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The Impact of Forward Swept
6. scottmohulty § Rotors on Tip Clearance Flows in
o vener f Subsonic Axial Compressors

Brent F. Beacher

Mem. ASHIE This paper presents an experimental and analytical study of the impact of forward swept
GE Aircraft Engines, rotors on tip-limited, low-speed, multistage axial compressors. Two different configura-
One Neumann Way, MD A411, tions were examined, one with strong tip-clearance flows and the other with more mod-
Cincinnati, OH 45215 erate levels. Evaluations were done at multiple rotor tip clearances to assess differences
in clearance sensitivity. Compared to conventionally stacked radial rotors, the forward
swept blades demonstrated improvements in stall margin, efficiency and clearance sensi-
S. Arif Khalid tivity. The benefits were more pronounced for the configuration with stronger tip-
Mem. ASME clearance flows. Detailed flow measurements and three-dimensional viscous CFD analy-
Streamline, Inc.. ses were used to investigate the responsible flow mechanisms. Forward sweep causes a
Indianapolis, IN spanwise redistribution of flow toward the blade tip and reduces the tip loading in terms
of static pressure coefficient. This results in reduced tip-clearance flow blockage, a shal-
lower (more axial) vortex trajectory and a smaller region of reversed flow in the clear-
ance gap.[DOI: 10.1115/1.1773852
Introduction was measured with the swept rotor, but with reduced stall margin.

etailed hot-wire measurements showed that sweep improved the
w near the rotor tip, but weakened the hub. No discussion of the
Il mechanism was given, leaving open the possibility of a hub

One of the more significant design trends in recent years is
use of aerodynamic sweep to improve the performance and sta I
ity of transonic compressor blades. The experimental and anal all to explain the reduced stall margin

cal studies of single and multistage fans by Wadia e{&i] . Another attempt to utilize sweep in a low-speed compressor

demonstrated significant improvements in stall margin and e jas by Inoue et al[4], also using a single stage but with an

ciency. associgted with forward sweep. Reduced shock/bound Stream stage simulated using an IGV and stator. Forward sweep
layer interaction and less accumulation of centrifuged bla

; . as introduced by extending the rotor leading-edge upstream near
boundary layer fluid at the tip for the forward swept blade Werge (in and hub, resulting in a local chord increase of 20% since

identified as the primary responsible flow mechanisms. Howevgge trailing-edge was fixed. Although not purely a sweep effect, it

it is less clear from the open literature what impact aerodynam interesting that the rotor with a forward swept leading-edge

sweep has on subsonic blades, such as those found in the midfided a 0.7% improvement in stage peak efficiency along with a

to rear stages of multistage axial compressors. 6.4% increase in stall margin. Detailed hot-wire surveys near stall
One notable difference between transonic fans and core cogpowed a reduction in blockage near the casing for the swept

pressors is the relative impact rotor tip-clearance flows have gde. Test data and CFD analyses indicated that stall was initiated

performance and stall margin. Many military and commercial fanfear the rotor tip.

operate with rotor tip clearances that are a small percentage oBased on its successful application in transonic fans, GE Air-

annulus heighttypically less than 1% Core compressor blades,craft Engines began investigating the application of forward

on the other hand, generally have larger clearances in relationsteep in core compressors. This paper presents the results of an

their size, especially in the rear stages of high pressure ratio nggperimental and analytical evaluation of the impact of forward

chines. This leads to the tip-clearance flow being a larger sour§gept rotors on tip-limited, low-speed, multistage axial compres-

of loss and blockage. Add this to the fact that clearances can opgjis. The configurations examined are representative of subsonic

significantly above their design values during “real world” operarear stages in modern aircraft engine high pressure ratio compres-

tion due to such factors as deterioration, casing ovalization aggrs. To the best of the authors’ knowledge this work is unique to

thermal mismatching of rotating and stationary structures durifige open literature for the following reasons:

engine transients. Thus, how well the compressor tolerates open .

clearances determines how robustly it operates in service. The Forward sweep was evaluated on two different compressor

work presented in this paper addresses the question of how for- configurations, one with strong rotor tip-leakage flows and

ward sweep impacts the tip-clearance flow of subsonic core com- the other with more moderate levels. _

pressor blades. * Forward sweep was evaluated at multiple rotor tip clearances
Most of the recently published work on aerodynamic sweep has [0 @SS€ss changes in clearance sensitivity.

focused on transonic blades with much less information being® FlowW mechanisms are proposed for how forward sweep af-

available on its use for subsonic flows. One notable attempt to €CtS the rotor tip-leakage flow based on interpretations of

exploit sweep in a single-stage low-speed compressor was by detailed test data and CFD analyses.

Yamaguchi et al[3]. In this work forward sweep was introduced

by simply restacking the sections of a radial blade without rd&Rotor Designs

designing the sections to account for the spanwise redistributio

. ; > Mhis test program was conducted in the GE Low-Speed Re-
of flow due to sweep. An improvement in stage efficiency Ofl'oo'/é’earch Compressdt.SRC) facility to determine the impact of

forward swept rotors on stable operating range, performance and

Contributed by the International Gas Turbine Institute and presented at the Inters e ; ! . R
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, erﬁ@ clearance sensitivity. Two different configurations were de

16-19, 2003. Manuscript received by the IGTI December 2002; final revision maréigned and tested with each being a low-speed mOdeI of the rear
2003. Paper No. 2003-GT-38837. Review Chair: H. R. Simmons. stages of a high-speed compresd@ble 1 summarizes the rel-
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Table 1 Compressor design parameters FORWARD «<——> AFT
—
Config. 1 Config. 2 = od —_g_——gon:. :'i“’;ztl
H H - = onf. 1-Radi

(radial/swep?) (radial/swep? g 20 < ?a Conf. 2.Swept
Rotor tip staggefdeg 60.6/54.4 52.4/49.7 (0] \ d 8| = <8 = Cont. 2-Radial
Rotor tip solidity 1.35 1.22 2 40 i —¢
Rotor aspect ratio 0.99 1.04 c \ \ 4
Flow coef.,® 0.47 0.46 .2 60
Pressure coefy’ 0.78 0.59 @ )
Rotor D-factor(pitch) 0.47 0.41 o 80
Rotor Cp (pitch) 0.52 0.45 S 7
Tip clearancegg/C, 1.34% 1.48% £ Ll
Radius ratio 0.85 0.85 100 <o

-30 20 10 0 10 20

Aerodynamic Sweep (deg.)

evant design parameters for each configuration. The rotors for Fig. 1 Comparison of aerodynamic sweep distributions
configuration 1 have high tip stagger and solidity with relatively

high aero loading in terms of D-factor and static pressure coeffi-

cient, Cp . It will be shown that the performance and stability of

configuration 1 are strongly influenced by the rotor tip-clearangges of the swept rotors were altered in response to this flow shift
flow. The rotors for configuration 2 have lower tip stagger, solidityy opening the tip and closing the remaining sections to maintain
and loading with more moderate tip-leakage flows. similar incidence along the span and to match the exit total pres-
All the airfoils used in this study were designed in the latgyre profile of the radial rotor. This is the reason for the reduced
1990s with the same design and analysis techniques currentlytifistagger of the forward swept rotors as showiTable 1. The
use at GE Aircraft Engines. Unlike the sweep and dihedral studigieanlines of the swept rotors were further tuned to maintain simi-
of Gallimore et al.[5,6], the baseline airfoils in this study are|ar surface pressure distributions as the radial blades. For ex-
modern three-dimensional designs with no known regions of sepgnple, CFD analyses of preliminary swept rotor designs predicted
rated flow at their design points. The stators incorporate desigipre rear-loaded surface pressure distributions locally near the tip
features such as bow and chord scalloping for reduced losses githsistent with the analytical predictions of Smith and Y8h.
improved off-design behavior. The performance of the baseliRge tip sections were redesigned with more camber in the front
designs should be considered current state of the art for eggly |ess in the rear to match the surface pressure distributions of
configuration’s respective duty. Thus, any performance improvgre radial rotors. This was done to maintain similar chordwise tip
ments due to the introduction of sweep are primarily the result ffakage flow distributions to assess the effects of sweep in a more
changes in the rotor tip-clearance flow. _ aerodynamically equivalent manner.

_The airfoils were designed as isolated blade rows using a threefigyre 3 illustrates another effect of forward sweep which is a
dimensional viscous computational fluid dynami@FD) code, reduction in static pressure coefficient near the blade tip. These
[7], with boundary conditions supplied by a sophisticated througljajyes are calculated using the previously mentioned throughflow
flow analysis. The throughflow analysis includes models for segnalysis with detailed representations of each blade’s geometry,
ondary flow and spanwise mixing in addition to detailed semjncjuding sweep and dihedral distributions. The reduced tip load-
empirical loss and blockage correlations. It has well representgg) is a result of the spanwise flow shift in conjunction with radial
the axisymmetric-averaged flow of many multistage compressiguilibrium giving similar static pressure rise but with higher inlet
even near endwalls where viscous effects dominate. The Clghamic pressure. Since both configurations are predicted to be
analysis was heavily relied upon to guide detailed design degyy jimited, the reduced loading near the tip should have a benefi-
sions, especially regarding their impact on the tip-leakage flogia| impact on stable flow range. Similar to the findings of Wadia
Both codes are proprietary to GE. et al.[1], the swept rotors have better balanced spanwise loading

The baseline rotors are conventionally stacked and hereafgétributions than the radial rotors which should allow them to use
referred to asadial because of their low sweep levels. Forwargnore of the loading capability of the entire blade before being
sweep is implemented through a combination of axial and tangefited by the tip. Subsequent CFD analyses will show the ben-
tial stacking of the blade sections. For configuration 2, an addificial effects that reduced tip loading has on tip-leakage flow

tional constraint of limiting the axial position of the tip was im-p|gckage. The hub loadings for configuration 1 were high enough
posed to satisfy axial clearance requirements with the upstream

vane, a restriction likely to be present when retrofitting forward
swept blades into legacy engindsgure 1 shows the resulting
leading-edge aerodynamic sweep distributions calculated using
the method of Smith and Yeh8]. Although not shown, the
trailing-edge sweep follows similar trends. For both configura-
tions approximately 20 deg of forward sweep was introduced into
the blade tip. A photograph of the forward swept and radial rotor
of configuration 1 is shown iffrig. 2.

For each configuration the forward swept blade was designed tc
pump the same design flow and pressure rise as the radial blad
and to match its exit total pressure profile. Differences in stator
inlet swirl angle and velocity profiles were minimized so that the
same stator could be used. The rotors for both configurations were
designed with front-loaded velocity distributions typical of mod-
ern controlled diffusion airfoils. The spanwise chord distributions
were held similar between the swept and radial blades.

One fundamental effect of forward sweep on subsonic rotors
(i.e. not at unique incidenges that it tends to alter the spanwise

Radial

Swept

flow distribution by pulling more flow toward the tip. The mean-

446 | Vol. 126, OCTOBER 2004

Fig. 2 Configuration 1 radial and forward swept rotors
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0 T ' ™ —0.07% of measured torque, is used to deduce shaft work input to
] —=— Conf. 1-Swept quantify compressor efficiency. Overall measurement accuracy is
02 y | Te 8on;. ;-gaduatl as follows: flow coefficient and pressure coefficient are accurate
: oni. c-owep to within +/—0.15% and efficiency to within-/—0.25%.
1 —e— Conf. 2-Radial : . .
\ Standard performance data is presented in terms of normalized
04 \ pressures and stage characteristics that can be related to the high-

speed compressor. The stage characteristics are described by the

0.6 flow coefficient, pressure coefficient, work coefficient, and torque
o ﬁ efficiency.

0.8 \"&, Test Results
] Ei The overriding test objective was to determine the impact of
1.0-

forward swept rotors on stable operating range, performance and
0.40 0.45 0.50 0.55 0.60 tip-clearance sensitivity in support of high-speed compressor de-
i ; signs. In some situations this resulted in tests where only overall
Static Pressure Coefficient, Cp 9 y
performance data were taken, rather than the complete set of de-
Fig. 3 Comparison of design point static pressure coefficient tailed measgremepts, due to schedule anq cosF co.nS|derat|0ns.
distributions Both configurations were tested at nomir@ésign intent and
open clearance levels. The open clearance tests provide an impor-
tant evaluation of the compressor at clearances that will be en-
Ve #lntered during “real world” operation due to such factors as
g% erioration or engine transients. In fact, many aircraft engine
compressors must tolerate clearances even larger than those tested
For configuration 1, a preliminary high-speed rotor was d@_ere. For the_ swept roto.r.of configuration 1 the clegrance was
g > ap y nigh-sp &ri1_creased using the traditional LSRC method of shimming the

signed to anticipate any potential mechanical difficulties associ-". - - ?
ated with forward sweep. These studies indicated that the maxong above the rotors radially outward. T.h's lead to steps in the
ing flowpath, which were corrected for in the performance re-

; ; o
thickness of the swept blade shouild be increased by 1.5% of Ch8u ts. The efficiency correction for this case was estimated to be

in the hub with no change to the tip, linearly distributed. Th S ) . .
low-speed swept rotor was thickened by this amount to factor 2%. For the remaining testgonfiguration 1 radial rotor and

this realism. It should be mentioned that the LSRC design §f'ire configuration Pan improved method was developed in
configuration 1 was done before there was much forward sw%li"(:h the rotor tips were nominally machined to achieve the open

Immersion (percent)

to be a concern at nominal tip clearance, so special attention
focused on the hub design of the swept rotor to mitigate predict:
flow weaknesses.

rotor design experience at GE Aircraft Engines for core compre§carances. The clearance was then reduced to the nominal level

sors. Current blade design techniques usually permit moder %éattaching plastic blade extensioﬁmeate_d using stereo lithog-
amounts of forward sweep to be introduced with few mechanic phy to the tip. No performance corrections were necessary for

penalties. For configuration 2, both blades were designed with t is imprOVEd me_thod. ' . . -
same leading-edge, trailing-edge, and max thicknesses uring the testing of configuration 1 the design flow coefficient
’ ' ' of the high-speed compressor’s rear stages was changed. Because

- of schedule considerations the low-speed airfoils were simply re-
Test Facility staggered open from their original design settings, rather than re-
GE’s Low-Speed Research Compresd®RC) is a test facility designing them, to achieve the new flow. This resulted in higher

that duplicates the essential features of high-speed compressor incidence and lower stator incidence than is normal design
flows in a low speed machine. The LSRC is set up with foysractice. This reduced the efficiency potential of the restaggered
identical stages with the objective of creating a repeating stagenfiguration somewhat and resulted in peak efficiency being

environment. Its large size permits detailed flow measurememisser to the stall line than normally desired. Only the results for

not traditionally available in high-speed compressors. The LSR8e restaggered airfoils are presented for configuration 1.

is also relatively inexpensive to operate. This allows an experi-
mental evaluation of various detailed blade design features, rot o ; b -
(or statoj clearance levels and casing treatments which may aracteristics for configuration 1 at both nominal and open rotor

be practical in a high-speed test. This facility is described in mob® clearanc_:es. Refergnce Iin_es are drawn connect_ing OpEfaﬁf.‘g
detail in Wisler[9,10]. points obtained at a given exit throttle area. These lines approxi-

mate constant values of throttle coefficient which is a useful mea-
Instrumentation and Measurement Accuracy. Standard sure of stable operating range at low speeds, analogous to stall
performance data consists of measurements of airflow, rotatingrgin for high-speed compressors. The lowest flow points on the
speed, power input to the compressor, and pressure rise acidsaracteristics are not stabilized but rather are extrapolated using
each blade row. Airflow is measured using a calibrated inlet bethe last stable throttle position during the transient closure to stall.
mouth. Rotating speed is controlled up to 1200 rpm to produce theThe pressure coefficient characteristics at nominal clearance in
desired Reynolds number. Power input is determined by a cdfiig. 4 show the forward swept and radial rotors pumping similar
brated strain-gage torque sensor that is mounted on the dril@v and pressure rise as intended. Both rotors achieve a similar
shaft. Pressure rise is obtained from static taps on the casing @edk pressure rise but the swept rotor throttles 28% farther than
hub. For some configurations more detailed flow measuremettte radial rotor before stalling. The swept rotor achieves this
are taken using airfoil surface static taps, single-element Kitrottle range extension entirely through flow roll back with no
probes, wool tuft probes, total pressure rakes, and hot-film amprovement in peak pressure rise. The rotor surface static pres-
emometry probes. These detailed measurements are typicallye data irFig. 5 indicate that between throttle setting 16 and 13
taken on the third stage. a flow weakness develops in the hub of the swept rotor that grows
High resolution pressure transducers, accuratetfe-0.010 into a large corner separation at throttles 10 and beyond. By
percent of the full scale values of either 1 or 2 (8068 or 0.136 throttle 7 the separation has grown so large that signs of weakness
bar), are used to record steady-state static and total pressuresdi@ evident at midspan. The positive slope of the pressure charac-
determining both overall compressor performance and the statcistic is due to the increasing loss and blockage of this hub
pressures along the casing and airfoil surfaces. Frequent calitseparation as the rotor is throttled beyond peak pressure. This
tions are conducted. A strain-gauge torque meter, accurate to behavior was not intended and confounds the nominal clearance

Stage Characteristics. Figure 4presents the measured stage
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Fig. 6 Characteristics data for configuration 2 at nominal and
open clearance levels: (a) static pressure coefficient and  (b)
torque efficiency

Fig. 4 Characteristics data for configuration 1 at nominal and
open clearance levels: (a) static pressure coefficient and  (b)
torque efficiency

results because the resulting spanwise redistribution of flaive same flow as the radial rotor at nominal clearance also attests
prevents the tip from initiating stall where it otherwise wouldo the beneficial influence sweep is having on the flow near the
have. At open clearances the swept rotor does not exhibit this hoilde tip.
weakness. The efficiency characteristics at nominal clearancerig. 4

At open clearance the differences between the radial and swepbw that the swept rotor achieved 0.4% higher peak efficiency
rotor characteristics are amplified. Along the design point throtttean the radial rotor. At open clearance the swept rotor has sig-
line the flow pumping of the swept rotor is reduced by about haffificantly higher performance over the entire flow range with
as much as the radial rotor’s relative to their values at nomin2l1% higher peak efficiency. Thus the stage characteristics data
clearance. The swept rotor demonstrated 5% more throttle marépn configuration 1 demonstrate the significant benefits of forward
than the radial with more flow range and higher peak presswseeep on stable operating range and performance, especially at
rise. The fact that the swept rotor at open clearance stalls at almogén clearance levels.
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Fig. 5 Configuration 1 forward swept rotor surface static pressure data at various throttle settings at nomi-
nal clearance

448 | Vol. 126, OCTOBER 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



. 055 . _.50 _ -

E 5 d 3\2 o s S S » § “\__»_- |

(g :g 0.53 iﬂ\{‘\\\ﬂ = 40 5 . —e—Conf. 1-Swept

a o S - o —Cont. 1-Radial

" § 0.51 N o s 30 3 Q o 2-s\:e|;

50 N = & . -+~ ~Conf. 2-Radial

€ 5049 < 23 @20 ] ~g

« ﬁ hN b5 G-, N § 1.0% } "

é [‘1_. 0.47 © E 10 ~~-o 'y V7 ~ -

=% s E .

1.0 1.5 2.0 25 3.0 1.0 15 20 25 3.0 1.0 1.5 2.0 25 3.0
Rotor Tip Clearance / Chord (%) Rotor Tip Clearance / Chord (%) Rotor Tip Clearance/Annulus Height (%)

(@ (b) (c)

Fig. 7 Measured rotor tip-clearance sensitivities: (a) maximum tip static pressure coefficient, (b) throttle margin, and
(c) peak efficiency

Figure 6 presents the measured stage characteristics for caensitivity, whereas for configuration 2 there was little effect on its
figuration 2. Although these results are less dramatic than thoseatready low sensitivity. These results indicate that forward sweep
configuration 1, there are still meaningful differences. At nominalotably improved tip loading capability at a given clearance level
clearance the swept rotor has only 0.5% more throttle margin thand significantly reduced its sensitivity to open clearances for the
the radial blade, but attains 3% higher peak pressure rise. At opgmfiguration with strong clearance flows.
clearance the swept rotor demonstrated 4% more throttle rangd-igure 7(b) presents throttle margin as a measure of stable
with a corresponding 2.5% increase in stall pressure rise. At baiperating range. Somewhat surprisingly, the data shows that the
clearance levels, the pressure characteristics of the swept rotortarettle margin for the swept rotor of configuration 1 is more
steeper as throttled toward stall. sensitive to clearance than the radial rotor even though its absolute

The efficiency characteristics do not show significant diffetevel is much higher. This is caused by the swept rotor’s hub
ences in design point performance at either clearance level. Theakness at tight clearances, which gives it significantly more
forward swept rotor has better performanes to 1.0% when throttle margin via flow roll back, and thus should not be consid-
throttled above the design point and lower performance when wred a true sweep effect. The large reduction in throttle margin at
throttled. At first glance these differences appear similar to whapen clearances is an important reason why hub weaknesses
would be expected if the swept rotor was designed with lowshould not be intentionally used to achieve the objective stall line
incidence than the radial blade. However, rotor surface pressufestip-limited blades. This sometimes used design “crutch” in-
verify that both rotors have similar incidence and loading distrereases the compressor’s clearance sensitivity, leading to poor de-
butions as intended. A plausible explanation for this trend is reerioration characteristics. For configuration 2, the swept rotor
lated to the fact that as the rotor is throttled the increased loadidgmonstrated reduced clearance sensitivity with its throttle margin
(especially near the leading-edgggnificantly strengthens the tip- almost constant for the two clearances tested.
leakage flow. At conditions with strong clearance flow the rotor The sensitivity of peak efficiency to clearance is showifiig
responds favorably to forward sweep, similar to configuration 7(c). For configuration 1, the clearance derivative of the swept
which has strong clearance flow even at its design point. Comotor is less than half that of the radial rotor. The magnitude of the
versely, at unthrottled conditions this data implies that forwarslwept rotor’'s derivative is somewhat uncertain due to the previ-
sweep may be detrimental to the performance of rotors with mittisly mentioned 1.2% efficiency correction at open clearance.
tip-clearance flows. However, subsequent clearance derivative test results in the tip
region of the high-speed compressor rear stages were consistent

Tip-CIeararécg Seg;fiftivity. fThe st;inda7rd p(t-:;rformance datgivh the low-speed derivative. For configuration 2, the swept rotor
are presented in a different format #ig. 7 to better quantify jnh04rs glightly less sensitive, but the differences are small

differences in clearance sensitivity. Loading parameters are plg- ugh to be inconclusive considering measurement accuracy.

ted versus clearance/chord and efficiency versus clearangg{,s"in terms of peak performance, forward sweep significantly

annulus height. This allows so-calletbarance derivativeso be reduced the clearance sensitivity of the configuration with strong

compared between the swept and radial blades as well as betwgeh 2y age flow and had a small effect on the configuration with
the two configurations. Differences between the two configurﬁﬁ 9 9

. . . - nore moderate levels.
tions in absolute performance, or loading capability, are not rel-

evant to this discussion and can be explained by differences inRotor Surface Pressures. The following section presents
airfoil geometry and vector diagram4,1,12. This figure clearly only a small fraction of the total rotor surface static pressure data
shows how much more sensitive configuration 1 is to tip clearantaken. Configuration 1 was chosen because it is more sensitive to
than configuration 2. sweep and clearance changes. For configuration 1, surface pres-
Figure 7(a) presents the maximum rotor 3 tip static pressursure measurements were taken for both rotansl statorsat each
coefficient as a measure of tip loading capability. The max rotatearance with the exception of the radial rotor at nominal clear-
tip loading usually occurs near stall, but for the swept rotor aince. Static pressures are nondimensionalized by the tip speed
configuration 1 at nominal clearance it occurs near throttle 18ynamic pressure and plotted on an inverted scale to mimic the
This data shows that the swept rotors for both configurations deigentropic surface velocity distribution.
onstrate a higher tip loading capability at a given clearance levelFigure 8 compares the swept and radial rotors at open clear-
with the exception being configuration 1 at nominal clearan@nce near the tip and hub at the design point and near stall. At the
where the higher hub loss and blockage reduced the static presglasign point the similarity of the surface velocity distributions is
rise over the entire span. The swept rotor for configuration donfirmed, indicating the radial flow distribution is consistent with
achieved 4.7% higher tip loading than the radial rotor at opere-test predictions that guided the meanline modifications for the
clearance, even with a slightly larger clearance. The swept roswept blade. The data show the swept rotor doing more diffusion
for configuration 2 achieved approximately 2.0% higher tip loadvhich is presumably due to reduced tip-leakage flow blockage
ing than the radial rotor at both clearance levels. The swept rotwhich is sensed over the entire blade. The near stall data show the
for configuration 1 demonstrated a 60% reduction in clearanbégher incidence and loading achieved by the forward swept blade
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Fig. 8 Comparison of forward swept and radial rotor surface static pres-
sure data for configuration 1 at open clearances

consistent with the pressure characteristics data. It is interestingich weakens the boundary layer, eventually causing it to sepa-
that even near stall, the rotéand stator surface loadings do not rate. At open clearance, the hub boundary-layer remains healthy

indicate any significant boundary layer weakness. This dataup to the point where the tip stalls.
consistent with pre-test CFD analyses predicting that stall is initi-

ated by the flow in the tip-clearance region with relatively healthy

boundary layers on the rest of the blade. CFD Analyses

Figure 9 illustrates the effect of tip clearance level on the sur- Detailed CFD analyses were used to improve the understanding

face pressure distributions of the forward swept rotor. At the d
sign point, the blade diffuses more with tighter clearance, es
cially near the tip. The higher diffusion near the hub verifies th
the tip-leakage related blockage affects the static pressure rise 0
the entire blade. At open clearance, the rotor has higher incidenc&€omparisons to Data. Due to the availability of detailed

*only select results from configuration 1 are presented here.

8nd interpretation of the test results. A large body of pre and
yst-test CFD analyses were performed on both configurations,

near the tip and lower near the hub, reflecting the spanwise fldlow measurements for the swept rotor of configuration 1 at nomi-
shift out of the tip due to the increased tip-leakage flow blockageal clearance, significant post-test analyses were performed on

The data at peak pressure coefficiéhtottle 13 for the nominal this case at throttles 1@ear peak efficiengyand 10(part way to

clearancg shows the much higher static pressure rise achievsthll). First, a throughflow analysis was performed using loss,
with the nominal clearance. Note the similarity of the incidencblockage and deviation adders to match the detailed flow mea-
near the tip even though the peak pressure for the nominal clesurementghot-film velocities and flow angles, casing pressures,

ance is at a much lower flow coefficient. The data near the halnd total pressure traver$edhis so-called “data-match” pro-
shows the higher incidence and loading at nominal clearaneieled accurate, empirically derived boundary conditires, pro-
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Fig. 9 Comparison of surface static pressure data at nominal and open
clearances for the forward swept rotor of configuration 1
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Fig. 10 Comparison of surface static pressure data to CFD analysis for configu-
ration 1 forward swept rotor at throttle 16 with nominal clearance

files of inletP+, T+ and absolute flow angles and exit static presnately the same flow with similar radial profiles at nominal clear-
sure for the isolated blade row CFD analyses of rotor 3 and statance. This analysis provides a meaningful and consistent basis for
3. evaluating the impact of forward sweep on the flow details.

Figure 10 compares the results of the swept rotor CFD analysis Radial profiles are compared at rotor 3 inlet and exiig. 11
to the rotor 3 surface static pressure data at throttle 16. The spgar the swept rotor the analysis shows a significant spanwise flow
wise incidence distribution compares well, indicating the analysigdistribution toward the tip as expected from design analyses.
was run to the correct overall flow and accurately predicts thgne higher flow near the tip gives a lower inlet relative flow angle
SpanWise flow distribution. The excellent match of the entire SUsnd requires a more open trai]ing edge metal ang|e to achieve the
face distribution indicates an accurate prediction of the overallyme total pressure profile. This is the reason the swept blades
pressure rise and detailed diffusion gradieftgure 11 compares \yere designed with lower tip stagger. The predicted flow shift

the CFD analysis to the measured rotor 3 inlet and exit radigyyard the tip is also consistent with earlier interpretations of the
profiles of relative flow angle, axial velocity and total pressure @bior surface pressure data.

throttle 16(the radial rotor analysis is shown for referencehese Figure 12(a) compares axial velocity contours at the rotor

results also indicate the CFD analysis does an excellent job cgpyjiing-edge. The low velocity fluid near the casing extending
turing spanwise flow details. A similar quality agreement was obyq5 the passage is associated with the tip-leakage flow. This
tained at throttle 10, including the prediction of the hub comgfy ;e clearly shows the tip-leakage flow being a large source of
separation, using the same datz.i-matchlng and CFD analysis t ckage even at design intent clearance levels. Qualitative com-
niques. These comparisons verify the accuracy of the CFD analysis,ns of velocity contours show that the forward swept rotor
sis in terms of both the boundary conditions and predicted flo Ls lower tip-leakage flow blockage. It will be shown that this

?neet:!i.rel:ngntrs%]?\?:rgl]J%hti?)tn;?siei??g::ﬁtsand independent fI%\’duction in tip-leakage blockage is believed to be due to the
) lower tip static pressure coefficient of the swept rotor. Near the

Swept and Radial Rotor Comparisons. A similar data- hub, the swept rotor is predicted to have a weaker suction surface

match was not available for the radial rotor at nominal clearant@undary layer which is consistent with previously mentioned test

because detailed measurements were not taken. However, a CEQuIts.

analysis of the radial rotor was performed at throttle 16 using theLoss coefficient contours at the trailing-edge are presented in

same boundary conditions as the forward swept blade. This shokid. 12(b). The high loss fluid near the casing extending across the

be a good approximation considering both rotors pump approxiassage is also associated with the tip-leakage flow. By comparing
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Fig. 11 Comparison of flow measurements to CFD analysis for configuration 1
swept rotor at throttle 16 with nominal clearance: (a) inlet relative flow angle,  (b) exit
relative flow angle, (c) inlet axial velocity, (d) exit axial velocity, (e) exit absolute
total pressure. (Radial rotor CFD shown for reference. )
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Fig. 14 Comparison of blade-to-blade relative velocity con-

the 0.10 contour, the forward swept blade is seen to have IO\Az%r;sn%trgilgglectllg;oarn%c;nﬁguratlon 1 CFD analyses at throttle 16

loss in the pressure surface corner near the casing. However, In
the suction surface corner the swept blade has a higher loss coef-
ficient, possibly due to the acute angle between blade suction
surface and the casing. Near the hub, the swept blade has higher
losses due to the weaker boundary layer caused by the higher hub
Radial Forward Swept loading.

Blade-to-blade contours near the blade tip are compared in
Figs. 13and14. Axial velocity contours at mid-clearance gap are
shown inFig. 13with regions of reverse flow shaded and the rotor
tip section shown for reference. Relative velocity contours at the
rotor tip are shown irFig. 14 with a line drawn to highlight the
vortex leading-edge. Before discussing differences, some common
features of the tip-leakage flows are discussed. First, notice that
much of the leakage flow exits the clearance gap into the passage
with a negative axial velocity component. This is caused by the
combination of high tip stagger and high lift for these blades. This
upstream direction of leakage flow is detrimental to the rotor’s
aerodynamic stability, as it resists the incoming casing boundary
layer fluid. Another common feature is the significant amount of
low velocity tip-leakage fluid that intersects the pressure surface
of the adjacent blade. The leakage flow originating from this low
relative total pressure region has already leaked across the previ-
ous blade and will leak across again but with a lower streamwise
velocity component. This phenomena has been referred to as
“double-leakage,[13], and it leads to increased mixing loss be-
cause of the larger velocity difference between the leakage and
freestream flows. A proprietary GE semi-empirical tip-clearance
model estimates that the tip-leakage related loss for the radial
rotor of configuration 1 is doubled due to this phenomena. It is
also thought to increase the sensitivity of the rotor to increased
clearances. Unfortunately many rotors in modern aircraft com-
pressors suffer from double-leakage by varying amounts depend-
ing on tip stagger, solidity, clearance, and loading levels.

Increment = 10 ft/s Significant differences in the tip-leakage flow are also apparent
in Figs. 13and 14. The forward swept blade has a much smaller
Fig. 13 Comparison of blade-to-blade axial velocity contours reverse flow region with less penetration into the blade passage.
at mid-clearance gap for configuration 1 CFD analyses at The increased flow into the tip, with corresponding higher relative
throttle 16 with nominal clearance total pressure, increases the streamwise momentum of the leakage
452 /| Vol. 126, OCTOBER 2004 Transactions of the ASME
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The changes in tip-leakage flow associated with forward sweep
should be beneficial for aerodynamic stability. Similar to the find-
ings of Adamcyzk et al[17] numerical stall occurred in the CFD
analyses when the tip-leakage flow spilled upstream of the
leading-edge of the adjacent blade. This was the predicted stall
mechanism for both configurations. As alluded to earlier, rotor
surface static pressure data and the open clearance test results are
consistent with this stall mechanism for both configurations. It is
straightforward to understand why the swept rotor’s shallower
vortex trajectory, reduced tip blockage and smaller region of re-
versed flow improves the stable operating range and tip loading

o
(&)
L
=
+

capability for blades that stall due to this tip-clearance flow related
mechanism.

