets provide effective flow control. The dimen-
the finite speed of soun@®40 m/3$ will also lead to a time lag of sionless frequencl * =0.65 was chosen since it appeared to pro-
the order 1 ms. The time lag increases with distance from théde slightly better results than the other cases in Fig. 5, and
speaker along the airfoil span. At high jet frequencies, the time I&g,.x=4.7 was chosen since it was the lowest effective blowing
causes the jets along the span to be significantly out of phase wigtio tested. Figure 6 shows ti@&p profile for the chosen case
each other. Measurements, however, show that the jet amplitugiéh jets along with the baseline case and the passive bar case of
along the span is uniform, regardless of the frequency. VariationVolino [5].

hase along the span could lead to difficulty in practice if attempts . ) . —
b 9 P yinp P Velocity Profiles. Figure 7 shows mean velocity’ and tur-

were made to time the jet pulsing to other cyclic events such as . .
wake passing. It is not an issue in the present study. At the re llent shear stress profiles for the present case, the baseline case,
tively low frequency of 10 Hz, the phase lag was not significan‘f?‘,nd the passive bar case. In the baseline case, the mean proflles
and the jets were Uniform in both phase and amplitude along tRgOW the boundary layer is on the verge of separating at station 7,
span. Is clearly separated at station 8, and the separation bubble grows
through station 11. In the bar case, the boundary layer separates
Pressure Profiles. Pressure profiles were acquired for severdtom the bar. The separation bubble is visible at station 7, and it
jet amplitudes and jet frequencies. The general finding was thgbws through station 9. At station 10, the near wall velocities
the jets were effective over a broad frequency range, so long as
the amplitude was sufficiently high. Figure 4 sho@g profiles
for a range of jet amplitudes, with the jet frequency set tc 18
10.5Hz F"=0.65). In all cases there is good agreement betwee
the data and an inviscid solution for the Pak-B airfoil on the 16
pressure side and the upstream portion of the suction side. In t
adverse pressure gradient region on the suction side, differenc 14
are clear. Without the jets the boundary layer separates and dc
not reattach, as indicated by the region of constaptvalues.
With B,,,=1.9 the boundary layer still does not reattach, bu
there is some sign thap is starting to drop at the last pressure
tap. For the cases witB,,,,=4.7 and above, the boundary layer® 08
does not appear to separate. Significant case to case difference
Cp are present right at the suction peak, but these are likely due ¢
the injection of the jets at this location and their effect on the flow
over the adjacent pressure tap. The differences diminish rapid ¢4
and are essentially gone by the next downstream measurem
station. Bons et al.24] demonstrated effective flow control with o2
Bnhaxas low as 0.4 in their study. The significantly lower Re in the
present study may explain the need for stronger jets. Figure o
. . . . 0 0.2 04 06 0.8 1
showsCp profiles for several different jet frequencies Wi, .. siL,
held approximately constant at about 5. There does not appear to
be any clear separated region in any of the cases with jets. The Fig. 5 Cp profiles, Bm.=5, various F*

Fig. 4 Cp profiles, F¥=0.65, various blowing ratios

121

| $OA+%00
.

inviscid solution
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Fig. 6 Cp profiles, comparison of baseline, passive bar, and

present jet case with B,.,,=4.7 and F*=0.65 Fig. 8 Time averaged shape factor and momentum thickness

verses streamwise location; comparison of baseline, passive
bar and present jet cases: (a) H, (b) @

begin to rise, indicating the beginning of reattachment, and the
mean profile shows clear reattachment at station 11. With the
VGJ's, the behavior is much different. There is no clear separatigfofiles show considerable momentum transport in the jet case at
bubble. The mean profile appears to have an attached, laminarfestations, which helps to explain how the boundary layer re-
shape. The momentum deficit with the jets appears to be signifiains attached. Unlike in a turbulent boundary layer, th€ v’
cantly lower at station 11 than in the case with the bars, indicatipgak is well away from the wall. In the baseline case the shear
lower losses with the jets. layer does not transition to turbulent, areu’v’ remains near

The u’ values in the baseline and bar cases are very 10w &y |n the bar case u'v’ profiles were not acquired.
station 7, as expected since the boundary layer is still laminar. AFigure 8 shows shape factor and momentum thickness as com-
peak appears downstream in the shear layer over the separaigfad from the mean profiles of Fig. 7. The shape fattqro-
bubble. In the bar case, begins to rise in the near wall region atyjdes a measure of the state of the boundary layer with respect to
station 9, signaling imminent reattachment. At stations 10 and Igparation and transition. The shape factor in the baseline and bar
u’ in the bar case rises to the high values typical of a transitiongdses rises rapidly after separation, &sincreases whiles re-
boundary layer. In the jet casa, is high at all stations. At the mains nearly constant. In the baseline case the boundary layer
upstream locations it is much higher than would be expected fonaver reattaches. In the bar case, transition and reattachment oc-
turbulent boundary layer. As will be shown below, however, mucéur, causings® to fall and ¢ to rise. The shape factor begins to
of the contribution tou’ is from 10-Hz unsteadiness associatedrop toward a turbulent value of about 1.6, but does not reach this
with the jets and is not turbulence. The turbulent shear stregslue, indicating that the recovery from the separation is not com-

0.05 """"""" """"""" ) """"""" ’.

0 0.008

® baseline + passive bar o jets

Fig. 7 Station 7-11 dimensionless time averaged profiles; comparison of baseline, passive
bar and present jet cases: (a) mean velocity, (b) u’, (c) turbulent shear stress
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Fig. 9 Ensemble averaged dimensionless mean velocity (UIUe) profiles

plete. In the jet case, the shape factor remains at a laminar vah# and attached, and both theand—TU'v’ values are near zero,

of about 2. It never rises to a separated flow value, nor doesiitlicating again that the flow is laminar. Given the phase lag
drop to a turbulent value. The momentum thickness providessfown in Fig. 3 between the speaker input and the jets, and the
measure of the losses in a boundary layer. If the boundary laygiite convection time between the jet hole and station 7, one
reattaches before the trailing edge, the suction side boundary laygyuld expect that the disturbance created by the jet outpulse
losses will be the dominant losses in an LPT passé&tmvell  should arrive at station 7 atT=0.18. In fact, however, the dis-

et al.[6]). In the baseline case the boundary layer does not regirpance is not seen in the mean profile utifil=0.333. In agree-
tach, so althougl® remains low, h_igh_ losses would be expected "Fnent, thel’ and —T's’ values also rise above zero HfT

the wake downstream of the airfoils. For the bar and jet caseSg 333 This may suggest that the rising jet velocity must reach a
however, the boundary layer is attached at the trailing edge. Mgigiciently high amplitude before it can significantly affect the

mentum thickness is about 20% higher in the bar case, indicat@Bgundary layer. Comparing the observed phase lag and the jet

that the jets are better able to control separation, while Caus'\')@locity of Fig. 3 suggests that the jet velocity must be about 8
lower losses. ’

m/s, corresponding to an instantaneds 4, for the jets to be
Ensemble Average Velocity Profiles. The time averaged pro- effective. Continuing forward in time at station 7, the jets cause a
files of Fig. 7 indicate that the jets are effective in controlling théarge disturbance in the mean profiles that continues Wil
boundary layer, but they do not explain the mechanism by which0.667. The timet/T=0.667 corresponds very closely with the
the jets work. Figure 9 shows ensemble averaged mean veloatyd of the jet outpulse when the phase lag and convection time
profiles. Profiles are shown for nine streamwise stations at 24 tiftem the jet holes to station 7 are considered. The large local
increments within the jet oscillation cycle. Figures 10 and liinima and maxima in the mean velocity profiles indicate the jets
show the corresponding’ and —U'v’ profiles. Examining the are not merely adding turbulence to the boundary layer, but are
profiles at station 7, the mean profile initially appears to be laminducing some flow structure, most likely streamwise vortices.
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Fig. 10 Ensemble averaged rms value of dimensionless streamwise fluctuating velocity
(G'1U,) profiles

These vortices likely cause spanwise variation in the velocity, paedge of the disturbance appears to move at about 90% of the local
ticularly at the stations nearest the jets. In the present study, date-stream velocity, which corresponds with the expected leading
were only acquired at one spanwise location. Spanwise surveydge celerity of a turbulent spae.g., Gostelow et al[26],
should be considered in future work. Thé and —U'v’ profiles Schulte and Hodsofi27]). The trailing edge of the disturbance
exhibit large peaks in the regions where the mean velocity gradippears to move at about 45% of the local free-stream velocity,
ents are highest in Fig. 9. Theu'v’ values have the appropriateagreeing with the expected trailing edge celerity of a turbulent
sign, corresponding to the sign di/dy in the mean profiles. It SPot. Because the leading and trailing edge celerities are different,
should be noted that the magnitudeWf is smaller in the en- the boundary layer is only disturbed by the jets during approxi-
semble averaged profiles of Fig. 10 than in the time averagBtely 30% of the cycle at station 7, but is disturbed during ap-
profiles of Fig. 7. This indicates that much of the contribution tgroximately 70% of the cycle at station 11. The beginning of the
U’ in Fig. 7 is due to 10-Hz oscillations and not to turbulencélisturbance at each station is seen simultaneously in the mean
After t/T=0.667, the mean velocity profile resumes a lamind#rofile and thel” and—u'v" profiles of Figs. 9—-11. At the trail-
shape. There is no tendency toward boundary layer separatitgl edge of the disturbance, return of the mean veloc~|ty profile to
The boundary layer did not separate in the baseline case at tismooth shape corresponds closely with the returr6fy’ to
station (Fig. 7), but the mean profile in the baseline case difiear zero(see, for example, the profiles at station 8 tAT
appear closer to separation than in the present case. =0.833 or station 10.5 atf T=0.417). Theu’ profiles, in con-

