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Performance of Strongly Bowed
Stators in a Four-Stage
High-Speed Compressor

Axel Fischer The FVV sponsored project “Bow Blading” (cf. acknowledgments) at the Turbomachinery

Laboratory of the University of Hannover addresses the effect of strongly bowed stator

Walter Riess vanes on the flow field in a four-stage high-speed axial compressor with controlled diffu-

sion airfoil (CDA) blading. The compressor is equipped with more strongly bowed vanes

Joerg R. Seume than have previously been reported in the literature. The performance map of the present
compressor is being investigated experimentally and numerically. The results show that

Turbomachinery Laboratory, the pressure ratio and the efficiency at the design point and at the choke limit are reduced
University of Hannover, by the increase in friction losses on the surface of the bowed vanes, whose surface area is
Appelstr. 9, greater than that of the reference (CDA) vanes. The mass flow at the choke limit decreases

D-30167 Hannover, Germany for the same reason. Because of the change in the radial distribution of axial velocity,

pressure rise shifts from stage 3 to stage 4 between the choke limit and maximum pressure
ratio. Beyond the point of maximum pressure ratio, this effect is not distinguishable from
the reduction of separation by the bow of the vanes. Experimental results show that in
cases of high aerodynamic loading, i.e., between maximum pressure ratio and the stall
limit, separation is reduced in the bowed stator vanes so that the stagnation pressure ratio
and efficiency are increased by the change to bowed stators. It is shown that the reduction
of separation with bowed vanes leads to a increase of static pressure rise towards lower
mass flow so that the present bow bladed compressor achieves higher static pressure
ratios at the stall limit.[DOI: 10.1115/1.1649743

Introduction four-hole probes. On the suction and pressure side of the vane of
he third stage, static surface pressures were measured to deter-
ine the local pressure distribution and to identify zones of sepa-
tion. The performance map of the compressor with bowed vanes
as determined and conditions of stall, choke, and best efficiency
e identified at design speed. Detection of separation and of

To optimize state of the art turbomachinery, it is necessary
control the flow in the end-wall regions. Therefore, the curren
development of new turbine and axial compressor blading is chw
acterized by three-dimensional blading concepts. Leaned, bow,

aqddswept lvanes.are the SUbje%t in many numerical studies 38 ting stall were supported by unsteady pressure measurements.
wind tunnel experiment¢e.g.,[1-3)). The effect of bow was predicted using commercial CFD codes.

The characteristic features of a bowed vane are a positive 1§8f,sqre distributions, pressure rise and efficiency trends were
angle at the hub and a negative lean angle at the shroud in CP¥Psdicted at design point and choke.

parison with a normal, radially stacked vane. The leaned vanhe

induces radial forces.on the fluid, so that at thg acceleratlpn partlﬁBdifications of Bowed Vanes

the vane the streamlines are moved to the midspan section. At the | o )

deceleration part of the vane the streamlines are moved from thé-igure 1 shows the stacking line of the bowed vane. The shift

mid-span section towards the end walls. The loading of the flow §f Stacking line is purely tangential. The lean angle at the hub is

the end wall regions is reduced which can lead to lower end wap°, at the shroud it is 30°. At mid span, the vane is stacked

losses and reduce the tendency toward corner stall. radially. The vanes of the reference design are radially stacked
Joslyn[1] showed, that corner stall is one of the most importafftver the entire span. Stagger angle and chord length of the bow

secondary flow-field effects in compressor stator vanes and tN&{'€S do not vary relative to the reference blades except of a small

corner stall losses have great influence on overall losses. Breugel-

mans[2] and Shand3] showed with linear-cascade wind tunnel

experiments, that corner stall can be reduced by leaned and bowed shroud

stator vanes. Because of the shift of mass flow towards the mid-

307>

span section of the vane, the losses at midspan increased more I
than they decreased at the hub. Weingold ef4ldemonstrated )
that a three-stage high-speed compressor, equipped with bowed reference S“s?gg"
stator vanes can increase pressure ratio and efficiency from the |
choke limit through surge conditions. LS
To study the effects of strongly bowed stator vanes on compres- pressure
sor performance and on the radial distribution of aerodynamic | . side
loading, the last two stages of the present test rig were equipped | )
with strongly bowed stators, without change of the rotor blading R
and the vane count. The flow fields were measured by pneumatic 35°J»

Contributed by the International Gas Turbine Institute and presented at the Inter- hub

national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, June . . .
16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 2008ig. 1 Stacking line of bow vane and drawing of bowed
Paper No. 2003-GT-38392. Review Chair: H. R. Simmons. stator 3
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change at hub and shroud section which were twisted by 1 dagemperature sensor. Efficiency and overall total pressure ratio
towards flow direction. The vane count of the reference desigme then computed from the flow field data. Static surface pressure

and the design with bowed vanes is equal. distributions on the surface of the third stator are determined with
instrumented vaneBig. 3.
Test Rig and Measurement Techniques Static pressures at the casing are measured to determine the

yessure ratios of the single blade rows and the stages. For inves-

itself is a four-stage high-speed machine fully equipped with CD gations of stall inception and the |n|t|aI|zat|or_1 of fuII-s_pan rotat-
blading. The maximum speed is 18,000 rpm, the design speed"?)q s_tall, unste_e_ldy pressure transducers are installed in the casing
the present tests is 17,100 rpm and the compressor generategqﬂwm an additional unsteay four-hole probe.

overall total pressure ratio of 2.65{B]. Figure 2 shows that the

throttle of the compressor is located close to the last stage, so that

the volume between outlet and throttle is small. This allows throt-

tIing the compressor until full-span rotating stall occurs withounree-Dimensional Navier-Stokes Computations

facing the risk of a low frequency surge. ] ) ] )

The mass flow is metered by an orifice. The axial inlet flow 10 investigate the effects of bowed blading numerically, the
conditions are measured by radially traversing with a Prandtl tufjgite-volume based Navier-Stokes solver FINE™ Turbo by NU-
and a temperature probe. The outlet flow conditions and the fIdECA International was applied. The complete compressor, in-
field between the blade rows are measured by radially and circu@uding the inlet duct and the exhaust diffuser was meshigd 4,

ferentially traversing with a pneumatic four-hole probe includingnd the constant speed lines for the reference design and the con-
Iguration with bowed vanes were computed. The rotor/stator in-

teraction was simulated by using quasi-steady mixing planes
which average the flow properties at the rotor/stator interfi&e,
throttle For symmetry reasons, only one pitch of every blade row needs
to be computed. The inlet boundary is set to standard ambient
conditions. At the compressor discharge, the static wall pressure is
set. If this wall pressure is raised it is like closing the outlet
throttle of the machine. For flow field analysis, the same planes
are used as the probe traversing planes of the test compressor.
A portion of the mesh is shown iRig. 5. Every single row is
resolved with about 160,000 cells, including nine radial cell layers
for the rotor tip clearance. The total compressor is meshed with
1.8 million cell volumes. The turbulence model is the algebraic
Baldwin-Lomax model, because in comparison with multiple-
equation models it is unsusceptible to numerical instability and
accelerates the computation. The computation of one operating
point takes half a day on a single-processor workstation equipped
with a 750 MHz processor and 2.5 Gb memory.

The test rig is driven by a 1300 kW DC motor. The compressa:

Stafic Pressure SOF'a)_
2600

240000
measurement planes

NN

220006
200000

180000
160000
140000

inlet boundary: outlet boundary: 120000

total pressure=101300 Pa static pressure + radial equilibrium

total temperature=288,15 K 100000

axial flow

80000

Fig. 4 Meridional view of the computational domain
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Fig. 3 Third stator instrumented reference vane Fig. 5 Portion of the mesh
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Results

Characteristics of the Present Axial Compressor. Figure 6

shows a typical constant-speed operating line of the present re- reference bow
search compressor in terms of static pressure ratio. The static pres- _ - I
sure ratio is the static outlet pressure divided by the static inlet SwenmsE | e g

pressure. Closing of the outlet throttle of the compressor leads to
a rising static outlet pressure and a decreasing mass flow. Because
the inlet dynamic pressure decreases with decreasing mass flow,
the static pressure at the compressor inlet rises, if the inlet stag-
nation pressure is held constant as is the case for each constani
speed operating line. While the static pressures behind each row
of rotor blades and stator vanes, and at the outlet of the compres-
sor rises up to the point at which the compressor stalls, the static
pressure ratios of the individual stages and their product, the over-
all static pressure rise up to a maximum and then decrease as the
outlet throttle is closed. Excessive aerodynamic loading of an air- Fig. 7 Pressure distribution on suction side of stator 3
foil generates such strong flow separation that turning is reduced,
leading to a reduction of pressure ratio. Therefore, flow separation
exists at the points of maximum static pressure ratio of singlghe computed static pressure distribution on the suction side of the
blade rows and beyond towards the stall limit. Since the overaliference and the bowed vane of the third stator at the design
static pressure ratio is the product of the single-pressure ratios,gtsint. The dark gray and black zones indicate low pressure due to
maximum indicates one or more blade rows with separated flonigh acceleration. The flow is thus deflected from the end wall
Depending on the system downstream of the compressor, rot@ivard midspan in the front portion of the blade. The dotted lines
ing stall and/or surge occur at the left limit of the operation linén Fig. 7 represent 15%, 50% and 85% span. The relevant oper-
[7]. If the volume between compressor discharge and throttle cafing point is indicated in the pressure ratio versus mass flow
store enough compressed gas, the compressor will tend to surggiagram(from Fig. 6) in Figs. 7through11. In Figs. 8and9, the
low frequency. If there is effectively no volume between the dissomputed and measurddormalized with compressor discharge
charge and the throttle as in the present research compressqsressure surface pressure distributions of the reference and the
closing of the outlet throttle does not result in surge but in rotatingow blading are shown for these three spanwise locations. In
stall. This property qualifies the present compressor test rig feémparison with the reference vane, the acceleration at the front
investigations on flow separation and rotating stall without run-
ning the risk of damaging the rig.

ssnenn 19300 sanmnw “gux
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X0
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1500

14X005 g

Mechanism of the Bowed Vanes. At the front (acceleration
. . R =\ computation 85% blade hight
part of the suction side compressive normal blade forces act on o e coOMpUtation 50% blade hight
the flow. In the case of positively leaned or bowed vanes, a radial  os ==o==computation 15% blade hight
. . . . A measurement 85% blade hight
component is superimposed on these forces which drives the flon -é % measurement 50% biade hight
towards the midspan section of the blade. Therefore, the flow neai @ measurement 15% biade hight

midspan of a bowed vane is faster than in the reference case whil¢ 5 o2-
the velocity in the regions near the hub or shroud is reduced. At
the aft(deceleratioppart of the blade the fluid is driven from the
midspan section towards the end walls by the suction normal
blade forces. The higher acceleration in the front part at midspan g
implies a higher pressure rise and thus tends to cause separation ig
the deceleration part. Near the end walls, the effect is vice versa:g °¢
The adverse pressure gradient in the deceleration part of the suc#
tion side is reduced and so is the tendency towards separation
Indparti(;:ular near the hub, the tendency toward corner stall is 28 o2 04 06 08 10
reaucead. distance from the leading edge / chord length

The mechanisms of bow in a vane are demonstrated by stator 3
because the vanes of stator 3 have pressure Féguste 7 shows  Fig. 8 Normalized surface pressure on the reference vane

tic pres:

ta

0.7 F%
o

=\ computation 85% blade hight

Jnear stail*  maximum static o4 sz computation 50% blade hight

. e B 'l 0w com putation 15% blade hight

. pressure ratio ] A measurement 85% blade hight

rotatlng 1 # measurement 50% blade hight

© | stall / ® > @ measurement 15% blade hight
= e
= 2
[] ; v 2
5 «+— ,design point 2
@ 3
(4 o
s 5
5] / B
E traversing points -‘g“
w &

«— ,choke" 0.5 T T T T ]
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mass flow distance from the leading edge / chord length
Fig. 6 Characteristic of the present axial compressor Fig. 9 Normalized surface pressure on the bowed vane
Journal of Turbomachinery JULY 2004, Vol. 126 / 335

Downloaded 31 May 2010 to 171.66.16.21. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



/\ reference g bow

104 : NNt
I S S : i JUIREE

£ — A
5 °® T A
g : .
] 064 | —m—reference
<
o {3~ bow
o 1 - ;
o i B .
£ A
g : : 4%‘{”’" = .
] : i :

02 : e

e | | ! : i e
° p | L
090 095 1.00 105 1.10 115 — n
circumferential averaged axial velocity / low total pressure high

pitch averaged axial velocity (design point, reference compressor)

. . . . . . Fig. 12 Flow field downstream of stator 4, “near stall”
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point

eration(aft) portion of the vane, resulting in a lower axial velocity
of the near wall zones and a higher axial velocity in the mid

portion of the bowed vane mid-span section increases while t§gction in the following axial gap at the design operating point.
acceleration is reduced in near wall zones of the bowed vanes

when compared to the reference vane. This effect of reduced presEffects of the Present Bow on the Flowfield. Figure 1and
sure decrease is more pronounced near the hub because offille 12 show the results of flow field traverses on ax<i2 point
lesser bow angle and the greater pitch to chord ratio at the shro@tid for the reference and the bowed vane downstream of the
Downstream from the pressure minimum on the suction side, tfarth stator at different operation pointsigure 11 is a plot of
flow is decelerated and the pressure rises. In this deceleration afetd! pressure levels and velocity vectors at the design point of the
where flow separation occurs if the gradient of pressure rise K@mpressorFigure 12 shows the same diagram at an operating
comes too large, the gradient at mid span is increased by the be@int near stall. High values of total pressure show zones of un-
while the gradient near the hub zone is decreased by bow.  disturbed flow, low values of total pressure show zones of high
Figure 10 shows the effect of bow in stator 3 on the axialosses like boundary layers, wake regions, or zones of separation.
velocity in the axial gap between stator 3 and rotor 4 at the designAt the design point, zones of losses are small. At the hub and
point. The values of velocities are circumferentially averageiie shroud of the reference design, small regions of thick bound-
from a 15x<15 point traversing grid covering one pitch by a pneuary layers or small separation zones occur. These zones are re-
matic four-hole probe which includes a thermocouple. Due to tiiced in the bowed stator vanes. The distinction of momentum
higher accelaration at the mid span of the bowed vane, whigeficit due to boundary-layer losses, separation losses, and wake
causes a shift of mass flow towards mid span, the axial velocitylasses was made in the present study by repeated flow field mea-
midsection of the duct increases, while the axial velocity near tisgrements along the complete constant-speed operating line from
hub decreases as a result of the lower acceleration here. Becdilisike to stall. The plots are not shown here due to space con-
of the higher axial velocities at midspan of the bowed vane tigéraints. In the near stall operation point big separation zones can
incidence angle at the inlet of the following rotor blade will debe seen in both, the reference and the bowed vane designs.
crease and the aerodynamic loading of the rotor will be reduced.In the reference blading, corner stall extends from the hub
In summary, stator 3 shows two exemplary main effects dlrough midspan. In the bowed blading, the loading of the vane
bowed vanes. Because the pressure rise from minimum press’yﬂd therefore the separation is shifted from the hub towards mid-
to trailing edge pressure of the bow-bladed near-hub sectionsigan. This separation zone is removed from the hub so that there
less, the tendency towards separation is reduced. Near midspamo merging of corner stall separation with the separation on the
conversly the tendency towards flow separation increases. THtion side of the blade. The pitch-averaged value of total pres-
second effect of bow on stator 3 is a displacement of mass fl@re of the bowed vane becomes higher, as indicated by a perfor-

from the near-wall zones towards the core flow zone in the dec&tance map. The effect of moving the loading and separation to-
wards mid span is smaller in the third stator. Flow field data of the

third stator are not shown in this paper. In the third row of vanes,

the loading and the shape of separation zones is also moved to-

wards midspan but in contrast to stator 4, the separation at the hub
reference bow and the corner stall is not suppressed but merely reduced.

Effects of the Present Bow on Stage and Blade-Row Perfor-
mance. Figure 13shows the static pressure rise of each stage in
the reference and the bowed vane configuration at design speed.
All values inFigs. 13-17 were normalized with the design point
conditions of the reference compressor. For the bowed configura-
tion the pressure rise shifts such that the pressure rise of the stage
4 with bowed vanes increases while the pressure rise of stage 3
with bowed vanes decreases when compared with the reference
design. The loss of pressure rise in bowed stator 3 and stage 3 is
affected by the shift of mass flow to mid span and by the resulting
higher velocity level in the midspan section which in turn results

low total pressure - high in lower deceleration. The higher axial velocity in the core flow at
the outlet plane of stator 3 reduces the incidence inlet flow angle
Fig. 11 Flow field downstream of stator 4, “design point” of rotor 4 at midspan and so effects a lesser loading of rotor 4. The
336 / Vol. 126, JULY 2004 Transactions of the ASME
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Fig. 13 Stage static pressure ratio of the reference and the
bowed design Fig. 16 Overall total pressure ratio

incidence flow angle of stator 4 increases which leads to an iff-Which the corner stall was not just reduced but removed, is not
creased pressure ratio for the bowed stator 4 when compared Wit reduced but the point of maximum pressure ratio is also
the reference. This effect decreases for decreasing mass flow, preved towards lower mass flow.

sumably because the acceleration zone of stator vanes becomeSfects of Bow on Compressor Performance. Figure 15
smaller for lower mass flow due to increasing inlet incidencgnows the static pressure ratio of the reference and the bowed
angle. ) o compressor blading. The pressure ratio at constant speed of the

Figure 14 shows the pressure ratio of the individual vanes ®{o\ed stator is reflected in the characteristics of the overall com-
stator 3 and stator 4. The relative changes of the constant spgegssor, Beyond the maximum pressure ratio towards lower mass
lines show the effects of the bowed stator vanes on the staiRjy, the decrease of static pressure ratio is reduced by bow. From
characteristic which are caused by the reduced separation. Alfefiormalized mass flow of 0.975 to 0.925, the constant speed line
passing the point of maximum pressure ratio towards lower magsthe compressor with bowed vanes runs almost horizontal, indi-
flow, the loss of pressure ratio is reduced for the bowed stat@iting that the reduction of flow separation by the bowed vanes
vane 3 compared to the reference design. This is achieved byeayits in a higher static pressure rise if the machine is highly
reduction in flow separation. The loss of pressure ratio of statorifgded. At a mass flow of 0.83, stable operation of the compressor

is limited. Exceeding this limit leads to rotating stall, initialized in
the first stage[8]. Since the first stage is initializing the rotating
stall, the bowed vanes do not affect this limiting mass flow. At the
maximum pressure ratio stall limit, the pressure rise of the bow-bladed compressor exceeds
: , : the pressure rise of the reference compressor by 1.4%.

Figure 16 shows the measured and computed overall total pres-
sure ratio characteristic of the compressor at design speed with the
reference and the bowed vane desigigure 17 shows the corre-
sponding isentropic efficiencies. The left-most measurement
points (at normalized mass flow0.9) in Fig. 16 andFig. 17 are

1.02

nomalized static pressure ratio of blade row

il reference stator 3 the last operating points where the flow probe could be traversed
e bOW stator 3 without the risk of initiating compressor instability by the block-
048 _ —H&—reference stator 4 age, caused by the probe itself. The relative efforterms of
=O—bow . stawrd 95%-confidence intervalfor mass flow is=0.5%. The relative
error for total pressure is0.32% and for efficiency it is=0.4%-
L . o e Tog s age points. From chokénormalized mass flow1.029 to the

normalized mass flow

Fig. 14 Static pressure ratio of reference and bowed stator
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Fig. 15 Overall static pressure ratio Fig. 17 Isentropic efficiency
Journal of Turbomachinery JULY 2004, Vol. 126 / 337

Downloaded 31 May 2010 to 171.66.16.21. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



point of maximum static pressure ratioormalized mass flow blading design but efficiency is reduced because of higher friction
=0.975, the total pressure ratio and isentropic efficiency of thimsses caused by the larger in surface area of the bowed vanes.
reference compressor is higher. At the point of maximum stafitche constant-speed operating lines of bowed stators change so
pressure ratio, the measured lines overlap. From the point thht in the case of stator 3, the decrease of static pressure ratio is
maximum static pressure to the highly loaded point near @tatt  reduced for high loading. In case of stator 4, the maximum static
malized mass flow0.9), the total pressure ratio and isentropigressure ratio moves to lower mass flow for bowed vanes. At the
efficiency of the compressor with bowed vanes is higher by coratall limit, the static pressure rise of the bow-bladed compressor
parison. If not highly loaded, the higher losses of the bowed vanesceeds the static pressure rise of the reference compressor by
are plausible, considering that the surface area of the bowed vdné%. In future engine designs, this effect can be used move the
is about 7.5% larger in comparison with the basic vanes. Tiserge limit towards higher static pressures. The loss of efficiency
higher isentropic efficiency and overall total pressure of theay be compensated by reducing the number of vanes which then
bowed blading, when it is highly loaded, confirms the flow fielsheed to achieve a higher pressure rise, which, as shown above, can
measurements which showed reduction of the corner @&l be achieved by bowed vanes.
12).

The constant-speed lines of the Navier-Stokes computatioA§knowledgments
show, in comparison with the measurements, a displacement tohjs report is the scientific result of a research project, spon-
wards lower mass flow of about 1.5%. The loss of isentropigyred by the FVM*Forschungsvereinigung Verbrennungskraftm-
efficiency and overall total pressure of the bowed vane desig@chinen e.V.=Combustion Machinery Research Association,
compared to the reference compressor from choke to the pointggbnifurt, Germanyand carried out at the Turbomachinery Labo-
maximum static pressure rise match the measured results. Thgyry University of Hannover, Germany, under the direction of
left-most points of the computations represent the respectiifgst prof. W. Riess and then Prof. J. R. Seume. This work was
points of maximum static pressure rise for each constant sp&ggially (509 financed by the German Ministry for Economics

line. As described above,. the static pressure defines the ou @MWi) through the Society for Industry Resear@iF), (AiF-
boundary of the computation. If the static pressure at the outigt 067370.
boundary is raised further, the computation becomes unstableThe Fvv would like to thank the initiator Prof. Riess, the ad-
Figures 16and 17 show that the computed overall total pressurgisor prof. Seume, and the research assistant A. Fischer for the
rise and the isentropic efficiency to the left side of the measurggmpietion of the present project.
point of maximum pressure ratio are t0o high, respectively. This the authors would like to thank Berhard Kuesters, Siemens
failure is caused by the inability of the present computation ¥gyer Generation, Muelheim, for giving helpful advice and for
capture the separated flows in the last stator rows. Before Qj'ﬁding the working group “FVV Bow-Blading” and Uwe
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Conclusions
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stator vanes shift the flow from the near-wall regions to the mid- _ Gas Turbines Powe,07, pp. 484-493. A
span of the vanes in the front portion of the vanes. This leads téz] Breugelmans, F. A. H. et al., 1984, “Influence of Dvlyhedral on the Secondary
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f el : eingold, H. D. et al,, , “Reduction of Compressor Stator Endwa
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pressor deS|gns, separation first arises at the hub. The higher Iqag] Walkenhorst,  J., 2000,  “Axialverdichter  mit  Wandkonturierten
ing of the midspan section of the bowed vane leads to earlier Leitschaufeln—Pifstandsentwicklung und Stungsuntersuchung,” “Axial
separation in this area. The increase of mass flow and thus the Compressor With End-Wall Shaped Stator Vanes,” Ph.D. thesis, University of
i i ; ; Hannover, Germany and VDI-Bericht Reihe 7, Nr. 390, Duesseldorf, Germany.
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A Numerical Investigation of the
Flow Mechanisms in a High
Pressure Compressor Front Stage
With Axial Slots

This paper describes the impact of axial slots on the flow field in a transonic rotor blade
row. The presented results are completely based on time-accurate three-dimensional nu-
merical simulations of a high pressure compressor front stage with and without casing
treatment. Two different axial positions of a casing treatment consisting of axial slots were

Ingo Wilke tested for their impact on flow stability and efficiency. The first tested position (configu-

ration 1) was chosen in a conventional way. The slots extend approximately from the

Hans-Peter Kau leading up to the trailing edge of the rotor blades. As expected, the simulations of the
compressor stage with this configuration showed a significant increase in flow stability

Technical University of Munich, near surge compared to the solid wall case. However, a non-negligible decrease in effi-
Ballzmannstr. 15, ciency is also observed. Analyses of flow interactions between casing treatment and rotor

Garching 85747, Germany blade rows under transonic conditions lead to the general conclusion that the stabilizing

effect of circumferential grooves or axial slots mainly results from their impact on the tip
leakage flow and its resulting vortex. A characteristic vortex inside the slots is observed in
the simulations with the conventionally positioned casing treatment. This vortex removes
fluid out of downstream parts of the blade passage and feeds it back into the main flow
further upstream. The resulting impact on the tip leakage flow is responsible for the
increased flow stability. However, the interaction between the configuration 1 casing
treatment flow and the blade passage flow results in a significant relocation of the blade
passage shock in the downstream direction. This fact is a main explanation for the ob-
served decrease in compressor efficiency. A second slot position (configuration 2) was
tested with the objective to improve compressor efficiency. The casing treatment was
shifted upstream, so that only 25% of the blade chord remained under the slots. The
simulations carried out demonstrate that this shift positively affects the resulting effi-
ciency, but maintains the increased level of flow stability. A time-accurate analysis of the
flow shows clearly that the modified casing treatment stabilizes the tip leakage vortex and
reduces the influence on the flow inside the blade pasg&y@el: 10.1115/1.1731465

Introduction which can not be transported through the pressure barrier of the
pssage shock, gets caught inside this stagnation zone. Low-

In highly loaded transonic compressor stages, with sufficieR ergy fluid mainly results from the upstream tip leakage flow.

solidity to prevent an aerodynamic overloading of the rotor blad nder stable conditions, the fluid inside the stagnation zone con-

near surge, flow mechanisms inside the tip leakage and the res, II Jously becomes re-enerdized by mixing and diffusion effects
ing tip leakage vortex seem to be responsible for the loss of flo y 9 Y 9

stability under stall conditions. Measurements and CFD simulé:'th the high-energy main flow. This energy input prevents the

i I . . reakdown area from a continuous expansion. At surge, however,
tions of several authors indicate that the tip leakage vortex in t < balance is severely disturbed. Therefore, more low-energy
rotor blade passage undergoes a dramatic change in t°p0|og¥ldﬁj flows into the stagnation zone than can be re-energized. Con-

the compressor stage is operated near sufgeukawa (1], sequently the volume of the breakdown area grows rapidly. The

tSchIechttrlerT{Z], HoJrr;)ar;][?,]_, Wllllfeth[4],t_an|d I-lloege[S])t. P%s." ¢ esulting blockage finally causes vast flow separations in the rotor
ion, extension, and behavior of the tip leakage vortex direc &ade row and leads to compressor stall.

depend on the loading of the compressor stage. As long as .%xperiments and CFD simulations demonstrate that casing

lcorEpressortstag_e is Il?a(:[ied twithdmoc(ijerate pre?ﬁure rr?ti[?]s tlglet tments are able to delay stall, if flow mechanisms in the casing
€akage vortex 1S well structured and passes throug € ndary layer and the tip leakage are responsible for the onset of
passage shock without significant effects. However, if the pressilte. - piiities (Greitzer[6], Crook [7], Wilke [4], Qing [8], Rabe

ratio Is |ncreas_ed above a Ce“‘"’."” limit a _break(_jown of the t , and Ghilg[10]). In general their stabilizing effects can only be
leakage vortex is observed. Detailed CFD simulations of transonici-ed with a significant decrease in compressor efficiency. So

compressor stages indicate _that high _friction losses inSid‘? the Vidr only few configurations are known which, under certain con-
tex core are mainly responsible for this observed behawidike  jiions. are able to delay stall without a negative impact on com-
[4]). Th_e vortex b'reakdown is equivalent to the onset of a loc (‘essor efficiency(e.g. Qing[8] and Thompsor[11])). In these
stagnation zone in the outer blade passage. Low-energy fliidqes the interaction between the casing treatment, the blade pas-
_ ) _ ) sage flow and the tip leakage has not yet been fully understood. At

Contributed by the International Gas Turbine Institute and presented at the Intﬂrﬂs oint it has also not been explained in detail. in which impor-
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jugae p . p. T P
16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 20082t flow mechanisms these casing treatments differ from other
Paper No. 2003-GT-38481. Review Chair: H. R. Simmons. configurations.
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The presented results are based completely on numerical sir 5§
lations and refer only to conditions of design speed. The impact !
the slots at off design speeds has not yet been investigated.

Representative
casing treatment slot

Investigated = Compressor Stage and  Casing
Treatments—Description of the CFD-Model Used for
the Simulation

The investigated compressor stage is a transonic front stage «:
modern high pressure compress$biPC). At the design point the =
total pressure ratio of the front stage is 1.6 and the relative Ma
number at the rotor tip is about 1.4. The modeled tip clearance
the rotor blades is about one percent of the axial tip chord leng

All presented results are based on three-dimensional, unstei

Main O-grid  Cautler H-grid

Inlet H-grid

Perindic
boundary condition

Reynolds-averaged CFD simulations. In order to conserve co
putational time, the modeling of the HPC front stage was reduc Drirection ol
to a single rotor blade passage. Detailed steady-state simulati blade rotation

conducted during previous investigatiofid/ilke [4]) indicated
that the exit stator row has little influence on the basic near stall
flow mechanisms. Hence, the influence of the stator has been Fig. 1 Grid for blade passage and casing treatments
completely neglected in the presented simulation. A simplified
exit condition defined by a circumferentially averaged static outlet
pressure in radial equilibrium was used instead. As opposed to the
stator blade row, the inlet guide varfksV) was substituted by
boundary conditions calculated from steady state simulations $ady case due to massive computing time requirements. How-
the complete HPC front stage. The IGV exit conditions were déver, the authors believe that this meshing is suitable for unsteady
fined by circumferentially averaged radial profiles for total pressimulations as well.
sure, total temperature and the vector components of the velocityFigure 2 shows a representation of the design of the tested
direction. In contrast to the original compressor stage, the IG&asing treatments. They consist of four identical axial slots per
exit conditions were applied at about 1.1 times the axial tip choflade passage and have an open area of 50% in the circumferen-
length further upstream, measured from the leading edge of i@l direction. The slots are parallel to the rotation axis of the rotor
rotor blade. These inlet conditions were kept constant for all simand are inclined by 45 deg against a meridian plane in the direc-
lated configurations and operating points. The ratio between rotisin of blade rotation. The slot shape is designed as a semicircle.
blade frequency and the acoustic transit time from the leaditig configuration 1, the position of the slots is centered above the
edge of the rotor blade to the upstream boundary is about 1 diedor blade tip reaching from 7.5% to 92.5% of the chord length.
from the trailing edge to the outlet boundary about 0.5. In configuration 2, the slots are moved upstream so that only 25%
The commercial solver NUMECA/EURANUS was used for th@f the blade chord length remains covered by the casing treatment.
simulations. The integration in time is implemented in the impliciT he slots have a butterfly topology and consist of 25 grid points in
pseudo-time scheme. For the time-accurate simulation, 37 phyatimuthal and 57 grid points in main flow direction.
cal time steps per blade passage and 40 pseudo-time iterations
with a CFL number of 3 within each physical time step, were
performed. Single test runs with 67 physical time steps were cat-_ . . . .
ried out in order to prove that 37 time steps are enough to resoﬁ;émSIderatlons Relative to the Design of the Tested Cas-
all important information and give a time step independent solif9 Treatments
tion. The algebraic Baldwin-Lomax model was used to introduce With its design and position casing treatment 1 represents a
turbulence. The computation of at least one rotation of the rotgell-known type of casing treatment. This type has a significant
stage was necessary for each operating point in order to achigygbilizing impact on rotor flows as shown by several authors
convergence in the simulation runs. This time period was suffiFujita [12] and Takatg13]). The shape of the tested slots was
cient to distinguish stable operating points from unstable condiesigned as a semicircle. This was done to improve flow circula-
tions at stall up an accuracy of 2500 Pa in static back pressufign inside the treatment by avoiding unnecessary stagnation
Numerical stall appears as a transient flow field characterized by@hes. Experiments demonstrate that a slope of the slots in direc-
continuous decrease in mass flow, total pressure ratio and efftn of blade rotation enhances the resulting effectiveriEagita
ciency. In the simulations, numerical stall was never a purely nfit2] and Takatd13]). The authors believe that this behavior can
merical phenomenon, but arose always from physical consge explained by an improved interaction with the tip leakage flow.
quences due to distinctive flow mechanisms. Based upon this knowledge the slope of the tested casing treat-
A block structured topology consisting of H-blocks for the inlefnent was set preliminarily to 45 deg. At this point literature avail-
and outlet and a main O-blodsurrounding the rotor bladevas able to us does not give any specific information about the number
used to model the rotor blade passdgeg. 1). The whole rotor of siots per passage, the slot height or slot width for a given
mesh—without casing treatment—consists of approximatefy 1@ompressor configuration in order to achieve optimum results. For
grid points. 81 grid points were used to model the blade passagat reason configuration 1 was designed as a preliminary configu-
in the spanwise as well as in the blade-to-blade direction. Thation with “average” geometric parameters. A main consider-
O-grid has 241 grid points in the circumferential direction to ermation was to reduce computation time as much as possible by
sure a high quality mesh at the leading and trailing edge of tlidoosing a small number of slots per blade passage. The intention
rotor blade. The tip clearance is modeled by 17 grid points in th# simulating treatment 1 was, in addition to the investigation of
radial direction. Because of the low Reynolds description of thieportant flow mechanisms, a qualitative validation of the un-
boundary layer in the Baldwin-Lomax model used, the mesh wagady CFD computations. The simulations clearly demonstrate
stretched towards the solid boundaries in order to meet the regeat this model is able to reproduce the stabilizing effect that was
lution requirement of * <2. The meshing used proved to producexpected based upon the corresponding experiments. Numerical
grid independent results in steady state simulations. So far, results at design speed indicate for casing treatriemlowering
detailed grid refinement studies have been carried out for the wfi-stalling mass flow by 20% and a decrease in maximum effi-
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Fig. 3 Relative tip leakage velocity near stall for the solid case

At this point no optimization studies have been performed on
the slots in configuration 1 and 2. Therefore, they are expected to
have significant potential for further improvement. Possible geo-
metric variables for a parametric study could be the position of the
slot leading edge, the number of slots per passage and the slot
height and width.

Direction N Flow Mechanisms Inside the Rotor Without Casing
of rotation g Treatment
The characteristics and mechanisms of the tip leakage flow and
"‘W__ 380, its resulting vortex have already been analyzed by several authors
S (Wilke [4], Gerolymos[15], and Hofmanr3]). For that reason,

Py P

Hub -

Fig. 2 Tested configurations of axial slots

ciency by 4%. This is in good correlation with experimental da
from similar casing treatment desigriBujita [12] and Takata

[13)).

The authors believe that the stabilizing impact of casing tre

the investigation and description of the flow in the rotor stage
without casing treatment will concentrate only on such phenom-
ena that are essential to understand the impact of the tested casing
treatment configurations on compressor flow stability.

Important Properties of the Tip Leakage Flow. The tip
leakage flow can be seen mainly as a pressure enforced phenom-
enon driven by the pressure difference between the pressure and
the suction side at the rotor blade tip. Therefore, the tip leakage
flow is most intensive at operating points near stall where the
aerodynamic blade loading reaches a maximum. The flow veloci-
ties inside the tip clearance continuously increase in the direction

8 the blade leading edge where the most intensive tip leakage

flow occurs. This fact can be shown to have a negative impact on
the losses inside the resulting tip leakage vortex and hence its
fability (Wilke [4]). Usually, the radial tip gap extension is

ments is mainly based on their impact on the tip leakage flow aQfhaller than the overall thickness of the casing boundary layer.

its resulting vortex. The simulations show that especially the fropt) "1 o+ reason the tip leakage flow is never an isolated mecha-
part of the tip leakage flow is very significant for the stability o ism, but is always overlaid by the casing boundary layer. The
the tip leakage vortex. This can be concluded from the d'St”bUt'(ﬂ?opertieS of this boundary layer are essential for the behavior of
. : - the tip leakage flow and its resulting vortex. In particular, the axial
It is, therefore, obvious, that manipulating the complete tip gapy|ocity component of the boundary layer is very significant be-
would not be more effective than simply using the high energy, ,se this component is responsibie for turning the upstream ori-
leakage flow near the leading edge. Moreover, slots reaching fr%rﬂtated tip leakage flow in the downstream direction.

the leading to the trailing edge of the rotor blades will unneces- || a similar way, mechanisms of the free main flow are super-
sarily increase the resulting leakage flow from downstream hig Aposed upon thé casing boundary layer near the blade tip. In
pressure areas. To improve this situation, a shift of the slots in te ;e\ jar, the blade passage shock does not appear in the follow-
upstream direction would be an appropriate alternative. The mogji- figurés as clearly as it would in an inviscid flow. Near the
fied casing treatment is expected to increase the flow stability agd ye tip, typical\-shocks are observed instead

at the same time to improve the efficiency level. The criterion for ' ’

the relocation was the distribution of the flow velocity inside the Properties and Topology of the Tip Leakage Vortex. The

tip clearance for the solid wall case. Detailed simulations indicati leakage vortex develops from a rolling-up of the leakage flow
that the highest velocities occur in the first 25% of the tip chordfter interacting with the incoming casing boundary layer. The
for the investigated rotor blade ro@ig. 3). Downstream of this rotation of the leakage vortex results in the formation of a char-
location, the level of velocity reduces rapidly. acteristic trough in the static pressure distributiBigs. 4and5).
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Fig. 6 Relative total pressure in the passage near blade tip at
the onset of vortex breakdown

This trough indicates the vortex trajectory. CFD simulations shothe angular velocity inside the vorteVilke [4]). The high gra-
that the flow velocities inside the vortex core rapidly decrease éhents of angular velocity are the consequence of the distribution
the direction of the vortex trajectory. This can be explained byf the leakage flow velocity inside the tip clearartb@hest at the
massive friction effects due to high gradients in the distribution d¢ading edge and lowest at the trailing efgehe higher the ve-
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Fig. 5 Static pressure in the passage near blade tip at the on-
set of vortex breakdown
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locities of the leakage flow are, the more intensive the friction
losses inside the leakage vortex will be. It is obvious freig. 3

that the high-velocity zone in the first 20—30% of the blade chord
has a dominating impact on the resulting losses. An appropriate
method for the evaluation of losses inside the rotor flow is the
computation of the total pressure in the relative system of the
rotor. This value is highest at rotor inlet and losses of any kind
cause a reduction of this initial value. Fig. 6 the formation of a
significant trough in the distribution of the relative total pressure
is illustrated for an operating point at the onset of vortex break-
down. Figures 4-6 show pressure contour plots within the sub-
sonic casing boundary layer. For that reason no losses occur in
Fig. 6 at the location of the passageshock. It is obvious from

Fig. 6 that the losses in the rotor flow mainly concentrate in the
vortex core and increase in the direction of the vortex trajectory.
The relative total pressure reaches a minimum shortly ahead of the
blade passage shock. If the compressor is operated at higher pres-
sure ratios, the value of the relative total pressure in this minimum
zone can even go beyond the level of the static pressure behind
the passage shockeeFigs. 5and6). This lack of energy blocks

the core part of the leakage vortex from passing through the pres-
sure barrier of the blade passage shock. As a consequence the
vortex core breaks down and the onset of a stagnation zone is
observed. Low-energy fluid, which can not be transported through
the blade passage shock, gets caught inside this stagnation zone.
Under stable flow conditions the fluid inside the stagnation zone
continuously gets re-energized by mixing and diffusion processes
between the core and outer parts of the vortex. This energy input
prevents the breakdown area from continuous expansion. At
surge, however, the re-energizing effects are no longer sufficient
to dampen an expansion of the stagnation zone. Hence, more low-
energy fluid flows into the stagnation zone than can be re-
energized. The volume of the breakdown zone rapidly grows until
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1,2 - | | | increased back pressures, th_e brea_lkdown zone rapidly grows _until
i L | | R | at a mass flow of 0.94, at which point the rotor reached numerical
Ig ' .; - &— Confi gumaton 1 Sta”'
E 1.1d _‘_rl.-. s = Canfl gumbon 7 |
g il b ol Flow Mechanisms Inside the Rotor With Casing Treat-
g 100 " VeRm b et ment
T 105 f Kmmaerical *L\- = The plots inFig. 7 show the influence of the tested casing
2] miall - an . . .
z b paim treatments on the behavior of the simulated rotor at design speed.
E 10 N NI It is obvious from these data that a massive interaction with the
5 0 59 . AL | rotor flow takes place if the slots are applied. The surge line as
e well as the efficiency are significantly affected by both casing
0,98 treatment configurations. Configuration 1 results, as expected
of 07 08 08 0% 08 1 1.09 from corresponding experiments, in a stall point shift of about
Mormalized mass flow 20% to lower mass flows. This gain in flow stability correlates
Chisiet of with a drastic decrease in efficiency over the whole operating
Vorbes breakidown Deslan range. At the design point the maximum efficiency gets reduced
1.02 T '\.\ - v by 4%. A significant improvement resulted from the application of
0.99 : V‘V ' the configuration 2 casing treatment. The simulations revealed an
ol identical increase in flow stability for this setup, but the impact on
g 096 -— " efficiency is much different. For mass flows higher than the design
i 0.93 Tl point, a moderate de.crease in efficiency of only 0.2% is observed
T | -l sl compared to the solid wall case. For mass flows lower than the
= 09 T T | = design point, the compressor efficiency increases. The efficiency
3 0.87 FUallP > " T — reaches the maximum value of the solid case.
E : 3 y & . —m— Configusaan 1
=z 084 T—— T +— Configusan 2 Centered Positioned Axial Slots(Configuration 1)
0.81 ' . i Description of General Flow MechanismsFigure 8 shows
0.78 { L | { the time-accurate interaction between casing treatment configura-
07 075 08 085 08 085 1 105 tion 1 and the rotor flow near maximum efficien@yormalized

mass flow 0.985 The contour plots show the distribution of static
pressure in the blade passage near the blade tip and inside a rep-
resentative slofcenterling. Additionally, the vector field of the

flow velocity is given for the slot’s midplane.

In the slot, a characteristic vortex in a counterclockwise orien-
tation can be identified. This vortex, driven by the pressure gradi-
ent between the up- and downstream areas in the blade passage,
the resulting blockage causes vast flow separations in the rothaws fluid out of downstream parts of the blade passage and
flow. This mechanism finally leads to compressor stall. feeds it back into the main flow further upstream. The shock sys-

In the simulations, the position and the angle of the vortegem in the blade passage gets significantly changed by this mecha-
trajectory are found to be almost constant for operating points @ism. Compared to the operating points of the solid case, a clear
higher pressure ratios. This behavior has also been describedpatial separation of the front shock from the downstream passage
other publications that investigate tip leakage flow in high-spee&ghock is observed near the blade (gs. 4 5, and8). This fact
compressorgHofman [3] and Hoeger5]). The authors believe correlates with the loading of the blade tifigure 9 shows the
that this property is a characteristic of high-speed compressafae-averaged impact of casing treatment 1 on the distribution of
and completely different from low-speed compressors. In lovatatic pressure at the blade tip. The leakage flow into the slots
speed compressor investigations a significant shift of the leakagfises a pressure reduction in the back part of blade chord,
vortex in the upstream direction is observed if the loading is iwhereas the flow out of the slots even increases the loading of the
creased Saathoff[ 16]). pressure side near the leading edge.

The simulations presented do not reveal an unsteady characteh the simulations, the blade passage shock is found to be al-
of the leakage vortex. However, this fact is probably due to theost steady in its position. Its changes in position are too small to
numerical reduction of the computation model used to a singt@ clearly detected in the presented contour plots. However, a
blade passage with periodic boundary conditions. Future investmall oscillation of the outgoing mass flo@bout 0.1% of the
gations must take into account the unsteady interaction betweetal mass flowis observed. This oscillation is periodic with the
neighboring blade passages. blade frequency and appears only in the outlet mass flow. This

behavior is characteristic for all simulated operating points. The
authors believe that the fluctuations in the outlet mass flow prin-

Computed Compressor Map and Topology of the Tip Leak- cipally correlate with a periodic movement of the blade passage
age Vortex at Design Speed. Figure 8hows the characteristic shock. At this point of the investigation, it is not yet clear, how
speed line of the simulated rotor at design speed without casimgich an unsteady behavior of the blade passage shock is sup-
treatment. Unsteady simulations were performed to evaluate fhessed by the computational reduction of the rotor stage to one
single operating points. At a normalized mass flow of 1.0, th&ingle blade passage. Near maximum efficiency the maximum
compressor works at maximum efficiengglesign point The flow velocity inside the slots reaches approximately Mach 0.6 to
simulations indicate for this mass flow a well structured topologd.7. Due to this subsonic flow level, pressure information resulting
of the tip leakage vortex. The complete vortex is able to pag®m the front-shock and the low-pressure area at the suction side
through the blade passage shock without significant disturbanodéshe rotor blade are transported inside the slot in the clockwise
(Fig. 4). At a normalized mass flow of 0.958, a breakdown of thdirection. The frequency cycle of these pressure waves corre-
vortex core is observed, leading to a local stagnation zone. Wgponds to the rotor blade frequency.

Normalized mass flow

Fig. 7 Computed compressor map
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Deflection of
tip leakage Mow

T=1/4 T=2i4

Rotating high-

Lip leakage Now

T=3/4 T=4/4

Fig. 8 Flow mechanisms with slot configuration 1 near maximum efficiency (normalized mass flow of 0.985 )

Figures 10and11 show the distribution of static pressure neaobservedthe flow vectors irFigs. 8 10, and11 are plotted with
the blade tip and inside a slot for higher loadings. Here, no sitie same scaleThe simulations show for all operating points that
nificant changes in the general flow mechanism can be detectkd total volume of casing treatment 1 is completely involved in
near maximum efficiency. The maximum flow velocity inside théhe flow interaction. No “dead” volume exists. At a normalized
slot increases somewhat for higher pressure ratios. At a normalass flow of 0.959 the leakage flow that passes through the casing
ized mass flow of 0.84 a maximum flow velocity of 0.8 Mach igreatment is about 3.8% of the total mass flow at the design point.
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Fig. 9 Time-avaraged loading of the blade tip, CT 1 Removal of
tip leakage Now
0000
This value increases for higher loadings. At a normalized mass
flow of 0.84, the slot leakage flow reaches 5.3%. This is mainly
due to an increased pressure level inside the blade passage. RN
Impact on Flow Stability. The high-pressure zone behind the End o
blade passage shock mainly drives the flow inside the slots. Com| 1eakage ¥ st

pressed air leaks continuously into the casing treatment and ex
pands in the upstream direction. The mass flow by the slot vortex
is responsible for a significant behavior change of the tip leakage ) i .

flow and its vortex. In contrast to the untreated case, the spreadg i 11 Slot configuration 1 at a normalized mass flow of 0.84

the tip leakage flow perpendicular to the blade chord is almost

blocked. Depending on the flow field of the slot vortex, the tip

leakage flow is drawn either into the casing treatment or is de-

flected radially inwards by the bleed air coming out of the slots.