It is impossible to generalize how forward sweep impacts per-
formance for all blade types, but this doesn't prevent some dis-
cussion of this subject. For some rotors, such as configuration 1,
the large amount of double-leakage has a significant adverse affect
on tip-leakage related loss. The forward swept rotor’s shallower
vortex trajectory and higher velocity levels downstream of the
vortex leading-edge should reduce the amount of loss associated
with double-leakage. Another potential loss mechanism is the ex-
tra mixing loss that occurs as the low velocity vortex core fluid is
diffused by the streamwise pressure gradient. For highly loaded

flow, thereby reducing its negative axial component. Also noti%jdes' this loss source may be large enough such that the reduced
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Fig. 15 Comparison of nondimensional tip-leakage flow block-
age versus tip loading parameter using the method of Khalid
[15,16]

that d : fh tex leadi doe th t rotor’s | atic pressure coefficient near the tip due to sweep is beneficial.
atdownstréam of the vortex leading-edge the SWept rotor's 183z, \oyer  for lightly loaded blades with little or no double-
age flow has higher velocity levels. The tip-leakage blockage

: . forward sw: m lly incr tip-leak |
the swept rotor is concentrated more rearward in the passage Bga(gage, orward sweep may actually increase tip-leakage losses

farther away from the pressure surface of the adjacent blade. ben ;flilt”;g mgrﬁrf]ggl;r;;%?Ozghnlgii;i%%nsm the blade with little

. . . It is also important to consider that blockage developing in the
Discussion of Flow Mechanisms rotor can have implications for the downstream stator perfor-
This section describes the relevant flow mechanisms associafeghce. Rotor tip blockage affects the spanwise distribution of
with forward sweep as interpreted from test data and CFD resulfisw and tangential velocity entering the stator. If the rotor tip
Unless otherwise noted, these mechanisms are believed to be ggdekage is significantly higher than anticipated in the design,
eral in nature, with the degree of effect increasing as the tigren this may appreciably alter the stator incidence distribution.
leakage flow strengthens. Near the design point this is likely to have a detrimental effect on
Detailed flow measurements and CFD analyses show that fperformance since the stator will be operating at higher incidence
ward sweep pulls more flow toward the blade tip. One consgear the casing and lower incidence over the rest of the span. A
quence of this flow shift is a higher relative total pressure near thgrward swept rotor should also be beneficial in this situation
casing which increases the streamwise momentum of the leakageause it reduces the magnitude of the spanwise flow redistribu-
flow. For high stagger, highly loaded blades, this reduces thien. This interaction is particularly important to consider for
negative axial component of the leakage flow and the size of tbases with strong clearance flows operating at large clearances,
reverse flow region in the clearance gap. This also leads tos@ch as configuration 1. Unfortunately, there were insufficient de-
shallower(more axia) vortex trajectory. tailed measurements to accurately split out the loss between the
Another important effect of forward sweep is the reduction irotor and stator. Inaccuracies in the CFD analyses at large clear-
tip-leakage flow blockage. This is believed to be a result of thgnces for configuration 1 also prevented a reliable estimate of the
reduced tip loading, in terms of static pressure coefficient. Theagnitude of this effect.
work of Khalid et al.[14] clearly links the amount of tip-leakage
flow blockage to the streamwise static pressure rise through tge .
passage, as well as other parameteigure 15 presents the nor- ummary and Conclusions
malized tip-leakage flow blockage versus a tip loading parameterThe results of a detailed experimental and analytical evaluation
calculated from CFD analyses using the method of Khil|. of the impact of forward sweep on subsonic rotors representative
For reference, the CFD results used to establish this correlatiofithose in the rear stages of modern aircraft engine high pressure
are shown as well as the Whittle Laboratory Deverson compressatio compressors were presented. Evaluations were done on two
data taken and reduced by Khalgk6]. This correlation is not different configurations, one with strong tip-leakage flows and the
believed to be universal, but rather a meaningful cause and effethher with more moderate levels. Sweep was introduced in an
relationship for a particular type of blade. aerodynamically equivalent manner and tested at multiple rotor tip
The previously presented CFD analyses for configuration 1 @earances to assess changes in clearance sensitivity.
throttle 16 are shown in this figure in addition to pre-test CFD For the configuration with strong clearance flows, forward
predictions of configuration 2 at the design point and near stallveep demonstrated both improved performance and loading ca-
conditions with nominal clearance. For configuration 1, the fopability at a given clearance and reduced the clearance sensitivity
ward swept blade shows a 20% reduction in tip blockage forad both these metrics by over 50%. For the configuration with
relatively modest decrease in tip loading. This may be due to itsoderate clearance flows, forward sweep provided notable im-
nominally high loadings in conjunction with its large amount oprovements in loading capability and throttle margin at a given
double-leakage. For configuration 2, the swept rotor shows onlyckarance and reduced the clearance sensitivity of throttle margin.
slight reduction in tip blockage at the design point. At the highdn terms of peak performance, sweep had a small favorable impact
loadings near the stall line, the tip blockage increases dramaticadly the baseline efficiency level and its clearance sensitivity. Thus
from its design point values. At this condition the unloading of ththe test results for both configurations were promising.
tip provided by forward sweep is extremely beneficial because of The improved loading capability of the forward swept blades is
the nearly asymptotic behavior of tip blockage at high loadingsattributed to the spanwise shift of flow toward the tip and a re-
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duced tip static pressure coefficient. In terms of flow details, CFBubscripts
analyses show forward sweep pr_owdlng reduced tlp-leakag_e flow A, = averaged over tip-leakage blockage region
blockage, a shallower vortex trajectory and a smaller region of

reversed flow in the clearance gap. These effects are thought to b%dge = edge of velocity defect region

beneficial for tip-limited rotors with stall initiated by a tip- h = hub

clearance flow related mechanism. M = mean or average
The improved performance demonstrated by forward sweep for R = rotor

rotors with strong clearance flows is also attributed to the afore-REL = relative

mentioned changes in tip-leakage flow. The shallower vortex tra- t = rotor tip

jectory and reduced blockage is believed to reduce the mixingDP = design point

losses associated with so-called double-leakage. Also the lower tipSP = stall point

static pressure coefficient reduces the mixing loss of the vortex ¢ = tangential component
core as it is diffused through the blade passage. 1 = blade row inlet
2 = blade row trailing-edge
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Influence of Surface Roughness
on Three-Dimensional Separation
in Axial Compressors

Semiu A. Ghadebo
Tom P. Hynes

Whittle Laboratory, Surface roughness on a stator blade was found to have a major effect on the three-
University of Cambridge, dimensional (3D) separation at the hub of a single-stage low-speed axial compressor. The
Cambridge, United Kingdom change in the separation with roughness worsened performance of the stage. A prelimi-

nary study was carried out to ascertain which part of the stator suction surface and at

what operating condition the flow is most sensitive to roughness. The results show that
Nicholas A. Cumpstv stage performgnce is_ extremel_y sensitive to surface roughness_ around the leading edge

and peak-suction regions, particularly for flow rates corresponding to design and lower
values. Surface flow visualization and exit loss measurements show that the size of the
separation, in terms of spanwise and chordwise extent, is increased with roughness
present. Roughness produced the large 3D separation at design flow coefficient that is
found for smooth blades nearer to stall. A simple model to simulate the effect of roughness
was developed and, when included in a 3D Navitokes calculation method, was shown
to give good qualitative agreement with measuremg@©l: 10.1115/1.1791281

Rolls-Royce Plc,
Derby, United Kingdom

Introduction roughness height. A similar method was employed by Suder et al.
2]. Although the numerical results yielded the correct trend of

Almost all treatments of boundary layer effects, including th erformance deterioration, the impact of surface roughness on the

effect of surface roughness, have been two-dimensional in th

h. This i t obvi in th gt des b rformance was underpredicted.
approach. This 1S most obvious in (h€ use of inéar cascades rhe issue of whether or not distributed surface roughness alters
also applies to consideration of losses around mid-span, a

« ST  MWYee-dimensiona(3D) separations, which contribute to perfor-
from the “complicating” effects of the endwalls. The emphasis if,ance deterioration, has not previously been investigated. The

this paper is on 3D effects, including 3D separation, found wheggyentional two-dimensional view that surface roughness trig-
the suction surface meets the hub of a shrouded stator. Work g@ss transition and promotes turbulence, which will suppress flow
ported by Gbadebo, Cumpsty, and Hyrjé$ shows how wide- yeyersal and hence two-dimensional separation, may not be appli-
spread 3D separation is, and how much it affects performang@ple to three-dimensional flows. Three-dimensional separation
The surprising aspect of the present paper is the importancedefes not need flow reversal as a condition for its occurrence
surface roughness to the size of these 3D effects. (Chang[6]). However, boundary layer thickening, characteristic
Most of the work carried out on the effect of rotor surfacef rough surfaces due to an increased skin-friction coefficient,
roughness on performance has been concerned with profile lasgy also increase the size of separations in three-dimensional
an essentially two-dimensional view. An example is the work dfows under adverse pressure gradients. In this light, the influence
Suder et al[2], who carried out a detailed study on the effect 0bf surface roughness on 3D separation in a compressor stator and
adding roughness and thickness to a transonic compressor roffoe. consequent effect on stage performance, have been studied
They used different rough and smooth coating configurationsoth experimentally and numerically. These were carried out in a
which were tested for a range of chordwise coating extents. Mezingle-stage low-speed axial compressor. Tests performed include
surements were performed both at part and full speed. Their @-flow visualization to examine the pattern of 3D separation on
sults showed that a rough coating over the front 10% of bladlee suction surface and a 3-hole probe area traverse downstream
chord resulted in about 70% of the performance degradatifthe stator to measure losses and deviation. The effect of rough-
caused by full-chord roughness coverage. About 9% loss in prégss on loading redistributiogshown using measurements made
sure ratio across the rotor near design mass flow was also repofiégurface static pressujeand on the measured stage character-
for the rough coatings. Bammert and Woé# also carried out istic is also presented. A simple model to simulate the effect of
measurements on a 3-stage axial compressor with smooth &&dghness was incorporated into a 3D Navier—Stokes calculation
emery-grain roughened blades. They observed that the overall &id the results are compared with the experiments.
ficiency reduced between 6% and 13% over the range of different . o
roughness grades considered and there was a maximum reducgéRerimental Faciltiy and Procedure
of 30% in the overall pressure ratio. The experiments were performed on a large-scale single-stage
From a numerical approach, Boyk] used a quasi-3D Navier— low-speed facility, the Deverson compressor, in the Whittle labo-
Stokes analysis to predict the change in turbine efficiency dueratory of the University of Cambridge. A detailed description of
change in blade surface roughness and incidence. The effectt® rig arrangement can be found in Pla¢gas well as in Bolger
roughness was determined using a mixing length turbuleng®. The stage tested consists of radially stacked modern
model of Cebeci and Chanl®], in which the original mixing controlled-diffusion airfoils(CDA) with a rotor tip clearance of
length (for a smooth bladewas augmented to account for theabout 1.15% chord and a sealed stator hub. Preceding the stage is
a row of inlet guide vanesIGV) which produce the required
Contributed by the International Gas Turbine Institd@TI) of THE AMERICAN ~ amount of swirl into the rotor. Also incorporated are turbulence
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF rﬁfnerators in the freestream, upstream of the IGV, and devices on

TURBOMACHINERY. Paper presented at the International Gas Turbine al ; -
Aeroengine Congress and Exhibition, Vienna, Austria, June 13—-17, 2004, Paper oe hub and casing to create endwall boundary Iayers similar to an

2004-GT-53619. Manuscript received by IGTI, October 1, 2003; final revisiore,r_hbedded stage in a multistage compressor. The rig is eqUiPped
March 1, 2004. IGTI Review Chair: A. J. Strazisar. with an auxiliary fan that allows the mass flow rate to be varied
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Table 1 Deverson compressor stage parameters ut=Aln y+ +B— AB(W) (1)

¢ AH,/U? Rechory ~ Where
0.51 0.45 2.7X10°
u

Rotor Stator u+:—*=f(y+,k+),
Profile CDA CDA u
Chord (m) 0.1215 0.1215 . .
slc 0.6954 0.7192 +_yu d Kkt=
hi/c 1.25 1.25 y =— -~ an -
Camber(deg) 31.0 31.0
Stagger(deg) 35.4 34.4 with
No. of blad(es) 51 49
Hub radius(m 0.6096 0.6096 * =/ =fricti i
Casing radiugm) 0.762 0.762 u* =V /p=friction velocity

A'is the well known Von Karman constar,is the original wall
law intercept, andAg(k™) is the profile shift parameter due to
surface roughnes®Vhite [11]). The second and the third term on
independently of the rotor speed. A brief summary of the stagiee right-hand side of Eq.l) now constitute the new wall-law
geometric and design parameters at mid-height is given in Tabledtercept, with the third term causing a downward shift in the
The roughness height for the stators of the low-speed compréstercept. Following a fit forAg(k™) for sand grain roughness
sor rig was chosen by scaling roughness measurements obtaigie@én by White[11] as
from Rolls-Royce on a modern turbofan engine after a long period N
of airline operation. The center-line average roughnésgs,) is ABsandgrain:A In(1+0.%") @)
typically about 6080 micro-inched.53-2.03um). Aroughness 4 g pstituting for constantsandB, (A= 0.4 andB=5.24), Eq.
sécalingl dfactor Lor thtetrilg W?fs tc);btaiged ?% ma’ltc?ing thle (?tngi can be expressed in term,s of the wall skin ’friction
eynolds number at take-off, based on the relative velocity al 2 f
roughness height, to that of the research rig. The (:orrespondi7r"{tj;/(1/2”u ) and the average roughness heilats
roughness value for the rig was calculated to be aboup2t X ( - ) —(1/2) ,-( -
u =|— =1.25I0n —
2

which from the Koch and Smith’g9] correlation corresponds to
an equivalent sand roughness of approximately 260 Artificial

+2.5I(Re)+5.24

pu

roughness in the form of distributed patches of sand roughness 12

was achieved using strips of ASTM150 emery paper. The rough- _25 Ir{1+0 3 Re{ E) (i) ®)
ness strip was cut into lengths covering 50% and 100% span and ' ' pu?

of width about 20% chord. Although in real engines the surface N N 1o
roughness is usually not uniform, it was thought that simple tedfs Ed. (3), k" =ku*/v has been replaced by R&{)(r,/pu)

with uniform roughness will be useful in exploring the signifi-2nd Re=yu'v is the Reynolds number based on the perpendicular
cance of surface roughness itsglf]. distancey from the wall. S _

A strip of emery paper secured on the stator blade using doublel "€ average roughness height is assumed to be uniform and
sided tape increased the blade thickness by 0.3 mm, which&§0 to cover both transitional and fully rough regimes. Equation
about 3.5% increase in blade thickness at the hub and 2.2% at {BkiS solved iteratively to obtain the wall skin friction explicitly in
casing. This also resulted in a step at the edges of the strip.@ims of Re for various values okly), similar to the approach of
order to separate any effect due to thickness from the effect duegnton[12] for a smooth wall. The model was incorporated into
roughness, tests were performed by covering the leading ed orlglna_l code, which is a fully three-_dlmensmnal multi-stage
peak-suction region with smooth strips of thin cardboard of simfuroomachinery Reynolds-averaged Navier—Stokes solver of Den-
lar thickness to that of the emery paper. This configuration {€n[13]. The calculations are performed using a control volume
referred to as a “stepped” blade row. formulation on an “H” type mesh. Shear stress is modeled using

An area traverse was performed downstream of the stator witfhin shear approximation to the Navier—Stokes equation and an
a pneumatic probe to assess the influence of roughness on pe§§idy viscosity mixing length is used for turbulence modeling. The
mance. The uncertainty in the yaw angle measurement was gligrbulence model therefqrg enables the contribution of surfa_tce
mated to be+0.6 deg. The uncertainty of total pressure watoughness to turbulent mixing to be taken care of by augmenting
+1.0% of dynamic head and the measurement of the dynantit¢ originally specified mixing length for the smooth surface by
head was correct withirt5 Pa. The area traverses were carriefl€ average roughness height. Further detail of the modeling pro-
out at four operating flow coefficientgh=0.45, 0.51, 0.55, and cedure can be found in Gbadefial]. The stage calculations were
0.57). The performance was evaluated by calculating the ma&a'ried out using a grid distribution of 4226x63 in the pitch-
averaged exit total pressure rise coefficient, made nondimensio¥yie. streamwise and spanwise directions respectively with a total
by dynamic pressure based on the mid-height blade Spégdwlne spanwise mesh points used in the rotor tip clearance space.
(1/2pU3). _ _
Results and Discussion

Numerical Procedure Performance of a Single Roughened Stator. Initial tests

A numerical simulation of patch and full roughness on the bladgere carried out on aingleroughened stator with the roughness
surfaces, similar to the experiment, is implemented with roughtrip located at 3 different parts of the blade; leading edge to
ness modeled mainly in terms of its effect on skin-friction as wefleak-suction, around mid-chord and towards the trailing edge.
as on turbulent mixing. Rough surfaces are known to develdihis was to establish on which part of the stator suction surface,
considerably larger skin friction coefficients under turbulent flowand under which operating condition, is the flow most sensitive to
when compared to smooth surfaces. In addition, roughness usuaiighness. A diagram showing the stator blade with the roughness
causes the velocity gradient near the wall to be less steep andsb#p at different locations tested is presented in Fig. 1. It was
boundary layer thicker compared with hydraulically smooth sufeund that the performance at flow coefficients near the design
faces(Schlichting[10] and White[11]). The roughness effect is point (¢=0.51), is particularly sensitive to roughness over the
therefore modeled as a shift in the wall functions’ (andy*). leading edge to peak-suction region. This corresponds to configu-
With average roughness height denoted,abe velocity distribu- rationsa andc in Fig. 1, where the roughness strip covers both
tion taking account of roughness can be written as full span and the first half of the blade from the hub.
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c d Fig. 3 Influence of location of roughness strip on stator exit
) o ) flow angles at design point, ¢=0.51
Fig. 1 Schematic diagram of stator blade with roughness (a)

full strip (leading edge to peak-suction ); (b) full strip (mid-

chord ); (c) 50% span from hub (leading edge to peak-suction );

(d) full strip (near trailing edge ) to drop by about 5% when the blade was operated at the design
flow rate, with the roughness element element located around the
leading edge/peak-suction.

This effect can be seen in the contours of stage total pressurdhe radial profile of the exit flow angles at design point for
rise coefficients, measured by traversing behind the smooth blatiéerent locations of the roughness element is shown in Fig. 3. It
and single roughened blade with full-span strip plotted in Fig. 2 apparent from the figure that the deviation towards the hub
(The traverse result for the half strip of roughness near leadiitgreases considerably when the blade is roughened around peak-
edge is qualitatively the same as that of the full strip and is netiction and is virtually insensitive to roughness at other locations.
presented.As can be seen from Fig. 2, the roughness results $urface and hubwall flow visualization at the design operating
significant loss of total pressure rise notably in the hub cornppint of this test blade show separation on the suction surface/hub
region with a marked increase in the size of the separated regioarner for the smooth blade and for the roughened blade, Fig. 4.
The experiments with roughness patches near the mid-chord pédith roughness over the leading edge to peak-suction region, a
sition and rearwardhear the trailing edggconfigurationd andd  larger 3D separation on the suction surface and hubwall is appar-
in Fig. 1 indicated conclusively that roughness in these regions
had negligible effect and, for brevity, the results are not shown.
The overall mass-averaged exit pressure rise coefficient was found

Trailing edge

Suction Smooth Leading edge
surface Hub

Measurement heights

Focus of separation

Roughened near leading edge/peak-suction

e Separation
Roughened stator line
Fig. 2 Contours of total pressure rise coefficient at the exit of Fig. 4 Suction surface flow visualization on smooth and

a smooth and single stator roughened around leading edge /  roughened stator around leading edge /peak-suction at design
peak-suction at design point, ¢=0.51 (contour interval =0.03) point, ¢=0.51
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ent and the increased size of the separated region is clearly th@he roughness has a marked effect for all flow coefficients with
cause of the extra loss and deviation when compared withsmall or positive incidence. However the biggest difference be-
smooth blade. tween smooth and rough was close to the design incidence be-
The roughness element near the leading edge is at the memtise for this the roughness was sufficient to alter the flow pattern
sensitive location in the blade passage because the boundary lagdrave the large 3D separation that only occurred for the smooth
in this region is very thin. The ratio of average roughness heightitéade at lower flow rates.
the boundary layer thicknegk/5) may be significant enough to  Figure 6 shows the contours of stage pressure rise coefficient
induce earlier transition, while at the same time introducing coffer the stepped blade-row at design poi#t=0.51). By compar-
siderable frictional drag into the flow. In the presence of the pagyg this figure with the corresponding ones for smooth and rough-
sage adverse pressure gradient this can lead to premature thickgred blade-rows, Fig. 5, it is clear that the thickness/step has a
ing of the boundary layer. The compressor stage is of 51Pegligible contribution to wake thickening and virtually no effect
reaction at mid-height and the requirement of the stator to remowgg three-dimensional hub corner blockage. Consequently the loss
much of the swirl out of the upstream rotor implies that the statisf performance within the blade-row can be attributed to the sur-
pressure rise across the stator is highest at thé@uimpsty{15]).  face roughness itself.
The combination of these factors is believed to provoke the largeThe radial distribution of pitchwise mass-averaged stage exit
3D separation observed and consequent loss of performance. Wifal pressure rise coefficient, axial velocity and swirl angle are
roughness downstream of the suction peak it is presumed that fétted for the smooth, stepped and roughened blade rows in Figs.
roughnesgchosen to model that measured on blades which has 8, and 9. Also presented in each case is the profile for the
been in airline servic)eis too small to penetrate beyond the ViS-pre”minary sing|e_roughened blade, which can be seen to be in-
cous sublayer, so the surface appears to be hydraulically smogffgative of the trend but not quite correct in magnitude. Again the
The single roughened blade gave a quick means to assessti§tkness/step formation seems to have negligible influence on the
fects but the additional blockage caused by separations increagggributions of loss and axial velocity. From the pitchwise-
in size by surface roughness was able to influence the behaviokiferaged exit axial velocities, it is apparent that surface roughness
neighboring passages, as presented in Gbadé#p The in- oyer the leading edge and peak-suction significantly increases the
creased blockage caused by increased separation on the suqHgs, reduces the axial velocity and increases deviation from the
surface of the roughened blade causes the upstream flow top® to about 30% span.
diverted away from this blocked passage. This increases the incifigure 10 compares the surface static pressure distributions for
dence onto the blades on one side and decreases it for those onfh&ades roughened between the leading edge/peak-suction with
other side. As a result, four or five succeeding passages on @Rgt of the smooth blade¢The stepped blades showed the same
side of the single roughened blade also exhibited increased seggtribution as smooth blades almost within experimental scatter.
ration due to these incidence changes. The comparison is at design operating point at 20%, 50%, and
80% span, respectively, for which stator incidence was about 0.0
eg, —2.0 deg, and-2.5 deg, respectively. There is evidence of
%ding redistribution caused by surface roughness in these distri-
utions; at all three spanwise locations, the influence of the rough-

Smooth, Stepped, and Roughened Blade-Row Performance
Following the above observations, tests were carried out at
design flow coefficient with all the stator blades in the row rougrb

ened with full-span strip around the leading edgevering from ness causes an overall lowering of static pressure on the pressure

about 5% chord on the pressure surface over to the peak-suctigny ¢, ction surfaces of the entire blade-row with a net reduction

which is about 20% chord from the leading edge on the suctiom— the average static pressure rise. This is mainly because of the

surface. The emery strip was carried around onto the pressulgy » piockage at the hub, which increases the axial velocity in the
surface to avoid blade-to-blade irregularities in the most sens't'}‘r‘ﬁd-span and the upper half of the passage, as depicted in Fig. 8.

region of the flow. The pattern of rovy visualization on the SUCtioﬂlear the huli20% spaiof the roughened blade row, the pressure
surface of roughened and steppéhlickness but no roughness isinytion around the leading edge suggests an increase in the

blade-rows showed a larger separation region for the roughe ctive incidence onto the airfoil and an increased loadireg,

case. The suction surface separation Iige for the roughened bladese difference between the suction and pressure sujfaes
row started at a ghstance of about 20% chord from th_e leadi ugh at 20% span the flow is separated, there is still static pres-
edge, extended diagonally from the hub towards the mld-spanstgre rise over the rear of the blade

wind into a focus near the_trailing _edge like that on the single The total-to-total and total-to-static stage characteristics plotted
roughened blade. A discussion of this type of pattern can be foumd Fig. 11 clearly show the degradation of stage performance

in Gbadebo, Cumpsty, and Hyngl. The separation line for the £ h hich i h
stepped stator started at a distance of about 35% chord from bg%%end (?gesrgtrir?g ep(r)?#é;s:n(;e. zsl V;n'é: S;Z”r.n giteagr?:rr:gtteﬁg:\i/\éef%rrl the

leading edge at the hub and terminated at the trailing edge at ab@lif e hed blade-row are virtually identical to that of the smooth

25%hspan frorr]nbtlhz endwall, which closely resembles the patteg{gige at all operating points except very close to the design point
on the smooth blade. nd are omitted for clarity. At high flow coefficients, correspond-

_Figure 5 compares contours of stage total pressure rise Co&flly 1 5 negative incidence and reduced loading, the effect of
cient for smooth anq rothened blade rows at dlffer.ent operatl ghness seems to be insignificant, and the curves collapse.
flow coefficients. Similar to the observation for a single rough-

ened stator, it is evident from the figure that the performance isNumerical Results. The numerical “roughness” is applied to
very sensitive to roughness around the design p@irt).51, and cover the leading edge to the peak suction of the airfoil, as for the
virtually insensitive to roughness at much higher flow coefficientexperiments. Figure 12 shows the predicted streamlines on the
This may be because of the reduced overall static pressure risswttion surface for the smooth and roughened blades at design
high flow coefficients. In addition, at high flow coefficient theflow coefficient,=0.51. The smooth blade displays a small sepa-
flow approaches the blade at negative incidence so the stagnatated region with a pattern very similar to the oil-flow pattern
point is moved to the suction side of the leading edge and the flmbserved experimentally. However, a closer look at the computed
may be less affected by the roughness because of the redusedamlines in the trailing edge/casing region shows that the
suction-peak. For the smooth blade-row, the wake around mistreamlines turn more perpendicular to the casing but not in the
span at design point and at higher flow coefficients can be seerotbflow pattern in Fig. 4. It is not clear which aspect of the flow
be comparatively thin and nearly two dimensional. The midshysics, not captured by the CFD, is responsible for this.

height wake momentum thickness for the roughened blade-row, afFor the roughened airfoil, the comparatively large separated
the design point, is about 40% higher than that of the smootbgion agrees reasonably well with experiment. The separation
blade-row. line can be seen to emanate from a saddle point on the suction
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Smooth blade-row Roughened blade-row

Phi=0.45

Phi=0.51

Measurement heights

Phi=0.55

Phi=0.57

Contour interval = 0.03
* Maximum contour
+ Minimum contour

Fig. 5 Contours of stage total pressure rise coefficients for smooth and roughened blade-rows at
different flow coefficients.  (Roughness from LE to peak-suction. )

surface/endwall corner at a similar location to that in the oil flowoefficient, $=0.51. This shows a large increase in hub losses
visualization and winds into a focus near the trailing edge. associated with growth in the 3D separations induced by surface

The predicted stator exit contours of total pressure rise ameughness. The calculation also shows a significant wake thicken-
shown in Fig. 13 for smooth and rough blades at design floing due to roughness when compared with the smooth blade.
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——

Contour interval = 0.03

Fig. 6 Contours of stage exit total pressure rise coefficient for
stepped blade-row at design point,  ¢=0.51. (Roughness from
LE to peak-suction. )

100

90 { —¢—smooth blade row
807 a roughened blade
70 row
c 60 A —8— stepped blade
g row
o 50 - —&— single roughened
X 40 - blade
30 4 blade outlet angle
20 A
10
0 T
0 10 20 30 40 50

Pitchwise averaged o3 (deg.)

Fig. 9 Radial profiles of pitchwise mass-averaged exit flow
angles for smooth, stepped and roughened blade-rows and
single roughened blade at design point, ¢»=0.51. (Roughness
from LE to peak-suction. )

However the predicted change in loss is not as high as measured:
the measured overall mass-averaged total pressure rise coefficient
reduced by about 5.4% with roughness while the calculated value

reduced by about 2.4%. Table 2 compares the measured and cal- , 5,
culated values of the overall mass-averaged total pressure ris

coefficient at the design point.

100
90 |
80 |
70
60 |
50
40
30
20
10 1

0 \ T
0.00 0.20 0.40

—&o— smooth blade row
—&— roughened blade row

—B— stepped blade row
—&— single roughened blade

% Span

0.60

Pitchwise averaged total pressure rise coeff.

0.80

1.00

Fig. 7 Radial profiles of pitchwise mass-averaged stage total
pressure rise coefficients for smooth, stepped and roughened
blade-rows and single roughened blade at design point,
¢»=0.51. (Roughness from LE to peak-suction. )

100

ol —o— smooth blade row

80 1 —#— roughened blade row

70 —8— stepped blade row
- 604 —&— single roughened blade
& 50
X 40

30

20

10

0 ‘ —& sl=s
0 0.1 0.2 0.3 0.4 0.5 0.6

Pitchwise averaged Vx/U,,4

Fig. 8 Radial profiles of pitchwise area-averaged axial veloci-
ties for smooth, stepped and roughened blade-rows together
with single roughened blade at design point, ¢$=0.51. (Rough-
ness from LE to peak-suction. )
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Fig. 10 Comparison of surface static pressure distribution at
different spanwise locations of smooth and roughened blade-
rows at design point, ¢$=0.51. (Roughness from LE to peak-
suction. )
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b

Fig. 11 Comparison of total-to-total and total-to-static stage
pressure rise characteristics for smooth and roughened blade-
rows. (Roughness from LE to peak-suction. )

The measured and predicted variation of the mass-averaged
tal pressure rise coefficient as a function of flow coefficient i
plotted in Fig. 14 for smooth and roughened blades. The measu
ments are for single roughened blade as well as for the ent
roughened blade-row. The calculation with roughness can be st
to capture the trend of measurements although the effect is unc

Trailing edge

Roughened stator

Fig. 13 Predicted contours of exit total pressure rise coeffi-
cients for smooth and roughened stator blade at design point,
¢#=0.51. (Roughness from LE to peak suction. )

Saddle point
Smooth stator estimated, especially below the design pdit=0.51). As can be
seen in Fig. 14, the experimental value of the average total pres-
Focus of sure rise coefficient for the single roughened bladé-a0.45, is
separation higher than that of the smooth blade. At this flow coefficient, the

flow for the smooth blade has a large separated region and the
roughness in the single passage may have other effects on the flow
in this near-stall condition such that it is possible it makes the
separation smaller. The discrepancy between calculated and mea-
sured pressure rise as stall is approached is perhaps to be expected
because of the increased difficulty of modeling the flow in this

regime.
[}
£
c
o
©
g Table 2 Comparison of measured and calculated overall
3 mass-averaged total pressure rise coefficient for smooth and
roughened blade-rows at design point, $=0.51
Leading edge to peak-suction
roughened stator Smooth Rough
Measured 0.842 0.796
Fig. 12 Numerical suction surface streamlines for smooth and Calculated 0.841 0.821
roughened stator at design point,  ¢$=0.51
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thors would also like to thank Professor J. D. Denton of the
Whittle Laboratory, University of Cambridge for the use of his

0.95 CFD code, into which the roughness model was incorporated. The
opinions expressed here are those of the authors and not necessar-
L P N ily those of Rolls-Royce plc or any other organization.
L] s~
2 085 2 Sreg
fTe) i ~
= Ene Nomenclature
2 o080 i
= ¢ = chord B
ko 075 Cp = pressure coefficientR— Py,)/(1/2pV3)
(',, & smooth blade row (exp.) h = blade heigh(s_par), height from surface
o 0.70 4§ ____smooth blade (calc.) k = roughness height
h»"/ A roughened blade row {exp.) i = incidence
0.65 roughened blade (calc.) LE = leading edge
# single roughened blade (exp.) P = pressure
0.60 PS = pressure surface/side
04 045 05 055 06 r = radius
o Re = Reynolds number
s = blade pitch
Fig. 14 Comparison of measured and calculated mass- SS = suction surface/side
averaged stage exit total pressure rise coefficients at different t = blade thickness
operating points for smooth and roughened stator blade. u = local velocity
(Roughness from LE to peak suction. ) U = blade speed
V = absolute velocity
) x = axial distance
Conclusions y = perpendicular distance
The following conclusions can be drawn from this study:  Greek Symbols

(1) The experiments described in this paper have shown that sur-
face roughness, typical of that which is likely to form during
engine operating lifetime, can lead to a significant reduction
in performance due to its effect on 3D separation.

(2) For the stator used in these experiments, roughness induced a flow coefficient (x/U)
large hub corner separation at the design flow coefficient, giv-  ;, = kinematic viscosity
ing high loss, increased blockage and deviation. The portion ,, = density
of the blade affected extended from the hub to about 30% - = wall shear stress
span. .

(3) When tested as part of a stage, the 3D separation induced%ﬂpscr'pts
roughness caused a significant loss in stage stagnation pres- 0 = stagnation

sure rise over a wide range of flow. 1 = rotor inlet

The blockage induced by the separation is responsible for a 2 = stator inlet

significant radial movement of flow, with a consequent radial 3 = stator exit

redistribution of loading and change of effective incidence. abs = absolute

(5) In contrast to the strong effect on performance when applied calc = calculated values
between the leading edge and suction peak, roughness appli€l A = center-line average
downstream of suction peak had negligible effect. exp = experiment

(6) A simple model for the effect of roughness on wall sheamid,
stress has been developed, suitable for use with RANS calcu- m = mid-height
lation methods. Calculations performed with this roughness h = hub
model show that the effects of patch roughness on blade sur- s = static
faces are reasonably well modelled. X = axial

(7) The predicted streamline pattern on the suction surface andgﬂperscript
the hub wall show that the increase in the size of the 3 -
separation induced by roughness is reasonably well captured, ~ = Passage averaged
as are the overall results for pressure rise. The extra losses and
the increase in thickness of the boundary layer and sepa\raﬁd]c
region are underpredicted. elerences

(8) Although only the stator blades were roughened in this study/[1] Sbadeb_ov S"A'A Q:fgpswv N. A, anA% '\Hﬂxéngs, T ';é%%ﬁ g;sfi‘;-dimensbna'
tis also appropriate t0 carry out experiments on roughenery ST L CUPCEel SN TR STENE SIS, L
rotor blades as well as on both stators and endwalls. This ~ adding Roughness and Thickness to a Transonic Axial Compressor Rotor,

perhaps can be considered as a future work. ASME Paper 94-GT-339.