Moving to the downstream stations, the leading edge of theast, take somewhat longer to return to an undisturbed condition.
disturbance, as observed in the mean profiles andlthend At station 11, for example, there is at least a small near wall
—U'p’ profiles moves to later values tfT, as expected since thepeak at all times, while the-U's’ values are essentially zero
disturbance takes some time to convect downstream. The leadb@gweent/ T=0.625 and 0.792.
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Fig. 11 Ensemble averaged dimensionless turbulent shear stress (—0'v'1U2) profiles

The flow structure at the downstream stations appears to be l@gsl peak emerges at the same time-ii’y’. It should be noted
distinct than at stations 7 and 7.5. Inflection points are still presethiat the separation bubble remains thin at all stations, and never
in the mean profiles, but the local minima and maxima in thisegins to approach the thickness observed in the baseline flow of
mean profiles are less sharp. Still, the mean profile shapes andHiwg 7.
multiple peaks in theél’ and—"U'v’ profiles, particularly those far ~ The period between the passage of the disturbance and bound-
from the wall(see for example the station 10 profiles of Figs. 1@ry layer separation is believed to indicate a “calmed” region.
and 11 betwee/T=0.75 and 0.95Bare evidence that the flow Calmed regions have been observed in previous studies to follow
structures induced by the jets persist downstream. turbulent spots and wake induced turbulent strips. The duration of

After the disturbance caused by the jets passes, the boundgugy calmed region increases at the downstream stations, since the
layer eventually separates at locations between stations 8 andtfdiling edge celerity of the calmed region, shown in Fig. 9 to be
At station 8.5, for example, the trailing edge of the disturbanabout 0.3 the local free-stream velocity agreement with previ-
passes at abouiT=0.9. By t/T=0.1 the near wall profile ap- ous studies of calmed regionss slower than the trailing edge
pears separated. The separation appears to coincide with the retailerity of the disturbed region. Hence at station 8.5 the calmed
of U’ to near zero. The separation appears to persist until absegion extends forAt/T of about 0.2, while at station 10.5 it
t/T=0.6, after the start of the next disturbance event. The re&xtends forAt/T of about 0.4. The presence of the calmed region
tachment within the disturbance event corresponds to the motimay help to limit the separation bubble thickness.
of highW’ and —U'v’ into the near wall region at/'T=0.667. Figure 12 shows the ensemblé data in a different format.
The same sequence of events is visible at downstream stationsCAntours of near walli’ at y=0.095 mm /L,=0.0004) are
station 10.5, for example, the trailing edge of the disturbance hsisown in a time-space plot. The horizontal axis shows the dimen-
passed by/T=0.4, but the boundary layer remains attached untfionless streamwise location, and the vertical axis indicates the
aboutt/T=0.75. Reattachment is visible 8fT=1, and a near dimensionless time within the cycle. Two complete cycles are
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Fig. 14 Time-space plot of ensemble averaged dimensionless

Fig. 12 Time-space plot of ensemble averaged G'/U, at y/Lg free-stream velocity U, /U
® e

=0.0004

shown to better illustrate the periodicity of the event. The data in Figure 14 shows a time-space plot of the local ensemble aver-

the bottom half of the figure is shown again in the Lop half. In thiggaegan;az;]s(grfe%np(;:lﬁ;Ig-pz;rt?zﬁlyfrfﬁ(;sst:]ﬁ)rg (;/fetlr?glggrf\(l)?lnsasssb:gtjg
format, it is clear that the jet outpulse causes a higkevent to i .

- . > . causes the flow to decelerate. Temporally, when the jets cause a
appear as/Ls=0.6 (station 7 andt/T=0.6. This event then pro- turbulent event to moves down the surface, it causes the boundary

ceeds downstream in a widening yvegjge O.f turbulgnce. The IQWS er to thicken and accelerates the free-stream. During the lami-
and upper slopes of the wedge indicate its leading and traili r and calmed periods the boundary layer is thinner and the

edge celerities, respectively. Within the wedge, a lacapeak iS  free.stream velocity is lower. Figure 15 shows the local Thwaites
visible ats/L,=0.7 (station 8. This peak indicates that the flow

) V\P rameter) ,, as computed from the free-stream velocity data of
structure produced by the jets has penetrated very near the . 14. In a laminar boundary layer, separation is expected when
Slightly farther downstream at/L =0.75 (station 8.5 a local

9, R o - S Ny is less than—0.082. With the exception of the turbulent strip,
minimum is visible in theu” contours. This may indicate that the\ here the boundary layer is locally acceleratag, is below

flow structure |_nduced_by the jets has_ lifted of_f the wall slightly_g 082 at most times and locations on the surface, and at some
The mean profiles of Fig. 9, support this, showing lower near walnes is below—2. Hence it is not a surprise that the boundary
mean velocity gradients at station 8.5, which indicates that highyer tends to separate when not controlled by turbulence or a
speed fluid is not as effectively brought into the near wall regiofyimed region.

at this station. Farther downstream in Fig. 12, thidlevel in the

turbulent wedge rises again as a fully turbulent boundary layerIntegral Parameters. Local displacement and momentum
begins to develop. Outside of the wedge Televel is very low, thickness values can be computed from the ensemble mean veloc-

indicating laminar flow. ity profiles of Fig. 9. Momentum thickness is shown in Fig. 16.
Figure 13 shows ensemble averaged's’ contours aty/L. Both & and 6 grow in the streamwise direction and are about

=0.0128 in the format of Fig. 12. As in Fig. 12, the wedge ofwice as large in the turbulent region than in the laminar flow

turbulence is clear. Within the wedge momentum transport is higi9ion- The slow growth of the momentum thickness in the non-

but outside the wedge the flow appears to be laminar. turbulent flow indicates that losses should be low in this region, as
might be expected based on the l[avand—1'v’ values of Figs.

2 1.5
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1.6 % 05
1.4 o
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1.2
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065 07 075 0.8 0.8 0.9
s S/LS
Fig. 13 Time-space plot of ensemble averaged —u'v’/ Uﬁ at Fig. 15 Time-space plot of ensemble averaged Thwaites ac-
ylL4=0.0128 celeration parameter A\,
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Fig. 16 Time-space plot of ensemble averaged momentum Fig. 18 Time-space plot of ensemble averaged skin friction
thickness 6 in mm coefficient C,; white areas with dots indicate separated flow

10 and 11. Ats/L,=0.6 (station 7, §* and ¢ in the laminar flow . - . . .

are both roughly 67% of their values in the baseline case of Volirggc‘.'le skin friction coefflc_lents(:f . The white regions V.V'th _dc_)ts .
[4]. The lower values in the present case may be due to the st Jicate where the flow is separated and the local skin friction is
pression of the large separation bubble downstream, Whigﬁsentlally zero. A$/L ;=0.6 (station 7 there is a laminar bound-

changes the local pressure gradient at station 7. The suction duf'f}ﬁé%}.’er witth=t0.00t5h.bEtweenRjet oultc\iNard pglsetsé'(l)'h(_e”?orri-.

the inflow portion of the jet cycle could also be an explanatiorfp nding momentum tNICKNESS REynolds IS abou - Ihe skin
but 5 and @ are uniformly low in the laminar flow at station 7. If fiction drops in the streamwise direction and the boundary layer
the suction were causing a thinner boundary layer, one wout§Parates al/Ls=0.7 (station 8. At t/T=0.6 ands/L;=0.6, the

: : : in friction is much higher, following the jet outpulse. The mo-
expect the effect to be stronger during the time of strongest infl n . X .
into the jet holes. Figure 17 shows the local shape fadtaom- mentum thickness Reynolds number is as high as 180,Gnd

puted from thes* and 6 values. Within the turbulent region, thereaches values as high as 0.014. Moving downstream along this

shape factor remains between 2 and 2.4, which is well above tf bglsenttr(:.gionécf r_ﬁ‘ﬁidlty (lj)rolps to oiot%.l att./T=O.8dands.i.LS .
expected value of 1.6 for a fully turbulent boundary layer subjegﬁﬁ' | (s Ie:1_|0n1 .5A ftucrj ubence t{; |st_|me and pos(; '8” tlt?
to the strong adverse pressure gradient of the present case. In; Q ow(Fig. 10. As stated above, the vortices produced by the