This mechanism prevents a loss-intensive rolling up of the tipakage vortex develops like in the untreated case. A characteristic
leakage flow. IrFigs. 8 10, and11it can be seen that in the front low-pressure trough in the first 7.5% of the blade chord indicates
part of the blade tip, which is not under the casing treatment, a ifg trajectory. However, this vortex immediately disappears again
at the leading edge of the casing treatment. This impact of the
casing treatment minimizes the losses that would occur if the tip
leakage vortex rolls up as in the solid case. Moreover, high-energy
fluid transported from downstream parts of the blade passage con-
tinuously re-energizes the casing boundary flow in the upstream
blade passage. By comparing the distribution of relative total pres-
sure between slot configuration(Eig. 12) and the untreated case
(Fig. 6) it is obvious that the axial slots result in an improvement
of the energy level near the blade tipote the different color
scales.

Impact on Compressor EfficiencyFigures 8-11 indicate that
with the application of casing treatmteh a significant impact on
the shock system, particularly that within the blade passage, is to
be expected. As opposed to the solid case, the blade passage shock
shifts significantly downstream due to the leakage flow through
the slots. InFigs. 8and 10 the blade passage shock clearly sepa-
rates from the front shock at the blade leading edge. The shock-
shifting impact of slot configuration 1 is not limited to the blade

Removal of tip region, but extends significantly in the spanwise direction. By
tip leakage flow j viewing the azimuthal averaged static pressure distribution in the
blade passage this influence becomes very obvibigre 13
: illustrates that almost the complete flow field in the blade passage
- is affected by the casing treatment. The dislocation of the shock
system in the blade passage is one explanation for the observed
decrease in efficiency. Another point is the slot leakage flow itself.
As a result of the additional leakage flow, the already compressed
air is decompressed again in a continuous cycle. Therefore, more
work must be done by the compressor in order to maintain a
certain pressure ratio. The computed slot leakage near maximum
efficiency (about 3.8% of the mass flow at the design ppist
nearly the same as the observed decrease in total efficiency of
Fig. 10 Slot configuration 1 at a normalized mass flow of 0.959 about 4%.
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Solid, max. efficiency Solid, near stall (norm.
mass flow 0.94)

(norm. mass flow 1.0)

Statc Pressure Statc Pressure
1

Fig. 12 Distribution of relative total pressure at a normalized
mass flow of 0.959 for configuration 1

Upstream Positioned Axial Slots(Configuration 2) . . N .
CT 1, maximum efficiency CT 1, at a normalized
Description of General Flow MechanismsAs in configura-  (norm. mass flow 0.985)

tion 1, the flow orientation inside the slots is dominated by =~ o . ] .
counterclockwise orientation. The driving force for the onset ¢ —, Stz Pras S""’".’;;'

the observed slot vortex is the high-pressure zone due to the frc
shock. It takes effect each time the blade leading edge passe
slot. Hence, the slot flow has a highly unsteady character. Tl
simulations show that the velocities inside the slots significant
increase, mainly with the intensity of the front shock. Near max
mum efficiency of configuration 2, the maximum velocity reache
only Mach 0.2-0.25, whereas at a normalized mass flow of 0.8
the maximum velocity rises to Mach 1(the scaling of the veloc-
ity vectors is three times the scaling used for configuratipn 1
Figure 14 shows the time-accurate interaction between slot col
figuration 2 and the rotor flow at a mass flow of 0.965. Thes
illustrations reveal that each time the front shock passes the sl
fluid is drawn out of the blade passage into the casing treatme P
The shock intensity at this loading is not high enough to cause oo room
consistent flow circulation inside the complete slot volume. Th B -

main counterclockwise flow field in the slot has superimpose CT 2, maximum efficiency =~ CT 2, at a normalized
upon it secondary vortices that exhibit a clockwise orientatior (norm. mass flow 0.982) mass flow of 0.965

This behavior changes for higher loadings. At a normalized mass

flow of 0.84 a single strong slot vortex is observed. The mass flovig. 13 Azimuthal avaraged distribution of static pressure in

that passes through the casing treatment is significantly less cdh¢ blade passage

pared to configuration 1. Near maximum efficiency, the simula-

tions result in a slot leakage flow of about 1.2% of the compres-

sors mass flow at the design point. This value increases to 3.8% if

the normalized compressor mass flow is reduced to 0.84. Thdmpact on Flow Stability. The tip leakage vortex is not de-
impact on the shock system inside the blade passage is notsasyed by the setup of casing treatment 2. However, its intensity
intensive as it is observed with configuration 1. The location @$ significantly reduced in comparison to the untreated case. This
the front and blade passage shock is not significantly affecterhn be concluded from a visible weakening of the characteristic
However, casing treatment 2 reduces the loading of the presspressure trough in the blade passage. The observed impact of slot
side where the blade is under the slots. This fact can be seen in¢befiguration 2 on the intensity of the tip leakage vortex is not
azimuthal averaged static pressure in the blade padfégel3d) constant for all operating points. It is smaller for low pressure
and in the time averaged loading of the blade(Hig. 15). ratios and grows with increasing blade loading. At very high pres-
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Rotor blade

s

At a normalized mass flow of 0.965: T = 1/4 At a normalized mass flow of 0.965: T = 2/4

At a normalized mass flow of 0.965: T = 3/4 At a normalized mass flow of 0.965: T = 4/4

Under conditions of maximum efficiency: T = 4/4 At a normalized mass flow of 0.84: T = 4/4

Fig. 14 Flow mechanisms with slot configuration 2

sure ratios the onset of the tip leakage vortex is almost completéliade suction side, whereas this outlet shifts upstream for higher
blocked in the first 25% of the blade chafféig. 13). The removal blade loadinggFig. 13). In the first 25% of the chord the resulting

of tip leakage flow from the highly loaded pressure side througteflection of the tip leakage velocity component perpendicular to
the slot opening is responsible for the intensity-lowering influendde blade dampens the loss-intensive rolling up of the tip leakage
on the tip leakage vortex. This removed tip leakage flow is temwortex. Hence, the losses inside the tip leakage vortex are reduced.
porarily buffered inside the slots. Where this fluid leaves the slot$is allows the tip leakage vortex to be stable even under
again finally depends very much on the blade loading. For loweonditions which, for the solid case, result in a vortex breakdown
pressure ratios the outlet is mainly the low-pressure zone at ttieg. 16).
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Fig. 15 Time-avaraged loading of the blade tip, CT 2 Fig. 17 Azimuthal avaraged distribution of relative total pres-

sure in the blade passage

Impact on Efficiency. When compared to configuration 1,
configuration 2, the upstream shifted slots, has significantly lesgre ratios. The tip leakage vortex is mainly responsible for losses
impact on the rotor flow field. The flow field and the shock systeiin efficiency and blockage effects near the outer casing. Slot con-
in the blade passage stay almost unchanged for lower presdigeration 2 reduces the losses inside the leakage voRigx 17)
ratios. This explains the negligible decrease in efficiency withiand thus stabilizes its topology. This, of course, positively affects
this operating range. In the solid wall case the properties of the tige compressor efficiency at higher pressure ratios.
leakage vortex become more and more important for higher pres-

Conclusion and Outlook

The simulations demonstrate that the stabilizing effects of the
tested casing treatments are based on their impact on the tip leak-
age flow and its resulting vortex. Both configurations show the
same effectiveness in delaying the onset of stall, but differ signifi-
cantly in their resulting impact on efficiency. Configuration 1
leads to a massive destruction of the tip leakage vortex, whereas
configuration 2 weakens the rolling up of the tip leakage flow.
Hence, it can be concluded from the simulations that it is more
advantageous to manipulate the tip leakage flow only in the very
upstream part of the blade chord, than over the complete width.
Configuration 2 represents a preliminary design. It surely has ad-
ditional potential for efficiency improvement. The identification of
design criteria, which are particularly advantageous to the weak-
ening of the tip leakage roll up, will be the focus of future work.
Investigations will concentrate on the question of how the flow
inside the slot has to be directed in order to increase flow stability
and efficiency as much as possible.
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Advanced High Turning
Toyotaka Sonoda compressor AlrfOIls f0r LOW
Yoshihiro amaguchi | Reynolds Number Condition—
s | Part I: Design and Optimization

Wako Research Center,

Saitama 351-0193, Japan High performance compressor airfoils at a low Reynolds number condition at

(Re=1.3x10°) have been developed using evolutionary algorithms in order to improve

Markus Olhofer the performance of the outlet guide vane (OGV), used in a single low pressure turbine
(LPT) of a small turbofan engine for business jet aircrafts. Two different numerical opti-
Bernhard Sendhoff mization methods, the evolution strategy (ES) and the multi-objective genetic algorithm

(MOGA), were adopted for the design process to minimize the total pressure loss and the
deviation angle at the design point at low Reynolds number condition. Especially, with
respect to the MOGA, robustness against changes of the incidence angle is considered.
The optimization process includes the representation of the blade geometry, the genera-
Heinz-Adolf Schreiber tion _of a numerical grid_ and a blade-to-blade analysis _using a qua_si-three-dimensional
German Aerospace Center (DLR) Nawer-Stokes solver with a k-turbulence model including a newly implemented tran-
Institute of Propulsion Technology’ sition model to e_valuate the perfor_mance. Overall aerc_)dynam|c perfor_mance and bour_ld-
D-51170 Koin German;} ary layer properties for the two optimized blades are discussed numerically. The superior
’ performance of the two optimized airfoils is demonstrated by a comparison with conven-
tional controlled diffusion airfoils (CDA). The advantage in performance has been con-
firmed by detailed experimental investigations, which are presented in Part Il of this
paper. [DOI: 10.1115/1.1737780

Honda Research Institute Europe GmbH,
63073 Offenbach, Germany

Introduction In order to evaluate the performance of the baseline compressor

One approach to minimize the weight of small turbofan engin blade experimentally, cascade tests have been carried out at DLR,
approach « - eightot 9 ologne[3] in a wide range of Reynolds numbers. The first re-
for business jet aircrafts is to design a single-stage low-pressur

- . ; : . SWits on the baseline cascade are giveRig 2, which shows the
trbine together W'th. an outlet gu'd? vane. the OGV Is set Ju eynolds number characteristics at two different incidence angles.
downstream of the single-stage turbine in order to remove swif{.

This way we hope to combine high efficiency at the cruise desi%ncan be seen that for both cases the critical Reynolds number is
point with the condition of a lightweight design. bout 2< 10° and that the losses dramatically increase below this

The OGV had to be designed for high subsonic inlet speed ngmber. Therefore, it is very important to understand the corre-

high flow turning and a very low Reynolds number of about 1 §ponding flow mechanism f_irst and in a second step to (_jeve_lc_)p a
‘new design concept for an improved blade element in this critical

X 10° at the cruise point. Although there are several publicatior'lg i
on cascades at low Reynolds numbers, hardly any investigation
have been reported on the detailed blade design for such hig]
turning low Reynolds number compressor blades. Almost all Q
the papers deal with low-speed cascades or with high-speed
cades but low turning airfoils. Rhodé] reported that for very- us
low-speed cascades with a large camber angle a fairly high SIS
tion peak near the leading edge of the suction surface seems tq,

effeptive to prevent a Iamingr separation: quever, questions t6 the class of global stochastic optimization methods together
main whether this concept is valid for high inlet speed regiongy, 5 Bezier spline. Both approaches used a viscousfinviscid

Furthermore, additional analysis is reqy!red to determine the irEc')lver(MISES[G]) for the blade-to-blade analysis. In both studies
portant factors for boundary layer transition and for laminar SePfse Reynolds number was quite higin the order of 2.5 10F)
ration but_)bles for very low _Reyno_lds numbe(le;g., [2].)' The . \ghich leads to a relatively simple flow field compared to the
initial design of the high turning guide vane section, first carrie

. present condition (Rel.3x10°). Since in our project phenom-
out for ground condition (Re0.86x 10), was based on the Con'Fna like large laminar separation bubbles and intensive turbulent

ecently, first results on the optimization of compressor airfoils
e been reportdd,5]. The complete design method consists of
eometrical representation of the airfoil, a blade-to-blade flow
ver and a numerical optimization algorithm. Koeller et[4].
ed a combination of stochastic and gradient algorithms for the
ytimization, and a third-order spline for the representation. Be-
and Toffolo[5] used an evolutionary algorithm that belongs

cept of a controlled diffusion airfoil. A midspan cross section 0Lg 4 rations are likely to play a dominant role, it seems inevitable
the three-dimensional outlet guide vane and the design paramefgrse 4 Navier-Stokes solver for the evaluation

are shown inFig. 1 and Table 1, respectively. The design inlet As shown inFig. 3, two different methods belonging to the
Mach number is 0.60 and the design turning angle is 43 degasq of evolutionary algorithms, the evolution stratég$) and
Because there is no streamtube contraction, the diffusion factortH multi-objective genetic algorithtMOGA) have been em-
0.53 is relatively high. This blade is designated the baseline blag, e for the optimization. We used a Navier-Stokes solver first

OGV-BASE. during the optimization in a “fast” mode and later for validation
before the experiments were executed in a “precise” mode. In the

Contributed by the International Gas Turbine Institute and presented at the Intge:= ~; i
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, JLtlﬁ:raeCISe mode a new transition model adapted to the low Reynolds

16-19, 2003. Manuscript received by the IGTI December 2002; final revision mardimber regime with a fine mesh resolution in the boundary layer

2003. Paper No. 2003-GT-38458. Review Chair: H. R. Simmons. is used. Such a fine resolution is omitted in the fast mode in order
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| Stochastic algorithms (ES & MOGA) |>
Evaluation by fast CFD |
Final evaluation by precise CFD |
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Aerodynamic design data 1
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Experimental validation and flow analysis

Optimization

Airfoil geometry representation

Fig. 1 Cascade parameters

to save computation time taking into account that during the op-

timization the flow solver will be called 600(ES) and 12000

(MOGA) times, repeating. The final designs were experimentally

validated at DLR, Cologne, and additional flow analysis was car-

ried out to support the interpretation of the experimental results.
It is well known that freestream turbulence occurring in rearli 3 Design approach for the high turning compressor airfoil

turbomachinery environments has a strong effect on the bound@(gg/"ow Reynolds numbers

layer; it tends to cause early transition from laminar to turbulent

flow, [7], and it may alter the separation behavior. However, in the

present work the freestream turbulence level for the optimizati : : )
process has been set to the low turbulent level of 0.6% that%rodynamlcs Researctwith a low Reynoldsk-s turbulence

L : . odel proposed by Chidi8] is used. The quasi-three-dimensional
similar to the one in the planned experiments to allow a thorougy\ < iver is a modified three-dimensional Navier-Stokes code,
anl(:] ﬁ:rstoln;btlﬁevg\: glf:?;l?ﬂb%ftig]r?s(zﬁzl?&us has been but on ”59], for the purpose of calculating aerodynamical performance of

X . S np Wo-dimensional cascades in short time. The grid consists of 191
results of the aerodynamic design optimization and in Part Il 51 cells and the average value p# near the wall is of the
the validation and the flow analysis. Here the target was to eIu%| 9

date why the optimized airfoils have a superior performance rder of 1.0. The computation time for one run with this grid is
y P P P " about 3.5 minutes on an HP Alpha 21264 833MHz processor. In

Validation of Fast Navier-Stokes Solver. As the fast flow the optimization process, AVDR has been always fixed to 1.0.
solver, an in-house quasi-three-dimensional version of the Navier-A typical example for the validation of the fast flow solv@o
Stokes flow solver, HSTARHonda Software for Turbomachinery transition model is shown inFig. 2. The CFD results do not
clearly show a sudden increase below the critical Reynolds num-
ber as it is observed in the experiment. However, qualitatively the
overall Reynolds number characteristics are well predidtag-

Table 1 Design parameters of OGV-BASE

Aerodynamics Geometry
° 1.2 T T T T T T T T
Inlet Mach Number, M 0.60 | Stagger Angle, B 104.6 OGV—_BASE Ros2.0010°
Inlet Flow Anble, 4 133.0° | Chord Length (mm), C| 65.0 1.1 M,=0.6 1
Exit Flow Angle, B, 90.0° | Maximum Thickness 6.70% 10 =
: --®-- Exp. B,=133° —e— Calc. B,=133°
Turning Angle, B4-f2 43.0° | solidity, C/S 1.734 - --m-- Exp. B,=130° —&— Calc. B,=130°
Diffusion Factor, DF 0.53 '
AVDR 1.0 | Reynolds Number 8.7x10°
12 I I

—— EXP:/=0°

< 10 —A— EXP:/j=-3°

& . \ —O- CFD:/=0°(AVDR=1.0)

7]

1]

o 8 AVDR

&) k\\ 1.0-1.03

a 6]/ .\\ - 03| -
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L AN : |

o 4 D Sy F—— \ 0.2 b
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Fig. 2 Experimental and calculated Reynolds number charac-

Fig. 4 Comparison of experiment and CFD simulation
teristics of baseline CDA cascade

transition model ) in profile Mach number distribution

(no
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Table 2 Summary of two global stochastic optimization methods used

Algorithm (u,A)-CMA-ES MOGA
Design parameters 42 (=14 of control points x 3) 14
Representation NURBS (cyclic, 3rd order) B-spline (3rd order)
Constraints ne >08%xc b, >08%xc
) rme >1.1%xc b, >11%xc
Thickness O > 2.0% x C O > 2.0% x C
Onax > 6.7% x C Omax = NO constraint
Exit deviation angle -0.3°> B, > +0.3° -1.0°> B,> +1.0°
Objective function Single objective (Eq. 1) Three objectives (Egs. 3,4, 5)
weighted sum of f, = pressure loss
1.  exit deviation angle constraint f, = difference of pressure losses (i=0°,
2. pressure loss f; = difference pressure losses (i=0°, -
3. four thickness constraints
Population size p=1,rA=12 80
Number of generations 500 50
Total number of NS-calls 6000 (=500x12) 12000 (=80x50x3)
Initial blade OGV-BASE Uniform distributed

ure 4 shows a blade surface Mach number distribution of thet al.[12] for the implementation used here and to Olhofer et al.
Reynolds number of 2 10° for two incidence angles. At design[13] for the application of the CMA-ES to design optimization
incidence 3,=133 deg, the experimental Mach number distri-problems.

bution on the suction surface shows a laminar separation from

about 30 to 55% of chord. A more extended bubble is obtained t%ﬁ:;dé Spﬁ?r‘:ge[ﬂ?f'ig'ﬂ%ga ?ogl&see?en?;suenr:{g:irgntglfntjf-lgrggdr:l-as
the negative incidenceB;=130 deg. Both lead to a certain piine [ 14, P ’

amount of additional drag and performance deterioration. It &2WN INFig. 5. The control points are subject to the optimization
interesting to note that thie-e model without an explicit transi- and the resgltlng _spl_lne_determlnes the contour of the rt_apresented
tion model is able to simulate a similar midchord separation arp(SAde' In this optimization, the parameter vector consists of 14

provides a reasonable loss level. Therefore, it seems acceptf@%lecf)%?g% laﬁ)gs'm?h;vrzgfeeﬁ,c?ofsqﬂglepgg f‘z regrraerizqé?g ttt?;t
that this fast approach is applied during the optimization proce y ’ P

are optimized. This allows a high degree-of-freedom for variations

during the optimization. Nevertheless, the number of parameters
. is small enough to allow a convergence of the algorithm within a

Design Approach reasonable number of generations.

Evolutionary Algorithms for Design Optimization. Evolu- Objective Function. In order to calculate the fitness, three dif-
tionary algorithms belong to the class of global stochastic optinfierent criteria have to be considered: the pressure loss of the de-
zation algorithms. They are based on principles of evolutionagygn, the deviation angle and the thickness of the blade. In prin-
biology, in particular on natural selection acting on a populatiogiple, two different approaches are possible to cope with multiple
of different designs called individuals. The variation operatorsiteria for the evaluation of the quality of the design: a weighted
produce genetic diversity and the selection directs the evolutiosum approach or a Pareto-based approach. In the design of the ES
ary search. Recombination or crossover which combines gendilade we employed the weighted sum approach as follows:

material and mutation which introduces stochastic changes, are 6
the main variation operators. =3 I 1
In this paper, we employ two algorithms that represent two ] W;t;—minimize, (1)

different approaches to the search process with respect to the rep- o o _ ) o
resentation, to the variation operators and in particular to the deghere thew; are weighting coefficients, which are fixed heuristi-
sign of the fitness function. The co-variance matrix adaptatiogally, and thet; are given as follows:

evolution strategfCMA-ES), which was employed in the design _ _ _

of the OGV-ES blade, is a single-objective algorithm and belongs t1=max0| B2~ Bz gesigh~ OF)
to the evolution strategies. The MOGA, which was employed in t,=w

the design of the OGV-MOGA blade, belongs to the class of

Pareto-based multi-objective algorithnj4,0,11], and its evolu- t3=max(0,r g gesigi LE)

tionary principles are based on the genetic algorithm.

For both optimizations, the inlet flow angle, the real chord
length and the solidity are fixed by design requirements. In order
to analyze a wide variety of possible design concepts, the geoo.s|
metrical constraints were not the same for the CMA-ES and the o2}
MOGA method. This has the drawback that the results cannot bey1s|

directly compared from an optimization point of vie(@eeTable 01l ' spline
- -+--control polygon

-
_____
------
- -
-----
-

) 0os| L~ x
#

Optimization With ES. In the design of the ES blade, a spe- of”

L L L
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

cial variant of evolution strategies with so-called co-variance ma- fraction of chord length

trix adaptation (CMA) has been applied. The details of the

CMA-ES are quite involved and the reader is referred to Hansen Fig. 5 Airfoil parameterization of ES
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2. wide operating range for positive incidence

f2=|wdesigi™ @design. 50| — Minimize 4)
te=max 0,0 =@ ] 2 design @design+5°| — MIF
5= MaX 0.8 i, gesgr™ O 3. wide operating range for negative incidence
te=max(0,0 max, design™ @ max)- @) fa= |wdesign_ @ design- 5o/ —minimize. (5)

Constraints. The tolerance of the exit flow anglés is set to Constraints. The tolerance of the outflow angldg3,
0.3 deg. The values of g gesign T'LE design @maxdesign @Nd  — B, 4esigh is set to+1 deg. Furthermore, the lower bounds of
O min designare lower limits. The first three are set identical to thos® ,,,, b, and b, are given by @min'desigr; 0.9x2
of the BASE airfoil, and the last is set to X2 Xradius of the X (radius of the trailing edge) and BY £ design@NA T T gesign'
trailing edge of OGV-BASE. No explicit criterion for the off-
design incidence conditions is considered.

(6)

Convergence in MOGA. In this optimization, the target is to
the pressure loss and the exit flow angle are showr{uA) obtain all Pareto solutions in a three dimensional space of objec-
CMA-ES with one parent-individualf=1) and\ = 12 offspring- tives. In order to visualize the two-dimensional Pareto surface
individuals in each generation was used. The optimization w&ore clearly, we projected two objectives onto on€igs. 9 and
initialized with a geometry similar to the BASE airfoil in the first10resulting in two two-dimensional Pareto distributioRggure 9
generation. A fast decrease of the pressure loss as well as a r&aws the distribution of individuals at the initial generation and
adaptation of the deviation angle can be observed. Later on hé final generation on thig versusf, objective planeFigure 10
deviation angle fluctuates near the target angle of 0.3 deg, wher8R8Ws the corresponding distributions for theversusf; plane.

the pressure loss is further decreased. From the individuals in the final generatlonﬁngs. 9 and 10 one

blade geometry highlighted by an arrow was selected as the
Optimization With MOGA. The basic algorithm of the

MOGA is the same as the simple real-valued genetic algorithm.
However, as the name suggests the MOGA approach incorporates
extensions to allow a multi-objective search process with the tar-

get to approximate the Pareto surface, [€ék11], by the popula-

tion of the final generation. A blade that belongs to the Pareto set

is a nondominated solution, i.e., no other blade geometry exists @
which is superior inall objectives. Therefore, MOGAs can gen-
erate a set of Pareto solutions that demonstrate tradeoff relation-
ships between the objective functions. These relationships can im-
prove the decision-making process of the aerodynamic engineer
and provide useful information for a design-parameter study. MO-
GAs have been successfully applied to the aerodynamic optimiza-
tion of gas turbine blades, see, e.g., work by Yamaguchi ¢15].

and Oyama et al.16].

() min> ®min,design; b1> r LE,design; b2> rTE,design-

Convergence of the ES-CMAIn Fig. 6, the development of

improvement

\

5o d°

Blade Profile Definition. The blade surface is described with a
B-spline,[14], using four control points based onpaeliminary-
camberline. Note that thepreliminary-camberline is different 0.06

from the mean camber-line, since the control points on the suction 805 ¢

Fig. 8 Goal of optimization process of MOGA

4 ¢ INITIAL POPULATION
®
A OPTIMIZED POPULATION  H

surface and the pressure surface are defined independently in the

optimization process. Furthermore, two points are used to describe g4

the leading edge ellipse and the trailing edge ellipse for the pres- .

sure surface and the suction surface, respectifédyire 7 shows £, 003

a profile of the design parameterization. 0.02 . .
Objective Functions. In this study, in addition to the perfor- 0.01 *

mance at design condition, the off-design performance is consid- '

ered as schematically shown fig. 8. The corresponding objec- 0

tive functions are defined as follows: 0.04

0.05

h

Fig. 9 Pareto distribution of the initial population and the op-
timized population projected on  f1 versus f2 plane

0.07

1. minimization of the pressure loss coefficient at design inci-
dence
f1=w—minimize

®)
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detail

o ) ) measurement data show a nearly constant Mach number in the
MOGA airfoil, therefore, putting emphasis on the performance agion of laminar separation between about 30% to 47% of the
design condition. For comparison, the baseline airfoil is reprghord and a transition region with turbulent re-attachment and a
sented by stars ifrigs. 9 and 10 large pressure recovery from about 45% to 57% of chord. In the

Validation of Precise Flow Solver. As the precise flow computed results, this phenomenon can be predicted witk-the

solver, ak- turbulence mode[17], and an Abu-Ghannam/Shaw{UrPulence model and the transition model only.
(AGS) transition model[18], based on Drela’s modificatiopé], A further validation is provided irFig. 12(b), that shows a
which has been successfully used in the MISES code, are impf2mparison between simulated and experimental Reynolds num-

mented into the quasi-three-dimensional version of HSTiR, ~Der characteristics fg8, =133 deg and, =0.6. Compared to the
case without the transition model, séig. 2, the prediction accu-

Transition Model. Transition starts when the momentunracy is considerably improved. As a last validation, a computed
thickness Reynolds number Bexceeds a critical transition Rey-incidence characteristic for the subcritical conditions with high
nolds number Rg, and it is completed when Be=2Reg,. The losses (Re-1.0x10P) is shown inFig. 12(c). Although the experi-
critical transition Reynolds number is calculated from the followmental losses scatter around slightly high valugs=133 deg,
ing relation used by Kuegel¢i9], that is based on the modifica-the computed curve is qualitatively similar to the experimental
tion by Drela[6] to remove the ill-posedness of the original AGSne.

model: The computed flow field with the transitional analysis is shown
10 in Fig. 13 again at Re-1.97x10°, and ;=130 deg. The com-

Re, =163+ 74.{0.55+tank(——5.5 +1(-(0.94 n,+1), puted skin friction coefficient with the isentropic Mach number
Hio along the suction surface is shownFig. 13(a), the eddy viscos-

ity contour inFig. 13(b), and the velocity vector with the static
where H,,=8,/8,. The influence of the freestream turbulenceressure contour iRig. 13(c). FromFig. 13(a) we notice that the
outside of the boundary laydru is given by the critical amplifi- laminar separation starts around 30% of chord on the blade suc-
cation factormn, : tion surface. The augmentation of the eddy viscosity starts at ap-
proximately 45% chord, a position that corresponds to the Mach
®) number or pressure kink in the suction side distribution. Down-
stream of the pressure kink the negative skin friction coefficient is
Eﬂplified due to the high vorticity of the reverse flow and the

100/

Outside the boundary layer the flow is assumed to be turbule
The combination of the transition and the turbulence model
realized by introducing an intermittency functiépto modify the
turbulent viscosityu; obtained from the turbulence model,
follows:

Tu
Ney=—8.43-2.4 |n(—

fbulent entrainment process along the rear part of the bubble.
urbulent reattachment is simulated around 57% of chord, where
a the eddy viscosity increases. These observations agree well with
She explanation of a separated-flow transition discussed, e.g., in
the 1991 IGTI scholar lecture of MayJ@0] and the pattern of the
pk computed skin friction coefficient is similar to the one shown by
pr=Ff—, (9  Walker[21].

Reynolds Number Effect on Boundary Layer of OGV-BASE
To analyze the effect of the Reynolds number in more detall, in
(7T Rep—Re; s Fig. 14, the computed blade Mach number distributi¢tug), the
25/ 25+ 275{ 1—5”‘(5' T) ] H (10)  simulated boundary thickness parameters and form factor
! (middle), and the suction surface friction coefficigiittom are
Validation. For the validation, the experimental data for thgrovided for Reynolds numbers of 1.0, 2.0 and>8I0°. As
baseline cascade were used again. The computational grids strewn inFig. 12(b), the losses above a Reynolds number of 2.0
shown inFig. 11 The grid consists of 25481 cells, which is X 10° remain nearly constant, whereas for smaller Reynolds num-
therefore finer than the one used in the fast mode XI®1). The bers a rapid increase can be observed. Since the computed Mach
averagey ™ of the first grid point from the wall is about 0.3 for number distributions agree quite well with the experimental data,
calculations at Re2.0x10°. The comparison between computedhe computed boundary layer data and skin friction coefficient
results and experimental data is shownFig. 12 In Fig. 12(a) seem to be plausible.
the isentropic Mach number distributions obtained at=R&7 For a high Reynolds number of R8.7x 10° (including 4,9
X 10°, M;=0.60, andB,;=130 deg are shown for the fully turbu- X 10°, not shown herg the boundary layer transition occurs near
lent (k-w and Chien’sk-e mode) and transitional analysik{w the blade leading edge and flow remains turbulent all along the
plus transition modglin comparison to the measured data. Theurface. However, the boundary layer thickens and the skin fric-

where

fi=
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Fig. 12 Comparison of experimental and CFD results for OGV-BASE. In CFD, the k- model with transition model was
applied. (a) Mach number distribution around critical Reynolds number, (b) Reynolds number characteristics,  (c) incidence

characteristics below critical Reynolds number.

tion coefficient decreases while moving toward the blade trailithpe MOGA profile is decreased, as shownFig. 15(b). The LE

edge. In reality, the boundary layer tends to separate from the rgaometries of OGV-BASE, OGV-MOGA, and OGV-ES are circu-

part of the suction surface. lar, elliptic, and “arbitrary.” The present aerodynamic simulations
At the Reynolds number of 2:010°, a laminar separation show that the LE and suction side flow fields seem to be signifi-

bubble with transition and turbulent reattachment is observed E&ntly controlled by the resulting variations of the suction-surface

tween 25% and 48% of chord. The boundary layer thickness igdrvature of the optimized blades, as showirig. 15(c). For the

dicates that the laminar separation is less pronounced, and @@V-ES, the first local minimum of the curvature is located at

bubble has little impact on the loss level. However, at lower Regbout 15% chord, whereas for OGV-MOGA it is at 40% of chord.

nolds number (Re1.0x 10°), an extended laminar separation is

observed with a tendency not to re-attach on the surfacefigee  Overall Aerodynamic Characteristics.

14 (right). This critical situation is often interpreted as “bubble o )

burst” associated with a considerable loss increase. The presenfReynolds Number CharacteristicsAs a main result, the com-

simulation predicts a loss of 6.9%. puted loss versus Reynolds number characteristics for the two
optimized airfoils ES and MOGA are shown Fig. 16 for the
Optimization Results design incidence (AVDR 1.0) and compared to previous results

of the baseline airfoil. The white circles for OGV-BASE are taken
Airfoils Geometry. The airfoil geometry resulting from the from Fig. 12(b) in which the AVDR was slightly adjusted to the
two optimization methods ES and MOGA are shown togethexperiments. Therefore, the losses of OGV-BASE have been re-
with the baseline profile irrig. 15. Figures 15a), (b), and (c) calculated at the design Reynolds number with AVBRO and
show all blade geometries with fixed LE points, the details of thelotted as double circles.
LE parts and the chordwise suction surface curvature variationsthe numerical results clearly demonstrate that both optimized
between 10% and 50% of the chord, respectively. Unique airfgj|ades are superior in the whole Reynolds number range and that

geometries have been obtained, having maximum thickness &firamatic loss reduction was achieved at the design point with
around midchordES) and more in the rear part of the chord for gn p

the MOGA airfoil. The stagger angles of the two optimized bladégezl'?’>< 10°. There is no sign of a_l_steep increase of the _total
are also significantly different. Furthermore, the LE thickness &fessure losses below a certain critical Reynolds number in the
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Fig. 13 Computed results with a k- turbulence and transition model at Re  ~2X10°, B,=130° (a) Skin friction coefficient
and surface Mach number distribution, (b) eddy viscosity contour,  (c) velocity vector and pressure contour.
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Fig. 14 Effect of Reynolds number on suction-side boundary layer property for OGV-BASE. Surface isentropic
Mach number (top), boundary layer parameter (middle ), and skin friction coefficient ~ (bottom ), k- @ turbulence and
transition model applied

tested range. Another interesting point is that there seems to bth@ maximum LE peak Mach number of OGV-MOGA is slightly
minimum loss point around Rel.8x 10° for the MOGA airfoil; decreased to achieve lower losses at the high incidences. As a
refer to Part Il for a detailed discussion. result of the simulation&ig. 17 clearly reflects that OGV-MOGA
. L o with a smaller peak Mach number shows superior performance on

Incidence Angle Characteristics.A computed incidence angle hq positive incidence side and OGV-ES seems to be marginally
c_haracteristicg fo_r the optimized ai_rfoils and for the baseline pr@giter at the very negative incidences.
file is shown inFig. 17 for the design Reynolds number of 1.3t 5 interesting to note that the optimized blades show a similar
X 10° and AVDR=1.0. Again the performance of OGV-BASE atperformance around the design flow angle of 133.0 deg, although
the design Reynolds number with AVBRL.0 is recalculated and poth airfoil geometries are very different from each other. The
plotted as double circles. The incidence range is fairly increasgfhch number distribution of the OGV-ES has an extreme forward
both for the negative as well as for the positive incidence ranggcated suction side Mach number maximum—a distribution simi-
Especially, the OGV-MOGA results show lower losses betweggr to the one found in the low-speed C4-cascade tests of Rhoden
134 deg and 137 deg compared to OGV-ES but slightly highef] with minimum losses. Here, earlier boundary layer transition
ones at very negative incidences. from laminar to turbulent flow seems to be important for low

An explanation for these differences can be obtained from thgynolds numbers, and the well-controlled front loading airfoil
blade surface Mach number distribution at the design incidengggs to a good performance.

angle of 133.0 deg: As shown Fig. 18 (top) the Mach number

distribution is very different between the OGV-ES and MOGA Boundary Layer Characteristics at Design Reynolds Num-
profile. One reason why two different types of loading patterriser. Figure 18 shows the computed isentropic profile Mach
have been obtained is the difference between the constraints figmber distributiongtop), the computed boundary layer param-
the ES and the MOGA optimization. In the case of OGV-ESgter on the suction surfadeniddle), and the skin friction coeffi-
which was optimized for the design incidence only, the Macbient (bottom) for OGV-BASE, OGV-ES, and OGV-MOGA, re-
number distribution shows an extreme front loading type, whilgpectively, for the design Reynolds number of418°. In Table
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Fig. 15 Two optimized airfoils compared to baseline geometry, . .
(a) blade prof”e’ (b) |eading edge part in detail, (C) curvature of attachment is observed at appI’OXImate|y 25% of chord. On the

suction surface MOGA airfoil, a small LE separation bubble is obsery&iy. 18
right), however, transition is not completed. The flow re-
laminarizes due to a weak re-acceleration at around 10% to 20%

. . f chord and the boundary layer thickness remains thin,&ee
3 the corresponding aerodynamic parameters for the three c% - - : ) ; )

. .-and &, in Fig. 18 (right). Laminar separation finally occurs at
cades z;re sgn;)rgla r|_zed.bF0r OdGV_B/{\hSE’ a \;\_/ell devfe Igge_d |1a8mma§oun%1 31%gto SOg/ogof ():hord with turgulent re-attac);1ment.
separation bubble is observed on the suction surfadeéign . _

(left). The laminar separation occurs at around 25% of chord a?dngalb léﬁ?\'/;ﬁ?;'mﬂfmfgrattheotggoﬂgt'g'éiiﬂidféés_rée;pond
extends to approximately 90% of chord; a situation at which S P P

“bubble burst” associated with high losses € 0.06) can be ex- and about 40%OGV-MOGA) as shown inFig. 15(c). On the
pected. For OGV-ES, an early laminar separation bubble and trd) her hand, the curvature for the baseline airfoil is monotonically

g . creased downstream but shows a higher level in the bubble
sition at around 21% of chord is observed due to the strong ad= . - ~= .
verse pressure gradient right from the beginr(fig. 18 cente). position in relation to those of ES and MOGA. It seems that the

Downstream of transition this gradient is continuously reIaxe%ﬁ?ﬁﬁé{éazﬁ:Vi?l:’féoﬁrﬂzméztsk:gtﬂ'gct?ung%gomro'Ied by the air-
toward the TE to keep the boundary layer far apart from turbule ’
separation. The computed result shows that the laminar SEparag?&nclusions
starts around 7% of chord from leading edge. Turbulent re-

Evolutionary optimization methods, namely evolution strategy
and the multi-objective genetic algorithm, have been applied to
the design of a high turning compressor airfoil at very low Rey-

R ' D nolds numbers together with a Navier-Stokes solver with Chien’s
—O— OGV-BASE M,=0.6 low Reynoldsk-¢ turbulence model. Furthermore, the aerody-
8 =~ OG\-ER B,=133.0° namic characteristics and the boundary layer properties for the
+ 008} —A— OGV-MOGA - baseline blade OGV-BASE and the two optimized airfoils
.g DeeiH ol o opitanen (RE<T 3T OGV-ES and OGV-MOGA have been numerically analyzed using
= ; ' a newly developed flow solver that combinek-a» turbulence
2 : __— numerical design validation model with an Abu-Ghannam/Shal&GS) transition model. The
B ® (AVDR=1.0) 1 following conclusions can be drawn.
E 1. The results from the optimization algorithms without an ex-
o plicit transition model in the flow solver show better perfor-
@ 004r 1 mance for a wide range of Reynolds numbers in the numeri-
@ cal design validation than the baseline.
Q 2. The superior performance of the optimized airfoils for very
Il 0.02 | | low Reynolds numbers is gained without losing performance
2 at high Reynolds numbers.
D 3. The boundary layer analysis shows a large separation bubble
: for the baseline airfoil which is close to “bubble burst,” but
0 ol . ¥ . L e PP P P relatively smaller separation bubbles with less drag for the
1 2 3 4 5 6 7 82910 two optimized airfoils.
Re [X1 05] 4. In the case of OGV-ES, which was optimized only at the
design incidence angle, a well-controlled front loading air-
Fig. 16 Computed Reynolds number characteristics of three foil leads to an earlier boundary layer transition which in
airfoils at design inlet flow angle of 133° turn leads to a high performance for low Reynolds numbers.
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Fig. 18 Computed surface isentropic Mach number (top), boundary layer parameters
(middle ), and skin friction coefficient (bottom ) at design point (Re=1.3X10% M,
=0.6, and B,;=133) deg for the baseline airfoil (OGV-BASE) and two optimized airfoils
(OGV-ES and OGV-MOGA)

5. The OGV-MOGA cascade, which was optimized at off- 6. The bubble positions for the optimized blades correspond to
design incidences as well as design incidence, obtained a the positions with local curvature minima of the airfoil suc-
slightly reduced velocity maximum at the leading edge with  tion surface. Therefore, the curvature underneath the bubble
moderate local pressure gradients and the suction side partly seems to play an important role to minimize the bubble
remained laminar until about mid chord. height and the associated drag and losses.

Table 3 Computed performance for two optimized airfoils and baseline airfoil at low Reynolds number

Rex10°® M, M, B4 B2 P2/p AVDR ®
OGV-ES 1.3 0.606 0.397 133° 88.74° 1.134 1 0.0389
OGV-MOGA 1.3 0.606 0.398 133° 88.58° 1.136 1 0.037
OGV-BASE 1.3 0.606 0.399 133° 89.16° 1.123 1 0.0599
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7. The experimental validation of the performance of the optBubscripts

mized airfoils and additional analysis are carried out in Part

Il of this paper.
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Experimental Investigation of
Unsteady Flow Field in the Tip
Region of an Axial Compressor
saojieLiu | RoOtor Passage at Near Stall
Hongwei wang § - Condition With Stereoscopic

Huoxing Liu P . I I V I .
ongunve | Farticle Image Velocimetry
Haokang Jiang Stereoscopic particle image velocimetry (SPIV) was applied to a large-scale low-speed
compressor facility with the configuration of the two CCD cameras placed on each side of
Maozhang Chen the light sheet to make the measurement of the vortices in the cross flow section possible

and to avoid the disturbance from the light sheet containing periscope-type probe. Instan-
taneous velocity and vorticity distributions were successfully documented at the tip region
of the rotor at near stall condition. The measurement results clearly revealed the genera-
tion and evolution of the tip leakage vortex. Comparing to design condition, the tip
leakage vortex at near stall condition generates and breaks down earlier and interacts
more violently with mainstream, which causes large blockage and much loss. Whether
corner vortex exists or not is the primary difference between near stall and design con-
dition. Differing from the leakage vortex, the corner vortex is composed of multiple
vortices developed from the suction surface of the rotor blade. The key mechanism for the
generation of the corner vortex is that the rotation of the rotor has different effect on the
evolution of positive vortices and negative vortices, which makes the positive vortices
dissipates faster than the negative ones, the vortices at the rotor exit therefore bear mainly
negative vortices, which induces the fluids to rotate clockwise at the corner and forms the
corner vortex.[DOI: 10.1115/1.1748347

School of Jet Propulsion,

Beijing University of Aeronautics and
Astronautics,

Beijing 100083, China

Introduction compressor facilities. Stable leakage vortex, tip separation vortex,
The flow in the tib region of a compressor rotor is alwa and secondary vortex were successfully found by detailed mea-
. P reg ) P . Y3urement on stationary planar cascadds5]. In contrast, the

complicated. Due to the interactions among various flows such as o .
Measurement results on compressor facilities are different from

end-wall flow, blade boundary layer, fip leakage flow, and th(gach other{6—13. Few of them have detected the stable leakage

influence .Of the rotating blade, there exist complex flow s.trUCtur%rtex at the rotor exit, and their position, intensity, and scale are
such as tip Ieaka_ge vortex, corner vortex, local separation, I’aqjﬁltljch different from those in the planar cascades. The detail struc-
and circumferential transportation of low-energy fluids, and tr} re of the leakage vortex in the rotor passage was not success-

Interaction between Igakage_ flow _and_shock |n_h|gh speed con Tly measured because of the obvious measurement difficulties in
tion. Loss gen_eratgq in the tip region is the major source of COe rotor except for some very limited results by LDV whose
pressor rotor inefficiency, and is often the cause of compres !

; . . . atial resolution was not adequate. These complex measurement
rotor stall. Mechanism of the complex flow in the tip region a P

; . . . '~ results represent the unsteady and viscous nature of the tip leakage
therefore, is a hot issue in compressor aerodynamics. Investigatill, Two explanations were proposed to explain why there is no

ondthﬁ gerller_atlor;]_anbd evolutlohn of th_ehvortlces in thF tip reglo[é kage vortex at the rotor exit on most compressor facilities. The
and the relationship between them with compressor loss and sfat 3ne considers that the leakage flow is mixed into the main
is important for the development of high performance compress@p,; hefore it can roll up into a leakage vortepd2]. Another
The study on the tip region flow is difficult even with currentogigers that the leakage vortex has broken down in the rotor
advqnced measurement techniques and computational fluid ¥ssage. Recent unsteady CFD simulations on tip leakage flow,
narr_ncs(CFD). . ) 14-14, show that the leakage vortex breaks down in the rotor
Simple theoretical models have been established to descr sage in high-speed compressors or low-speed compressors
leakage flow based on observation and experimental reseagiing at near-stall condition. However, at the working point of
which include Rains’ jet m0d9|[,1]* Lakshminaragana’s com- ot |ow-speed compressor facilities, CFD results are different
pound vortex mode(.2], and Chen'’s similarity analysis of leakagefrom most experimental results in that a stable leakage vortex
vortex, [3], etc. These simple models successfully described thgisis at the rotor exit. In summary, steady characteristics of rotor
basic characteristic of leakage flow, and also demonstrated its iy leakage flow are well understood based on mean flow, turbu-
viscid characteristic. Detailed structure of tip leakage flow Wagnce characteristics, and pressure distribution on the casing after
experimentally investigated on planar cascades and large-sGal§re than half-century study, However, the measurements and
computations on the tip region flow are far more than sufficient to
Contributed by the International Gas Turbine Institute and presented at the Intghawze the formation, evolution, and dissipation of the leakage
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, June ' ’ .
16-19, 2003. Manuscript received by the IGTI December 2002; final revision MarPIt€X and corner vortex. BreakthrOUgh techniques SL!Ch as stereo-
2003. Paper No. 2003-GT-38185. Review Chair: H. R. Simmons. scopic particle image velocimetf$PIV) should be applied to the
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Table 1 Parameters of the test compressor

—a— Axial Velocity
—o— Total Pressure

Outer diametefm) 1.0
Aspect ratio 0.6 06+ e = —__
Design speed 1200 rpm et S
Design mass flow rate 22.4 kgls A/ °
Flow coefficient 0.58 $ o044
Pressure rise coefficient 0.4 g
Vortex design Free vortex 5
Configuration IGVA rotor+ stator £ 024
Number of blades 3617+20 2
Airfoil type Cc4 3
Blade camber angle 171426.5+49.1 N 004 o -0t
Blade chord(mm) 100+ 180+ 180 g il %,
Reynolds number 7.5x10° 5 / %
Rotor tip clearance 0.5% 2 029 | 3
(As percentage of blade 1 /
heigh d
0.4 T T T T 1
00 02 04 06 08 1.0

Normalized by Blade Height (mm)

study of complicated unsteady flow in the tip region of compresig. 2 Rotor inlet axial velocity and total pressure distribu-

sor rotor. In the present study, SPIV was used on a single-stagas
low-speed large-scale compressor facility to obtain the three-
dimensional instantaneous velocity distribution. Measurement was
acquired on a few cross sections at the tip region of the rotor
passage at near stall condition. The structure and the mechanism
of the tip leakage flow and corner vortex were discussed in the
paper based on the instantaneous results to give insight on the
issues proposed above.

Compressor Facility

Measurements were acquired in the low-speed large-scale com-
pressor facility in Beijing University of Aeronautics & Astronau-
tics. A full specific of the geometric and aerodynamic character-
istics for the experiment facility was given here for the
consideration of the influence by them for further comparison and
analysis. The key parameters of the compressor facility are as
Table 1. The facility is a typical single-stage low-speed compres-
sor facility and the flow in the tip region should be able to repre-
sent most low-speed compressors. Performance of the compressor
is shown asFig. 1, and the inlet stagnation pressure and axial
velocity distribution 15 mm before the leading edge of the rotor
are asFig. 2. A curved glass casing window with length of 420
mm, width of 280 mm and thickness of 5 mm is located at the
rotor’s tip region for optical measurement.