[3] Bammert, K., and Woelk, G. U., 1980, “Influence of the Blading Surface
Roughness on the Aerodynamic Behavior and Characteristic of an Axial Com-

Acknowledgments pressor,” ASME J. Eng. Gas Turbines Pow#®2, pp. 579-583.

. . [4] Boyle, R. J., 1994, “Prediction of Surface Roughness and Incidence Effects on
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Potential and Viscous Interactions
for a Multi-Blade-Row
Compressor

A computationally efficient time-accurate vortex method for unsteady incompressible
flows through multiple blade row systems is presented. The method represents the bound-

Yu-Tai Lee ary surfaces using vortex systems. A local coordinate system is assigned to each indepen-
Naval Surface Warfare Center, dently moving blade row. Blade shed vorticity is determined from two generating mecha-
Carderock Division, nisms and convected using the Euler equation. The first mechanism of vorticity generation
West Bethesda, MD 20817 is a potential mechanism from a nonlinear unsteady pressure-type Kutta condition applied
e-mail: LeeYT@nsweed.navy.mil at the blade trailing edges. The second mechanism is a viscous mechanism from a viscous
. 1 wake vorticity (VWV) model implemented to simulate the viscous shear layers on the
sznang Feng blade pressure and suction sides. Two different two-blade-row compressor systems, a
The Pennsylvania State University, rotor/stator (R/S) system and a stator/rotor (S/R) system, were used to investigate the
University Park, PA 16802 interaction forces on each blade row. Computational results of the potential and viscous
e-mail: fengji@pweh.com interaction forces are presented and compared to measurements. The comparison suggests

that the viscous wake interaction accounts for-38% of the peak loading for an axial
spacing of 10% chord length between the blade rows. The efficient computational method
is particularly attractive for blade indexing study. Therefore a three-blade-row rotor/
stator/rotor (R1/S/R2) compressor system is used to demonstrate the indexing calculations
between the two rotor positions. Resultant forces on each blade row are presented for ten
rotor indexing positions and three axial gap sizes for the gaps between R1 and S and
between S and R2. The unsteady peak-to-peak force can reatb5%00f inflow dynamic

head for the gap spacing investigated. The minimum-to-maximum variation of the un-
steady force can account for 460% of averaged unsteady

force. [DOI: 10.1115/1.1740778

Introduction vestigating the unsteady nature of the blade design is very desir-
Blade-row interaction in turbomachinery is important becauseal'tble -if unsteady loading is to be incorporatgd_ at the design stage.
.~ This paper presents a computationally efficient method for ana-
generates “F‘Stead_y forces on the blades and causes blade f?i ﬁg unsteady forces in a multiple blade-row turbomachinery
and_ interaction noise. In order to reo_luce th(_ase drawbacks ';{%tem. The current work adapts previous developmghgs1d,
desirable to investigate the blade-row interaction at an early stagfich account for the unsteady potential interactions in multiple
of the design phase. . blade-row turbomachinery. A viscous wake vorticityWV)
Many researchers in the past have undertaken experimeniajqe| is developed and implemented along with the previously
and/or computatlona! investigations on rotor/§tator interactioeveloped inviscid shed vorticity model to account for strong un-
Among the computational approachés:-5], Navier-Stokes and steady viscous blade-row interaction. The advantages of the cur-
Euler solution methods with and without turbulence closures haygnt approach arél) it does not require the generation of compu-
been used to describe the unsteady flow phenomena betweeni#fignal volume grids as required by Navier-Stokes/Euler solvers;
blade rows. In addition, forced response due to blade/wake inte#) no numerical diffusion exists in the shed vorticity wake sys-
action has been investigated theoretically by Goldstein and Atagsin; (3) no interpolation error exists in the blade-row grid inter-
[6] and Goldstein7]. Experimental studie$8—12, of the forced faces; and(4) the numerical matrix system of unknowns is an
response provide wake/blade interaction contributed from potesrder of magnitude smaller than that required by Navier-Stokes
tial effect and shed vortical wake. More recent studié8-14, solvers.
use more advanced analysis tools and experimental data for ana4su and Wo’s measuremenf4,7], on a low-speed compressor
lyzing wake and foil interaction. Valkov and T@h5] use compu- are used to validate the current VWV model on two-blade-row
tational method to study the control of the shed viscous wake ennfigurations including a rotor/statdR/S) and a stator/rotor
the downstream stator. Blade-row clocking was investigated $/R) system. A three-blade-row configuration is further investi-
indexing either the stator rows including IGV and nozfl,16, gated to demonstrate the potential of the current prediction
or the rotor rows[17]. scheme for blade-row indexing on a rotor/stator/rdfR1/S/R2
Although recent advances in CFD methodologies for turbomaystem.
chinery applications have been extraordinary, usage of these ad-
vanced tools for fully unsteady multiple blade-row calculations athe \ortex Computational Method

an early design stage is still uncommon due to the time and effort_l_h hod includes the d o f blad ‘
required for correctly setting up the calculations. Certainly, a ' "€ Vortex method includes the determination of blade surface

quick and efficient but still reasonably accurate approach for ifortices, the shed vorticity from the blade trailing edges, and the

shed vorticity from shear layers on both sides of the blades. The

Currently with United Technologies—Pratt & Whitney, East Hardford, CT. .bla.de.surface vortices and trang-edge shed vorticity are. of an

Contributed by the International Gas Turbine Institute and presented at the |m[:_[?_VISCId nature and the shed vorticity from the shear layers is of a
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, JUAESCOUS nature.

16-19, 2003. Manuscript received by the IGTI December 2002; final revision March
2003. Paper No. 2003-GT-38560. Review Chair: H. R. Simmons. Blade Surface Vortex System. The blade surfaces are repre-
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Fig. 1 Schematics of the compressor tested by Hsu and Wo
(1997)

sented by vortex elements. The strengfbsof these vortex ele-
ments are represented by the following integral equation.

f 5bGds+J EGdv
80 Q

whered is the velocity at a field poinp and timet, andG is the (b}
Green's function. The surface integrals are performed on the

boundary surfaceX) for the surface normal velocity, andé,. Fig. 3 Configurations of R /S and S/R with the definition of the
The volume integral over the flow domafn is for the shed vor- stator force

ticity é which, after its generation at the blade trailing edges,
convects downstream according to the Euler equation:
ag in Egs. (1) and (3) is presented in Lee et dl19] along with a
— 4+0-VE=0. (2) cascade extension, where the shed vorticity from the potential
effect, &1, is calculated.

Ref. Stator
(1)

G(p,t):VJ u,Gds— VX
50

ot

Equation(1) has a flow tangency boundary condition on the

blade surfaces() given by Blade Shed Vorticity System-Viscous Effect. The viscous

shear layers on both sides of the blades are also modeled in the
present analysis. The additional vorticity generated from the vis-

®3)
L . R . cous layers is related to the viscous boundary layers at the blade
Uy, is the velocity on the blade surface ands the unit surface trailing edges.

normal vector on&X). For the present work, the blade surface

vortex strength is represented by a linear function for each dis-
cretized surface element. Equatidi$ and(SZ can be solved with
a Kutta condition for the surface vorticit§,. The number of
unknowns to be solved corresponds only to the number of surf
elements.

Un:ljb' ﬁ

&is= VXV )

For a two-dimensional blade cross-section, &j.can be simpli-

f'%d asy=— dU(x,y)/dy, whereU(x,y) is the blade wake de-

ect velocity or the combined velocity profile from the two bound-
ary layers on the blade pressure and suction sides. This viscous
Blade Shed Vorticity System-Potential Effect. The shed vorticity is only generated in a wake location close to the blade

vorticity strengths¢é from the blade trailing edges can be deter-
mined from Kelvin's theorem which requires that the total circu-
lation of the fluid at any instant be conserved. This condition i~
transformed to

Calcon S, x/c=0.08
1.2 « Calcon S, x/c=0.16
) Calcon S, x/c=0.24

Meas, AOA=0, x/c=0.08

f Epdst f &dv = constant. 4
S50 QO

The shed vorticityé in Eq. (4) contains the vorticity from the
potential effect and the viscous effect. The numerical implemei

tation of Eq.(4) with the system of equations fcfg, as described

1.1

1

A Meas, AOA=2, x/c=0.16

0.93—

Ret. Stator R/S/R 2 °oF

v, o7}

Rotor1&- %“E Wb

_E w
Gap1—l I~ G:Ipz Rotor 2 0l 'yéc' S X E—T

Fig. 2 Definition for Gap 1, Gap 2, and indexing
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dals

Fig. 4 Comparison of blade wake velocities with the viscous
wake vorticity (VWV) model
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IC
(1
trailing edge and convected downstream with the blade wak
while maintaining its strength. The wake defect velocity is formu-
lated as 0
U—U
U(XY)=Uq 1— ———Ce 60/9° 6)
e
whereU, is the boundary layer edge velocity, the wake cen- oY1);] ANESHETEN NAENTIE NI N -
terline velocity, ands the wake shear layer thickness measures 0 0.2 0.4 0.6 0.8 1
from the wake centerlines can be different for the upper and (b YT
lower surfaces if the shear layers are asymmetric. The viscous
shed vorticity is therefore represented as Fig. 6 Comparison of unsteady forces on the stator under R~ /S
1 configuration with Gap 1 of (&) 0.1c; and (b) 0.3c
y=- %D(Uef Ug)eb01", %

The damping factoD in Eq. (7) is defined based on Raj and

Lakshminarayan20] as The viscous wake vorticitf VWV) obtained from Eqgs(5)

through(8) is added to the shed vorticity obtained from the po-

\/T tential effect as
D=125\/————— 8 Z_Z e
(X/CJFO.Oz)1 m ® §:§p01+§vis- (9)

wherec is the blade chordn relates to the pressure gradient afhis total vorticity is applied in Eq4) to produce the total shed
the trailing edge, an€, is the blade drag coefficient. vorticity from the trailing edges.
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Fig. 7 Patteh;ns of vortex field for  #/ T at (a) 0.04; (b) 0.16; (c) 0.44; and (d) 0.90
Description of the Compressor and Test Data predictions and the measurements are made at a near-design load-

. ing with a flow coefficient of 0.6 and a reduced frequency of 7.16.
The large-scale low-speed modern compressor used in tlﬁge test Mach number is 0.078 and the Reynolds number is
study was designed and tested by Hsu and Wd. The compres-

h i 1 ists of three blad d IGV1.92>< 10° based on the rotor relative velocity and chord length.
SOr, as shown Ifig. 1, COnsISts of three blade rows and an The test data include unsteady pressures and forces acting on

far upstream for inflow conditioning. The compressor was dgpe stator for the rotor/statdR/S), stator/rotor(S/R), and rotor/
signed to allow variable axial gaps, as showrFig. 2, between  giator/rotor(R/S/R) test configurations as shown figs. 2and3.

the first rotor and the staténamed Gapjland between the stator For the R/S configuration, the second rotor was removed. For the
and the second rotoinames GapR All blades have the same s/R configuration, the first rotor was installed two chord-length
chord lengthc of 6 cm. The blade counts for rotors and stators angpstream of the stator. The forces presented in this paper are
58 and 60, respectively. The blade hub-to-tip ratio is 0.8 and tlierces normal to the blade chord and normalized by the inflow
solidity ranges from 1.37 to 1.42. The comparisons between tbgnamic pressure head.
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Compressor Predictions 0.5,

This paper includes studies of blade interactions for two ar
three blade rows with the intention of understanding the physi
of blade-row interaction and investigating the robustness of tt
present prediction scheme. First, the viscous wake vorticil 0
(VWV) model is validated using a calculation on the stator alont o
Then, blade interaction in the two-blade-row configurations, i.e%
R/S and S/R, are examined. Finally, the three-blade-row configg
ration, i.e., R/S/R, is used to explore the indexing of two roto-0.5
blade rows, which produces the unsteady effect on all three blai
rows. Since the blade count between the rotor and the stator:
58/60, all the calculations presented in this paper assume the p=
tors have the same pitch as the stator. All calculations were p -1
formed at midspan, where the experimental data were taken.

INSTANTAN

Validation of the Viscous Wake Vorticity (VWV) Model
The implementation of the VWV model starts aroux@=0.03
in the blade near wake, wher& {—U.)/U.~0.85. For the con-
trolled diffusion blades used by Hsu and 7], it is estimated
thatm~0.12,C4=0.02 andé/c~0.07 at a condition near to the
experimental condition. Computed stator wake velocities based

the current VWV model at three axial locations are showFRim '2‘5 0.2 0.4 06 0.8 1
4. These velocity distributions are compared to measurements : ' : :
Raj and Lakshminarayari0] for a cascade similar to the present FRACTION OF CHORD

; ) SE0's  Instantaneous pressure distributions around the stator
compressor and the cascade used by Raj and Lakshminarayg P

[20] seem to be similar.

Rotor-Stator (R/S) Calculation. For the two-blade-row R/S
configuration, two different sizes of Gap(10% and 30% choid pjade trailing edges shown Fig. 7 move in the positive y direc-
were examined. The calculations converge in seven periods, ihn. Each blade of the rotor and stator rows sheds both the po-
about 350 time steps, to approach to a periodic condifiegure o i (o) and the viscous ) vorticity. These vorticity are

f ABhvected based on E(®). The maximum stator force occurring
from the last 200 time steps for GapD.1c. The results shown 4¢4/1_( 16 (Fig. 6(a)) corresponds to the core of the rotor shed

are based on the calculations with and without shedding the ViSSrticity impingi :
= . y impinging on the leading edges of the stator blades as
cous wake vorticitf VWV). The VWV model has no impact on shown inFig. 7(b). This rotor wake/stator leading edge interaction

the upstream rotor, but it has a profound effect on the downstrea e the effective flow incidence angle on the stator blade to
Ztg})t/orl' The pﬁak fﬁrce c_)r;]the ﬁatmth thg YWV model is aboyfange drastically and produces the leading-edge pressure peaks

i arg%r tha” t ";_‘]t Wit 0”‘5 ef mo he. . seen inFig. 8. The minimum stator force occurring H(T=0.44

igure 6 shows the unsteady forces on the stator for one co ig. 6(a)) when the instantaneous pressure on the pressure side

plete period at both gap sizes. The unsteady force shown is & ches a minimum shown Fig. 8. This happens as the pressure-
_c;ﬁference btetweg_n t_the |ns_t;ntan;oqfhfortc(tahansvt/f:/e me;nl foI98e vorticity moves off of the trailing edge and produces lower

e presden pLe Ictions with an fW' bouh € dmcl) €l afressure on the pressure side than on the suction side. This nega-
compared to the measurements for both gaps and also 1o g effect on the stator normal force generation is gradually re-

leased after the pressure-side vorticity travels into the stator wake.
calculations with the VWV model, when compared to the mear P . y

compressor. The wake velocity characteristics between the pre gt
@e at four instants shown in Fig. 7

h dge shown irFig. 7(d).
present compressor covers 6° of tangential angle. However, t%eg shown irFig. 7(d)

predicted phase of the peak force for GagL 3c agrees well with  Stator-Rotor (§R) Calculation. The S/R configuration re-
Hsu and Wo’s solution. The near peak force from the measumguired a more elaborate analysis than the R/S configuration. As
ments persists for a longer time than that predicted by both thwlicated earlier, the stator force was measured with the first rotor
current method and by Hsu and \\Wb7]. However, the differences installed two chord lengths upstream of the stator. Hsu and Wo
between the peak phasesHiys. 6a) and6(b) for the predictions [17] assumed the rotor was far enough upstream to have a mini-
and the measurments correspond to the times for the vorticityum effect on the stator. In order to test the validity of this as-
traveling an extra distance (0.2c) for the larger spacing. This déumption, two simulations of the S/R configuration were per-
ference is 0.18 for the prediction and OTL for the experiment formed: one using only the stator and the second r¢here,
from Fig. 6 as compared to 0.I7estimated from the measuredcalled the S/R cageand another using the experimental configu-
rotor exit flow angle when the stator blades cutting through thation with the first rotor located two chord lengths upstream of
rotor mean wake. From the sparseness of the measured pointstiier stator(called the R/S/R-G%2c casg In both cases, Gap2
a completeT in Fig. 6 and the above comparison, the uncertainity=0.1c and predictions were made both with and without the
of the measured peaks could reacht6.1T. VWV model.

Figure 7 shows the rotor shed vorticity interacting with the Figure 9 shows the predicted normal forces acting on the stator
stator blades and their shed vorticity for the Gagfl1c case at and the rotor for the S/R cagero upstream rotor The prediction
the instants ot/T=0.04, 0.16, 0.44, and 0.90. Note tHay. 7 results are similar to the prediction for the R/S configuration. The
shows only the locations of all the generated and convected veredicted force on the first blade rdatato) is not affected by the
ticity at four instants. The predicted instantaneous pressure disWM/V model. The VWV model, however, has significant impact
butions on the downstream stator blade associated with these foarthe second blade ro@wotor). The minimum rotor force is 25%
instants are plotted ifrig. 8. The integrated forces from theselower than the average force obtained without the VWV model.
pressure profiles was given previously Fig. 6(a). The rotor Figure 10 compares predicted forces of the unsteady component
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Fig. 10 Comparison of unsteady forces on the stator under
S/R configuration with Gapl =0.1c

Figures 12 and 13 show the impact of rotor indexing on the
forces acting on the first rotdR1), the stator(S) and the second
rotor (R2). Figure 12 shows the average force acting on each
blade (average over one rotor peripds a function of indexing.
Note that forces acting on R1 and R2 are opposite to those acting
on S.Figure 13 shows the difference between the minimum and
maximum forces acting on each blade during the rotor period in
response to the rotor indexing conditions showrFig. 12 Fig-
ures 12a) and13(a) demonstrate the predicted forces for a con-

Fig. 9 Normal forces on (a) the stator; and (b) the rotor for the
S/R configuration with Gap2 =0.1c

on the stator from the S/R case, the R/S/R=2Ic case, and the

measurements. Results from the R/S/R=Ic case agree much

better with the measurements than those from the S/R case, [
ticularly the peak-to-peak value. This suggests that the unstea
influence of the upstream rotor, although it is two chord length
away, still exists.

Rotor-Stator-Rotor (R1/SR2) Calculation. Calculations for
the three-blade-rowtR1/S/R2 configuration with various values
for Gapl and Gap2 were used to investigate the indexing betwe
two rotors. The rotor indexing is represented by the paramet
d/Sg shown inFig. 2.

First, a calculation was performed with GapGap2=0.1c and
d/S¢=0. Figure 11 compares the measured time-averaged pre
sure distributions on the stator with the predicted distribution
with and without the VWV model. Although the current predic-
tions overpredict the trailing-edge pressure, the loading cun
from the measurement is similar to the predicted loading curve

o

The negligible difference between the two predicted curves dem-

onstrates that the wake interaction with both potential and viscogig. 11 Averaged pressure distributions on the stator under

2 B Il Measurement -
B Calc wio VWV E
3 — — — — Calcw/VWV b
1k —

x/c

effects has a minimum effect on the predicted mean pressuresR1L/S/R2 with Gapl =Gap2=0.1c and d/S;=0
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Fig. 13 Instantaneous minimum-to-maximum normal forces
Fig. 12 Averaged normal forces on R1, S, and R2 for the rotor on R1, S, and R2 for rotor indexing with (a) Gapl=0.1c; (b)
indexing with (a) Gapl1=0.1c; and (b) Gap2=0.1c Gap2=0.1c
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stant Gapl size of 0.1c and a varying Gap2 size of 0.1c, 0.3c or
0.5c¢. Figures 12b) and13(b) show the similar results for a con-
stant Gap2 size of 0.1c and a varying Gapl size of 0.1c, 0.3c or
0.5c. All calculations use the VWV model. These solutions were *©
obtained using computational CPUs of two orders of magnitude
less than those obtained from solving the unsteady Reynolds-
averaged Navier-Stokes equations.

The unsteady force on R1 is affected by the changes of Gapl
(Figs. 12b) and 13(b)), but the changes in Gap2 and the rotor *
indexing have no effect on R(Figs. 12a) and 13(a). Both the
unsteady peak-to-peakFig. 13(b)) and average(Fig. 12(b))
forces on S vary with Gapl. As Gap1 increases from 0.1c to 0.5c,
the peak-to-peak variation of the average stator force in response

The S/R calculations show that unsteady blade-row interac-
tions exist even for axial blade row spacing of up to two
chord lengths.

Changes in Gapl of the R1/S/R2 configuration have a large
effect on the instantaneous forces on both R1 and S, but on
the average force on S only. Similarly changes in Gap2 have
a big influence on the instantaneous forces on both S and R2,
but the average force on R2 only.

The unsteady peak-to-peak force accounts for 10—-15% of
inflow dynamic head for R1 and S with GagD.1c of the
R1/S/R2 configuration. This unsteady force reduces to a
maximum of only 5% on all blades for larger values of Gapl
and all values of Gap2 studied.

to the rotor indexing decreases from 0.05 to nearly Zétig. °
12(b)). With Gap1 constant, the variation of Gap2 has a minimum

effect on the stator average fordéig. 12(a)) although the peak-
to-peak unsteady force still varies with the change of G@pg.

13(a)). Overall, the unsteady peak-to-peak force on R1 and S

amounts to 10—15% of inflow dynamic head for Gagl. 1c. For

The rotor indexing on the rotor/stator/rotéR1/S/R2 con-
figuration has no effect on R1. Both S and R2 have a mini-
mum unsteady and average force at a rotor indexing of
d/Ss=0.2, and a maximum ai/Sg=0.8. The minmum-to-
maximum variation of unsteady peak-to-peak forces on S or
R2 at either G¥0.1c or G2=0.1c can account for 40-50%

of the averaged unsteady peak-to-peak force. This feature is
confirmed through Hsu and Wo’s measurement. In addition,
the unsteady viscous effect has a little effect on the blade
mean pressure distribution.

the larger values of Gapl and all values of Gap?2 investigated, the
unsteady forces on all three blade rows are below 5% of the in-
flow dynamic head. However, the variation of unsteady peak-to-
peak forces acting on S at G10.1c between the minimum and
the maximum due to the rotor indexing accounts for 42% of the
averaged unsteady peak-to-peak foiery. 13)..Both Figs. 12a) Acknowledgments

and 12(b) indicate the average stator force is minimumdéSg ) )

=0.2 and maximum atl/Sg=0.8. This phenomenon agrees with This work was sponsored by the Oﬁlcg of Naval Resedreb-

the stator unsteady peak-to-peak forces showFigs. 13a) and dram Element PE60212hnder the Machinery Systems Task and
13(b) and is similar to the experimental finding of Hsu and wdhe Hydroacoustics Task. The program monitors are LCDR F.
[17]. The average force on R2 varies with changes in GE&ig. Novak and Dr._L_. Patrick Purtell. The authors_are mdebteo_l to Prof.
12(a)), but not with changes in GapFig. 12(b)). Although the A. Wo for providing the compressor data. This WOt‘K was |n|t|atfed
variation of unsteady peak-to-peak force on R2 due to rotor iMhen Dr. J. Feng was employed at the Pennsylvania State Univer-
dexing is less than 5%Fig. 13), the variation of unsteady force Sity. Mr. J. D._(_?hen of the Pennsylvania State University contrib-
acting on R2 at G20.1c accounts for 50% of the averaged!ted in the initial stage of the work presented here.

unsteady force. Also the force on R2 is similar to that on S and

has a minimum force atl/Sg=0.2 and a maximum force at Nomenclature

d/Ss=0.8. AOA = angle of attack
b = blade
¢ = blade chord
Cy = blade drag coefficient used in E@), [20]
Conclusions C, = static pressure coefficient,
o . . (pressure-reference pressure) /3
An efficient time-accurate vortex calculation method for D damping factor, defined in Eg8)

multiple-blade-row turbomachinery is developed and validated for =
predictions of flow-induced unsteady forces on blades due to g1 G2
blade-row interaction. The blade shed vorticity is convected based G
on a Lagrangian tracking method. The current viscous wake vor- m
ticity (VWV) model is validated for flow fields near design opera-

force normal to blade chord, defined in Fig. 3
gapl and gap2, defined in Fig. 3

Green'’s function used in Eql)

parameter related to trailing-edge pressure gradi-
ent, used in Eq(8), [20]

tion. The computational method developed does not need complex A = unit surface normal vector
volume grids, which many other CFD approaches depend on. The s = surface integration, used in E(L)
current solution does not have problems associated with numerical s, = plade pitch

wake diffusion and blade-row interface interpolation. The compu- t = time

tationg presented_for the current low-speed compressor suggestthe 1 — period

following conclusions: G = velocity vector

« The current VWV model accounts for 30% of the stator Ub:Ve = blade moving velocity
maximum force for the rotor/statdiR/S) configuration and up = velocity normal to surface
25% of the rotor minimum force for the stator/rott®/R) U = wake velocity .
configuration. U. = wake centerline velocity _

« Vorticity impinging on the blade leading edges produces Ue = boundary layer edge velocity
leading-edge suction and pressure peaks and a maximum in- U = Volume integration, defined in E¢1)
stantaneous loading on the blades. On the other hand, vortic- YWV, = viscous wake vorticity
ity leaving the pressure-surface trailing edges produces an V= velocity associated with VWV
opposite effect and therefore a minimum loading. X = axial coordinate

« The present method predicts the magnitude of the instanta- y = local coordinate normal to streamline direction
neous forces well. However, for the two Gapl sizes in the o = wake thickness
R/S configuration, the phases of both the current predictions ~ &) = blade boundary surface
and Hsu and Wo's Navier Stokes solution are off by 10% to Q) = volumetric flow domain
15% of the blade pitch. This difference may be attributed to Y = third component o€, defined in Eq(7)
the measurement uncertainty of the peak unsteady force. p = density
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£ = shed vorticity Aerodynamic Gust Response: Part 1—Forcing Function,” ASME J. Turbom-

> . ach.,115 pp. 741-750.
¢, = blade surface vorticity [10] Henderson, G., and Fleeter, S., 1993, “Forcing Function Effects on Unsteady
= sh vorticit t tential effect Aerodynamic Gust Response: Part 2—Low Solidity Airfoil Row Response,”
g-POt shed vo _C_ y due to p.O ential efiec ASME J. Turbomach.115 pp. 751-761.
¢is = shed vorticity due to viscous effect

[11] Feiereisen, J. M., Montgomery, M. D., and Fleeter, S., 1994, “Unsteady Aero-
dynamic Forcing Functions: A Comparison Between Linear Theory and Ex-
periment,” ASME Paper 93-GT-141.
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Detailed Flow Study of Mach
Number 1.6 High Transonic Flow
oo | With @ Shock Wave in a Pressure
~ Hir 1 Higashimori . .
sy vasies 16 oo - Ratio 11 Gentrifugal Compressor

Nagasaki 851-0392,

= | lmpeller

Kiyoshi Hasagawa Requirements for aeronautical gas turbine engines for helicopters include small size, low
Mitsubishi Heavy Industries, Ltd., Nagoya weight, high output, and low fuel consumption. In order to achieve these requirements,
Guidance & Propulsion Systems Works, development work has been carried out on high efficiency and high pressure ratio com-
1200 Higashi-Tanaka, Komaki, pressors. As a result, we have developed a single stage centrifugal compressor with a

Aichi 485-8561,Japan pressure ratio of 11 for a 1000 shp class gas turbine. The centrifugal compressor is a high

transonic compressor with an inlet Mach number of about 1.6. In high inlet Mach number
compressors, the flow distortion due to the shock wave and the shock boundary layer

Kunio Sumida interaction must have a large effect on the flow in the inducer. In order to ensure the
reliability of aerodynamic design technology, the actual supersonic flow phenomena with
Tooru Suita a shock wave must be ascertained using measurement and Computational Fluid Dynamics
(CFD). This report presents the measured results of the high transonic flow at the impeller
Mitsubishi Heavy Industries, Ltd., inlet using Laser Doppler Velocimeter (LDV) and verification of CFD, with respect to the
Nagasaki R&D Center, high transonic flow velocity distribution, pressure distribution, and shock boundary layer
5-717-1 Fukahori-Machi, interaction at the inducer. The impeller inlet tangential velocity is about 460 m/s and the
Nagasaki 851-0392, relative Mach number reaches about 1.6. Using a LDV, about 500 m/s relative velocity
Japan was measured preceding a steep deceleration of velocity. The following steep deceleration

of velocity at the middle of blade pitch clarified the cause as being the pressure rise of a
shock wave, through comparison with CFD as well as comparison with the pressure
distribution measured using a high frequency pressure transducer. Furthermore, a reverse
flow is measured in the vicinity of casing surface. It was clarified by comparison with
CFD that the reverse flow is caused by the shock-boundary layer interaction. Generally
CFD shows good agreement with the measured velocity distribution at the inducer and
splitter inlet, except in the vicinity of the casing surfa€POl: 10.1115/1.1791645

Introduction was measured by H. Krain et &6,7], and estimation using a 3D

Extensive research has been carried out regarding the inter\r/1is ous code was carried out by C. Hah and H. Kidih
9 9 he present authors also investigated the internal flow of cen-

flow of high pressure ratio ce_ntrlfugal COMPressors a_pplled ﬂfugal compressors, measuring the actual flow in certain impel-
small gas turbines and mdugtnal Compressors. In particular, t s and verifying CFD in order to improve centrifugal compres-
actual flow measurement using laser velocimeters and the Cogpy performance for small gas turbines and turbochargefs/ )
putational Fluid DynamicsCFD) verification have been carried heasurement and CFD verification have been conducted for “a
out with respect to the sho_ck wave in _th_e_lmpeller inlet portion, aghsonic impeller9,10], and LDV measurement, pressure dis-
well as the low energy region in the vicinity of the shroud casingyibution measurement, and CFD verifications were carried out for
wake, and jet at the impeller outlet. “a low transonic impeller’[11].
Regarding the impeller outlet flow pattern, the jet and wake of Here, we report on “the high transonic flow of a Mach number
a radial impeller with a pressure ratio of 2.1 were measured usiBfjabout 1.6 at the inducer” of a centrifugal compressor having a
Laser 2 Focus Velocimet¢t2F) by D. Eckardf1]. Smoothing of pressure ratio of 11, for practical application in an aeronautical
the jet and wake in a backswept impeller with a pressure ratio gas turbine.
4 was measured using L2F by H. Krdi], and estimation using
a three-dimensiondBD) viscous code was carried out by C. Hah
[3]. Regarding the impeller inlet transonic flow, the pressure dis- .
tribution of the shock wave in the inducer of a radial impeller witd €St Facility
a pressure ratio of 10 was measured by Y. Senoo ¢tthland Figure 1 shows the test impeller. A double splitter type back-
flow patterns were measured using L2F by H. Hayami ef5l. swept impeller design was adopted to decrease blade loading and
Furthermore, the transonic flow of a backswept impeller with @ increase the impeller choke flow rate. Figures 2, 3 and Table 1
pressure ratio 6.1 having a Mach number 1.3 with a shock waskow the high pressure ratio centrifugal compressor test facility,
compressor characteristics, and compressor and impeller specifi-
Contributed by the International Gas Turbine Institd®TI) of THE AMERICAN  cations respectively. The tangential velocity of the impeller outlet
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF |5 about 680 m/s, the inlet tangentia| Ve|0city is about 460 m/s,
TURBOMACHINERY. Paper presented at the International Gas Turbine an@nd the machine Mach number reaches about 1.35. The blade ti
Aeroengine Congress and Exhibition, Vienna, Austria, June 13-17, 2004, Paper F ) . U . p
2004-GT-53435. Manuscript received by IGTI, October 1, 2003; final revisiozle@rance is about 0.2 mm. The impeller outlet absolute velocity is
March 1, 2004. IGTI Review Chair: A. J. Strazisar. supersonic, and the Mach number is about 1.2. A radial channel
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diffuser is attached. A passage downstream of the diffuser is cor  0.90
figured in the axial direction, with an axial vane diffuser and a
corrector as shown in Fig. 2. 0.85
Regarding the compressor characteristics, the pressure ratio o8 3.0 3.2 34 36

11 at a mass flow rate of 3.3 kg/s. The point just below the choke

flow rate is the point of maximum efficiency. Both impeller effi- Mass Flow Rate G (kg/s)

ciency and diffuser pressure recovery reach their maximum at thi (b)
point, and LDV measurement was conducted at this operating
point. Fig. 3 Compressor characteristics:  (a) pressure ratio, (b) effi-

Table 2 shows specifications of the LDV system. The two congiency ratio maximum efficiency
ponent velocities are measured using a two color system. All of
the effective data detected by LDV can be processed using a sys-
tem that records LDV measurement data and the phase of revolu-
tion. The LDV measurement results shown in Figs. 5 and 8—Y0essure data is finer than 1/10 of the blade pitch. The absolute
are the average values of data detected in each section, covaue of the pressure wave shown in the figure is composed of the
sponding to 1/80 of the blade pitch. The detected data number ftuctuation component detected by the pressure transducer and
each point is about 1000. data from the static pressure tap.