: N ets appear to quickly bring high speed fluid near the wall, result-
gg?é%;bx:fhnig:)vgéﬂsg\?ecgilso\\llvalsl:eepsa?;iglng.h as 3.4, which is COA|ng in high skin friction and turbulence, but s/Ls=0.75 this

effect may weaken, resulting in low&; andu’. Moving farther
Skin Friction Coefficient. It is clear from the mean profiles downstream td/T=1.1 ands/L,=0.85,C; rises again to as high
of Fig. 9 that the local wall shear stress varies greatly during th& 0.007. The corresponding Ris about 200 at this time and
jet oscillation cycle. At the upstream stationst&f= 0.6, for ex- location. C;=0.007 is about what one would expect for a fully
ample, the jets bring high speed fluid very close to the wall, predarbulent boundary layer with Be200, based on the standard
ducing a very high mean velocity gradient at the wall. At Otheéorrelationcf:0.0256/R%25 (Schlichting[33]).
times at all stations, the boundary layer appears very laminarlike Figure 18 clearly shows the calmed region described above. It
indicating a relatively low wall shear stress. When the boundafy the triangular shaped region centeredt/At=0.4 ands/Lg
layer is separated the wall shear goes to zero. Figure 18 shows thg 9 that in the figure is bounded below by the strip of high
and above by the separated flow region. Comparing Figs. 12, 13,
16, and 18 shows that the calmed region has low skin friction, low
momentum thickness, and low turbulence. Losses should there-
fore be low for the calmed region, as expected.
A comparison of the momentum thickness and skin friction in
Figs. 16 and 18 is interesting. The wedge of highverlaps both
the upper portion of the separated flow region and the strip of high
C;. As shown in the profiles of Figs. 10 and 11, downstream of
s/L,=0.75(station 8.5, the turbulence and mixing induced by the
jet outpulse initially affects the outer part of the boundary layer
and does not immediately eliminate the separation bubble. Figure
16 shows that this outer region mixing causes a rise in the mo-
mentum thickness. It is only somewhat later and farther down-
stream that this mixing moves into the near wall region, causing
reattachment and high; . Kaszeta et al[34] reported a similar
result for flow over the Pak-B airfoil subject to wake passing
events. They observed a time lag between the wake arrival and
near wall transition.
Kaszeta et al[34] also observed a relation between the tempo-
s/L ral acceleration and deceleration of the flow associated with the
wake passing, and its relation to transition and the thickening and
Fig. 17 Time-space plot of ensemble averaged shape factor ~ H  thinning of the boundary layer. Similarly, a comparison of Figs.
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15, 16, and 18 show the relation between the local acceleratiorhowever, that the inflow may help reduce the boundary layer
andC; . The region of overlap between highand separated flow thickness in the undisturbed flow periods and help reduce separa-
corresponds to the region of strong deceleration centerefl_at tion effects. A direct comparison of cases at the same Re using
=0.9 andt/T=0.85. One could argue that the deceleration inhiksynthetic VGJ's and pulsed VGJ's could help answer this ques-
its reattachment in spite of the mixing in the outer part of thgon.
boundary layer. At slightly latet/T, the flow is accelerated. Un- What is the effect of jet geometry? The VGJ's are clearly ef-
der the combination of acceleration and higli's’ the boundary fective. Through the generation of streamwise vortices they ap-
layer reattaches. pear to provide more mixing than would be produced with normal
) i o jets that simply produced turbulence. The relative magnitudes of

Open Questions. The first objective of the present study wagne effects of turbulence and streamwise vortices in enhancing
to assess the effectiveness of synthetic VGJ's on separation Cgixing are uncertain. Might the generation of turbulent spots with
trol for an LPT airfoil and provide some description of the mechag normal jet be sufficient? Which would result in lower losses?
nisms through which the jets work. This has been addressedyhat are the effect of Reynolds number and free-stream turbu-
above. The second objective was to use these results to geneggige level? The baseline cases of Vol[dd show that at higher
questions for further consideration. These are discussed belowRe and higher FSTI the boundary layer is more likely to transition

What is the effect of jet frequency on flow control? In theand reattach even without flow control. The generation of calmed
present case, witllF*=0.65, the airfoil boundary layer at anyattached flow between jet events could still prove beneficial at
given time was approximately half disturbed by the jets and haiigher Re, however. There would be a tradeoff between the losses
laminar or calmed. The effects of one jet outpulse are presentgenerated by the jets themselves and the reduction in losses the
the boundary layer at all times. Separation occurred, but the sefgs might provide by reducing the separation bubble thickness
ration bubble was small and did not appear to result in any hargmd producing low-loss calmed regions. It might be possible to
ful effects. How thick a separation bubble is tolerableR ifwere control the flow at higher Re with significantly lower blowing
increased, the duration of each event would be reduced, but moagios than in the present case. Natural transition in the undis-
events would be present in the boundary layer at any given tinterbed flow between jet events and its interaction with calmed
It is not clear what effect this would have. In other studies withegions would be an added complication at higher Re not seen in
synthetic jets, some have found tH&t of the order 1, as in the the present study. If the Re were sufficiently high so that separa-
present study, is most effective.g., Seifert and Padid5]). Oth-  tion did not occur in the uncontrolled case, it is unlikely that the
ers, such as Amitay and Glez1] report that under some con-jets would provide any benefit. Schulte and Hod$a#] noted
ditions jets withF* of the order 10 are more effective. Loweringthat the presence of calmed regions produced by unsteady wake
the jet frequency might be beneficial. Losses appear to be gerf@Ssing could not significantly lower the losses in an already at-
ated primarily in the flow disturbed by the jets, while the flowfached boundary layer.
between these events is laminar or calmed with low losses. Re-
ducing F* could presumably result in a smaller fraction of the
airfoil covered by disturbed flow at any time. At some point, howeonclusions
ever, if the jets are too widely spaced, the flow will become un-

controlled at times and revert to the large separation bubble of tf; boundarv | . LPT airfoil low R
baseline case. Based on the trailing edge celerity of the distur oundary layer separation on an airfoil at very low Rey-

flow, if F* were reduced below 0.45, there would be instance® ds numbers. The separation bubble was effectively eliminated,

within the jet cycle when no disturbances would be present in t@ggtrlglsses were lower than in a similar case with passive flow

n
et s o e ot o o s o2 11 VG reen seprain b bringing igh mamenum
. C ; presen 'lllrl]Jid into the near wall region and by promoting momentum trans-

flow around a single airfoil, Seifert and Pai35] found that jets port through turbulent mixing
with F* be}vXeen 0.5 and 1.5 were most effective at all Re, but 3 The gisturbance produced by the VGJ's behaves in many
that with F=0.25 the jets were ineffective. Bons et B5], in  \ays Jike the disturbance associated with a turbulent spot or a
contrast, found that their VGJ's were effectivefat as low as wake induced turbulent strip. The leading edge celerity of the
0.1. They suggested that the more controlled nature of the LR}sturbance is approximately @9 , and the trailing edge celerity
flow, where adjacent airfoils provide covered turning, might eXs about 0.48.. . A calmed region with a trailing edge celerity of
plain the lower effectivé- " in their study. It should be noted that0.3U., follows the disturbance. The calmed region is resistant to
the Bons et al[25] experiments were conducted at a Reynoldseparation.
number of 60,000, where separation effects are not as severe as il The adverse pressure gradient in the present case was strong
the present case with R&5,000. enough so that the boundary layer did separate after the passage of

What is the effect of jet amplitude on flow control? The presthe calmed flow. The separation bubble remained thin, however.
sure profiles of Fig. 4 indicate that the jet amplitude must behe appearance of a disturbance did not immediately induce reat-
sufficiently high for the jets to be effective. It is expected thafachment. The disturbance appeared initially in the outer part of
using a higher amplitude than necessary will result in highéfie boundary layer. After some lag time the disturbance spread
losses, but the extent to which the losses would increase is b the near wall region and caused reattachment.
known. Volino[5] using passive bars found that cases with a small 5. While much has been learned regarding the effectiveness
separation bubble followed by reattachment had lower losses th@l physics of synthetic VGJ's in LPT flows, many questions
cases in which the boundary layer was tripped to turbulent femain regarding their applicability under different flow condi-
prevent separation. Low amplitude jets could potentially produg@ns and their optimal design. These questions have been dis-
a similar effect. cussed.

What is the effect of jet wave form? In the present case the
speaker was driven with a sine wave input. A square wave with a
short duty cycle, as in the study of Bons et @5], might be
better. By keeping the duty cycle short, the amount of calmed ﬂo,\%cknowledgments
relative to disturbed flow could be increased. This might allow a This work was sponsored by the NASA Glenn Research Center.
reduction of losses without a sacrifice of separation control.  The grant monitor is Dr. David Ashpis. Additional matching sup-

What is the effect of jet inflow? The outward flow portion ofport was provided through a U.S. Naval Academy Recognition
each jet cycle appears to dominate the flow control. It is possibl@rant. Mr. Dale Boyer of the Technical Support Department at the

oL. Synthetic vortex generator jets proved effective for control-
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Nomenclature