The layout of the measurement cross-sections I@s3. Eight
cross sections were arranged from 30% to 110% chord length with
interval of 10% chord length. The cross sections were near the
suction surface of the rotor blade with a width of half of the rotor
passage and a height of half of the rotor blade. The effective area
of the cross sections, however, was different due to the intensive
light reflection from the hub and the random movement of the
seeding, most with a height of one-third the blade height. The

0.50 Measurement Paint

-

0.45 - & Dasign Point
0.40
0.25

0.30

Fragsure Rise Coeflicient

0.25 -

0.20

=
05 055 060 0485 070 075
Flaw Caefficiant

e
0.35 D40 045
Fig. 1 Compressor characteristic
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Fig. 3 SPIV measurement cross sections
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J o : Table 2 Parameters of the SPIV system

I Light resource Dual-cavity YAG laser,
; 150 mJ/pulse, 30 Hz
CCD 1280x 1024 Pixels, 3.7 Hz,
T " Flay minimum time interval
1 0.5 us
— Synchronizer TSI model 6300
Acquisition and
analysis TSI INSIGHT3
software

Fig. 4 Measurement scheme of PIV L . .
quisition frequency of the SPIV is far lower than the blade passing

frequency, which should be noticed in the analysis later.

coordinate is based on the measurement cross sections, W@ébding

were perpendicular to the tip chord of the blade. The velocity axis = ) )
X, Y, andZ for velocity u, v, andw are shown on th&ig. 3. Seeding is the key for the optical techniques such as LDV or
PIV when they are applied on compressor facilities. An effective

method is to seed only around the measurement region to avoid
SPIV System the difficulty caused by the huge flow rate and complicated flow
Particle image velocimetryPIV) breaks through the limit of in such facilities. A smoke generator was built and placed 5-6
single-point measurement techniques because of its capabilitynagters in front of the inlet of the compressor to scatter the seed
measuring the instantaneous velocity distribution of an unsteadgiformly. The seed is not very uniform in the measurement re-
complex flow. It also allows the advantages of nonintrusive, higgion due to the unstable movement of the incoming air, which is
spatial resolution, huge data acquisition capacity, and fast testithg reason that a region of insufficient measurement results was
operation,[17—-19. The accuracy of PIV is comparable to LDV documented at each cross section.
now, [17,20. It has been widely used in the studies range from More details of the measurement and data processing please
low-speed to high-speed, from large scale to microscale, and froefer to the previous papef21]. All the units are international
external flow to internal flow, especially for the unsteady flows.ones except those specified in the paper.
Stereoscopic particle image velocimeti§P1V) offers the po- ) )
tential to shed light on the problem of streamwise vortex measufdesults and Discussion
ment in turbomachinery. Two CCD cameras are used in the SPIVTnere are many results concerning the rotor tip leakage flow
measurement, which can be placed on the same side of the lighfng single point measurement, most of which were measured at
sheet or on each side of the light sheet, and there must be ceri@ilign condition and at rotor exit. The discussion here will focus
angle between the optics axis of each camera and the light sheg{.the instantaneous flow structure in the rotor passage and the
Comparing to the PIV configuration shown Fig. 4, these fea- mechanism of evolution of leakage flow as well as corner flow at
tures ensured SPIV to obtain not only the instantaneous thregesr stall condition.
dimensional velocity distribution in the cross section of blade pas-The vortex mentioned in this paper means a concentrated vor-
sage as shown ifrig. 5, but also the application in multistagetex with definite size that rotates around a vortex core with pure
turbomachinery. _ _ vorticity, such as the leakage vortex. It is unreliable to recognize a
SPIV with two CCD cameras placed at each side of the ligjortex from the velocity distribution in a complex flow with mul-
sheet was applied to the measurement of rotor tip leakage flgyie vortices since the result will depend on the location of an
and corner flow in the low-speed large-scale research compresgggerver. The vortex distribution as well as velocity distribution
facility in this paper. Instantaneous velocity and vorticity distribuyas used to do this. The result shows that the vortex recognition
tion in eight cross sections of the rotor passage were successfylhsed on the vorticity distribution is more reliable than the one
documented at near stall condition. The whole SPIV system [igsed on the velocity distribution. All the analysis is in the rotor
manufactured by TSI incorporation. As describedable 2, itis  frame since the vorticity distribution was calculated based on rela-
built with high performance CCDs and is applicable for commogye velocity. To achieve a high spatial resolution, the measure-
cases. Phase locking was used to make sure the measurement\@s area was limited to be half of the passage’s width, which is
in the same position relative to the same blade in the experimegy mm due to the limitation of the pixels of the CCD. The
The instantaneous flow field characteristics taken in the sa@gnieved resolution is around 1 mm, however, it is more than
cross-section do not relate with each other directly since the ggtequate to recognize the small-scale structure of the turbulence
flow. Concerning the light reflection from the blade surface, all
resulted measurement areas are 4 mm away from the blade suction
surface, which means that no data is in the boundary layer.

I i 4 s Evolution of Tip Leakage Flow and Corner Flow
o | e CL Figure 6 are the measurement results at 30% chord. The vec-
tors in the figures represent projected velocity on the observed
plane. A clear leakage vortex is detected here, which means the
leakage vortex is generated in upstream. The streamwise velocity
. . " of the vortex core is much lower than the velocity in the main-
e —d . stream, which indicates the leakage vortex is not very stable.
vt S Some low-speed regions exist near the blade suction surface at
this cross section, and they bear high positive or negative vortic-
ity. Mainstream flow should achieve maximum speed here since
the 30% chord cross section is the maximum thickness location
for the blade for this rotor. The low-speed regions indicate that the
Fig. 5 Measurement scheme of SPIV flow near the blade suction surface becomes unstable and presents
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Fig. 6 Two instantaneous measurement results at 30% chord at near stall condition (left: velocity w distribution; right: corre-
sponding vorticity distribution )
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a three-dimensional characteristic although the flow does notThe measurement results at 90% chord cross-section are shown
separate in the whole. The wake of IGV is not clearly shown im Fig. 11 The low-energy core of the broken leakage vortex has
Fig. 6; however, it can be clearly discerned at design condition asoved out of the measurement area. The low-energy fluid trans-
shown byFig. 7, especially in the figure of velocity distribution, ported up radially from the suction surface begins to concentrate
which means that the wake of IGV diffuses earlier at near stalt the corner. The concentration could happen because of the flow
condition. turning at the corner and the large amount of negative vorticity

The measurement results at 40% chord are shoviAiging. The  vortices inside the low-energy fluid. The low-energy fluid concen-
leakage vortex appears less concentrated at some instants anttated in the corner has a large scale and blocks the mainstream, as
shape varies. The first leakage vortex appears spiral divergesbewn inFig. 11, which is obvious because the mainstream flow
and the vorticity at the vortex core begin to split in the figurespeed near the corner is much higher than that in other regions.
which indicates the leakage vortex becomes unstable. In additionThe measurement results at 100% and 110% chord cross sec-
the local low-speed regions near the blade suction surface caions are shown ifrig. 12andFig. 13, respectively. Corner vortex
tinue to develop and connect to each other, but they do not trahss developed in these locations. From the instantaneous measure-
port in radial direction. ment results in these two cross-sections, numerous vortices trans-

The measurement results at 50% chord are shov#igind. The ported from the suction surface concentrate at the corner and form
leakage vortex has broken down here, but the splitted vortex cadarge corner vortex with a scale of one third of the blade height.
does not interact violently with mainstream at the beginning. Aftérhis kind of corner vortex is different than the typical concen-
the leakage vortex breaks down, the vortex folds because the trated vortex, since it is formed by many discrete vortices. Be-
locity in the vortex core is much lower than its exterior margin, soause of the numerous negative vorticity vortices concentrated in
some small vortex spots with positive-vorticity appears in the cothe corner region, the flow there is always rotating clockwise no
region after the leakage vortex breaks down. The low-speed reatter whether or not an apparent corner vortex exists. In addi-
gions near the suction surface continue to develop and begintimn, the results inFig. 12 and Fig. 13 reveal that not all the
merge together. While the low-speed regions are flowing dowwertices transported from the suction surface have concentrated in
stream, their streamwise velocity decreases continually due to #dae corner, some of them move further to the middle of the rotor
verse pressure gradient. Some of the low-speed regions almpsssage along the casing wall, which also transports low-energy
stagnate at this section—as shown in the right figurdigt 9. fluid to the region.

Large velocity difference between the low-speed region and main-There are more than ten instantaneous measurement results at
stream causes the vortex near the suction surface to fold rapidigch cross section; their average results could represent the mean
which forms some streamwise vortices with positive or negativeharacteristics of the leakage flow and corner flow at near stall
vorticity and arise intermittently. condition. Figure 14 and Fig. 15 are the integration of the mea-

Thanks to the entrainment of these streamwise vortices, therement results in all cross sections for the average and instan-
low-speed flow near the suction surface is energized by the maianeous streamwise velocity and streamwise vorticityThe in-
stream, which prevents the flow separation. The unsteady natatantaneous results at each cross section in the figure do not relate
of flow makes the measurement results vary with each other te-each other directly since they were not measured at the same
markably. As shown iffrig. 9, sometimes the flow near the suctiontime.)
surface is relatively uniform and the streamwise vortices are rela-Before the leakage vortex breaks down, its location and scale
tively weak: sometimes are near stagnated and the streamwase stable and its circumferential outer edge is easily identified by
vortices are very strong, which are comparable to the broken ledke static pressure measurements on the casing wall. Once the
age vortex. Also, the near-stagnation low-speed flows begin lEakage vortex breaks down, its circumferential outer edge, espe-
transport up in the radial direction. Although the leakage vortesially the edge near the suction surface is hard to identify by the
has broken down and the low-speed flows near the suction surfatatic pressure. As shown Fig. 14 andFig. 15 when the leakage
are fully developed, they are still separated apart by the maivertex breaks down, it splits into many small vortices and these
stream. vortices form the core of the low-energy leakage flow and its

Thanks to the entrainment of these streamwise vortices, tbiecumferential outer edge moves to the pressure side of the pas-
low-speed flow near the suction surface is energized by the masage quickly(The static pressures on the case are not presented in
stream, which prevents the flow separation. The unsteady natthis pape)).
of flow makes the measurement results vary with each other re\ortex breakdown is the key for the track of leakage vortex turn
markably. As shown iifrig. 9, sometimes the flow near the suctiorrapidly: First, when leakage vortex is stable, the pressure at the
surface is relatively uniform and the streamwise vortices are relguction surface of blade tip is low due to vortex entrainment,
tively weak: sometimes are near stagnated and the streamwiggch make the leakage vortex stay near the blade suction sur-
vortices are very strong, which are comparable to the broken led&ee. Once it breaks down, the broken leakage vortex moves to
age vortex. Also, the near-stagnation low-speed flows begin poessure surface rapidly due to the lost of entrainment effect. Sec-
transport up in the radial direction. Although the leakage vorteondly, fluid in the leakage vortex is thrown out when the vortex
has broken down and the low-speed flows near the suction surféaiceaks down and spreads out circumferentially due to the effect of
are fully developed, they are still separated apart by the maicasing shear flow, which causes the outer edge of broken leakage
stream. vortex to spread more rapidly.

The measurement results at 70% chord cross-section are showiRrom the difference between the averaged and instantaneous
in Fig. 10. The broken leakage vortex begins to interact withesults of velocity and vorticity shown ifig. 14 and Fig. 15,
mainstream violently now, which can be concluded from instathough the average field can represent the development of the tip
taneous rate of shear strain distribution, where the region wiakage flow and the corner flow, the detail flow structures and
high rate of shear strain and low energy is much larger in the tipeir unsteady characteristics are not covered, especially for the
area than the one at 50% chord section. The resulted low-speksiribution of vorticity, which indicate the importance of un-
flow blocks the mainstream, and the interaction causes much losteady measurement against statistical information.

Low-speed flows near the suction surface continually develop andThe measurement results in all the cross-sections indicate that
begin to transport in radial direction together. Pushed by the radibk break of the leakage vortex, the interaction between the bro-
transportation fluid, the flow near the casing wall also begins t@n vortex and mainstream, and the unstable flow on blade suc-
transport circumferentially. The low-speed flow near the suctidion surface, the interaction between the corner vortex and main-
surface begins to merge together with the low-energy leakage flstveam is the trigger for the loss for a compressor at near stall
in this cross section. condition. The comparison between the averaged and instanta-
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Fig. 15 Composite figure of vorticity distribution at near stall
Fig. 14 Composite figure of velocity w distribution at near condition (left: average results; right: instantaneous results )
stall condition (left: average results; right: instantaneous re-
sults )

amount of negative vorticity near the rotor exit. That is to say, the

neous flow fields and the complex flow in compressors such as #&elopment of vortices is selected by the rotation of the compres-
breakdown of vortices, flow instability, and interaction betweeggy.

various vortices and the mainstream reveals that the turbulencerhe vorticity transportation equation in incompressible condi-
model used in compressors can improve its validation and acgim is as follows:
racy only by considering more physics information.
Dw -
. . - T 2~
Mechanism of Corner Vortex Formation Dt~ @ VI=VXF+uV'e @
At near-stall condition, a key to the formation mechanism of the
corner vortex is that most of the vortices in the corner beds in Eq. (1), source terms that can change the vortex vorticity in
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low-speed compressors are the two right-hand side terms. In rc
tional coordinate, due to the Coriolis force, not all the body forc
added to the fluid is potential. Look at E@).

VXE=Vx(2Qx0) 2)

When vortex is expanding or contracting, the left-hand side
Eqg. (2) is not zero and vorticity of vortex changes. From the
evolution of the positive or negative vortices near the blade su
tion surface, the scale of the vortices varies gradually while flov
ing downstream. In this case, although the left-hand side of E
(2) is not zero, it should be a small quantity and does not affect tl
vorticity of the vortices very much.

Viscosity is another factor to the evolution of the vortices it
compressors. Viscous dissipation is the ultimate reason for vort
dissipation. The dissipation is associated with not only the viscc -
ity of the fluid but also the magnitude and distribution of the
vorticity of a vortex. When the rotational direction of the vortex is
the same of the compressor’s rotation, Coriolis force enhances
pressure difference between the vortex center and its @dgm
flow). The Coriolis force effect is reverse when the rotationz
direction of a vortex is opposite to the direction of compressor
This effect can make vortices with negative vorticity more stabl
than the ones with positive vorticity, which results in that positiv
vortices dissipate faster than negative vortices.

Magnitude of the Coriolis force relative to the inertia force i
indicatd by the Rossby numb&,, as defined in Eq(3).

Uy 10 Fig. 16 Composite figure of instantaneous rate of shear strain
Ro= ~ =8 (3) distribution at near stall condition
QL, 125.7<0.01

The Rossby number of the vortex near the suction surface of

the rotor blade can be estimated according to the vortéigns, near the blade suction surface and the mechanism of the
which is approximately 8. This indicates that the Coriolis force  corner vortex formation are described and discussed.
could have an important influence on vortex stability 4. At near-stall condition, the low-energy large-scale corner

The difference for dissipation speed of the positive and negative vortex causes the flow at the rotor exit to present strong
vorticity bearing vortices is the key reason for the selectivity of  three-dimensional characteristic. Loss from the corner vor-
the evolution of the streamwise vortices in compressors. So the tex is the main part of the loss from rotor tip corner flow;
negative vortices are dominant in the corner near the rotor exit. also, part of the low-energy fluid from the blade suction

surface transports even to the middle passage near the casing

wall and causes loss there.
Conclusions 5. A key mechanism for the generation of the corner vortex is
the rotation of the compressor has a different effect to the
negative or positive vorticity bearing vortices near the blade
suction side. This selectivity causes the vortices concen-
trated at the corner to bear mainly negative vorticity and
form corner vortex by the inducement of these vortices in
the corner near the rotor exit.

Instantaneous velocity field measurement was performed at
typical cross sections in the low-speed large-scale compressor fa-
cilities in BUAA which have relatively small tip clearance and
high Reynolds number working at near stall condition using SPIV
technique. The mechanism of the formation, development, and
evolution of the leakage vortex as well as the formation and evo-
lution process of the corner vortex were discussed. The conclu-
sions below are more suitable to low-speed compressors since ffknowledgments
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__ Engineering, One and a half stages of a low pressure turbine were investigated using a three-
University of Florence, dimensional time-accurate viscous solver. Unsteady analyses were carried out by varying
Via di Santa Marta, 3, the circumferential relative position of consecutive vanes to study the effects of clocking
50139 Firenze, ltaly on performance. Assuming that efficiency improvements by clocking are linked to the

wake tangential position with respect to the successive blade, a certain circumferential
shift in this position can be observed along the blade height due to blade twist and

o E“UIQ SPano nonradial stacking, giving different contributions. In order to assess this phenomenon,
Fiat Avio S.p.A.—Direzione Tecnica, results from three-dimensional computations were compared with a quasi-three-
Via Nizza, 312, dimensional analysis at mid-span. The effects of clocking on wake interaction mechanisms
10127 Torino, ltaly and unsteady blade loadings are presented and discu$Sedll: 10.1115/1.1740780
Introduction both to steady and unsteady mechanisms; the first are linked to the

The real flow in multistage turbomachines is inherently u flow angle variation across the wake, the latter increment the loss

- . . vel.
steady pecausg of the relative plade row motion. This causes UNe:- nas and Dornef4] investigated the effects diill clocking
steady interaction of pressure fields, shock waves, and wakes ﬁe-

. .€., simultaneously clocking stator and rotor rgviis a three-
tween stators and rotors. These unsteady flows cause mixing {}%e steam turbine. Arnone et F6] investigated the same ef-

losses which need to be accounted for in order to include sta Séts in a three-stage LP turbine in two operating conditions. They

of-the-art predictions in design phas.e simulations. . howed that further benefit can be achieved from the rotor rows
In the last few years a lot of attention has been dedicated to tB :

. i ; king.
development of unsteady solvers used to investigate the physics 0gesides the total efficiency, clocking effects influence the un-

r('51r'respond to higher efficiency configuratiofesg., for turbine

ber of components while still maintaining good performancet',lades.[11 19;; for compressor bladeB15,17,18), however, con-
Many authors pointed out how high-lifsee Cobley et a[.1] and trastin(j béha\}ior has ;SO been detec{éﬂ,éq. ' '

Curtis et al.[2]) and ultra-high-lift(see Haselbach et dI3] and Tests by Hsu and Wp21] in an axial compressor rig pointed

Hoyvell et al.[4)) airfoils can be operated.yvith losses .control BYut the beneficial use of clocking for the reduction of unsteady
taking advantage of wake-induced transition effects in LPT IOWIade loading in a rotor/stator/rotor configuration.

Reynolds number flowee.g., Schulte and Hodsgh] and Howell 1,5 merical investigations on a transonic HP turbine stage

etal.[6]). _ o carried out by HummeJ22] have shown how wake-shock inter-
The clocking technique operates on the relative circumferentiglyjiong can produce a reduction in the intensity of the shock itself

positions of fixed and rotating blade rows in consecutive stageg the stage exit, thus introducing potential for clocking of down-
The axial and circumferential relative position of the rows, tosiraam blade rows.
gether with the blade count ratio between consecutive fixed andAIthough there seems to be a lot of research activity aimed at
rotating rows, impact on the flow field unsteadiness, and consgyestigating clocking mechanisms and their effects, very little is
quently on the performance. Larger efficiency benefits can 'E)%blished about fully three-dimensional analyses.
achieved if the blade count ratio of consecutive stator and rotortpe experimental results reported by Huber ef@lfor a two-
rows is near 1:1, while practically no effect can be detected if it §tage HP turbine showed a 0.3% overall efficiency variation due
far from unity (e.g., Arnone et al7]). _ _ to clocking of the 2nd stage stator. With a spanwise comparison
Many researchers have assessed the potential of exploiting @i tip and mid-span best clocking position were found to be 50%
foll clocklng effects to enhance stages perf(_)rmance. In partlculﬁqtch out of phase with each other, and this was suspected to be in
both experimentale.g., [8-10) and numerical(e.g.,[11-16)  ¢lose link with the wake skewness. A two-dimensional numerical
investigations have shown how the time-averaged turbomachiggaiysis performed by Griffin et a[13] for the same turbine,
e_fﬂcnency is a periodic function of stator and rotor clocking POSicorrectly predicted the optimum clocking positions but the esti-
tions. o ) mated efficiency variation was only 0.5% compared to the mea-
For compressors, the effects of airfoil clocking have been prggred one of 0.8% at midspan.
dicted by Gundy-Burlet and Dornej17,18. The numerical re-  Gombert and Hon [23] performed experimental investigation
sults for a 2 1/2 stage compressor showed efficiency variatiogg a three-stage LP turbine varying the stators circumferential
between 0.5% and 0.8% as a function of stator clocking positiogesition. They found that the efficiency variations as a function of
Dorney et al.[15] showed how the effects of the wake are duglocking positions were significantly out of phase moving from
hub to tip.

Contributed by the International Gas Turbine Institute and presented at the Inter-Reinmdler et al. [10] performed both experimental and nu-
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, June - [10] P P

16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 200§T.1e.nca| '”‘{ESt'gaF'OnS to S.tUdy clocking effectsa 1 1/2 stage
Paper No. 2003-GT-38414. Review Chair: H. R. Simmons. axial turbine with untwisted blades. They used a three-
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dimensional time accurate viscous solver with phase-shifted pe -
odic boundary conditions for the single blade channel comput i EEEHH
tions. The maximum variation of efficiency at mid-span found fo R uifﬁrlj'lrfmﬁl! ok il
the measurements was about 1.0% and about 0.7% for the num |  — '|'i""|'rl'f1"llf'ﬂ"irlﬁr
cals simulations. The maximum and minimum efficiency clockin Wt W
positions agreed within 3° over an angular pitch of 10°.

The current study is aimed at investigating the three
dimensional flowfieldi a 1 1/2 stage LP turbine while clocking
the second stator. In three-dimensional flows unsteadiness is
ditionally generated due to hub and tip boundary layers, leaka
flows and secondary flows transport through successive ble
rows. In order to assess these contributions, a detailed compari
between three-dimensional and quasi-three-dimensional unste
viscous flow computations was performed. The analysis co
firmed the major effects of clocking due to the relative positio
between the wake of the 1st and the leading edge of the 2nd sta
Moreover a close link between optimum efficiency position an
unsteadiness was detected.

Computational Procedure

The time-accurate release of the TRAF codgnone et al.
[24]) was used in the present work. The unsteady three-
dimensional, Reynolds-averaged Navier-Stokes equations are Fig. 1 Three-dimensional view of the grid
written in conservative form in a curvilinear, body-fitted coordi-
nate system and solved for density, absolute momentum compo-
nents, and total energy. Turbulence and Transition Modeling. A two-layer algebraic
The code has recently been used to compute trailing edge wakedel based on the mixing length concéptnone and Pacciani
shedding(Arnone and Pacciarf25]) and rotor-stator interaction [34]) was used for turbulence closure.
in turbine and compressor stag&chmitt et al[26] and Arnone The location of transition onset is determined by the Abu Ghan-
et al.[27]). nam and Shaw35] criterion. Downstream of the onset of transi-

Numerical Scheme. The space discretization is based on %on the model proposed by Solomon et E86] is used for the

cell-centered finite volume scheme. The artificial dissipatio
model used is basically the one originally introduced by JamesB
et al.[28]. In order to minimize the amount of artificial diffusion V.
inside the shear layers, the eigenvalue scaling of Martinelli a
Jamesor29] and Swanson and TurkgBO] was implemented to
weigh these term&f. Arnone and Swansd81]). The system of . .
governing equations is advanced in time using an explicit fou@eometry and Computational Grids
stage Runge-Kutta scheme. The turbine being studied features typical aspects of the current
Residual smoothing, local time-stepping, and multigridding am@esign practices of aircraft engine LP bladeseFig. 1), with
employed to speed up convergence to the steady-state solutshrouded rotors and relatively high aspect ratios. Detailed geo-
The time step is locally computed on the basis of the maximumetrical data are protected by Fiat Avio S.p.A and can not be
allowable Courant number, typically 5.0, and accounts for bothade available.
convective and diffusive limitation$31]. Figure 2 shows a blade-to-blade view of the H-type grid37
A dual time-stepping metho@Arnone and Pacciari32] and x73x33) chosen for the two stators and for the rotor. The value
Jamesor]33]) is used to perform time accurate calculations. Byf y* for the first grid point above the wall, was approximately
introducing the dual time-stepping concept, the solution is ad:0 for all blade rows. With an H-type structure it is relatively
vanced in nonphysical time, and acceleration strategies, like loeglsy to control the uniformity and density of the grid before the
time stepping, implicit residual smoothing, and multigridding arelade passage to prevent an excessive smearing of the incoming
used to speed up the residual to zero to satisfy the time-accunatgkes. In order to reduce the mesh skewness, the grids are of the
equations. nonperiodic type. Based on past grid dependence analyses per-
Inflow and outflow boundaries are treated according to thfermed for the midspan section of the same turlfizfmone et al.
theory of characteristics: The flow angles, total pressure and tefn6]), the selected grid size were considered to be an adequate
perature are imposed at the subsonic first row inlet while the owlempromise between modeling the clocking effects and obtaining
going Riemann invariant is taken from the interior. At the subreasonable computation times.
sonic last row outlet, static pressure is prescribed, and the densityfrhe vane/blade count ratio was very close to one. In order to
and the momentum components are extrapolated. end up with reasonable memory and computer time requirements,
The link between rows is handled by means of sliding interfacgproximate configuration was considered: the rotor pitch was
planes. Consecutive rows have a common interface plane and glightly modified to match an exact 1:1 vane/blade count ratio.
match is provided through appropriate calculation of phantom cdlhe pitch alteration of the rotor blade row was of the order of
values. The phantom cells relative to the interface plane lie on tbe% and, based on experier(@@none and PacciafB2]), it was
adjacent blade passage, and linear interpolations are used to pumsidered negligible.
vide the flow variable values. This approach, similar to the one Figure 3 shows the five different clocking locations for the 2nd
used on periodic boundaries, where grids do not match, is rghtor. This pitch discretization is considered sufficiently accurate
strictly conservative. However, relative errors in the conservatian order to appreciate clocking effecfs,10,14.
of mass, momentum, and energy were always less thart,10 For the quasi-three-dimensional computations, the midspan sec-
which was considered accurate enough. tion of the turbine was selected using the stream-tube thickness

jstribution of intermittency. The intermittency function is com-
ted from 5% to 95% of the blade span and then is interpolated
ith the assumption that the boundary layer is considered turbu-
IJ]%nt on both hub and tip endwalls. More details on the transition
model implementation can be found in Arnone et[al7].
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and radius distributions determined on the basis of the thres 1 6 1 1 16 21
dimensional calculation. The chosen tangential reference positic . .
for the clocking analysis was the same for the midspan section ({8 ROtor PaSS|ng Per'OdS
the fully three-dimensional case. In this way all the results ar
directly comparable without any tangential shift. 1 O_' i _
The nondimensional blade lift coefficient based on pressure di F ]
tribution was used to monitor the time-periodic convergence QO r ]
Starting from an initial steady-state solution, up to 20 rotor pass @ L 1
ing periods were needed to obtain a periodic solutleigure 4 = 1 t 1
shows the evolution of the nondimensional lift coefficient ampli-—= -2 S
tude. The first three Fourier harmonics were plotted over 25 per Q. 1 O ?/\/V\' E
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Clocking effects are evidenced by turbine efficiency variation
with respect to the average valden= n— n,,. Figure 5 dis-

plays the variation in the overall efficiency as the 2nd vane
clocked over a circumferential distance equal to one pitch. Results
from quasi-three-dimensional and fully three-dimensional analy-

ses are reported. Both predictions show a sinusoidal pattekm of computations predict a 0.7% overall efficiency variation, while the
versus clocking position. The comparison clearly indicates a gogdasi-three-dimensional estimate was 1.1% for the midspan sec-

agreement in detecting the best and the worst configuratiotion.
while the amplitude appears to be overestimated in the quasi-

(@

Fig. 4 Evolution of the nondimensional lift coefficient ampli-
nge harmonics;

1st rotor, (b) 2nd rotor

three-dimensional approach. In particular the three- dlmenS|orEJa

S1 R1
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X

Fig. 3 Investigated clocking positions

Journal of Turbomachinery

Effects on Wake Trajectories. Clocking effects seem to be
irectly linked to wake trajectories. Numerical results obtained by
many authors with different numerical methods and turbulence
models suggest that maximum efficiencies can be achieved when
the wake generated by a stator/rotor blade impinges upon the lead-
ing edge of the next stator/rotor blade. Lower performance would
correspond to wake trajectory crossing the next stator/rotor vane,
[e.g.,[9,11-14].

The wake from the 1st stator blade is convected downstream,
chopped by the passing rotor into discrete spots and then ap-
proaches the 2nd stator row.

When this flow is time-averaged, stator wake paths appear as
continuous entropy stripes and their tangential location, compared
to the successive stator leading edge, varies as a function of the
circumferential position. The stator wake path is visiblé-igs. 6
(a)—(b) for the maximum and the minimum efficiency configura-
tions, respectively. As can be observed, two separate wake paths

JULY 2004, Vol. 126 [/ 377
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Fig. 5 Efficiency variation versus 2nd stator clocking position

are actually present in the time-averaged flow field of both the tv
reported cases. One corresponds to a wake path crossing the \
while the other impinges near the blade leading edge. [

Unfortunately it is difficult to distinguish the difference be-
tween the two stripes only on the basis of time-averaged entro
contours. For a better characterization, a detailed analysis of 1|
instantaneous flow field is essential.

Figures 7 (a)—(e) present a series of five predictions of the
unsteady flow at midspan during one blade passing period for t
maximum and the minimum efficiency configurations respes
tively. Here, instantaneous contours of vorticity are plotted rath
than entropy, because more extensive information can be ¢
tained.

The wake leaving the stator one blade row consists of two par
placed side by side, with opposite vorticity and which are seen
a red and a blue zone iRigs. 7 (a)—(e). They come from either
side of the bladdpressure and suction surface respectivelyd
the distinction persists even when they are convected downstre:

The movement of wakes through succeeding rotor blade ro
has been explained by many authors using a simple kineme
theory, which accounts for three different mechanisms: bowin
shearing and stretchin§i38,39. Bowing is due to variations in
transport velocity across the passage and is responsible for
distortion of the wake centerline; shearing is a consequence of 1|
velocity gradient between the pressure and suction sides ¢
causes the reorientation of the wake; stretching occurs becaus:
the velocity gradients near the leading edge and makes the wake
width become extended, especially on the suction surface.

A comprehensive way to describe the wake-blade interaction is
plotting the unsteady velocity vectors in the rotor relative refer-
ence framdseeFig. 8). The unsteady velocity vectors are definedtig. 6 Time-averaged entropy contours for maximum and
as the instantaneous local velocity minus the local time-mean weiimum efficiency; (a) maximum efficiency, (b) minimum effi-
locity. In Fig. 8 they are superimposed on vorticity contours. It isiency
rather easy to recognize the typical vortex structure, the so-called
negative jet. It consists of a pair of counterrotating vortices, which
are convected downstream and distorted. FurthermBig, 8 this study it now appears that the wake path impinging the blade
clearly indicates a direct correspondence with the two zones lehding edge is associated with the upstream vdiresk spot for
opposite vorticity shed by the 1st stator blade row. the maximum efficiency configuration and with the downstream

Once generated, these recirculating unsteady flow pattege (blue spo} for the minimum one. The stripe in the midvane is
leave the rotor passage and approach the 2nd vane sliding overitiséead produced by the other counterrotating vortex.
rotor wake. For clarity irFigs. 7(a)—(e) we highlighted the coun-  Additionally, Figs. 7 (a)—(e) show that when the 2nd vane
terclockwise and the clockwise rotating regions with black andlade row is optimally clocked, the spots entering one passage
white arrows respectively. Such vorticity spots enter the succeamme from adjacent 1st stator blades, while in the worst configu-
ing stator vane in different tangential locations and are convecteation they are shed by the same one.
downstream following the two separate paths evidenced in theA further distinction between the two wake segments arises
time-averaged entropy fiel@rigs. 6(a)—(b)). As a direct result of when the effects on stagnation pressure are investigiigdres

(b)
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Fig. 7 Instantaneous vorticity contours for maximum (left column ) and minimum (right column ) efficiency; (a) t/ T=0.0, (b)
t/T=0.2, (¢) t/T=0.4, (d) t/T=0.6, () t/ T=0.8

Journal of Turbomachinery JULY 2004, Vol. 126 / 379

Downloaded 31 May 2010 to 171.66.16.21. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1.5
1 | N
0.5 | 1
0 L i
-0.5 ¢ 1
.-i/ \\\_—‘,
T 3D
i leading edge Q3D
15 L . ‘
0 02 04 06 038 1
S.S. relative pitch P.S.
(@
1.5
Fig. 8 Instantaneous vorticity contours and unsteady velocity
vectors
1
0.5

9 (a)—(b) report time-averaged total pressure variation traverses a
midspan in front of the 2nd stator for the maximum and the mini-

mum efficiency clocking position, respectively. Results from fully 0
three-dimensional and quasi-three-dimensional computations ar
compared and a substantial agreement is found, although th_o 5
quasi-three-dimensional approach tends to overestimate positiv ~ "
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peaks.

These distributions clearly indicate that only one significant en- —1 N —— 3D
ergy defect can be detected all over the pitch, while previous plots |eading edge e
of time-averaged entropy contours evidenced the presence of tw — Q3D
separate wake paths in the 2nd stator blade passage. More exac—1.5 ‘ : ‘ ‘
a comparison betwedfigs. 6 (a)—(b), andFigs. 9(a)—(b), shows 0 0.2 0.4 0.6 0.8 1
that in both the two clocking configurations investigated the tur- . .
bine performance strictly depends on the circumferential positior S.S. relative pItCh P.S.
of the upstream wake segme(mdicated with a black arrow in (b)
Fig. 8) while the downstream on@vhite arrow has no remark-
able effects on losses. Fig. 9 Time-averaged total pressure pitchwise distribution in

Such a circumstance is probably due to the larger dimensionsfimit of the 2nd stator, three-dimensional midspan and quasi-
the upstream vortex with respect to the downstream ongiga8, three-dimensional; (a) maximum efficiency, (b) minimum effi-
illustrating the unsteady velocity vectors, seems to suggest.  ¢lency

With reference to the total pressure defect, it appears so con-
firmed that best performance improvements occur when the 1st

vane Wak? imping'es upon the leading edge, ‘.Nh”e the_minim rs of p; on the 2nd vane blade rows inlet plane are depicted in

efficiency is associated with a wake path entering the midchanng gs. 10 (a)—(b), which refer to maximum and minimum effi-
The above analysis was carried out to demonstrate that ti énéy configuraitions respectively.

averaged stagnation pressure can be profitably used to deteGe 15t yane wake is seen as a blue region representing the

gl_ocklng eflfects and was therefore repeated for the threggnimm peak in stagnation pressure, while the red zones corre-
Imensional case, too. . . . spond to high values. Both images show a rather similar pattern,
In the three-dimensional environment, the radial gradients c@Qcont for an apparent rotation about the turbine axis which

be important. The decrease in total pressure f'rom the tip to the h(':iBarIy shows the different circumferential position of the wakes

section is, in fact, more pronounced than circumferential varias ihe two cases.

tions and so a direct plot of stagnation pressure would not be clearlt is worthwhile to notice that the predicted time-averaged 1st

engugh. Vi d highliaht th def vane wake at hub is skewed relative to the 2nd vane leading edge,

dons_,ehquhent y, In or erfto klg ight the enﬁrg]}/ I efects assogine it appears to be quite aligned in the remaining span. This is
ated with the presence of wake segments, the following quantily,pap|y due to the nonradial stacking of upstream stator and

was defined: rotor blade rows and to the interactions with their secondary flow
_ Pi(9,1) = Pp alT) field in the hub and tip regions.

p(dr)=——"7"" (2) This bowed contour implies that near the hub the relative posi-

Prref tion of the wake with respect to the blade leading edge differs

wherep; ,, is the pitchwise average value of total pressure. Coffrom the situation at tip and midspan.
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vane tends to explain the discrepancies in predictions from fully
three-dimensional and quasi-three-dimensional computations
shown inFig. 5. Due to the fact that the 1st vane wake changes its
circumferential position with the radius, turbine efficiency is a
result of different, sometimes conflicting, contributions. For ex-
ample, in the maximum efficiency configuration, beneficial effects
arising from the situation at tip and midspan are reduced by the
flow behavior at hub. On the other hand, in the worst clocking
position, for the same reason, the hub region prevents a larger
performance drop.

The quasi-three-dimensional approach instead does not account
for these compensating effects and consequently it tends to over-
estimate either efficiency gain or loss, thus making turbine perfor-
mance become more sensitive to row indexing.

It should be noticed however that, due to the mass-average
operation, various contributions are differently weighted. Conse-
quently, the wake behavior in the tip and the midspan region,
where a higher mass flow rate is swallowed, mainly affects turbine
efficiency.

Effects on Blade Loading. The relative motion of adjacent
stator and rotor blade rows induces a variety of unsteady flow
phenomena, among which the potential-flow interaction and the
wake interaction are the most significant ones in a low pressure
turbine. Row indexing affects both mechanisms and, depending
on clocking position, different modifications can be observed. The
kinematics of wake-blade interactions was discussed above. The
present section addresses the problem of clocking effects on
potential-field interactions.

The study of flow unsteadiness concerned the 2nd vane blade
row. Due to the unsteady flow field, at a fixed location of the
stator surface, pressure is not a constant, but varies cyclically.
These fluctuations have been stored for every point of both the
suction and pressure sides and signal properties have been ana-
lyzed. In order to compare unsteadiness levels in different con-
figurations, the unsteady pressure amplitude was used. The un-
steady pressure coefficient is defined by

Cpomax— Cp’mm:M

©)

pt,ref

wherep,i, andp . are the minimum and maximum values of the
instantaneous pressure registered over one period.
Unsteady pressure coefficient distributions were obtained in the
) quasi-three-dimensional and in the fully three-dimensional ap-
it proach for both maximum and minimum configuration. In the
three-dimensional case, moreover, the analysis was repeated at
10%, 50%, and 90% of the span height. Results from fully three-
dimensional computations are presente#imm 12 The plots rela-
tive to 50% and 90% span show that when the 2nd vane is opti-
mally clocked, unsteadiness near the leading edge is higher than
in the minimum efficiency position, while at 10% no offset in
As far as best clocking position is concerned, near the mid-spkavels is observed and the values appear comparable with each
and the tip section, the minimum peak in total pressure is locatether.
just near the stator leading edge, whereas about the hub it is clos@ plausible explanation of high unsteadiness levels registered
to mid-pitch. The opposite situation occurs for the minimum efficlose to the leading edge at tip and at mid-span for the maximum
ciency configuration: in this case the wake is generally placed éfficiency configuration can be given if we compd&igs. 12(a)—
the midchannel except near the hub where a shift towards tf@ and Figs. 11 (a)—(b). It appears that the amplitude of static
stator pressure side can be observed. pressure disturbances is greatest when the 1st vane wake impinges
The situation depicted iRigs. 10(a)—(b) is supported byrigs. upon the leading edge, while a decrease occurs if the wake enters
11 (a)—(c), which show the time-averaged stagnation pressutiee mid-channel. The phase-lag detected at the hub section in the
pitchwise distributions in front of the 2nd stator at 10%, 50%, angrevious analysis of time-averaged stagnation pressure accounts
90% of the span height, respectively. The minimum peak in totdr the different behavior of unsteadiness distribution at 10%
pressure is predicted to shift about 20% between the hub asphn.
either the midspan or the tip section. Since pressure fluctuations are related to the wake circumferen-
The spanwise shape of the convective wake entering the 2t position, which also affects turbine performance, a relation-

Fig. 10 Time-averaged p, contours in front of the 2nd stator;
(8) Pmax—AD5=20%, (b) in—AD5,=60%
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10 : : ‘ the best clocking position, while higher values correspond to the
minimum efficiency configuration. This behavior was observed at
50% and 90% span, whereas, due to the wake skewness we dis-
cussed above, the opposite situation occurs at 10% span.

These results show that row indexing affects flow unsteadiness
in different way depending on blade surface location. This makes
the correlation with performance become not so direct and could
also explain the contrasting findings by previous works.
[11,13,19,20.

Finally, it is worth noticing that in this study, only the unsteady
pressure amplitude distributions were analyzed while the influ-
ence of the phase angles was not investigated. This information
0 L— — L— can be relevant when dealing with aeroelasticity probléeng.,

0 20 40 60 80 100 Novinski and Panovsky40]), but is beyond the scope of the

S2 pOSitiOn [%] present paper.

o—=o 3D (10% span)

| | #——= 3D (50% span)

A—a 3D (90% span)
o---o Q3D

(Cp.max_Cp,min)/Cp,av [o/°]

Fig. 13 Unsteady pressure coefficient at leading edge versus Conclusions
clocking positions
A three-dimensional unsteady Navier-Stokes analysis was used
to investigate the flow physics associated with clockimgil 1/2
ship is expected between efficiency variation and leading ed j20e LP turbine. A quasi-three-dimensional approach was used
Fge midspan section in order to obtain a comparison and high-

unsteadiness. To assess this phenomenon, the unsteady pre : 8 ;
coefficient in the vicinity of the leading edge was analyzed n %t _three-dl_mensmnal_effects._ Varlous_ aspects of the unstgady
W interactions associated with clocking effects were studied.

only for the best and the worst clocking positions, but also for t o I . :
uch aspects concerned efficiency variations, wake interaction

intermediate cases. it aqf teadi
The unsteady pressure coefficient is a local quantity, strictRfi e€rms and flow unsteadiness.

dependent on the point where it is computed. In particular, in the Vorticity visualizations resulted in a meaningful contribution

leading edge zone, sudden variations can occur, even betw: were profitably used in order to monitor the 1st vane wake
locations very close to each other. In order to characterize tfgolution through succeeding blade rows. Instantaneous contours,

unsteadiness in this region, an averaged value is therefore mB ewell as unsteady velocity vectors, highlighted flow structures

suitable than a punctual one. The average operation conventi8 1erwise difficult to detect W.ith tradi_tional studies simply bas_ed

ally concerned a symmetrical portion of the blade surface aroufl ENtroPy- In particular the interaction between counterrotating

the leading edge vortices and the 2nd vane blade row was investigated for both best
Figure 13 gives the variation of the unsteady pressure coeff‘?lncI worst clocking position.

cient in the leading edge zone with the clocking position at 10% The three-dimensional analysis, also supported by quasi-three-
50%, and 90% span. Results from quasi-three-dimensional Cogrllmensm_nal computations, _c_onflrmed the fundamental role played
putafions are also reported for comparison. y the circumferential position of wakes and showed that the

A good agreement is found at 50% span between the qu??‘_eatest benefits are achieved when the wake just impinges on the

three-dimensional and the fully three-dimensional approach: hogRd staktor Iefrn]dmgt edget,hwhm_edarr]\ efﬁc:e?tcy drop waskogstervettjhﬁt
ever a certain offset in levels occurs, especially for the minimu € wake path entered the midchannel. 1t was remarked, 100, tha

efficiency configuration. This overestimate, also detected for th @ fully-three-dimensional environment, the not-perfect align-

plots of p; at midspan, can probably be explained by the fact thgpent between Wa_ke e_md Ieadl_ng edge fl_thher re_duces_ potential
the quasi-three-dimensional approach tends to concentrate effdygrovements which _|nstead, in a quaS|-thr_eg-d|menS|on_aI ap-
otherwise distributed all over the span in a fully three-dimension%?t?h make the turbine become more sensitive to clocking ef-

environment. Finall tensi iew of unsteadi d its relationshi
Another point to be noticed is that the hub section is out-of- - "aly: an extENSIVE review of unsteadiness ana Its re:ationsnip

phase with the tip and midspan ones, while the amount of vari ith efficiency was conducted showing a different behavior of the

tions and the mean value are comparz;lble with those found at 5 Odlng edgc_e region V.V'th respect to the remaining bla_de surface.
span. At 90% span, instead, we observe a general decreas n;particular it was noticed that, whereas lower unsteadiness levels
Ievelé as well as in ’amplitudle on either pressure or suction side are usually associated with bet-

A comparison betweeFig. 13andFig. 5 clearly shows that, in ter turbine performance, the opposite situation occurred in the

the quasi-three-dimensional approach, turbine performance e around the leading edge. Additionally an alternative methpd
leading edge unsteadiness have a very similar pattern with maga>ed on leading edge unsteadiness analysis was suggested in or-
mum and minimum at the same locations. Provided that these t%0!. ©© detect the best clocking position for every radius.

aspects are closely related to each other, a broader validity seenfsS @ result OT this study it was found that,_ altho”gh basic inter-
C%}IOH mechanisms are confirmed, three-dimensional effects can

to be suggested. In particular in the three-dimensional case, a . .
lyzing unsteadiness levels in the region close to the leading e rele\_/ant a_md they s_hould be accounted for to exploit the benefit
row indexing technique.

could result in an alternative method to detect the best and t
worst clocking position for each radius.

Assuming therefore that maximum efficiency is associated withcknowledgments
the ma_1ximum unsteadiness in the Ieading_ edge zone, the presergpecial thanks to Prof. Ennio Carnevale and to Dr. Roberto
anoalys!s showed that the_ hub bQSt clocking position was ab_ cciani of University of Florence for the helpful comments. The
20% pitch out-of-phase with the tip and the midspan ones, whilg s’ \yish also to express their gratitude to the Technical Divi-

for the worst configuration, discrepancy rose to about 40% pitc, n of Fiat Avio S.p.A. and in particular to Drs. Emilio Ferrari
Such values are consistent with the shift in total pressure def Claudia Schipe.m.i. ' '
i

location previously observed between hub and either midspan 0
ggoitesctlon(seeFlg. 9) and seem to support the above Cons'deﬁomenclature

With reference tdrigs. 12(a)—(c) we notice that, except for the ¢ = chord
leading edge region, lower unsteadiness levels are associated withC, = unsteady pressure coefficient
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p = pressure

PS = pressure surface
r = radial direction

SS = suction surface

[14] Cizmas, P., and Dorney, D., 1998, “Parallel Computation of Turbine Blade
Clocking,” AIAA Paper 98-3598.

[15] Dorney, D. J., Sharma, O. P., and Gundy-Burlet, K. L., 1998, “Physics of
Airfoil Clocking in a High-Speed Axial Compressor,” ASME Paper 98-GT-
082.

T = period [16] Arnone, A., Marconcini, M., Pacciani, R., Schipani, C., and Spano, E., 2002,
t = time “Numerical Investigation of Airfoil Clocking in a Three-Stage Low Pressure
— ; f ; Turbine,” ASME J. Turbomach.124, pp. 61-68.
X axial direction [17] Gundy-Burlet, K. L., and Dorney, D. J., 1997, “Investigation of Airfoil Clock-
Greek ing and Inter-Blade-Row Gaps in Axial Compressors,” AIAA Paper 97-3008.

n = total-to-total efficiency
vy = ratio of specific heatsq, /c,)
¥ = tangential angle, tangential direction

[18] Gundy-Burlet, K. L., and Dorney, D. J., 1997, “Physics of Airfoil Clocking in
Axial Compressors,” ASME Paper 97-GT-444.

[19] Cizmas, P. G. A., and Dorney, D. J., 1999, “The Influence of Clocking on
Unsteady Forces on Compressor an Turbine Blades,” ISABE Paper 99-7231.