Table 3 shows the specifications of the pressure transducer. Th&igure 4 shows the arrangement of the LDV and pressure trans-
sampling rate is 1 MHz, and 106 data points per pitch can lskicer measuring sections. LDV measurement was conducted for
obtained. The pressure wave shown in Fig. 10 is the instantanetiuge Sections Il, Ill, and IV. Section Il is positioned so that the
data of two pitches, and the wave pattern is nearly the same franter of the throat can be measured, so as to determine the exis-
every pitch at the operating point. As the measured pressure datace of the shock wave. Section Il is positioned where the re-
with 1 MHz sampling oscillate alternately, the mean values of theults of the shock-boundary layer interaction on the suction sur-
next 2 points are expressed. Considering that the natural fface can be measured. Section IV is placed downstream from the
quency of the pressure transducer is 600 kHz, the resolution fisét splitter leading edge so as to ascertain the low energy region

Table 1 Specification of compressor and impeller

Pressure Ratio 11

Mass Flow Ratio 3.3 kg/s

Peripheral Velocity 680m/s approx.

Blade Number 11+11+22 (Double Splitter)
Inlet Diameter 168 mm

Table 2 Specification of LDV

Focal Length 600 mm
. BSA
Signal Processor 2 Color, 4 Beam
Fig. 2 High pressure ratio compressor test facility Laser Power 5 W Argon Laser
474 | Vol. 126, OCTOBER 2004 Transactions of the ASME
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is seen. Figure ®) shows the Mach number contour in the vicin-

Table 3 Specification of pressure transducer ity of the casing in the inducer. The boundary layer on the suction
surface tends to thicken because of shock boundary layer interac-
f, = 600kHz tion on the suction surface, but this tendency cannot be seen in the
Pressure Transducer AP = 350kPa(FS) measured velocity distribution. Regarding Sec. IV, the obvious
Diameter = 1.52mm (3.2% pitch) distortion known as the “low energy region” at the corner of the
— casing and suction surface is also not detected. A detailed com-
Amplifier f=1MHz parison between the LDV and CFD results is shown below.
Data Recorder f=1MHz (At=1pus) Results of CED

Figure 6 shows a computational grid and the relative Mach

number contours of the two-stream surface about 3 and 1.5 mm

extend_ing on the Sth“d casing. _The pitch of the pressure Urafgm the casing. The numerical method is a modified Dawes’s
ducer is set to 4 mm in order to display the throat pressure distio3p code for a double splitter impeller. The grid size is 60

bution with five sections. % 133x 35 with 279 300 nodes. The clearance is about 0.3% of the
blade height at the leading edge, and is expressed using four
Results of LDV Measurement meshes. The upstream Mach number of the impeller leading edge

Figure 5 shows a three-dimensional image of the relative veld§- about 1.6. The oblique shock appears from the leading edge
ity on the three sections. A value of about 500 m/s was measur@ard the suction side, and the passage shock appears across the
on the suction side near casing in Sec. I1. At 6 mm from the casifigfoat.
surface, deceleration considered to be due to the shock wave i§igure 7 shows the Mach number contour on each of the LDV
observed at the middle of the blade pitch. The measurement log2gasuring sections. In Sec. Il, a high Mach number of about 1.5
tion 6 mm from casing is about 90% of the span. The relati@Ppears at the corner of the suction side and casing. The Mach
velocity distortion expands at the position of the shock wave atimber decreases steeply toward the pitch of about 0.4, increases
mm from the casing. In contrast to the fact that the slight influen&ightly and then decreases toward the pressure surface. The Mach
of the shock wave remains even at 10 mm from casing, the refimber following the steep decrease appears to be about 1. Thus,
tive velocity shows a potential type distribution in which decelthe steep decrease of the Mach number seems to be an oblique
eration occurs continuously from the suction surface toward ti§8ock wave. In Secs. lll and IV, the boundary layer thickness
pressure surface. increases at the suction side and casing corner, developing into the

In Sec. Ill, 3 mm from the casing, distortion of the velocityOW energy region in Sec. IV.
distribution estimated by the influence of the upstream dlswmo&omparison Between LDV and CED

A Section Il. Figure 8 shows a comparison between the
LDV measurement results and the CFD results for Sec. Il. The
i relative velocity is composed of the meridional velocity and the
LDV Prove tangential v_elo_city. The solid line corresponds to CFD, while the
dotted line indicates the LDV results.

Regarding the velocity distribution at 6 mm from the casing,
| the relative velocity measured by LDV between 0.08 to 0.35 of
the abscissa shows good agreement with the CFD results. Even in
- the vicinity of the suction surface, the deceleration of the relative

velocity also shows good agreement. Steep deceleration of the

————B 2 \ f relative velocity is seen at around 0.4 of the abscissa. Figleje 6
! shows the Mach number contour of CFD at about 1.5 mm from
the casing Referring to Fig.(6), because Sec. Il crosses with the
shock wave in the position of 0.4 pitch, this deceleration is due to
N the shock wave. As for the CFD result referred to in Fi@)6the
N il A velocity slope of the shock wave is not steep because the calcu-
i o lation mesh interval is coarse over part of the shock wave.
Second Regarding the velocity distribution at 3 mm from the casing, a
0 SpNEr lar f i t about 0.4 on the absci
ge reverse flow region occurs at about 0.4 on the abscissa.
First Splitter Although the absolute value of this reverse flow velocity is about
''''''''''''''''''''''''''' —270 m/s, the accuracy of this value is doubtful considering the
measurement capability of the system. Considering both sides of
the reverse flow, the velocity decelerates from 0.2 toward 0.4 and
reaches a negative value on one side, while the velocity also de-
celerates from 0.7 toward 0.4 and reaches a negative value on the
other side as well. As the velocity range of both sides of the
reverse flow is within the measurement capability, the occurrence
of the reverse flow is definite.

Regarding the meridional velocity at 6 mm from the casing, the
velocity difference between LDV and CFD seems to be the effect
of the reverse flow in the vicinity of the casing.

Referring to Fig. €c), the location where the reverse flow oc-

LDV IV

LDV I

LDV I

L ocation of Pressure Trensducer

(b) curs is the intersection between the blade tip leakage flow and the
shock wave, and it is considered that the reverse flow is caused by
Fig. 4 Cross section of compressor and location of LDV and the interaction of these two factors.
pressure transducer: (a) LDV measuring section, (b) Pressure However, CFD was incapable of estimating the large reverse
transducer and LDV window arrangement flow in the vicinity of the casing measured by LDV. It is under-
Journal of Turbomachinery OCTOBER 2004, Vol. 126 / 475
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Fig. 5 Relative velocity distribution

Oblique Shock
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Fig. 6 Computational grid and Mach number contour: (a) com-
putational grid, (b) Mach number on a stream surface about 3
mm from casing, and (c) Mach number on a stream surface
about 1.5 mm from casing
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stood, however, that CFD is able to estimate flow distribution with
good accuracy in most of the flow range, except just after the
shock wave. The reason why CFD fails to estimate the reverse
flow was not clarified in the work reported here. The turbulence
modeling, mesh arrangement, and clearance treatment are issues
to be considered.

Regarding LDV measurement capability in the vicinity of the
blade surface, and referring to FigiaB although the distance of
the absolute measurement point from the suction surface is not
clear, the relative velocity deceleration toward the suction surface
can be observed at every location from the casing. These data
shown in Figs. 8—10 are worth discussing in terms of the suction
surface boundary layer. The boundary layer thickness in Sec. I
estimated using CFD is about the same as that corresponding to
LDV measurement.

Suction Surface

Boundary Layer Low Energy Region

Shock Wave

(a) (b) (c)

Fig. 7 Mach number contour on each LDV measuring sec-
tions: (a) Section I, (b) Section Ill, (c) Section IV
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Fig. 8 Comparison between LDV and CFD: (a) relative velocity, (b) meridional velocity, (c) tangential velocity
B Section Ill. Figure 9 shows a comparison between thpassage, an obvious low energy region was not measured. It was

LDV measurement results and the CFD results for Sec. Ill. Thkerefore understood that CFD tends to overestimate the low en-
velocity distribution at 3 mm from the casing shows substantiargy region.
distortion in the middle of the pitch. This is considered to repre-

sent the influence of the upstream reverse flow. Results of Pressure Measurement
Referring to Fig. @) showing the Mach number contour about

3 mm from casing, the shock wave across the throat reaches thEigure 11 shows the instantaneous pressure oscillation of two
suction surface, and the suction surface boundary layer thickn& hes. The béa?e prezsurgl surlf_ace and trt‘.e Tucéonhsfgrface_are
increases due to interaction with the shock boundary layer. TRACWN as a red lin€é and a biue lineé respectively. =ach figure in-

effect appears on the relative velocity distributions at both 3 and" des the pressure (_jata of the relevapt sedtied line with blye
P v dotg, preceding sectiofblue ling, and interpolated two sections

ﬁg{een line; 1/3 from preceding section, red line; 2/3 from preced-
g section.
{n segment No. 1, it is found that there is a peak just in front of
e leading edge, and it must be the detached shock. This shock
wave propagates to segments Nos. 2 and 3, and the highest pres-
sure is obtained in segment No. 3. The pressure decreases at
C Section IV. Figure 10 shows a comparison between thdownstream of this shock wave in segments Nos. 3 and 4, with the
LDV measurement results and the CFD results for Section Igressure rising rapidly once again in the vicinity of the pressure
According to CFD, the velocity at 3 mm from the casing shows surface in segment No. 4. This pressure decrease downstream
large low energy region, especially in the suction side passage drain the shock wave corresponds to the slight increase in the
on the splitter blade suction surface. Even at 6 mm from thdach number in Fig. (&) and the relative velocity increase in Fig.
casing, CFD shows a low energy region in the suction side pa&a) 6 mm from the casing. The pressure increase in the vicinity
sage. On the other hand, although the measuring results indicatef ¢he pressure surface of segment No. 4 overlaps with the pres-
small low velocity region at about 0.3 pitch of the suction sidsure increase toward the pressure side from the suction side in

mm from the casing in Fig.(@). Despite the CFD estimation, the
measured data in the vicinity of the suction surface at both 3 a
6 mm from the casing do not indicate boundary layer thickening!
This shows that the shock boundary layer interaction does n
affect the suction surface boundary layer in comparison to t
casing boundary layer.
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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



Suction Surface Boundary Layer Thickness of CFD

02 04 06 08 10

C, (m/s)
N
3

C, (m/s)
S
3

SS PS S8 PS SS
. 500 400 ‘ ‘ ‘ 400 |
£
g 400 ~.300— Effect of Reverse Flow — __ 300
S 2 a0 2 el e N
E E E200 E 200
= = 200 OE S
E
£ 100 100 100
(32
0 0 0
0 02 04 06 08 10 0 02 04 06 08 10 0
No Decrease of Relative Velocity
500 ./ 400 400
~ 400 300 300
E 2 500 é m‘@m%§
& = =200
=z 200 £
100 100 100
0 0 0
0 02 04 06 08 10 0 02 04 06 08 10 0
500 400 400
£ » ;22 e /:3300 300
= = Ottt % =
EE < | E200
< z 200 £
100 100 100
0 0 0
0 02 04 06 08 10 0 02 04 06 08 10 0
(a) (b)

Fig. 9 Comparison between LDV and CFD:

(a) relative velocity,

(b) meridional velocity,

02 04 06 08 1.0
(c)

(c) tangential velocity

SS PS SS PS SS PS
500 T T T T 500 500
o Low Energy Low Velocity \ n I
= 400 Region egion 1 400 400 \
8 @ ) ©» L/-\ / \
O & 300 € 300 £ 300 m
§ z 200 J/ \‘/ & 200 % & 200
E 100 100 / 100
I | V4
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0
500 T T T
Low En|ergy Region 500 500
400 400 400
2 300 < 9
E E & §3OO £ 300 §
S z 200 (£200 5 200
100 100 100
0 0 0
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 038 1.0
500 500 500
400 400 400
E 2 300 2 300 2 300 \ |
£ ¢ £ E T
=z 200 ™ (200 & 200
100 100 100
0 0 0
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 10
(a) (b) (c)

Fig. 10 Comparison between LDV and CFD:
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(a) relative velocity,

(b) meridional velocity,

(c) tangential velocity
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Fig. 11 Instantanius pressure distribution between main blades

segment No. 5. Thus, the mechanism of pressure increase in sheface becomes flat. This is why the first splitter leading edge
vicinity of the pressure surface of segment No. 4 differs from thextends to segment No. 10. The lower pressure on the suction
shock wave. surface of the first splitter affects the pressure slope of segment
It is found that the pressure increase from about 1/3 pitch to thé. 9.

pressure surface of segment No. 5 is caused by the blade loadinfigure 12 shows a three-dimensional image of the pressure dis-
in the subsonic flow region. Referring the pressure distribution @ibution. The detached shock occurs just in front of the leading
segment No. 6, nearly the same pressure slope as segment Ned@e and this progresses to an oblique shock wave reaching the
appears from about 1/5 pitch to the pressure surface. The folloguction surface. The peak pressure shown as the yellow value in
ing two segments, Nos. 7 and 8, also show the same slope.ttie oblique shock wave on the pressure side then appears. Down-
segment No. 9, the pressure slope from the middle to the presssiream of the peak pressure, after the pressure decrease region

Pressure Increase Pressure Decrease . .
by Blade Loading Region l'_:"sg_SP“ﬁer

No. 4 Pressure Peak o LDV I eggemg %
No. 10 : First Splitter : I No‘ 8 I | I
Leading Edge 1.8 : N . :
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1.4 i i N i
2.0 — 12 | I No. 10 |
4 I | |
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Fig. 12 Pressure contour in the inducer Fig. 13 Static pressure increase in the inducer
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Fig. 14 Summary of notable points:

(a) CFD in the vicinity of shroud casing,

(b) relative velocity distribution and shock wave

at Sec. Il, 6 mm from casing, (c) meridional velocity distribution in the vicinity of shroud casing, (d) relative velocity distri-
bution at Sec. Ill, 6 mm from casing, (e) relative velocity distribution with splitter at Sec. IV, 6 mm from casing

appears, the pressure increase is connected to the pressuréAgtknowledgment

crease caused by the blade loading in segment No. 5. The singl . . .
slope between the blades in segment No. 5 is divided into tw: The authors would like to thank Dr. Y. Suglyama, former Di

slopes downstream from the first splitter leading edge in segmerggor of Third Research Center, Technical Research and Devel-
No. 10 opment Institute, Japan Defense Agency for all his help and in-

Figure 13 shows the static pressure increase along the indu trPctlve comments on the measurement and understanding of the

. ; ; . enomena involved in this study.
casing. Although it seems as if the pressure increase from ség-
ments Nos. 2 to 8 due to the shock wave from segments Nos. 2 to
8, it is found that the shock wave causes the pressure increase
from segments Nos. 2 through 5 through oblique shock and that

the blade loading is responsible for the pressure increase fronymenclature

segments Nos. 5 to 8. C = Absolute velocity, m/s
C = Meridional velocity, m/s

Conclusions C, = Tangential velocity, m/s

The authors of the study reported here conducted detailed i“MrSI
vestigation of a high transonic impeller having Mach number pg
about 1.6, using LDV and pressure transducers with respect to a p
centrifugal compressor with a high pressure ratio of 11. CFD veri- US
fication was conducted using the measured results. W

1. In the inducer portion, deceleration caused by the oblique PS =
shock wave was found in the middle of the throat. Reverse
flow occurred in the vicinity of the casing caused by the
interaction of the blade tip leakage flow and the shock wave. Hu

2. Referring to CFD, although the shock wave measured piroud=
Sec. Il should have reached the suction surface, thickening
of the boundary layer was not found in Sec. lll located
downstream from the intersection.

3. In the splitter portion, a small low-velocity region in the
vicinity of the shroud casing at about 0.3 pitches of the
suction side passage was observed, but an obvious low vey
locity region estimated using CFD was not measured.

Mass flow rate, kg/s
Relative Mach number
Pressure ratio

Static pressure
Peripheral velocity, m/s
Relative velocity, m/s
Pressure surface

= Splitter blade
= Suction surface

Hub surface
Shroud surface
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Advanced High-Turning
Compressor Airfoils for Low
| | Reynolds Number Condition—
Heinz-Adolf Schreiber . .
Wolfgang steinert | AT II._Experlmen_taI and
German Aerospace Center (DLR), N u m e rl ca I An a Ivs I s

Institute of Propulsion Technology,
D-51170 Koln, Germany Part | of this paper describes the design and optimization of two high turning subsonic
compressor cascades operating as an outlet guide vane (OGV) behind a single stage low
pressure turbine at low Reynolds number conditi@®e=1.3x10°). In the numerical

TOVOtaka Sonoda optimization algorithm, the design point and off-design performance has been considered
. .o in an objective function to achieve a wide low loss incidence range. The objective of the
TOShIVlIkI Arima present paper is to examine some of the characteristics describing the new airfoils as well
Honda R&D Company, as to prove the reliability of the design process and the applied flow solver. Some aero-

Wako Research Center, dynamic characteristics for the two new airfoils and a conventional controlled diffusion
Saitama 351-0193, Japan airfoil (CDA), have been extensively investigated in the cascade wind tunnel of DLR

Cologne. For an inlet Mach number of 0.6 the effect of Reynolds number and incidence
angle on each airfoil performance is discussed, based on experimental and numerical
results. For an interpretation of the airfoil boundary layer behavior, results of some
boundary layer calculations are compared to oil flow visualization pictures. The design
goal of an increased low loss incidence range at low Reynolds number condition could be
confirmed without having a negative effect on the high Reynolds number region.

[DOI: 10.1115/1.1737781

Introduction The profiles and cascade geometry obtained after the numerical

This paper contributes to modern desian techniaues and des? timization process achieved considerably lower losses and a
1S pap . 19 q der operating range compared to the baseline design.
considerations for improved turbomachinery blade elements. The

resent desian is aimed at hiahlv loaded. hiah turning casca Although the optimization tools do not have any understanding
tphat o erategas an exit uidegva):]e in a Wid% Re nol%ls num%?sthe fluid-dynamical processes like the experienced aerodynami-
P X 9 y " t&%t, they can be a valuable additional tool, since they operate
range and especially at very low Reynolds number conditions.

o - S biasedly on the design space.
Several publications on cascade investigations at low Reynol"cjjns]-he outcome of the two numerical optimizations employing ES

numbers can be found in the literature (Rex1C°, e.9,[1-3)  ang MOGA proved that these modern strategies can be quite suc-
but little has been reported on how to design blade sections whighscs| and even applicable to very complex fluid-mechanical
operate at relatively low Reynolds numbers, for example in aefp,plems—Iike low Reynolds profile aerodynamics.
engine compressors at very high altitude cruise or in exit guide the aim of this second part of the paper is to validate the design
vanes behind turbine rotors. At Reynolds numbers belowd &? process that was described in the first part, to assess the Honda
profllg aerodynamics become very crltlcal and losses can increaggier-Stokes blade to blade solver HSTAR], that was em-
considerably due to extended laminar and turbulent boundgilyyed, and to interpret why the optimized airfoils have a superior
layer separations. There exists a lot of experience on low Re&¥erformance compared to the baseline airfoil. For flow analysis
nolds number wing section designs, e[g.5], but this is of lim-  {he HSTAR solver employes k-w turbulence model together
ited value for turbomachinery applications. with a newly implemented modified transition model according to
Therefore, a project was initiated to develop a modern numeyijcox [10] and Drela[11].
cal tool that allows automatic designs for turbomachinery blading Interpretation of the experimental results is additionally sup-
suitable for a wide range of. applications incIut_jing the design ?Jforted by comparing some typical blade Mach number distribu-
low Reynolds number airfoils. In Part | of this pap6], the t{ions to the results of the viscous/inviscid blade to blade flow
design procedures for high turning exit guide vane cascades afer MISES of Drela and Youngreiil,12. In particular, the
described. Starting from a conventional controlled diffusion aigjade surface boundary layer behavior of the three investigated
foil, _two new _hlghly Ioad_ed_ alr_f0|ls have _been desngned_ by enyjades is discussed with the help of simulated integral boundary
ploying two different optimization strategies. In the design progyer distributions and some oil flow visualization pictures of the
cess itself parametric profile generators, a Navier-Stokes flgy)hge suction sides. Although all three cascades have been de-
solver, an Evolution StrategyES), [7], as well as a multi- gjgned for the same flow turning, their geometry, profile Mach
objective genetic algorithfMOGA), [8], are coupled to find cas- nymper distributions, and boundary layer development look quite

cades with superior performance, not only for the design inGitferent. Therefore, the detailed interpretation of the obtained re-
dence but also for off design flow angles. sults becomes rather difficult.

Contributed by the International Gas Turbine Institute and presented at the IntBaseline and Optimized Cascades

national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, June . . . .
1619, 2003. Manuscript received by the IGTI December 2002; final revision March 1Ne cascades were designed to operate as a midsection in an

2003. Paper No. 2003-GT-38477. Review Chair: H. R. Simmons. outlet guide vandOGV) behind the last turbine rotor of a small
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aero engine. The exit guide vane had to be designed for two- -
dimensional flow conditions with an inlet Mach number of 0.6 /
and a flow turning of about 43 deg. Especially due to the two-

dimensional conditions (AVDR 1.0), the cascade is aerodynami-
cally highly loaded and has to perform a strong diffusion down to
an exit Mach number of 0.39. For the design incidence angle the
diffusion factor is calculated to be approximately 0.53. Depending
on flight conditions the blade chord Reynolds number varies frol@w Reynolds number conditions, because this front loaded type
1x10° for ground conditions to about 100,000 at high altitud®f d_istribution te'nds to promote early transiti'on without too strong
cruise. In a first step a baseline cascade was designed by “haf@minar separations. Furthermore, the gradient of the pressure in-
following the so-called controlled diffusion concef@DA). Its crease and the loading of the turbulent boundary layer on the rear
suction-side Mach number distribution has a maximum at aroug#ction side can be kept low. . ,

20% of the chord length followed by a fairly steep pressure gra- The MOGA optimization produced a blade with a different
dient which progressively is reduced toward the trailing edge Rlade pressure distribution, an obviously interesting alternative to
prevent turbulent separation. This cascade, designated OdRe extreme front loaded design of the OGV-ES blade. MOGA
BASE, was designed for the high Reynolds number condition ag@me out with a slightly lower velocity peak at the leading edge,
tested in the entire relevant Reynolds number range. The cal@ivery weak re-acceleration between 10% and 22% of chord and a
lated and measured design Mach number distribution and corfeoderate deceleration around midchord, forming a thin laminar
sponding aerodynamic data are showig. 1 (left). The perfor- Separation bubble. Further along the chorq an increased pressure
mance was acceptable for the high Reynolds numbers but losgéadient on the turbulent boundary layer is finally necessary to
increased dramatically below R€00,000(seeFig. 2). meet the flow turning requirement. In o.rder to achlevg low losses

In order to improve the performance also in the low Reynold@s0 at off-design incidences, the maximum blade thickness was
number regime, two different optimization techniqu&s and reduced to 5.1%. The leading edge was designed elliptically to
MOGA) were applied; the principle of both methods is describeavoid the detrlmental effects of the blunt circular leading edge of
in Part I. Again, the two-dimensional flow condition was assumeéf}e OGV-BASE profile.
the same velocity triangles as well as identical blade solidity. Be-
cause of the planned experimental validation, the freestream tur-
bulence level during the numerical optimization was set to a value
similar to the one present in the cascade windtunnel. After opti-
mization the numerical results showed considerably lower losses
in the whole Reynolds number range for both cascades although
their geometry and thus the design blade Mach number distribu-
tions look quite differentFigures 3 and 4 provide the cascade
geometry andlable 1 the design parameters.

The blade thickness in the ES optimization was prescribed,;
probably because of this, the OGV-ES blade looks like a “Fla-
mingo” wing section, with maximum blade thickness concen-
trated at midchord location. The design blade Mach number dis-
tribution, shown irFigs. 5(centej and6 (right), has its maximum
at the leading edge close M =1.0 followed by a steep pressure
increase that successively is relaxed toward the rear. Previously
Rhoden[1] found in his early low-speed experiments, that this
triangular velocity distribution seems to be advantageous for the

Fig. 3 Test section of DLR facility

H
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Fig. 4 Test model of OGV-ES cascade

Table 1 Cascade design parameters and results

OGV-BASE OGV-ES OGV-MOGA
M, 0.6 0.6 0.6
B1 133 deg 133 deg 133 deg
AB 43 deg 44 deg 44 deg
AVDR 1.0 1.0 1.0
D; 0.53 0.537 0.537
BASE LE circular arbitrary elliptic
circular sic 0.577 0.577 0.577
t/c 0.067 0.068 0.051
Fig. 2 Comparison of leading edge geometry
Journal of Turbomachinery OCTOBER 2004, Vol. 126 / 483
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Fig. 5 Profile Mach number distributions at design incidence and Re =2120,000, experiment (symbol ) and MISES simulation
Test Facility and Experimental Approach tion model enabled the Navier-Stokes solver to readily simulate

The experiments were performed in the transonic cascade tlfjg extension of the midchord laminar separation bubble which is
nel of the DLR Cologne. This tunnel is a closed loop continLP"j‘rt'Cl“"’1r|y Important for the low Re_ynolds number condltl(_)n_s.
' The experimental results, especially those of the optimized

ously running facility with a variable nozzle, an upper transoni des, confirmed the design goals, in particular the design point
wall, and a variable test section height. The air supply syste file Mach number distributions shown fiigs. 5, 6 and7. The

enables an inlet Mach number range from 0.2 to 1.4 and a Mall . SR
design Mach number distributions, not shown here, were met

number independent variation of the Reynolds number from ab . . .
asonably well too. Additionally, the main experimental perfor-

1x10° to 3x 10P. Tunnel sidewall boundary layers ahead of th&® data for all th 4 ethlbe 2
cascade are removed through protruding slots. Within the bla| nce data for all three cascades are summarize :
re, the total pressure losses at the design incidence and the

pack aft of the minimum pressure region endwall boundary layers " ) .
were controlled by suction through chordwise sldt8] to obtain minimum Ipsses are prov[ded for the high and low Reynolds num-
practically two-dimensional flow condition around midspan re2€r conditions. For the high Reynolds numbers, losses at design
gion (AVDR=1.0). Tailboards combined with throttles are used’cidence could be reduced from roughly 3.4% down to 2.6 or
to control inlet and exit boundary conditions. For the present test?% for the ES and MOGA blade, respectively. The minimum
seven blades with 65 mm chord and 168 mm blade span wépgses are 2.2% and 2.0%, however, at negative incidences. A
installed in the test section, with the center blades instrumented @imatic loss reduction was achieved for the low Reynolds num-
the pressure and suction side. A cross-sectional view of the t88f at which both new cascades showed only 3.7% and 3.3%
section and a photograph of the cascade model are shokigsn |0sses compared to 8.4-10% of the OGV-BASE cas¢selerig.

3 and4. 8 (right)). In addition, the working range could be increased con-

In order to obtain tests at low Reynolds numbers, the closéiflerably toward the negative as well as the positive incidence.
loop system of the facility must be evacuated by additional sets ofIn the following, some aerodynamic features of all three blades,
radial compressors. By adjusting the total pressure between g_hQ profile Mach number diStribUtionS, the incidence characteris-
and 0.1 bar blade chord Reynolds numbers were achieved Egs and the Reynolds number dependencies are discussed. In ad-
tween about 900,000 and 100,000. The cascades were testediti@n to the Navier-Stokes results some simulations of the profile
inlet Mach numbers of 0.5, 0.6, and 0.7 in the entire possibMach number distributions and the boundary layer parameters,
incidence range. In this paper, results for the inlet Mach numbesging the viscous/inviscid flow solver MISEB,1,12 help to in-
of 0.6 are discussed. The inlet flow angle is measured with probegpret the results obtained.
at the same gap-wise locations for three consecutive blade cha

nels. Inlet total temperature is about 305 K and the freestre%n incidence operated with a highly loaded suction side bound-

turbulence level around 0.6%. ary layer, although it was designed following the controlled diffu-

Prior to the tests each individual test point has been pre- S S
calculated using the blade to blade code MISES 2.4. The theorgl ';a(r:;tri]gsr\)/biﬂ:ﬂ grghnc?clitlagclrgsa:?islg'”;;Tgeg((:lee fff;izdtﬁgaéﬁgztable

ical profile Mach number distribution, displayed real time with th AT . P
test data served as a goal for the experimental distribution. ftc)h ?#ngeorrgIS;:Iig?ntqlﬁ?nﬂ;:szosrrvszfggcgpgbtteasi'tngglEila?r' 3esi n
doing so, the measurement accuracy, especially for the inlet fl : o - L 9
: : ut nearB;=130 deg {= —3 deg). The optimized blades over-
angle could be improved considerably. . : . .
came the problem of too strong suction side loading by reducing
validati f Desi d Di . the gradient of the pressure increase along the whole surface. All
aliaation of Design an IScussion three profile Mach number distributions are showifrig. 9 and a
The tests on the baseline cascade were performed in a first slgpct comparison of the relevant suction side Mach numbers is
and the results used to assess the blade to blade solver emplogetn in Fig. 10 (top-left). To discuss blade and boundary layer
Some results, especially the validation of the newly implementéaiding, plots inFig. 10 also provide a comparison of the simu-
transition model, are presented in Part | of this paper. This trantted boundary layer displacement—and momentum thickness—

nI'—|igh Reynolds Number. The baseline cascade near its de-
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Fig. 6 Effects of Reynolds number on profile Mach number distribution and suction side boundary layer development. Experi-
ment and HSTAR simulation, optimized cascade OGV-ES, M  ;=0.6, i=0 deg.

the form factorH,, , and the skin friction coefficien€;. In the At this high Reynolds number, boundary layer transition is ob-
plot that shows the boundary layer thickness, it is clearly visibkerved for all three blades just after the velocity peak at the lead-
that the ES as well as the MOGA blade both have thinner disiqg edge and the rest of the suction side remains turbulent. The
placement and momentum thickness and therefore lower loss@ssition process occurs within a short laminar separation bubble
compared to the baseline cascade. The development of the O@\4t forms right behind the LE and turbulent re-attachment occurs
BASE form factorH 5 (solid line) clearly indicates that the suc- due to an intensive entrainment process along the rear part of the
tion side boundary layer tends toward the separation criterion lofibble. This local separation considerably alters the LE pressure
approximatelyH ,5,= 2.5 relatively early, a value above whichdistribution in relation to pure inviscid or turbulent flows—as it is
separation of a turbulent boundary layer could be expected. Tilastrated inFig. 11—and alters the state of the boundary layer
ES cascade clearly stays away from separation and the MO®Am the beginning.

blade slightly tends toward separation at the very end. Effectively, The LE geometry of the three blades are very diffefereFig.

in the experiments the MOGA blade boundary layer separat®s the base line LE is circular and the two optimized blades have
from the rear suction side, clearly visible in the experimental disn arbitrary and elliptic geometry. Therefore, the extension of the
tribution of Fig. 9 (right), but the losses still remain relatively low. LE bubble and the status of the boundary layer after re-attachment
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Fig. 7 Effect of Reynolds number on profile Mach number distribution and suction side boundary layer development. Experi-

mental and HSTAR simulation, optimized cascade OGV-MOGA, M

Table 2 Experimental losses, flow turning and incidence

range at high and low Reynolds number

1=0.6, i=0 deg.

1

are quite different too. A zoom of the local skinfriction coeffi-
cients, shown irFig. 10 (bottom righy, clearly indicates the dif-

OGV-BASE OGV-ES OGV-MOGA
Re 0.87x 10° 0.85x 10° 0.85x 1¢°
% (i=0°) 3.4 (AVDR=1.035) 2.6 3.2
Omin % 2.26 (F—3deg) 2.2(i=—4deg) 2.0(&—4deg)
AB (i=0°) 43 deg 44 deg 44 deg
Al (0=2wmin) 7-8 deg 13 deg 12 deg
Re 0.10x 1¢° 0.13x1¢° 0.12x10°
w % 8.4-10 3.7 3.3
®min %0 8.4 (1=0deg) 3.7(=0deg) 3.1{=—-2deg)

486 / Vol. 126, OCTOBER 2004

ferent extensions of the LE bubbles. The most pronounced and
concentrated velocity peak with an intensive LE separation is
found on the BASE blade, even if the LE Mach number levels of
the ES and MOGA blade are slightly higher. Not the absolute
height of the pressure or Mach number peak is relevant, rather its
local pressure gradient. Therefore, the baseline blade starts with
the most critical boundary layer being disturbed from the begin-
ning resulting in a higher risk of a rear turbulent separation with
additional losses. The ES blade with the arbitrary LE geometry
obviously is doing the best job; MISE&ig. 10 as well as the
HSTAR simulations inFig. 6 (left) both indicate no LE separa-
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Fig. 8 Experimental loss-incidence characteristics at three different Reynolds numbers, m;=0.6, B1gesign =133 deg (/=0
deg)

tion, just transition, although oil flow pictures of a high Reynolds The LE separation extends considerably if the Reynolds num-
number test suggest a short bubble downstream of about 3%bef is reduced, and it is more likely that the blade-to-blade solvers
chord. fail in simulating those local LE and severe rear separations. An

In the present MISES as well as HSTAR simulations this '—Eexample is given in test 7Fig. 5 (left), for which the agreement

peak is reasonably well simulated, but still some discrepancisgtween MISES simulation and experiment is rather poor. The

between experimental losses and simulated losses are obse . ) )
(seeFig. 9). However, Sanz and PlatzEt4] found that none of W%?AR simulation shows better performance both with respect to

their investigated transition models predicted the leading ed resolution of the front peak as well as to the overall total
bubble very well, although their computational grid allowet pressure losses for the design incidence condition as shown in Fig.
values of the order of 1. In this context, it is suspected that withf* (right) of Part I of the paper and iRigs. 6and7 of the present
uncertainties coming from the simulation of the leading edgeaper. At off-design, nevertheless, some discrepancies still remain.
bubble, the boundary layer immediately behind the leading edge .
and further downstream may not be simulated correctly. This s Ik_)(t))\IN Reynr(l)ldls Number.ldln Sp'tg of t:e more ext%ndgd LE
more problematic especially if the rear part of the suction-sidd'PPles at the low Reynolds number, the suction side boundary
boundary layer is highly loaded and close to separation. The sit@yer along the front of the BASE and MOGA blade becomes
ation is worse if blades have circular leading edges at which thgninar again and a midchord separation bubble develops. At this
velocity peak is more pronounced with even more intensive loc®w Reynolds number. the BASE blade boundary layer fully sepa-

separationgWalraevens and Cumpstyi.5]). rates from the suction side and losses increase to about 8—10%
OGV-BASE Nr. 18 OGV-ES Nr. 5 OGV-MOGA Nr. 2
16 T T T T T ¥ T T T 16 T T T T T T T T T 1-6 T T T T T T T T T
- Exp. MISES - Exp. MISES - L Exp. Theory -
1.4 M, 0.597 0.600 14 M, 0.597 0.600 M, 0.602 0.600
4r B, 1330 1330 4r B, 1330 1330 14 B, 1330 1330
| Bo 902 887 i R B2 88.3 87.6 | B B> 89.2 875 ]
plpy 1127 1.131 Po/py  1.140 1.141 po/py  1.140 1.141
12 | AVDR 103 103 - 12 } AVDR 100 100 12 | AVDR 100 100 -
[ 0.034 0.026 o 0.026 0.023 ] 0.032 0.023
R Re*10° 0.874 0.880 - - Re'10° 0.826 0.860 o Re*10° 0.851 0.860
10 (£ separation ] 10 LE Dubble ] 10 F £ bubbie ]

and transition m and transition .