B = blowing ratio
C; = skin friction coefficient
C, = 2(PT—P)/pU§, pressure coefficient
c, = momentum coefficient
D = diameter
F* = (0.444.,)/(U,T), dimensionless frequency
FSTI = free-stream turbulence intensity
H = &*/6, shape factor
K = (»/U2)(dU.,,/ds), acceleration parameter
Ls = suction surface length
M = jet to boundary layer mass flux ratio
P = pressure
P+ = upstream stagnation pressure
Re = U.L¢/v, exit Reynolds number
Re, = momentum thickness Reynolds number
S = jet holes per unit span
s = streamwise coordinate, distance from leading edge
T = jet oscillation period
t = time
U = mean streamwise velocity
U.. = local free-stream velocity
U. = nominal exit free-stream velocity, based on inviscid
solution
Viet = jet velocity
u’ = time averaged rms streamwise fluctuating velocity
u!
ity
—u'v’ = time averaged turbulent shear stress
—U'v’ = ensemble averaged turbulent shear stress
y = cross-stream coordinate, distance from wall
§* = displacement thickness
Ny = REK, Thwaites parameter
v = kinematic viscosity
p = density
6 = momentum thickness
Subscripts
ave = average over jet outpulse
jet = jet condition
max = maximum in jet cycle
© = free stream
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Detailed heat transfer coefficient distributions on a gas turbine squealer tip blade were
measured using a hue detection based transient liquid-crystals technique. The heat trans-
fer coefficients on the shroud and near tip regions of the pressure and suction sides of a
blade were also measured. Squealer rims were located along (a) the camber line, (b) the
pressure side, (c) the suction side, (d) the pressure and suction sides, (e) the camber line
Ronald S. Bunker and the pressure_side, and (f) the camber Iine_ and the suction sidg_, respectively. Tests were
GE Corporate R&D performed on a five-bladed Ilngar cast_:ade with a bIo_w down facility. The Reynolds num-
K- ES-119. PO, Box 8. ber based on the cascade exit velocity and the axial chord length of a blade was 1.1
Schénecetad;/ NY 12301' X10f and the overall pressure ratio was 1.2. Heat transfer measurements were taken at
’ the three tip gap clearances of 1.0%, 1.5%, and 2.5% of blade span. Results show that the
heat transfer coefficients on the blade tip and the shroud were significantly reduced by

Robert BOV|G using a squealer tip blade. Results also showed that a different squealer geometry ar-
rangement changed the leakage flow path and resulted in different heat transfer coeffi-
Raymond Gaugler cient distributions. The suction side squealer tip provided the lowest heat transfer coeffi-

cient on the blade tip and near tip regions compared to the other squealer geometry

NASA Research Center arrangements[DOI: 10.1115/1.1626684

21000 Brookpark Road, MS 5-11,
Cleveland, OH 44135

Introduction Kwak and Han[6,7] also studied heat transfer and film cooling

Due to the pressure difference between the blade pressure gﬁfgctlveness on both plane and squealer tip blades. Their results
i

suction side, hot gas leaks through the gap between the bladeSti wed that the film cooling effectiveness on the squealer tip was

and the shroud. This flow, called leakage flow, causes thin bound- ch hlghe_r than that on the plane tip. Dunn and Halde@n
ary layer and high heat transfer coefficient on the blade tip. T easured time averaged heat flux at a r.ecessed plade tip for a
hot leakage flow is the major cause of blade tip failures. To redu I-scale rotating turbine stage at transonic vane exit conditions.
the leakage flow and heat transfer on the tip, the blades of mod

gas turbines typically have a recessed cavity at the tip and

called squealer tip blades. The cavity acts as a labyrinth seal - -
increase flow resistance and thus reduces leakage flow. studied local heat transfer coefficients at several locations on a

Recently, many experimental studies for the squealer tip blaf§Pine blade tip model with a recessed cavisguealer tipin a
have been conducted in a cascade environment. Azad &t 2. stationary linear cascade._ F_’apa et[a0] measured_average .and
studied the heat transfer on the first stage blade tip of an aircri@f@l mass transfer coefficients on a squealer tip and winglet-
engine turbine (GE-§. They presented the effects of tip gapsquealer tip using the n_aphthale_ne subllmgtlon technlq_ue. The_y
clearance and free-stream turbulence intensity level on the @S0 Presented the flow visualization on the tip surface using an oil
tailed heat transfer coefficient distributions for both plane arfPt téchnique. Metzger et g11] and Chyu et al{12] investi-
squealer tips under engine representative flow conditions. Azg@teéd heat transfer in a rectangular grooved tip model. They
et al.[3] also studied the effect of squealer geometry arrangeméiiowed that the heat transfer in the upstream end of the cavity was
on gas turbine blade tip heat transfer and found that the location@fatly reduced compared to the flat tip, however, at the down-
the squealer rim could change the leakage flow and result in gfréam of the cavity, the heat transfer levels for the grooved tip
ferent heat loads to the blade tip. They also found that the suctif§re higher due to flow reattachment inside the cavity. They also
side squealer provided best sealing to leakage flow among all gfeowed that the effect of the shroud velocity on the heat transfer
cases they studied. Kwak and Hph5] presented heat transfercoefficient was very small. Heyes et a13] studied tip leakage
coefficients on the tip and near tip regions of both plane arftpw on plane and squealer tips in a linear cascade and concluded
squealer tip blades. They showed that the squealer tip could #eat the use of a squealer tip, especially a suction-side squealer tip,
duce heat transfer coefficients on the tip and near tip regiogas more beneficial than a flat tip. Kim et §14] and Kim and

Metzger[15] studied heat transfer and film cooling effectiveness

ICurrently Senior Researcher, Aeropropulsion Department, Korea Aerospace R&iNg a two-dimensiongRD) rectangular tip model.

search Institute, Daejeon, Korea. Researchers have also studied heat transfer on the plane tip

Contributed by the International Gas Turbine Institute and presented at the Intgj-
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jﬁ‘eade' Mayle and Metzg¢d 6], Metzger and RueflL7], and Rued

16-19, 2003. Manuscript received by the IGTI December 2002; final revision Mar@fﬂd Met?ge'[lg] performed heat transfer studies using a simpli-
2003. Paper No. 2003-GT-38907. Review Chair: H. R. Simmons. fied tip-simulated model. Metzger et &lL.9] measured local heat

eir results showed that the heat transfer coefficidhisselt
épémbe) at the mid and rear portion of the cavity floor is on the
sgme order as the blade leading edge value. Yang and [8ller
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flux using heat flux sensors in a rotating turbine rig with twc Compressed Air
different tip gaps. Bunker et d120] investigated the detailed heat @

transfer coefficient distribution on the blade tip surface using hu

detection based liquid crystal technique. They measured the he P .
transfer coefficient at three tip gaps and two free-stream turb v ¢
lence levels with both sharp and rounded edges. Bunker al Valve
Bailey [21] studied the effect of squealer cavity depth and oxida A

tion on turbine blade tip heat transfer. They showed that the effe ‘

of cavity depth is not uniform over the entire tip cavity surface Pressure Feedback

but generally a deeper cavity produced lower heat transfer coef
cients. Their results also showed that blade tip heat transfer h
low sensitivity to clearance gap magnitude. Teng ef2#] mea-

sured the heat transfer coefficients and static pressure distributic =
of a turbine blade tip region in a large-scale low-speed wind turRGB it
nel facility using a transient liquid crystals technique. Rhee et aG V ™

[23] studied the local heat/mass transfer on the stationary shro
with blade tip clearances for flat tip geometry. They used th ) Turbulence Grid

naphthalene sublimation method and concluded that the heat/m.

transfer characteristics changed significantly with the gap clec.

ance. Jin and Goldste[24,25 measured local mass transfer on a i . o

simulated high pressure turbine blade and near tip surfaces. They Fig. 1 Schematic of blow down facility

showed that the averaged mass transfer rate on the tip surface was

much higher than that on the suction and the pressure surface.

Numerical studies to investigate blade tip heat transfer alsore and consequently the outer polycarbonate shell. For the heat
have been conducted. Ameri and Steinthord2)27] predicted transfer measurement on the shroud, a 300-W plate heater was
heat transfer on the tip of the SSMEpace Shuttle Main Engine used to heat the shroud plate and was removed before the test.
rotor blade. Ameri et al[28] also predicted the effects of tip gapFigure 4 shows a detailed view of the removable blade tips with
clearance and casing recess on heat transfer and stage efficighifgrent squealer arrangements. A squealer rim was placed along
for several squealer blade tip geometries. Ameri and Buf®@r (a) the camber ling(CL), (b) the pressure sidéPS, (c) the
performed a computational study to investigate the detailed heatction side(SS, (d) the pressure and suction sides (PSS),
transfer distributions on blade tip surfaces for a large power gefe) the camber line and the pressure side ¢@®S), and {) the
eration turbine and compared the result with the experimental datmber line and the suction side (€ISS), respectively. The
of Bunker et al[20]. Ameri and Rigby[30] also calculated heat thickness and height) of the squealer rim is 0.229 and 0.508
transfer and film-cooling effectiveness on film cooled turbinem, respectively. The height of the squealer rim is about 4.2% of
blade models. Amefi31] predicted heat transfer and flow on thethe blade span.
blade tip of a gas turbine equipped with a mean-camber line strip.During the blow down test, the cascade inlet and exit air ve-
Numerical studies to investigate the heat transfer on the squedtmities were 85 and 199 m/s, respectively, and the inlet and exit
tip blade also have been conducted by Ameri ef2#] and Yang
et al.[33,34

Most of the above referenced studies focused on the heat trans- /

I

fer coefficient on the blade tip surface only. The present study Shroud _i
applies a hue detection based transient liquid-crystals technique to

obtain the heat transfer coefficient on the tip surface, shroud, and

near tip region of the blade pressure and suction side of the blade TSS Tip PS C
with a single or double squealer. This study provides comprehen- H

sive information about the heat transfer coefficient on the tip and

near the tip regions with the single or double squealer blade tip. T
The effect of the squealer rim arrangement on the heat transfer
coefficient is also presented. The results are compared with the o
plane tip and the double squealer tip resul(svak and Han 65.7