[20] Dorney, D. J., Croft, R. R., Sondak, D. L., Stang, U. E., and Twardochleb, C.

Subscripts Z.,2001, “Computational Study of Clocking and Embedded Stage in a 4-Stage
1 = inlet Industrial Turbine,” ASME Paper 2001-GT-509.
5 =n (t9| t [21] Hsu, S. T., and Wo, A. M., 1998, “Reduction of Unsteady Blade Loading by
= outle

av = averaged
max = maximum value
min = minimum value
ref = reference value
t = total value, turbine
X = axial direction
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The Effect of Real Turbine
Roughness With Pressure
Gradient on Heat Transfer

Experimental measurements of heat transfer (St) are reported for low speed flow over
scaled turbine roughness models at three different freestream pressure gradients: adverse,
zero (nominally), and favorable. The roughness models were scaled from surface mea-
surements taken on actual, in-service land-based turbine hardware and include samples of

Jeffrey P. Bons fuel deposits, TBC spallation, erosion, and pitting as well as a smooth control surface. All

Department of Mechanical Engineering, St measurements were made in a dev_eloping turbulent boundary layer at the same value
Brigham Young University, of Reynolds numbeiRe,=900,000. An integral boundary layer method used to estimate
Provo, UT 84602 c; for the smooth wall cases allowed the calculation of the Reynolds ana®gy/c).

g-mail: joons@byu.edu Results indicate that for a smooth wall, Reynolds analogy varies appreciably with pres-
sure gradient. Smooth surface heat transfer is considerably less sensitive to pressure

Stephen T. McClain gradients than skin friction. For the rough surfaces with adverse pressure gradient, St is
Department of Mechanical Engineering, less sensitive to roughness than with zero or favorable pressure gradient. Roughness-

The University of Alabama at Birmingham, !nduced Stanton number increases at zero pressure gradient range fm%(depend-

Birmingham, AL 35294 ing on roughness type), while increases with adverse pressure gradient are 7% less on
g-mail: smeclain@eng.uab.edu average for the same roughness type. Hot-wire measurements show a corresponding drop

in roughness-induced momentum deficit and streamwise turbulent kinetic energy genera-
tion in the adverse pressure gradient boundary layer compared with the other pressure

gradient conditions. The combined effects of roughness and pressure gradient are differ-
ent than their individual effects added together. Specifically, for adverse pressure gradient
the combined effect on heat transfer is 9% less than that estimated by adding their

separate effects. For favorable pressure gradient, the additive estimate is 6% lower than

the result with combined effects. Identical measurements on a “simulated” roughness

surface composed of cones in an ordered array show a behavior unlike that of the scaled
“real” roughness models. St calculations made using a discrete-element roughness model
show promising agreement with the experimental data. Predictions and data combine to
underline the importance of accounting for pressure gradient and surface roughness

effects simultaneously rather than independently for accurate performance calculations in

turbines.[DOI: 10.1115/1.1738120

Introduction /Background exhaustive reference list. The bulk of experimental work with

Flows of engineering interest occur over surfaces that are o ghness has been conducted in the laboratory environment with
smooth. Surface roughness has been shown to influence bothéhﬁzlﬁéi? S?ungg?fg% eggnmeir([tgjg., :;:sigs%] Ceytl(':r;d?_gt’)gﬁ_
aerodynamics and heat transfer of fluid devices. Understand g ' Lol P ! ’

the full effects of surface rouahness is perhans no where moday findings show the quantitative effects of roughness to be sig-
e : _roughn P PS ; Hificant. Measured augmentation factors range from<tg cy,
critical than in a gas turbine engine. In the turbine section of 35 and 1.ESUSL<1.6. These values can be even greater

modern g?sutuorlblne,t_ thet' ac‘;#ratte bprEd.'CIt'?rt‘ of heatt trags?éy'?en boundary layer transition is initiated prematurely due to
paramount. naerestimating the turbine iniet temperature by 2o, ughness. Empirical correlatiorj4,0,11, have been more or less

can reduce the blade life by a factor of tWaJ. In a compressor, successful at capturing the significant trends in the laboratory

r(:t"urbine, it is not surprising that they are less effective when ap-

Roughness-induced ae_rodynamic losses aggravate airfoll wak_e 18d to turbomachinery flowg$,12,13. Nonetheless, full rig tests
the.compre.ssor, upsetting the tenuous balance of vane-blade i th roughness clearly show its effec{4,4,15, thus it can not
action that is so critical to peak efficiency. simply be neglected.

To properly account for rpughn_ess-_lnduced effects requIres ayore sophisticated roughness models combined with computa-
proper understanding of an Imposing list of flow p_henomena, "Yonal fluid dynamics calculations have proven more effective than
cluding boundary layer transition, seconddtiyree-dimensional empirical correlations and have provided greater insight into the
flows, and turbulen(.momentum and engrgyransport. Conse- ,ndamental flow physics. The discrete-element method in par-
quently, roughne;s_ IS S.t'” an active topic of res_earch r'earlyti%ular has been developed and tailored to provide good agreement
century after the initial pipe flow experiments of_ legracﬂgga A in ¢; and St over a wide range of roughness ty[jas,17. But
summary of some of the more recent studies in this area is cQf}ice again, most comparisons are with laboratory findings which
tained in Bong 3], to include an extensivéthough certainly not |51 many of the complexities of turbomachinery flow fields. Two
of these complicating factors that have been addressed by the

Contributed by the International Gas Turbine Institute and presented at the Intgr- _
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Juai:'lthors are freestream turbulent8}, and nonzero pressure gra

16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 200 ients. .
Paper No. 2003-GT-38738. Review Chair: H. R. Simmons. Combustor exit measurements of freestream turbulence range
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12 reduction of the smooth model with FPG. Chakroun and Taylor
69 7 [23] expanded on the findings of Coleman et al. in a nearly iden-
1 o tical experimental facility but with hemispheres rather than
o spheres as the rough-wall characterization. They reported a 10%
081 = drop in St with acceleration for a smooth surface, again citing the
drop in turbulent fluctuations. The roughened wall more than
overcame this decrease, resulting in a 5-15% increase (deSt
pending on Refor a rough FPG versus the rough ZPG case.
5 o Researchers at NASA have likewise been very active in the
roughness arena through their extensive research into the effects
of icing on external airfoils. Poinsatte et 24,25 added a stag-
gered array of 2-mm diameter hemispheres to the leading edge of
0 20 40 60 80 100 a NACA-0012 airfoil to study icing effects on heat transfer.
s/Swet Roughness did increase the local St, but the authors indicated that
) ) . . ) this was probably related to premature boundary layer transition.
Fig. 1 Experimental velocity data (U, normalized by exit ve-

locity from stage ) versus wetted surface distance for typical Varying the angle of attackx) of the artificially-roughened airfoil
turbine airfoil (Fig. 5 from [19]) (and thus changing the pressure gradient just after the leading

edge to be more strongly adversdid show an increase in heat
transfer asy was increased from zero. Again, the suction surface
h oundary layer was found to transition closer to the leading edge
ecause of the increasingly adverse pressure gradient in the arti-
jgially roughened zone. This appeared to explain the increased
gat transfer. Interestingly, in a limited test series with elevated
reestream turbulence and roughnéasconstantr), the authors
stered surprise at finding that freestream turbulence actually

Ue/Uexit
o
®

0.2

from 10-17%,[18]. This extreme level decays somewhat by t
second turbine stage, yielding levels below 10% thereafter. In
ition might suggest that such elevated turbulence levels wo
completely overwhelm the effects of surface roughness, makin
negligible. However, results reported[i8] show just the opposite X
effect. St ancc; levels with turbulence and roughness combineff9'St€ e :
exceeded those for the two independent effects superposed by?lpplified the effect of roughnesa finding corroborated if3)).
to 20% in some cases. This synergy has been documented bf} Sécond NASA study by Dukhan et 26,27 employed alu-
other researchers as well. Though some of the heat transfer UM castings c_)f real ice formations and studied the interrelation
crease can be attributed to an increase in wetted surface area dfuressure gradient and roughness. The boundary layer over the
to roughness, the reported values exceed the increased surfjBg0th baseline casting was not turbulent and showed only a
area ratio §,/S) by up to a factor of three. slight variation in St with the acce_lerated freestream. Incr.easmg
Pressure gradients in turbines likewise vary over a considerabiBG delayed boundary layer transition to higher values gfiiRe
range.Figure 1 [from [19]] shows a typical velocity distribution @ccordance with linear stability theory, thus St values were lower

for a modern turbine nozzle. Acceleration parametijsranging N the transition zone with higher FPG at the same.Rée upper
from 2x10°® to —6x10°° on the pressure surface and Jbound of Dukhan et al.’s smooth plate data ended in the transition
%1078 to —0.3x 10~ on the suction surface are not uncommorone: o no information was available on turbulent boundary layer
Bons et al.[20] showed that significant surface roughness c at transfgr over a smpoth plat.e with pressure gradient. For the
gh castings, increasing FPG increased St for the sajpbyRe

occur in any location on a turbine blade, depending on the blal .
design and the operating environment. Thus, the turbine desigr@r 0% at high values of Re For Rg<400,000, the favorable

and operator are left with the dilemma of how to account fpressure gradient case actually showed a reduced St at matched

roughness effects over the entire envelope of possible pressgfe: Some of this low Reynolds number observation may be at-
gradients. The bulk of experimental roughness research has biiyited to delayed transition effects. ,
conducted at zero-pressure gradient or in fully developed pipeA .flnallstudy that combined roughness and variable pressure
flow, neither of which accurately models the boundary layers ondi@dient is reported by Turner et §28]. Roughness was modeled
turbine blade. Consequently, correlations based on these labdP4-2n array of pyramid shaped elements and only a single set of
tory data lack sensitivity to variable pressure gradients. favorable pressure gradient data are reported. In this one case,
There have been a handful of experimental studies with corfi G does increase rough wall St at the samgkigeroughly 5%
bined roughness and variable pressure gradient. Coleman ef@i.R&>500,000(beyond the transition affected zgnéccelera-
[21] added densely packed spheres to a heat transfer facility u$lo@d pParameters for this study were lower than for some of the
previously by Moretti and Kay$22], and repeated a series ofother researcher(~1.5x10"") and no adverse pressure gradi-
accelerated freestream profiles with a turbulent boundary layent data were presented.
The original smooth plate study of Moretti and Kays compared St Piecing together these scattered sets of roughness data, it seems
at the samex-location for two flows: one at constablt, and one at €vident that pressure gradient is an important parameter that must
the same constatit, followed by an accelerated zone just prior tdoe considered when estimating rough wall heat transfer. However,
the St measurement location. In this configuration, St in the awithout a clearer documentation of the interdependence between
celerated zone was actually lower than St with constint The roughness and pressure gradient in a turbulent boundary layer,
authors remarked that acceleration causes a thinning of the turByisting roughness correlations become suspect when applied
lent boundary layer accompanied by a suppression of boundamich beyond the mild cambgand angle of attagkof a typical
layer turbulence(even relaminarization in some case$urbu- external airfoil. Experimental data are needed to determine the
lence suppression has a particularly marked effect on the conveembined effects of both favorable and adverse pressure gradient
tive heat transfer coefficient(h) and the resultant St with roughness. A significant finding of Bofi8] was that simu-
(=hlpcyUe). Thus when St is normalized by a high@rcceler- lated roughness falls short of providing an accurate roughness
ated U,, it decreases at the same streamwigdocation. When model for bothc; and St. It is expected that this disparity will
Coleman et al. added the densely packed spheres to this facilitply be exacerbated with variable pressure gradients. Thus, to be
they found a 10—-20% increase in St when comparing favoratdecurate, the wall condition in any roughness study should be
pressure gradientFPG to zero pressure gradie(@PG) for the actual roughness, reproduced from the turbine environment that is
same roughness. The acceleration-thinned boundary layer resutiethg modeled, rather than simulated roughness using homog-
in a largerk/§ ratio and a greater roughness influence comparesious elements. This report contains the findings of just such a
to the ZPG case. This augmentation more than overcame thestidy. Employing the same facility used [i], St was measured
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Table 1 Surface statistics for scaled wind tunnel models of
“real” rough surfaces

Ra Rz Rt Qs
Type Scaling (mm) (mm) (mm) (deg S,/S RZ0
Pitted 28.5 0.12 1.14 2.08 7.23 1.02 0.57
Spalled 28.1 084 451 643 164 1.08 226
Fuel 34.3 117 596 7.3 20.6 122 298 __
Deposits e
Erosion/ 57.7 0.52 3.83 423 253 120 1.92
deposits

Fig. 2 Schematic of variable pressure gradient wind tunnel at

over scaled roughness models in both adverse and favorable pfo@?"
sure gradient conditions. Though the levels of pressure gradient
(—2X10 7<K<5x1077) are lower than those found in an ac-
tual turbine, they are large enough to show a measurable eff
and thus provide valuable insight into expected trends. Also, co
parisons are made with discrete-element model calculations usmq
the same real-roughness characterizations. Results of this cgin:
parison establish this model’s viability as a tool for predicting
in more engine representative pressure gradients.

re gradients. Velocity measurements at multiple axial locations
|Ong the tunnel centerline are shownHig. 3. The location of
roughness test plateentered ak=1.18 m) is also indicated
he figure, and was chosen as the point of intersection of the
reeU.(x) profiles. External flow heat transfer data is generally
reported as St versus ReSt normalizes the heat transfer coeffi-
cient by the rate of available thermal capacity in the flow
ot (pc,Ue). Using St allows comparisons to be made for different
Surface Roughness Characterization quié)s eand flow conditions. Reidentifies the hydrodynamic
Data reported in this study employ the same roughness charggundary layer state and maturity. Plotting St versus &lews
terizations used in previous studies by the authidr$7,29. Sur- heat transfer assessments to be made independent of fluid type,
face measurements were made on nearly 100 land-based turlie® character, or boundary layer state. However, since both St
components assembled from four manufacturers: General Electdid Re employ the local value d&f,, they contain no direct
Solar Turbines, Siemens-Westinghouse, and Honeywell Corpojigformation about the upstream variationlof . Thus, when com-
tion. The articles were selected by each manufacturer to be repsgring St and Re data from different experiments with pressure
sentative of surface conditions generally found in the land-basgghdients, it is important to understand the manner in which the
gas turbine inventory. Chord dimensions on the assembled blaggsssure gradient was imposgdlative to the measurement loca-
and vanes ranged from 2 to 20 cm and included samples witBn) as this will have a significant impact on the relevance of
thermal barrier coatingsTBC). In order to respect proprietary comparisons between results.
concerns of the manufacturers, strict source anonymity has beetoleman et al[21] and Chakroun and Tayld23] made com-
maintained for all data in this publication. parisons at the same streamwise location for a turbulent boundary
Extensive two-dimensional and three-dimensional surface meayer that either had a constaldt, or a constantJ,, followed by
surements were made on the assembled hardware using a Tay@raccelerated zone just prior to the measurement location. Thus,
Hobson Form Talysurf Series 2 contact stylus measurement sggmparisons were made of St versuwith the sameU,, far up-
tem. The complete results are reported3(20]. Of the surfaces stream but different Revalues at the measurement locatisince
available for study, four were chosen for this study. These include, at the measurement site is different with or without accelera-
one pitted surface, one coated/spalled surface, one fuel depgsit). Incidentally, these studies also employed a significant un-
surface, and one erosion/deposit surface. The full statistics fgated starting length in an effort to lessen the dependency of the
each of the four surfaces are included & along with represen- thermal boundary layer development on the hydrodynamic bound-
tative two-dimensional trace3able 1 contains a subset of theseary layer development. By contrast, the NASA work by Dukhan
statistical measurements. The surfaces were scaled to matchdhgl.[27] used constant acceleration from the leading edge of the
roughness to boundary layer height ratio of the turbine enviroppughened test plate and reported heat transfer as St versus Re
ment as well as the roughness classification of the flewooth, There is a short unheated starting length in the NASA facility as
fully rough, or transitionally rough The scaled models were fab-well. The focus of the present study is turbine blade heat transfer,

ricated into 280 mm360 mm test panels using a StrataSys Inghough the findings are more broadly applicable to a variety of
GeniSys Xi 3D plastic printer.

Description of Experimental Facility 20

The research facility used for the experiments is described in N
detail in[3] and only a brief summary will be given here. The
open-loop wind tunnel located at Wright-Patterson AFB uses a
centrifugal blower to provide a nominal mass flow of 1.2 kg/s to

IR Camera
Locatio"/@

=)

g

the test sectioffFig. 2). A heat exchanger can be used to vary the
flow temperature from 18 to 54°C. The flow enters a conditioning
plenum of 0.6-m diameter before reaching the rectangular test

section. The freestream turbulence level at the test section is 1%.

At 1.22 m from the plenum exit a knife-edge boundary layer bleed
with suction removes the bottom 1.27 cm of the growing bound-
ary layer, making the aspect ratispan/height of the final test
section approximately 1.fwith no pressure gradientThe top
wall of this final section is adjustable in order to set non-zero
pressure gradients in the tunnel. Since the goal of this study is to

Freestream Velocity, Ue [m/s]

@

o FPG
-B-ZPG

—-APG

Roughness

Panel
Location

N\

04

08

12 186 2

Streamwise Distance, x [m]

assess the effect of pressure gradient on rough surfaces, thisggp3a Freestream velocity distribution for three pressure gra-

wall was adjusted to create three differérdughly lineaj pres-
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dients in AFRL wind tunnel
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Table 2 Smooth-wall data from experiment and calculation (at x=1.2m)

APG ZPG FPG
K —2.25x10°7 3.52x10°8 4.73x10°7
Re, 939,000 901,000 932,000
St-experimental 0.00199 0.00220 0.00248
St-BLACOMP 0.00208 0.00225 0.00257
St-Ambrok[31] 0.00206 0.00217 0.00245
c;-BLACOMP 0.00304 0.00375 0.00446
ci-White [33] 0.00299 0.00376 0.00456
Reynolds analogy- 1.37 1.20 1.15

BLACOMP

industrial applications. Since pressure gradients on turbine bladiDgscrete-Element Computational Model

begin at the leading edge, it was decided to compare St versus R . . S
at the sameclocation. This is done in the present facility by. €The discrete-element model used for comparison in this report

starting the flow ak=0 with a U, value that is higher or lower :(Z r(;t:]t(lzzleg 0'3 n%';tf'llg[g] Cigi W;E A@g&rgegéev%“: gJ'g,[teM(?géi s-
than the zero pressure gradient constdptvalue, and then de- ! y ay ' . P

creasing or increasing, up to the measurement locatidsee sippi State University for educational usg80]. The discrete-
e i -
Fig. 3). Also, to more faithfully simulate the turbine environmentelement model was formulated for roughness elements with three

h B dimensional shapes for which the element cross-section
the thermal and velocity boundary layers begin simultaneously nensi ' . . X
x=0 (without an unheated starting length distribution can be defined at every heiglgt, The differential

One attribute of the facility that does not necessarily mirror t qu_ations incluc_iing roughness effects are derived by applying the
turbine blade application is the wall roughness character leadi gsic conservation statements for mass, momentum, and energy to

up to the measurement location. The roughness panels are @ ontrol volume located below the roughness peaks. Basic to this

ceded by 1.04 m of smooth plexiglas wésf comparable thermal proach is the idea that the two-dimensional time-averaged tur-

properties to the plastic pangléccordingly, the flow experiences b:Jolﬁnfn?:lﬁgc\j?\r};rlizﬁéseg%agOgtsiaﬁar;\?;aa%%'gse'rntkt]:'?rgr?:\’/é?s'e
a transition from a smooth to rough wall condition at the leadin : P y 9

edge of the roughness panels. This experimental setup dep direction and the streamwigg) direction. The physical effects

from traditional roughness experiments in which the entire dev 'Egergut?hggﬁziggme%se?.T) \}\?Elcf)lglg 'ré t?ﬁeﬁgggﬂefé?#ue?fhae;i
opment length of the boundary layer is roughened. Previous war y g g€,

. ransfer, and the local element form drag. The turbulence model is
by other researcherseferred to in[3]) suggests that St FECOVETS st modified to include roughness effects since the physical ef-

its rough wall value within three to four boundary layer thick- s of the roughness on the flow are explicitly included in the

- . L . f
nesses. To mitigate the effect of this transition region, the he h . Y h .
transfer data were taken on the downstream half of the roughn Sserentlal equations. The Prandil mixing length with van Driest

section(beyond the expected adjustment lengthhat said, the amping is used for turbulence closure. Closure in the energy
turbine roughness measurements reported by H@Gs show equation is achieved using a turbulent Prandtl number,d¥10.9.

. ughness ; P y H } (x) and T—T(x), as well as the inlet flow ax=0 are re-
rapid spatial variations in surface character. So, this experimen ‘r’gired inouts for the calculation
configuration may actually be more representative of the real tut- P ’
bine blade surface than constant roughness from the leading edge
of the tunnel. Results and Discussion

30'(:)(C))r' t?e hgat transfer measyrements,d a FLthT?ermica"} SPata are presented first for the smooth baseline panels at three
Infrared camera system is mounted over a hole in the plexizoq,re gradients. This is followed by a presentation of the rough

glas ceiling of the tunnel. The camera setup and data reductig yata “and finally a comparison between the rough data and
procedure is documented [B]. The optical port is sealed to thethe computational mode! calculation.

camera lens using a cylindrical housing. This prevents air from
exiting or entering through this port during tests with variable Smooth Wall With Pressure Gradient. Smooth wall tests
pressure gradient. For this study, the focal distance of the camerere conducted both to provide a benchmark for comparison with
was kept constant regardless of the height of the adjustable tunti rough-wall data and to establish the suitability of the experi-
ceiling. The camera field of view is roughly ¥®0 mm, centered mental facility. Table 2 shows the St data and corresponding Re

at x=1.2m. The surface temperatures recorded by the caméoa each of the three pressure gradients with smooth walls. The
were area-averaged to obtain the surface temperature historyzero pressure gradiefPG) case actually has a nonzero value of
quired by the St calculation algorithm. The Stanton number w& However, the value is an order of magnitude less than the
determined from this surface temperature history using ttasolute value oK for both pressure gradient cases. Thus, it is
method of Schultz and Jon¢29]. This transient technique usesreferred to as the zero pressure gradient reference. St increases
Duhamel’s superposition method to calculate the surface heat flarxd decreases both by about 10% for favorable pressure gradient
given the surface temperature history. It assumes the panels af€RG and adverse pressure gradiddPG), respectively. This
semi-infinite solid at constant temperature at the start of the tranesult for a smooth wall turbulent boundary layer appears to run
sient. To accomplish this, the entire test section was soakedcatinter to the aforementioned findings of Moretti and KE32]

room temperature for several hours prior to testing. Using the flaw which freestream acceleration suppressed turbulent fluctua-
heat exchanger, hot air flow was then initiated instantaneousigns, reducing St for constamt Though it is unclear from the
while monitoring the freestream velocity and temperature as welata presentation ifi22], it is quite possible that their St data

as the average surface temperaiuvith the IR camerp The heat would actually show a slight increase with FPG if comparisons
transfer coefficienth) at each time step was then calculated usingould be made at matched Rmnditions(as in the present stugly

the expression irf3]. With this procedure, smooth plate, zeroHowever, there are other mitigating factors to consider as well.
pressure gradient St values were found to be within 3% of tHéne leading 1/3rd of the Moretti and Kays wind tunnel is non-
accepted correlations. Repeatability was withif% and bias un- heated. Thus the hydrodynamic boundary layer is significantly
certainty was estimated at0.00015 for the smooth plate mea-larger than the thermal boundary layer. Since the thermal bound-
surement of S£0.00219 at (Re=900,000). ary layer resides in the near wall log-law region in this configu-
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ration, an acceleration-induced suppression of turbulent fluctua- 2
tions would have a significant impact on the energy exchange with
the wall. By contrast, the present heat transfer experiment is con-
ducted in a transient mode. The entire tunnel flooe Q) sees the =T
same blast of hot air, and the velocity and thermal boundary layers
are more comparable in size. A second difference is related to the
boundary layer history upstream of the measurement location.
Moretti and Kays compare acceleration to constdntafter a
considerable constant velocity zone. As such, the boundary layer
size at the measurement site would only be slightly thinner in the
accelerated case. Since the present study uses approximately lin-
ear freestream velocity gradients from+0 (Fig. 3), U, and Rg
are matched at the measurement location, but the boundary layer ° . o oe T
thicknesses vary dramaticalid2 mm, 27 mm, and 12 mm for Stroainwiss difestion; ] ’
APG, ZPG, and FPG, respectivelyThis disparity in boundary
layer size with comparabld, andT, creates considerably differ- Fig. 4 Empirical T,— T, distributions used in St calculations
ent boundary layer gradients and exchange rates. (nondimensionalized by measured  T,—T, at x=1.2m)

To verify the magnitude of the smooth-wall St variation with
pressure gradient, calculations were made using both BLACOMP

and the method of AmbroK31]. Ambrok’s empirically based in- analogy trend shown in the table bears some explanation. It ap-
tegral method employs an assumed relationship between the $#ars that the predicted Reynolds analogy is not independent of
face heat flux and the energy thickness of the boundary layerggessure gradient. Indeed, it increases with APG and decreases
solve the energy integral equation. An implicit assumption of thigith FPG. This indicates that heat transf¢éhe numerator is
method is that the thermal and hydrodynamic boundary layessuch less sensitive to pressure gradient than skin frictthe
develop independently. This limitation aside, Ambrok’s methodenominator. This finding has been noted by others, dating back
has been used by a number of research@&32, for a reason- to the nozzle flow experiments of Back et §82,34. In two

ably accurate and robust prediction of St with variable and different cases, Reynolds analogy dropped from the 1.2—1.3 range
T.—T,. Initially, the two calculations were conducted with aat ZPG to approximately 0.7 in the accelerated zone of the nozzle.
constantT,—T,, assumption, using the experimental value fronAcceleration parameters were considerably higher for these flows
the measurement locatiorx€ 1.2 m). This produced matching (K=2x10"9%) than for the present stud¥able 2), explaining the
trends in the calculated Sincrease for FPG and decrease fomore significant drop in Reynolds analogy with acceleration.
APG), but the magnitude of the change was only 1/3rd that of thgack et al.[34] flatly state that the Colburn equatigReynolds
experimental result. Upon closer consideration, it was discovergflalogy “fails badly” in regions of variableU,. Boundary layer

that both calculation procedures are quite sensitive to the temperature and velocity measurements indicate that the thermal
— T, variation with x. Unfortunately,T,, was only measured at resistance of the boundary lay@he enthalpy thicknegss much
x=1.2m in the experiment, and no other informati@ng., ther- less responsive to acceleration than the momentum thicKeess
mal boundary layer profilgavas available to infell,,(x). Since Indeed, temperature profiles taken in the converging nozzle vary
the wall is modeled as a semi-infinite surface with constgpat only slightly with axial distance while the velocity profiles show a
t=0, the thermal wall boundary condition during the experimenarge shift of momentum down toward the wall. This disparity
is neither constant,, nor constanty,, (much like a turbine blade, betweenc; and St with pressure gradient was treated analytically
incidentally). Because both boundary layers develop from thiey So[35]. So extended the equilibrium turbulent boundary layer
leading edge, it is reasonable to assume that for ZPG;T,, analysis of Mellor and Gibsof86] to the thermal boundary layer.
would be=0 atx=0, rising steeply during the initial stages ofWith both boundary layers then fully characterized, So was able to
boundary layer development, then approaching the measupgdt Reynolds analogy versus Clauser’s equilibrium paramgter
value of 25°C atx=1.2 m asymptotically. Since the FPG is con{Fig. 5). Though the current experiments are not equilibrium tur-
stantly accelerating fronrx=0 to 1.2 m, the boundary layer bulent boundary layers in the classical sense, the trends are re-
growth is slower, and’.—T,, would not adjust as sharply with  markably in line(see data plotted with So’s theoretical trends in
The APG boundary layer, on the other hand, would experien&ég. 5). This effect also explains the relatively low Reynolds anal-
rapid growth near the leading edge and may indeed be well aygy values(=0.95 reported for recent pipe flow experiments
proximated by a constarf,— T,, thereafter(the thick boundary

layer providing a significant deterrent to variationsTiy from x

=0 to 1.2 m. These three intuition-basdq — T,,(x) distributions »
are depicted irFig. 4 (normalized byT.—T,, atx=1.2m). Em-

ploying these variabl&,—T,, distributions in the BLACOMP and

o
©
A\

/ —APG
2 ——2PG
----FPG

!
=

(Te-Tw)/(Te-Tw)@x=1.2m

Ambrok calculations yielded closer agreement with the experi-

mental data as shown ifable 2. Since the roughness panels only / .
occupy the region from 1.04#mx<<1.32 m in the wind tunnel, it 12 L I —
was assumed that the3g, distributions would change very little § /‘* """

with different roughness panels. Accordingly, they were employed 0s- P 5o Model (Pri=07)

in the BLACOMP rough-wall calculations as well. v :an(;ed' (;:qgn

Though the focus of this paper is on heat transfer, the BLA-
COMP calculation also yields a prediction@f. With the view of
shedding light on the applicability of Reynolds analogy (St
=c¢/2) in nonzero pressure gradienf@ble 2 also includes the 0
BLACOMP c; prediction and the resulting value of 26t/ Rey- o4 o 04 08
nolds analogy is based on the equivalence of the turbulent eddy Clausers equiibrium parameter, f = 2KResdct
diffusivities for heat and momentum. The BLACOMP value 9r Fig. 5 Reynolds analogy predictions from So  [35] compared
agrees favorably with that obtained using a standard integral c@ith results using smooth-wall predictions from BLACOMP
culation from White[33], also shown in the table. The Reynoldsomputation

0.4
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Fig. 6 Experimental S; data for six panels and three pressure Fig. 8 Experimental data for six panels  (Re,=9X10%). Pres-
gradients (Re,=9X10%) sure gradient induced change in St (Stpg— Stzpg) as a percent of
Stzpg for the same rough surface.

of Belnap et al.[37]. Though a fully developed turbulent pipe

flow is different in several ways from an external, developing

boundary layer, the favorable axial pressure gradient does resuliiith FPG for these casdas is clear from the raw St data ig.

a lower Reynolds analogy than for ZR®.1-1.2. This finding is  6). Rather it implies that the percent increase in heat transfer due
particularly critical for experimentalists who often infer heato roughness for FPG is less than the observed percent increase in
transfer from skin friction measurements or vice vef&8]. If heat transfer due to roughness for ZFgure 8 plots the pres-
pressure gradients are considerable, the two exchange meche gradient induced change in @nzero pressure gradient
nisms do not behave in unison. minus zero pressure gradigrts a percent of the St value at zero
pressure gradient for the same rough surface. Data is shown for

Rough Wall With Pressure Gradient. As mentioned ealrlle_r, FPG and APG only since the ZPG curve would be identically
four distinct roughness models were used in this study: pitted

X . . : ro. Pressure gradient has the same qualitative effect for all of
spalled, fuel de_posn, and erosion/deposits. A.ﬂﬁh surface was af?l%(’e SiX surfacesgshOV\(rFPG increases St?/vhile APG decreases St
constructed using a staggered array of cdihesght=2 mm, base

diameter-5 mm, spacing:5 mm). This simulated rough surface at constant roughnessThe APG data again show some universal

(also reported ih3]) was designed to have similar roughness Stﬁnds(all rough panels are lower than the smooth bashlinkile

tistics to the erosion/deposits surface in this paper. The St data igpﬁgifnsgog g]cl:)((:iclje:Ztseuc!lts%r\gggt?eg?nmg?rgs t&;ﬂ?agnOOth
all six surfaces is shown iRig. 6. St increases with both rough- ’ 9 9

ness and favorable pressure gradient at constapt Reere are 18%) shown inFig. 8 is comparable to that reported by other
y i — 0,
several different ways to dissect the data in this fig@igures 7 researchers. Coleman et al. reported increases from 10-20%,

. acog
and 8 show two such treatment§igure 7 plots the roughness- while Chakroun and Taylor measured 5-15% increqsata was

; - . presented for roughness with FPG compared to roughness with
induced change in Strough minus smoobhas a percent of the 7PG). These studies both reported St at constarinot Re).

smooth-wall St value, all evaluated at the same pressure gradi%‘lt
- ; . Dukhan et al. reported St versus,Red showed 10—-40% aug-
This change is calculated for each of the three pressure gradlerﬂ ntation(larger evith higher Rg). innally Turner et al. repforte%l

and all five rough surface¢The smooth panel is not plotted ) augmentation. An exact comparison is difficult to make due to

it would be self-referenced and thus identically equal to z28roe : . . -
. . the number of variables in the different wind tunnémheated
lower roughness-induced St augmentation for APG appears tosE rting length, flow history, etg.yet the level of augmentation

universal across all surface typésn average 7% less than the h .
. . “due to FPG is consistent.
roughness effect at ZRGThe results with FPG are not so univer- Of critical importance to the designer is whether heat transfer

sal. The roughest three scaled models showS# difference in aHgmentation due to pressure gradient alone can simply be added

roughness effect between FPG and ZPG, while the pitted . .
simulated surfaces actually show a lower roughness-induced g@_results with roughness alone to approximate the effect when

. . A th are present. If true, this would imply a lack of synergy be-
fect on St. This should not be misinterpreted as a reduction in een the two mechanisms. This is attractive to the designer be-

cause it allows correction factors to be simply superposed without

o additional parametric testing. One way to determine the degree to

which these two mechanisms are synergistic is to compare the
/g augmentation results obtained with both mechanisms present to
g 743 that achieved by adding or compounding their individual effects.
g Q//?///@L For example, if the smooth plate St augmentation due to favorable
£ 40 . .
N pressure gradient was 10% and the St augmentation of a rough
g | o g plate (with zero pressure gradienivas 40%, the additive predic-
£ tion for the rough plate with FPG would be 50%. For the same
Z == case, the compound method would predict a combined effect of
E® =7 e 54%. These three measures can be written algebraically as fol-
Z i// A APG lows:
. Stpc ASt
0 : —1l=—
Pitted Spalled Fuel Dep Erosion Simulated SynerngtIC. Sto STO (1)
Fig. 7 Experimental data for five panels (Re,=9X10%). Sty Stog
Roughness-induced change in St (Stgoygh — Stsmootn) @S @ per- Compound: — ——-—1 ¥
cent of St gmeom at Matching pressure gradient. St, St
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Fig. 10 Mean velocity profiles (U) at leading and trailing edge
08 of smooth panels: adverse, zero, and favorable pressure gradi-

/D ents. (Re,=9X10°).
06 =]
//E/ /A/
L& 50% under prediction is due to the strong positive synergy of
AstiSto %// favorable pressure gradients and roughness and is similar to ex-
04 perimentalc; measurement@ot presented in this papefor the
% ggr:;gm;::m erosion/_deposit surface. There is, of course, a clearer physical
- Additive Estimate mechanism for csynergy with pressure gradient and roughness.
02 The bulk ofc; increase with roughness is due to the form drag on
the individual roughness elements. Favorable pressure gradient
(like elevated freestream turbulendeas a tendency to increase
o the near wall momentum, thus producing an even larger increase
Pitted Spalled Fuel Dep Erosion Simulated in ¢; (due to a disproportionate increase in form drémn would
(b) be predicted for pressure gradient and roughness separately. The

opposite would be true for APG.

There is no “form drag” equivalent for heat transfer, so the link
estimates using individual effects of roughness alone and between pressure gradient and roughness is '?SS obvious. L.Jlt"
pressure gradient alone. Data for five rough surfaces and (a) Mately, the wall heat transfer occurs by conduction, so synergies
APG or (b) FPG. (Re,=9X10°). must either interruptAPG) or accg!eratéFPG) this process. P_re-
vious researcher§22], have identified the pressure gradient influ-
ence on turbulent fluctuations in the boundary layer as a possible
Sk St suppression/enhancement mechanism. To explore this possibility,

Additive: (__1)+ ove (3) boundary layer profiles were taken at the leading and trailing
Sty S1 edges of three different panelsmooth, erosion/deposits, and
The subscripts R” “PG,” and “RPG” represent St measure- Simulated at the three pressure gradients. Because the heat trans-

ments with roughness only, nonzero pressure gradient only, efﬁél tests are transient, these velocity measurements were not made
the two effects combined, respectively. An identical analysis wa§nultaneously with the St measurements. Rathewyas set to a
conducted in[3] looking for synergies between roughness anBonstant valuéclose to the value used in the transient heat trans-
freestream turbulencé&igures da,b) contain these measures forer testy and the wall temperature was not controlled in any way.
all five surfaces at APG and FPG, respectively. An interpretatiJml_Js' there was little or nd,—T,, . The profiles were taken with

of the APG plot is that the additive St estimate would overpredié Single-element hotwirdzigure 10 shows the mean velocityJ)

the actual St by 10% on average, while the compound estimz_ﬁ’(@f”es for_t_he smooth panel and three pressure gradients at lead-
overpredicts the actual St by only 6%. This is a negative synerd{9 and trailing edges. _ _
The FPG plot again has a mixed result. The three roughest “reaj” With so many flow variables, it was necessary to synthesize
models show an average of 8.5% positive synergy relative to ifese boundary layer data into the_lr essential results. A_ccordmgly,
additive estimate while the pitted panel and the simulated parjg boundary layer momentum thickne$ and streamwise tur-
both show slightly negative synergiésp to an average of 7% bulent kinetic energyy('?) flux (q) were computed for both lead-
relative to the compound estimat&@he magnitude of the synergy ing and trailing profiles:
in St is not as significant as those reported 3 for roughness U U
and freestream turbulen¢6—-20%. However, it is expected that 6= j —(1— —)dy (4)
the synergies will grow with pressure gradiék), and the values oVe Ue

of K in this study are lower than for a typical turbine blade. ThuE d

the error that would be incurred by estimating the synergistic P
augmentation by the simple superposition of the two separate ef-

fects could be substantial in practice. Also, measured and calcu- a=
lated c; synergies with roughness and pressure gradient indicate
much stronger synergies in aerodynamics than in heat transfer. Fofhe change in these values from trailing to leading edge was
example, BLACOMP calculations of; for the erosion/deposit then calculated to arrive at the net change of momentum thickness
surface with favorable pressure gradient yield a 216% additivA#) and streamwise turbulent kinetic energy fluxq) across the
estimate for gaugmentatiorfroughness and pressure gradient efiest panels. In the same way that the rough-wall St data were
fects assessed independentdgmpared with the synergistic resultcompared to the smooth-wall St data for reference, the smooth-
of 266% (roughness and pressure gradient effects comhifidds  wall trailing-to-leading-edge difference\@smoo) Was then sub-

Fig. 9 Comparison of combined (synergistic ) roughness /
pressure gradient effects on St with compound and additive

1.

5
u’2udy. (5)
0

Journal of Turbomachinery JULY 2004, Vol. 126 / 391

Downloaded 31 May 2010 to 171.66.16.21. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 3 Boundary layer parameter variation across test pan- 0.005
els
|
A 19:0 eTE7 AAaéough7 Aq =0Ote— AAqrough7 o0t s (‘—Z
LE th A e Usmopth
Surface PG (mm) (mm) (mA‘/Sg) (mi/s) 0008 _s————a
Smooth  FPG 0.11 0.021 3 o« r e
Smooth ZPG 0.75 0.036 o FPGEp
Smooth APG 2.14 0.071 9.002 e FPG-Comp
Ero/dep FPG 1.17 1.07 0.167 0.146 5 ZPG-Exp
Ero/dep ZPG 1.4 0.65 0.135 0.099 = 7PG-Comp
Ero/dep APG 2.47 0.33 0.163 0.092 0.001 o APG-Exp
Simulated  FPG 0.97 0.87 0.112 0.091 A APGEGTH
Simulated  ZPG 1.41 0.66 0.124 0.088 I
Simulated APG 2.58 0.45 0.154 0.083 o ] ; ]
Smooth Fuel Deposit Erosion

Fig. 11 Comparison of experimental St data with discrete-
element method prediction for three panels and three pressure

H — 5
tracted from the rough-wallX 6,4y value at the same pressuredradients.  (Re,=9X10%).

gradient(to try to isolate the effect of roughness only for a given

pressure gradientThe result is inTable 3 for the erosion/deposits

and simulated surfaces. The table includesAl#eand Aq values o )

for all three surfaces at the three pressure gradient valles. randqm distribution of roughness scales in the “real” case. Shed

values are positive since the boundary layer momentum thickn&&sticity from the larger roughness elements may be disrupted

increases from leading edge to trailing edge values are also downstream by smaller elements and rendered less effective at
positive since the difference between the streamwise turbulent RHgMenting heat transfer. This was the finding with no pressure

netic energy exiting and entering the control volume over the te@fadient. The present data adds to this finding by showing that the
panels represents the net production of TKE in the developifi§fO Statistically equivalent surfaces do not respond to FPG simi-

boundary layer. The 4th and 6th columnsTable 3 contain the larly. The simulated roughness model already elicits a more el-

comparison of rough to smooth valuéke change due to rough- €vated heat transfer augmentation without pressure gradient. Thus,

Looking first at the “real” erosion/deposit roughness data, théoughness model does not have as much room to enhance St as the

APG boundary layer has less roughness-induced momentum défal” roughness model. _ _ _

cit (0.33 and less roughness-induced TKE generatior092 Nuances such as these are missed by equivalent sandgrain type
when referenced to the smooth wall APG values than ZPG or FE@pirical roughness correlations. Likewise, CFD applications that
with the same roughness. It would then be expected that tr@igjust the van Driest damping in the turbulence closure relation to
roughness would have less effect on St for APG than for ZPG 8gcount for roughness effects are also limited in this regard. By
FPG since St is influenced both by turbulent fluctuations and tentrast, the discrete-element method considers the particular
near-wall velocity profile. This is again evidence of a negativé?ughness geometry of each surface, assessing the individual con-
synergy. The opposite is seen for the FPG data, where a positfjjgutions to ¢ and St of each roughness element. As reported in
synergy is implied(for this roughness panelThe rough surface [17], the BLACOMP code was able to matchwithin 7% and St
generates 0.09an/s) more streamwise turbulent kinetic energyWithin 16% for a range of real and simulated roughness panels.
(Aq) than a smooth surface at zero pressure gradient, while in B this study, the same code was exercised for three of the panels
accelerating flow the rough surface generates 0(b#f&s®) more from the experimental stud(\smgoth, fuel depos[ts, and erqsmn/
Aq than if the surface were smooth. A physical mechanism féleposits at three pressure gradients. The experimeldtgk) dis-

this observed variation itq with pressure gradient may be thetribution was input along with the intuitively base,—T,,(x)
stretching of turbulent eddies generated from roughness elemegidribution discussed previouslyFig. 4). The results for these

in the boundary layer. The thinner favorable pressure gradidhfee surfaces are compared with the experimental St datayin
boundary layer has a steeper mean velocity gradient which wiil- As expected from the data ifable 2, the smooth St values
increase the transfer of mean kinetic energy to turbulent kinefieatch within 5%. For zero pressure gradient, the computed St
energy via the vortex stretching mechanism. The opposite wowi@lues for the two rough panels are an average of 12% higher than
be true for the adverse pressure gradient case. Also, in terms of #g2 measured values. This discrepancy aside, the effect of pressure
k™ regimes established by Schlichtifit0], the favorable pressure gradient for a given roughness panel is quite well matched. The
gradient flow(with higherc; at constant Rg increases the* of  difference in cgmputed St from FPG to APG for the two rough

a given roughness, possibly moving it from aerodynamicalgifaces is 23% of the ZPG St value. Foor the experimental St
smooth k*<5) to transitionally rough or even to fully rough easurements, this same difference is 28% of the ZPG St value.

(k*>60). Incidentally, the smooth case in the present stu hile there are still areas for improvement, this level of agree-

shows the same drop in streamwise turbulent kinetic energy g ent in heat tran§fer calculatio_ns with roughness is significa_nt.
eration (Aq) with favorable pressure gradient that was report ea_rly, the capab_llltles of the“dlsc"rete-element method make it a
by Moretti and Kayg22] for a smooth wall. rmidable prediction tool for “real” roughness.

Turning attention to the simulated roughness panel, we note
that despite the matched roughness statistics for the two panels,
the effect of pressure gradient is markedly different. The range 8timmary and Conclusions

momentum thickness increase is not as broad and the increasedg o yransfer measurements have been made on roughness pan-
turbulent kInP:‘tIC e"nergy generation with FPG IS significantly Ieséls in a low-speed wind tunnel at three different pressure gradi-

than for the “real” roughness counterpart. This underscores ey "The roughness panels are scaled models of actual turbine
finding from [3] that statistically “equivalent” ordered roughness’surfaoes rather than the traditional simulated roughness using sand

surfacgs may be tungd to match tiyeof “real” r.oug.hness,. but or ordered arrays of cones or spherical segments. Based on the
they will not necessarily match the &enerally yielding a higher findings, the following conclusions are made:
St). The explanation offered if83] for this shortcoming was that ' '

the lower St of “real” roughness may be due to the range and 1. For a smooth-wall turbulent boundary layer, favorable pres-
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sure gradient increases St for the same ¢enpared to no

pressure gradient. Adverse pressure gradient has the oppo- X

friction or shear velocity/7,, 7p
streamwise distance from tunnel leading edge

u, =

site effect. y = surface normal distance
2. Heat transfer is less sensitive to pressure gradient variations A = change in quantity from trailing to leading edge of
than skin friction for a smooth wall turbulent boundary panels
layer. This phenomenon results in a variable Reynolds anal- « = airfoil angle of attack
ogy with pressure gradient. ams = I'ms deviation of surface slope angles
3. Combined roughness and pressure gradient have negative 8 = Clauser’s equilibrium parameter,
(for APG) and positive(for FPG synergies on heat transfer. B=—254(dU./dx)/(cUy)
Adding the measured effects of roughness alone and adverse & = boundary layer thickness
pressure gradient alone on heat transfer to arrive at an esti- ;4 = boundary layer displacement thickness
mate for St when both are present would overpredict the v = kinematic viscosity
actual St by 10% on average. Conversely for FPG, this ad- 6 = boundary layer momentum thickness
ditive estimate would underpredict the St by 8%. Synergies p = density
are less pronounced when the St data are compared to com- 7, = wall shear
pound estimates. ;
4. A simulated roughness panel with matched roughness statslsu-bscnptS
tics to a “real” roughness test model does not show the same € = freestreantboundary layer edgevalue
heat transfer or boundary layer behavior. o = smooth plate reference
5. A discrete-element method CFD computation is able to cap- PG = pressure gradient only
ture the variation in St with pressure gradient for three dif- R = roughness only )
ferent roughness panels. PG = roughness and pressure gradient
rough = rough wall value
smooth= smooth wall value at the same pressure gradient
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Vortex Transport and Blade
Interactions in High Pressure
Turbines

This paper presents a study of the three-dimensional flow field within the blade rows of a

V. S. P. Chaluvadi

A. l. Kalfas high-pressure axial flow steam turbine stage. Half-delta wings were fixed to a rotating hub
to simulate an upstream rotor passage vortex. The flow field is investigated in a low-speed
H. P. Hodson research turbine using pneumatic and hot-wire probes downstream of the blade row. The
paper examines the impact of the delta wing vortex transport on the performance of the
Whittle Laboratory, downstream blade row. Steady and unsteady numerical simulations were performed using
Cambridge University Engineering Department, structured three-dimensional Navier-Stokes solver to further understand the flow field.
Madingley Road, The loss measurements at the exit of the stator blade showed an increase in stagnation
Cambridge CB3 0DY, UK pressure loss due to the delta wing vortex transport. The increase in loss was 21% of the

datum stator loss, demonstrating the importance of this vortex interaction. The transport
of the stator viscous flow through the rotor blade row is also described. The rotor exit flow
was affected by the interaction between the enhanced stator passage vortex and the rotor
blade row. Flow underturning near the hub and overturning towards the midspan was
observed, contrary to the classical model of overturning near the hub and underturning
towards the midspan. The unsteady numerical simulation results were further analyzed to
identify the entropy producing regions in the unsteady flow field.