7
/00

close to
separation |

rear turbulent

0.6 06 F separation |
g T 7
04 T 0.4 w-
02} E 02} . 02} E
0.0 i 1 1 1 1 1 1 L 1 0-0 1 1 1 ) ] i 1 1 1 0'0 1 1 1 1 1 1 1 1 1
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
x/c x/c x/c
Fig. 9 Profile Mach number distributions at design incidence and Re =860,000, experiment (symbol ), and MISES
simulation
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Fig. 10 Discussion of suction side boundary layer parameters at Re =860,000 (MISES simulation )

(Fig. 5 (left)). In contrast, both optimized blades show losses @fs can be seen iRig. 13 Also the high Reynolds number tests
only 3.3 to 3.7% at Reynolds numbers around 120,000. (Fig. 14) ati=0 deg were met, but the losses in the negative and
Due to the reduced adverse pressure gradient on the MO@@sitive incidence range differ considerably. This is true espe-
blade its midchord bubble is less pronounced and produces loweally for the baseline cascade that showed an unstable suction
losses. Furthermore, the flow entrainment process during séde separation beyond,;=133 deg in the experiments. How-
attachment at the rear part of this bubble introduces new turbulevier, the numerically simulated losses seem to be too high, not
energy into the rear suction side boundary layer so that trailitecause of boundary layer separation, but rather due to high “nu-

edge separation is suppressed, which is visibl&ig 5 (right).
From Fig. 5 we realize that MISES, which was run with a free
stream turbulence level of 0.5%, slightly underpredicts the exten-
sion of the midchord bubbles whereas HSTAR with the newly
implemented transition model meets the bubble extensions rea-
sonably well, as can be seenkigs. 6and7 as well as in Fig. 15

of Part | of the paper.

The front loaded ES blade design shows a more extended but
thin bubble downstream at approximately 6% of chord with tran-
sition completed near 22%. The experimental and the simulated
form factors, both do not indicate any rear turbulent separation,
seeFigs. 5(centej and 6.

Incidence Characteristics. Figure 8provides the experimen-
tal total pressure losses for the entire investigated incidence range
for Reynolds numbers around 8.6, 2.0, and 1-<I112°. All three
figures clearly show the essential advantage of the optimized
blades: lower design point losses as well as a more wide incidence
range. It is clearly visible irFigs. 8 and 12 that the location of
minimum losses is shifted from negative incidences (
=—3-4 deg) toward the design incideng®, & 133 deg) if the
Reynolds number is reducddee alsolable 2). At Re=200,000
the baseline cascade still has reasonably low losses, but for Re
=<130,000 the blade separates and losses increase considerably.

Both optimized blades achieved their design goal and losses
remain low in the entire Reynolds number range. It is difficult to
decide, which of the two cascades is superior: At the high Rey-
nolds number and at the design incidengg €133 deg) the
MOGA blade separates slightly, but it seems to be marginally
better over the entire incidence range at low Reynolds numbers.

Navier-Stokes Analysis. The experimentally observed loss-
incidence characteristics are reproduced by the HSTAR solver
reasonably well at least for the low Reynolds number conditions,

488 / Vol. 126, OCTOBER 2004

Separation

merical losses” within the entire flow field. There are probably

Transition
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/
/
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POSITION ALONG CHORD, X/C
Fig. 11 Principle of LE separation  (Mueller [5])
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Fig. 12 Influence of the Reynolds number on the loss-incidence characteristics, M ,=0.6

several reasons for the discrepancy between the experimemtgpendency at three characteristic incidences. For all incidence
losses and the numerical ones, and it is beyond the scope of @uigles it is clearly visible that the optimized blades ES and

paper to investigate all of these. However, according to the assdg€dGA are superior to the baseline cascade in the entire Reynolds
ment of different turbulence model€hien’s low Rek-¢ and low number range, whereby most improvements were achieved for

Re k-w) with the same numerical platforftomputational grid Reynolds numbers below 200,000. As can be seen ff@gn12,
and flow solvey, there seems to be a general tendency that thenimum losses are measured arourd—3—4 deg for all cas-

losses from the ko turbulence model without the viscous modi-cades in the high Reynolds number regime. The corresponding
fications near the wall are high for the attached flowst shown plot of the Reynolds number characteristics at this minimum loss

herg. This may be caused by the overestimation of the turbuleimicidence {= —3 deg inFig. 15 (left)) clearly reveals the clas-
energy due to the absence of a damping function irktkemodel sical tendency with a marginal loss rise between 9%a18°, but

and/or duc_e to the overprodyction of t_urbulence, as poin_ted out by intensive loss increase below a certain “critical” Reynolds
Michelassi et al[16] for their calculations near the leading edgewumber, pronounced especially for the baseline cascade. For all

of turbine blades. Regardless of this disadvantage, the reason wihrge incidence angles shownfig. 15, a distinct “critical” Rey-

we adopted the&k-w model without the viscous maodifications, nolds number for the optimized blades could not be recognized, at
[10], for all calculations in this work is because this model iseast not until the Reynolds numbers approach values of 1.0—1.2

suitable for the introduction of the intermittency-based transitiog 10°.

model and shows relatively better results than the others for theit is worth mentioning that the MOGA blade losses seem to be
entire low Reynolds number condition. more or less independent of the Reynolds number, a slightly

Reynolds Number Characteristics. FromFig. 12 that shows
the experimental loss incidence characteristics of all three c
cades, plots were derived to display the lesfReynolds number

020 — T L e L L L 020 — T — T T T T T
- ® Exp BASE —0- Cak BASE ] @ Exp BASE —O- Cak. BASE
018 B Exp. ES -+ Cak. ES | 018 m Exp ES -+ Cak. ES
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Fig. 13 Incidence characteristic at the low Reynolds number, Fig. 14 Incidence characteristic at high Reynolds number,
HSTAR simulation and experiment, Re =1.0—-1.2X10° HSTAR simulation and experiment, Re =~8.6X10°
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strange behavior. But this can be explained by the observation that
égl_':‘ MOGA blade starts to separate at the high Reynolds number
condition and not at the low Reynolds numbers, as was explained
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Fig. 15 Effect of the Reynolds number on experimental losses at three incidence angles, M 1=0.6

already in the previous section. A similar effect, i.e., that lossextension of the simulated laminar separation bubble is approxi-
are relatively reduced when the Reynolds number decreases, maately in accordance with the extension observed in the experi-
be observed with the baseline cascadeifel0 and +2.5 deg. ment.
Around the Reynolds number of 200,000, there seems to be a los®articularly delicate was the interpretation of the tests for the
minimum. It is presumed that for these conditions the turbulebtiseline cascad®ASE) because it showed an unstable midchord
flow entrainment process at the rear part of the laminar separatiaminar separation bubblezigure 16 provides results for the
bubble has a positive effect on the turbulent boundary layer; aBASE cascade at design incidence and at a Reynolds number of
result the reafturbulen) boundary layer separation is suppresse@g0,000, conditions under which the losses of this blade are still
or reduced. on a relatively low level of 3.7—4%. The oil streak lines indicate
laminar flow until 29—30% and an unstable midchord separation
. . o bubble or rather a bubble that disappeared intermittently with an
Oil Flow Visualization onset of intermittent rear turbulent separation. It is assumed that in
Qil flow visualization tests have been performed for conditionie experiment, the local separation bubble behind the circular LE
at high and low Reynolds numbers to study the blade surfapartly induces a destabilization of the shear layer and triggers the
boundary layer development. Our focus is the blade suction siglection-side boundary layer to become turbulent. In this situation,
at the low Reynolds number condition, the results of which atbe bubble disappeared but the rear suction side boundary layer
discussed below. The interpretation of the oil flow pictures is supeparated. With the help of MISES these two observed situations,
ported by the results of corresponding boundary layer calculatioagaminar midchord bubble and a rear turbulent separation, could
from the viscous/inviscid solver MISES. The calculations werke simulated either by assuming a very low turbulence level of
performed at the experimental Reynolds number, but tie05%, by which the experimental bubble length was met, or with
freestream turbulence level was adjusted in such a way that #néurbulence level of 0.5%, to obtain rear turbulent separation. The

OGV-BASE  suction side M, = 0.6 B, = 133" Re = 190.000
1.0 5.0
45 Tu =0.05%
unstable bubble
o > 40 separated
M, H,,35 \// %
3.0
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20f e
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Fig. 16 MISES suction side boundary layer parameters of OGV-BASE for Tu=0.05 and 0.5% and oil flow picture at /=0 deg and
Re=2190,000
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Fig. 17 MISES suction-side boundary layer parameters of OGV-ES blade and oil flow picture at i=0 deg and Re =120,000

simulated form factorsl ;5 and theC; distributions clearly reflect the resulting losses remain low tofd,7]. However, toward the
these two intermittently appearing situations, which seem to exisailing edge the skin friction coefficient tends to zero, as a result
in parallel. of which the rear part of the oil is not moved. Overall total

Oil streak lines and corresponding MISES boundary layer paressure losses at this low Reynolds number test are measured to
rameters for the two optimized blades are provideHigs. 17and be around 3.4%.
18 for a Reynolds number around 120,000. The extremely front-
loaded profile OGV-ES with its arbitrary leading edge starts witkeonclusions

a flat laminar separation not immediately behind the LE but at 1,4 numerically optimized exit guide vane cascades designed
approximately 6% of chord. From the oil picture it is difficult tofs 16w Reynolds number conditions were tested and the results
decide whether there really is separation or just a transitiongmpared to a baseline cascade with controlled diffusion blades.
boundary layer with very low skin frictiolC; . Downstream of Bk the experimental and numerical results confirmed that the
about 22% the suction side is turbulent and there is no indicatiQRy gifferent optimization methods were able to reduce the total
of a rear turbulent separation. The total pressure losses of this tS*lssure losses at design incidence and to increase the low loss
achieve 3.8%. The corresponding_MISES simulatipn r_eq_”irediﬁcidence range in the positive direction by about 2—3 deg. Al-
turbulence level of 0.2% to approximate the low skin-friction rethough the two optimized cascades show a considerably different

gion that is found on the front portion. eometry and loading distribution, losses at=Re0—1.2< 10°
Behind the velocity peak of the MOGA blade, there is a sho uld bey reduced bygabout 60%., The superior performance in

bubble(see the negativé, values inFig. 18), but the suction-side o 51in 1o the baseline CDA cascade was achieved because
boundary layer remains laminar until it separates in a bubble at

31% and re-attaches at 53%. As the blade surface curvature una. the airfoils were designed with a more front-loaded pressure
derneath the bubble and the amount of adverse pressure gradient distribution and a reduced adverse pressure gradient along
behind the separation point is relatively low, the bubble height and  the suction side,

OGV-MOGA suction side M, = 0.6 B, = 133° Re = 120.000 Tu=0.1%
1.0 5.0
45}
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Fig. 18 MISES suction side boundary layer parameters of OGV-MOGA blade and oil flow picture at i=0 deg and Re =120,000
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b. the LE geometry was modified to avoid a concentrated LE w = velocity

peak with an intensive local separation, x = chordwise coordinate
c. in the region of a laminar separation bubble the surface cur- B = flow angle with respect to cascade front
vature was reduced. 81 = boundary layer displacement thickness
8, = boundary layer momentum thickness

For blade chord Reynolds numbers well below 200,000 it

. o e . p = density
seems to be advantageous to design the airfoils with a fairly steep _ i
S . ; = total pressure loss coefficient= —py)/
adverse pressure gradient immediately at the front part in order to _ pl)p (Pu=P)/ (P

promote early transition to prevent the tendency for large laminar )
separations and the risk of bubble burst. The second obtain@dbscripts
alternative, that has a slightly reduced front peak, still operates 1 = inlet plane, far upstream
with laminar flow and a midchord separation bubble, butdue to a 2 = exit plane, far downstream
reduced surface curvature underneath the bubble, its thickness andis = s isentropic entity
drag could be reduced considerably. LE leading edge
The Navier-Stokes solver embedded in the optimization processTE = trailing edge
and employed for flow analysis allowed an excellent resolution of
the low Reynolds number airfoil aerodynamics with LE bubble
and midchord separation. Due to the implemented transitidReferences
model, the low Reynolds number incidence characteristic Wagy) rhoden, H. G., 1952, “Effects of Reynolds Number on the Flow of Air
simulated reasonably well. At the same time, some improvements Through a Cascade of Compressor Blades,” ARC, R&M No. 2919.
are still necessary to obtain better off-design characteristics espé2] Roberts, W. B., 1975, “The Effect of Reynolds Number and Laminar Separa-

ciaIIy at higher Reynolds numbers tion on Axial Cascade Performance,” ASME J. Eng. Gas Turbines P&wer,
i pp. 261-274.

The authors are aware that in real turbomachinery environmentgs) roberts, w. B., 1979, “Axial Compressor Blade Optimization in a Low Rey-
the high turbulence level can alter the laminar separation behavior nolds Number Regime,” AIAA J.17(12), pp. 1361—1367.
considerably, but some blade-to-blade calculations with a turbut4] Selig, M. S., Gopalarathan, A., Giuere, P., and Lyon, C. A., 2001, "Systematic
lence level of 5% revealed that even under the low Reynolds Airfoil Design Studies at Low Reynolds Numbers,” Fixed and Flapping

" - Aerodynamics for Micro Air Vehicle ApplicationBrog. Astronaut. Aeronaut.,
number conditions (Rel1.2x10°) the present optimized blades 195, pp. 143-167.

both showed about 50% lower design point losses in relation td5] Mueller, T. J., 1985, “Low Reynolds Number Vehicles,” AGARDograph No.

the baseline CDA blade. 288, AGARD-AG-288.

: P . [6] Sonoda, T., Yamaguchi, Y., Arima, T., Olhofer, M., Sendhoff, B., and
This work demonstrated the intrinsic advantage of using auto Schreiber, H. A., 2003, “Advanced High Turning Compressor Airfoils For

mated blade optimizationg even for complex |0W Reynolds NUM- | ow Reynolds Number Condition, Part 1: Design and Optimization,” ASME
ber aerodynamics. The ability of the present design tools may still  Paper GT-2003-38458. _
be limited, but they offer an essential advantage for the future[7] Olhofer, M., Arima, T., Sonoda, T., Fischer, M., and Sendhoff, B., 2001,

. : . : “Aerodynamic Shape Optimization Using Evolution StrategieSgtimization
After further slight improvements, for example implementation of Industry 11l, Springer-Verlag, New York.

more prc_)blem oriented objective fl»!nCtionS, these tools can be €M) Yamaguchi, Y., and Arima, T., 2000, “Multi-Objective Optimization for the
bedded in modern automated design processes for turbomachines Transonic Compressor Stator Blade,” AIAA Paper 2000-4909.
and it will be possible to achieve new innovative configurations[9] Arima, T, Sonoda, T., Shiratori, M., Tamura, A., and Kikuchi, K., 1999, *A

. : :_ Numerical Investigation of Transonic Axial Compressor Rotor Flow Using a
Lhea;rcomd not be found by even very experienced design engi Low Reynolds numbek-¢ Turbulence Model,” ASME J. Turbomach21(1),
S.

pp. 44-58.

[10] Wilcox, D. C., 1988, “Reassessment of the Scale-Determining Equation for
Advanced Turbulence Models,” AIAA J26(11), pp. 1299-1310.

[11] Drela, M., and Youngren, H., 1991, “Viscous/Inviscid Method for Preliminary
Design of Transonic Cascades,” AIAA Paper 91-2364.

[12] Drela, M., 1995, “Implementation of Modified Abu-Ghannam Shaw Transition
Criterion,” MISES User's GuideM.I.T., Computational Aerospace Science
Lab., Cambridge, MA.

[13] Steinert, W., Eisenberg, B., and Starken, B., 1991, “Design and Testing of a
Controlled Diffusion Airfoil Cascade for Industrial Axial Flow Compressor
Application,” ASME J. Turbomach.1134), pp. 583-590.

[14] Sanz, W., and Platzer, M. F., 1997, “On the Calculation of Laminar Separation
Bubbles Using Different Transition Models,” ASME Paper 97-GT-453.

[15] Walraevens, R. E., and Cumpsty, N. A., 1995, “Leading Edge Separation

Nomenclature

AVDR = axial velocity density
ratio= (p,Ws Sin By)/(pw; Sin B;)
D; = diffusion
factor=1—w, /w;+ (W, /w;* coSB,-C0SB;)g2C
¢ = chord length
C; = friction coefficient=2r,/(pw?)
H., = shape factor §,/65, (indexi when incompressibje
i = incidence angle 81— B1design

M = Mach number

p = pressure
Re = Reynolds number based on chord length
s = blade spacing

492 | Vol. 126, OCTOBER 2004

Bubbles on Turbomachine Blades,” ASME J. Turbomadi7, pp. 115-125.
[16] Michelassi, V., Rodi, W., and GieR, P.-A., 1998, “Experimental and Numerical
Investigation of Boundary-Layer and Wake Development in a Transonic Tur-
bine Cascade,” Aerosp. Sci. Techndi3), pp. 191-204.
[17] Eppler, R., 1990Airfoil Design and Data Springer-Verlag, Berlin.

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



Unsteady Boundary Layer

Development Due to Wake

Passing Effects on a Highly
Lomarigenes | LOAUEd Linear Compressor
michael Pritmer | G@sCade

~ Institut fuer Stranlaniriebe, The effects of wake passing on boundary layer development on a highly loaded linear
Universitaet der Bundswehr Muenchen, compressor cascade were investigated in detail on the suction side of a compressor blade.
Werner-Heisenberg-Weg 39, The experiments were performed in the High Speed Cascade Wind Tunnel of the Institut

89579 Neubiberg, Germany fuer Strahlantriebe at Mach and Reynolds numbers representative for real turbomachin-

ery conditions. The experimental data were acquired using different measurement tech-
niques, such as fast-response Kulite sensors, hot-film array and hot-wire measurements.
The incoming wakes clearly influence the unsteady boundary layer development. Early
forced transition in the boundary layer is followed in time by calmed regions. Large
pressure fluctuations detectable in the ensemble averaged Kulite data reveal the existence
of coherent structures in the boundary layer. Distinct velocity variations inside the bound-
ary layer are amplified when approaching the blade surface. The-tingan momentum
thickness values are reduced compared to the steady ones and therefore clarify the po-
tential for a loss reduction due to wake passing effed®Ol: 10.1115/1.1791290

Introduction transition in regions where under steady inflow conditions the

Lo . flow is fully turbulent. Thus the profile losses can be reduced.
The periodic disturbances caused by wake shedding of U\ easurements of the blade row interactions in axial compres-

stream blade rows and their downstream migration are a majQfis were carried out, e.g., by Walker et[dl] and Mailach and
source of unsteadiness in turbomachines. This inherently unstegg@yjeler [8]. Recent hot-wire measurements within the boundary
flow plays a significant role in the loss generation process of axialyer on the blade surface of a multi-stage axial compressor were
turbomachinery blades. The boundary layer transition on the preerformed by Shin et aJ9]. However, most of the boundary layer
file from laminar to turbulent and the subsequent growth of thHevestigations were conducted in low speed wind tunnel flows or
boundary layer thickness are the main source of loss generatlew speed research compressors. Only few investigations are
and significantly affected by the unsteadiness of the flow. available for compressible, high-speed compressor flow, see, for
Over the past years many experimental investigations on tR&ample, Teusch et g11,10.

. . Considering these effects in current aerodynamic design meth-
influence of wake passing on the boundary layer development %r(?s, reliable transition and turbulence models in unsteady CFD

. " tt‘?(?des, which consider the effects of wake passing, are necessary.
were performed, e.g., by Pfeil and Herls}, Pfeil et al.[2] and  Nevertheless numerical code validation has still to be performed
Orth[3]. Mayle[4] gives an excellent overview of the fundamenhased on experimental test cases. Hence, one objective of the
tal transition modes relevant in turbomachines. The transitigitesent investigation is to provide a detailed unsteady database for
process is influenced by several factors like the freestream turlmumerical code validation. The present work contributes to this
lence, the pressure gradient and the strength of the incomipigiective as part of a joint research effort on unsteady flows in
wakes. An increase in wake passing frequency has the same effgggomachines. An overview of the complete project and its scope
as a higher free stream turbulence levSthobeiri et al[5]). IS given by Hourmouziadil2)]. For this reason experimental in-

Due to the periodic wake passing, a combination of several traffStigations focusing on unsteady boundary layer development
ue to wake passing have been performed on a highly loaded

sition modes can occur resulting in a multimode transition prg-
cess. The mavbe most comprehensive basic research work on iInear compressor cascade at Mach and Reynolds numbers repre-
' y P . (ftg ative for real turbomachinery conditions.

boundary layer development on compressor and turbine blades

due to wake passing effects were carried out by Halstead fgg]al.

They clarify the fundamental effects regarding to wake passing

like the early onset of transition in the wake-induced path, t

suppression of a laminar separation bubble and the existence o0

calmed region. The calmed region partially suppress laminar sepaCompressor Cascade. The measurements were performed on

ration due to its higher shear stress level and delays the onsetdairge scale compressor cascade called V103-220 consisting of

three NACA 65 blades which represent the mid-span of the hub
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wind-tunnel data test section data:
-a.c. electric motor P = 1300 kW - Mach number 02<Ma<105
- axial compressor 6 stages - Reynolds number 0.2-10°m™< R e/1<16.0-10°m""|
- air flow rate V=30mYs - turbulence level 0.4%< Tu,< 7.5%
- rotational speed Nye=6300 min-1 - upstream flow angle 25°< B <155°
- total pressure ratio  p,/p,=2.14 - blade height 300 mm
Ae mic Design - tank pressure p.=0.04 - 1.2 bar - channel height 235mm - 510 mm
Ma = 0.67 fm = TR -~
Re: = 450000 E? t ST T
B - 1 gg: a.c. electric m;atorr gear P pressure tank 1100 mm |
P = Ig:)éu an * Ton Bub 5
I =220mm ~ o
I =203.26 mm -0 == S R I N 11 i 2 ---
d =0.055 —
& Chas I Juy 7 7 7 S
= o
fo = "2,'5 S - |
=4 cooler for éypas alré seélin nozzle érea d
il diffusgr chamber | How patg' cascade
axial compressor i t
Xl ) Prosso bypess pafov WeRulense
Fig. 1 Compressor cascade V103-220 Fig. 3 High speed cascade wind tunnel

chord length of Rg=450,000 lead to a fully subsonic cascade . o o
flow. The geometrical data of the cascade, the definitions of angRftould be considered as basic investigations of the unsteady mul-
and distances and the design conditions are displayed in Fig.t'mc’de transition process. Since the main purpose of the experi-

The measurements have been performed at Reynolds number@'gftal investigations is to provide a database for numerical flow
450,000 and 700,000. solvers, the angle of the incoming wakes is not essential for the

validation of transition modeling in unsteady Navier—Stokes
The Wake Generator. The periodically unsteady flow causedcodes.

by the relative motion of rotor and stator rows and its influence on

the compressor cascade is simulated by a moving bar type wakd€st Facility. - The experiments were carried out in the High
generator with a bar diameter df,=2 mm. Acton and Fottner SPeed Cascade Wind Tunnel of the Institut fuer Strahlantriebe of

[13] explain this so-called EIZErzeuger Instationaerer Zustro-the Universitaet der Bundeswehr Muenchen. The wind tunnel is
emung; see Fig.)2and its constructional principles in more detail@n open-loop test facility located inside an evacuable pressure
The cylindrical steel bars create a far wake very similar to the of@"K (Fig. 3. Mach and Reynolds number in the test section can
produced by an actual airfoiPfeil and Eifler[14]). Preliminary be varied |ndependently by lowering the pressure level inside the
tests showed that the wakes shed by bars of 2 mm diameter ¥k and keeping the total temperature constant by means of an
representative for the wakes of the V103 profile geometry regar@itensive cooling set-up, therefore allowing to simulate real tur-
ing the wake width. The distance ratio between the bars and th@Machinery conditiongSturm and Fottnef15]). All tests were
cascade inlet plane is about,/l,—0.38. Two different bar performed with a constant total temperature of 303 K. The turbu-
pitches of 40 mm and 120 mm were used, resulting in a b@,rjce intensity in the test section is adjusted by fitting a turbulence
spacing to blade pitch ratig,,/t of 1/3 and 1, respectively. The 9rid upstream of the nozzle.

belt mechanism drives the bars with speeds of up to 40 m/s. ForMeasuring Techniques. The experimental data acquired pro-

the present investigation Strouhal numbers based on the chgrge time-averaged as well as time-resolved information regarding
length and the axial inlet velocity between 0.22 and 1.32 are 96fis phoundary layer development on the suction side of a compres-
erated for the investigated test cases. sor blade.

It should be noted that the maximum bar speed together withThe time-averaged loading of the compressor blade was mea-
the e_1X|aI veloc!tles is still too slow to _produce a Strouhal numbey;req by means of static pressure tappings on both the suction and
and inlet ve[outy tr!angle representative for modern compressofge pressure side at the mid-span connected to a Scanivalve sys-
The wakes in the rig enter the cascade passage almost parallgbi These pneumatic data were recorded via computer control
the blades, whereas the data acquired with this setup cannotghig represent mean values. The time-resolved compressor profile
transferred directly to real turbomachines. The measuremegding was determined from a total of 10 Kulite fast-response

pressure sensors embedded into the suction side of the center
blade. Prior the measurement, each Kulite sensor is calibrated
inside the pressure tank.

To document the unsteady inflow conditions, triple hot-wire
measurements were taken upstream of the cascade inlet at a mid-
span at about,,/l ,,= —0.16. The probe employed in the present
investigation consists of three sensing tungsten wires @fb
diameter with a measuring volume of approximately 1 mm in
diameter. A single hot-wire anemometer system was used to ana-
lyze the boundary layer in the turbulent part of the compressor
blade suction side. After passing an anti-aliasing filter, the an-
emometer output signals are digitized with a sampling frequency
of 60 kHz and stored together with other peripheral data. A de-
tailed description of the measuring system and the evaluation pro-
cedure of the velocity vector is given in WolfL.6]. The relative
error of the hot-wire velocity is estimated to be less than 5%; the

(s" N
V. \} /\4

\ve
N\

< absolute angle deviation of the 3D system is less than 1 deg.
Surface mounted hot-film sensors are used to measure the
Fig. 2 Wake generator (EIZ) with installed compressor cas- qualitative distribution of unsteadiness and the quasi wall shear
cade stress on the suction side. The entire length of the suction surface
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is covered with a total of 56 gaudeat the midspan with their
spacing varying between 2.5 and 5 mm. The sensors consist of aUU_ [-] ‘ te = 40 mm, U, = 20 m/s ‘ Tu[%] B, ]
0.4 mm thin nickel film applied by vapor deposition process onto 10 7134
a polyamide substrate. They were operated by a constant-
temperature anemometer system in sets of 12 sensors and logge( gg
simultaneously at a sampling frequency of 50 kHz.

As shown, e.g., by Hodsdii7], the boundary layer character-  0.96
istics can be derived directly from the anemometer output and do
not necessarily require an extensive calibration procedure. The 0.94] 131
quasi-wall shear stress QWSS is determined by the output voltage

1133

1132

E and the output voltage under zero flow conditihsaccording 130
to Eq.(1) iy
q 0.90 1 ion
13 E?-Ej 0.88 ]
QWSS=constantr,"=——— (1) U 4128
0 0.86 .
A once-per-revolution trigger mechanism ensured that the wake o =127

passing effects were studied for wakes produced by identical bars.

Processing of the raw data was done using the well-establishegly 4 ynsteady inflow conditions; design inlet conditions

PLEAT technique(Phase Locked Ensemble Averaging Tech-

nique, Lakshminarayana et 4lL8]) in order to separate random

and periodic signals. The time-dependent signal b is composed of _ _

a periodic componerit and the turbulent componebt according (e cascade, which are required to be able to move the bars up-

to Eq.(2) stream of the cascade inlet plane. The wake width can be easily
extracted from the figure.

N
b=b+b’ with B(t): iE bi(t) ) Unsteady Pressure Measurements. The measurements were
Ni= performed at different inlet Mach and Reynolds numbers in con-

N junction with two bar pitches and velocities. To get an impression
1 ~ of the cascade flow at design conditions with an inlet Mach num-
RMS(t) = \/NE [bi(t) —b(t)] (3)  ber of Ma=0.67 and an inlet Reynolds number of ;Re
=t =450.000, the mean blade loading in terms of the isentropic pro-
N - file Mach number distribution is plotted in Fig. 5. Both steady and
Nzizl[bi(t)*b(t)]3 unsteady inflow conditions, measured with conventional static
- (4) Ppressure tappings technique and fast-response Kulite sensors, are
shown. The unsteady runs are performed tgf/t=1/3 (tpar
=40mm) andty,/t=1 (t,,=120mm) at bar speeds afy,

. =20m/s, resulting in Strouhal numbers of;S10.66 and Sr
A total of 300 ensembles was logged with each run and evalg—o_zz respective?y based on axial inlet velécity. S

ated fo(; ansi-waII shear strhess, rra]\ndom_ L;)rll:)teadiness RMhS' Edrhe differences compared to the steady inflow case are due to a
(3), and skewness, Ed4), where the variablé represents the a6 of the inlet flow angle due to the moving bars. The mean

anemometer output voltage. To be able to compare the hot-filgjiie’ qatafilled symbols show an excellent agreement with the

sensors, the resulting RMS values were normalized with the gk ,e5 ghtained from the static pressure tappings. At unsteady

emometer voltage at zero flow, thereby eliminating the influenGgiet fiow conditions, the separation bubble on the suction side

of manufacturing differences between the gauges. starting at abouk,,/| .= 0.40, is somewhat reduced compared to
the steady case due to the time averaging of the periodically at-
tached flow.

Skewnesg) =

N Salbi () —b()]?