[4,5).
Experimental Setup Z

Figure 1 shows the schematic of the test facility. The detailed
description of the test facility can be found in Kwak and Han
[4,5]. The turbulence intensity measured 6 cm upstream of the /

|

=
=
&=

\
N

7

center was 9.7%. The turbulence length scale was estimated to be
1.5 cm. The tip gaps used for this study were about 1.0%, 1.5%,
and 2.5% of the blade spah2.2 cn). The definitions of blade tip
and shroud are also shown in the upper part of Fig. 2.
The blade had a 12.2-cm span and an 8.61-cm axial chord
length. This was three times larger than the dimension of a &E-E
blade tip profile. Each blade had a constant cross section for the
entire span as shown in the lower part of Fig. 2. Figure 3 shows
the heat transfer measurement blade. The lower portion of the 8.61cm
blade was made of aluminum, and the upper portion consisted of
an inner aluminum rim with a cavity. The outer removal shells
were made of a polycarbonate with low thermal conductivity. Car-
tridge heaters were inserted into the blade to heat the aluminum Fig. 2 Definition of blade tip and shroud

HHM /N

b
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Aluminum Rim stream temperature changes with time, the varying temperature
can be represented as a series of step changes. Using Duhamel’'s
superposition theorem, E¢L) can be written as follows:

hyat " hya(t—7
Tow—Ti={Tmo—Ti} XF i_ +i21 {F((T'))ATW}
Polycarbonate Exterior IO -508cm @
F where F(x) =1—exp{)erfc(x), andAT,, is step changes in the
/ mainstream.
3.175¢m 2 T The experimental uncertainty was calculated by the methods of
‘-‘L<—0.318cm Kline and McClintock[35]. Note that the blade tip materigdoly-

carbonatg has a very low thermal conductivity of 0.18 W/m K.
The liquid crystals color change transition occurs at the surface
which is kept at a uniform initial temperature. Test duration is
smaller(10—30 serthan the time required for the temperature to
penetrate the full thickness of the blade tip material. Thus a 1D
transition, semi-infinite solid assumption is valid throughout the
surface, except near the tip edges. The individual uncertainties in
the measurement of the time of color change <€ = 0.5 sec), the
mainstream temperaturd T ,,= +0.5°C), the color change tem-
perature AT,==*=0.2°C), the initial temperature A(T;
=+1°C), and the blade tip material propertiesd/k?>= +5%)
\ were included in the calculation of the overall uncertainty of heat
transfer coefficient. The uncertainty for the local heat transfer co-

. efficient was estimated to be8%. However, the uncertainty near

. Cartridge Heater the blade tip edge might be much greater up to 15% due to the 2D
Aluminum blade heat conduction effect. The uncertainty in the high heat transfer
region also might be higher due to the short color change time.

9.025cm

Fig. 3 Heat transfer measurement blade

. ) g _— IIE]||eat Transfer Measurement and Results
Mach numbers were 0.25 and 0.59, respectively. The Reyno . - L o
number based on axial chord length anz exit v>:elocity ways 1 1S]-W0 _dlffer_ent_llqwd crystals were used in this study. The 20°C
% 10P. The inlet total pressureR) was 126.9 kPa, and the exitbandWIdth liquid crystals(R34C20W, Hallcrest were used to

static pressureR) was 102.7 kPa, which gave an overall |DressurEeasure the initial temperature of the test surface, and the 4°C
ratio (P;/P) of 1.2. Azad et al[1,2] described the detailed flow andwidth liquid crystalgR29CAW, Hallcrestwere used to mea-

Y . ; = e sure the color changing time. Figurébshows the results of the

conditions, including the flow periodicity in cascade. calibration for both liquid crystals.

Before the transient test, the initial temperature of the test sur-
Heat Transfer Measurement Theory face was measured using the 20°C bandwidth liquid crystals and

A hue detection based transient liquid-crystals technique whig. 5b) presents the initial temperature on the tip=¢1.5%,
used to measure the heat transfer coefficient on the blade tip. Hegliealer along the suction side case
local heat transfer coefficient over a liquid-crystals coated surfaceAfter the initial temperature measurement on the test surface,
can be obtained using a one-dimensional semi-infinite solid dbe transient time in Eq. (2) was measured using the 4°C band-
sumption with convective boundary condition at the test surfaceidth liquid crystals and the local heat transfer coefficierwas
The solution for the 1D transient conduction equation at the suralculated from Eq(2). The test duration time was short enough

face x=0) is (10-30 segto make a 1D semi-infinite solid assumption. The
detailed experimental procedure was described by Kwak and Han
Tw—T; 1 h2at ¢ h\/a ) [4,5].
T A s @

Heat Transfer Coefficient on the Blade Tip. Figure 6 shows
By knowing the initial temperatureT() of the test surface, the the heat transfer coefficient on the blade tip with different tip
mainstreani{recovery temperature T,,,) at the cascade inlet, and geometries. The squealer along thet?S case and the plane tip
the color change temperaturé,) at timet, the local heat trans- case(Figs. d) and (g)) are presented for comparison. The de-
fer coefficient f) can be calculated from Edl). If the main- tailed results of the plane tip and the squealer along the 5

A I'_\’ A A A A
% AE:\SZ AE:Z AEE% Asé ASZ A§\
0.229cm—{}-- [0.508cm 4 —~0.229¢cm 0.229¢m~1i--[0.508¢m g 259cm—1--

0.508cm? P v Vo]
PS| IIss PS| 1SS PS |

7
7 i
/) )

PS SS :
Section AA

Section AA Setio AA Secion AA Setion AA
(a) CL squealer  (b) PS squealer (c) SS squealer  (d) PS+ SS squealer (e) CL+ PS squealer (f) CL+ SS squealer

Fig. 4 Geometry of squealer tips
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I A S A cases are discussed by Kwak and H4y5]. Due to the shadow of

]
o
—

. the squealer rim, data near the squealer rim could not be obtained.
i ] Compared to the plane tip cadeig. 6(g)), the squealer tip cases
50 _ —8— nsow _ (Figs. §a)—(f)) show much qu\(er heat transfer coeffit_:ier_lt. How-
: ] ever, the heat transfer coefficient on the squealer rim is compa-

] rable to the high heat transfer coefficient of the plane tip case. For
3 the squealer tip cases, the heat transfer coefficient on the squealer
] rim is generally higher than on the tip surface.
For the squealer along the camber line cdsg. 6(a)), the heat
1 transfer coefficient between the suction side and the squealer rim
el e is higher than between the pressure side and the squealer rim. This
50 100 150 200 s caused by reattachment of the leakage flow. The leakage flow

Temperature (°C)
»
o

|

Hue reattaches to the tip surface as shown in Fig) and results in a
(a) high heat transfer coefficient. Figure 7 shows the conceptual view

of the flow leakage near the tip region. If the squealer is located
along the camber line as shown in Figa) the leakage flow
l.lll Ti (°C) reattaches to the tip surface near the suction side and results in a
37.5 40 42.5 45 47.5 50 52.5 55 _high heat transfer coefficien_t in that region. A leakage vortex ex-
ists near the blade suction side. For the squealer along the pressure
side casdFig. 7(b)), a recirculation flow exists near the pressure
side squealer rim, which results in a low heat transfer coefficient
on the tip surface near the pressure side squealer rim. A reattach-
ment exists between the suction side and the squealer rim and
causes a higher heat transfer coefficient. If the squealer is located
along the suction sid@-ig. 7(c)), a recirculation region exists near
the squealer rim. For the double squealer cé&g. 7(d)), the
leakage flow reattaches to the tip surface near the suction side or
(b) to the suction side squealer rim, which results in a higher heat
transfer coefficient on the tip surface near the suction side. The
Fig. 5 (a) The relation between hue and temperature  (b) Initial recirculation flpw exists near the pressure .Side squealer 'jim and
temperature on the tip for the squealer along suction side and causes a relatively low heat transfer coefficient on the cavity sur-

C=1.5% case

OTTTTHEE S h(W/m?K)
100 200 300 400 500 600 700 800 900 1000

=" (b-1) C=1.0% % (b-2) C=1.5% s ) c
/ (c-1) C=1.0% 3 / (c-2) C=1.5% 3 / (c-3) C=2.5% 3

(f-2) C=1.5%

OTITTTT I

100 200 300 400 500 600 700 800 900 1000 1100 1200

/ (g-2) C=1.5% ﬁ

Fig. 6 Heat transfer coefficient on the tip,  (a) squealer along CL; (b) squealer along PS; (c) squealer along
SS; (d) squealer along PS +SS (Kwak and Han [5]); (e) squealer along CL +PS; (f) squealer along CL
+SS; (9) plane tip (Kwak and Han [4])

h(W/m?K)

(g-1) C=1.0% (g-3) C=2.5%
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Shroud ] [ ] | Shroud |
— —. T — —_— T _
o \; - < e - PINVS)
0 Leakage
Roanan Leakage Leakage vortex”
vortex vortex
Pressure Suction Pressure Suction Pressure Suction
side side side side side side
(a) Squealer along CL (b) Squealer along PS (c) Squealer along SS
[ Shroud ] | . ] Shroud ]
—_— —_— —_— B — —
m‘“l:“m L“thge . v ;‘ tz‘kage ’ Recirculation &.‘:::‘:xg’
Pressure Suction Suction Pressure Suction
side side side side side
(d) Squealer along PS+SS (e) Squealer along CL+PS (f) Squealer along CL+SS

Fig. 7 The conceptual view of the flow leakage near the tip region

face near the pressure side. For the squealer along the camberhiigber heat transfer coefficient can be found near the camber line
and the pressure side ca$eg. 7(e)), the leakage flow reattachessquealer close to the trailing edge. As the recirculation flow be-

to the tip surface between the camber line squealer and the suctiwren the two squealer rims exits near this region, the heat trans-
side edge. Between the two squealer rims, a recirculation flder coefficient in the region is increased. The overall heat transfer
exists. If the squealer rims are located along the camber line armkfficient on the tip with squealer along the camber line and the

the suction side as shown in Fig(f 7, a recirculation flow exists suction side provides the lower value compared with the other

between two squealer rims. double squealer cases.