[DOI: 10.1115/1.1773849

1 Introduction 2 Experimental and Numerical Approach

The most significant contribution to the unsteadiness in a tur-2.1  Test Rig and Instrumentation. The present work has
bine is due to the periodic chopping of the wakivdson[1]) and  been carried out in a subsonic large-scale, axial flow high-pressure
secondary flow vortices from the upstream blade row by thearbine with a casing diameter of 1.524 m and a hub-tip ratio of
downstream blade roChaluvadi et al[2,3], Sharma et al[4], 0.8. Hodsor{1] and Chaluvad[10] described the test facility in
Boletis and Sieverdinf5], Walraevens et a[6], and Ristic et al. detail. Figure 1 shows the schematic diagram of the test facility
[7]). As modern engine design philosophy places emphasis 8Rd the planes of measurement. The large scale of the rig makes it
higher blade loading and smaller engine length, the effects BpSSiPle to measure the flow field inside the blade passage, up-

these interactions become even more important. For a turbine witheam and downstream of the blade rows. Trip wires of 1.2 mm
jameter were used to ensure that the boundary layers at the hub

a low aspect ratio and high blade turning angle, secondary ﬂ?ﬁj’hzo 008, H=1.31) and the casing &t/h=0.0077, H
interactions could become more important than those due 10) 30 are turbulent at the inlet to the delta wing row. These are

wakes. Sharma et gk,8] showed that the interaction of the first|ocated at two stator axial chords upstream of the delta wing row.
rotor secondary flows with the succeeding second stator blade rpwtther details of the turbine and the design condition of the test
appears to dominate the flow field. All the earlier studies wery are given in Table 1 Figure 2(a) presents the three-
conducted in a stage environment wherein various forms of sattmensional solid model of the rig showing the delta wing row,
ondary flows(blade wake, hub and casing secondary flow and tiie stator row and the rotor row with shroud arrangeniéigures
leakage flow occur simultaneously in the blade row. This makeg(b) and2(c) show the stator vane and rotor blades, respectively.
it difficult to isolate the cause and effect of a particular secondary Half-delta wings were fixed to the rotating hub of a single-stage
flow interaction with the downstream blade row. low-speed rotating turbine upstream of the stator blade row. The
Chaluvadi et al[9] demonstrated the use of half-delta Winggelative air angle at the inlet to the delta wing row varies from 74
for simulating the passage vortices of a rotor in a turbine. THEQ at the hub to 70 deg at the tip. The delta wings were fixed to
same concept was used in the scope of the present paper ths, hub at 85 deg to the axial dlr_ectlon to maintain an incidence
where the interaction of these well-known vortices shed from trdle of 10 deg to represent a typical rotor passage voaealu-
half-delta wings, with the downstream blade row is investigatetfadi €t al.[9]). Initial experiments with 42 delta wingequal to
This paper also examines the impact of upstream streamwise VB¢ Number of rotor bladgsipstream of the stator were not suc-
tices on the performance of the downstream blade row. The stfgfSSful- This was due to the large amount of blockage created

focuses on understanding of the transport mechanism and the B%.the delta wings as they have a stagger angle of 85 deg. After

steady mixing process of the passage vortices inside the dowveral trials, it was decided to use 21 delta wings instead of

stream blade row. These objectives are met through a compreh&%’- resulting in less mass flow blockage and associated flow

sive experimental investigation and numerical simulatio |stort|on._ _ .
program. A Scanivalve system with integral pressure transducer is fitted

to the rotor. Slip rings transfer power to and signals from the rotor

mounted instruments. The rotor is designed to accommodate a
Contributed by the International Gas Turbine Institute and presented at the |ntﬂfn'ee_axis relative frame traverse System in order to measure the

national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jupe field withi d at th it of th tor. A t

16-19, 2003. Manuscript received by the IGTI December 2002; final revision Mar: W Tield within and at the exit o € rotor. Aréa traverses were

2003. Paper No. 2003-GT-38389. Review Chair: H. R. Simmons. carried out downstream of the blade rows using a five-hole probe.
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Fig. 1 Schematic diagram of the test configuration

The five-hole probe has a diameter of 2.05 mm with cone semi- ) o o
angle of 45 deg and side pressure holes drilled perpendicular{§; 2 (@) Large-scale rotating delta wing in the turbine rig,  (b)
the side of the cone. In all of the measurements, the probes wader vane, (c) rotor blade
small relative to the blade having diameters of less than 1.5% of
the blade pitch. The axes of the probes were aligned parallel to the ) . )
mean flow direction in order to minimize the errors. of the hot wire sensors~200), it was not appropriate to use the

The probe calibration was performed ove80 deg yaw and “cosine law” or its modifications to represent the response of the
+30 deg pitch in a low speed calibration tunnel at the typicR€Nsors at different angles of atta@hampagne et al11]). For
velocities encountered in the area traverses downstream of (RS reason, a technique similar to that used for calibrating a five-
blade row. Calibration coefficients were chosen to give good resg?!€ Pneumatic probe was developed. The technique relies on the
lution over most of the calibrated range. The traversing wadterpolation of the data contained in a look-up table. A fixed, low
achieved using a computer-controlled stepper motor system. TtHgbulence, constant 'velocny jet was used for probe calibration in
probes were traversed radially from hub to tip in 26 steps afu/OW speed calibration tunnel. The probe angular response was
circumferentially over one pitch in 45 steps. Fine data grid resg@librated by varying the yaw, pitch angles of the probe30

lution was used in the region of large gradients of total pressuf€9 With respect to the calibration jet. Two nondimensional co-
such as the blade wake and secondary flows. efficients, derived from the apparent velocities indicated by the

three sensors were used as coordinates for the table. The nondi-
2.2 Hot Wire Anemometry. The development of the delta mensional calibration constants were selected to give good reso-
wing flow inside the stator and rotor blade passage was investition over the calibration range and have been checked for
gated using a miniature three-axis hot wire probe. The probe hadiqueness for the calibration function.
a measurement volume of 2 mm in diameter and is made up ofEach anemometer output signal was recorded at a logging fre-
three different single-axis inclined sensors arranged perpendicug@iency of 5.2 KHz using a computer controlled 12-bit transient-
to each other as shown Fig. 3. Due to the length-diameter ratio capture system. All the measured voltages were converted to ve-
locities before the determination of the statistical quantities. The
acquisition of the data was triggered using a once-per-revolution

Table 1 Turbine geometry and test conditions signal. For the phase locked data measurements, 48 samples were
recorded in the time taken for the rotor to move past three stator
Stator Rotor pitches. The data was ensembled over 200 revolutions and about
Flow coefficient ¥, /U,,) 035 300 points(17 points pitchwise, 19 points radiallywere taken
Stage loading &hy/U2) 1.20 within the area traverse.
Stage reaction 0.5
Midspan upstream axial gapnm) 41.2
Hub-tip radius ratio 0.8 0.8 .
Number of blades 36 42 Hot-wire
Mean radiusm) 0.6858 0.6858
Rotational speedrpm) 550
Midspan chordmm) 1425 114.5
Midspan pitch-chord ratio 0.84 0.896 7%&
Aspect ratio 1.07 1.33 -
Radial shroud clearandenm) 1.0
Inlet axial velocity(m/s) 13.85 +—
Midspan inlet angldéfrom axial 0.0 deg 13.46 deg £
Midspan exit angléfrom axial) 71.03 deg —70.86 deg 120° £
Chord based reynolds number 5.24% 10° 412X 10° =]
Inlet absolute Mach number 0.038 o 6.0
Exit absolute Mach number 0.13 0mm
Inlet freestream turbulence 0.25%
Fig. 3 Schematic of the three-axis hot-wire probe
396 / Vol. 126, JULY 2004 Transactions of the ASME
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rotor passage vortein size, velocity deficit and vorticifyindi-
cate that the delta wing vortex is a good simulation of a rotor
passage vortex at the h@@&haluvadi et al[9]).

3.2 Stator Exit Flow. The flow field at the exit of the stator
is investigated with the help of measurements at plane 1, located
at 8.4% of statoC, downstream of the stator trailing edge in the
absolute frame of reference. The results are compared between
two test configurations.

3.2.1 Datum Configuration. In this configuration, the half-
delta wings were not fixed in front of the stator row; instead it had
a rotating end-wall. This configuration is referred to as the datum
configuration. Figure 5(a) presents the contours of stagnation

0 Time / Rotor pitch 2

pressure loss coefficienty§. The loss regions due to the blade

Fig. 4 Secondary velocity vectors at delta-wing exit ~ (plane 0) ~ Wake can be identified in the middle of the plot. In addition to
blade wake, there is a loss core near the casing and the hub from
the end-wall secondary flow.

) ) ) ) ) 3.2.2 Delta Wing Configuration. In this configuration, half-

2.3 Numerical Approach. The numerical simulations dis- delta wings were fixed to the rotating end-wall upstream of the
cussed in this paper were performed with a steady Navier-Stokgtor row.Figure 5(b) presents the contours of stagnation pres-
solver "MULTIP99” and time-accurate Navier-Stokes solvergyre |oss coefficient() at the exit of stator row. The axial loca-
“UNSTREST" of Denton[12-14. These codes solve the threetjon and the contour intervals are the sameFas 5(a). After
dimensional modified Reynolds averaged Nawe_r-Stokes equatigimparing the=ig. 5(b) with Fig. 5(a), it can be observed that the
on a structured, nonadaptive mesh. The equations of motion afgtor wake is stronger in the delta wing configuration than the
discretized to second-order accuracy and integrated forward gtum configuration. The loss core near the hub is larger in size
time. A mixing length model with wall function is used for mod-and higher in loss. It occupies almost 60% of the stator pitch. This
elling the turbulence in the flow. For the steady-state calculationg, que to the hub passage vortex. Also another region of loss
a full multlgl’ld method and local time Stepping are used to acc egion A) near the pressure surface can be observed.
erate the convergence. A sliding interface plane between the bladgjgure 5(c) presents the contours of the predicted stagnation
rows allows properties to pass from one blade row to another. Thgsssure loss coefficienty} from the steady numerical simula-
calculation is taken to be converged after a periodic solution f$ns. It can be observed that the loss contours agree well with the
obtained in one blade passing period. . measurements except near the region corresponding to the hub

A grid of 61X 111x 45 for the delta wing, 6% 92X 45 points passage vortex. In computations, the loss core corresponding to
for the stator and 64105x 45 points for the rotor has been em-+he hub passage vortex can be observed at a higher radial location
ployed in these numerical simulations in the pitchwise, streargf 309 blade span instead of 10% blade span from the measure-
wise and spanwise directions, respectively. Grid expansion ratiggnts. The size and the strength of the loss core are also much
of 1.3 near the endwalls and 1.2 near the blade surfaces were Ugggler than the measurements indicating that the steady computa-
in these computations. A total of nine cells have been employ@gns did not accurately predict the stator flow. The flow at this
inside the end-wall boundary layer thickness4% blade span |ocation is a combination of the interaction between the delta wing
to represent the vorticity accurately at the inlet to the stator blaggytex and the stator blade row.
row. Unless otherwise indicated, all the eXperimentS and COmpU'Figure 5(d) presents the phase averaged time mean turbulence
tations have been carried out at the design operating conditionimensity (Tu) measured using a three axis hot-wire. It can be
observed that the turbulence intensity contours are in good agree-
ment with the loss coefficient contours at various viscous regions
in the flow like the blade wake and the passage vortices. The
maximum turbulence intensities of 11.7% can be seen in the cen-

3.1 Delta Wing Exit Flow. Measurements were carried outter of the vortex as compared to around 8% in the center of the
at the exit planes of the delta wing row, the stator row and theake and 1.8% in the freestream regions. The passage vortex
rotor blade row. As there was no access for rotating traverse geagion near the casing has lower turbulence intensity levels of 8%
at the measurement location behind the delta wing, relative frarmempared to the hub region. The turbulence intensity on the pres-
traverses were not carried out. Instead, radial and area traversa® side of the blad@egion A) is around 4% and coincides with
were carried out in the absolute frame of reference with a fivéhe loss region as noticed Fig. 5(b).
hole probe to quantify the loss generated due to the delta wingFigure 6 gives the comparisons of the pitch-wise average of the
vortex. The losses measured thus include the effect of potentéhgnation pressure loss coefficient for the datum and delta-wing
interaction of the stator vane downstream of the delta wing.  configurations. The loss coefficienY) is derived using the mass

The unsteady velocity field downstream of the delta wing traibiveraged primitive variables in the pitchwise direction throughout
ing edge was measured using a single slant hot-wire technicthe paper. The reference stagnation pressure for both of the mea-
described by Kuroumaru et 415] and developed by Gotid6]. surements is the mean stagnation pressure measured at the inlet of
Figure 4 presents the secondary velocity vectors at the exit of ttiee rig at mid radius location. The loss behind the stator for “delta
delta wing measured using a single slant hot-wi#8% of stator wing” configuration includes the loss and work exchange from the
C, before the stator leading edge, planea@one circumferential delta wings. The loss coefficient corresponding to the passage
location. The time variation of the measured velocity is expressgdrtex at the hub increased to 0.054 for the datum configuration
as a fraction of the rotor blade-passing period. The secondamyd can be observed at 15% span. A larger increase in loss coef-
velocity vector is defined as the difference between the local vieient to 0.11 for the delta wing configuration is observed at 15%
locity vector and the average velocity vector at that spanwise dipan. Some of this loss is due to the delta wing vortex and some
rection throughout the paper. The delta wing vortex can be idetue to the interaction between the delta wing vortex and the stator
tified from 5% to 25% of blade span with a center at 17% spdilade row as shown below. After 30% blade span no difference
and rotating in the counterclockwise direction. A comparison bé&etween the two configurations can be observed.
tween the vortex generated by the half-delta wing and a typical The measured stagnation pressure loss behind the airfoil row

3 Results and Discussion
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values of loss coefficient for the two test cases. The uncertainty
analysis has been carried out for the measurement system using
the method of Arts et al.17]. The uncertainty in measuring ve-
locity is =0.128 m/sec, for the flow density #s0.002 kg/ni, for

the mass flow rate is-0.108 kg/sec. Similarly, the uncertainty
associated with the measurement of loss coefficient in the station-
ary frame of measurements can be calculated @9015.Table 2
shows the integrated loss coefficient behind the stator for the da-
tum case is 0.0246, while the loss coefficient for the delta wing
configuration is 0.0375. The integrated loss coefficient measured
behind the delta wing is 0.0077, which is 31.3% of the datum loss.
The delta wing loss includes the mixing loss associated with the
vortex in a constant volume. The difference in loss between the

oo DDEEPDE o Lo Lo £ o 5o
L e L o ek A L 15 B P ]
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%gg delta wing and the datum test configurati_on can be evalu_ateql as
g2 52.4% of the datum stator loss. After considering the contribution
g of the loss from delta wing31.3%9, the additional loss generated

212 in the stator is 0.0052 or 21.1% with an error ©6.1% of the

¢1z  datum stator loss. Hence, this additional loss can be due to the
&1 interaction between the delta wing vortex and the downstream
2% stator blade. These results show that the additional loss generated
002

in the stator blade is significant.

Another parameter, which characterises the flow, is the yaw
angle.Figure 7(a) presents the contours of the absolute yaw angle
from five-hole probe measurements. The flow overturning caused
by the strong hub secondary flow at suction side corner can be
observed, so is the flow overturning near the casing. The overturn-
ing near the hub can be seen up to 10% blade span while the flow
underturning can be observed from 10% to 25% of blade span.
This whole region corresponds to the loss core as presented in
Fig. 5(b) and associated with the hub passage vortex.

Figure 7(b) presents the secondary velocity vectors calculated
from the measured data. Near the hub, a strong secondary flow
pattern occupying almost 20% blade span can be identified. The
casing secondary flow is weaker than the hub and occupies up to
20% blade span from casing. Another vortical flow is also ob-
served near region “A’ rotating opposite in direction to the hub
secondary flow at 20% blade span. It is the same region “A’
observed irFig. 5(b) and associated with a loss core on the pres-

OO e i B 55
A0~ LN f Lo by = Sl

Fig. 5 Flow field at stator exit (8.7% C, downstream of stator

TE, plane 1); (a) Y contours for datum configuration, b)Y . .
contorl)Jrs for )A-(w?ng configuration, (¢) Y contgurs from ste(ad)y Table 2 Area integrated loss at stator exit ~ (Plane 1)
S|mulat|'ons Wlth_ A-wings, (d) average turbulence intensity con- Datum A-Wing
tours with  A-wings
Delta wing exit Y measured - 0.0077
% of datum - 31.3
Stator exit Y measured 0.0246 0.0375
and the associated mixing losses are mass weighted and integrated % of datum 100.0 152.4

over the measurement area. The “mixed-out” losses were ofjdditional loss Total - 024
. . L . % of datum) A-wing - 31.3

tained by using control volume method mixing the non-unifor loss due to

pressures to a uniform static pressure distribution far downstream vortex transport - 21.1

of the measurement plan&able 2 presents the area-integrated
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Fig. 7 Flow field at stator exit
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two configurations. This indicates that above 30% span, there is
no influence of delta wing vortex on the yaw angle of the stator
exit flow.

3.3 Unsteady Stator Exit Flow Field. It has been shown in
the previous section that there is a difference between the steady
numerical predictions and the measurements indicating the effect
of unsteadiness on the stator flow field. This unsteadiness arises
due to the relative motion between the delta wing vortex and the
stator row. Extensive time resolved data has been obtained down-
stream of the statofplane 1, 8.4% of stato€, downstream of
stator trailing edgeusing a three-axis hot-wire probe in an abso-
lute frame of reference. This measurement plane is selected at the
same location as that of the five-hole probe measurement plane for
easy comparison. One appearance of the delta wing vortex behind
the stator can be expected over two rotor blade passing periods.

Figure 9 presents the contours of the instantaneous turbulence
intensity (Tu) in two rotor-passing periods. The stator wake, the
hub and the casing passage vortices can be identified by the high-
turbulence intensity regions, as marked in the figure. The maxi-
mum turbulence intensities correspond to the passage vortex at the
hub and in the intersection between the wake and the vortex. The
turbulence levels are as high as 11.7% in the center of hub passage
vortex compared to 7% in the center of the wake. It can be ob-
served that in the regions corresponding to hub passage vortex,
the turbulence intensity varies with time during the two-rotor
wake passing periods. This region has a minimum value of 9.9%
at timet/7=0.750 and a maximum value of 11.7% at tirtle
=1.50, wherer is defined as time taken by the one rotor blade to
travel through the stator pitch. The turbulence intensity corre-
sponding to region A ofig. 5(b) is observed to vary from 1.8%
(t/7=0.0) to 5.3% ¢/7=0.75) in one wake passing period indi-
cating the periodic nature of this region. After considering the
secondary velocity vector plotd-ig. 7(b)), loss measurements
(Fig. 5(b)), it can be concluded that this structure may be due to
the pressure leg of the delta-wing vortex.

The structure of the stator secondary flow near the suction sur-
face is similar at all instants of time with little variations from one
time instant to another. The turbulence intensity results combined

sure side of the stator. This vortical flow is further discussed igjth the yaw and pitch angle dat@ot presented in this paper

Section 3.3 with the help of the unsteady measurements. suggests that the delta-wing vortex has mixed with the stator pas-
Figure 8 presents the pitch-wise averages of the measured yauge vortex at the hub, hence cannot be identified as a separate

angle data for the two test configurations. The flow overturningiir, Nevertheless, the presence of the delta-wing vortex inside

near the hub region and underturning towards the midspan, indlis region is confirmed using frequency spectrum data presented
cating a classical vortex pattern, can be observed at around 1?1‘)/Section 35,
e

blade height for the datum test configuration. The yaw ang
variation is larger for the delta wing configuration indicating in- 3.4 Unsteady Numerical Simulations. Unsteady numerical
creased strength of the passage vortex compared with the dagimulations were carried out with a three-dimensional multistage
test configuration. At all other locations from 40% blade span wplver “UNSTREST.” Denton[18] illustrates that the accurate
casing there is little or no variation in the flow angle between th@easure of loss in a flow is entropy. Entropy is a particularly
convenient measure because, unlike stagnation pressure, stagna-
tion enthalpy or the kinetic energy, its value does not depend upon
the frame of reference. The numerical results are discussed by
analysing the entropy function contours in quasi-orthogonal
planes at various time instants over one vortex passing period. The
entropy function is defined a=~29R). For a cascade with uni-
form inlet flow, this function reduces to the stagnation pressure
recovery coefficientRq,/Py1). The reference stagnation pressure
is taken as the midpassage inlet stagnation pressure at the blade
midspan location. A value of 1.0 for the entropy function corre-
sponds to the flow with no losses and any value less than 1.0
represents a loss.

Figure 10 presents the entropy function contours at 8.4% stator
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G0 . . . . I C, distance downstream of the stator trailing edge over two rotor
0.0 02 0.4 06 0.8 1.0 passing periods. This plane is at the same location as that of the
i " Span ’ ' measurement plane for the “delta wing” test case as discussed in

Section 3.2.2. At timet/ 7= 0.0, the secondary flow near the stator
hub is significant and covers up to 50% of the passage width. A

Fig. 8 Pitchwise averaged spanwise variations of yaw angle at
variation in the magnitude of the hub secondary flow can be ob-

stator exit (plane 1)
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served with a maximum size of the secondary flow at titee through the stator pitch. This plane is 25.2% downstream of
=1.6. At this axial plane, the delta wing vortex can no longer bihe stator trailing edge. Measurements are not available at this
distinguished from the rest of the flow. axial location to compare the computational results. The stator
This is in agreement with the measurements carried out at thiade wakes can be identified by the contours of lower entropy
same location with a three-axis hot-wire and shownFig. 9. function in the middle of the passage. In addition to the stator
These results indicate that the stator viscous flow variation witilakes, the loss cores can be observed corresponding to the stator
the rotor-passing period is not substantial. A comparison of teib and casing passage vorticesHig. 11(a). At time t/7=0.4,
contours of measured turbulence intensity kig. 9 and the the secondary flow near the hub has increased and also at the
present unsteady predictions indicate the similar stator hub seasing. At this instant in timéig. 11(b)), the wake is restricted to
ondary flow. The stator hub passage vortex can not be observedhesmiddle of the blade for about 15% blade span, while the sec-
a loss core in the middle of the blade passage in numerical sinandary flow at the hub and the casing occupied rest of the blade
lations, instead, it is attached to the stator blade wake. The dépan. The hub secondary flow can be observed for about 75—-80%
crepancy between the turbulence intensity measurements andhfaele pitch. After another 40% of vortex passing period/at
predicted entropy function contours may be due to the type of0.8, the magnitudes of the entropy function corresponding to the
mixing model used in the present numerical simulation. Neverthstator flow has reduced to lower levels.
less, the unsteady numerical simulations were in good agreementhe variation in the stator flow restricted to the hub secondary
in predicting the location and size of the stator passage vortexflaw. The time varying flow field presented Fig. 11 shows oth-
the hub. erwise, a large variation in the incoming stator flow to the rotor
Figure 11 shows the results at 10% rotor axial chord upstreanow. The axial plane is very close to the rotor leading edd®6
of the rotor leading edge over one stator blade-passing peri@l, upstream of the rotor leading edgdhis suggests that this
where 7 is defined as time taken by the one rotor blade to travehriation in the stator flow may be due to the potential field of the
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Fig. 10 Computed contours of entropy function at stator exit (8.4% C, downstream of the stator TE)
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Fig. 11 Computed contours of the entropy function at rotor inlet in one stator wake passing period (25.2% C, downstream of
stator TE/10% upstream of rotor LE)
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Fig. 12 Power spectral density inside the stator hub passage
vortex; (a) datum configuration, (b) delta-wing configuration

rotor. It can also be due to the passage vortex interaction of th

1]
a.
a.d
a.4d
0.0
0.0

stator with the rotor leading edge, which results in the turbulence o
generation as suggested by Binder et[dl9]. This phenom- .
enon has to be further investigated either numerically or by d

measurements.

3.5 Spectral Analysis at Stator Exit. Spectral analyses
have been carried out at the measurement locdfitame 1 by
recording the velocity from the three wires of three-axis hot-wire
probe over a long period of time. The data has been sampled
various important locations in the area traverse such as the centr
of the wake, hub and casing passage vortices and in the fre
stream. The data are logged at a frequency of 10 KHz to captur
all the frequency ranges of interest. The spectral analysis wa
carried out using a fast Fourier transformati@¥T) of the tan-
gential velocity data. The spectral analysis of the axial and radia
components of the velocity also resulted in similar conclusions
and hence only the tangential velocity défasis component being
dominant in the total velocilyis presented here.

Figure 12(a) presents the results from the spectral analysis for
the datum test configuration at 8.4@ downstream of the stator
trailing edge(plane 1 inside the stator passage vortex near the
hub. No predominant frequencies can be observed at this locatiol
It is observed that the power spectral dengjigd at the main
frequencies is reduced inside the viscous regions. It is worth not
ing at this point that the number of half-delta wings is half of the
blade number resulting to a passing frequency exactly half of the
blade passing frequency, which is also a subharmonic of the bl 8 13 Flow field at rotor exit (10% C, downstream of rotor
passing frequencyFigure 12(b) presents the spectrum acquireCre piane 3); (a) Y contours for datum configuration,  (b) Y
behind the stator for the “delta wing” test configuration. The;ontours for delta wing configuration, (c) TU contours for
spectrum in the center of the hub passage vortex is different wh@sita-wing configuration
compared toFig. 12(@). There are two dominant frequencies at
this location. One is 193 Hz and the other is at 391 Hz. These

frequencies correspond to the delta wing and the rotor passing. , . .
frequencies, respectively. This suggests that the delta wing vor BJCh is located 10% of roto€, distance downstream of the rotor

is responsible for the dominance at these frequencies. This ag%lltngthedge, Itn the r?'ﬁ:'ve flratme 0‘; refertgnEegure 13(a)| pre- ffi
indicates that the vortex near the hub is a result of the combinatigfii "> 1€ contours of the relative stagnation préssure 10ss coetii-

} nt at plane 3 for the datum configuration. The data obtained
\%rigi stator hub passage vortex and the upstream delta W?rigm five radially disposed rotor leading edge Pitot tubes have

been interpolated to provide reference stagnation pressure for the
3.6 Rotor Exit Flow. The flow field at the rotor exit is dis- traverse data at each radius. The rotor wake can be identified with
cussed with the help of measurements at the measurement platiee3high loss region with a loss of 0.27 in the middle of the blade

A s e 2 )
e ]
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passage. The loss cores corresponding to the secondary flowZ -80-
the hub {/,,,=0.39) and the casing¥(,,,=0.3) and correspond- & ] (a) = Daum - SHE
ing to the leakage flowY(,5,=0.33) can also be observed. An-a DI = AL

other loss core can be identified on the pressure side of the bl:Z' Bt Flow overlurning
at 35% spar{region 1,Y ,,,=0.09). = 1 £
It has been shown in Section 3.2 that the interaction betwe = 70- \ T e
the delta-wing vortex and the stator blade row resulted in a stro 2 "K\ ;‘// i Mo e
stator passage vortex at the hub. It occupied almost 60 to 75%2 1 I;I‘crw underturning =
the blade pitch and up to 20% of the blade height. This strof™® -EDD-D 0 o Y 0B 0
stator passage vortex interacts with the downstream rotor ble : : "' Span : 5
and generates a complex flow field in the rotor blade row. Tt 0.307
flow field at the rotor exit for the delta wing configuration is () - B:ﬁ';”:ﬁ ﬂngp
discussed with the help of measurements at plane 3, same a | !
location as that of the datum configurationfify. 13(a). Figure 0.4 Secondary flow Saonndary oy
13(b) presents the contours of relative stagnation pressure I¢- 1 Risdkition b loas
coefficient (Y) from five-hole probe measurements. The roto i =%, “/ﬂ
wake can be identified as a thin loss region in the center of t i —_
area traverse. The loss core corresponding to the hub and ] e ol
casing secondary flow and shroud leakage flow are found at 12 D.ﬂuu_ﬂ 02 oa 06 08 10

73% and 95% blade span, respectively. In addition to these fe Span
tures, another loss core can be identified to the right of the huu
secondary flow occupying the entire blade pitatgion A and on  Fig 14 pitchwise averaged spanwise variations at rotor exit
the pressure side of the blade near casing region and denoted by
B.

A comparison of the contours of the loss coefficient between )
the datum configuration case Fig. 13(a) and the delta wing ~ The flow overturning near 30% span corresponds to the loss
configuration case iffig. 13(b) indicate that the rotor flow field is core(region A in Fig. 13(b). The results from stator exit traverses
very similar including the magnitude of loss. The loss correspon@how that the passage vortex behind the stator is strong, occupies
ing to the region “A” in Fig. 13(b) is much higher ¥ ,,=0.15) the whole stator pitch and has same sense of rotation as a classical
compared to the datum configuration cas&ig. 13(a) (region 1, stator passage vortex. The stator passage vortex while transporting
Y max=0.09) indicating the effect of stronger stator hub passad@rough downstream blade produced an overturned flow at 30%
vortex. span while in the “datum” configuration it did not result in over-

Figure 13(0) presents the contours Of the phase averaged t"'ﬁ'érned flow. This indicates that the flow OVertUrning towards the
wire at the same measurement plane. The turbulence intensityhother spanwise locations, a good agreement between both test
the center of the wake is 13%, with maximum of 18% in th&onfigurations from 90 to 100% blade span can be observed indi-
center of shroud leakage flow and hub passage vortex. The higing, little or negligible effect of the delta wing vortex transport
turbulence region near the hub extends from suction side to tA the shroud Ieakoage flow. The difference in yaw angle distribu-
pressure side of the passage, occupying the whole blade pitch. TRB from 40 to 90% blade span between the two configurations
location of this region on the pressure si@% blade spanis also indicate the effect of the stator vortex transport on the rotor

much higher than on the suction side7% blade spansimilar to flow field_. . o . .
the observed for region A iffig. 13(b). The secondary velocity The pitchwise averaged variations of the relative stagnation

vectors (not presented in this papeat this location(region A  Pressure loss coefficientrj are shown inFig. 14(b). The local
indicate a vortical structure rotating opposite in direction to thCrease in loss is observed corresponding to the secondary flow

main hub passage vortex. It has been shown in Chaluvadi et"§gions at the hub and the casing. A difference in magnitudes of

[2,3] that this region is a result of the manifestation of the pressul®S betvxéeen the two test cases is observed from the hub region to

leg of the stator hub passage vortex at the exit of the rotor. ~ UP 10 38% bl‘;‘)‘de span. Th% reduction in loss for the delta wing
The turbulence intensity in the free stream region is higher &¢S€ from 20% span to 38% span can be observed and may be

8% compared to the stator exit value of 1.8%. Hence, it can B\grlbuted to the reduction in rotor secondary flow in the delta-

said that the rotor freestream turbulence has increased as a re‘glq% test caste_. " iated with th tof | ¢
of the interaction of the stator wake flow with the rotor flow field, | '€ Uncertainty associated wi € measurement ot 10Ss coel-

The increase in turbulence intensity is also observed in the ce jentin the rotating "a”.‘e. of measurements Is givent45002.

of the wake(13% compared to the corresponding stator wak e m_tegrated loss coefficient behind the rotor for the datum con-
value of 9%. The overall results of turbulence intensity match w fﬂ#raé'gr?ﬁ Isurg.t(i)c?ngils %ngﬁg;e ﬁﬁg?ggﬁgg&gin\lﬂgg ggref;ir::?egteil;a
with the stagnation pressure loss contours from five-hole prol()vé 9 9 ) e - S
measurements. within the uncertainty limits. This loss coefficient data still indi-

The pitchwise averaged spanwise distributions of the measurcc?"ﬁte that . lOS.S ha;t rerfnﬁlnv;d consttant 'f. not (eductve? |nhtht|)s
flow for two test cases are presentedrig. 14 at the exit of the clta-wing case In spite ot having a strong incoming stator hu
rotor (plane 3, 10%C, downstream of the rotor trailing edge passage vortex.

Figure 14(a) presents the relative yaw angle distributions for the 3.7 Unsteady Rotor Exit Flow Field. Extensive time re-

two test configurations: datum and delta wing. The classical oveslved data has been obtained downstream of the (Blane 3,
turning near the hub end-wall and underturning towards the mi@i9% of rotorC, downstream of rotor trailing edgeising a three

span is seen in the case of datum configuration with a vortexatis hot-wire probe in the relative frame of reference. These data
around 17% blade span. An entirely different phenomenon is ofre used to understand the interaction between hub passage vortex
served for the delta-wing test case. Large underturning near thfethe stator with the rotor row. The present “delta wing” test
hub region(up to 15% blade sparand overturning towards the configuration has 21 delta wings, in comparison with 36 stator
midspan regior(from 20% to 40% blade spamran be observed blades and 42 rotor blades. Hence, one appearance of the delta
for the delta wing case. This is similar to the results obtained hying vortex behind the rotor can be expected over two-stator
Sharma et al[4]. blade passing periods.
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Fig. 15 Unsteady Tu contours at rotor exit (plane 3)

Figure 15 presents the contours of instantaneous turbulenti®at there is a negligible effect of stator vortex transport on the
intensity (Tu) at rotor exit(plane 3 over one stator wake passingunsteadiness of shroud leakage flow. Another region B located to
period. The blade wake, hub and casing secondary flow, statbe right of the rotor wake can be observed with higher turbulence
flow interaction regions can be observed with high turbulendatensity than the surrounding at tinber=0.75(Fig. 15(c)). This
intensities as shown ifrig. 15 The magnitude and size of theregion moves to the right towards the rotor wake and thickens the
turbulence intensity corresponding to the stator interaction regiestor wake width after quarter of stator passing periodt/at
(region A) varied periodically with time over one stator wake-=0.00 (Fig. 15(a)). This periodic variation indicates that this re-
passing period. Region A had a minimum value of 16.8% turbgion may be due to the transport of the stator wake in the rotor
lence intensity at time/7=0.375 (Fig. 15b)) and a maximum plade. The rotor blade wake can be distinguished from the rest of
value of 20.4% at time/7=0.00 (Fig. 15(a)). This region occu- the secondary flow from 30% span to 75% span. In these spanwise
pied almost the whole of the blade pitch at 25% blade height. |Acations the turbulence varied very little from 13.2—14.2% in one
comparison of the contours of the turbulence intensity betwegke passing period. Another periodic variation in the turbulence
the datum configuratiorinot presented in the papeand the strycture can be observed near region C located to the left of the
present case indicated that the rotor flow field is very similajhroud leakage flow. This region has maximum turbulence inten-
including the magnitudes of turbulence intensity. A large turbujty of 13.29 at timet/7=0.375 and minimum turbulence inten-

lence intensity coréregion A) can be observed in the present tes§jy 9 6o at timet/ 7= 0.75. This may be due to the interaction of
case covering whole of the rotor blade pitch compared to a mugy passage vortex near the stator casing.

smaller region in datum case. The radial migration of the turbu-
lence core on the pressure side is at higher radii than on the3.8 Unsteady Loss From Numerical Simulations. The
suction side of the blade, which is similar to the observed for treteady and unsteady numerical simulations have been carried out
datum case. It has been shown from vortex dynamics by Chaluith identical grids and solved using identical numerical schemes,
vadi et al.[3] that the stator vortex moves radially downwards omixing lengths, relaxation parameters, and boundary conditions.
the suction surface and upward on the pressure surface from Tiee steady and unsteady predicted flow fields were investigated to
action of image vortices inside the blade surfaces. determine the contribution of the unsteady flow to the stage loss.
The size and magnitude of turbulence intensity varied little iRigure 16 presents the variations of the mass flow averaged en-
the shroud region over one wake passing period. This suggestpy function with meridional distance for the steady and the

1.000 - — Steady
J (=% = _ — Unsteady t't=0.0
E — Unsteady t't=0.4

4 Delta wing LE|
: Unsteady t/1=0.8
0.997 | Delta wing TE
% Della wing Inlerface
o T plane
1 Stator LE Stator TE|
0,994 -
Stator Interface plane
Rataor LE|
Rotor TE
0.991 - ' B i . — — . 8
] 100 200 300
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Fig. 16 Comparison of the steady and unsteady numerical simulations: entropy function
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unsteady calculations. The variations of the entropy function fdimensional flow field behind the stator and the rotor blade rows
unsteady simulations were plotted at three time instants ovethas been described. The impact of the upstream delta wing vorti-
delta wing passing period. The locations of the interface planegs on the performance of the downstream blade is evaluated.
the leading and the trailing edges of the blade rows were marké&bmparison of the stagnation pressure loss at stator exit between
At any meridional location, the deviation of the entropy functiothe datum configuration and delta wing configuration indicated
from the value of 1.0 gives the cumulative loss generated up tioat the additional losses were generated from the interaction of
that location. the delta wing vortex with the stator blade row. The increase in
It can be observed ifig. 16 that up to the first 72 mm of the stagnation pressure loss is 21% of the datum stator loss, demon-
meridional distance there is little variation in entropy functiorstrating the importance of this vortex interaction. Most of the
values between the steady and unsteady simulations and the miagrease in stagnation pressure loss is from the increase in stator
nitude is very close to 1.0. This indicates little or no additionadecondary flow.
loss generation until the leading edge of the delta wing. From theThe transport of the delta wing vortices inside the stator row is
leading edge of the delta wing, the values of the entropy functiatescribed. At the exit of the stator in the present investigation, the
start to reduce representing the loss generation from the develppessure leg of the delta wing vortex was radially displaced up-
ment of the delta wing vortex. The reduction in entropy functiowards and the suction leg of the delta wing vortex was entrained
continues until the delta wing row interface plane at 92 mm. Afténto the stator passage vortex. A large variation in the stator flow
the trailing edge of the delta wing, the loss generation is from tHield between 8.4%C, and 25.2%C, downstream of the stator
mixing of the delta wing vortex with the surrounding flow. At thetrailing edge due to the downstream rotor potential field is
mixing plane behind the delta wing row the sudden decreaseadhserved.
the entropy function value for steady calculations can be observedrhe rotor exit flow was also affected by the interaction between
due to the instantaneous mixing process being employed. For the enhanced stator passage vortex and the rotor blade row. Flow
unsteady calculations, the entropy function continues to redugederturning near the hub and overturning towards the midspan
with meridional distance without any steep variations across tias observed, contrary to the classical secondary flow theory. The
interface plane. The difference in entropy function between tmeeasured stagnation pressure at the exit of the rotor remained
two simulations at any axial location after the delta wing interfaceonstant for the delta wing configuration compared to the datum
plane is considered to be due to the loss generated from unsteadygfiguration even with a stronger incoming stator passage vortex.
flow. The transport of the stator passage vortex inside the rotor blade is
It can be observed that after the delta wing interface p{&ige  very similar to the delta wing vortex transport inside the stator
16) until the stator mid-chord location, the value of the entropyow. The pressure leg of the stator passage vortex radially dis-
function for unsteady simulations is higher than the steady simplaced upwards and the suction leg is entrained inside of the rotor
lations indicating lower losses from the unsteady calculations. Theb passage vortex.
higher loss for the steady calculations is due to the instantaneou3he unsteady numerical simulation results were further ana-
mixing of the delta wing vortex at the interface plane rather thdyzed to identify the entropy producing regions in the unsteady
mixing in the downstream blade row. Towards the end of thitow field. It has been shown from the entropy function variations
stator blade, the entropy function for the unsteady simulationsasd the overall stage efficiency calculations that the additional
lower than the steady case indicating higher loss. The increasddas was generated from the interaction of the delta wing vortex
loss is due to the interaction of the delta wing vortex with thwith the downstream blade row. The agreement between the ex-
stator blade. The difference between the steady and time averpgemental and computational results for the additional loss gen-
unsteady computations at the stator interface plane is 0.23%eiration is good.
efficiency while the total loss is 2.43% in efficiency. A loss audit
at 8.4% statoC, downstream of the stator trailing edge is carried
out using the results from steady and unsteady simulations. Tigknowledgments
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in efficiency up to the 8.4% stat®@, (wpw- stato) CAN be evalu-

ated from unsteady simulation. The loss in efficiency from the
stator @g) Only and from the delta wingsa(py,) only can be Nomenclature
calculated from steady simulations. The unsteady loss is calcu- c

lated to be 0.53% in efficiency from E@L). z g?\?r:cajlpy
This unsteady loss as a percentage of the stator loss is 22%, — blade span. boundary laver shape facist /@
which is in good agreement with the measured value of 21% of ; pressurg ’ ylay P )

the stator loss coefficientY) as shown inTable 2. Similarly,
large differences between the two simulations in the rotor blade
row can be observed from stator interface plé2@6 mn) to rotor
exit plane located at 367 mm. The predicted efficiencies for the

= universal gas constant
= entropy, streamwise distance
= time from a datum point

—

turbine stage with steady and time average unsteady simulations N FurbuI(.ence o, > >
are 95.13% and 94.68% respectively. This also indicates the re- intensity= \1/3(«V,»? + «Vp»?+ <V %)V gy
duction in efficiency from unsteady flow is 0.45 % and arise due Y = blade speed
to the additional loss generation from the interaction of the delta ¥ = Velocity
wing vortex with the stator and the rotor rows. x = axial distance
Y = total pressure loss

. coefficient= (Pg;— Poy)/0.5p(Vy, /cos 74 ded)

4 Conclusions &* = boundary layer displacement thickness

Half-delta wings were fixed to the rotating hub, in front of the 6 = boundary layer momentum thickness, flow angle
stator row, to simulate the incoming upstream rotor passage vor- 7 = time for one wake passing period, time lag
tices. The development of the steady and the unsteady three- w = efficiency loss

404 | Vol. 126, JULY 2004 Transactions of the ASME

Downloaded 31 May 2010 to 171.66.16.21. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Subscripts 1998, “Experimental and Computational Study of the Unsteady Flow in a 1.5
Stage Axial Turbine With Emphasis on the Secondary Flow in the Second

DW = delta wing Stator,” ASME Paper 98-GT-254.
M = midspan [7] Ristic, D., Lakshminarayana, B., and Chu, S., 1999, “Three-Dimensional Flow
0,0 = stagnation fieldslggwgzgeam of an Axial-Flow Turbine Rotor,” J. Propul. Pow#s(2),
_ : pp. 334-344.

r = radial [8] Sharma, O. P., Pickett, G. F., and Ni, R. H., 1990, “Assessment of Unsteady
ref = reference Flows in Turbines,” ASME Paper No. 90-GT-150.

X = axial [9] Chaluvadi, V. S. P, Kalfas, A. I., and Hodson, H. P., 2003, “Vortex Generation

0 = tangential and Interaction in a Steam Turbine,” presented at 5th European Conference on

Turbomachinery, Mar. 18-21, Prague, Czech Republic.
[10] Chaluvadi, V. S. P., 2000, “Blade-Vortex Interactions in High Pressure Steam
Turbines,” Ph.D. thesis, Department of Engineering, Cambridge University,

1 = blade row inlet
2 = blade row exit

i England.
Superscnpts [11] Champagne, F. H., Schleicher, C. A., and Wehrmann, O. H., 1967, J. Fluid
= time mean of the quantity Mech., 28, p. 153.

[12] Denton, J. D., 1986, “The Use of a Distributed Body Force to Simulate Vis-
cous Effects in 3D Flow Calculations,” ASME Paper 86-GT-144.
References [13] Denton, J. D., 1990, “The Calculation of Three Dimensional Viscous Flow

[1] Hodson, H. P., 1985, “Measurements of Wake Generated Unsteadiness in the ~ 1hrough Multistage Turbomachinery,” ASME Paper 90-GT-19.
Rotor Passages of Axial Flow Turbines,” ASME J. Eng. Gas Turbines Powe [14] Denton, J. D., 1999, “Multistage Turbomachinery Flow Calculation Program

107, (MULTIP99)—User’s Manual,” Whittle Laboratory, University of Cambridge.
[2] Chaluvadi, V. S. P., Kalfas, A. I., Banieghbal, M. R., Hodson, H. P., and[15] Kuroumaru, M., Inoue, M., Higki, T., Abd-Elkhalek, F. A.-E., and Ikui, T.,

Denton, J. D., 2001, “Blade Row Interaction in a High Pressure Turbine,” J. 1982, “Measurement of Three Dimensional Flow Field Behind an Impeller by

Propul. Powerl17, pp. 892—901. Means of Periodic Multi-sampling With a Slanted Hotwire,” Bull. JSME,

[3] Chaluvadi, V. S. P,, Kalfas, A. I., Hodson, H. P., Ohyama, H., and Watanabe, _ 25209, pp. 1674—1681. . o ]
E., 2003, “Blade Row Interaction in a High Pressure Steam Turbine,” ASME[16] Goto, A., 1991, “Three Dimensional Flow and Mixing in an Axial Flow Com-

J. Turbomach.125, pp. 14-24. pressor With Different Rotor Tip Clearances,” ASME Paper 91-GT-89.

[4] Sharma, O. P., Renaud, E., Butler, T. L., Milsaps, K., Dring, R. P., and Joslyr17] Arts, T., Boerrigter, H., Carbonaro, M., Charbonnier, J. M., Degrez, G., Oli-
H. D., 1988, “Rotor-Stator Interaction in Multistage Axial Flow Turbines,” vari, D., Reithmuller, M. L., and Van den Braembussche, R. A., 1994, “Mea-
AIAA Paper No. 88-3013. surement Techniques in Fluid Dynamics,” VKI LS-1994-01.

[5] Boletis, E., and Sieverding, C. H., 1991, “Experimental Study of the Three[18] Denton, J. D., 1993, “Loss Mechanisms in Turbomachines,” IGTI Gas Turbine
Dimensional Flow Field in a Turbine Stator Preceded by a Full Stage,” ASME Scholar Lecture, ASME Paper 93-GT-435.
J. Turbomach.113 p. 1. [19] Binder, A., 1985, “Turbulence Production Due to Secondary Vortex Cutting in
[6] Walraevens, R. E., Gallus, H. E., Jung, A. R., Mayer, J. F., and Stetter, H., a Turbine Rotor,” ASME J. Eng. Gas Turbines PowEd7, pp. 1039-1046.