Results

Inflow Conditions. To provide a comprehensive unsteady
data set for numerical modeling of wake passing, the inflow con-
ditions for the cascade have to be investigated in detail. The en-
semble averaged results at design inlet flow conditions, a bar pitch
of 40 mm (,,,/t=1/3) and a bar speed of 20 m/s {S10.66) are
shown as an example in Fig. 4, where the normalized inflow ve-
locity, the turbulence level Tu based on the local flow velocity and o3k
the inflow angleB; are plotted for four bar passing periotd. ’

The velocity deficit in the wake reaches about 12% of the in-
flow velocity. The turbulence level rises from about 6% back-
ground level to 9.5% in the bar wake and correlates with the
velocity during the wake passing period. Compared to steady in- &' [
flow conditions with a freestream turbulence intensity of 3.5%,
the overall turbulence intensity in the unsteady case is substantia®®[
larger. The reduction in flow velocity also affects the velocity
triangle and results in a periodic increase of the inflow angle of
aboutAB=2 deg during every wake passing. Note that the abso- %5[]
lute value of the inlet flow angle diverges from the geometric flow
angle that should result from the installation. This is due to the
loss of mass flow through the gaps at the upper and lower end of

Fig. 5 Isentropic profile Mach number distribution at design
10nly 33 gauges are used during the present investigation. inlet conditions

o) B steady flow

0.7 [\ steady flow
static p

[ ] Kulite probes

o =40 MM, U, = 20mM/s

—-—o--—static pressure tappings

]

v

Kulite probes
o =120 mm, u,, = 20 Vs

static pressure tappings
Kulite probes
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Fig. 6 Contour of unsteady isentropic profile Mach number

Fig. 8 Ensemble averaged pressure traces, bar pitch =120

As an example of the ensemble averaged unsteady surface pfai8. bar speed =40 m/s (tp, /t=1, Sr;=0.44)
sures measured on the suction side, the isentropic profile Mach
number distribution obtained from the Kulite data is given in Fig. o )
6 for a bar pitch of 120 mmt{,/t=1) and a bar speed of 40 m/sIndicated as solid lines, are arbitrary but congruent along the sur-
(Sr,=0.44). In this space—time contour plot, nondimensionaliz¢@ce location, which is indicated as dash—dotted lines.
wake passing timé&/T along the ordinate is plotted over the non- Also drawn in Fig. 8 are two lines representing the trajectory of
dimensionalized axial chord length along the abscissa. The dBe freestream velocity.. and the speed of sound. The origin of
tailed view shows the profile Mach number at four different timéhe high fluctuations is located in the region of the separated lami-
steps during one wake passing period. Near the leading edge tHege flow at about 42% axial chord length. The onset of the fol-
are only small differences from the mean value, but the passil@yving downstream fluctuations are concordant with the
wake leads to a periodical reduction of the separation bubbfégestream trajectory, thus they are controlled by the passing
Starting in the region of the separated flow at ab@yg/l Wa_ke. On the other side, the fluctuatl_ons prior to the laminar sepa-
=0.40, large amplitude pressure oscillations with high frequenégtion bubble propagate upstream with the speed of sound and are
occurs. To get more information about these pressure oscillatioHerefore triggered by an acoustic mechanism.
a detailed look at the time traces is needed. A selection of typicall-arge amplitude pressure fluctuations due to coherent structures
raw Kulite signals together with the ensemble averaged ones af& observed by Stiegét9] performing unsteady pressure mea-
shown in Fig. 7 for one sensor &j, /I ,,=0.65. surements on the suction surface of a turbine blade. He showed,

The large pressure fluctuations are visible in the raw signdhat the coherent structures are rollup vortices formed in the
Although the ensemble averaging process reduces random flieundary layer as the wake passes and occur by an inviscid
tuations, the large amplitude and high frequency fluctuations af&lvin—Helmholtz mechanism, therefore the fluctuations do not
sustained in the average traces. This is an indication that th&y@lve purely from the periodic turbulent disturbances linked with
fluctuations are generated by deterministic coherent structureshg wake. . .
the flow. The period is approximately 35% of the bar passing Figure 9 displays the pressure fluctuations obtained for the
period. The entire ensemble averaged pressure traces measurez@fie inflow conditions but with half the bar speed wf,
the suction side are shown in Fig. 8, which represent the sarfe0 m/s and bar pitches of 120 mnty{/t=1) and 40 mm
data as in Fig. 6. The magnitude of the pressure fluctuations, here

| Ma, = 0.67, Re, = 450000 |

Ma, = 0.67, Re, = 450000 oo L 120 mm, u,,, = 20 ms | g =40 mm, U, = 20 mis
too, = 120 mm, u,, = 40 m/s s '
(X 07
u W 06 06
typical raw = o
Kulite traces ./

F T 04 B 04
g :
03| 03
ensemble average :,
(300 ensembles) 0.2 _‘ ) ’ 0.2 - -
E,/ W “ 5
01 o1 f
=, T i PPy,
SRR AT RN B A SRR AN TS A N
0 1 2 3 0 1 2 3 % 1 2
Time [VT] Time [VT] Time [Y/T]
Fig. 7 Unsteady pressure signals at  x,,//,=0.65 Fig. 9 Ensemble averaged pressure traces, bar speed =20 m/s
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Ma, = 0.67, Re, = 700000
tor = 120 mm, u,, =20 m/s

Ma, = 0.40, Re, = 450000
tyor = 120 mm, u,, = 20 m/s
.8

t., =40 mm, U, =20 m/s
TP steady inflow conditions

0.8

RMS/E,
max

LI e e i s |

fadiinach T ay s FECE L 1

L= =) = = B

1 2 1 2
Time [VT] Time [U/T]
Fig. 10 Ensemble averaged pressure traces, bar pitch =120 Fig. 11 Ensemble averaged RMS values, Ma ;=0.67, Re;
mm (ty, /t=1), bar speed =20 m/s =450,000, t,; =40 mm, Up,=20m/s (tpa /t=213, Sr;=0.66)

(tpar/t=1/3). The pattern of the pressure fluctuations in the separoves periodically downstream in the region influenced by calm-
rated flow region in case of the bar pitch 120 mm is comparableiteg effects(D) as compared with steady inflow conditions. The
the latter case but the amplitudes are increased. Different osciltagions(C) and (F) are turbulent up to the trailing edge, but the

tion patterns arise in the front part of the suction side, where mundary layer properties change in time as could be seen in the
chargctterltstll)(i hl_?_ﬂ freqqﬁntc;y quctuatlonsI as seer](,j el.g."tk;n .F'glngxt chapter.
are detectable. The oscillations are nearly sinusoidal with similar ~ " : -
negative and positive amplitudes. The pgriod corresponds to the-nlle fvvr?ki-lgc'ivlrged Itransﬂor_llal tzegugﬁi\)/ exhibits a dguble
bar passing period. The appearance of these oscillations in ﬁ{g orhig values. Mailach and Voge[@ pointed out
ensemble averaged values points again at the existence of cofgg! this double peak is a response of the boundary layer due to
ent structures in the boundary layer. In case of the lower bar pitdhe increased turbulence of the incoming wake. The wake gener-
40 mm, large sinusoidal oscillations with nearly same amplitudded by the bars can generally be described as a von Karman
start at abouk,,/l ,,=0.42 up to the last Kulite sensor position.vortex street with shedded vortices. Due to the short axial gap
The pattern of the pressure oscillations in the separated flow between the bar plane and the cascade inlet plane, the vortices are
gion strongly depends on the frequency of the bars in terms of thet mixed out as they enter the cascade inlet plane as shown in the
bar pitch and bar speed. ) _ single hot-wire measurements of Teusch e{Hl]. As a possible
Changing the inlet Mach or Reynolds number results in a simipnsequence of the larger measuring volume of the current used
lar oscillation pattern as could be seen in Fig. 10 for an mcreasprghe hot-wire probe, the present measureméfig. 4 do not
Reynolds number of Re=700,000(left side, constant inlet Mach spa any double peaks in the turbulence distribution upstream the
number Ma=0.67) and for a decreased Mach number of;Macascade’ inlet. However, the wake width in the RMS diagrams
=040 (right side, constant inlet Reynolds number ;Recqresponds to the results of the triple hot-wire measurements
=450,000). However, the amplitudes of the fluctuations are "Bisplayed in Fig. 4.
duced in case of the lower Mach number and only small pressurecioser insight can be obtained by looking at one single sensor
variations are observable prior to the separation. during wake passing, as shown, for example, in Fig. 12 for

Surface-Mounted Hot-Film Measurements. The effects of the axial locationx,/l,,=0.40. Note that the origin of the
the wake passing on the boundary layer transition on the suctidndimensional time on the abscissa represents the start of the
side will be considered in the following section. The state of th@easurement and do not necessarily coincide with the wake im-
boundary layer will be identified using the parameters quasi wafct on the boundary layer at this specific sensor location. Due to
shear stres€QWSS and the root mean squaf@MS). The results the high reduced frequency in case of the bar pitch of 40 mm
of the hot-film measurements in terms of space—time diagrams of
ensemble averaged normalized RMS values and ensemble aver-

aged QWSS are shown in the following figures. The data are Ma, = 0.67, Re, = 450000
mapped only qualitatively; dark regions indicate maximum and f =40, U, = 20008 N :ﬂ:,io 008 1
light areas minimum values. To identify the movement of the 2} s o sheuness, 1,
transition point, the dash—dotted white lines within the RMS dia- L : : ]
grams, representing zero skewness, are used. The transition poir 1} ]2
under steady inflow conditions is shown as a dotted vertical line. 3 §
To illustrate the wake-induced transition process, different regions os 1' S
representative for various boundary layer states are marked in thé 0 $
figures similar to Halstead et 46]. 50-6_ 3
The flow development takes place along a wake-induced path 4 &
and a path between two wakes. Following the wake path in Fig. o4} z
11, a wake-induced transitional flow regin8) emerges, where I ) 2
early transition is forced as can be seen in the RMS values and the °2f “caimedregion 001 ]
white zero skewness line. The migration of the transition point :|°°"’°"‘I’°'"°"u"‘l=°'4°| . . . Fle
0 — - . — A 0

covers about 27% of the surface length. The path between twc °o 05 1 15 2 25
wakes remains still laminafA). The transitional region(B) is v

followed in time by a stable calmed regigD) with decreasing Fig. 12 Ensemble averaged values at single sensor location
RMS values. The calmed region is able to delay the onset gf //,,=0.40, Ma,;=0.67, Re;=450,000, t,,=40Mm, Upa
transition in the path between two waki&s. The transition point =20 m/s (tp, /t=1/3, Sr;=0.66)
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[ 4, =40 mm, U,,, = 20 m/s

Qwss
max

- min

Fig. 13 Ensemble averaged QWSS values, Ma ;=0.67, Re,
=450,000, tyy =40 MM, Upy=20M/s (tps /t=1/3, Sr;=0.66)

Ma, = 0.67, Re, = 700000, t,,, = 120 mm, U,,, = 20 m/s

RMSIE,
max

;
:
:
.

Fig. 15 Ensemble averaged RMS values, Ma ;=0.67, Re;
=700,000, tpy =120 MM, Up,=20mM/s (ty/t=1, Sr;=0.22)

(Sr,=0.66), no distinct regions of undisturbed laminar boundarisplayed in Fig. 15 for an inlet Reynolds number ;Re
layer flow exist. The wall shear stress increases after the impact700,000. The bar pitch is still 120 mm. Following the wake-

the wake due to the increased turbulence inside the wake. Tihduced path, the downstream migration of the transition point is
maximum fluctuations marked as M1 and M2 occur at temporaliyiore obvious. The periodical migration process covers about 35%
uniformly distributed parts of the laminar and turbulent boundaryf the surface length. With increasing Reynolds number, the effect

layer with an intermittency of=0.5. Between the points M1 and of the calmed region is therefore amplified.
M2, the turbulent part in the boundary layer outweighs with an

intermittency of 0.5y<(1, indicated by the minimum RMS value Boundary Layer Traverses. To get detailed information on

and the maximum of the QWSS value at the center of the wakfe change of characteristic boundary layer parameters during the
Then the wall shear stress decreases. Subsequent to the wakg, ke passing, single hot-wire traverses have been performed in

fluence, the wall shear stress is still decreasing for a short ti
while the fluctuations remain at a low level. This is according t
Halstead et al.6] the indication of the calmed region. The calme
region is interrupted by the appearance of the next wake.

Mfe turbulent part of the boundary layer. All the traverses have
§een performed at a bar speed of 20 m/s. Figure 16 shows the
ensemble averaged normalized velocities across the boundary

The space—time diagram of quasi wall shear stress on the sl@er at design inlet conditions and a bar pitch of 40 mm for one

tion side surface(Fig. 13 allows identifying the location and @xial positionXa,/l,=0.65. The wall-normal distancg/| along

extent of the laminar separation bubble characterized by minimJhg ordinate is plotted over a nondimensionalized bar passing pe-
values in the QWSS distribution. Every wake passing, the trangiod t/T. The wake path can be identified in the freestream due to

tional flow regime(B) prevents the formation of a separationits velocity deficit.

bubble and transition takes place via bypass mode. The calmed he large velocity oscillations inside the boundary layer exhibit

region also suppresses the laminar separation. a pattern similar to the pressure traces in qu“@ht side. The

In case of the high bar pitch 120 mm,{/t=1) shown in Fig.

oscillations are amplified across the boundary layer, but slightly

14, a region of undisturbed transition similar to the steady cag@mped when approaching the blade surface. Similar results for
exists, where a laminar separation bubble develops between #fg Vvelocity distribution can be found in Chakka and Schobeiri

wakes. The migration of the transition point covers about 27% b20]. In case of the higher bar pitch 120 mi4/t=1). which is

the surface length. There is only a small delay of the transitigihown in Fig. 17, the typical pattern of the large amplitude and

onset downstream due to the calming effects of the calmed region.
The influence of the Reynolds number to the transition process is

ter =120 mm, U, =20 m/s

[ Ma, = 0.67, Re, = 450000, 1,,, = 40 mm, U,,, = 20 m/s |

=4.57%
N=3.43%

nM=227%
nN=1.82%
M=1.14%

M=081%

n=055%
nN=0.36%

i N=0.19%

measurement location: x, /I, = 0.65
0.2 L L L L 1 L L L L 1 L L L L

0 1 2 3
YTl

Fig. 14 Ensemble averaged RMS values, Ma ;=0.67, Re;
=450,000, tpa =120 mm, Up,,=20m/s (t,a/t=1, Sr;=0.22)

Fig. 16 Ensemble averaged velocity, Ma ;=0.67, Re;=450,000,
thar=40 MM, Up,,=20 m/s (ty, /t=1/3, Sr;=0.66)
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Ma, = 0.67, Re, = 450000, 1, = 120 mm, U, = 20 m/s
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measurement location: x,/l,, = 0.65
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Fig. 17 Ensemble averaged velocity, Ma ;=0.67, Re;=450,000,
thar=120 mm, up,,=20m/s (t,, /t=1, Sr;=0.22)
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Fig. 18 Momentum thickness and shape factor at Xax ! lax
=0.97, Ma;=0.67, Re;=450,000, tp,,=40mm, Uu,=20m/s
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Fig. 19 Momentum thickness and shape factor at Xax ! lax
=0.75, Ma;=0.67, Re;=450,000, ty,,=120mm, Up,=20m/s

(toar/t=1, S1;=0.22)
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Fig. 20 Ensemble averaged shape factors, Ma ;=0.67, Re;
=450,000, tp,=40mm, Up,=20m/s (tp, /t=1/3, Sr;=0.44)

high frequency oscillations already identified in the Kulite signals
(see, e.g., Fig.)7are obvious. The period of this fluctuation is
about 40% of the bar passing period. These patterns, and therefore
the underlying coherent structures, emerge within the boundary
layer, whereas in the freestream and near the wall only the wake-
typical velocity deficit appears.

Figures 18 and 19 display the corresponding integral boundary
layer parameters momentum thickne$sand shape factor
obtained near the trailing edge at,/1,=0.97 and X/l
=0.752 respectively, both normalized with their values from
steady inflow conditions. In case of the low bar pitch 40 mm, the
oscillations about the mean values are again sinusoidal. During
one wake passing, the momentum thickness varies between plus
5% and minus 45% compared to the steady case, while the time—
mean momentum thickness shows a decrease of about 20%. As
the momentum thickness at the trailing edge is regarded as a mea-
sure for the profile losses, a substantial loss reduction compared to
the steady case is estimated. The time—mean shape factor value
shows an increase of about 11%.

There is only a moderate increase of the time-mean shape factor
of about 3% in case of the bar pitch 120 mitp(/t=1). The
time—mean momentum thickness is reduced at about 11% com-
pared to the steady inflow case. In contrast to the case at low bar
pitch, the momentum thickness temporarily increases up to 25%
during the high peak fluctuations.

The space—time diagram of the ensemble averaged shape fac-
tors is given in Fig. 20 for the low bar pitch of 40 mnb{/t
=1/3). The alternation of high shape factors in the region of
aboutx,,/l ;,,=0.50 representing separated flow and low values
representing attached flow is clearly visible.

Conclusions

Detailed experimental investigations were performed on a
highly loaded linear compressor cascade focusing on unsteady
boundary layer development due to wake passing effects. Cylin-
drical bars moving parallel to the cascade inlet plane simulate the
periodically unsteady flow caused by the relative motion of rotor
and stator rows. The experimental data were acquired using dif-
ferent measurement techniques, such as fast-response Kulite sen-
sors, hot-film array and hot-wire measurements. The experiments
were carried out using two different bar pitches of the wake gen-
erator. In case of the high bar pitch of 120 mig,f/t=1), the
passing wakes lead to a periodical change of the blade loading.
Large amplitude pressure oscillations with high frequency due to
deterministic coherent structures in the boundary layer start in the
region of the separated flow. They trigger the upstream pressure
fluctuations by an acoustic mechanism as they propagate upstream
with the local speed of sound. The reduction in flow velocity also
affects the velocity triangle and results in a periodic increase of

2At the present, no data are available for the high bar pitch of 120 mm beyond
Xax/lax=0.75.
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the inflow angle of abouAB=2 deg during every wake passing.Subscripts
The overall back_ground turb_u_lence level is significant Iarg_er COM- 4 — sero flow conditions
pared to steady inflow conditions. Surface mounted hot-film sen- | _ - c.ode inlet plane
sors are used to measure the qualitative distribution of unsteadi- _ ;
) . ; 2 = cascade exit plane
ness and the quasi wall shear stress along the suction side over_,, _ oo v
h X X 5 S ax = axial distance
time. For both bar pitches, the separation bubble is periodically —; _
; . . i ” : i = time index

reduced, but still existent. The migration of the transition point
covers up to one third of the surface length. The RMS values feferences
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Surge Avoidance in Gas
Compression Systems

R. Kurz The phenomenon of compressor surge and its prevention have drawn significant attention

R. C. White in the Iiterat_ure. An @mportgnt aspect _of_ surge avoidance lies in the design of the com-

e pressor station and, in particular, the piping upstream and downstream of the compressor.
Most anti-surge systems are perfectly capable of avoiding surge during normal operating
conditions. However, unplanned emergency shutdowns present a significant challenge,
and surge avoidance in these cases depends to a large degree on the station layout. In this
paper, data from a compressor that surged during an emergency shutdown are presented.
The data are analyzed to determine the effects of surge and the rate of deceleration. A
model to simulate shutdown events is developed and used to develop simpler rules that
help with proper sizing of upstream and downstream piping systems, as well as the
necessary control elements. The compression system is analyzed, thus verifying the model
and the simplifications[DOI: 10.1115/1.1777577

Solar Turbines Incorporated,
9330 Skypark Court,
San Diego, CA 92123

Introduction bility of the compressor is reduced by the square of its running
eed, while the pressure ratio across the machine is imposed by
e upstream and downstream piping system, the compressor
or passive mean@mulfi et al.[3]), of by increasing the accurac would surge if the surge valve cannot provide fast relief of the
of getermining the surge ma%g(M’cKeeyand Deﬁegbaug[n]) it ypressure. The deceleration of the compressor as a result of inertia
is often overlooked that meaningful gains can be made by betgenr?edéz?]'p;él?gligigeo?‘?}:’: ;)?g:t;c;ﬁ'r.e-rr?gt sgrﬁ;d dgéghézhot:?h%riz:
understanding the interaction between the compressor, the aaﬁfion time of the valve, but also on the time constants imposed

surge devicesgcontrol system, valvesand the station piping lay- b - X - .
h the piping system. The transient behavior of the piping system

out (coolers, scrubbers, check valyeshis study focuses on cen- Y .
trifu(gal compressors driven by twg-shaft gas{urbiﬂéig. 7). depends largely on _th_e volumes of gas enclc_)sed by the_varlous
The possible operating points of a centrfugal gas compressglEICS ORI Pt SV B CeRlE S
Er;rﬁrrlllrg\l/tgitljat?l)é qua\l/i/(:enrqucmhoigilomvcnggn;t:&ﬁgtrlgg Iisngﬁ(a(?:,igma System boundaries for this study are the first downstream check

2). Surge, which is the flow reversal within the compressor, a f’ilve’.V\]ﬁh'!e thle upstream boundary ma;g_be glther a check valve
companied by high fluctuating load on the compressor bearin  an in Inite plenunat constant pressuréjg. 3). T

! The requirements of the anti-surge system for such situations as
has to be avoided to protect the compressor. The usual methodé%r

S avOdance an suge-contol) consiss of a recycle oo 1 O O1E MeSde ystens e thences e ety diferert,
that can be activated by a fast acting valVanti-surge valve”) P ) '
when the control system detects that the compressor approaches

its surge limit. Typical control systems use suction and discharge

pressure and temperature, together with the inlet flow into tha
compressor as input to calculate the relative distafmerge mar-
gin”) of the present operating point to the predicted or measur
surge line of the compress(fig. 2). The surge margin is defined ==

by

In light of recent attempts to increase the stability margin of
compressor by activéEpstein et al[1] and Blanchini et al[2])

_ Qop_ qurg

SM €y

QOp N=const

If the surge margin reaches a preset valoéien 10%, the B
anti-surge valve starts to open, thereby reducing the pressure ri
of the compressor and increasing the flow through the compress
The situation is complicated by the fact that the surge valve al
has to be capable of precisely controlling low. Additionally, som
manufacturers place limits on how far into chof@ overload
they allow their compressors to operate.

A very critical situation arises upon emergency shutdow
(ESD). Here, the fuel supply to the gas turbine driver is cut of {a)
instantly, thus letting the power turbine and the driven compress
coast down on their own inertiaBecause the head-making capa [[fT}; -' i e -

Contributed by the Turbomachinery Division oHE AMERICAN SOCIETY OF
MECHANICAL ENGINEERSfor publication in the ®URNAL OF TURBOMACHINERY. (b}
Manuscript received by the Turbomachinery Division, May 21, 2004; revised manu-
script received, May 27, 2004. Editor: D. Wisler. . . L
Some installations maintain fuel flow to the turbine for 1 to 2 seconds while tHeig. 1 Compressor station and rotor system consisting of
recycle valve opens. However, this can generate a safety hazard. power turbine, coupling, and compressor rotor
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change in conditions that first and foremost requires fast system
reaction. This requires, among others, extremely fast opening
valves with sufficiently large flow areas. The latter requires the
capability to precisely control slow changes in the process, such
that no oscillations occur, which can be accomplished with pre-
cisely positioned valves.

Surge Phenomenon

Figure 4, [5], shows the head versus flow characteristic of a
typical centrifugal compressor, including the areas of unstable op-
eration. At flows lower than the stability point, the compressor
initially shows a reduced capability to generate head with reduced
flow, until it experiences reverse flow, that is, the gas now flows
from the discharge to the suction side. Once flow reversal occurs,
the amount of flow depends on the pressure ratio across the com-
pressor, since in this situation the compressors acts more or less
like an orifice. The flow reversal means that the pressure down-
INLET VOLUME FLOW stream of the compressor is gradually reduced. The speed of pres-
sure reduction depends largely on the size of the volume down-
stream of the compressor. Once the pressure is reduced
sufficiently, the compressor will recover and flow gas again from
the suction to the discharge side. Unless action is taken, the events
repeat again. Ongoing surge can damage thrust beafitugsto
the massive change of thrust logadseals, and eventually overheat
the compressor. Details of the energy transfer from the compres-
sor into the gas are described[#.

OPIC HEAD

ISENTR

B
th

Fig. 2 Typical compressor map

Modeling the Piping Surge Control Interaction

Design of the piping and valves, together with the selection and
the placement of instruments will significantly affect the perfor-
mance of an anti-surge control system. This is a major issue dur-
ing the planning stage because the correction of design flaws can
be very costly once the equipment is in operation. Typical con-
figurations for recycle systems are outlinedrig. 3. In its sim-
plest form, the system includes a flow-measuring element in the
compressor suction, instruments to measure pressures and tem-
peratures at suction and discharge, the compressor, an after-cooler
and a discharge check valve, as well as a recycle line with a
control valve, connected upstream of the discharge check valve
and compressor flow-measuring device.

(a) The control system monitors the compressor operating param-
eters, compares them to the surge limit, and opens the recycle
valve as necessary to maintain the flow through the compressor at
a desired margin from surge. In the event of an ESD, where the
fuel to the gas turbine is shut off instantly, the surge valve opens
immediately, essentially at the same time the fuel valve is closing.

In a simple system, the boundaries for the gas volumedn
& the discharge side are established by the discharge check valve,
compressor, and recycle valve. The volume on the suction side is
usually orders of magnitude larger than the discharge volume and,

hig volume

surge cycle
i —
f,;
f.

(b) S —

Flow
Fig. 3 Anti-surge and recycle system; (&) cooled recycle, (b)
hot recycle Fig. 4 Simplified surge cycles, [5]
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therefore, can be considered infinite. Thus, for the following con- The above relationship can be used for any positive flow. If the
siderations, the suction pressure remains constant. In a sucgenpressor exhibits reverse flow, it can be modeled as an orifice
avoidance system, a certain amount of the valve’s flow capacitjth

will be consumed to recycle the flow through the compressor.

Only the remaining capacity is available for de-pressurizing the Q
discharge volume. Ky, compr

The worst-case scenario for a surge control system is an Esél\ﬁ‘\ere K describes the flow resistance of the compressor
rticularly if th mpr ris alr rating cl rge . - “u.compr :
particularly if the compressor is already operating close to su gainst the reverse flow. It should be noted that this somewhat

when the engine shutdown occlirdhith the initiation of shut I’%ude formulation suffices for the present study because we want

down, the compressor will decelerate rapidly under the influen determi hether th il 90 int t ESD
of the fluid forces counteracted by the inertia of the rotor systenr. etermineé whether theé compressor will go Into surge at & or
. The post-surge behavior is, thus, not important and is only

A 30% loss in speed equates to approximately a loss in head B .
50%. The valve must, therefore, reduce the pressure across' c;]dugeﬁ to keefp“:he numerical rgod_el Séasbt'ﬁ- d byt
compressor by about half in the same time as the compressor los € behavior ot the compressor during EsL 1S governed by wo
30% of its speed. This speed loss is very rapid. 3] ec}_s. Thedlnerna oi thbe zgstgm cogsstlng of the ::_on;)ﬁ)_ressor,
; o upling and power turbinéand gearbox where applicablés
The larger the volumes are in the system, the longer it will ta%;ynteracted by the torqud’) transferred into the fluid by the

to equalize the pressures. Obviously, the larger the valve, the b ( hanical | leoted@he bal f
ter its potential to avoid surge. However, the larger the valve, t gmpressormechanical losses are neg egte@ihe balance o
Qrees thus yields

poorer its controllability at partial recycle. The faster the valve ca
be opened, the more flow can pass through it. There are, however, dN
limits to the valve opening speed, dictated by the need to control T=-2m-J- T (8)
intermediate positions of the valve, as well as by practical limits
to the power of the actuator. The situation may be improved by Knowing the inertia §) of the system and measuring the speed
using a valve that is only boosted to open, thus combining higlariation with time during rundown yields the torque and, thus,
opening speed for surge avoidance with the capability to avoibe power transferred to the gas
oscillations by slow closing. N

If the discharge volume is too large and the recycle valve can- LT N 2 1N, —
not be designed to avoid surge, a short recycle Igay recycle P=T-N-2m (2m)=J-N dt’ ©)
Yﬁévgﬁrgrac)églifon&dered, where the recycle loop does not InCIUdeIf the rundown would follow through similar operating points,

N3 whi i
While the behavior of the piping system can thus be predictéden P~N®, which would lead to a rundown behavior of

1
== (P2—P1) ™

quite accurately, the question about the rate of deceleration forthe  gNn kN2 K

compressor remains. It is possible to calculate the power con- G jﬁef N~ 2dN= Tf dt+c—
sumption for a number of potential steady-state operating points. (2m) (2m)

The operating points are imposed by the pressure in the discharge 1

volume, which dictates the head of the compressor. For a given N(t)=— K 1 (20)
speed, this determines the flow that the compressor feeds into the —_—t—

discharge. J(2m) Ni=o

In a simple system as qescribed above, mass and momenturﬂe arding the proportionality factok) for power and speed,
F%I)aqfﬁeh\%?/etocgﬁ bmea'géi'gﬁeegtﬁg]it:'}%vv\yzgh;e][uinc?i;c’gp‘;{ﬁhis fa?ctor isgfairly[::onpstant, not)r/natter WXhere %n the operaFt)ing map
: - . ; ; e rundown event starts. Thus, the rate of deceleration, which is
pressure differential, wittp, the pressure just upstream of the,, o imately determined by the inertia and the proportionality
valve factor, is fairly independent of the operating point of the compres-
1 sor when the shutdown occurred; i.e., the time constant
Q,=\/=—(p,—P1) (2) (dN/dt(t=0)) for the rundown event is proportional tv/J.
K, However, the higher the surge margin is at the moment of the trip,
the more head increase can be achieved by the compressor at

unless the flow across the valve is choked, thus
constant speed.

P, From this complete model, some simplifications can be derived,
Q,=C\/— (3) based on the type of questions that need to be answered. Obvi-
Py ously, for relatively short pipes, with limited volurmsuch as the
while mass and energy balance yield systems desired for recycle lingthe pressure at the valve and the
pressure at compressor discharge will not be considerably differ-
dp, k k-1 ent. For situations like this, the heat transfer can also be neglected.
at = | P2Q7PyQu = ——Hecooler (4)  The set of equations then is reduced to
h | dp; _k-p,
and the momentum balance =y [Q-Q,]. (11)
d(p2Q)  pP2—P, p2Q?
d2t = 2L 2~ —;p (5) This means that the discharge pressure change depends on the

capability of the valve to release flow at a higher rate than the
where p, is a function of the compressor operating point, exflow coming from the compressor. It also shows that the pressure

pressed by Eec)iuction for a given valve will be slower for larger pipe volumes
V).
P2 k=1 h(Q,N)-SG|¥*"* h _[Q 2 The model described above, which contains and accounts for all
E =1+ k =~ 287 ZT, N2 AN +BN+ Y physical features of the discharge system, can be simplified even

(6) further to determine whether the combination of discharge volume

and valve size can prevent the compressor from surge during an

ZSimilar considerations are to be made for the trip of an electric motor driver. TfFeS[.)- Thqs, it allov‘{s the two |mp0rtant design parameters. to be
main difference is the different inertia of the motand the gearbox easily varied to avoid surge during ESD. The surge valve size and
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opening speed can be increased for a given discharge volume or Table 1 Problem definition  (full model )
the maximum allowable discharge volume for a given configura

tion of valves and compressor characteristic can be limited. Tﬁé g?gg Egg
second method, which has the advantage of being more transpar- 2118
ent for the station design, is used here. L 42 m
The simplified model calculates the maximum discharge vosG 0.59
ume where the head across the compressor can be reduced by Half 305 K
in one second, based on the assumption that this reflects the s ee(%cle valveKo ﬁl‘/"AS% kg

decay during an ESD as outlined above. Therefore, the lengthy
calculation of the instant compressor speed is replaced by a fixed,
presumed to be known, deceleration rate. The assumption is made
that the power turbine and compressor will lose about 25% spe
in the first second of deceleration. This is, for example, confirm
by data from Bakken et a[8], where the gas turbine driven con-
figurations lost about 20 to 25% speed in the first second, wh
the electric motor driven configuration lost 30% speed in the fir
second. As a result of the loss of 25% speed, the head the com-.

pressor can produce at the surge line is about 56% lower thanvalidation

the initial speed, if the fan law is applied. A further assumption is The system used to validate the complete model is outlined in
made about the operating point to be the design point at the instgflf. 3 and Table 1. Reduced compressor characteristics are given
Any ESD is initiated by the control system. As a result of pata were available for a situation where the recycle valve
various delays in the systeffuel valve to shut completely, hot fajled to open at a shutdown situation. The complete model was
pressurized gas supply to the power turbine seizes, opening tifi@ against the data and the results are showigné. The model
of the recycle valvg ESD data show that the surge control valvgyredicts initially a faster deceleration than indicated by the test
reaches full open and the beginning of deceleration of the powgita. This is likely due to some residual power provided by the
turbine/compressor are considered to happen simultaneously. Thi§ver turbine even after the fuel supply is shut off. Since the
is the starting time T) for the model. _ purpose of the calculations will be to determine the capability of a
Usually, the suction voluméo check valvgis more than three recycle system to avoid surge, this deviation is acceptable. The

orders of magnitude greater than the discharge volume andoigset of surge is predicted quite accurately. Interestingly enough,
therefore considered at a constant pressure. The general idea is

now to consider only the mass flow into the piping voluffrem

the compressgrand the mass flow leaving this volume through

the recycle valve. Since the gas mass in the piping volume det

mines the density and, thus, the pressure in the gas, we can for

instant see whether the head required to deliver gas at the pres: &

in the pipe volume exceeds the maximum head that the compre’ =

sor can produce at this instant. Only if the compressor is alwa 32

capable of making more head than required can surge be avoic 5 =
Afurther conceptual simplification can be made by splitting th =

flow coefficient of the recycle valvec() into a part that is nec- = 1

essary to release the flow at the steady-state operating point of

compressor¢, s and the part that is actually available to reduct @ T T T 1

% in the first second, the volume of the system is either in-

creased or reduced by a small margin. Thus, the calculation yields
ﬁ}ée maximum allowable piping volume for the set parameters that
g\fl” not cause surge at ESD.

the pressure in the piping volume(ayai - u] 00z 0.04 006 0.0s
The first stream and, thus, s Of the valve necessary to cover g
it are known. Also known is the, rating of the valve. Thus, the G, m
flow portion that can effectively reduce the backpressure is the
determined by the difference: Fig. 5 Compressor characteristics
Cy avai™ Cy — Cy ss- (12) 120

The model is run at constant temperature. Most of the compre

sor systems modeled contain aftercoolers. The thermal capacity 100 -
the cooler and the piping are much larger than the thermal cap.
ity of the gas; thus, the gas temperature changes are negligi &0
within the first second. T —~-_ | [—TestData |
The rate of flow through the valve is calculated with the star=  gp - | | — - Simulation
dard ISA method[9]%: = |
dp 1 0.5 40
Qstd: 1360 Fp- C,- Y- p_2 . m (13) .
The compressibility is calculated with the Redlich-Kwong
equation of state. The flow calculated above in each step of t 9 .
iteration is then subtracted from the gas contained in the discha o 5 4 8
and a new pressure in the pipe volume is calculated. Depend
on whether the system has achieved a reduction of head of at le t{s)

3Qstd is the standard flowEp is the piping geometry factor. It is usually not Fig. 6 Emergenc_y shu_tdown against closed feCYC'e valve.
known and can be assumed to be 1. The pressure is assumed to be constant il @& data versus simulation with complete model. Time spans
entire pipe volume. It is thus the same just upstream of the valve and at the dischdfyesurge based on vibration data from test flow and reverse
pressure of the compressor. flow.
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Table 2 Problem definition  (reduced model ) 8. 00E-03 -

P1 5900 kPa G00E-0J 7¢
52 89(:23 kPa 4.00E-03 &
21 2.00E-03 %
G p S 0.00E+00 - e
T oK £ -2.00E-03
34.593 k
Recycle valveKv 30000 g r& -4.00E-03 &
2 -5.00E-03
-8.00E-03
-1.00E-02
even the post-surge behavior is captured quite well, despite 1  -1.20E-02
fact that no particular effort was made to optimize the compress 4 40E-02 , : : ; |
characteristics for operating points at lower than surge. 0 1 2 3 4 5 6
Both data and model show the characteristic flattening of t
speed line in surge, largely due to the fact that the impeller a Tis)

sorbs less power in these situations. The presence of surge in the
data was determined by the analysis of vibration data taken at ffi¢. 8 Relative difference between discharge pressure and
compressor bearings. valve pressure
Next, the complete model is used to simulate the recycle system
defined inTable 2, using the same compressor as before, with the

compressor characteristics as showrkig. 5. The results are shown iRig. 7. With the parameters selected,

the compressor barely avoids surge at 0.1 second and coasts down
with a comfortable surge margin thereafter. A high surge margin is
1.2 1 seen by some compressor designers as undesirable. Besides the
realistic reduction in speed of about 30% in the first second, the
data also show that the pressure at the compressor dischmige (
1 and the pressure upstream of the valpe)(are almost identical,
. thus confirming the assumptions for the simpler modElg. 8).
The simplified system is used for the same conditions, first with

08 + a prescribed speed reduction and second with the calculated speed
= reduction as in the full model, and shows very similar results
s + N/NO compared to the complete modg@lig. 9). The method described
2 08 * p2ip20| can easily be expanded to situations where a relatively small suc-
E: pwp2l | tion volume leads to a fast increase in suction pressure. In the
E gfgD system simulated, test data did not indicate this pressure increase;

0.4 i.e., the assumption of a large suction volume was valid.