For the squealer along camber line c&Ba. 6a)), as the tip

gap clearance increases, the heat transfer coefficient on the tié"eat Transfer Coefficient on th_e_Shrogd _Surf_ace. Figure 8
increases. Figure(B) shows heat transfer coefficient on the i resents the heat transfer coefficient distribution on the. shroud.
with a squealer along the pressure side. The overall heat tran f squealer along the PSS case an_d the plane tip casegs.
coefficient for this case is smaller than in the plane tip d&sg. ) and(g)) are presented for comparison. The detailed results of

; ; lane tip and the squealer along thetf&% cases are dis-
6(g)), but larger than in the squealer along the camber line ca@? P .
(Fig. 6(a)) or the double squealer cas@sgs. d)—(f)). There is CU.SSEd by Kr\]/vak and lHa{“‘_"5]- Cor;_pared to t?e plr?ne up Cﬁse
a high heat transfer coefficient region near 20—30% of the blaflé9- 8(69)), the quuea efrf. tip casefigs. 8a)—(f)) show muc
chord, and this could be caused by the reattachment of the leak er heat transfer coefficients.

flow. Near the trailing edge, the separated leakage flow creates a °" a{'. casgs, thehher?t trt?anfert;ZOGﬁIﬁ;ent on the sh.rt'joudFabot\lge
recirculation zone near the squealer rim, which results in a lofy€ SUCUON SId€ IS higher than above the pressure side. For the

heat transfer coefficient near the trailing edge. As the tip g ane tip case, the high heat transfer coefficient region begins

increases, the heat transfer coefficient on the tip increases. FigdpQVe the pressure side edge of the blade tip and extends down-
feam from the suction side. For the squealer tip cabgs.

6(c) presents the heat transfer coefficient on the tip with a squeaE(%éa

along the suction side. The overall heat transfer coefficient on tHg?)—(f)), however, the high heat transfer coefficient region be-
tip for this case is smaller than in the other cases. There is34'S @bove the squealer rim. The flow leaked between the rim and

relatively low heat transfer coefficient region on the tip surfack'® shroud can impinge on the shroud and results in a high heat
ransfer coefficient downstream from the squealer rim. Generally,

near the squealer rim close to the leading edge. This is caused

recirculation of the flow near the squealer rim as shown in Fig. 0\_/erall heat transfer coefficient increases as the tip gap clear-
g;zce increases.

7(c). As the tip gap increases, the overall heat transfer coeffici .
© P gap he overall heat transfer coefficient on the shroud above the

on the tip surface slightly increases. Figur@)6shows the heat de tip is | for th | | h X id
transfer coefficient on the tip with squealer along the camber Iilzéa e tp Is lowest for the squealer along the suction side case

and the pressure side. A high heat transfer coefficient region exi i 8)-

near the blade leading edge. A relatively high heat transfer region

also can be seen near the blade suction side of about 20—40% dfleat Transfer Coefficient on the Near Tip Region of the

the blade chord. This region is caused by the reattachment of fkessure Side. Figure 9 shows the heat transfer coefficient dis-
leakage flow as shown in Fig(€). The heat transfer coefficientstribution on the near tip region of the pressure side. The height of
near the trailing edge are low because of the flow recirculatidhe test area was about 2.5 cm from the (@bout 20% of the
near the pressure side squealer. As the tip gap clearance increasade span The squealer along the PSS case and the plane tip
the heat transfer coefficients between the two squealer rims nease(Figs. 9d) and (g)) are presented for comparison. The de-
20-30% of the blade chord increases. The overall heat transtaited results of the plane tip and the double squealer tip cases are
coefficient slightly increases as the tip gap clearance increasgiscussed by Kwak and Hdg#,5].

Figure &f) presents heat transfer coefficients on the tip with All cases show that the heat transfer coefficient near the trailing
squealer along the camber line and the suction side. A relatigdge is higher than near the mid chord region. This can be caused
high heat transfer coefficient exists near the leading edge aoylthe boundary layer transition on the pressure side surface. The
between the two squealer rims near 20% of the blade chord.h&at transfer coefficient very near the blade tip is higher than far
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Fig. 8 Heat transfer coefficient on the shroud, (a) squealer along CL; (b) squealer along PS; (c) squealer
along SS; (d) squealer along PS +SS (Kwak and Han [5]); (e) squealer along CL +PS; (f) squealer along
CL+SS; (g) plane tip (Kwak and Han [4])

below the blade tip. The entrance effect of the leakage flow imvith the mainstream flow. For the plane tip cdf&g. 10g)), the
creases the heat transfer coefficient on the near tip region h of the leakage vortex can be seen clearly. There is a lower
shown in Fig. 7. heat transfer coefficient region between the suction side tip and
The heat transfer on the pressure side is not affected muchthyg trace of leakage vortex due to separation of the leakage flow.
squealer arrangement or tip gap clearance. All cases show a siFdr the camber line squealer ca@gg. 10@)) and the pressure
lar trend and value of the heat transfer coefficient. side squealer cag&ig. 10b)), the heat transfer coefficient in the
The maximum value of the heat transfer coefficient on the ne@gce of the leakage vortex is higher than for the plane tip case and
tip of the pressure side is about 500 W/iy which is about 50% the trace of the leakage vortex is very close to the tip. The leakage
of the maximum value on the tip surface. The overall heat transfggw separated from the squealer rim forms the leakage vortex
coefficient on the pressure side is generally lower than on the #rlier than in the plane tip case and results in a stronger leakage
or the shroud surface. vortex near the suction side surface. The heat transfer coefficient

Heat Transfer Coefficient on the Near Tip Region of the in the trace of the leakage vortex is highest for the pressure side_
Suction Side. Figure 10 shows the heat transfer coefficient disiquealer case. The pressure side squealer case has a longer dis-
tribution on the near tip region of the suction side. The height ¢&nce between the squealer rim and the suction side, which may
the measurement region was about 20% of the blade span. Tigrease the possibility of a leakage vortex to develop. The stron-
squealer along the PSSS case and the plane tip cdBégs. 1qd) ~ ger vortex results in a higher heat t_ransfer coef‘flme_nt on the suc-
and(g)) are presented for comparison. The detailed results of tfen side surface. For the suction side squealer ¢Eige 10c)),
plane tip and the double squealer tip cases are discussed by KR peak heat transfer coefficient in the trace of the leakage vortex
and Han[4,5]. is smaller than in the other single squealer cases. The heat transfer

All cases show a high heat transfer coefficient region along tigeefficients on the tip and the shroud for this case show lower
suction side tip. The high heat transfer coefficient in the region v&@lues than for the other cases, and this indicates that the amount
caused by the leakage vortex. As the leakage flow exits from théthe leakage flow for the suction side squealer case is less than
tip gap, the leakage flow separates from the tip surface or ttie@t of the other cases. The reduced leakage flow results in a
squealer rim and forms a leakage vortex due to the interactineaker leakage vortex on the blade suction side. Also, the sepa-

Journal of Turbomachinery OCTOBER 2003, Vol. 125 / 783

Downloaded 31 May 2010 to 171.66.16.27. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



INEEEE " h(W/m?K)

100 150 200 250 300 350 400 450 500 550
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Fig. 9 Heat transfer coefficient on the near tip region of the pressure side, (a) squealer along CL; (b)
squealer along PS; (c) squealer along SS; (d) squealer along PS +SS (Kwak and Han [5]); (e) squealer

along CL +PS; (f) squealer along CL +SS; (g) plane tip (Kwak and Han [4])

ration of the leakage vortex on the suction side squealer rim de-On the tip(Fig. 11), the averaged heat transfer coefficient on
creases the possibility of leakage flow development. For thiee squealer rim is generally higher than on the tip surface. Gen-
squealer along the pressure side and the suction side(Eapse erally, the averaged heat transfer coefficient decrease§ @g
10(d)), the heat transfer coefficient on the suction side near the fircreases for the camber line squealer case and the pressure side
is not sensitive to the tip gap clearance. The heat transfer coeffijuealer case. However, the suction side squealer case shows a
cients for all the tip gap cases show a similar trend and value. Fewverse trend. For the shrodgig. 12a)), the averaged heat trans-

the squealer along the camber line and the pressure sidé¢Fégse fer coefficient increases a$/C, increases, while the averaged
10(e)), the heat transfer coefficient on the suction side near the tigat transfer coefficient on the suction siég. 12c)) decreases
increases as the tip gap clearance increases. The trace of the leak/C, increases. The averaged heat transfer coefficient on the
age vortex is very close to the tip, and the heat transfer coefficigmessure side shows a high value near the leading eX¢@,(

in that corner region is higher than for the other double squealer0) and a minimum neak/C,=0.1. BetweenX/C,=0.1 and
cases. In this case, the leakage flow separated from the squeAl&,=1, the averaged heat transfer coefficient gradually in-
rim may form the leakage vortex earlier than in the other doubtzeases aX/C, increases due to the boundary layer transition.
squealer cases and results in a stronger leakage vortex. A stronger

leakage vortex results in a higher heat transfer coefficient on the

suction side. The squealer along the camber line and the suction

side case(Fig. 1Qf)) shows a similar distribution of the heat .

transfer coefficient to the squealer along the camber line and tggnclusmns

pressure side case. The major findings based on the experimental results are as

For all cases, the heat transfer coefficient decreases toward fibleows:
trailing edge as the leakage vortex becomes weaker.