Journal of Turbomachinery JULY 2004, Vol. 126 / 405

Downloaded 31 May 2010 to 171.66.16.21. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm
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The present paper is based on an experimental study of a front-loaded very high lift, low
pressure turbine blade designed at the VKI. The experiments have been carried out in a
low-speed wind tunnel over a wide operating range of incidence and Reynolds number.
The aim of the study is to characterize the flow through the cascade in terms of losses,
mean outlet flow angle, and secondary flows. At low inlet freestream turbulence intensity,
a laminar separation bubble is present, and a prediction model for a separated flow mode
of transition has been developeldOl: 10.1115/1.1748416

Introduction Roberts[4] provided a model for separated floiwonsidering

Gas turbines remain among the most compact endines aVtrij:lnsition as punctupincluding the effects of Reynolds number
9 P g ad turbulent feature@intensity and macroscgle€ombined in a

able. The actual “‘?”d for improving them. is to lower t.h.e maintge, jlence factor. Maylé5] gave relations for bubble develop-
nance and pr_oductlon costs .Wh'le Increasing the spe(_:lflc POWETient in the case of an extended transition process completed be-
suitable solution for any engine part consists of reducing the NUigke the reattachment and in function of the bubble type: short or
ber of blades per row. This implies to increase the aerodynanyif,, ‘\walker[6] showed that the fully turbulent state can be also
load of each blade. This requirement can be fulfilled by a comigacheq after reattachment. A few years later, Malkiel and Mayle
ngtl_on between an |ncrease_of the_s_uctlop side velocity peak Ie{/ﬂ’ Lou and Hourmouziadi8], Qiu and Simor{9], and Volino
(limited by shock lossesand its position with respect to the lead10,11] gave qualitative and quantitative evolutions of the inter-
ing edge(front or back loading As the low pressure turbine canmjttency factor as a function of the freestream or local turbulence
represent up to one third of the total engine weight, it is of firshtensity.
interest in this context. Hatman and Wanfj12] described the physical development and
Howel et al.[1], Brunner et al[2], and Solomor{3] have il- the main features of the transition for different bubble types. Their
lustrated the reliability of the wake induced transition for the higkesults showed that the bubble characteristics are well correlated
lift design in LP turbines. The present high lift and front loade@y the value of some parameters at the separation position. They
airfoil has been designed in such a way that the suction side ygovided models but recommended caution for their extension to
locity distribution presents a velocity peak at 32% of the sucticairfoils. Yaras[13] argued that the pressure gradient history of the
side length with an almost constant velocity value downstream tilbundary layer before the separation position has an influence on
S/L=0.55 (at zero incidence and in absence of separatibhis the transition process. This means that a model must include
velocity plateau makes the flow development along the chanrd®undary layer integral parameters. Yarg4| added the influence
very sensitive to incidence change. The influence of the variatiof the freestream turbulence intensity as more realistic conditions
of the Reynolds number and the inlet flow incidence on the profilre needed to establish reliable models. Numerical simulations
losses, mean outlet flow angle and secondary flows will be invgserformed by Miler et al.[15] and[16] showed that more suit-
tigated in this paper. As shown d#ig. 1, the pressure coefficient able test cases are needed to reach an accurate simulation of the
distribution is very close to the one of a blade designed at the Vi&eparated flow mode of transition.
for compressible conditions. The two profiles are represented onlhe aims of this paper are multiple. The first one is to provide
Fig. 2 (incompressible blade coordinates are provided in the Aphe influence of incidence and Reynolds number on the aerody-
pendi®. So, after a careful transposition, the conclusions of tHemic performance of a front loaded very high lift blade at low
incompressible study will allow to point out the influence of théurbulence intensity. The second one is to establish a model that,
Mach number. as a function of the boundary layer integral characteristics at the
As the LP turbine drives the fan providing the largest part of thgeparation, gives the main bubble features for a very high lift LP
thrust, the efficiency level must remain high. The position and tigrbine profile. Finally, this study is a part of a wider research
level of the velocity peak fix the deceleration length and the difonducted at the VKI, including the influence of freestream tur-
fusion factor. But, in the LP turbine, the flow can be laminar ovetulence level and passing wakes in compressible flow conditions,
a large part of the blade profile, and consequently, cannot witRS in Coton et alf17].
stand a too strong adverse pressure gradient without separating.
So, the transition process may occur in the free shear layer and Exeperimental Setup
flow is susceptible to reattach to the wall, forming a bubble on the

tion is of primary importance. and a honeycomb to the cascade. The latter is mounted on a ro-

) ) ) ) tating mechanism that can be easily turned to change the inlet
Contributed by the International Gas Turbine Institute and presented at the 'mﬁbw incidence

national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Junée C . .

16-19, 2003. Manuscript received by the IGTI December 2002; final revision March The cascade is composed of 13 blades and its main character-

2003. Paper No. 2003-GT-38802. Review Chair: H. R. Simmons. istics are given iffable 1. The pitch-to-chord ratio and the aspect
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1.8 Table 1 Main cascade characteristics

1.6+ c Cax Lss g
14 0.05079 0.04498 0.08405 0.05333
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12 4 0.127 29.7 50 64
7, 1
o 1 // \\\é’t
o 08 4 — Compressible TS
: 4 ---- Incompressible ,7
f i 3\ 0.25
06/ 7 o=
(II Ill & ’
H L2
04 ',7 The macroscale is equal to 14.89 mm; the microscale and the
0.2 e Kolmogorov scales are, respectively, equal to 1.85 mm and 0.23
. _/ mm for an exit Reynolds number of 130,000.
0 — The characteristics of the upstream boundary layer developing
0 0.2 04 0.6 0.8 1 along the endwalls were measured by means of a hot wire. The
S/L boundary layer extension is limited to one sixth of the channel

height on each side and is turbulgshape factor equal to 1.85
The downstream pressures and angles were determined with a
five-hole pressure probe. This probe was calibrated fro8v.5
deg to 22.5 deg for both angles. The static pressure distribution
along the profile was measured with 25 pressure taps on the suc-

ratio are, respectively, fixed to 1.05 and 2.5. The Zweifel coeffiion side and 18 on the pressure side. Introducing th_ese results into
cient is equal to 1.473. The isentropic exit Reynolds numbér Poundary layer code allowed to obtain the laminar boundary
ranged from 50,000 to 200,000. The incidences were setQo layer integral parameters up to the separation location.
deg, —3 deg, 0 deg, 1.5 deg, and 5 deg. The inlet freestream The estimation of_ the uncertainties was performed_for each_
turbulence level was 0.6%. measurement technique employed and each flow regime. Their
The uniformity of the upstream pressure and yaw angle distflaximum values are given for the lowest and high_est Reynolds
butions was checked with a four-hole probe in both pitchwise afit#mbers(50,000 and 200,000 The absolute uncertainty on the
spanwise directions. The upstream turbulent features were defdgssure coefficientmaximum at the velocity peakranges be-
mined with a single hot wire. The sampling frequency was 50 kHyveen 0.02 and 0.002. For the losses, it ranges between 0.9 and

with a low pass filter set at 12 kHz. The turbulence is quite isé%;2 pc)ling, and for the angleshbektlweer_l 0-35 af?}j 0{)‘33) Final\l;y'g ;
tropic W/\/on.gs. The Taylor’s frozen turbulence patterrtb go/roe ative uncertainty on the hot wire data lies between 3.8 an
8%.

hypothesis was made to determine the length scales. The Taylor
macroscale is based on the integral time scale and the microscale

is computed by using
u \/_’2 ) . . )
_oNu Profile Losses. At midspan, the evolution of the profile losses
( au’ ) 2 and the mean outlet flow angle are presentedrigs. 3 and 4for

Fig. 1 Cp distribution for both compressible and incompress-
ible profiles

Results

five inlet flow incidences as a function of the Reynolds number.
at The incompressible profile loss coefficient is defined as

whereas the Kolmogorov scale is determined by means of the
turbulence dissipation rate

150u’2 16 :
E=T\2 *
14 : 1
¥
0y
12 % 1
10r 1
£ g
N
6
Incompressible Compressible
4 .
2
0
0 05 1 15 2
Reis x10°
Fig. 2 Compressible and incompressible cascades Fig. 3 Profile losses as a function of Re 5 for five incidences
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Fig. 4 ﬁz as a function of Reis for five incidences Fig. 6 Cp for three Re , at zero incidence

. Secondary Flows. The influence of incidence on the losses
Poi— Po2 and the mean outlet flow ang(pitchwise mass averaget rep-
= ﬁ resented orfrigs. 7 and 8 for Reg=130000. OnFig. 8, one sees
01 2 that the corner vortex in the region close to the endwall reduces
If the Reynolds number decreases or if, for a fixed Reynoldse overturning of the flow. Also, the passage vortex induces an
number, the incidence increases, the losses increase and the nuealerturning and the trailing edge vortex influence is felt between
outlet flow angle reduces rapidly. Moreover, these variations amidspan and the center of the passage vortex.
not linear. The aerodynamic performance seems to be more senfhe pressure distribution, and so the loading, changes with in-
sitive to a positive incidence than to a negative one. An incidenc&lence. The development of the secondary flows is directly
change influences the front velocity distribution. The velocitlinked to the loading level and distribution. As the separation
peak moves toward the leadir(trailing) edge if the incidence bubble affects the pressure distribution, the evolution of the aero-
becomes positivénegative as shown orfFig. 5 (Rg;=130000). dynamic performance with incidence is linked to both the loading
For an increasing incidence, the deceleration length and the difand the separation bubble features. With an increasing incidence,
sion factor increase. This influences the boundary layer develdpe secondary flows extension and level increase: the corner vor-
ment and thus the aerodynamic performance. For an increasiag becomes more and more important, the underturning in-
incidence, the separation position is shifted toward the leadiogeases, the passage vortex moves toward midspan. For the high-
edge. At fixed incidence, when reducing Reynolds number, tlest incidence, the secondary flows cover a huge portion of the
bubble length increases: the flow separates earlier and reattacEan and will probably influence the flow at midspan.
later. The pressure coefficient for three Reynolds numbers isThe influence of the Reynolds number on the losses is repre-
shown onFig. 6. As its interaction with the freestream flow issented orFig. 9 for zero incidence. The influence of the second-
more and more important, the bubble deteriorates the aerodyy flows is more spread with an increasing Reynolds number.
namic performance.

3
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Fig. 7 Loss distribution along the span for several incidences
Fig. 5 Cp for three incidences at Re ;=130000 with Re ;;=130000
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Fig. 8 f3, distribution along the span for several incidences Fig. 10 Representation of the determination procedure

with Re ;;=130000

Prediction Model. In order to analyze the flow development, Due to the limited spatial resolution of ti&&p distributions, the

pressure taps have been placed along the blade surface. The rifeinidue used by Yardd3] consisting of searching the local
sured pressure distribution has allowed the construction of a p
diction model for the separated flow mode of transition. The goB
is to provide the main bubble features at three positions namelyThe Separation. As shown by previous authorgl2,13, it is

pint could not be used.

painimum of the acceleration parameter to locate the reattachment

the separation, the pressure recovery and the reattachment. Thes@ssary to include an integral parameter to accurately determine
main bubble features are the acceleration parameter K, the logad separation position while taking into account the pressure gra-
and momentum thickness Reynolds numbers at separation anddfegt history of the boundary layer. Because of the cascade and
local Reynolds numbers at the pressure recovery and the reattaght-wire dimensions, it was impossible to measure this character-

ment. istic before the separation without interferring with the flow. Con-

Procedure. The procedure to determine the three characteri
tic points is represented dfig. 10. Each line is drawn tangent to
the pressure coefficient distribution. The intersections provide t
position and the velocity for each point. The slope of the tangegw¥I

oundary layer computatiofup to the separation poinwith the
feasured velocity distribution as input.

ction of the acceleration parameter at the separatidfigriil
is set of data can be correlated by EL. where the Polhausen
arameter is equal te-0.1075:

upstream of the separation provides the variation of the veloc
that will be introduced into the acceleration parameter at sepal
tion. This determination technique was inspired by Brunner et a

[2]. The comparison between results will show that this procedure R€} K= —0.1075. (1)
is consistent with results of Roberts, Mayle, Hatman and Wang, T o )
and Yaras and is coherent with the bubbie physics. As for Yaras [13], it differs from the criterion given by

Thwaites where the Polhausen parameter is equal@®82. The

15 T T
350
: E:?go o from BL calculation r !
g — Eq.(1) !
¥ Re200 ---- Thwaites : ,"
300 o
10r o /
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Fig. 9 Loss distribution along the span for several Re ;s at zero
incidence Fig. 11 Re,s as a function of K
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equently, the integral parameters were obtained from a laminar

tThe momentum thickness Reynolds number is represented as a



340 = Table 2 Turbulence factor for three Re g

o
320 l 1 Reynolds 80000 130000 200000
/ o TF 0.0048 0.0046 0.0045
300 % o
280 . /
a
260 p-a In 1975, Roberts provided a general overview of the bubble
wq"-} 240 0 ° physics. The bubble was principally composed of two regions: a
X °/ laminar part till its maximum displacemeiivhere an instanta-
220 a neous transition occurand a turbulent part up to reattachment.
”’/ Roberts studied bubble development on compressor blades and
200 § e e established a relation for the laminar region length as a function of
180 ,/‘F — Eq(2) a turbulent factor incorporating the turbulence intensity and mac-
/ : roscale:
160 rs Re s 1= Re 1— Re o= 25000 logy(coth 10TR)  (4)
149% 1 15 > 25 3 The turbulent factor is given iffable 2.
Re «10° Afterwards, Mayle considered that the transition process ex-
e tends over a short distance, taking place somewhere between the
Fig. 12 Re,. as a function of Re , . separation and the pressure recovery. He also made the distinction

between the two types of bubble. The type is not directly linked to
the bubble physical length but more to its influence on the losses
and on the pressure coefficient distribution. He provided a relation
momentum thickness Reynolds number is plotted as a functionfof each kind of bubble:
the local Reynolds number at separationFog. 12 The best fit of
y P Re,s 1=Re 1~ Res=ARE)] (5)

these results is given by
_ 488 where the coefficienA is equal to 700 or 1300 if the bubble is
Re@vS_O'MRQ-S @) respectively short or long.

The present results are in good agreement with the theoreticaFrom experiments on a flat plate, Hatman and Wang proposed a
proportionality (Schlichting,[18]) between the momentum thick- further classification: the short bubble can be laminar or already
ness Reynolds number and the square root of the local Reyndldsitional at the separation. This last case has never been en-
number. However, it can be noticed that the scatter increases withuntered during the present experiments. They correlated the
the local Reynolds number at separation. This could be linked meaximum displacement location with the separation point by
the determination procedure: as the physical length of the bubble _
decreases when the Reynolds number increases, the number of R&mg=1.0816 Rg;+26805. ®)
pressure taps used to deduce the main bubble characteristics iBhese last three relatiorid), (5), and(6) are compared t&ig.
reduced. 13to Eq.(3) obtained from the present measurements. According
to Roberts and Mayle, the transition ends(at close t9 the
‘maximum displacement position. Moreover, it can be argued that
the divergence of the streamlines from the maximum height of the

Re, rec:6-777Ré'§534 (3) bubble up to the reattachment corresponds to the pressure in-
] T o ) crease. So, the pressure recovery point can be considered as the
It must be noticed that this relation is valid for both long an¢haximum displacement positiofas also done by RobejtsThe

The Pressure RecoveryThe pressure recovery location is rep
resented orfFig. 13 and is correlated to the separation by:

shorts bubbles. difference appearing between the experimental results and the
x10° x10°
o Exp. ' . o Exp. ' ‘ e
3| — Roberts ‘,.',‘7 ] 3| ---- Hatman & Wang Ry T
---- Hatman & Wang A — Yaras s
---- Mayle short L yis
25| Eq.(3) ’ '° 1 1

wx
14
1.5+ 1 1
1 L 4 4
05 05 1 15 2 25 3 05 05 1 15 2 25 3
Rex,s X 105 Rex,s X 105
Fig. 13 Re as a function of Re ¢ Fig. 14 Re,, as a function of Re , ¢
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Fig. 15 Cp at several Reynolds numbers for long and short
bubbles Fig. 16 Re, . as a function of Re 4 for long bubbles and
Re, ,r as a function of Re 4 for short bubbles

various relations could be related to the pressure gradient history,

same among the different sources. universal evolution ofy provided by Narasimh&20] (with S

The Reattachment.Finally, the bubble characterization ends™ )

up with the correlation for the reattachment point: (S—S)2
Re,,=1.0074 Re .+ 17996 ) V(S):l_ex"( _4'61(sT—3)2)' ®)
which is compared to the relations of Yaras This relation is independent of the pressure gradient and its appli-
Re..=1.04 Re .+ 80500 1—tant¥(100TF )) — 20000 capility for transit.ion in shear layer flows has been shown by
Sr &s 5 ( ) Volino [10] and Qiu and Simof9].
where TE=max(0.01,TF), or Hatman and Wang Finally, a Reynolds number based on the transition length and
Re,, = 1.0608 Rg.+34890 Lhuebt\)/ltzlgcny at the separation point can be computed for short
on Fig. 14. The difference between the experimental results and
the other relations can be linked to the same reasons than for the _ Us(Sr—S) _ 5214
se ; ; Rg L1=——=6.94 R%,s . 9)
paration correlation. v

The Transition Characteristics.As shown by Hatman and This relation is very close to the one of Walkd] and is com-
Wang, the transition occurs differently in function of the bubbl@ared onFig. 16 to the correlation provided by Mayle for all
type. For each type, they provided the position of the transitidsubble types:
onset and end, and of the maximum velocity fluctuations with ;
respect to the bubble characteristic positions. As a consequence, Re  7=400 R¢{. (10)
the bursting needs to be detected to determine the bubble type HE 1ast equation underestimates the experimental data as fore-
so the associated physics. From Roberts, Hatman and Wang, gg n by Walkef6]

Mayle, this non continuous process, occuring when the bubble or the long bubbles, it is generally agreed that the transition

changes from s_hort to long can be assessed from t_he evolutl_o RE is close to the pressure recovery position. A relation similar to
the 'aerodynamlc performance, such as a strong increase in € one of Mayle(Eg. (5)) can be obtained from the fit of our
profile losses and a reduction of the flow turning. This |m‘ormat|ogXperimental data:

is provided inFigs. 3 and 4 However, the accurate determination
of this limit is always a matter of interpretation. As they contain Re s 1=620R& (11)
useful information, the pressure distributions were also used. As ’ '

shown inFig. 15, the long bubbles present an increas€gfjust and is compared oRig. 16. Mayle’s correlation is quite far from
before the pressure recovery. This can be viewed as an evideHi® present results. The transition onset should be deduced from
of a stronger recirculating flow inside the bubble induced after tife of the following relations provided by Mayle:

onset of transition which occurs before the pressure recovery po-

7
sition. The results presented by Robe(ifég. 4(b) in [4]) show Re= 1000 R§ +Rey s, 12)
the same tendency. Hatman and Wang
It is now possible to characterize the transition process for each
type. In the case of short bubbles, some assumptions are required. Re (=1.0816 Reg + 26805, (13)

As discussed ofrig. 13, the pressure recovery point is considered

to be at the maximum of displacement. As opposed to Roberts &ffgraras

Mayle, it is precisely there that Hatman and Wang locate the tran- Re, = 1.04 Rg .+ 63000 1— tan¥(100TF)), (14)
sition onset. Walkef19] also argues along this direction. Hatman ' '

and Wang added that the intermittency factor was close to 0.7veltere TEF=max(0.01,TF). Nevertheless, all these relations give
the reattachment. Consequently, knowsdrom Eq.(3), S; from an onset of transition located after the recovery position of the

Journal of Turbomachinery JULY 2004, Vol. 126 / 411

Downloaded 31 May 2010 to 171.66.16.21. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



x 10° which is different from Owen'’s bursting criterion (Re=125). As

35 ; s shown onFig. 17, the measurement point at jRe=220 could be
; , of both types. It can be possible that the measured bubble which is
3? ey b & ' ‘ T ee T a mean value oscillates between the long and the short one.
% H - * )
25 e e « © . « 1 Conclusions
H *
. — - i —— - ; This paper provides the aerodynamic performance of a front
. - loaded very high lift low pressure turbine blade for a wide oper-
$ . I S S . o Re long ating range. It also points out that the position of the suction side
£ s Re short velocity peak that changes with the incidence has a strong influ-

ence on the flow behavior and thus on the performance.
From pressure coefficient distributions, a simple model has

05 °° 0oy %' f ) been built, based on three characteristic points: separation, pres-
’ ° o, ; sure recovery and reattachment whose determination has been
o E o } shown reliable. These relations are valid as much for long as for

® » short laminar bubbles. From these points, an interpretation has
. ' : been attempted mainly about the transition process. Some inco-
“O‘i’oo 150 200 250 300 350 herences among the already existing models have been pointed

Rea:‘ out. For instance, for short bubbles, the end of transition can not

be considered at the maximum displacement. In this case, the

Fig. 17 Re,s_, as a function of Re , for both long and short models of Roberts and Mayle do not provide the transition end but

bubbles the maximum displacement position. These models can lead to an
underestimation of the transition length.

The results show a strong agreement with the bubbble physics

present data. Thus, under the assumption that the pressure re@ggcriped by Hatman and Wang, and the bubble physics can be
ery is equal to the transition end, none of these relations can $gnmarized as

used to determine the transition onset. 1. for short bubbles, the transition onset is at the pressure re-
However, according to Mayle, “the difference between long  covery which corresponds to the maximum displacement po-
and short bubbles is not the length of transition, but the length of  sjtion. The transition end can be computed by means of Eq.
the unstable laminar shear layer.” Moreover, Walk&®] showed 9).
that the ratio of the transition length and its minimum value 2. for Jong bubbles, the transition end can be considered as the
(LT/LT min) evolves asymptotically for strong adverse pressure  pressure recovery position and the transition length also
gradients(to a value very close to the one it passes by in case of  computed with Eq(9) as discussed.
incipient laminar separation at %?sde(s=—0.08). In these condi- ) . ) .
tions, Eq.(9), established for short bubbles, could be used to AN interpretation of the bursting was provided based on the
provide the transition onset for long bubbles, with the pressuf@ndth of the bubble laminar portion. As mentioned by Mayle, this
recovery taken as the transition end. Then Recan be computed part seems to be the key of the passage between the two bubble
for the long bubbles and compared dfig. 17 to Rg, , Stales. _
=Re oo for short bubbles. This figure also confirms the thoughts Finally, it has to be noticed that these results have been ob-
of Mayle that the difference takes place in the laminar part of tHgined in quite realistic conditions in terms of wall curvature, turn-
separated flow. ing flow angles, boundary Iayer_ solicitations. The ranges Q{SRe
The passage from long to short bubbles can be seen in #2d Ks were quite large, making from the present prediction
following way. The transition end takes place around the pressyf©de!l a well tested tool. However, more work is still required to
recovery position, and the transition onset is located upstrealfiProve the realism of the operating conditions by accounting for
after the separation. As the Reynolds number increases, the trdg: influence of the compressibility, the unsteady effects and tur-
sition onset moves toward the separation point. Physically, tHjgllence intensityactually under study For instance a low level
can be linked to bigger and/or faster development of the instabifil U<5%) enhances the transition process and leads to a reduc-
ties in the shear layer. Approaching a value of,Re220, the tion of the bubble influence on the aerodynamu_:_performa_mce;
onset of transition stands close to the separation point. The triffiereas a wakeTu=15-20%) induces the transition avoiding
sition process appears to be doped by the injection of instabilitiferefore the separation.
and consequently, the mixing phenomenon is enhanced. The shear
layer is able to reattach sooner in spite of the pressure gradieitknowledgments

This has to be linked with what Hatman and Wang were calling The first author acknowledges the F.N.R(Bonds National de
the tendency of reattachment for a long bubble in a point whe

the velocity fluctuations are maximum. Now that the bubble Hecherche Scientifique, Belgiyrfor the financial support to at-

short, the pressure coefficient distribution is modified which infie"d the conference.
ences the transition process: the acceleration parameter at Serﬁa’nenclature
tion is smaller and the instability promotion is less important.
Then the transition onset is located at the pressure recovery point C blade chordm)
(where is the maximum displacemgrand the position of the Cp = pressure coefficieat(Pgo;— Pyan )/ (Pg1— P5)
maximum velocity fluctuations appears at the reattachment posi- g = pitch (m)
tion. H = blade heigh{m)

In the opposite sense, if the bubble is short and the Reynolds K acceleration parametel(v/U?)(dU)/dS)
number reduces, the transition onset is close to the pressure re- L blade side lengtlim)
covery position until Rgs=220. If the Reynolds number de- P pressurgPa
creases more, the velocity reduction appears to be translated by &eg isentropic Reynolds numbetU,;.c/v
weakening of the transition and mixing process. This prevents the Rg, = local Reynolds numberUS/v
bubble to reattach soon in an adverse pressure gradient. The limiRe, = local momentum thickness Reynolds numbéré/ v
between the two statgshort or long seems to be at Bg=220 S curvilinear coordinatém)
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Table 3 Blade geometry Superscript

Xss(m) Yss(m) Xps (M) Yps (M) — = pitchwise mass averaged
0 0 0 0
—2.229%e-4 2.491e-4 —2.229e-4 2.491e-4  Appendix
—4.074e-4 9.874e-4 —4.074e-4 9.874e-4 PP
:g'ggég:j %'g%g:g :g-ggég:ﬁ %-g%g::g Incompressible Blade Geometry. Complete blade geometry
7.065e-5 4.329¢-3 7.065e-5 '4.329e-3 IS available upon request. Séable 3 for some definition points.
1.369e-3 7.873e-3 1.369e-3 7.873e-3
3.671e-3 1.183e-2 3.671e-3 1.183e-2
T I M iR
1'5992:2 1.8962:2 1'5992:2 1 896(36-2 [1] Howel, R. J., Ramesh, O. N., Hodson, H. P., Harvey, N. W., and Schulte, V.,
2:0578_2 1:827e—2 2:057e—2 1:8278—2 2001, “High Lift and Aft-Loaded Profiles for Low-Pressure Turbines,” ASME
2.520e-2 1.601e-2 2.520e-2 1.601e-2 J. Turbomach.123 pp. 181-188. ) _ .
3.158e-2 0.946e-3 2.989e-2 1.196e-2 [2] Brunner, S., Fottner, L., and Schiffer, H.-P., 2000, “Comparison of Two Highly
3.616e-2 2.367e-3 3.359e-2 7.063e-3 Loaded Low Pressure Turbine Cascades Under the Influence of Wake-Induced
39688-2 _ 63118-3 3 6958-2 6 6088-4 Transition,” ASME Paper 2000-GT-268.
4'298e-2 _ 1'706e-2 3 98688-2 ~6 élle-3 [3] Solomon, W. J., 2000, “Effects of Turbulence and Solidity on the Boundary
4'454e_2 —2.3938-2 3 999e-2 —7.1966-3 Layer Development in a Low Pressure Turbine,” ASME Paper 2000-GT-273.
4'4558_2 _ 2.4466—2 4'0296_2 —8.082e—3 [4] Roberts, W. B., 1975, “The Effect of Reynolds Number and Laminar Separa-
4'4216_2 _2'5018_2 4.058e—2 —8.971e—3 tion on Axial Cascade Performance,” ASME J. Eng. Pov@dr,pp. 261-274.
) ) ) ) [5] Mayle, R. E., 1991, “The Role of Laminar-Turbulent Transition in Gas Tur-
bine Engines,” ASME J. Turbomachl13 pp. 509-537.
[6] Walker, G. J., 1993, “The Role of Laminar-Turbulent Transition in Gas Tur-
bine Engines: A Discussion,” ASME J. Turbomachl5 pp. 207-218.
t = time (S) [7] Malkiel, E., and Mayle, R. E., 1996, “Transition in Separation Bubble,”
Tu ASME J. Turbomach.118 pp. 752—-759.
= inlet turbulence intensity Vu'?/U, [8] Lou, W., and Hourmouziadis, J., 2000, “Separation Bubble under Steady and
_ 0.2 Unsteady Main Flow Conditions,” ASME Paper 2000-GT-0270.
TF _ turbUIence.faCtOFTu(C/A) [9] Qiu, S., and Simon, T. W., 1997, “An Experimental Investigation of Transition
U = local Ye|0C|ty(m/S) as Applied to Low Pressure Turbine Suction Surface Flows,” ASME Paper
u’ = velocity fluctuation(m/s) 97-GT-455.
’3 = yaw ang|e referring to the axial directic(de@ [10] Volino, R. J., and Hultgren, L. S. 2000, “Measurements in Separated and
_ . Transitional Boundary Layers Under Low-Pressure Turbine Airfoil Condi-
y = |nterm|tten9y factpr or stagger angléeg tions,” ASME Paper 2000-GT-0260.
e = turbulent dissipation rate (f15°) [11] Volino, R. J., 2002, “Separated Flow Transition under Simulated Low-
n = Kolmogorov turbulent scalém) Pressure Turbine Airfoil Conditions: Part —Mean Flow and Turbulence Sta-
— tistics,” ASME Paper GT-2002-30236, and “Separated Flow Transition under
/; B Ell_.ll’blulent g]EIlCrOSC_aleTl) | Simulated Low-Pressure Turbine Airfoil Conditions: Part [I—Turbulence
= Taylor turbulent microscalém) Spectra,” ASME Paper GT-2002-30237.
v = kinematic viscosity (1ffs) [12] Hatman, A., and Wang, T., 1999, “A Prediction Model for Separated-Flow
# = momentum thicknesém) Transition,” ASME J. Turbomach121, pp. 594-602.
= loss coefficient [13] Yaras, M. I., 2001, “Measurements of the Effects of Pressure-Gradients His-
tory on Separation-Bubble Transition,” ASME Paper 2001-GT-0193.
Subscript [14] Yaras, M. 1., 2002, “Measurements of the Effects of Freestream Turbulence on

Separation-Bubble Transition,” ASME Paper GT-2002-30232.

[15] Miiller, M., Gallus, H. E., and Niehuis, R., 2000, “A Study on Models to
Simulate Boundary Layer Transition in Turbomachinery Flows,” ASME Paper
2000-GT-274.

[16] Mdiller, M., Gallus, H. E., and Niehuis, R., 2001, “Numerical Simulation of
the Boundary Layer Transition in Turbomachinery Flows,” ASME Paper
2001-GT-0475.

[17] Coton, T., Arts, T., Lefebvre, M., and Liamis, N., 2002, “Unsteady and Calm-
ing Effects Investigation on a Very High Lift LP Turbine Blade—Part I: Ex-
perimental Analysis,” ASME Paper GT-2002-30227.

0 = total condition
1 = inlet condition
2 = exit condition
ax = axial direction
is = isentropic
PS = relative to pressure side
r = reattachment position

rec = pressure recovery position

s
SS
t
T
wall

separation position
relative to suction side
onset of transition

end of transition

on the blade surface
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[18] Schlichting, H., and Gersten, K., 200Bpundary Layer TheorySpringer-
Verlag, Heidelberg.
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Experimental Surface Heat
Transfer and Flow Structure in a
Curved Channel With Laminar,
Transitional, and Turbulent Flows

P. M. Ligrani
1 Heat transfer and flow structure are described in a channel with a straight portion
C. R. Hedlund followed by a portion with mild curvature at Dean numbers from 100 to 1084. The
channel aspect ratio is 40, radius ratio is 0.979, and the ratio of shear layer thickness to
Convective Heat Transfer Laboratory, channel inner radius is 0.011. The data presented include flow visualizations, and
Department of Mechanical Engineering, spanwise-averaged Nusselt numbers. Also included are time-averaged turbulence struc-
MEB 2202, 50 S. Central Campus Drive, tural data, time-averaged profiles of streamwise velocity, spectra of longitudinal velocity
University of Utah, fluctuations, and a survey of the radial time-averaged vorticity component. Different flow
Salt Lake City, UT 84112-9208 events are observed including laminar two-dimensional flow, Dean vortex flow, wavy
Dean vortex flow (in both undulating and twisting modes), splitting and merging of Dean
vortex pairs, transitional flow with arrays of Dean vortex pairs, and fully turbulent flow
with arrays of Dean vortex pairs. Transitional events generally first appear in the curved
portion of the channel at Dean numbers less than 350 in the form of arrays of counter-
rotating Dean vortex pairs. At Dean numbers greater than 350, transitional events occur
in the upstream straight portion of the channel but then continue to cause important
variations in the downstream curved portion. The resulting Nusselt number variations
with curvature, streamwise development, and Dean number are described as they are
affected by these different laminar, transitional, and turbulent flow phenomena.
[DOI: 10.1115/1.1738119

Introduction flow conditions, and numerically predicted Nusselt numbers, ve-

Heat transfer in channels with transitional and turbulent flovvlgClty data, and pressure surveys for fully developed laminar and

) . s . X urbulent channel flows. In another numerical description of
are important for a range of practical applications, including COO}Jrved channel heat transfer, Yee et[8], predict the streamwise

Ing passages in gas turbine blades, internal combustion eng? Nelopment of Nusselt numbers and secondary motions in curved
cooling ducts, heat exchangers, cooling systems for the nozcﬁ P Y

! annels with aspect ratios of 1/3, 1, and 3, and steady, laminar
walls of rocket motors, and medical treatment of the human ¢ [-W with constant wall temperature boundary conditions. Chi-
diovascular system. Straight and curved channels are also inter}%{ P M :

ing because they provide environments to investigate an ass Lr’n-(l; r'ls;cnodn d';lﬁmggzsg[?r]] guzﬁ\rllgglIghg;]endé;:twli\:ﬁszeg Bgrn;bgrcs) ss-
ment of transitional phenomena. In straight channels, theS8 y d

phenomena include regions of longitudinally distinct local insteﬁ%ﬂ?r;;r;d[f&oyg‘s%yn?soru?;?g;? anrg;gp:e %Slplgstzgltfonrssndbgcrzv.
bility referred to as “slugs” and “puffs” of turbulence[1,2]. In y P . y P i

" . ) frgm curved channels with fully developed flows and aspect ratios
curved channels, transition begins with the development of arr.

of counterrotating Dean vortex pairs which form across the chai err:]vg;s?iégt?c;nasngfcc?hnasrg?wgtlsw\?/lilthh?jtljl?Jré)&zg?{?lglwcg?glggnmsé-
nel span[3-5]. Whether in straight or curved channels, develoD\ivhat more numerous. Recent investigations consider the effects of

ing transitional flow events provide the initial conditions for thecurvature,[ll—lzﬂ, channel aspect ratio and geomef}3—15,

turbulent flows which follow. The interactions between these trarIJi-bs and riblets placed along channel walls5—17, channel Rey-
sitional phenomgna and the subse_quently developing turbulrﬁ tlds number[13,15,16, duct geometry[14,15] ,flow tripping
zgwriecrinfokl)livagI;estcrg?qﬁlte;(é e;gﬁf'igixv?he; ?egg%esdtu%hanﬁ ], and different surface thermal boundary conditidid,]. Of
9 '9 ~gment, ne p Y- these investigations, several examine heat transfer behavior in
Only a handful of investigations consider heat fransfer | annels with turbulent flow,11,14—17. Only Kobayashi et al.
curved channels cor!talnlng laminar and transitional flows.. 1], Joye[14], and Mochizuki et al[16] examine heat transfer in
th_esg, Qheng and Akiyanig] _pre_sen_t Nusselt ngmbers, VE|OC'tychannels with curved sections. Kobayashi ef 82] and Su and
g;tr;lar]u;;ogz, ip(iﬁrtetasjuéﬁa?:ig:guwi)tzs fﬂﬁterdn;'\?;g f;%mlglrjnﬁef—'ﬁedrich[ﬁ] also investigate turbulent flows in curved channels
y . y ped, Without heating to illustrate structural characteristics of channel
forced convection, no buoyancy, and constant heat flux bound%ré(condary flows. Only Kobayashi et BL1] and Mochizuki et al
?r?)rrflgozsiJ5,1\:'3r(I:h?nﬁé[lqvi?lze;?itn;?e?rsal:wr;?ior’?:ﬁs;ritd rlﬂ;nger 6] consider the streamwise development of surface heat transfer
q ’ ! stributions, channel secondary flows, and temperature distribu-
Carl Hedlund suddenly and unexpectedly passed from this world on June %isons in curved channels.
2003. For all those who knew Carl, he will always be remembered as a loving fa\theryl‘lgranI et a_l. [18] examm_e effects of curvature on measu_red
and husband, and a person with exceptional technical abilities, an individual Bgat transfer in channels with thermally fully developed, laminar,
exceptional integrity and honesty, a wonderful colleague, and a treasured friend.and transitional forced convection. Constant heat flux boundary
Contributed by the International Gas Turbine Institute and presented at the Intgty ditions are applied to the surfaces of the channel, which has an
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Junée . !
16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 200&SP€Ct ratio of 40, a bend of 180 deg=Rx71, and Dean numbers
Paper No. 2003-GT-38734. Review Chair: H. R. Simmons. up to 300. The authors indicate that spanwise-averaged Nusselt
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Fig. 1 Channel coordinate system and geometry

numbers are always higher on the concave surface than on jigt upstream. As such, the present results provide an important
convex at all streamwise locations in the curved section, excepbl for the development of numerical codes for the prediction of
just after curvature begins. Differences just downstream of tleemplex elliptic flows.
beginning of curvature result from initial development of Dean
vortex pairs near the concave surfaf@:-5], and the secondary gxperimental Apparatus and Procedures
flows and unsteadiness associated with thisyl9]. Significant
Nusselt number increases on the concave and convex surfaceSurved and Straight Channels. Detailed descriptions of the
also occur withx/d for x/d>156 and De-150 due to the twisting rectangular cross-section channel employed for the present study
secondary instability[5,20]. In the flows investigated by Ligrani are given by Ligrani et al[18] and Hedlund and Ligrani21].
et al.[18], fully developed laminar flow is always present at th®imensional details are also illustrated Fiig. 1. The channel is
inlet of the curved portion of the channel, and transitional evenisistrumented for heat transfer measurements, has a thickredss
such as Dean vortex pairs, are contained entirely in the curvé®7 cm, an aspect ratio of 40, and is dimensionally similar to
portion of the channel. Using the same experimental facility, Hednother transparent curved channel used for flow visualization and
lund and Ligrani21] examine the effects of upstream transitionadjuantitative measurements of flow properties by Ligrani and
flows on curved channel Nusselt numbers at Dean numbers frddiver [5], and Ligrani et al[19,20]. The ratio of shear layer thick-
300 to 700. Results suggest that the thermal boundary layers mess to convex radius of curvature is 0.011 in the curved section,
sponsible for the Nusselt number variations are dependent upehich indicates mild curvature.
upstream initial conditions at the inlet of the curved portion of the Just downstream of the channel inlet, the flow is conditioned to
channel, in addition to transitional disturbances and levels of tueduce spatial nonuniformities using arrays of screens, honey-
bulence intensity very near the measurement location. Local Nusmbs, and a nozzle with a 20 to 1 contraction rafigure 1
selt number increases from transitional events in the upstreaimows that the straight section is composed of an initial unheated
straight channel segment are believed to be due to local transgction 0.57 m long followed by a heated section 1.52 m long. The
tional “slugs” or “puffs” of turbulence, [1,2]. These cause initial straight section allows hydrodynamically and thermally fully de-
Nusselt number augmentations relative to pure laminar valuesvieloped channel flow to develop before entering the curved sec-
be located progressively upstream as the Dean number increaties. under most conditions studigfd,8,21. With such conditions

In the present paper, Nusselt number characteristics at Dgamesent, shear layer thickness is half of the channel thickdéas,
numbers from 100 to 1084 are presented and discussed. Note ftad fluid then enters a 180 deg curved channel section with con-
Reynolds numbers based on channel thickness Re are determiveed and concave surface radii of 59.69 cm and 60.96 cm. The
by dividing Dean numbers De by 0.1459. The present study udagerior walls of the heated section are made of 0.08 cm thick
the same channel employed by Ligrani et[&B], and by Hedlund polycarbonate. Upon exiting the curved section, the flow enters a
and Ligrani[21]. Included are descriptions of the influences oecond straight section with a length of 2.44 m. As flow leaves the
streamwise development, varying Dean number, and curvaturesmrond straight portion, it passes through additional flow manage-
local Nusselt number behavior. Of the archival literature known tment devices and plenums to isolate the test section from the
the authors, only Mori et a[.8], Ligrani et al.[18] and Hedlund channel blowers and apparatus for measurement of mass flow
and Ligrani[21] presentmeasurecheat transfer data from curvedrates.
channels with laminar, transitional, and turbulent flows. The Figure 1 additionally shows four heated sections of the channel
present work is thus important as it provides new informatiowalls, denoted CC1, CV1, CC2, and CV2. Each of these segments
regarding effects of complex transitional and turbulent flows as instrumented with thermocouples to measure channel surface
channel heat transfer. Particular attention is devoted to the effesmperatures, etched foil heaters to heat channel surfaces, and
of different initial conditions at the entrance to the curved portiomsulation to minimize conduction losse§]18]. 100 copper-
of the channel. These initial conditions are provided at this locaenstantan thermocouples are placed between the heaters and non-
tion by varying transitional phenomena which develop at differefibw side of the 0.08 cm Lexan at ten streamwise locations. These
streamwise locations in the straight portion of the channel locatpebvide sufficient data to calculate spanwise-averaged Nusselt
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numbers on concave and convex surfaces. At each location, themployed for heat transfer measurements. To visualize the flow in
mocouples are placed in rows of five. The five thermocouples ihis channel, smoke is injected into the channel inlet using a mani-
each row extend across the channel span a distance of 20.32 fold and a rake of tubes to produce an array of laminar jets.
Rows of thermocouples on the straight portion of the channel a@8enoke patterns are illuminated in spanwise/radial planes using
located atx/d of 12, 36, 60, 84, and 108. This first location corspot lights directed at spanwise slits in the black paper used to line
responds toX=0.722 m. Rows of thermocouples on the curvethe exterior of the convex surface of the channel. A video camera
portion of the channel are located > of 132, 156, 180, 204, connected to a portable videocassette recorder is used to record
and 228. the illuminated, time-varying patterns at rates as high as 60 frames
To determine conductive losses from the heated portions of ther second. Additional details on this, as well as other aspects of
channel, 40 additional thermocouples are placed in the insulatithe flow visualization techniques, are given by Ligrani ef 28].
located behind the etched foil heaters. These thermocouples ar . - .
placed in pairs along the channel centerline behind each row of-ocal Mean Velocity Surveys. The miniature five-hole
thermocouples. One additional thermocouple is used to measffgPe: described by Ligrani et 423, is used to measure total
the mixed mean temperature at the channel inlet. pressure and the three mean velocity components locally at differ-

Voltages from the 141 T-type thermocouples are read sequ@r?—t locations across the cross section of the transparent curved
annel which is employed exclusively for such measurements.

. A X " Eh

tially using Hewlett-Packard relay multiplexer card assemblle%h L . S

installed in a HP3497A low-speed data acquisition/control unf"€ tiP diameter of the probe is 1.22 mm to minimize flow block-
e and maximize spatial resolution in the confined channel inte-

and a HP3498A extender. This system provides thermocou - - - ; ;
for. Additional corrections to account for finite spatial resolution

compensation electronically such that voltages for type-T therm d st line disol t effect de during data. red
couples are given relative to 0°C. A Hewlett-Packard 9836A confi'¢ Streamiine displacement €liects are made during data reauc-

puter processes signals from all 141 thermocouples to determfifd following Ligrani et al.[24].
spanwise-averaged Nusselt numbers using procedures describe@gngitudinal Velocity Fluctuation Surveys. Surveys of
below. streamwise mean velocity and longitudinal velocity fluctuations
Nusselt Number Measurement. Procedures to measure local2'€ obtained using Dantec 55P04 single hot-wire probes. Sensor
Nusselt numbers are described by HedI{i22] and Ligrani et al. diameter anq length are 5 microns and .1'25 mm, r_espectlvely.
[18]. Details are also presented here for completeness Each probe is operated at an overheat ratio of 1.8 using a Dantec
For each test, heater power levels are adjusted to provid MlO_constant-temperature brldge._ Individual p_robes are cali-
constant surface heat flux boundary condition along the inst fated in thg freestream flow of a yvmd ‘“”r.‘e' using procedures
mented test surfaces. The channel is heated to thermal equilibri§t/0W Velocity measurement described by Ligrani and Bradshaw
during which time, the channel surfaces expand to the sizes t - These hot-wire probes are mognted in spanwise/radial planes
they assume as’ measurements are conducted. Metal C-t deg from the start of curvature in the transparent curved chan-
clamps are then installed along the curved test section to ensfJf USing the same automated two-dimensional traverse employed

that no leakage occurs from the exterior to the interior of thior the miniature five-hole pressure probe. Signals are conditioned

channel. A variety of quantities are then measured to determiffin @n amplifier gain of 2, a low-pass filter of 1.0 kHz, and no
local Nusselt nurr):bers? ﬁ(lgh-pass filter. Data are acquired at 2500 Hz using a Hewlett-

To do this, all thermocouple voltages and heater power levd[dckard 6944A series 200 Multi-programmer with a buffered
are measured and converted into surface temperatures and a 59A analog-to-digital conversion card capable of 12-bit binary

vective heat flux levely’ The latter are determined usin en_resolution. This multi-programmer is controlled by a Hewlett-
- conv: ) 9 €Nbackard model 320 series 9000 computer, which also stores and
ergy balances which account for conduction losses from the t

surfaces. The local mixed mean temperatiyés determined at ?ﬁ cesses the data. With this acquisition system, 20,000 data

; : . - . samples are obtained at each measurement location which
any streamwise channel location using the equation given by amounts to a sampling interval of 8.0 sec

tm= tm-intett (AonPAX)/MC, @ Experimental Uncertainty Estimates. Procedures described

Here, t.inet IS the mixed mean temperature at the channel inle%y Kline and McClintock|26] and Moffat[27] are employed to

; . . : 0
The temperatures measured by the thermocouples located wit fijermine experimental uncertainty magnitudes based on a 95%

fidence levels. The experimental uncertainty of spanwise-
the test surface walls are then corrected to account for thermag%raged Nusselt numbers is estimated to5:5%. Estimated
a

?norhp;epg%rgggors :t':tﬁgtc\z eaer;ldtﬁgiggmg éghuprg grnodpt\rll\/: Iglc?rtci) gﬁH ertainty magnitudes of Dean number De, local streamwise ve-
the test surface located next to the air stream. With these d ! g%#”a;gﬂiﬁ:}i:ﬁaeldof?;;; (?;r;heo:]oenn%'gufdt:nmeg_\slgrztyegu\gr_
local heat transfer coefficients and local Nusselt numbers are%% ' P 9

termined. ICity w,, are 2%, =2.5%, +5%, and=7%, respectively.