Conclusions

0.2

A model to simulate shutdown events was developed and used
to define simpler rules that help with proper sizing of upstream
o and downstream piping systems, as well as the necessary control
elements. The compression system is analyzed, thus verifying the

0 2 4 6 model and the simplifications. The model coincides well with the
(a) Tis) data, particularly with regards to proper prediction of surge
events. The inaccuracies and limitations inherent in the current
35 model are only problematic if the entire rundown process needs to
be described. The goal in this paper, to determine whether a sys-
3T tem will surge during ESD situations, can be achieved with either
version of the simulation.
25 —
s 2 |- 90 s
- | *HR gk 18
156 | qwigl 16
1.4
1 4 = 1-? - reduced
=z full
05
] T i
0 2 4 5] T {
(b T(s) 0 2 4 G
t(s)
Fig. 7 Emergency shutdown with recycle valve opening; (a)
speed and pressures versus time,  (b) flow versus time Fig. 9 Comparison between full and reduced model
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flow area
flow coefficient

compressible valve coefficient

piping geometry factor
head

= gas cooler heat transféw)

inertia

isentropic exponent
constant

valve coefficient
pipe length
speed(1/s)

pressure
volumetric flow
specific gravity
surge margin%)
temperature

time

volume

coefficient
compressibility factor
constants

density

Subscripts

available
compressor
op = operating point
surge = at surge
std = at standard conditions
ss = steady state
v = valve
1 = compressor inlet
2 = compressor discharge
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Rotor-Stator Interactions in a
Four-Stage Low-Speed Axial
Compressor—Part I: Unsteady
Profile Pressures and the Effect of
Clocking

, ,Ronald Mailach This two-part paper presents detailed experimental investigations of unsteady aerody-
e-mail: mailach@tus. mw.tu-dresden.de namic blade row interactions in the four-stage Low-Speed Research Compressor of Dres-

Konrad Vogeler den. In part | of the paper_the unsteady profile pressure distributions for the nom_inal setup

) of the compressor are discussed. Furthermore, the effect of blade row clocking on the
e-mail: kvogeler@tus.mw.u-dresden.de unsteady profile pressures is investigated. Part Il deals with the unsteady aerodynamic
o blade forces, which are calculated from the measured profile pressure distributions. The

Dresden University of Technology, unsteady pressure distributions were analyzed in the first, a middle and the last compres-
Institute for Fluid Mechanics, sor stage both on the rotor and stator blades. The measurements were carried out on
01062 Dresden, Germany pressure side and suction side at midspan. Several operating points were investigated. A

complex behavior of the unsteady profile pressures can be observed, resulting from the
superimposed influences of the wakes and the potential effects of several up- and down-
stream blade rows of the four-stage compressor. The profile pressure changes nearly
simultaneously along the blade chord if a disturbance arrives at the leading edge or the
trailing edge of the blade. Thus the unsteady profile pressure distribution is nearly inde-
pendent of the convective wake propagation within the blade passage. A phase shift of the
reaction of the blade to the disturbance on the pressure and suction side is observed. In
addition, clocking investigations were carried out to distinguish between the different
periodic influences from the surrounding blade rows. For this reason the unsteady profile
pressure distribution on rotor 3 was measured, while statord Were separately tra-
versed stepwise in the circumferential direction. Thus the wake and potential effects of the
up- and downstream blade rows on the unsteady profile pressure could clearly be distin-
guished and quantified.DOI: 10.1115/1.1791641

1 Introduction Within recent years a number of experimental and numerical

investigations associated with the blade row interaction in turbo-

The fiow in wrbomachines is highly unsteady and turbUIenltr‘nachines have been carried out. Experimental data on unsteady

The rotor and stator blades, moving relative to each other, a€ffade row interactions and aerodynamic forces in cascades are

dynamically interact because of the viscous wakes and the poten:;

tial effects of the l_)lao!es. Due to these aerodynamic imeraCtiOl'?l%tion and the wake-generated unsteadiness in a large-scale low-
the pressure distribution on the blades changes consnderablysﬁbed turbine.

time. For this reason unsteady aerodynamic blade forces and morpe time-resolved pressure field on the rotor blades in high
ments are generated. Other sources stimulating unsteady blggescre turbine stages was investigated by Denos é6Hl.
forces are struts and inlet distortions, for instance. Critical blage mert et al[7], Valenti et al.[8] and Miller et al.[9].
vibrations are excited if the frequency of the aerodynamic stimu- Pieper[10] investigated the unsteady pressures on the blades of
lation matches the natural frequencies of the blades. This can |%g|ng|e Stage compressor with inlet guide Vﬁi@V) Sanders
to a reduction of fatigue life or even a destruction of the bladingng Fleete11] considered the unsteady response of the stator
This is the reason why unsteady effects due to periodic blade rgydes in a single stage compressor to incoming wakes. Durali and
interactions should be considered during the design process. R@frebrock[12] performed experiments on the unsteady pressure
this purpose it is necessary to improve the knowledge of the aegstribution in a single stage transonic compressor and provided
dynamic response of the unsteady profile pressure distributionsr@sults on the unsteady blade forces due to the incoming wakes.
well as the excitation mechanism and the expected magnitude ofMuch computational effort has been done in recent years to
the blade forces. improve the understanding of blade row interactions in turboma-

Early analytical studies into the propagation of wakes througthines. A detailed insight into this problem is provided by the
blade rows, the unsteady pressure response and the excitationuwherical investigations of Korakianitigl3], Manwaring and
unsteady blade forces were performed by Kemp and Jddrs Wisler[14], Valkov and Tar{15], Arnone and PacciariL6], Fan
Meyer[2] and Lefcort[3]. and Lakshminarayand7] as well as by Lee and Fend8].

In previous publications of the authors several aspects of the

Contributed by the International Gas Turbine Institd®TI) of THE AMERICAN  rotor-stator interactions were discussed for the first stage of the
TORBOVACHNERY. Paper presented at the. Intemationsl Gas. Turbine. angoc! LOW-Speed Research Compregs&RO. Some results
Aeroengine Congress aFr)1d thibition, Vienna, Austria, June 13-17, 2004, Paper ? the unSteady prof|le pressu_res and the u.nSteady aerodynamlc
2004-GT-53098. Manuscript received by IGTI, October 1, 2003; final revisiodlade forces are already provided for the first stage rotor and
March 1, 2004. IGTI Review Chair: A. J. Strazisar. stator bladegMailach et al.[19]). First results for the unsteady
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Fig. 1 Sectional drawing of Dresden LSRC, rotor and stator blades with piezoresistive pressure transducers on PS and SS

aerodynamic blade forces during rotating stall are also discusdeal investigatedFig. 1). In addition, the time-averaged profile
there. Furthermore the unsteady boundary layer developmentpressures are measured using pneumatic pressure taps.
stator 1 is discussed and compared to the unsteady profile presfhe unsteady pressures on the stator blade were acquired using
sures(Mailach and Vogelef20,21)). time-resolving piezoresistive miniature pressure transdug¢ars

The experiments described in these papers have been continlited_Q47). The sensors are equally distributed along the midspan
for several blade rows throughout the four-stage compressor.(MS) as well on the pressure sid@S and the suction sideSS of
the present two-part paper results for the unsteady profile pressingle rotor blade and a single stator blade, respectifédy 1).
sures and the unsteady aerodynamic forces on the blades of @reboth blades the sensors are positioned from 10% to 90% chord
first stage(rotor 1, stator 1, a middle stagdrotor 3, stator Bas with steps of 10% chord. To minimize the influence on the flow
well as for the last blade rowvstator 4 of the Dresden LSRC are the sensors and the wires were fitted into the blade surfaces. The
provided. In part | of the paper the unsteady response of the ppmsitions near the leading edge and the trailing edge could not be
file pressures on wakes and potential effects is discussed for thegaipped with pressure transducers without noticeably disturbing
blade rows. Results are shown for design point and an operatihg flow.
point near the stability limit. In part Il of the paper the algorithm The signals from the transducers were amplified 125 times.
to calculate the unsteady aerodynamic blade forces on the basigbis was done using a separate miniature amplifier for each sen-
the experimental data is presen{@@]. Results for the time traces
and frequency contents of the unsteady blade forces are provided
for several blade rows and operating conditions. The aim of this Table 1 Design parameters of Dresden LSRC

two-part paper is to deliver a detailed insight into the compl e P
physics of blade row interactions in multistage turbomachinery Roynalds number-Totor oL VS DF —
(related to rotor chord length)
2 Experimental Setup Mach number, rotor inlet, MS, DP 0.22
. . Design speed 1000 rpm

The experiments were performed in the low-speed reseafg==="rr5 2535 kgl
compressor of Dresden University of Technologipresden g raocrearp 0553
LSRC). The compressor con_snsts of four |de_nt|cal stages, whig Enthalpy cosfficient ¥is, DP 0794
are preceded by an inlet guide vane row. Figure 1 shows a S{fyp gameter 1260 mm
tional drawing of the compressor, a cut-out of the blading sectiqrup o tip ratio 0.64
and the instrumented blades. Axial gaps between all blade rows, MS 32 mm

The blading of the compressor was developed on the basis
the profiles of a middle stage of a high-pressure compressor g IGv rotor stator
gas turbine. Detailed descriptions of the compressor are given |Blade number 51 63 83
Sauer et al[23], Mliller et al.[24] and Boos et al[25]. Table 1 [Chord length, MS _ 80mm_ [110mm [89 mm
gives a summary of the main design parameters. Stagger angle, MS (vs. ciroumference) 828  [493° e40°

The rotor blade rows of all stages are identical. The stator bla|S2i9t. MS_ _ 0941 [1897 1709
rows are identical as well. For this reason a single rotor blade al-ebein dffusion factor, third stage, MS, DP - lo4s8 [o4e7

a single stator blade were equipped with piezoresistive press|Ms: midspan
transducers and mounted step by step in all compressor stage DP: design point
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Fig. 2 Compressor map of Dresden LSRC, design speed

100

sor. For the measurements on the rotor blades the amplifier ce 0.6 o~ stator 1

was mounted within the rotor. The amplified signals are transmi 1 g N

ted via slip rings into the stationary system. 0.4 -
The signals were recorded using a VXI data acquisition syste .

of Hewlett-Packard. The sampling rate for the measurementsw ¢ g2

51.2 kHz while the blade passing frequen®PP is 1.05 kHz &

for the rotor blades and 1.38 kHz for the stator blades at desig% 0.0 -

conditions. o
The steady pressure distributions on the stator and rotor blad §

were determined using pneumatic pressure taps. They are pc~ -0.2 1

tioned at midspan between 2.5% and 95.0% of chord both on F 1

and SS of the rotor and stator blades. Pressure measurement ! -0.4 -

tems fromScanivalvewere applied to transform the pneumatic .

pressures to electrical voltages in the fixed and rotating frames -0.6 ‘ ‘ ;

reference. 0 20 4 0 80 100

Furthermore, the flow field in the axial gaps up- and down
stream the considered blade rows was investigated with a pneu-
mat[c five-hole prqbe anq a single .hOt wire. . Fig. 3 Pressure distribution on the rotor and stator blades of

Different operating points were investigated for design speggh first stage, MS, design speed, design point  (£=1.00,
including the design point and an operating point near the stabiligc 1 o)
limit. The two main points of interest are the design poigt (
=1.00) and an operating point near stability limit with 85% of
reduced mass flow&=0.85) at design speed/€ 1.0). These
points are highlighted in the compressor m&jy. 2.

The rotor blade numbe($3) and the stator blade numbd&3)
are identical for all stages. For the investigations with the nomin@
setup of the compressg@without clocking the rotor blades and
the stator blades are at the same circumferential positions in each Mt
stage, respectively. Results with clocking of the blade rows are (p(t))=— 2 p;(t) 3)
presented in Sec. 7 in this part of the paper only. The clocking M=o
setup is described there.

were ensemble averaged using a 1/revolution signal. Using this
ethod, periodic and stochastic fluctuations can be separated.
is was done with the equation

The parametep;(t) is the instantaneous pressure at a given rela-
tive position to a point of reference, which is a moving blade in
this case. The valugp(t)) is the resulting ensemble-averaged
3 Data Postprocessing value at this position. In our case the number of time traces per
[r]semble wad/l =250. By averaging with a 1/revolution signal
e results are referred to individual, identical blades. Thus infor-
mation about small differences of the influence of the different
blades on the flow field can be obtained.
The ensemble-averaged rms value reveals information about
e stochastic pressure fluctuations. It is calculated as follows:

The zero point drift of the piezoresistive pressure sensors d
ing the experiments is not negligible. To improve the precision
the results the pressuEt) was determined by adding the time-
averaged pressure from the pressure fapsid the unsteady part
of the pressur§(t), measured with the piezoresistive pressurﬁ]
transducers for each time step

P()=P+P(t) (1) 1

rmat))=\/— (O —{(p(H)))? 4
The time-averaged root mean squanas) value includes in- {rms()) M ,20 (PO ={p(1))) “)
formation about both periodic and stochastic pressure fluctuations

N=T 4 Time-Averaged Pressure Distribution on Rotor and
—_— 1
rms= \ /N > (pi(Hh)—p)? (2) Stator Blades

=0

As a first result Fig. 3 exemplarily shows the steady pressure
For averaging the pressure with respect to the moving bladdistribution at midspan of the rotor and stator blades of the first
(rotor or stator blade, depending on frame of refergrtbe data stage for the design poing & 1.00,,=1.0). In addition, the sta-

Journal of Turbomachinery OCTOBER 2004, Vol. 126 / 509

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



tistical fluctuations around the steady distribution are represent
as dashed lines. In this case the pressure coefficient is calcule
from the time-averaged valugs-rms.

On the SS of the rotor blades an acceleration of the flow can
observed between leading edge and 10% of chord length, wh 155
the minimum pressure is reachgelg. 3(a)]. Behind this point the '
flow is decelerating. On the PS the flow decelerates between - 5
and 70% of chord. Downstream that position the flow slightljdc_: 10

pr=]

a) 2.0

accelerates.

The aerodynamic loading of stator 1 is higher than that of rot
1[Fig. 3(b)]. On the SS of the stator blades an acceleration of tl 05
flow can be observed between leading edge and 25% of che
length, where the minimum pressure is reached. Behind this po
the flow is decelerating. The strongest adverse pressure grad 00 F
occurs between 40% and 50% of chord length; after that point
decreases. On the PS of the stator blades the flow deceler:
between the leading edge and 60% chord and slightly accelere
between 60% chord and trailing edge.

The fluctuations around the mean pressure distribution are re
tively small for rotor 1. For stator 1 clearly stronger fluctuation: b)
can be observed. In both cases maximum pressure fluctuations
PS and SS can be found in regions with stronger deceleration
the flow. This is near the leading edge on PS and around 5(
chord on SS. However, the fluctuations on the PS are somew §
larger than on SS. ‘_‘9

For operating points towards the stability limit the mean loac 35
ing increases. The fluctuations around this mean value increase
well due to the stronger periodic influence of the wakes and tl
potential effectgno figure.

5 Unsteady Pressure Distribution on the Stator Blades

In this section results of the unsteady profile pressure distrib
tion will be discussed for all blade rows investigated. The resul x%]
for the design point of the compressaf=1.00, {=1.0) will be
discussed in detail. Additional results for an operating point ne&ig. 4 Unsteady pressure distribution on PS and SS of stator
the stability limit (¢=0.85, =1.0) will be shown for stator 1 1, MS, design point (£=1.00, {=1.0)
only. The presented results are in ensemble-averaged (fexm
cepting the frequency spectra and results derived from them, Figs.

6, 14, 20. In all cases the fluctuating part of the pressprés  spaaq 1n some cases in the literature the first effect is observed to
shown. It is ensured by comparisons of the time-resolved apl he gominant onéDurali and KerrebrocK12], Sanders and
ensemble-averaged data, that due to the averaging no informai9feter[11]). However, in other cases the convective propagating
concerning the periodic blade passing signals is lost. wake effect is predominant, as described by Hod&dn

51 Stator 1 Durali and Kerrebrock12] conclude that the chordwise pres-

' sure distribution is substantially determined by the change of the

Design Point. The stator blade row of the first stage is locatetllade circulation due to the passing blades. Generally the circula-
between the upstream rotor 1 and the downstream rotor 2 withn of a blade changes if the inlet or outlet flow conditions of the
identical blade numbers. This is why the unsteady pressure disbiade vary. Thus the circulation as well as the profile pressure
bution is affected by both the viscous wakes and the potentidiktribution of the considered stator blade changes for every pass-
effect of the upstream blade row and the potential effect of thieg rotor blade of the up- and downstream blade rows. If a rotor
downstream blade rows. Following results on the unsteady pregake impinges the leading edge of the considered stator blade the
sure distributions on PS and SS of the blades of stator 1 will le&culation of this blade varies due to the changing incidence
discussed for the design point. angle and velocity. Because of this the wake influence propagates

Figures 4a) and 4b) show the unsteady pressure distributionalong the blade surface towards the trailing edge as a pressure
at midspan on PS and SS in space-tiret) diagrams. The ab- wave with the velocity of sound.
scissa shows the dimensionless chord length. The time, which idn our case on stator las well as on the other blade rows
shown as ordinate, is related to the blade passing period of tiscussed latgrthe periodic pressure signals due to the wakes of
rotor bladest,,,,. The ensemble-averaged unsteady part of thhke rotor blades propagate along the blade surface with a velocity
pressure is shown as grayscale. well above the convective spedHig. 4). As a result a nearly

Figure 4 shows the unsteady response of the stator pressmgantaneous change of the pressure along the PS and SS blade
distribution to the influences of the up- and downstream roteurface appears. Thus the surface pressure is independent of the
blade rows. The maximum profile pressure fluctuations are abautike propagation within the stator passages. This corresponds to
+12% of the dynamic head of the incoming flow. The higheghe results of Durali and Kerrebro¢k?2] in a transonic compres-
pressure fluctuations on PS and SS along the blade surface casdre for instance. Therefore no fundamental differences of the re-
observed in the regions with decelerated flow. This is in the frosponse of the unsteady profile pressure on incoming wakes in low-
part of the blade on the PS and behind 30% chord on the SS.and high-speed machines are expect@the path of the wake

Generally, two different forms of wake influences on the urpropagation would appear as an inclined line in shiediagrams,
steady profile pressures can be distinguished: this is on the ang. Fig. 4. Within the stator blade passages the rotor wakes need
hand the wake effect, propagating with the speed of sound, andatime period of about/t,,,~1.5 on the SS and 1.9 on the PS to
the other hand the wake effect propagating with the convectipeopagate from the leading edge to the trailing edge.
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Fig. 5 Unsteady pressure on PS and SS of stator 1, MS, 50% f[HZ]
chord, design point (£=1.00, {=1.0)

Fig. 6 Frequency spectrum of pressure on stator 1, SS, MS,
50% chord, design point (£=1.00, {=1.0)

Since the potential effects of the downstream rotor blades
propagate upstream with the velocity of sound the pressure alongl_ ] ) )
the surface responds to this rotor-periodic influence again nearlyrhe different peaks, which are superimposed on a fundamen-
instantaneously in timéFig. 4). Because of the identical bladetally wave-like variation of the pressure, are reflected as higher
numbers of the up- and downstream rotor blade rows and the fAgfmonics in the frequency spectrum, Fig. 6. In the frequency
propagation of the pressure fluctuations along the blade surfaggectrum the 1. BPF dominates, which is due to the wave-like
the influence of the wakes and the potential effect of the dowRressure variation for one rotor blade passing. Within the group of
stream blade row cannot clearly be distinguished. It will be showHgher harmonics the third BPF has the highest amplitudes, be-
later for other blade rows and by means of the clocking invesg§ause three more or less distinct peaks are superimposed on the
gations, that both the wakes of upstream blades and the potentiave-like pressure traces for one rotor blade passing, visible in
flow field of downstream blades have a considerable effect on th#. 5.

unsteady pressure distribution. Operating Point Near the Stability Limit. The unsteady part

In the data published by Sanders and Flegldf and Durali ¢ yhe pressure distribution at midspan of the considered blade
and Kerrebroc12] it can be seen that more than one peak ¢ ws does not change significantly when approaching the stability
appear due to the passing of a wake only. In contrast t0 thahit of the compressor. As an example, the behavior on stator 1
Stadtmiller and Fottne{26] observed a single wave-like pressurgyi he giscussed for an operating point near the stability limit of
variation on the blade surface as a result of a passing wake. the compressofFig. 7).

Also in our data several pressure peaks can be observed durlng‘s for the design point, the pressure reacts nearly instanta-

one passing period ata _give_n positio_n of the_blﬂﬁg. 4. This neously in time along the blade surface due to the influence of
becomes more obvious in Fig. 5, which explicitly shows the r%aﬁl

- . ial eff f th I .Th li
sults for the midchord position on PS and SS. The appearanc 8 es and potential effects of the rotor blades. The amplitudes are

L ; oo i ewhat higher than for the design poicompare Fig. %
several peaks within one blade passing period is mainly caused Q¥ several peaks are superimposed on a basically wave-like
the interaction of periodic influences from up- and downstreal

h . . ' essure variation during blade passing. These several pressure
for this embedded blade row. The time difference of the arrival of -vima are less significant compared to the design point. This

the incoming wakes at the leading edge and the potential flQWqns 1 he an effect which appears due to the broadening of the

field of downstream b'ad? rows at the_ trailing edge of the CO”S%% kes when approaching the stability limit of the compressor.

ered stator blade determine the amplitude and shape of the resulty »in comparable pressure traces with a phase shift can be seen

ing unsteady pressure. This is verified by the clocking investiggs; ihe same chordwise position on PS and(Ei§. 8). This phase

tions, discussed in Sec. 7. o ift is somewhat reduced compared to the design point, but in the
The shape of the pressure development in time is compara E%e order of magnitudep~60—90 deg As discussed for rotor

on both sides of the blade. The variation of the pressure signal (Sec. 6.1, the time distance of the arrival of the disturbances

the subsequent passing rotor blades is negligible. A phase shift; ) h : | : bl
the unsteady pressure @f~90-120 deg can be observed beforr?hgpan;olggn?g\;vtnhsi,tsr%irgsztSthi(?t.consmered blade is responsible

tween PS and SS of the blad&igs. 4 and 5 (The exact value of "~ the other blade rows, considered following, the same fun-

the phase Shif.t dep?nc_is_ on which typical po_int_is con5$id|erec|1, €@§amental changes like for stator 1 can be observed when throttling
pressure maximum/minimum or zero passingigure S clearly .o compressor. These are the slightly increasing amplitudes of the

shows for the midchord positions, that this phase shift is const t hat chanai h hift of
in time. This is bepause of the same blade numbers of the up- g{m eady pressure, a somewhat changing phase shift of pressure

separately for these blade rows.
In contrast to our results, Sanders and Flegtét observed a P y

phase shift of 180 deg between PS and SS as a response to tfe2 Stator 3. Figure 9 shows the unsteady profile pressure
incoming wakes. Also in the data published by Durali and Kerrafistribution on stator 3 for design poiféensor at 10% chord on
brock [12] a clear phase shift between PS and SS on incomiff was defe¢t The main features of these time-resolved distri-
wakes can be seen, but the amount of it is not specified. To thetions are comparable to those of stator 1. As discussed, the
knowledge of the authors, up to now no detailed data on thumsteady pressure distributions depend on the superposition of the
unsteady profile pressure response on both the blade PS and Siafafences of up- and downstream blade rows. Also for stator 3 the
multistage compressors were available in literature. number of the up- and downstream rotor blades is identical.
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Fig. 7 Unsteady pressure distribution on PS and SS of stator
1, MS, operating point near stability limit (£=0.85, {=1.0)
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Fig. 9 Unsteady pressure distribution on PS and SS of stator
3, MS, design point (£=1.00, {=1.0)

The unsteady pressure amplitudes of stator 3 are somewhat . .
lower than for stator 1, but in the same order of magnitude. TheSnsidered bladeand the potential effect of the downstream rotor

changes are due to the comparatively small differences of the figyVith higher amplitudes near the trailing edge of the considered

angle and velocity between the first and third stage. As a resultjfd®_seems to be possible, especially on the PS of the blade
it the time difference between the arrival of the wake at the statdr'9- 9.
leading edge and the potential effect of the downstream rotor5 3 Stator 4. The investigations on stator 4, which is the

blades at the stator trailing edge changes. Hence, due to the |gdt blade row of the compressor, were performed to obtain infor-

perposition of these influences, the amplitude and shape of f@tion of the behavior on a blade, which is influenced by up-

final unsteady pressure traces change as well.

stream blade rows only. For the other blade rows investigated, a

For stato 3 a distinction between the wake effect of the upsyperimposed influence of the wakes and the potential effects of
stream rotor 3(which is strongest near the leading edge of thgownstream blades appears. These periodic influences cannot

500
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~

-250 4

-500

t/trotor

Fig. 8 Unsteady pressure on PS and SS of stator 1, MS, 50%
chord, operating point near stability limit (£€=0.85, £=1.0)
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clearly be distinguished in most cases because of the nearly in-
stantaneous response of the unsteady pressures along the blade
surface.

From Fig. 10 it clearly follows that there is a strong wake effect
on the unsteady profile pressure distribution. Also in the case of
the wake influence only, a nearly instantaneous change of the
pressure along the blade surface appears. In the results a very fast
downstream propagation of the wake influences can be observed
(Fig. 10. As for other blade rows, several peaks appear for a
single blade passingclearly visible on SS, rear part of blade
Certainly the strongest influence is due to the wakes of the up-
stream rotor 4. However, it will be shown with the clocking in-
vestigations in Sec. 7 that the influence of previous blade rows is
not negligible. The influences of the wakes and the potential field
propagate through several compressor stages. Probably one of the
pressure peaks of the unsteady pressure distribution in Fig. 10 is
attributed to the wake influence of the previous rotor 3.

The ensemble-averaged rms values of the stator 4 pressure dis-
tribution show that the convective wake propagation in the pas-
sage can be tracked along a path of increased stochastic pressure

Transactions of the ASME
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Fig. 11 Unsteady pressure distribution (rms values ) on PS
Fig. 10 Unsteady pressure distribution on PS and SS of stator and SS of stator 4, MS, design point  (£=1.00, {=1.0)
4, MS, design point (£=1.00, {=1.0)

rotor blades independent from the operating point. It can be seen
fluctuations in several caséfig. 11, see also Ref21]). For that the pressure wave due to the potential flow field of the down-
stator 4 this is visible at the SS for the design point. For operatirgream stator blades propagates very fast upstream along the rotor
points near the stability limit of the compressor the basic fluctudtade surface. So the pressure along the whole blade chord
tion level on the SS increases and masks the path of the convelsanges nearly instantaneously.
tive wake propagation. On the PS no signs for the convective The wakes of the IGV play only a secondary role. This is due to
propagating wakes could be detected, although the mean rms Bk fact that the IGV in fact consists of turbine blades used for
ues are somewhat lower than on the SS. For both the PS and &Husting the inlet flow angle of the first stage rotor blades. While
higher pressure fluctuations appear in regions of decelerated flgMé velocity deficit of the rotor and stator wakes is typically in the
Fig. 11. range of 40% of the free-stream velocity in the Dresden LSRC
These results show that the unsteady pressure distribution @mailach and Vogelef20)), it is relatively small at 20% for the
the blades is not completely independent from the convectiygV wakes. Consequently, the influence on the unsteady pressure
wake propagation in the passage. However, the ensemhigstribution of the following rotor 1 blades is small as well. The
averaged pressure does not indicate it. IGV influence is only visible if it coincides with that of the stator
blades. This is, for instance, if on the considered rotor blade the
6 Unsteady Pressure Distribution on the Rotor Blades Pressure maximum due to an IGV wake coincides with that due to
a stator blade. In this case the resulting unsteady pressure ampli-
6.1 Rotor 1. The rotor blade row of the first stage is pretude increases. Otherwise, if the pressure field of the IGV and
ceded by the inlet guide vane rolGV) with 51 blades and stator are out of phase, the resulting amplitudes decrease. In Fig.
followed by a stator blade row with 83 blades. These blade rowi® one can see both on the PS and SS the different amplitudes due
move relative to the considered rotor blades. to passing of the first and second stator blade. This is due to the
The pressure on PS and SS reacts both on the incoming wakesdulation of the stator potential effect with the IGV wake effect
of the IGV and the upstream propagating potential effect of thehich appears due to the different blade numbers of these blade
downstream stator blade rofffig. 12, design point Because of rows.
the different blade numbers their effects on the pressure distribufigure 13 shows the pressure traces on PS and SS of rotor 1 for
tion on the rotor blades can be distinguished. The time dcade a longer period of time. The time scales are referred to the passing
the s-t diagrams in Fig. 12 is related to the passing time of twome of the downstream stator blades and the IGV, respectively.
subsequent blades of the downstream stator bladet sQuy. One can clearly see the dominating influence of the stator poten-
The maximum profile pressure fluctuations are abho6t% of tial effect as well as the changing amplitude and shape of the
the dynamic head of the incoming flow for design pdifig. 12. pressure fluctuations versus time. This is clearly different to the
The unsteady pressure distribution is dominated by the potenti@havior on stator 1Fig. 5), which is embedded into up- and
effect of the stator blades. This is the case on PS and SS of dmvnstream moving blade rows with equal blade numbers.
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Fig. 12 Unsteady pressure distribution on PS and SS of rotor
1, MS, design point (£=1.00, {=1.0)

shift can be observed. This phase shift is changing in time bﬁ.'-
tween about 90—180 deg. This is caused by the superimpoq
influence the IGV and the stator blades. Due to the different bla
numbers of IGV and stator 1 the time difference between theT
arrival of the IGV wakes at the leading edge and the potenti
effect of the downstream stator blades at the trailing edge of t
rotor blades changes in time. This is the reason why the ph
difference of the pressure on PS and SS of the rotor blade varie%m

time.

A variety of different peaks appears in the frequency spectr
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Fig. 14 Frequency spectrum of pressure on rotor 1, SS, MS,
50% chord, design point (£=1.00, {=1.0)

influence on the unsteady pressure distribution is due to the po-
tential effect of the downstream statof1. BPF stator. The am-
plitude due to the weak IGV wak@. BPF IGV) is only 50% than

that of the stator potential effect. Some higher BPFs of the stator
and IGV appear with small influence only. The natural frequencies
of the blade are clearly below the BPFs of IGV and stator. The
first bending mod€1B) appears at 200 Hz while the first torsion
mode(1T) is visible at 440 Hz.

For operating points towards the stability limit the periodic in-
fluence of the potential flow field on the pressure fluctuations
increasegno picture shown This is due to the increasing pres-
sure difference over the blade rows of the compressor. Indepen-
dent from the operating point, smaller pressure fluctuations appear
due to the IGV wakes.

6.2 Rotor 3. Clear differences, however, can be seen be-
#vEen rotor 1 and rotor &Fig. 15, design point One reason for
is is the increased wake effect of stator 2 compared to the IGV.
act, rotor 3 has equal stator blade numbers up- and down-
ﬁeam, which is not the case for rotor 1.
he fundamental characteristics of the unsteady pressure distri-
EFLtion on rotor 3 are comparable to that of other blade rows. Also
this case the wake and potential effects of the surrounding blade
s are responsible for the periodic changes of the pressure. The
erent influences propagate as pressure waves along the blade
surface. The fluctuation amplitudes on rotor 3 are comparable to

UHe other blade rows.

of rotor 1, Fig. 14. As identified in the previous results, the IargestA variation of the amplitudes for subsequent passing stator
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Fig. 13 Unsteady pressure on PS and SS of rotor 1, MS, 50%
chord, design point (£=1.0, {=1.0)
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blades appears because of the IGV wake influence, which is still
existent in the third stagé-ig. 15.

7 Influence of Clocking on the Unsteady Profile Pres-
sure Distribution

As shown above, the influences of wakes and upstream propa-
gating potential effects on the unsteady profile pressure distribu-
tion of a considered blade cannot clearly be separated in most
cases for the nominal setup of the compress@cepting on rotor
1). To distinguish between the different periodic influences the
stator blade rows were individually shifted stepwise in circumfer-
ential direction. This method is known as clocking or indexing. In
our case we did not investigate the possible advantages concern-
ing the efficiency of the compressor, which are known from lit-
erature(Reinmdler et al.[27], Arnone et al[28]). However, we
used this method to distinguish the influences of the individual
blade rows on the profile pressure distribution of a selected blade
row. For this reason rotor 3 was chosen.
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; the nominal setup of the compressor. If the pressure maxima of

1020 30 40 50 60 70 30 90 the fixed blade rows and the pressure minimum of the clocked
¥1[%] blade row coincides, the pressure fluctuations amplitude decreases
(point C, Fig. 17, clocking position 0.3,3.. . .).