The overall heat transfer coefficient on the suction side is high-
est for the pressure side squealer case and lowest for the squealer
along the pressure and suction sides case. The maximum value of
the heat transfer coefficient is about 70% of that on the tip and is
comparable with a maximum value on the shroud surface.

1. By using a squealer tip blade, the heat transfer coefficient on

the blade tip and the shroud was significantly reduced. How-

ever, the reduction in the heat transfer coefficient on the

blade pressure and suction side was not remarkable.

2. The location of the high heat transfer region varied by
changing the arrangement of the squealer rim. Generally, the
Averaged Heat Transfer Coefficient. Figures 11 and 12)— heat transfer coefficient on the rim is higher than on the tip

(c) present the averaged heat transfer coefficient on the tip, the surface.

shroud, the pressure side and the suction side, respectively. Th8. The overall heat transfer coefficient on the tip for the suction

local heat transfer coefficients are averaged at the gk, side squealer case was lower than other squealer tip arrange-
location. ment cases.
784 | Vol. 125, OCTOBER 2003 Transactions of the ASME

Downloaded 31 May 2010 to 171.66.16.27. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



INREEEEEEEEE - h(W/m?K)

100 150 200 250 300 350 400 450 500 550 600 650 700

(f-3) C=2.5%

(g-3) C=2.5%

“(g-1) C=1.0%

(g-2) C=1.5%

Fig. 10 Heat transfer coefficient on the near tip region of the suction side, (a) squealer along CL; (b)
squealer along PS; (c) squealer along SS; (d) squealer along PS +SS (Kwak and Han [5]); (e) squealer
along CL +PS; (f) squealer along CL +SS; (g) plane tip (Kwak and Han [4])
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Fig. 11 Averaged heat transfer coefficient on the tip
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Fig. 12 Averaged heat transfer coefficient on the shroud, the pressure side and the suction side

4. The heat transfer coefficient on the shroud upstream froRomenclature

the squealer rim was much lower than on the shroud down-
stream from the squealer rim.

5. Generally, the heat transfer coefficient on the pressure side
was laterally uniform. The effect of tip gap clearance and the *~x
arrangement of the squealer rim on the pressure side heat

transfer coefficient was small. The overall heat transfer co- "li -

efficient on the pressure side was lower than on the other
surfaces.
6. The trace of the leakage vortex can be seen on the suction LE

side and the overall heat transfer coefficient on the suction PS =

side was comparable with that on the shroud. The distribu-

tion of the heat transfer coefficient on the suction side varied TE =
as the geometry of the blade tip changed, but it was insen- T =

sitive to the tip gap clearance. m
7. Generally, the heat transfer coefficients on the tip surface,
the shroud, and suction side increased slightly as the tip gap Tw

clearance increased. However, the heat transfer coefficient -

on the blade pressure side was insensitive to the tip gap
clearance.

The observations and conclusions from this study are limited to 7, =

stationary blades. Cautions should be exercised in extending the
results to rotating blades. In addition, the overall pressure ratio in

C =
CL =

Tip clearance gap% of the blade span

Blade camber line

Axial chord length of the bladé8.61 cn)

Local convective heat transfer coefficient (W/K)
Height of the squealer rint4.2% of the blade span
Thermal conductivity of blade tip materi&).18
W/m K)

Leading edge of the blade

Blade pressure side

Transition time for liquid crystals color change
Trailing edge of the blade

Initial temperature of the test surface
Temperature of the mainstream at the cascade inlet
(recovery temperatuye

= Color change temperature of the liquid crystals

Blade suction side
Axial distance(cm)

= Thermal diffusivity of blade tip material

(1.25<10° 7 m?/s)
Step change of time

this study was lower than in real engine conditions. References
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Heat Transfer Enhancement in Square model(EASM) turbulence model and the turbulent heat fluxes are
modeled using the simple eddy diffusivi(@ED) model.

Ducts With V-Shaped Ribs An in-house multiblock parallel computer codeLc-mp [6], is
applied to solve the governing equations. The code uses a collo-
cated mesh arrangement. The SIMPLEC algorithm couples the

Rongguang Jia, Arash Saidi, pressure and velocity. Coefficients are determined by the QUICK
and Bengt Sunden scheme for the momentum equations, while the hybrid scheme is
Division of Heat Transfer, Lund Institute of Technology, used for all the discretized energy and turbulence equations.

P. O. Box 118, 221 00 Lund, Sweden Nonuniform body-fitted grids were generated, and grid refine-

ment close to the wall was applied. Several successive grid refine-
) . . L ments have been carried out in every considered case to make sure
This paper concerns a numerical investigation of the heat anRdat negligible effects of the mesh on the solutions prevail. For the
fluid flow in V-shaped ribbed ducts. The Navier-Stokes equatiofi§cts roughened with inline V ribdV), 82x56x 32 grid points
and the energy equation are solved in conjunction with a loyere ysed, due to the symmetry characteristics in botly trelz
Reynolds numbere turbulence model. The Reynolds turbulengjirections of the IV ribbed case. A 98118x 32 grid was used for
stresses are computed with an explicit algebraic stress Moqgk staggered V rib&SV) cases.
(EASM) while the turbulent heat fluxes are calculated with a
simple eddy diffusivity model (SED). Detailed velocity and ther- . .
mal field results have been used to explain the effects of e Results and Discussion
V-shaped ribs and the mechanisms of the heat transferBasically, the present models and code have been validated by
enhancemen{.DOI: 10.1115/1.1622708 our previous studies with the detailed experimental data, including
the one-sided-ribbe(ls) cases withe/D,=0.1, andP/e=9 and
12, and the two-sided-ribbe@s) case with P/e=9, and Re
1 Introduction =30,000. The overall thermal and flow field features were pre-

. S . icted reasonably well.
Introduction of roughness by ribs in flow passages is a populgilrC he computations are conducted to make clear which of the

method of enhancing heat transfer in the cooling passages, .9y . . . ) .
: - owing parameters leading to contradictory conclusidagrib
turbine blades and combustors. The heat transfer and fluid ﬂowv@gnment, inline or staggered?) heating of the smooth-sided

ribbed ducts have been extensively studied both experimentaﬁ Il (SSW or not
and numerically. A good review can be found in Sumfl&]. )
Experimental studies have revealed that both downstream and
upstream pointing V-shaped ribs _result_ in better heat transfer ens 5 Straight Duct with Two-Sided V Ribs
hancement than transverse straight ribs of the same geometry.
Secondary flows induced by the angled ribs are believed to be3.2.1 IV Ribs (Inline, £D,,=0.0625). Figure 1 shows the
responsible for this higher heat transfer enhancement. Howewesrmalized average Nusselt numb@tu) on the smooth side-
contradiction exists on which pointing direction is the better fowalls (SSW'9 and ribbed side-wall$RSW'’s) of one period ver-
V-shaped rib§2-5]. Further investigations are thus necessary tsus Re for IV ribs, and the Fanning friction factor. The results for
understand this. This paper reports the authors’ efforts to furthie || ribs are also enclosed for comparison purpose. The thermal
improve the understanding of the internal cooling of turbineesults show that the « ribs provide higher Nusselt number [than
blades roughened with V ribs, especially to clarify the contradicibs and » ribs, on both the SSW and RSW. In addition, the » ribs
tions in different experiments. have better heat transfer enhancement thaits. All of these
In this study, the computations are carried out for the 45-degends are in consistence with the experiments of Han et al. The
V-shaped ribs, which are arranged both inline and staggered. Téreors are shown in Table 1, and are explained in the following
rib size to duct height&/Dy) is 0.0625, with Reynolds number paragraph.
ranging from 15,000 to 32,000. The sampling locations are different between the present simu-
lation and the experiments of Han et al. The present simulation is
carried out at the fully developed fluid flow and heat transfer
2 Governing Equations and Numerical Procedure region, and periodic boundary conditions are assumed in the main
ﬁg)w direction. In a V-ribbed duct, the rib-induced secondary flow
grows continuously along the duct, which results in a continuous
rowth of the Nusselt number and friction factor. Therefore the
usselt number and Fanning friction factor based on the whole
fannelincluding the developing regigmvill be lower than those
ased on one fully developed period. This can be confirmed in the
" Contributed by the International Gas Turbine Institute for publication in trJ paper of Han et al., a steep Nusselt number increase downstream

NAL OF TURBOMACHINERY. Manuscript received by the IGTI May 20, 2002, re- x/Dp=16 for the V ribs, which is eXI?'ained by the a!ﬂhOY_S as
vised manuscript received May 17, 2003. Associate Editor: R. S. Bunker. aneffect of favorable secondary flow induced by the rib orienta-