Overall energy balance checks are also conducted at Dean nlﬁh- .
bers less than 30018]. These are accomplished by direct mea- xperimental Results
surements of the local mixed mean temperature just downstreanTable 1 summarizes the different types of flow behavior which
of the heated portion of the channel. This is accomplished usingee present in the present curved chanméth radius ratio of
thermocouple probe to measure local fluid temperature and a min979 at #=112 deg—115 deg, which are angular positions mea-
iature five-hole pressure probEl8], to measure local velocity sured from the start of curvature. These different regimes of be-
across the channdl-Z plane at De=285. These diredt,, results havior are described in the sections which follow. Flow structural
are then compared to mixed mean temperatures determined frdetails are needed for the interpretation of surface Nusselt number
energy balances using E@). In all cases, the two measurementwvariations, and for the development of numerical prediction mod-
of mixed mean temperature agree within a few percgh8], els of flows in curved channels.

which verifies the procedures employed to determine spanwise- .
averaged Nusselt numbers including conduction energy balanceﬂpevelopment and Structure of _Dean Vortex Pairs. As the
uences of concave curvature impose themselves on the flow,

and energy balances to calculate mixed-mean temperatures. M ; L ; h
9y P secondary flows in the form of tiny @ter-like vortices start to

Visualizations of Instantaneous Flow Structure. The visu- form near the concave surface of the channel. This is believed to
alizations and flow structure measurements are obtained in a seceur just after the beginning of the curved portion of the channel
ond channel, which is transparent with the same internal dimess x/d exceeds 120 to 130. As the vortices are advected down-
sions(and flow management apparatus at the jrdstthe channel stream, they grow in spatial extent, and produce spatially periodic
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Table 1 Different types of flow behavior in the curved channel with radius ratio of 0.979 at
6=112 deg-115 deg

De Re Flow Description
<60 <411 Curved channel Poiseuille flow
60-75 411-514 Partially formed Dean vortex pairs
>60 >411 Splitting and merging Dean vortex pairs
>75 >514 Fully formed Dean vortex pairs
60-125 411-860 Undulating Dean vortex pairs
129-200 884-1370 Twisting Dean vortex pairs
>700 >4800 Fully turbulent flow with Dean vortex pairs
36.9 253 Onset and presence of Dean vortex pairs from linear stability analysis

flow structures across the channel spd@n28]. The unsteadiness At 6 up to and including 85 deg and 95 ddgig. 2 shows

of these layers is consistent with the initial development aftilBo smoke layers with spatial periodicity, which are present across the

vortices in boundary layers on concave wals,19]. The result- channel span. The periodicity of these layers increases in ampli-

ing unsteadiness, along with the centrifugally induced seconddnde and definition with streamwise developmdii,19. Such
flows, augment thermal transport over that produced by laminlaehavior is caused by the developing secondary flows in the array
streamwise advection alone. As a result, unsteadiness and secafighartially formed vortex pairs located near the concave surface.
ary flows both play important roles in increasing concave surfaddée smoke enters the curved portion of the channel as a uniform
heat transfer coefficients relative to ones from the convex surfdeger about one-half channel height in extent next to the convex
just after the imposition of curvature. surface. As a result, events associated with secondary flows ema-

Such flow phenomena are illustrated by the flow visualizatiomating from near the convex surface are smoke fiohight),
photographs presented Fig. 2. These data are obtained at Dewhereas ones from near the concave surface are relatively free of
=122. The images show typical flow visualization patterns afmoke(dark).

flow cross sections at different streamwise stations. Each cover@\s ¢ increases from 95 deg to 105 deg, the smoke patterns in

one channel height in th& direction and about 3.5 channelFig. 2 show a dramatic change as they form into clearly defined

heights in theZ direction. The concave surface is at the bottom ahushroom-shaped patterns. Different portions of such patterns,
each photograph, the convex surface is at the top, and flowwith their occasional unsteadiness, are closely associated with dif-
moving away from the observer. Observation locations range ovierent secondary flows. The dark mushroom “stems” with bright

0 from 85 deg to 135 deg, which correspondxi@ from 190 to regions on each side are associated with upwash regions which

232. emanate from near the concave surface between the two vortices
in each pair. The mushroom “petals” correspond to vortex core
regions. Bright regions between each mushroom pattern represent
downwash regiongwith respect to the concave surfadeetween
vortex pairg5,19]. Unsteadiness and spatial variations of second-
ary flows continue to be higher near the concave surface. Note

0 that the flow visualization patterns probably lag slightly behind

u 85 the secondary flow development in vortex pairs.

.l As the vortex pairs continue to convect downstream, flow visu-
alization patterns irFig. 2 for 6=105 deg and¥=115 deg show
patterns which increase in radial extent to occupy the full channel

95 height. Time-averaged radial vorticity distributions which illus-
trate these spatial variations are showrfig. 3 for /=120 deg,

T —— x/d=219, and De=122. These data are determined from mea-

surements of the three mean velocity components made using the

miniature five-hole pressure prod®3,24] in the transparent

105°

ol 2 s R a .7, 5
VR /AYY AR
oz ﬂ" ifA iiz
'1 15 » -4 \ Irés .}nf M lffr’
\ Ty Ve 1t 1 iy
0 10 10 1 0
4 a9 5.6 5.4 T.2 0.0
nd
125°
W, (1/8) RANGES
0: < =175, 5: —d4. —=113
1t =178, — = 143, 61 —11.3 = 2,
135D 2: =143 — -~ 310, it 21, - 54,
3« —M0 —-~= 77 8! S4. — 87
o = TT, = =~ 44, - a7, =—120.
10: > 120,
Fig. 2 Photographs of flow visualized using smoke at channel Fig. 3 Time-averaged distribution of radial vorticity for De
cross sections located at different streamwise locations for a =122, #=120 deg, and x/d=219. The associated vorticity scale
Dean number of 122 is given below the plot.
Journal of Turbomachinery JULY 2004, Vol. 126 / 417

Downloaded 31 May 2010 to 171.66.16.21. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



& Zd=550 Downwashregion Ug =.083m's
& Zt=6.00 Downwashregion Ug =.077 mis
A =525 Upwash region Ug =.061ms
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Fig. 4 Normalized streamwise mean velocity profiles at three
different spanwise locations at De =125 and x/d=219

curved channel. In each plot, bulk flow direction is then into th
plane of the page(/d=0 corresponds to the concave surface, ar
Y/d=1 corresponds to the convex surface.

The time-averaged radial vorticity distribution kig. 3 shows
alternating regions of positive and negative vorticity across tt
channel span. An individual vortex pair is indicated by a region ¢
positive vorticity(dashed contour linggmmediately adjacent to a
region of negative vorticitysolid contour lines Three complete
pairs are evidenced in the figure. Because these data are obta
at a different spanwise portion of the channel than where flo
visualizations are observed, direct comparison between the twc
precluded. Upwash regions are positioned between the two vo
ces in each pair where fluid with low streamwise momentum flui
is advected away from the concave surface by secondary flows.
Fig. 3, central portions of upwash regions are locate@/at of
about 5.1, 6.0, and 7.1 where gradients of radial vorticity are qui
large and abrupt changes in the signs of these vorticity comf
nents occur aZ/d is changed at constait/d. Downwash re-
gions are positioned between vortex pairZAd of 4.5, 5.5, 6.6,
and 7.6. These are responsible for convection of fluid with hic
streamwise momentum from near the channel center to regic
near the concave wall. As a result, gradients of streamwise velc
ity are increased near the surfa¢29]. Spanwise extents of up-
wash regions are smaller than the downwash regions as a resul
higher pressure fluid existing on the downwash sides of individu
vortices and lower pressure fluid existing on the upwash sides
individual vortices,30].

Examples of velocity profiles measured with laminar flow an
Dean vortex pairs in the channel are presente&ig 4. These
data are measured at B&25 andx/d= 219 near the downstream
end of the curved portion of the channel. The linear behavic
which characterizes purely laminar behavior and no turbule
shear stresses near the channel surfaces, is evidet forl0.
Streamwise mean velocities are lower in the upwash region th
in the downwash region. However, in the normalized coordinat
in Fig. 5, normalized upwash region velocities are higher due 1
locally lower friction velocity,[5,19,20.

Some distortion of the mushroom patterns is apparefign2 Fig. 5 Time sequence of 11 smoke visualization photographs
at #=115 deg which is associated with vortex pair unsteadine8d sketches illustrating how one vortex pair may be engulfed
especially in the spanwise direction. These motions and dist g’;(a;aﬁdgﬁcne]r};‘fgg;ﬂi‘;ﬁ?gg;’gﬁdf:r}'ége er!ig]oegfzcgtf‘e;g\'mse
tlc_)ns are more apparent a.i: 125 deg and often a_SSOC'ated eithe ocation 105 deg from the start of curvature. Photographs are
with undu!atlng Wayy mOt'Oniz,O:!' and or spanW|se wave nun'?'spaced apart by 1 /30 second intervals. The streamwise direc-
ber selection resulting from splitting and merging of vortex pairsion is into the plane of the plot, the concave surface is on the
[19]. Undulations are unsteady oscillations and side-slipping @bttom of each photograph, and the convex surface is on the
vortex pairs at relatively low frequency. Such wavy motions apep of each photograph.
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Fig. 6 Temporal power spectra of the voltage signals from a
hot-wire sensor placed at Y/d=0.5 and Z/d=—12.25 (near an
6=112 deg from the
start of curvature. Individual spectra are given for De of 141,
145, 150, and 156 show the fundamental and two harmonic fre-

inflow region ) at a streamwise location

guencies associated with twisting vortices.
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Fig. 7 Variation of the time-averaged magnitude of the square
of the longitudinal fluctuating velocity with Dean number De at

three different locations across the channel cross section at

x/d=219

patterns, the merging event is the result of a flow which evolves
spatially as well as temporally with significant changes over small
streamwise distances.

Twisting and Longitudinal Velocity Fluctuations. Twisting
is a high intensity vortex rocking motion of the Dean vortex pairs
(when viewed in spanwise-normal plapeshich generally occurs
continuously at frequencies which depend upon the Dean number
and location, with occasional transient occurrences at lower fre-
quencies[5,20]. As De increases at a particulatd, or asx/d
increases at a particular De, twisting first appears in upwash re-
gions near the concave surface. With additional development,
twisting produces intense large-scale oscillations about upwash

pear as periodic spanwise-rocking of vortex pairs, along with peegions which correspond to variations in time and space of the
riodic changes in the direction of upwash regions between vortetteamwise velocity and secondary flows near the concave wall,

pairs[20].

[20]. As the Dean number increases from 150 to 200, the largest

Undulations are generally observeddagreater than 95 deg for time-averaged magnitudes of the square of longitudinal velocity
Dean numbers ranging from 40 to 125,20]. Splitting and merg- fluctuations from twisting occur away from the channel walls at
ing are apparent in visualizations at Dean numbers from 60 Ydd from 0.2 to 0.4, and then throughout upwash regions near the
220,[5,19]. As 6 increases from 125 deg to 135 deg, smoke patoncave wall[20].
terns inFig. 2 are increasingly convoluted and distorted. Higher Shown inFig. 6 are power spectra of time records of voltages
levels of radial and spanwise unsteadiness are present from fitom a hot-wire probe sensing velocity fluctuatidinsostly in the
tense undulations, frequent splitting and merging, and possibly

less organized motions.

Figure 5 shows a merging event observed at=H1®0 at a
streamwise location 105 deg from the start of curvature. Here, t
merging event occurs as the two vortices of opposite sign in tv
adjacent pairs move towards each other, collide, and then can:

Initially, in photograph(a), about three and one-half vortex pairs 20.0
are present each with a slightly different orientation. As time ir

creases in photof), (c), (d), (e), and (f), the slightly smaller

middle vortex pair starts to tilt such that the upwash regio 15.0 /

reaches an angle of about 60 deg from the plane of the conc(‘g ! -

wall. The left-most pair does the same thing, but in the opposi

250
u*=(1/0.41)In y* +5.2

direction, as the two vortex pairs move closer to each other. T
two pairs on the left sides of photographgHig. 5 then appear to
collide in photograplig). As this happens, the two adjacent vorte»
pairs cancel, and in doing so, cease to exist. A single vortex p.
then replaces the prior existing two pairs in subsequent pho
graphs(h)—(k). According to Bottaro[31], the bending of the
vortices inFig. 5 comes from an attraction or repulsion of neigh:
boring vortex pairs caused by the Eckhaus instability. The initii
step of mergingand splitting processes thus involves instability
of vortex pairs to spanwise perturbatiof82], a part of the pro-
cess which may be described by linear theory. As the process

10.0 A A

5.0

0.0

1.0

10.0 100.0
y+

continues, nonlinear effects become important. Even though thig. 8 Normalized streamwise mean velocity profile at De =401
photo sequence ifrig. 5 shows the timewise variation of flow and x/d=219
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40 frequency in the twisting portions of spectra usually lies between
De=805 n=>55Hz and 90 Hzor betweerf ranging from 1.6 to 3.8

ag Additional information on variations of time-averaged magni-
Nu O_/—O/O\ tudes of the square of the fluctuating velocity?, is given inFig.

20 - s 7. These results provide additional insight into curved channel
) L transition, and are obtained in a cross-sectional plane located at
| O =D -0 x/d=219, which coverg/d from 4 to 8 andy/d from 0.1 to 0.8.
o1 Maximum u’? values are shown along with values measured in
the upwash region of a vortex pairétd= 0.1 andY/d=0.5. The
u’? increases which occur as Dean number increases from 0 to
De=629 130 occur mostly from{i) unsteadiness as the vortices initially
form near the concave surface as tinyrtBo vortices and are
20 - particularly sensitive to small amplitude perturbations and span-
wise wave number selectiof§,19), (i) undulating motions[,20],
Nu ==& - (iii) splitting, merging, and spanwise wave number selection of

10 O-- -0 fully formed vortex pairs[19], and(iv) unsteadiness from random

Tt perturbations occurring at the channel inlg§,19,21. The u’?

variations shown inFig. 7 at De from 130 to 200 are due to

0 . . . . twisting, [20]. Here, significantu’? are present only within up-
wash regions between the vortices in each pair where twisting
De=327 motions are initially most intense. The maximwrtf which occur
within these upwash regions are located betw&éd=0.1 and

20 Y/d=0.5.
Nu At Dean numbers between 200 and 300, twisting continues to

. be present, as mentioned,_amtf continues to increase with De.
10 1 .\0——0’;&‘3_/;_?__; In addition, the maximumu'? in the cross-sectional plane mea-
sured occurs av/d=0.1. Time-averaged surveys of? at these
conditions continue to show regions with locally increasgd
' i magnitudes located within and near vortex pair upwash regions.
De=100 -+ Concave Afterwards, at higher De, the late-transitional “turbulent-like” be-
20 4 -o-Convex havior, characterized by the mean velocity profileFig. 8 is
--- Nu=824 present. Time—av_eraged turbulence structure then inc_reases only
Nu . very gradually with Dean number at each cross-sectional plane
location.

The normalized velocity profile presentedRig. 8 is given for
De=401. The profile is at the downstream end of the curved por-
tion of the channel ak/d=219, which probably indicates that
| transitional events, like twisting, occur upstream. This is because

the twisting secondary instability is important in initiating the
0 0 100 g 190 200 250 transition process in curved channels. Twisting occurs at the
downstream end of the channel after Dean vortex pairs are already
Fig. 9 Forced convection Nusselt numbers as dependent present, and either partially developed or fully developed. Other
upon x/d for Dean numbers of 100, 327, 629, and 905 transitional events then occur at locations which are progressively
upstream as the Dean number increases.

M i1 Jight  e— | untec_l
T T T

Streamwise Development of Spanwise-Averaged Nusselt
Numbers. Spanwise-averaged Nusselt numbers are presented as

longitudinal direction sampled at one point in the flow at/d dependent upon normalized streamwise distanc&ign 9 for

=05 andz/d=—-12.25 and a streamwise locatigi=112 deg nean numbers of 100, 327, 629, and 905. Results from the con-
from the start of curvature. For De corresponding to 141, 14

. o T 2 ; . ave and convex surfaces are given at diffesédtfor each Dean
;5.0’ and 156, this location is W|th|n.a vortex W'.th negative Vor, mper to llustrate the effects of streamwise development and
ticity levels and near an upwash region. In this figure, nondimeqy atyre(at x/d from 120 to 240. Note that the data presented
sional frequencies are given &s-2mn(d/2)/U, wheren is the for x/d=0-120 are measured on the straight portion of the chan-
frequency in Hz, and values &f employed inFig. 6 correspond nel, and the data presented fdd=120—240 are measured on the
to De=145. Referring to data ifrig. 6 at this Dean number, the curved portion of the channel shown fig. 1.
broad peak centered nef 2.5 corresponds to the principal fre- Results from the straight portion of the channel<(X/d
quency of twisting vortices. Two harmonics are seefira#t.9 and =<120), presented ifrig. 9, provide several important checks on
f=7.4. On the high frequency side of the principal peak, flothe experimental data for all four Dean numbers. First, Nusselt
background noise levels are about two orders of magnitude lowarmbers measured on both sides of the chaflabkled concave
than the local maximum. As the Dean number increases from 14#d convex even though they are on the straight channel segment
to 156 inFig. 6, principal and harmonic peaks become higher iare nearly equal at each streamwise location. This evidences two-
magnitude and more apparent relative to power levels of baakimensional velocity and thermal field development, and validates
round fluid motions. Qualitatively similar spectra are observed #tite measurement procedures used. This is additionally important
a variety of locations in spanwise/radial planes located from 1t&cause the flow at the end of the straight channel section, at
deg to 120 deg from the start of curvature, and at a variety of Déd= 120, provides the thermal and velocity inlet conditions for
ranging from 129 to 200,20]. The amplitudes of principal peaksthe curved portion of the channel.
from twisting are strongly dependent upon Dean number, as wellA second check is provided by tiiendsof the Nusselt number
as on the location within the vortex pair structure. The principalata with respect to streamwise distance in the straight portion of
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[T | tions and local flow behavior at Dean numbers as low as 130-150

218 depending on the streamwise location in the channel relative to
40 -o-544 | the start of curvature.
Concave 709 Notice that the Nusselt number results for-BEO0 inFig. 9 do
- -O-831 not show any significant change at positions corresponding to the
flow visualization photographs presented-ig. 2 for 6 of 85 deg,
95 deg, and 105 deg. Thus, the dramatic flow visualization pattern

changes associated with increased vortex development with
streamwise distance shown Fig. 2, do not cause significant
changes to unsteadiness or thermal transport.

The Nusselt number increasgslative to pure laminar valugs
which are evident inFig. 9 at x/d<120 for De=629 and De
=905, are due to transitional events which are present in the

- straight part of the channel. These events are probably similar to
L."__CEII’WE}{ ones which nominally occur in straight pipes and channels with
30 - N /Q"tn transitional flow. The most important events are “slugs” and
Nu ) A “puffs” of turbulence, [1,2]. According to Stettler and Hussain
20 - b [2], “slugs” originate from instability waves of entry region
boundary layers, whereas “puffs” are “debris of relaminarization
of fully turbulent flow induced at the entry by large disturbances
: or roughnesgwhich can be an orifice, grid, disk, eXt.The in-
A straight | el —| stabi_litie_s which prod_uce “slugs” include modified "Tl'mein-
T T T T Schlichting waves which are often followed or accompanied by
0 50 100 150 200 250 packets of small longitudinal vortices in near-wall boundary layer
¥d regions. Something similar to these events, most probably

“slugs,” is speculated to be occurring quite frequently in the

Fig. 10 Forced convection Nusselt numbers as dependent straight portion of our channel at D&00 at locations evidenced

upon x/d for Dean numbers of 218, 549, 709, 831, 905, and 1084 py |gcal Nusselt number increases withd relative to values for

for the concave and convex channel surfaces two-dimensional laminar channel flow. As mentioned earlier,
these initial transitional flow events are located progressively up-
stream through the straight portion of the channel as the Dean
number increases from 400 to 1084. These produce disturbances

the channel. For the lowest three Dean numbers, the decreasgvhich then advect downstream by different distances as the Dean

Nu with x/d is consistent with thermal boundary layer developnumber changes to produce different initial conditions at the en-

ment in the upstream part of the straight portion of the channetrance of the curved portion of the channelxad = 120.

The third check is provided by Nusselt number data at De The results presented at different De Fig. 9 are thus also
=100, and De=327. In both cases, Nu magnitudes near the dowimportant because they indicate that Dean vortex pairs are not
stream end of the straight portion of the chanatix/d from 80 only present in the channel at Dean numbers up to 1084, but that
to 120 for De=100 and De-=327) are near 8.24, the Nusselt num-they also strongly influence thermal flow field behavior. As for the
ber value expected for a spanwise-infinite, straight channel witbsults at lower Dean numbers, significant differences in Nusselt
fully developed, two-dimensional laminar flow and constant heaumbers between the concave and convex surfaces occur for the
flux thermal boundary conditions. different Dean numbers, when compared at the safdein spite

Figure 9 shows that Nusselt numbers measured on the concayfe(i) different transitional and turbulent flow events upstream,
surface are generally consistently higher than values measuredagd (i) different thermal and velocity conditions presentxéd
the convex surface in the curved portion of the chartaek/d =120, at the inlet of the curved portion of the channel. Here,
from 120 to 240. This occurs regardless of the Dean number, agansition refers to local or global disturbances or turbulence
the influences of concave curvature impose themselves on thiich result in Nusselt numbers which are higher than values
flow. Theinitial increases which occur agd exceeds 120 to 130 which exist with undisturbed laminar at the same location in the
are due to secondary flows which result as tinyrt@®o-like vor-  channel.
tices initially form near the concave surface of the channel. These
are formed by the unstable stratification of angular momentum in
the curved portion of the channel which eventually results in the Spanwise-Averaged Nusselt Numbers at Different Dean
development of Dean vortex pairs. The Dean vortex pairs alumbers. Some of the results froriig. 9 are again plotted in
generally associated witlii) more intense secondary flows withFig. 10, along with additional Nusselt number data sets for De of
greater spatial variations near the concave surface than near 218, 549, 709, 831, and 1084. In the top portiorF@. 10, data
convex surface, andi) more unsteadiness near the concave sumeasured on the concave surface for all Dean numbers are plotted
face than near the convex surface, particularly at Dean numbgsgether. In the bottom portion &fig. 10, the convex surface data
greater than 20019,20,29,31,3R for all Dean numbers are plotted together.

The Nusselt numbers iRig. 9 for De=327 show some simi-  The Nusselt number data Fig. 10 for De=218 represent pure
larities to the De=100 data, but also important differences. Folaminar behavior in the straight portion of the channekdd
example, both data sets show higher Nusselt numbers on the ceart20). Here, Nu values first decrease witll and then become
cave surface compared to the convex surface in the curved parapproximately constant witik/d at x/d=80-120, where values
the channelatx/d>120). At largerx/d, concave surface Nusseltare close to 8.24. As mentioned, this Nusselt number is the ex-
numbers for De=327 show another important increasehich is  pected value for fully developed flow in a straight channel with
not present when Del00) as the channel flow is advected downiinfinite aspect ratio and constant heat flux boundary conditions. As
stream. This occurs agd increases from 156 to 180 at B&827, mentioned earlier, Dean vortex pairs form soon after the flow
and is associated with significantly increased flow unsteadinessters the channel afd just greater than 120. Near the down-
which is associated with the twisting secondary instability, whicktream end of the channel, the Dean vortex pairs at Zi8 then
occurs either at these same streamwise locations or at locatideselop the twisting secondary instability20], which causes
upstream. Twisting is known to affect Nusselt number distribiNusselt numbers from the concave surface to increasédm-
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creases from 180 to 204. Convex surface Nusselt numbers at thieseflow (in both undulating and twisting modessplitting and
locations, on the other hand, are relatively unaffected by the twisterging of Dean vortex pairs, transitional flow with arrays of
ing instability at this experimental condition. Dean vortex pairs, and fully turbulent flow with arrays of Dean
Figure 10 shows that additional important Nusselt number invortex pairs.
creases withx/d occur at smalleix/d as the Dean number in- At all Dean numbers investigated from 100 to 1084, spanwise-
creases from 549 to 1084. In contrast to the Nusselt number varaeraged Nusselt numbers measured on the concave surface are
tions from twisting, these changes occur in the straight portion significantly higher than values measured on the convex surface at
the channel and affect both channel surfaces. Such local Nussétt from 120 to 240 in the curved portion of the channel. Thus,
number increases occur asd increases from 36 to 84 at De Dean vortex pairs are not only present in the channel when the
=709, asx/d increases from 36 to 60 at B&831, asx/d in- flow is laminar, transitional, and turbulent, but they also strongly
creases from 12 to 60 at B®05, and atx/d up to 36 at De influence thermal flow field behavior. Overall Nusselt number
=1084. Each of these is due to transitional events, most likelariations with De ancd/d also suggest that the thermal boundary
local “slugs” of turbulence which originate from instability waveslayers responsible for the Nusselt number variations are dependent
of entry region boundary layer$l,2]. These cause initial heat upon upstream initial conditions in addition to transitional distur-
transfer coefficient augmentations relative to pure laminar valubances and levels of turbulence intensity very near the measure-
to be located progressively upstregat smallerx/d) as the Dean ment location.
number increases. At De up to 300, the phenomena most responsible for the
Figure 10also shows that Nusselt numbers on both the concalégher concave Nusselt numbers dig vortex pair secondary
and convex channel surfaces at=D&9 are significantly higher flows, and(ii) unsteadiness. Both of these result from the initial
than values measured at B218 and at De549, except for development of Dean vortex pairs near the concave surface in the
x/d<36. This Nusselt number trend continues ¥6d<<84 as the form of tiny Gortler-like vortices whose spanwise wavelength se-
Dean number increases even further to 831, 905, and 1084, siteion mechanisms and growth rates are very receptive to small
Nusselt numbers continue to increase with De at eddhwithin  departures from ideal flow conditions and to disturbances in the
this range. Another interesting feature of the Nusselt number datacoming stream.
in Fig. 10 is the trend followed by the results measured in the As De become greater than 150, significant Nusselt number
straight portion of the channel @©x/d<120). For each Dean increases are present on the concave and convex surfaces in the
number from 709 to 1084, Nusselt numbers just downstream @dwnstream part of the curved channel segment @t 158. Af-
the transition regiorii.e., x/d>84 for De=709, x/d>60 for De ter this initial increase, concave surface Nusselt numbers at a par-
=831, 905, and 1084follow a single family of curves. The ticular streamwise station continue to increase with Dean number
curves in the family show weak dependence on Dean number, dnydimportant amounts, whereas convex Nu values do not. This is
each curve in the family has about the same slope when compade@ to the twisting wavy secondary instability, which, with the
at the same/d. This uniformx/d dependence of the curves in theunsteady events caused by it, play important roles in augmenting
family at x/d from 60—84 to 120 thus represents Nusselt numbéscal thermal transport levels.
behavior for both channel surfaces in a near fully turbulent At each Dean number investigated from 500 to 1084, important
straight channel with developing thermal boundary layers. Nusselt number increases withd occur in the straight portion of
As each of these flowgDe=709, 831, 905, and 1084 the channel at each Dean number due to laminar-to-turbulent tran-
progresses through the curved portion of the channel %28 sitional phenomena. The Nusselt number increases are believed to
<240), concave sideNusselt numbers ifrig. 10 again follow a be due to local transitional “slugs” or “puffs” of turbulence,
single family of curves. Here, Nusselt numbers again show uriit,2], which cause initial Nusselt number augmentations relative
form dependence ax'd when compared at the samid at all De  to pure laminar values to be located progressively upstream as the
in this range, and weak dependence on Dean number axédch Dean number increases.
All of the curves thus have about the same slope when compared®ownstream of these events, flow is turbulent or near-fully tur-
at the samex/d. In this case, the family of curves representbulent at De from 500 to 1084, and Nusselt numbers in the
Nusselt number behavior on the concave surface in a fully turbstraight portion of the channel afd from 0 to 120, and in the
lent (or near fully turbulent curvedchannel with thermal bound- curved portion of the channel (12k/d<240), collect into a
ary layers which are close to being fully developed. single families of curves. These Nusselt number data thus repre-
Nusselt numbers measured at De equal to 709, 831, 905, aeaht fully turbulent or near fully turbulersttraight channel flow
1084 on theconvexside of the channel irig. 10 also roughly andcurvedchannel flow with thermal boundary layers which are
collect into a single family of curves, however, these data shoelose to being fully developed.
different slopes at different Dean numbers when compared at the
samex/d. Two distinctly different types of convex surface behav,
ior are also apparent iRig. 10 for this range of Dean numbers,ACknOWIEdgmems
which are located at 120x/d< 180, and 186&:x/d<228. For the A number of other individuals participated in the research ef-
latter region,convexside Nusselt numbers at different Dean numforts which led to the results which are presented in this paper,
bers diverge slightly from each other @&l becomes greater thanincluding S. Choi, J. E. Longest, M. R. Kendall, W. A. Fields, S.
180. J. Fuqua, A. R. Schallert, and P. Skogerboe.
This work was sponsored by the Propulsion Directorate, U.S.
. Army Aviation Research and Technology Activity-AVSCOM,
Summary and Conclusions through NASA-Defense Purchase Requests C-80019-F and
Heat transfer and flow structure are described in a channel with30030-P. The program monitor was Mr. Kestutis Civinskas. Ad-
a straight portion followed by a portion with mild curvature aditional information is provided in Ref$33] and[34].
Dean numbers from 100 to 1084. The channel aspect ratio is 40,
radius ratio is 0.979, and the ratio of shear layer thickness f@omenclature
channel inner radius is 0.011. The data presented included flow )
visualizations, and spanwise-averaged Nusselt numbers. Also inAch = Cross-sectional area of the channel
cluded are time-averaged turbulence structural data, time- b = spanwise width of heated test surface
averaged profiles of streamwise velocity, spectra of longitudinal Cp = specific heat at constant pressure of air
velocity fluctuations, and a survey of the radial time-averaged d = channel thickness
vorticity component. Different flow events are observed including D€ = Dean number, ¢d/v)(d/r;)%®
laminar two-dimensional flow, Dean vortex flow, wavy Dean vor- Dy = hydraulic diameter
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k = thermal conductivity mental Study of Turbulent Heat Transfer in a Two-Dimensional Curved Chan-
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gins J. Heat Mass Transfe89(1), pp. 27-37.
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Intermittency Transport Modeling
vieeso' | OF Separated Flow Transition

S. Vilminz An intermittency transport model is proposed for modeling separated-flow transition. The
model is based on earlier work on prediction of attached flow bypass transition and is
W. N. Dawes applied for the first time to model transition in a separation bubble at various degrees of
freestream turbulence. The model has been developed so that it takes into account the
A. M. Savill3 entrainment of the surrounding fluid. Experimental investigations suggest that it is this
phenomena which ultimately determines the extent of the separation bubble. Transition
CFD Laboratory, onset is determined via a boundary layer correlation based on momentum thickness at the
Engineering Department, point of separation. The intermittent flow characteristic of the transition process is mod-
University of Cambridge, eled via an intermittency transport equation. This accounts for both normal and stream-
Cambridge, UK wise variation of intermittency and hence models the entrainment of surrounding flow in

a more accurate manner than alternative prescribed intermittency models. The model has
been validated against the well-established T3L semicircular leading edge flat plate test
case for three different degrees of freestream turbulence characteristic of turbomachinery
blade applications[DOI: 10.1115/1.1748393

Introduction simulation is convenient. The mathematical formulation of the
The proper prediction of the laminar-to-turbulent transition progquatlon, anq Its cogpllng with a two-equation turbulence model

i . . 1s presented in the first part of the paper.
cess is one of the most challenging and important problems hin-

. " To illustrate its capabilities, the validation against a transitional
dering the development of more accurate computational tools. ﬂﬂbble test case has been conducted. Such transitional flow is

fact, determining the state of the flow is of paramount importanq:%mmon in gas turbines as discussed by both Mdgleand

if modeling complex flow for blade design optimization is to bGWaIker[Q] and may occur in an overspeed region near an airfoil's

achieved. ) ) leading edge as observed by Somn{d.
Transition is characterized by the eruption of turbulent spots

first recorded by Emmong§l]. Subsequent studies have high-
lighted the intermittent behavior of the flow across the transiti
region. The concept of intermittency, as a measure of the pro
ability of a given point to be inside the turbulent region, has Transition Model. The choice of transition model was moti-
evolved from the need to distinguish between uniform and ragated by the need to fulfill the three numerical requirements,
dom behavior of the flow along this intermittent region. The]amely, no use of normal-to-wall distance, simple source terms
widely accepted function describing the streamwise evolution ahd straightforward boundary conditions as summarized by Katl-
the intermittency factor proposed by Dhawan and Narasif@ha itzin et al.[11]. The purpose of such an approach was to develop
has led to the foundation of an extensive field of research in themethod that could be applied to a wider range of test cases and
field of transition modeling. could be extended to the prediction of three-dimensional geom-
Various correlation methods accounting for the different paranetries. Such approach is in clear contrast with most of the present
eters of the flow have been developed to account for the ext@orrelation methods often restricted to two-dimensional geom-
and form of the flow inside this region as reviewed by Dhawagtries and dependent on flow parameters that make their applica-
and Narashim§2]. tion restricted to similar cases to those from which were initially
Despite performing in a wide range of flow types with variouglerived.
degrees of success, these methods are often restricted to the ndpiven the importance manifested by the intermittent effect of
row range of flows which comply with the assumptions undéhe flow at the outer portion of the boundary layer, the present
which these were derived. The latter has motivated the search ¢tk adopted a differential model for the intermittency factor.
alternative techniques to account for the intermittent nature of/@ese tackle the problem of modeling the intermittency factor in
transitional flow which may account for more of the physics inthe flow equations themselves. Two major arguments support the
volved and at the same time share enough degree of universaliig of such approach. First, it allows the modeling of unbounded
as to comply with the requirements posed by current aerodynarfiermittent flows such as free-shear layers such as those encoun-
design tools. tgred in separatlon'bubbles and confluent wakes. .Second, three-
Thus, a transport equation for the intermittency is proposed §limensional extension of the model does only require the compu-
this study. It is based on the intermittency transport equations g};lon of additional derivates and is not restricted as correlations
Byggsteyl and Kbmann [3], Cho and Chund4,5], and Savill
[6,7]. The intermittency is not prescribed as a constant over a
streamwise profile. Also, the application to three-dimensional flo

lathematical Model

The present study adopted a combination of earlier modeling
proaches by Byggstgyl and Kollmari2,12,13, Cho and
hung[4,5], and Savill[6,7]. Byggstayl and Kollmann derived an
Ipresent address: EADS, 16 Boulevard de Montmorency, 75016 Paris, Franc%ntermIttenc.y transport equatlon which was Coupled with condi-
?Present address: Numeca, 5 Avenue Franklin Roosevelt, 1180 Brussels, Belgitigned Navier-Stokes equations and was used to compute free-
3Chair of Computational Aerodynamics Design, Department of Aerospace S@hear wakes. Based on this work Cho and Chung presented an
ences, School of Engineering, Cranfield University, Cranfield MK43 OAL, UK. integrated high Reynold&-g-y approach which removed the
Qontnbuted by _the International Qas Turbine Institute apq _presented at the '”‘Ebnditioning and was successfully used to predict far wake turbu-
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jupié . . , -
16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 2004£NCe and various jet flows. Savilb] was the first to extend
Paper No. 2003-GT-38719. Review Chair: H. R. Simmons. similar approaches to predict boundary layer transition by cou-
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pling it to a low-Re Reynolds stress model to model transition asf Mayle’s work, [8], it is the entrainment process that ultimately

a flat plate at various degrees of freestream turbulence. determines the size of boundary layer separation bubbles.
The present departs from the exact intermittency transportThe resulting transport equation for the intermittency factor
equation in its form firstly derived by DopaZ&4] thus reads
dy Jy Dy 4 v\ dy P
—+u—-—=D,+S 1 -2 a2 — K
ot J(;Xj y Oy (1) Dt~ ax, y+(1—7y) 0_7) %, +C1v(1—7) K
where D, represents the diffusion due to the relative motion of K2 9y dy s s
turbulent and nonturbulent zones afigdthe combination of vari- +C oy—-——-C 3y(1—y)=——C ,y(1—y) =T
ini i i i i e o ax k 77 k
ous terms determining the generation and destruction of intermit- i 0%
tency across the interface. 9)
The form adopted for the diffusion term kept the original form
proposed by Byggstayl and Kollmahh2] The transport equation could easily be introduced in the two-

equation turbulence model framework by employing a condi-
tioned eddy viscosity formulation as suggested by Simon and

J
Dy=x ) Stepheng16]. Thus, the effective eddy viscosity was defined as

79X

v | dy

+ -_— —_—
y+(1-y) Uy) %,
based on the velocity jump model of Lumlgys].

Modeling of the source terr8, required more detailed consid-
erations with regard to the various factors determining the growffhere ,.* represents the eddy viscosity calculated from the base
of intermittency across the transition region. The variation of iNivo-equation turbulence model employed.
termittency across turbulent/non-turbulent interface was recast agg pointed out by Cho and Churig], indications suggest that
the result of four major contributions the rate of dissipation at a point must be dependent on the inter-

S =sV1g21g3 g4 ®) mitten_cy. Such view is supporte_d by thpse _of_Rodi and Schc_euerer
v Y Y Y [17] with regard to the overpredicted skin friction values achieved

The first term was modeled such as to account for the produzy current two-equation models under adverse pressure gradient
tion of intermittency as proportional to the increase in turbuleflows. These arguments motivated the introduction of an addi-
kinetic energy while fulfilling the boundary condition<@/<1. tional term into the dissipation rate equation with the form
The original form of the term was retained, reading

M= W'Lf (10)

Se = C£3F (11)

=]
1)_ _ X ,
S;/=Cuv(1-7) K (4)  where the new defined constant had a valueCg§=0.10. The
) dependency of the additional source termltis appropriate as its
The second term in E¢3) was modeled to reflect the transporform suggests that its influence will be confined to regions with
of mass and momentum caused by spatial inhomogeneity as &igsceleration.
cussed by Byggstgyl and Kollmanfil2]. The present work  Finally, the model constants were defined as
adopted a modified form of the term proposed such that
C,,=160, C,=0.15 C,=0.10, C,=0.16, 0,=1.0
5) (12)

T . . based on those values derived by Sajdll.
Such modification was adopted in light of the extensive experi-

mental studies on both boundary layer transition and edge inter-Transition-Onset Location. Under high levels of freestream
mittency effects suggesting that the inhomogeneity of the flodisturbances, the increased receptivity of the flow to these external
becomes more influential as the flow enters the turbulent stateperturbations at the separation point results in the failure of
The dissipation of intermittency is accounted for by the thir@ttached-flow correlations such as those of Dhawan and
term,S{), which kept the form proposed by Byggstayl and KollNarasimhd2], Abu-Ghannam and Sh&j8] Solomon et al[19],
mann which reads and Mayle's,[8], attached-flow correlation. This is mostly due to
the fact that the growth of these disturbances in the separated
3 € shear layer is not accounted for by any of these correlations.
S, =—Cyy(l-v) K (6) Mayle [8] proposed, after gathering data from extensive experi-
mental investigations on separation bubbles, the start of transition
in order to account for decaying homogeneous turbulence rotbe determined by
maintained by external flow or boundary conditions.
The last term on the right-hand side of Eg. 3 was introduced
based on the model of Cho and Chup to account for the Xs=Xs+ARE)
entrainment effect. The rate of entrainment is not dependent on
the magnitude of the fluid viscosity. Thus, it is plausible to believ\%"
that the overall rate of entrainment is set by large-scale parametg
of the flow. This term read

k? 9y ay

SP=C y— X Y
Y y27 & 07Xi (?Xi

705
s Re(95

(13)

rhere the subscrig denotes separated flow conditions ahaind

ef; denote momentum thickness and momentum thickness Rey-
nolds number, respectively. In the present context, separation was
s detected once the pressure gradient parameter had reached the
SP=—Cuv(1-7) wof (7) value of\,=—0.082. In the present study the constAntakes

values of 300 suggested by Mayi@|.

where the intermittency interaction invariamt, read .
y i Baseline Turbulence Model. The k- model of Yang and

K52 u; au; ay Shih [20] was chosen as baseline turbulence models following
=———-— (8) earlier assessment of the model by Vicd@ad]. The consistency
of the model in freestream regions and the use of the Kolmorogov
The modeling of this term is of special concern for the predicscale close to the wall, together with the implications of a unique
tion of separation bubbles. As argued by Roberts, in a discussierll-behaved wall function and well-posed boundary conditions
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were decisive factors for the choice of the model as baseline faalidity of such approach is restricted to meshes of equilateral

the present work. tetrahedra and spurious numerical behavior may take place during
The addition of an upper bound for the turbulent time-scaliée solution procedure in near-wall regions where highly stretched

based on the work by Durbif22] was found necessary to avoidcells are often defined. Moreover, in near-wall regions, the

the overproduction of turbulent kinetic energy in stagnation restrength of the fourth-order operator can be higher in magnitude

gions such as those encountered at the leading edge of an airthiat the physical viscous terms and affect the global convergence
The methodology used during the present investigation forcedl the time-marching solution method.

the eddy viscosityu,, to be zero in regions inside the boundary To tackle these problems a directional scaling approach was

layer where the flow was laminar. All source terms in the turbwadopted based on the work of Vilmj25] on the same computa-

lence model and the intermittency transport equation were thetmnal solver. Local stretching vectors are constructed locally at

fore multiplied by an indicator functiori(x,y), such that =0 in  each node in the solution domain based on the skewness charac-

a laminar region and=1 otherwise. Convection and diffusionteristics of the mesh.

terms were implemented without modifications to allow the tur-

bulent quantities to convect and diffuse through the laminar

region.
The final form of the model read Results and Discussion
D d i) ak Description of Test Case. The test case belongs to the battery
D_t(pk): x (M | (Ppe)l of experiments performed within the ERCOFTAC Special Interest
] kKOR Group (SIG) on Transition (see Savill[26,27) performed by
9 i) de]  C.1Py—C,ope Rolls-Royce Plc(see Couplani28]). The geometry employed is
D—t(PS): (9—)(] (,U«|+ a_)&_xJ + ftl depicted inFig. 1 which sketches the semicircular leading-edge

flat plate tested on the Rolls-Royce Applied Science Laboratory
(RRASL) wind tunnel.

Reynolds number based on leading-edge diameter and
= pC,T KTy freestream velocity were fixed to R8293 andU,=5 m/s, re-

The time scale formulation follows the form proposed by Yan§Pectively, while the different freestream turbulence values mea-

and Shih[20]. A bound is imposed based on the derivation byured at 6 mm from the leading edge are listedable 1. Fol-
Durbin [22] owing preliminary mesh refinement studies, the flow was

computed on a mesh composed by 32,000 nodes and 64,000 cells
T k N \/7, 2 1 ) with an average density of 30 nodes across the boundary layer
=7 TSI T e with the first node laying ay ™ <1.
© e 3 Cufu 29 The different results reported herein correspond to the three
The reason behind this limiting value lies in the fact that it iglifferent models employed during the study. Results lab&led
common to come across unrealistic prediction of turbulent kineti®@rrespond to those predictions in which no transition-prediction
energy in stagnation points. This may result in leading-edge lani¢ol was used. The set of results labeledksy-1 correspond to
nar flows to be predicted as turbulent with the consequent wrogfgnulations in which the point-transition criterion was employed
estimation(if any) of the appearance of separation bubbles.  in which transition onset was determined using the Mayle sepa-
The wall function,f ,, is given as a function of Rek*3y/, rated flow transition correlation described previously. A third
model, labeledk-e-y, was employed which coupled Mayle's
f,=\1-exp(—a; Re—a, R —Re)) (18) transition-prediction criterion with the intermittency transport
with a,=1.5x10°4, a,=5.0x10"7, anda;=1.0x10 10, The cOuation-
dependency of the model on wall distance can be removed by
employing Re=k/Sy; and a;=3.0x10"*, a,=6.0x10 > and
a;=2.0x10"° as suggested by Yang and SH#0]. . A
Finally, the constants of the model read T

with the eddy viscosity

mo

— Dezd W ke

C,=0.09, C, =144, C,,=192, 0,=10, o,=13. = AN etV 1D

(19) T — . -

NS

The CFD code NEWT developed by Dawie3]| was used to
solve the equations of motion. In NEWT, equations are discretizi .-~
in finite volume form on tetrahedral control volumes. Vertex™
based storage is used and spatial discretization of the govern
equations is achieved by means of a central differencing sche = M Proks; S upport on
which renders a system of equations in which the primary var : Witk & il Teavmry
ables are assumed to have a linear variation over cell faces be-
tween vertices. Fig.

A four-stage Runge-Kuttta method is employed to integrate tf&"€t"Y
equations to a steady state solution and, to reduce the computa-
tional cost, viscous_ and artificial di_ssipation terms are frozen e 1 T3L test case topology. Free stream turbulence level
the start of each time Iev_el. The time step is computed Iocal easured at x=6 mm from leading edge.
based on the maximum eigenvalues of the convective and diffu-

Computational Scheme wow | ﬂ o o

RRASL wind tunnel working section and T3L model ge-

sive operators. Case Re Tu.. ¢(%)
The use of a pseudo-Laplacian form for the artificial dissipation
. T3LB 3293 0.63
operator has proved to be successful for a wide range of flows 13/ ¢ 3293 2’39
calculated in the framework of unstructured meshes as reflected T3LD 3293 5.34

by the work of Wattersorj24]. It is nevertheless true that the
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Fig. 2 Streamlines (above) and kinetic energy contours  (be-  Fig. 3 Streamlines (above) and kinetic energy contours  (be-
low) for k-& transition free for Tu, =2.39% low) for k-£-1 model for Tu., ;=2.39%

Results for Tu, ¢=2.39% ) ) ) )
Based on the available experimental data, there is no clear evi-

_Streamline Patterns. Figure 2 shows the separated flow pre-dence on the location of both start and end of the transition region.
dicted by the baselin&-e model by means of streamlines andrhere is, however, enough experimental data to suggest that the
turbulence kinetic energy contours. Streamline coordinates are fgedicted values for intermittency in the recovery region is some-
ferred to the inlet position where the overall flow incidence ifiow underpredicted by the present model.
zero. ) ] ) _Despite the lack of intermittency dateig. 5 serves to illustrate

The first sign of separated flow is detected at the point at whig¢he advantages of using the intermittency transport equation as an
the curved surface merges with the horizontal platéD =0.5, alternative to intermittency-prescribed models. The allowance of
and reattachment takes placexafD=1.31. Despite the appear-the model for diffusion and convection of kinetic energy from the

ance of this separation bubble, both the point at which this infreestream flow to the boundary layer and the varying normal
tially takes place and the extent of it are not properly predicted as

shall be illustrated by further comparison against experimental

measurements.

Figure 3 shows the corresponding streamline pattern obtainri'm__. —_—
by using the transition onset correlation proposed by Mayle. TI ~—_ _— ——
use of such correlation resulted in transition onset being det 10—
mined atx,/D=1.22. This value is in clear disagreement with the ™~ e
value ofx, /D =2.41 reported by Papanicolaou and Ri@&#] who

employed a different transition onset criterion based on both Rw'&__r__a— —— e : . —
and Tu,, on the same experiment. e e
As a consequence of the imposed laminarity of the flow alor 49~ ———"" "
the boundary layer up to the point at which transition is bein—"—~ __ ———" —
predicted, the turbulence generated due to the shearing effecr 108~ ——"

the separated flow takes longer to develop. Reattachment tl———" . FTESEE
takes place further downstream, (D= 1.65) than with the base _ g0 = g > — 3
k-& model, resulting in a 50% increase in bubble length. an = s — ———
The separated flow pattern predicted by the transition moc J,fj‘jf/jf;ﬂ
k-g-vy is shown inFig. 4. Differences are visible when comparing- .0 ,,;7’/
! ; . - .10 if
previous results reported iFigs. 2and 3. Despite separation and ——~

transition onset having been predicted at the same locations i op 05 Lo LS 20 15 30 33
when employing a point-transition criteriorx{/D=0.485 and b r/D =122

x./D=1.22, respectively the extent of the separated flow is sig- o T——

nificantly larger. Reattachment was predictedt,dD =2.43, 66% e

longer with respect to thé&-e-1 model predictions, and three

times as big as the predicted with the b&se model. - -

Figure 5 shows the predicted intermittency distribution. Inter » |
mittency is, according to inlet boundary conditions, equal to unit e L1 el 32 e 53 bt -4 e 96 s
in the freestream and, by means of the transition onset criterion o ' ' '
used, a value of zero is specified inside the boundary layer regigg. 4 Streamlines (above) and kinetic energy contours  (be-
up to the point at which transition is predicted to take place. low) for k-£-y model for Tu., ¢=2.39%
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wiLl, i,
distribution of intermittency across it are major strengths of th " w1 Trvm Al ”II_ w1
model and confirm the validity of the model for modeling edg: ? ; i
intermittency as originally intended. s 8 i-
Additionally, streamwise development of intermittency is wel 4| §‘ 7| {
accounted for, with transition length varying accordingly depent | 1_ N :'lb
ing on the streamline chosen. Taking into account such effects . *| i 5l f
thought to be of utmost importance if the phenomena taking plai '{‘ Eﬂ i
on wake/boundary layer interactions are to be correctly model | i al
in the future. N g | il i
The presence of intermittent flow inside the separation bubk | T | it
is a common feature in separation bubbles and as shown by 2| M—@# [ 2| J
predictions, such effect is accounted for by the model as oppos | s 1 ,,_..ua-'-"“'"

to other prescribed-intermittency models which do not account f “f___ S | o
normal variation of intermittency factor across the boundary laye -2t 0.2 b4 006 0.8 10 1.2 1.4 L2 O 2 4 0.6 08 10 12 1.4
This has important implications with regard to the estimation ¢ uill, will,

viscous losses in such types of flows as the use of a prescribed

intermittency model for the present test case would have resulfeig. 6 Velocity profiles across the separation bubble,  x experi-
in turbulent kinetic energy production being overpredicted in rébents, - k-& model, - - k-&-I model, —— k-¢-y model

gions close to the computed transition onset location. This would

inevitably result in improper account for entropy generation and

thus in & wrong estimation of drag. The apparent overprediction of boffi in the separation bubble

Boundary Layer Profiles. Figures 6 and 7show a sequence may not be so if special attention is placed on the measurement
of velocity profiles predicted with the three methods employetiechniques employed during the experimental investigation. No
Comparison is made against experimental measurements. Accarelgative flow measurements of the streamwise velocity were per-
ingly, all models predict the first signs of separation at the regidormed during data-gathering and hence experimental values
where the curved surface becomes horizonktat  mm) and a should be expected higher if complete integration across the
similar initial development of the separated flow=8 mm). boundary layer was performed.