The time-averaged incompressible fluid flow is solved using t
steady incompressible Reynolds-averaged Navier-StGRAsIS)
equations, with periodic boundary conditions, which prevailed i
the experimental setud2-5]. The turbulent Reynolds stresse
are modeled by a low-Reynolds-number explicit algebraic stre%
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15 r r " , be very similar to that based on one fully developed period, be-
£/£0 cause the secondary flows foribs are much weaker than those
o 10; femneemmmnnem A—; 1 for V ribs.
H ~ 3.2.1.2 Explanation of the heat transfer enhancement on the
"o [ om | ribbed side wall. First, the secondary flow directions induced by
o-=0 different pointing ribs make a difference. It can be observed that »
ribs brings fluid heated by the smooth side wall to the ribbed side
0 . . . ~ wall, while « ribs bring fluids from the cool main stream flow to
SSW the ribbed side wall. The cooler fluid in contact with the hot
o 31 1 ribbed floor will result in lower local wall temperatured ),
é ‘Vg::::: """"""" A because the heat flux is kept equal and constant for both cases.
S 2 n—-:::::::ﬁ_’ The lower wall temperature will lead to higher heat transfer coef-
= n = ficients because the bulk temperatufig,)(is the same for both
1 i Sim. cases in each cross section.
o | Second, the higher heat transfer coefficient on the ribbed side
0 " y y — wall for the « ribs can also be explained by the vortex line stretch-
4] RSW ] v ing near the wall, as shown in Fig. 2. As discussed by Olsson and
ABTTTT s A b Sunde [4], vortex line is bent to a V-shaped form similar to the
o 31 | £~ 4 | Exp. ribs if the vortex line is close to the wall. This can be identified in
é 2] o® o o® | w || the streamline traces. The vortex line will be stretched and the
Lag v >> vorticity amplified by the velocity gradients in the vicinity of the
g 14 1 a ribs. Consequently, the vortex line now has both axial and span-
0 << wise components. The axial component is associated with the sec-
4 T4 L4 ondary flow, while the spanwise component has similar behavior
1x10 2x10 3x10 as theyoriginal vortex IinFe). For the « riri)s, the axial vorticity com-
Re ponents will act as an inflow pair of vortices resulting in thinning
Fig. 1 Normalized Fanning friction factors, and average Nus- of the boundary layer, consequently higher turbulengey (
selt number of different rib configurations and Reynolds num- =u7/pDKUp=0.061 aty/e=0.1) at the close RSW region than
ber at the ribbed and smooth side-walls of the inline V ribs the » ribs (uﬁ =0.049 aty/e=0.1), and enhancement of the heat

transfer on RSW. For the » ribs, an outflow vortex pair will occur
and the boundary layer thickness is increased, which decreases the
tion. This partly clarifies why the Fanning friction factors for Vlocal heat transfer.
ribs predicted by the present simulation are around 25 pefcént  Third, the higher heat transfer coefficient on the RSW for the «
Table ) higher than the experimental ones by Han et al., whidtibs can be explained by the longitudinal vortex-pair directions, as
also applies to the overprediction of the Nusselt number. |Forshown in Fig. 2. The « ribs induce an inflow vortex pair. The
ribs, however, the whole-channel averaging valNe or f) may inflow vortex pair will stretch and thin the boundary layer be-

Table 1 The results from the present simulation for e/ D,=0.0625 ribs with inline arrangement,

in comparison with the experimental data of Han et al. [1]
fif, Nu/Nuy, (RSW) Nu/Ny, (SSW
Rib Re Sim. Expt. Error Sim. Expt. Error Sim. Expt. Error

« 15,000 9.75 7.85 24.0% 3.75 3.48 8.2% 2.63 2.50 5.3%
30,000 10.80 8.30 30.0% 3.68 2.85 29.0% 2.58 2.13 22.0%

» 15,000 9.83 7.89 24.0% 2.86 2.98 —4.2% 2.28 2.20 3.8%
30,000 10.90 9.30 24.7% 2.77 2.69 3.2% 2.03 1.96 4.4%

a) b)

Fig. 2 The simulated fluid flow and heat transfer structure in ducts ribbed with inline V ribs at
Re=15,000, (a) » ribs, (b) « ribs
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12 . The predicted friction factors are very similar to those of IV
10 ---:::;::::=:':::=====AV ribs, although the influence of the rib pointing directions is some-
X A what larger than for the IV ribs. They are also in decent agreement
o 8 Sim. EXp. with the experiments of Taslim et al3]. For this staggered
t 6 arrangement, the agreement between the numerical prediction of
- TVt 3> v 5> the friction factor and that of the experiments seems much
4 --che-- << A << better.
2 3.2.3 Effect of Heating of SSW'sSSW heating could be the
SSW reason for the contradictory conclusions, because the two experi-
o 31 ] ments[2,4] with SSW heating demonstrated the superior of the «
é‘ ribs, while contrary conclusions are reached with the two experi-
~ vooizzzzzzzzzzzzzzzszzly ments[3,5] without SSW heating. From the present study, the
é 2 difference between the two pointing directions become smaller
without SSW heating, which is clearly shown in the numerical
1 \ . results in Fig. 3 and Table 2. The following paragraphs provide
RSW the explanations.
41 P 1 From Fig. 2, one can observe the secondary flow directions at
o | /N e A the corners between the SSW’s and RSW's of the » and « ribs. For
é 34 @_ ) » ribs, the fluid from the mainstream is heated by the SSW before
? AAE NG v it reaches the RSW, while the secondary flow has an opposite
Z 21 No SSW heatin 7 direction for « ribs. This serves as one of the explanations for
g better performance of the « ribs with SSW heating.
1 . T T Without heating the SSW, the temperature of the fluid passing
1x10 2x10 Re 3x10 the RSW of the » ribs will be lower. Consequently, a lowgy

appears. Thus a higher Nu is obtained on the RSW, althdiygh
will also be lower due to the less total heat input, which is not
favorable for a high Nu. In fact, this lowér, weakens the heat
transfer on the RSW of the « ribs, wheFg is not affected by the
heating of SSW due to the secondary flow direction, as shown in
Fig. 2(b). All these changes can be clearly observed in Fig. 3, i.e.,
the Nu on the RSW is higher for » ribs without SSW heating than
tween the two vortices, resulting in higher heat transfer coeffibat with SSW heating. The Nu on the RSW of the « ribs behaves
cients there. However, the secondary flow induced by » ribs acwntrarily.

in a contrary manner, inducing outflow. There is no SSW heating in the experiments of Taslim et al.,
lehich results in a lowefl, due to the less heat input. Also the
%éating of the side wall has a very minor effect Dy, because
the secondary flow direction of theribs is the same as « ribs
{gig. 2(b)). According to the definition of Nu, this decreaseTgf

Fig. 3 Normalized Fanning friction factors, and average Nus-
selt number of different rib configurations and Reynolds num-

bers at the ribbed and smooth side walls of the staggered V
ribs with e/ D,,=0.0625

3.2.1.3 Heat transfer enhancement on the smooth side w
At the close SSW region, the » ribs induce slightly higtegvout
3%) turbulence fu5 =0.043) than the « ribsyF =0.041), which

is not consistent with the higher Nu achieved by the « ribs. Th Its | | heref he diff b d
higher turbulence intensity is because of the inflow vortex pair dfSults in @ lower Nu. Therefore, the difference betwgjnan

the SSW induced by the » ribs. The strong secondary motibal N the Nu on the RSW of ribs might be because of the SSW
induced by « ribs impinges on the smooth side wall, after coolifg£ating.
the ribbed side wall. This impingement provides a pretty high heat Consider now carefully the heat transfer coefficient distribution
transfer rateprobably two to three times higher than pure force@rovided by Taslim et al. One finds that the dNy, is very large
convection along the wall which can basically serve as the ex-even very close to the SSW which is not heated. If the SSW is
planation why higher heat transfer is also achieved on the SSWated, however, this is not true, but a very small Nu is obtained
from « ribs. at the vicinity of the wall. This is because without SSW heating
322 The Staggered V-Shaped Ribs (Staggere‘i?mer air first comes in contact with the corner. Although Taslim
e/D, =0.0625). As shown in Fig. 3 and Table 2, generallyet al. claimed that the heating of the other walls will not have a

speaking, there is no large difference in the numerical Nu resuf effect on the heat transfer of the RSW, care should be taken
on the RSW's between the inline and staggered ribs. Howevera@d a deeper analysis might be necessary.

lower Nu on the SSW's of staggered ribs is found. In addition, the In summary, the results from the present simulation show that «
difference of the Nu on the SSW’s between the » and « ris#hs perform better with and without SSW heating, although the
becomes smaller than for the IV ribs. difference is very weak without SSW heating

Table 2 The results from the present simulation for e/ D,,=0.0625 ribs with staggered arrange-

ment and Re =15,000, in comparison with the experimental data of Taslim et al. [3]
f/f Nu/Ny, (RS Nu/Ny, (SS
SSW 0 W (RSW) W (SSW

Rib heating  Sim. Expt. Error Sim. Expt. Error Sim. Expt. Error
« Y 9.65 9.15 3.741 2.292

N 3.215 3.011 6.8%
» Y 9.95 9.69 2.7% 2.633 2.19

N 3.191 3.187 1.2%
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