First significant discrepancies are observed at a streamwise lo- . . .
cation ofx=11mm. These are more pronounced with respect tg Results for Tu, ¢=0.63%. Figure 9 shows predicted dis-
the basek-¢ model which denotes that the flow is already imPlacement thlcl_<ness and skin friction val_ues for case_T3LB.Aga|n
merse in the recovery region and reaches reattachment sholi§ Plockage imposed by the separation bubble is better per-
after the sequence at=13 mm. celved by the intermittency transport model which overpredicts

Both transition models-s-1 andk-s-7, still predict values is measurements as expected due to the absence of reverse flow

agreement with experimental observations up to this stage. ThHgasurements. _ .
width of the separated zone, however, is clearly underpredicted py>¢Paration is again predicted similarly by all three models at
the k-s-1 model. As a consequence earlier reattachment is pfa€ region where the curved surface merges with the horizontal
dicted atx=17 mm. p_ate,xs/D=0.485. The differences in bubble extent predicted
Predictions with thek-s-y model, on the other hand, show aVith Poth k-e-1" and k-e-y models are now more pronounced
much closer agreement with the experiment. The prediction of t@%ﬁf_‘ in earlier cases with higher freestream turbulence levels.
proper maximum width of the separation bubble results in closé¥ e reattachment is predicted a¢/D=1.82 andx, /D=2.13
agreement with the extent of the separated region. The clofdfh bothk- andk-e-1 models, respectively, the use of the in-
agreement achieved with the transition model along the const&gimittency transport modek-¢-y, significantly improves the
velocity region contrasts with the departure from experimentB[€dictions of bubble extent by predicting reattachment, 4D
observations as the flow enters the pressure recovery zone 5&83'
|

moves towards reattachment as demonstrated by measurements K€ Other two models employed are shown to underpredict the
x=21 mm andx= 23 mm. w of the separation bubble, mostly as a consequence of an

early prediction of flow reattachment as shown by skin friction
Integral Parameters. Skin friction values predicted with the predictions.
various models are illustrated iRig. 8 and compared against The close agreement of thee-y model contrasts with the
experimental calculations. Predictions for displacement thinckesults achieved by the prescribed intermittency model employed
ness,8*, are also included. by Papanicolaou and Rof29]. They report predictions of reat-
Results confirm the behavior observed during the comparistachment at, /D=2.91 and thus overestimate the length of the
between predicted and measured boundary layer velocity profilssparation bubble.

428 | Vol. 126, JULY 2004 Transactions of the ASME

Downloaded 31 May 2010 to 171.66.16.21. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



| ——— 3 10 5 PR Ee— \ - ! ! (.04
- %—1 5mm 9 %1 Tmm 3 - L& f}f\
1.6 \ -
& ] i 10.03
1.4k {

' : A FNT L orem=ErH002

fi Hi f 6 fm o ARSI
I ’ ] [ to LOF [ %, :‘:-'_“ (5]
i i g L8 TR 001

2 ] ! 4

; 0.6 TP S

2 :'I: j',___,n'.,’._."r/- ) ) 0

i J 5 04 TE T = Dizplacement Thickness

e 48 1 L

o Wl . akd - .

1o amnts ! g .2 Wi \/ Skin Friction Coefficient |,

y (-::--'_'.'.'- '-:.'---. c'-‘_""_'-:‘_._-:'-"-'--. D — - L S : -,. i = 1 i

20002040808 L0 1214 20002040608 L012 14 BRI .08 Ufj G LT 0L (L0

will, ufl, :
b 10 Fig. 9 Comparison of displacement thickness and skin fric-
[ &1 36 ‘ tion predictions with experimental measurements for TU,g

G Rosimm I g TN - =0.63%: --- k-&£ model, - - k-&-1 model, —— k-&-y model

& _ %

71 I

A : at x,/D=1.18, at a location close to that reported for lower
: = freestream turbulence levels. This places some concern on the
g % a3 validity of a transition onset criterion independent of freestream

4t 4 turbulence levels for the present study.

21 . Regarding the evolution of intermittency across the transition

: : region, this is predicted to evolve more rapidly, as expected, for an

| 2 increased freestream turbulence level. The turbulent kinetic en-

1 1 ergy diffused across the boundary layer edge results in intermit-

i e & ST tency increasing more rapidly in this region, while a stronger

BRI 0  DT T “1ro0 0l od a6 0E 10 1.2 1.4 shearing effect results in transition taking place rapidly inside the

will, i, separation bubble.

Again, the decrease in intermittency growth rate as the recovery
Fig. 7 Velocity profiles across the separation bubble, ~ x experi-  stage takes place manifests as an ambiguous feature of the model.
ments, - k-& model, - - k-£-1 model, —— k-£-y model Despite the increased intermittency growth expected for such lev-
els of freestream turbulence, transition is still predicted to reach a
stage near completion at which the intermittency factor experi-
Reasons for improved modeling of the separated flow regi@nces a lower growth than should initially been expected.
can be traced to the predicted values for the intermittency factor
shown byFig. 10. The lower level of freestream turbulence re-

sults, accordingly, in a slower evolution of the intermittency factc~

along the transition region inside the separation bubble and acr — -

the viscous/inviscid interface. By comparing such predictions wi o0 | 02 04 06 &% | B
0.1 0.3 0.3 0.7 0.0

those achieved for case T3LC, the capabilities of the intermitten
transport equation for accounting for the influence of free-strea e P o
turbulence on the process of transition are thus manifested. T

Results for Tu,, ¢=5.34%. Figure 11 shows intermittency
contour plots for case T3LD. Transition is predicted to take plac

L& 04
b
T "1 _ i :;."3'-':‘3 Fig. 10 Intermittency factor, y, contours for Tu.. ¢=0.63%
||II. : \ __..--"""':-:e;-_.:-
Lat e e Joon
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Fig. 8 Comparison of displacement thickness and skin fric- xD
tion predictions with experimental measurements for TUs e
=2.39%: --- k-&€ model, - - k-g-1 model, —— k-&-y model Fig. 11 Intermittency factor, v, contours for Tu., ¢=5.34%
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12— — —— (. (4 bubbles. This has further assessed the validity of the form of the

= H.,.;':"-'”"' i term modeling this phenomenon adopted for modeling this pro-
1 ™ e e cess in the intermittency transport equation.
1 et 0.0
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tN] « Skin Fraction Coefficient lom Nomenclature
0 : PEr = ; s -
0 000 002 008 004 0,05 0,06 (.07 008 0,02 0.1 C; = skin friction coefficientr,,/(pU..)
x D = diameter of semicircular leading-edge geometry
Fig. 12 Comparison of displacement thickness and skin fric- D“IY i !nge_rmlttepcy ff'iCtOI’ diffusion term
tion predictions with experimental measurements for Tu.,e = Indicator u_nctl_on
=5.34%: -- k-¢ model, -- k-g-1 model, —— k-g-y model k = turbulent kinetic energy o
Re = Reynolds number based on characteristic length
Sj = mean strain-rate rate tensor

The presence of higher turbulence intensity in the free-stream S, = intermittency factor source term
results in shorter separated flow regiofégure 12 shows the T, = turbulence time scale
predicted displacement thickness and skin friction values. The dif- ~ 1U = freestream turbulence, percent

ferences in bubble extent are now not as pronounced as with Ui = instantaneous velocity in tensor notation
lower levels of turbulence. There is, however, noticeable agree- y = intermittency factor

ment on the predictions with the e- y model of the displacement I' = intermittency interaction invariant

effect due to the presence of the separated flow and marked dif- 6 = boundary layer thickness

ferences from those achieved with the other models. & = displacement thickness

rate of dissipation of turbulent kinetic energy
pressure gradient parameter
molecular viscosity of air

The bas&k-e model barely predicts any blockage effect caused
by the separation bubble, and the use of a transition onset criterion
such as the one employed by tke:-1 model, although improv- \ -
ing predictions, still does not model correctly the displacement my = turbulent viscosity
induced on the flow by the presence of a separation bubble. The p = density of the fluid o
use of the intermittency transport equation in the-y model k= 0. = Prandtl number for the turbulent kinetic energy
enables predictions to bear a closer resemblance with experimen- and its rate of dissipation
tal observations and predicts reattachment, 4D =2.12. ¢ = momentum thickness

> ™
[

Subscripts

Conclusions .
_ N r = reattachment point
The object of the present study was to test the ability of the s = separation point
proposed model to predict the effect of variable intensity, st = start of transition
freestream turbulence on the initial development and subsequent w = wall boundary
transition to turbulence of a laminar boundary layer undergoing <« = |ocal freestream conditions
separation. ) ©,6 = freestream conditions 6 mm from the leading edge
Results for various moderate levels of freestream turbulence
have illustrated the improved results achieved in the prediction f
ererences
these type of complex flows. The closer resemblance of the results h ] | o
achieved with the intermittency transport model have shown that! E;;rgro_”lsjagl WJ /igfolép gcﬁl'é?%"'g%"zgg’f fgng Transition in a Boundary
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1 Introduction changes from being cut ofpropagating to cut off (evanescent

The excitation of fluid-dynamical and acoustic instabiliied\ @ Urning pointa mode propagating upstream from the fan must
within aeroengines can be a serious problem, particularly sing reflected into a downstream-propagating mode. Swirling flow
engines are usually required to operate over a wide range of céghind the fan plays a crucial role, since a mode which is cut on
ditions. The onset of such instabilities can lead to substantial degead of the fan can be cut off by the mean swirl. Therefore an
radation in engine performance and of practical interest are flutecoustic mode may become trapped between the fan and a turning
and/or rotating stall in the fan. In the aerospace industry there h&sint upstream in the intake duct, leading to pure acoustic reso-
been much discussion of aerodynamic instabilities associated V\flféhce. In this paper specific aeroengine geometries and flow con-
the fan and of the link between these instabilities and the inst@ftions are analyzed, and the model of Cooper and Pf2kis

?g?crilfi((t:)z/ipl)lfl c:tf Lnatzkbee/ gﬁp:jgsg%ﬂ d"m;c;htggﬁirf]inbi: t\iliteeedn' mgrﬁ]sextended in order to establish which characteristics of the geom-
bilities _and’the installation is driven by the acoustics of the §yéffl r'?'/haenstef:gv lfrl]cf)l\;j/eizctﬁemdoudci itste::af;?zgéterize d by bulk axial Mach
tem, with frequent reference to “cut-on” and “cut-off” acoustic y y

modes. As might be expected, most relevant information is andiumbers in the intake and downstream of the stator, and axial and
dotal and remains unpub”shed_ However, Vahdati eijd”‘]ave swirl Mach numbers between the rotor and stator. The effect of the
recently published a detailed computational study of the effects f@i rotation is expressed in terms of an average blade Mach num-
civil aeroengine intake on fan flutter instability. They made urber. In Cooper and Peakg] the flow parameters were treated as
steady CFD calculations of a civil fan with two intakes. The firsihdependent, whereas in practical cases they are related by the fan
was a straight duct, representative of rig intakes. The second v@godynamic design. In this paper, by assuming specific relations

a flight intake (though modeled as axisymmetricThe study pepveen the Mach numbers which approximate real engine prop-

found that the flutter stability dropped sharply for some very nafiieq \we determine how acoustic resonance is affected by differ-
row speed ranges. Moreover, they found that there were signi

|- . . o
cant differences between the results obtained for the two intakeg.t model geometries and flow conditions. The condition for the

Separate calculations for the intake alone showed that the insCfQ-Set of "’_‘C_OUS“C resonance depends on the mod_ulus of the reflec-
bilities occurred close to the cut-on frequency ahead of the faPn _coeff|C|ent for acoustlc_mode_s at the fan. This reflection co-
and that fan flutter and intake duct acoustics are inextricabfficient depends on: the dimensions of the duct at the fan loca-
linked. Prior to this publication, an analytical model was devetion, the fan speed, the flow Mach numbers, the gap between the
oped by Cooper and Peakg| to represent an aeroengine intakdan and the stator, and the frequency of the incoming acoustic
and fan systenfincluding both the fan and the outlet guide vanesmode. The reflection coefficient can be determined without any
A generic aeroengine geometry was used in order to show howghor assumption of intake shape. The specific geometry of the
certain parameter regimes, acoustic modes can become trappegliike determines where, and at which frequencies, turning points
thfel intake Iea;dw&g to pure a((:joustlc resqlr:ance and the d.evelﬁp r within the duct and thus defines the frequency range over
?ecﬁggr;weoaf"?hpismtjy;é s:fu?nrg:bili?[;affso%slglgiflnoer;z.ll;nopcrsjpg?at Igte ich acoustic resonance is theoretically possible. We concentrate

stage in the design process, and there is heavy reliance on rigpgrfrequen0|es and circumferential mode numbers which could be

even full-scale engine testing. Clearly an analytical model of tk@ns_idered typical of agroacqustic instability. This corresponds to
form described in2] could be of great use in defining desigrrelatively low frequenciestypically 200-600 Hz at full scaje
criteria at an early stage. and low-order circumferential mode numbems=2-5). The ef-

The physical mechanism for mode trapping identified in Coopéects of fan-stator gap, fan speed-swirl relationship, duct shape,
and Peakd?2] arises from properties of the aeroengine geometgnd acoustic lining on the occurrence of acoustic resonance are
and flow. Axial changes in cross-sectional area of the intake giygestigated.
rise to turning points within the duct, where an acoustic mode |, this paper the model devised to study intake resonance is

Comtributed by the Turb . Division obE A . developed further in order to investigate a second type of acoustic

ontripute y the lTurbomachninery Division O MERICAN CIETY OF . . .
MECHANICAL ENGINEERSfor publication in the QURNAL OF TURBOMACHINERY. resonance, not considered in Cooper and P¢akewhich can

Manuscript received by the ASME Turbomachinery Division, April 2003; final revi-occur as a result of modes being trapped between the rotor and the
sion, February 2004. Associate Editor: T. Okiishi.
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stator. Mode trapping in the intake relies on mean swirl cutting off (a)
a mode behind the fan, and only occurs for modes co-rotating with
the swirl. For counter-rotating modes the effect of mean swirl is to
cut on a mode. This creates the possibility of acoustic resonances

. T
between the rotor and the stator, which occurs when modes are ct /
on by swirl in the rotor-stator gap but cut off upstream and down- 0 VT

stream of the swirling flow region. The possibility of this type of N
mode trapping has been discussed by Hari8n AN

2 Modeling the Aeroengine Duct x=0

The intake duct is assumed to be axisymmetric with a circular
cross-section varying slowly in the axial direction, containing ir- (b)
rotational steady flow and upstream and downstream propagating
acoustic modes. The model does not represent the effects of droo
present on inlets of modern gas turbines, but the significant effectCr
of area variation in the duct are included in the model. This allows g
the aeroacoustic flow field in the duct to be determined following ’
the approach of Rienstfd]. The fan is represented in our model
by an actuator disk. Horlocks] gives an excellent discussion of
the many possible applications of actuator disks, including turbo-
machinery cascades. More recently Joo and Hy8&§ have used x=0
actuator disks, embedded within a CFD scheme, to model a rep
resentative fan on a high bypass ratio civil turbofan engine with
great success. An actuator disk relates the flow on either side o
the disk(blade row by appropriate jump/conservation conditions;
it is assumed implicitly that the flow field varies slowly in the o,
circumferential directiori.e., the length scale over which the flow
field varies is much greater than the blade pitdfhis assumption
is clearly valid here as we focus on low-order circumferential
modes. The acoustic wavelength is also much greater than the [~~~ "~ "7 7T Tmmm—oo
axial chord of the blade rows, so that the resonant field s not | 7T Ts-—____
created, or influenced, by direct scattering of modes at the trailing x=0
and leading edges of the blades. Note that, to be precise, the X *t
actuator d'?" model used here.ls a th.ICk actuator disk, Wher_e ﬂ&%. 1 Variation in the real part of the reduced axial wave num-
conditions imposed represent jumps in value and also Iocatlon@r’ o, of the first radial mode along a slowly varying duct.
from a blade entry plane to a blade outlet plane. The entry and exfjiq lines represent right-propagating modes and dashed
planes are positioned normal to tkaxis at average leading-edgelines left-propagating modes; modes are cut off when Re  (0)=0.
and trailing-edge locations. (a) Single turning point upstream of the fan, 0 <w<w,, (b)

Downstream of the fan the duct is taken to be a uniform anntwo turning points in the intake, w,<w<ws, (¢) mode cut on
lus carrying a steady vortical flow consisting of uniform axial flowalong the entire length of the duct, ~ w;<w<w,. All higher-order
and a swirling azimuthal component. Mean vorticity couples tH@dial modes are cut off when  @<w,. Duct inlet is located at
potential and vorticity equations and gives rise to couple$=0 and fan located at x=x.
acoustic-vorticity modes which can propagate both upstream and
downstream. This type of mean swirling flow has been studied
Golubev and Atasdi8] and Tam and Auriaulf9].

At some distance downstream of the rotor, a stator acts
straighten the flow. The stator row is also represented by an
tuator disk, with appropriate jump/conservation conditions whi
are derived for a stationargnonrotating turbomachinery row.
Like the rotor, the stator is represented by a thick actuator disk
order to preserve the rotor-stator gap. Downstream of the staf
the perturbation flow fields are described in the usual way fi
uniform mean axial flow in a parallel annulus.

The form of the perturbation solutions in each region is di
cussed in Appendix A. The standard cylindrical coordinate systeEF'

(x,r,0) is used throughout, and lengths are nondimensionalized . .

by th duct radi tthe f locities b ¢ While w, andws are governed by the intake shape. The frequency
ythe averagf uc rg Ius a* e fafy, ve OCLIe*Sz ya re_ erence range of practical interest generally corresponds to the case where

sound speed;; , density bypZ , pressure by;c:®, and time by there is just a single mode cut on at any point along the duct, and

Ol oo

t&\ﬁldal velocity. When a mode is cut anis purely real and when a
%ode is cut offo is purely imaginaryFigure 1(a) shows, for a
&épical intake shape, how a mode which is cut on at the fan be-
fomes cut off at some point further upstream. Typically the turn-
ing point first arises at the fan location at a critical frequengy,

?}qd then moves upstream as the frequency is increased. At a sec-
d critical frequencyw,, a second turning point can arise in the
ct(Fig. 1(b)). Further increases in frequency see the mode be-
come cut on along the entire length of the duct whenw; (Fig.
Sl_(c)). One mode remains cut on along the entire length of the duct
til, at a frequencyw,, a second mode becomes cut on at the
. w1 and w, are governed by the duct dimensions at the fan,

r/cs. we therefore restrict attention to this parameter regime.
For acoustic resonance in the intake duct we are interested in
3 Acoustic Resonance in the Intake the relationship between the coefficients of the upstream and

wnstream-propagating modes in the intakd, and A%. The

ctorsAY andAY consist of all the intake cut-on coefficients and
finite number of the cut-off coefficients. The conditions imposed
y the actuator disk$Eqgs. (29)—(31) in Appendix A can be re-

The change in intake cross-section can give rise to turnit%i
points in the intake where a mode changes from cut on to cut o
This is indicated by changes in the reduced axial wave numbe

o=*[1-a*Ci—U}) w?]"?, (1) arranged to give the following condition at the fan location,
wherea is the radial wave numbédefined in Appendix A w is =Xt
the frequencyCy is the local sound speed and, is the local AV=KAY, 2)
Journal of Turbomachinery JULY 2004, Vol. 126 / 433
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Fig. 2 Frequencies and fan speeds corresponding to potential acoustic reso-
nance in an arbitrary intake. Dashed lines denote the frequency range for which

there is, at most, one mode cut on along the duct. The lower line is wq, and the
upper lineis w,. The shaded (gray) regions correspond to  |K|>1, the edges of
the bands are where |K|=1, and elsewhere |K|<1. (a) m=2, (b) m=3, (c) m
=4, (d) m=5.

For the case of a single cut-on mo@ can be reduced to a scalaring point. The #/2 phase jump between incident and reflected
expression waves can be derived by considering an inner region around the
AU(x() = KAY(x;) 3) turning point in which the wave amplitude satisfies Airy’s
f fh equation—see Rienstra and Hirschbgt@] for details. The reso-
whereK can be thought of as the fan reflection coefficient. nance condition for the single turning point case is thep= 1.

In addition to reflection at a turning point it is also possible to In the frequency range,< w< w3 the resonance condition de-
have reflection of a propagating acoustic mode at the ¢ipégt) pends on the length of the cut-off region. If the gap between the
end of the ductsee Cooper and Peakg] for details on how the two turning points is large, very little energy can escape across the
reflection coefficients are determinedcoustic resonance in this cut-off region and the system acts like the single turning point
case relies on energy which is lost at the inlet being replaced bgse. As the gap shortens, energy can leak across the cut-off re-
energy extracted from the fan and mean flow to sustain it. If tiggon producing a phenomenon analogous to barrier penetration
reflection coefficient at a turning point or the inlet isthen a (see Dowling and Ffowcs Williamid 1]). If the gap then becomes
necessary condition for unforced acoustic resonance to occussigficiently short, much more energy can leak across the cut-off
|[K|=1/R|. If there exists a single turning poifR=exp(n/2), region and the system behaves as if the mode is cut on along the
and the upstream-propagating wave is totally reflected at the tuemtire length of the duct.
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Fig. 3 Effect of degree of mean swirl on the resonance bands for m=2, where
Mq= kW[ W, . Lines correspond to fan speeds where  |K|=1 along the line

w=w;.

The value of|K| depends only on duct dimensions and flovand w and the values dfK| can then be matched accordingly. In
conditions at the fan and further downstream. Essentially it reprgris way it is possible to identify aspects of the intake shape which
sents the effect of the fan systdthe fan, outlet guide vanes andhave a direct influence on the resonance.
interrow swirl region on downstream propagating waves in the ) ) ] ) ]
intake. Parameters which give values|&{=1 can therefore be 3.1 Example. This section considers an industrially repre-
determined independently of intake shape in the frequency rargghtative duct where axial, swirl, and blade Mach numbers are
o;<w<w,. Once these have been calculated the effect of intak&pressed in terms of fan speed. This leaves the frequeneyd
shape can be assessed by determining the critical frequangiesfan speed as free parameters to be varied in order to find under

1.8} .

1.2} 4

0.8 .

0.6 .

04} §

0.69 0.695 0.7 0.705 0.71 0.715 0.72
W/wmu

Fig. 4 Effect of rotor-stator gap length, L, on the narrow-band resonance for
m=3. Lines correspond to fan speeds where  |K|=1 along the line w=w;.
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Fig. 5 Intake shape used in examples. The duct dimensions at the fan, inlet
and throat (denoted here by R_) are important aspects of the duct shape
which define the frequency ranges for the cut on  /cut off characteristics
shown in Fig. 1.

which conditiongK|=1. The nondimensional radii of the duct atnances. The results indicate the general areas where acoustic reso-
the fan, and further downstream, are taken toRaéx;) =0.65, nance may be a factor. Resonances for a specific intake shape are
R,(x;)=1.4, and the rotor-stator gap=x;—x;=0.7. It is as- identified later. The effect of swirl is considered by calculating
sumed that the fan rotates with an angular velodityads *, and resonance points along the line= w, for different swirl Mach

has a maximum design angular veloditg,.,rads *. The average numbers given by o =k(W/Wi,,,), where 0.5k<0.9. InFig. 3

blade Mach number is given by it can be seen that as the degree of swirl increases, the resonance
condition is satisfied at lower fan speeds. The high-speed reso-
W\ Wiad o) nance is less sensitive to changes in swirl than the narrow-band
Mp= Wona cr (4)  resonance. The effect of rotor-stator gap lengthcan also be

demonstrated by considering resonance points along thewline
where it is assumed thal,,,¢%/ct=0.8. The mean flow behind = ®;, and results are shown ifig. 4. The width of the narrow
the rotor consists, in general, of a radially varying axial velocitpand resonance is found to decrease as the gap length increases,
and a swirl velocity comprised of solid-body rotation and freeand beyond some critical value ofthe resonance bands disap-
vortex components. The model formulation is applicable to tHeear. The high-speed resonarioet shown is generally insensi-
general velocity distribution but qualitative results can be obtaindife to changes in gap length and remains present for large values
by approximating the mean velocity field by a uniform axial flowof L. Similar trends to those shown iRig. 3 and Fig. 4, for
and solid-body rotation. This approximation allows more efficierghanges in mean swirl and rotor-stator gap length, are observed
computation of the eigenvalues and eigenvectors. The effects dPa all values ofm of interest.
more general velocity field are discussed at the end of this sectionThe results presented above suggest different physical explana-
The axial and average swirl Mach numbers are taken to be tions for the occurrence of the two families of acoustic resonance.
(1) @ The insensitivity of the high-speed resonance to both swirl distri-
My =0.6W/Wiay M = 0.5W/ Wy, bution and gap length suggests that the mechanism relies solely on
3 the presence of swirl to cut off the incident wave. Acoustic reso-
M= 0.48W/Wingy, M= 0.5/ Wiy, ) nance then occurs as a result of direct reflection at the fan face.
where superscriptl) denotes the intake sectio(2) the swirl The effects of swirl and rotor-stator separation on the narrow-band
region, and(3) downstream of the stator. resonance indicate that propagation through the swirl region and
Calculations were carried out for circumferential mode nunthe stator must be involved in this case. The effects of gap length
bersm=2-5 and for fan speeds in the range 9\/W,,,<1. Ssuggest that the physical process must involve reflection of cut-off
The dimensional frequency is given by= wc*/27r¥ , and for Wwaves at the stator. The disappearance c_)f this resonance beyonql a
this example the range K50<6.5 corresponds to 208 Kzf  Critical separation appears to support this theory, as increases in
<905 Hz. gap length would attenuate the incident cut-off waves to such a
Figure 2 shows frequencies as a function of relative fan spedifdree at the stator location, removing the possibility of reflection.
where the necessary condition for resonance is satisfied. At thé/Ve now consider the intake effect using the duct of a CFM56-
edges of the shaded regiofi§| =1, regions wherdK|>1 are inspired turbofan engine, as in Riensfd. The intake shape is
shaded gray, and elsewhekd < 1. The results show very narrow 9iven by

regions which vary in position and number with, and these Ry(x)=max0,0.985-[0.112+ 3.371— x/3)2]¥2 (6)
families of resonances will be termed “narrow-band” resonance. ' '

In addition to this there are wider regions of “high-speed” reso- Ry(x)=1.4—0.251—x/3)?+0.14 exp — 11x/3), (7)
436 / Vol. 126, JULY 2004 Transactions of the ASME
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Fig. 6 Solid lines show when the resonance condition is satisfied for m=2

with the intake shape given by Eq. (6) and Eq. (7). Dashed lines show the
frequencies w;, w, and w;. Region A corresponds to the behavior shown in
Fig. 1(a) and here |K|=1. Region B denotes the situation in Fig. 1 ~ (b). Region C
corresponds to the case in Fig. 1 (¢) and here |K|=1|R)|.

with 0=x=3=x;, and shown inFig. 5. The characteristics not be affected significantly by changes in the swirl distribution.
shown inFig. 1 are dependent on two critical radii. The frequenciyhe conditions at which the narrow-band resonance arises may be
at which a mode becomes cut on at the duct inilég. 1(b)), affected by the addition of a free-vortex component in the swirl,
depends on the inlet radiuR,(0). Thefrequency at which the since it is hypothesized that propagation through the swirl region
mode becomes cut on along the entire length of the dkict. is involved in the generation of this type of resonance.
1(c)) depends on the radius of the duct at the point of maximum
contraction,R., termed the throat radius. These radii determin
w, and w3 as functions of relative fan speed and indicate whic
form of the resonance condition must be satisfied, i.e., dor
<w, we must haveéK|=1, and for w>w; we must haveK|
=1/|R|, whereR is the reflection coefficient at the duct inlet.
The inlet reflection coefficientR|, which decreases with in-
creasing fan speed and increasing frequency, can be used to i
tify specific resonance pointgsigure 6 shows the frequency

ranges determined by the intake shape and the resulting reson . ; - .
points wherm=2. In this case the general areas of possible res Ighlight. As such, mode scattering at the interface between lined

nance shown irFig. 2(a) give a good indication of actual reso_and unlined sections of the duct may have an impact on the reso-

nances when a specific intake shape is assumed. The main diffigi'ce condition. These effects are not included at this stage and

ence is that foiw™> ws the resonance band narrows and vanish#e assume the duct is lined completely. Some differences to the

for W/W....>0.95 ard-walled duct arise since the radial and reduced axial wave
Changn;ralxg; thé iﬁtake shape has an effect on the tineandws. n_umbers for upstream and downstream-pr(_)paga_\ting_modes now
Increasing/decreasing the radiRs(0) will lower/raise the line differ. In °fd¢f to obtain a resonance _condltlon in this case the
, and also change the reflection coefficients at the duct inl@Eneral solution for the amplitude variation along the duct must be
Increasing/decreasing the throat radRyswill lower/raise the line conaderec:j. Following Rienstia] the aé“pl'tUdeﬁ O]]: th? down-
w3. The intake shape can also be modified by changing the ax'félrleabm and upstream-propagating modes, at the fan locsion
location of the throat. If the value &, remains unchanged, then¢an be written as
this has no effect on the position of the lines, w, or ws, but
may change the length of the cut-off region in the frequency range Al(xq)=S"(x;)PTAY0)/ST(0), (8)
w,<w=< w3 and the amount of energy leakage across the cut-off
region. The value oR. is much more important than the axial _ _ _
location of the throat. A'(x) =S (x)P~A%0)/S™(0), ©)
The inclusion of a more general swirl distribution is expected to
have little impact on the qualitative results presented here, in thahere
two families of resonance may be generated and the basic mecha-
nisms for their occurrence remain valid. Since the high-speed X
+=ex;{ —|f

3.2 Lined Intake Duct. If the intake duct is lined with a
nite impedance material then this acts to attenuate the cut-on
modes. Even though these modes are attenuated they still carry
energy, unlike cut-off modes in a hard-walled duct. The effect of
an acoustic lining is to remove any turning points within the in-
take duct, leaving reflection from the open end of the duct as the
y mechanism for acoustic resonance to occur. It should be
noted that in practice intake treatment usually starts some distance
ream of the fan and extends to the neighborhood of the inlet

resonance simply relies on the action of the swirl to cut off the

incident wave it is expected that this family of resonances would

/f(sy)dy)-
0
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Fig. 7 Effect of wall impedance on the parameter | T| defined in Eq. (10), when
m=2, W/ W,=0.5, ®=2.5. Solid line: Z,=\—1i; dashed line: Z,=4—N\i.

The axial wave numbey,™, is defined in Appendix AEq. (12)) rounding errors. Woodley and Peak&2] discussed these prob-
and expressions f@~(x) are given in Appendix B. This leads tolems and adopted the method of singular value decomposition
the resonance condition (SVD) to establish whether a matrix is singular. The SVD factor-
ization can be used to obtain the condition number, which is de-
KI=ITIR], (10)  fined as the ratio of the largest and smallest singular values.
where T=S"(x;)S™(0)P~/(S™(0)S" (x;)P™). Figure 7 shows Strictly a matrix is singular if the reciprocal of the condition num-
the variation of| T| as a function of wall impedance, for a givenber (RCond is zero. Again, due to errors accumulated in the nu-
fan speed and frequency. The value|®f is dominated by the merical procedures preceding the calculation of the condition
exponential factofP~/P*|, which increases significantly with number, this condition cannot be obtained exactly. We therefore
the degree of wall compliance. These trends are maintained acrdeine resonance as occurring when RCond is significantly smaller
all fan speeds and frequencies. As a result, unless the liner mak@n elsewhere across the parameter range. The determinant is
rial is very stiff, it is generally not possible to extract sufficienglso monitored to ensure that the reciprocal of the condition
energy from the fan and the mean flow in order to satisfy theumber is small due to a zero eigenvalue, rather than one large
resonance condition, and the acoustic lining is able to attenugigenvalue.
the resonant acoustic modes. If the intake is lined the lining im-
pedance and intake length, which govern the sizePéf are
therefore significant factors to be considered.

4.1 Example. The case of zero cut-on modes upstream of
the fan corresponds to the frequency ranged< w, . Figure 8
shows contours of [RCond for m=-2 when Mg
=0.5W/W,,,.x @and the axial Mach numbers are those given in Eq.

4 Acoustic Resonance in the Rotor-Stator Gap (5). There are several regions where the contours are concentrated

The mechanism for acoustic resonance in the intake relies #@noting sharp extrema. The dashed lines indicate the fan speeds
mean swirl cutting off a mode which is cut on in the absence #fhere RCond displays a sharp minimum. The subplots in this
swirl. This only arises for modes co-rotating with the swire., figure show the value of RCond as a function of frequency at
m>0 givenMq>0). For counter-rotating modesn 0) the ef- these fan speeds and indicate the frequencies at which the system
fect is opposite. This provides a potential mechanism for mod@numerically singular. Although there exist discrete points where
trapping in the gap between the rotor and the stator. At low frél€ matrix can be said to be singular it might be expected that
quencies no modes are cut on upstream of the fan and downstrdegfuencies and fan speeds in the vicinity of these singular points
of the stator, but a counter-rotating mode can be cut on in tHeay excite an acoustic resonance given small fluctuations in flow
swirling flow region. In order to derive a resonance condition foronditions or geometryrigure 8 shows several regions where the
this type of acoustic resonance we return to the relations betwetstem may be particularly sensitive to small changes in condi-
coefficients. For resonance in the rotor-stator gap rearrangemé@ins and where acoustic resonant modes may be excited. The
of Egs.(29—(31) leaves an expression of the form position and number of resonance points is found to vary with the

N rotor-stator gap lengtimore resonance points are found for
QA™=0, A1) smaller gap lengthsand the resonance is only sustained for suf-
where A™ is the vector of coefficients for the downstreamficiently high degrees of swirl.
propagating modes in the interrow swirl region. The condition for If the intake is lined modes are no longer cut on in the intake,
resonance in this case is that the maibe singular, i.eQ has andA%=0 since the modeA are attenuated to such an extent
zero determinant. when the inlet is reached that there are no modes reflected back

In numerical systems there are problems in using the zero amwnstream. An acoustic lining therefore effectively extends the

terminant condition to prove a matrix is singular due to numericélequency range for which there are zero modes cut on in the
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Fig. 8 (a) Contours of In (RCond) when m=—2, L=0.7 and Mqa=0.5W/ W, . The dashed lines
denote fan speeds at which RCond displays a sharp minimum corresponding to numerical sin-
gularity. The variation in RCond at these fan speeds is shown in the subplots (b) WI W ax
=0.575, (¢) WI W,0=0.775, (d) W/ W,,,,,=0.885.

intake and is likely to enhance the possibility of the rotor-statqrocess involves the action of swirl to cut off the incident mode,
gap resonance. This form of unforced interstage acoustic resdfectively generating a barrier to the incident acoustic wave
nance would lead to the formation of large-amplitude, saturate@hich becomes reflected at the fan face. The second family occurs
state oscillations in the same manner as the intake resonanmgr a wider range of fan speeds and is completely eliminated if
suggesting another possible route to instability or loss of perfaize rotor-stator gap exceeds some critical value. This suggests that

mance within the engine. these resonant states involve the evolution of cut-off modes
. through the swirl region and arise from reflection of these modes
5 Conclusions off the stator. The formulation of the acoustic resonance model

A theoretical model of an aeroengine has been developed dRakes no assumption about the form of the mean flow distribution
used to demonstrate the phenomenon of acoustic resonance. Tw@ny region, and is therefore applicable to the more general
forms of resonant state have been identified. One correspond¥&city distribution in the swirl region. The difficulty in imple-
the trapping of acoustic modes in the intake which arises, in paftenting this arises in the computation of the vorticity-dominated
due to the cross-sectional variation of the intake. The second fogigenvalues and eigenfunctions. A significant increase in numeri-
of resonance occurs between the rotor and the stator. The preséi@é&omplexity would be required in order to obtain the vorticity-
of swirling flow is involved in the physical mechanism of bothdominated modes sufficiently accurately in the general case. Since
forms of resonance. Modes corotating with the mean swirl whighe degree of swirl strongly affects the latter family of resonances,
are cut on upstream of the fan can be cut off in the swirling regidhmay be important in practical terms to account for the actual
downstream of the fan, and counter-rotating modes can be cut®irl profile produced by the fan. The construction of this model
in the swirling-flow region and cut off elsewhere. For the intak&as identified important duct characteristics which are significant
resonance mode trapping occurs between the fan and a point igs-intake resonance. Critical parameters are the inlet radius and
stream in the intake. If a turning point exists in the intake then a@nnulus dimensions at the fan, together with the flow conditions at
upstream-propagating mode is totally reflected into a downstredhe fan and further downstream, which determine the overall fre-
propagating mode. For a mode cut on along the entire length @fency range across which acoustic resonance is possible. Fur-
the intake partial reflection occurs at the inlet. In this case enertjylermore the value of the duct radius at the throat governs which
lost in reflection must be extracted from the fan and mean flow farm of resonance condition is appropriate. A larger throat radius
order for resonance to occur. extends the frequency range over which the conditiih=1

The intake resonance is comprised of two families. The first isust hold. The model also demonstrates that acoustic resonance
generally a high-speed resonance occurring at fan speeds abiovéhe rotor-stator gap can be excited, but only if the degree of
90% of the maximum speed, and is insensitive to the degree ofirl is large enough. The position of these resonances in
swirl and rotor-stator gap length. This suggests that the physi¢edquency-fan speed parameter space and the number of resonance
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points changes with rotor-stator gap length. The effect of acousWdth the form

lining in the intake is to attenuate the intake acoustic resonan . .

statgs. In practice it may be more attractive to line only a sectid®+@x:ar :8p]=[mn(r), Xmn(r),Rinn(1), Tmn(r) Jexp{i wt—im e

of the intake, in which case a tailoring of properties to eliminate —iKpn(X—Xp)}, (15)

all resonant modes would be required. A lined intake is thought to

increase the frequency range over which the gap resonancéhig coupled acoustic and vorticity equations give rise to a gener-
possible. alized eigenvalue problem,

In conclusion, if the frequency of any of these resonant states BY. —k. Y (16)
coincides with a natural vibrational frequency of the fan then this mn-mnEmne
may lead to destabilization of the fan and the onset of phenomembere Y. ,n=[®mn» 7mn:Rmn: Tmnls and  7np=Kmn(1
such as flutter and/or rotating stall. The model provides an efﬁ-Ué/C%)gémn. Equation (16) is solved numerically using a
cient alternative to full numerical simulation and allows physicathebyshev spectral-collocation method to determine the values of
mechanisms to be investigated over a wide range of parameter and the associated eigenvectors. The eigenvalue relation for
values. The authors anticipate that the model will prove to bethis type of flow produces two distinct sets of coupled acoustic-
useful tool in the design process, allowing potentially damagingbrticity modes. One set is pressure dominated and consists of
resonant phenomena to be investigated prior to full-scale testinghstream and downstream-propagating cut-on modes and an infi-

nite discrete set of cut-off modes. The second set is vorticity-
Acknowledgments dominated and consists of two branches of eigenvalues which
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] Flow Downstream of the Stator. Behind the stator, located
Appendix A atx=xs, the steady flow is purely axial with velocity{?, and

Iledthe unsteady flow field consists of downstream-propagating

Flow Upstream of the Fan. The intake section is moded acoustic and vorticity modes. The acoustic field is given by

as a slowly varying duct. A slow axial sca¥e=¢x is introduce

wheree is a small parameter of the order of the axial slope of the >

duct walls. The duct is defined by, (X)<r<R,(X) with mean ¢§$>=E B‘%ne*is:m(xf"ﬂcm(amnr)exp{iwt—im@}, (17)

axial velocityU$P(X). Details of the full mean flow solution can n=1

be found in Rienstrg4]. The local axial Mach number is given by, hare the axial wave numbers;,,,, differ to x,, in region 1 if

MP(X)=UM(X)/CEP(X), whereC{” is the relative speed of y; @)y v m

sound along the intake. X .
For a mode of nondimensional frequensynd circumferential

wavenumbem, the acoustic field, at leading order, is expressed

terms of a potential with slowly varying amplitude and axial wav

number. The axial wave numbers, , are given by

The radial component of the purely convected vorticity field,
is expressed in terms of Bessel functions which satisfy the imper-
gﬂeability condition at the walls,

P, 21 A=, Blune 03y B )+ Y 1 B} exBi 0t
— koM = (k= ap{1- MM * =

S (X)= : 12 _
Mn( ) 1*M§1)2 (12) —|m0}, (18)
where ko=w/C{Y, n denotes radial order and,, is the radial Where k,=w/Uf’ is the convected wave numbery=
wave number determined from the boundary conditigh?/ar ~ —J1(BmiR2)/Y1(BmiRz) and the radial eigenvalue®,, are

=0 at the(har@ duct walls. A ’[yp|ca| eigenva|ue spectrum Con.Chosen to Satisfy the boundary conditions. The vorticity field must
sists of a finite number of cut-on modes (Jm}=0) correspond- SatisfyV-a=0 which leads to the expansions
ing to the lowest radial orders, and an infinite, discrete, set of ©
cut-off modes (Infi,}#0). am a™= rBY iBX e k(X —x0f] r
Just upstream of the fan, locatedxat x;, the potential field (@5,3) ,121 ("Brn:1Bmn) Jo(Bmrl)
can be expressed as

. +vYo( Bmnl ) }expi ot —im6}. (19)
¢$n1)(xyr’g’t):21 {AY e Hmix—xp) The coefficients are related by the condition
n= . .
BmnBhn—imBL, —ik,BY =0, (20)

+AL e BndXXLC (@l )expli wt—mé},

(13) Twin Actuator Disk Model for Rotor-Stator Pair.  The un-
whereA", andAY . are coefficients of upstream and downstrearknown constants in the three flow regions are related through
propagating waves, respectivel@,(z)=Jn(z) + kY(z), with conservation of mass flow, conservation of radial velocity, conser-
Jm andY,, the mth-order Bessel functions of the first and seconuiation of rothalpy and the Kutta condition applied at each disk. A
kind, respectively, anat=—J,(aR,)/ Y (aRy). condition on the stagnation pressure is not applied since we are

assuming the flow to be isentropic.

Flow Between the Rotor and the Stator. Behind the fan the  Using superscriptél) and(2) to denote the unsteady flow fields
steady flow is swirling and taken to consist of uniform axial flowin regions 1 and 2, respectively, tliinearized mass and radial
ng) , and mean swirl expressed as a sum of rigid body rotatiaelocity conditions at the rotor are
Qr and free vorteX'/r. The perturbation velocity, is first de- (1) @

which allows one set of unknown coefficients to be eliminated.

composed into potential and vortical parts, M
p p p % p+ u;l)Dgl):% p@+u@D@, 1)
v=Vd+a. (14) Co Co
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u=u, (22)

Appendix B

where Cy, D, are the relative mean speed of sound and mean'he general amplitude variation along a lined duct was deter-
density, and is the perturbation pressure. The linearized conseiined by Rienstrg4] and is given by

vation of rothalpy condition is

PY o P? ol o
D(1)+CO (MU’ = rMyuy ):D<2)+CO MU +ry Mg
0 0
Mp
2
+r_2_Mb U(0)>, (23)

whereM,=Wr*/(C{Vc.,) is the average blade Mach numtgev
is the angular velocity of the fanThe mean swirl velocity is

assumed to be composed of solid-body rotation and free-vortex
components and the associated swirl Mach number are given by

Mo=0r*/(C{Pc.) andM=T/(r:?C{Vc,), respectively. The
Kutta condition leads to

M
MPu@=r{ Mg+ r—zr— Mpfu? . (24)

The corresponding conditions imposed at the stator are
(3)

X

(2)

X
T|C,<2)+U<X2>D§)2>: 5 p+uDP (25)
CO
2 3
u?=ug®, (26)

(2
p 2 2),.(2 Mp 2
W+cg> MPu@ +r Mo+ — ul?
0 r
P @y
=W+CO qux s 27)
0
uld=o. (28)

The conditions in Eqs.21)—(28) give rise to expressions involv-
ing a summation over the number of radial ordersif the sum-
mations are truncated at some valuee N, then these conditions

can be transformed into a set of eight matrix equations in terms o

ALr’lnnr A?nni Ar?m* Ar;m‘ AIr’nnl A:nnv B?nn* B;(nn andB:nnv by mul-
tiplying both sides byrC.(a;r) (j=1,...N) and integrating
from R;(X;) to Ry(X;) (see Cooper and Peakg] for detailg. By
eliminating the coefficienta! ., A" BY | BX andB', , these

mn?
equations can be reduced to the form

C,A'+D;AY4+E,AT+F,AT=0, (29)
C,AY+D,AY+E,AT+F,A™=0, (30)
C3AY+ DAY+ E;AT +F3A™=0, (31)

where C;, Dj, E;, and F; are NXN matrices, andA"
=[An1,Anz,s - - A, etc. In the calculations a value of

=10 was found sufficient to obtain a convergent solution.

Journal of Turbomachinery

A(X)=QoS(x),

whereQq is an arbitrary constant and, i, # 0,

2l 1 m?—¢3\  DoUol,
1 [ 2c, \¥q 7 a?R2 Q
S(X):Eﬂ- D ’ 2
0w [aR; Y1 (aRy) = {oYm(aRy)]
2 ~112
2
R 1- e
[aR,Y (@R ]?
otherwise
ZCO 1/2| 5 m2_§§
0= s | {71 e
—-1/2
DoUo¢>
t—a Im(aRy)? ,

whereQ=w—uUy andZ,=0?DyR,/(iwZ,), with Z, the outer
wall impedance.
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