Fig. 15 Unsteady pressure distribution on PS and SS of rotor From Fig. 17 also follows, that the influence of the stator 2

3, MS, design point (£=1.00, £{=1.0) appears at/tg,~=0.55(1.55 for the nominal setup of the com-

pressor without clocking(intersection of dashed line and

abscissa

he eff ¢ clocki h fil The second exemplary result is for the clocking of stator 3,
The effect of clocking on the unsteady profile pressures aggich influences the rotor 3 pressure distribution by its potential

blade forces V\flas experimentally investigated t?]y Hsu and28b  oftect (Fig. 18. Also in this case an increase of the overall ampli-
and numerically by Cizmas and Dorn¢$0]. They observed a y,qes can be observed, if the influences of the different blade rows

remarkable influence due to blade row clocking on the unsteagyi ide and superimpog&ig. 18, points A and B The ampli-
pressure amplitudes. tu P,

. de increase at point B is comparatively small, because stator 1
In our four-stage compressor each single stator blade row was
shifted separately. The selected stator blade row was traversed one
blade pitch in circumferential direction in steps of 10% of the
stator blade pitch. As an example a schematic of one clockinn
configuration is given in Fig. 16. In this case stator 2 is traverse S4 s3/$1
stepwise while the other stator blade rows and the IGV remain l u
fixed positions. Thus the changes of the unsteady pressure diseq 2.0

butions on the investigated rotor 3 are caused by the stepw 5 <P >[Pa]
shifted wakes of stator 2 for this clocking configuration. b= 300
Typical results are shown for the individual clocking of stator: @ 1.5 ® 200
(Fig. 17) and stator 3(Fig. 18. The influence of the stepwise & 100

traversed blade row is highlighted by a dashed line. The impact @ 0
the fixed blade rows appears at constant points of time for i 1.0 -100
clocking positions. This is marked with arrows in the figures. -200
-300

If the influences of different blade rows appear at the same tir
at the considered position on the bla@etor 3, SS, 50% choyd
they superimpose each other and the unsteady pressure ampli

clocking posit

increases. This can be observed for the stator 2 clocking config SaUC
ration at the points A and B, Fig. 17. At point A the wake of the 0.0 :
shifted stator 2 and the potential effect of stator 4 superimpo 0.0 U'ST =0 1f 20

each other(Fig. 17, clocking position: 0.8, &....). At point B $2 Wt S2

the wake of stator 2 is responsible for a pressure maximum, whicn

appears at nearly the same time_ as the pote_ntial eﬁ_e_ct of Statqfi& 17 Ensemble-averaged pressure on rotor 3 depending on
and the wake effect of stator (Fig. 17, clocking position: 0.7, ciocking position of the upstream stator 2 (stator 1, 3 and 4 at
1.7 ...). For these clocking constellations the unsteady pressuped positions ), SS, MS, 50% chord, design point (£=1.00, £
fluctuations at the considered rotor 3 are clearly higher than fer1.0)
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Fig. 18 Ensemble-averaged pressure on rotor 3 depending on
clocking position of the downstream stator 3 (stator 1, 2 and 4 . . . .
at fixed positions ), SS, MS, 50% chord, design point (£=1.00, fluctuations for the first harmonic of the passing stator blddes
£=1.0) BPF from the pressure spectrdhese values are related to the
amplitude for the zero-clocking positiqoy, .
As expected, the relative positions of stator 2 and stator 3,

. . . hich are up- and downstream of the considered rotor 3, are of
has only a slight influence on the pressure distribution on rotor:glost relevance on its unsteady pressure distribution. For the

The influence of stator 3 for the zero-clocking configuration Ca{locking of the downstream stator 3 the maximum pressure fluc-

be identified at/tsqio—0.85(1.85. tuation is nearly 2.5 times the value for the zero clockiRig. 20,
Further on the clocking of stator 1 and 4 was analyzed the sa§ ‘i appears at the clocking position of 0.3, where the superpo-
way. The results are summarized in Figs. 19 and 20. Figure I, \yith the wakes of stator 2 and the potential effect of stator
shows for comparison a time trace without clocking, e.9., for thg o eq placécompare Fig. 18, point A This results in the enor-
nominal setup of the compress@s shown in Fig. 15, midchord 5 increase of the pressure fluctuations. A strong effect on the
; R . ; xcited blade vibrations is expected for this constellation. The
zero-clocking position in Figs. 17 and 18. The different influenceginimm unsteady pressure of rotor 3 appears at the stator 3
of the four stator blade rows, which could be identified with they, q\inq position of 0.9, where the pressure fluctuation amplitudes
clocking investigations, are marked with arrows. The wake qf4 only 25% of that for the zero-clocking position.
stator 2 is mainly responsible for the first peak, which is superim- g, the clocking of the upstream stator 2 the maximum pressure
posed on the basically wave-like pressure pattern. At about $€.yations are comparatively strong as for stat¢Fig. 20, S2.
same time the potential effect of stator 4 could be identified Wll-ﬂle maximum magnification is about 2.0 times the value for the

lower amplitudes. The second peak is due to the strong potental, ¢|ocking. It appears if the wake effect of stator 2 coincides
effect of stator 3 and the comparatively small wake influence Qfiih, the influence of the fixed blade rows, especially stator 3

stator 1. ; P ;
. clocking position: 0.7, compare Fig. 17).B
It has been shown by means of Figs. 17 and 18 that the un-; g POSI P 9. 17)

the dependency of the unsteady pressure amplitudes on the clggks

h o S y are traversed in circumferential directigfig. 20, S1, S%
ing position of the individual blade rows. It shows the pressure It should not be forgotten, however, that the variation of the

amplitudes at a considered clocking position is not due to the
shifted stator blade row alone, but always because of the super-

500 position with the wake and potential effects of the other stator
$2/84 S3/S1 blade rows.
U u The cloc_king of_ stator 1-4 also has a strong influencg on the
pressure distributions of the other rotor blade rows. This effect
250 + cannot be considered here. To find an optimum clocking configu-
—_— ration concerning the unsteady pressure distributions for the
& /\ whole compressor, the other rotor blade rows have to be included
= 0 : : \ in the investigations.
1Y%
v 0 M's 10 1.5 20 3 Conclusions
-250 In this two-part paper experimental investigations of unsteady
aerodynamic blade row interactions throughout the four-stage
Low-Speed Research Compressor of Dresden are presented. In
part | of the paper the unsteady profile pressure distributions for
-500 nominal setup of the compressor are discussed in detail. Results
Yaiator are shown for the first, a middle and the last compressor stage
both on the rotor and stator blades. The design point and an op-
Fig. 19 Classification of the influences of stator 1-4 on un- erating point near stability limit are considered.
steady pressure on rotor 3, SS, MS, 50% chord, design point A very complex behavior of the unsteady profile pressures can
(£=1.00, £=1.0) be observed in this multistage machine. Both the wakes from
516 / Vol. 126, OCTOBER 2004 Transactions of the ASME
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upstream and the potential flow field of downstream blade rows
affect the unsteady profile pressure distribution. The amplitude
and shape of the time traces of the unsteady profile pressures
strongly depend on the aerodynamic interaction of several up-
stream and downstream blade rows. Hence the unsteady blade
pressures are a function of several geometrical paramgtiad- total pressure ratio of compressor
ing, axial gap, blade numbers, clocking of blade rows,)eind = phase shiffdeq|
aerodynamic parameteffow angles, loading, etc.of the ma- Vs = enthalpy coefficient}l'is:AhiS/uf,lS
chine. The different periodic wake and potential influences SUPRL: 1 i
impose to a resulting time-dependent pressure pattern. ubscripts

The profile pressure changes nearly simultaneously along the 0 = zero-clocking position
blade chord if a wake or potential effect arrive at the leading edge 1 = measurement plane in the middle of axial gap up-
or the trailing edge of the blade, respectively. This can be ex- stream of the considered blade row
plained by a change of the circulation of the considered blade fordyn = dynamic
every passing blade of up- and downstream blade rows. Another i,j = indices for time traces
point is that the pressure waves associated with the wakes &l eviations
potential effects propagate with the speed of sound. Thus the un- )
steady profile pressure distribution is nearly independent of theBPF = blade passing frequency
convective wake propagation within the blade passage. P = design point

Between pressure side and suction side of the blade a phdseRC = low-speed research compressor
shift of the response to the disturbances can be observed. For th&V = inlet guide vane
different blade rows this phase shift is between 60 and 180 deg.MS = midspan
This parameter is dependent on several geometric and aerody-PS = pressure side
namic parameters and changes with the operating point of the SS = suction side
Compressor_ S1-S4 = stator 1-4

For embedded blade rows with equal counts of up- and down-
stream moving blades, the wakes and the potential effect from UReferences
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Rotor-Stator Interactions in a
Four-Stage Low-Speed Axial
Compressor—Part II: Unsteady
renaamaiacn | A€rodynamic Forces of Rotor and
e e | Stator Blades

e-mail: Imueller@tus.mw.tu-dresden.de ) ) ] ) o
This two-part paper presents detailed experimental investigations of unsteady aerody-

Konrad Vogeler namic blade row interactions in the four-stage low-speed research compressor of Dres-

e-mail: kvogeler@tus.mw.tu-dresden.de den. In Part | of the paper the unsteady profile pressure distributions for the nominal
setup of the compressor are discussed. Furthermore the effect of blade row clocking on
Dresden University of Technology, the unsteady profile pressures is investigated. Part Il deals with the unsteady aerodynamic
Institute for Fluid Mechanics, blade forces, which are determined from the measured profile pressure distributions. A
01062 Dresden, Germany method to calculate the aerodynamic blade forces on the basis of the experimental data is

presented. The resulting aerodynamic blade forces are discussed for the rotor and stator
blade rows of the first stage and the third stage of the compressor. Different operating
points between design point and stability limit of the compressor were chosen to investi-
gate the influence of loading on the aerodynamic force excitation. The time traces and the
frequency contents of the unsteady aerodynamic blade force are discussed. Strong peri-
odic influences of the incoming wakes and of potential effects of downstream blade rows
can be observed. The amplitude and shape of the unsteady aerodynamic blade force
depend on the interaction of the superimposed influences of the blade rows.

[DOI: 10.1115/1.1791642

1 Introduction provided results on the unsteady aerodynamic blade force due to

The flow in turbomachines is highly unsteady and turbulen&r.1e ?ncoming wak_es. The force_on the rotor blades of a tr_ansonic
The rotor and stator blades, moving relative to each other, aer[b'ne stage, which is determined by the shock sweeping, was
dynamically interact because of the viscous wakes and the pot@halyzed by Denos et 4i8]. )
tial effects of the blades. Due to these aerodynamic interactiondyumerical investigations concerning the effect of wakes and
the pressure distributions on the blades changes considerably}@ Potential flow field on the excitation of unsteady blade forces
time. For this reason unsteady aerodynamic blade forces and fba turbine cascade were conducted by Korakiaféis
ments are generated. Critical blade vibrations are excited if theHsu and Wd10] investigated rotor-stator interactionsa 1 1/2
frequency of the aerodynamic stimulation matches the natural figage large-scale low-speed compressor. In a recent publication
quencies of the blades. This can lead to a reduction of fatigue I#&e and Feng11] presented numerical results for the same com-
or even a destruction of the blading. This is the reason why upressor. The authors considered the effect of wakes and potential
steady effects due to periodic blade row interactions should b#ects on the unsteady blade loading and the excited aerodynamic
considered during the design process. For this purpose it is nbtade forces. Moreover they discussed the influence of rotor
essary to improve the knowledge of the aerodynamic responsectificking on the unsteady force excitation. Numerical results of the
the unsteady profile pressure distributions as well as the excitaticlocking influence on unsteady turbine blade forces are presented
mechanism and the expected magnitude of the blade forces. by Cizmas and Dornejl12].

A literature survey on the research about blade row interactionin previous publications of the authors’ results on the unsteady
is given in Part | of the papdd]. Early analytical studies into the aerodynamic blade forces of the rotor and stator blades of the first
excitation of unsteady blade forces were performed by Kemp asghge of the Dresden low-speed research comprésS&RC) for
Seardq 2], Meyer[3], and Lefcort4]. several operating points as well as for rotating stall are discussed

Only limited experimental data about the unsteady aerodynan@ma”ach et al.[13], Mailach and Vogelef14]). The unsteady

blade forces in turbomachinery are available. Experiments on thg,de forces are influenced by the wakes as well as by potential
aerodynamic blade forces in cascades were performed by Grolliyg.cts of the surrounding blade rows.

[5]. Manwaring and Fleetef6] analyzed the aerodynamic re- g aim of this two-part paper is to provide a detailed insight

sponse of theDrotoI_r ble:jdis to g"eég'?‘o”'otf‘s Ln da?hamal rtes%arﬁno the complex physics of blade row interactions in multistage

compressor. burall and Rerrebropk] investigated the unstea ytu[jbomachinery. In Part | of this paper experimental investigations

pressure distribution in a smgle stage transonic compressor aq . .. . .

of the steady and unsteady profile pressure distributions in the
Contributed by the International Gas Turbine Institd@&TI) of THE AMERICAN four-stage Dres_den LSR_C are preser[te]j Based on these data

SOCIETY OF MECHANICAL ENGINEERSTor publication in the ASME durnaL oF  the aerodynamically excited forces on several blade rows of the

TURBOMACHINERY. Paper presented at the International Gas Turbine al’ﬂ)ur-stage compressor are determined. Results for different oper-

Aeroengine Congress and Exhibition, Vienna, Austria, June 13—-17, 2004, Paper No. . . . .

2004-GT-53099. Manuscript received by IGTI, October 1, 2003; final revisiori’;,‘?Ing points will be discussed. So a comprehensive data base on

March 1, 2004. IGTI Review Chair: A. J. Strazisar. aerodynamic blade forces in a multistage compressor is provided.
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,,,,,,,,,,,,,,,,,,,,,, g
ya F ? " (Fx()=h é(p(t.x))%dx 1)
(Fy())==h 3€ (p(t,x))dx )

dy
Cg\ o Y <Mcg(t)>:_h§<p(txx)>((ycg_Y)&"—(Xcg_X) dx (3)

y ' o The resulting forcé= and the angley betweenF and the direc-
cg Y > tion normal to the chord were determined using trigonometric
X M X functions(Fig. 1).
g 9 The pressure taps, delivering time-averaged data, are arranged
from 2.5% to 95.0% of chord on both sides of the blades. Time-
| resolved data are available from 10% to 90% chord. The pressure
in the leading edge and the trailing edge region, where no mea-
Fig. 1 Forces in blade coordinate system surements were possible, was extrapolated. The stagnation points
are assumed to be at the leading and the trailing edge, respec-
tively. This extrapolation toward the leading and trailing edge is
particularly necessary for the calculationff, acting in tangen-
tial direction of the blade. This is because of the fact that the
2 Experimental Setup and Calculation of Unsteady largest portions of this force component_i_n this direction are in-
. duced near the leading edge and the trailing edge.
Aerodynamic Blade Forces As shown in Part | the amplitude variation of the unsteady part
The experimental investigations were performed in the fouef the pressure along the blade surface is comparatively small.
stage low-speed research compressor of Dresden UniversityMdreover the pressure distribution changes nearly instantaneously
Technology, Dresden, Germanypresden LSRE Information along the blade surface due to wakes and potential effects. Hence
about the compressor, the experimental setup and the data ptist-extrapolation of the steady and unsteady part of the pressure at
processing are given in part | of the pap&}. The unsteady aero- the leading and trailing edge is a useful way to improve the accu-
dynamic blade forces, discussed in Part I, were calculated framcy of the results.
the unsteady rotor and stator pressure distributions, which areéBecause the excited aerodynamic forces are associated with the
available for the midspan positions on pressure §Rf® and suc- flow field up- and downstream the considered blade the force
tion side (SS. Results of the unsteady forces for the first stageoefficientc is a relevant parameter. The force coefficients of the
(rotor 1/stator 1 and a middle stagéotor 3/stator 3of the com- rotor and stator blades are determined with the equation
pressor will be presented. Five operating points were investigated

in each case. The results discussed in this part of the paper are for (ce(t))= & (4)
the nominal setup of the compressor. The investigation of the pI2XVEX A

unsteady pressures on stator 4 and for clocked blade rows in p tIe V. is the vectorial average of the mean velocities of the
| was of particular interest for improving the physical understandy "€ Ve | d Vt ol fl v fg idered bl ; r(alhl lut
ing of the blade row interactions and will not be discussed in th{geoming and outgoing flow of a considered blade solute

part of the paper. The algorithm for calculating the pressu locity for stator and relative velo_c?ty for rotor blademdA is
forces, which will be described following, was implemented into € blade surface. The force coefﬂments of the f(_)rce components
computer program by Mier [15] x and F, are calculated accordingly. The nondimensional mo-

Since the piezoresistive pressure transducers were arrangeﬂqg?t in ensemble-averaged form is calculated with

the pressure sidéPS and suction sidéS9 of a single rotor and (Mcg(1))
stator blade, respectively, it is possible to consider the pressure (Cmeg())= — = _ (5)
distribution and hence the aerodynamic blade forces in a time- pI2XV X AX L

resolved manner as well as in ensemble-averaged form. Excepijfigereas 1 is the blade chord length.

the results in Sec. 3, which show time-averaged results, all reSU'thur[hermore time-averaged results of these parameters are de-

are calculated from the ensemble-averaged pressures. There igef@ined, which are discussed in Sec. 3.

loss of information due to the ensemble-averaging concerning the

periodic part of the signals due to the passing blades. This Iﬁs . .

been tested by comparing the ensemble-averaged and tinle- Time-Averaged Aerodynamic Blade Forces

resolved results for the blade forces. As a first result the time-averaged force coefficients of the rotor
As in Grollius [5] the force components are referred to thend stator blades of the first and third stage are shown in Fig. 2.

blade coordinate systeffrig. 1). The components of the forde@ The dimensional mean force values show only relatively small

are those acting along the blade chord directibg) (and perpen- changes depending on the operating point. The aerodynamic force

dicular to that £,). The momenM g, is referred to the center of coefficients clearly change with the operating point because they

gravity (cg) of the blade. are linked with the dynamic head of the flow and the flow turning
Using our experimental configuration the aerodynamic blad®ading of the blades. An increase of the force coefficient is

force acting at midspan of the blade is calculated. The componentsserved for all blade rows if the operating point is shifted toward

of the aerodynamic blade force as well as the moment are detitre stability limit of the compressor. For rotor 1 the aerodynamic

mined by integrating the pressure along PS and SS of the blddece coefficient remains on a nearly constant level between

surface with respect to the blade contplgs.(1)—(3)]. The con- ¢=1.00-0.90, for rotor 3 this is the case between).95-0.90.

tribution of shear forces cannot be taken into account. The pré&ie highest force coefficient within the whole operating range

sure force calculation is done for each individual time step of theppears for the first stage stator blades due to the higher loading of

measuring data. The blade height has to be taken into considbis blade row(compare profile pressure distribution in Pafi],

ation to get a force which is linked to the whole blade surfac&ig. 3. Somewhat lower values are observed for the rotor blades.

However, a spanwise variation of the unsteady aerodynamic forceThe mean values of the aerodynamic force coefficient, its com-

cannot be realized with the current experimental setup. ponents in thex- andy-directions, the moment around the center
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0.70 Table 1 Time-averaged aerodynamic forces of the rotor and

0os __:_::::Z:; stator blades of stage 1 and 3, design speed  ({=1.0)
-—:'-‘:z:::; E.u EF EF,y EF_>< _CM_cg Y [deg]
0.60 1 Stator 1] 1.00] 058| 0.57] -004| -0.26| -4.1
16 0.55 | 0.85 0.67 0.66] -0.08 0.05 -7.0
stator 3 1.00 0.56 0.55] -0.05| -0.08 -5.5
0.50 - 0.85 0.60 0.59] -0.08 0.24 -8.5
0.45 rotor 1 1.00 0.55 0.55] -0.06 0.65 -8.7
0.85 0.62 0.61] -0.10 1.10 -9.3
0.40 . T w rotor 3 1.00 0.52 0.52] -0.08 0.67 -85
0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 o085 oeo| o059 -010| 1.08] -100
€
Fig. 2 Time-averaged aerodynamic force coefficients of the the center of lift are shifted toward the leading edge of the blade.

rotor and stator blades of stage 1 and 3, design speed  ({=1.0)  Thjs s why the moment becomes positive for stator 1 and 3 at

£=0.85. For the rotor blades of stage 1 and 3 the moment is

] ) ) positive already for design poiritl is upstream of gg Toward
of gravity and the angle betweerF- andF,, are given in Table 1 the stability limit it increases due to the decreasing dynamic head
(definitions in Fig. 1. The results are for the design poi§ and a larger distance between the centres of lift and gréVitple
=1.00 and an operating point near stability limit with 85% masg, ¢=0.85).
flow (£=0.85 at design speett=1.0).

The following tendencies are observed: As discussed with Fi@. Unsteady Aerodynamic Blade Forces on the Stator

2 the aerodynamic force coefficient increases towards the stabilgyad es
limit of the compressoTable 1. For all operating points the
amount of the force component normal to the blade chgrd Following the ensemble-averaged time traces of the aerody-
direction is much larger than that into blade chord directign namic force and moment coefficient for several blade rows are
direction. Therefore the amount m_fF'y is nearly identical tce, represented. Generally the amplitudes of the force compdagnt
while cg, is small. For this reason the mean anglefor all ~acting normal to the blade chord are clearly larger than for those
operating points is comparatively small with aboutl0 deg of F, which is directed in blade chord direction. Depending on the
<y<-—4 deg. For all blade rows the absolute value increases blade row and the operating point the amount of the mean value of
2.5-3.0 deg if the operating point is shifted from design poirfty is 5—15 times tharfr, .
towards the stability limit. The momeunt, .4 strongly depends on
the blade curvaturdocation of center of gravityas well as on the A Stator 1
loading distribution of the blade. For the stator blades the centery pesign Point. Figure 3 shows the results for the aerody-
of lift is closer to the trailing edge of the blade than the center @famic force of stator 1 at design poiigt=1.00,{=1.0). These are
gravity at design point. Therefore the momémt, as well as the the aerodynamic force coefficient of the resulting force and its
moment coefficienty, ., are negative, using the definition in Fig.components, the moment around the center of gravity and the
1. Near the stability limit the maximum pressure difference bengle of the force to the normal direction of the blade. The time
tween PS and SS of the blades and consequently the positiorbaée is related to the passing period of the rotor blades.

a) b)
08 0.8
0.7 1 0.7
stator 1 - 06| T sl
- A
£=1.00, {=1.0 § s § os
0.4 1 0.4
03 0.3
0.0 1.0 20 3.0 0.0 1.0 20 3.0
t/tro(cr Vtrotor
¢ d) €
-0.02 0.2 -2
00 A f\ A .31
— 0.03 - = o2 — 4
p 3> T
¢ & 041 -5
0.04 1 v
0.6 -6
-0.05 : 0.8 : 7 ‘
0.0 1.0 20 3.0 0.0 1.0 20 3.0 0.0 10 20 3.0
tItrotor V'ro!or t/trolor
Fig. 3 Unsteady aerodynamic force parameters of stator 1, design point (£=1.00, £=1.0)
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As discussed in Part [I1] the unsteady pressures and conse 0.9
quently the force of the first stage stator blades are periodical
influenced by the up- and downstream passing rotor blades. T
rotor passing period is clearly visible for all depicted parametel
of the blade forcéFig. 3). Several peaks appear during one blad
passing period. These peaks are due to the superimposed in': 0.7 -
ences of the upstream and the three downstream located rc 5
blade rows, affecting the unsteady pressure distribution of tt 4
considered stator bladd]. The shapes of the time traces of the V
aerodynamic forcé and its dominating componeft, are com-
parable to that of the pressure fluctuatidisgs. 3a) and 3b), 0.5 -
compare to Figs. 4 and 5 in RdfL]). This is mainly due to the
fact that the pressure changes nearly instantaneously along
blade chord due to the aerodynamic interaction of the blade row 0.4
Certainly the phase shift of the pressure between PS and SS 0.0 1.0 2.0 3.0
fluences the shape of the resulting time-dependent force traces tt
We” rotor

The amP“tUd?S and .sh.apescrgf andce , (as well as- "’j‘ndFy) Fig. 4 Unsteady aerodynamic force coefficient of stator 1, op-
are nearly identical. This is because of the small amplitudes of tBgting point near stability limit ~ (£=0.85, {=1.0)
force component, (ck ), which is directed along the blade
chord directior[Fig. 3(c)]. The mean value ofg , is 15-times of

CF x fot_r the d_eflgn pOI?fETtl-(IJ_O) _an_donéne—tlmes (:.tF’i( for the force coefficient itself. Th& component of the force coefficient is
operating point near stability |r_n(t§— -89, respectively. nearly negligible for the blade excitation. Results will only be
For the design point the maximum fluctuation amplitudes of thg,,\n, for the design point for the other blade rows. The tenden-
rfsu!’tlng aerodynamic force coefficient (and c,) are about s changes of the considered parameters when approaching the
+30% of its mean value. Those of , are somewhat lower but giapility fimit are comparable to those of stator 1, discussed below.
not relevant for the blade excitation because of its low absoli{§,e time-mean values for all blade rows are summarized in Table
mean values. 1. More results on periodic changes for all blade rows and two

High fluctuation amplitudes can be observed for the momegherating points are discussed by means of the frequency contents
around the center of gravity of the blade because of its small meangegc. 4.

value[Fig. 3(d)]. As discussed in Sec. 2 this parameter depends on ) . N
the blade profile(relative position of center of lift and center of 2 Operating Point Near the Stability Limit. The force coef-
gravity to each othgrand the loading. Due to the passing wake§cient for an operating point near the stability limig=0.85,
and the potential effect of downstream moving blades the choré=1.0 is shown in Fig. 4. The mean unsteady force coefficient is
wise loading changes in time. For this reason the center of lift f@creased by 16% compared to the design p6lable 1. As for
shifted up- and downstream of the center of gravity of the blad&e design point the maximum fluctuations are abo80% (Fig.
This strongly influences the amount of the moment acting on t#e The shape of the unsteady force and its components is deter-
blade. If the center of lift is located upstream the center of gravifjiined by the time-resolved pressure and the phase shift of the
the moment becomes positive. This can be observed only for shBigSsure between PS and SS. As discussed in Raftthe time
periods of time for stator 1 at design po[ftig. 3(d)]. traces of j[he pressure are more wavelike for the operating point
The last considered parameter, depicted in Fig), 3 the angle N€ar stabl_llty I|m_|t. .The superm_wposed peaks are weaker than for
y between the directions of the foréeand they-coordinate(de- design point. This is reflected in the shape of the unsteady force
fined in Fig. 2. For the design point the mean value is only° Pattern.

because of the small contribution of tifie, component. So the Due to the increasing blade incidence near the stability limit the
dnean position of the center of the lift is shifted upstream the

center of gravity of the blades. Hence the moment acting around
he center of gravity of the blade is positive most of the time
gg., compare Table)l

Because of the increased amplitudes of fiyecomponent the
npean absolute value of the angjeas well as its fluctuations
dncrease. Compared to the design point the mean absglige
reased by 3 dedTable 1. The maximum fluctuations for
0.85 are+3 deg(no Fig) and somewhat larger than for design

0.8 -

0.6

tions of y are about+2 deg.

Hsu and W(d 10] observed fluctuations of the blade force of u
to £20% depending on their experimental setup. This value
confirmed by Lee and Fer{d1]. The experiments of Grolliugb]
showed fluctuations up to the same order of magnitude. De
et al. [8] found force fluctuations of 29% in a transonic turbin
stage for design point. However, the strongest fluctuations a{g
induced by the shocks in this case. " .

To compare our results to further experiments in addition Nt [Fig. 3(e)].
force components in the axial-circumferential directions are cal-B  Stator 3. Figures %a) and %f) show the unsteady aero-
culated(not depictefl Comparable patterns and amplitudes as fafynamic force coefficients of stator 3, rotor 1, and rotor 3 for
the forceF can be observed for these componéfig. 3@)]. The design point and an operating point near stability limit. First of all
maximum fluctuations, related to the mean value, are ah@@% the results for stator 3 will be discussed.
for the axial force component anti30% for the circumferential ~ The mean aerodynamic force coefficient for stator 3 at design
force component for design point. Hence they are in the sarpeint is in the same order of magnitude as for statpFig. 5a)],
order of magnitude as observed for the values in the blade coosmpare Fig. @). Certainly the shape of the time-resolved force
dinate system, which is used throughout this paper. Comparabtgfficient on stator 3 differs from that of stator 1. This is because
amplitudes for the axial and circumferential unsteady force fluof the differences in the unsteady profile pressure distributions,
tuations of 25% are reported by Durali and Kerrebrfgkfor a caused by the unsteady interactions of up- and downstream blade
transonic compressor stage. rows (discussed in Par{.l

In the following for stator 1(¢=0.85), stator 3, rotor 1, and  The maximum force fluctuations for stator 3 ate25% for
rotor 3 only figures of the time-resolved aerodynamic force coeflesign point{Fig. 5@)]. These values are somewhat lower than
ficients will be shown(Secs. 4 and )5 The reason for this is that for stator 1. This corresponds to lower fluctuation amplitudes of
they component of the force coefficient is nearly identical to théhe unsteady profile pressure on statdiPart I, Figs. 4 and
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Fig. 5 Unsteady aerodynamic force coefficients of different blade rows for design point (£=1.00) and an operating point near

stability limit (£=0.85), design speed ({=1.0)

As for stator 1 the moment for stator 3 is comparatively lovis clearly below the values of the stator blades. Eei0.85 the
(Table 1. This is because the centers of gravity and lift are locatedean force coefficient increases due to the higher loalingle
at nearly the same position. This is the case for stator 1 as wells
for stator 3 since they have the same blade profiles and a compaFor both operating points the amplitudes at given points of time
rable loading distribution. depend on the relative position of the incoming IGV wakes and
While the mean absolute value ofis increased to 5.5 deg the potential flow field of the stator blades to each other. As al-
(Table 1), the fluctuations are comparable to those of stator ready visible in the time traces of the unsteady pressure the aero-
(2.5 deg, no Fig. dynamic effects of these blade rows superimpose upon each other
For the considered operating point near stability limit the megfart 1, Figs. 12—-18 This results in a modification of the un-
force coefficient slightly increaséf&ig. 5(b), Table 1. The maxi- steady pressure and force amplitudes in time. The peak amplitudes
mum deviations from this mean value increase#t85%. The of the aerodynamic force coefficient increase betwédg,o,
shape of the time-dependent force coefficients for the two consid0.5—-1.5 and/t,,= 3.5—4.5, for instancg-igs. 5c) and 3d)].
ered operating points differs somewhat from each other due to thlee time between corresponds to three stator blade passings and
changing flow conditions. nearly to the passing of 2 IGV'’s. This means that the increase of
the resulting amplitudes of the aerodynamic blade force is due to

5 Unsteady Aerodynamic Blade Forces on the Rotor the adding influence of the IGV wakes and the stator potential
Blades effects at the considered two periods of time.

A Rotor 1. The timescale in Fig.(®) is related to the pass- B Rotor 3. The unsteady pressures and consequently the

ing time of the stator blades. The figure shows the passing of fi(/%rce on the rotor blades of the third stage are dominated by the

: : ssing of the up- and downstream stator blades with identical
stator blades, which nearly corresponds to the passing of 31G : .
(83 stator blades, 51 IGV The unsteady aerodynamic force o ggg rrél\ivmgfegin':qli%?j.lesfgn?n?esfg]r. S':laevgghrilggﬁlgiz?] L?rtr:ZIZm-
the rotor blades of the first stage is clearly dominated by t 4 P 9

; . : plitudes and shape for the subsequent passing stator blades ap-
%azségg \c/)f ;hifdg\;vrl:slt retﬁz iitf?flce)rngéa%??ﬁ :(?gl\/A\?v:Ig;uzie?h dears. This is caused by the influence of the IGV wakes. The IGV

PP f{uence was observed to be comparatively small in the first
unsteady pressure distribution is only about 50% compared to t :
of the upstream propagating potential effect of the stator bla ge. However, the IGV wakes travel through the first and second

: : : - stage of the compressor without reducing their amplitudes signifi-
forlr?fﬁéggﬁ(;ﬁéﬂ?:ﬁﬁ;d;nsgfgg ttrr:: f%?cszgl?:grggcmgrgladzhows cantly. This is best visible in the frequency spectra of the force
Fy

the dominant influence of the stator blade passimy Fig). The coefficients, discussed in Sec. 8.

: . The time-mean value of the force coefficient of rotor 3 is com-
time traces of the chordwise component, (F,) as well as the . ] ;
momentcy, ., (Mcg) are less perioc‘i)ich&;ﬁl';éh Xe)zt al.[13]). This parable to that of rotor 1 for both considered operating points

may be an effect due to the nonexisting pressure transducers in(t-ﬁ%ble 9. The maximum fluctuations of the aerodynamic force

leading edge and trailing edge region of the rotor blade, neces%?—eﬁidem of rotor 3 are in the same order of magnitude than for

tating an extrapolation of the pressure the®ec. 2. However, the otor 1(£=1.00: +15%, £=0.85: £25%.

stator passing dominates also these time traces. 6 Frequency Contents of the Aerodynamic Blade
For the design point the maximum fluctuation amplitudes of theqceg

calculated force coefficient are15% of its mean valuesFig.

5(c)). For the operating point near stability limit the maximum A Design Point. In the following the frequency contents of

differences to the mean values increase-22% (Fig. 5(d)). This the aerodynamic blade forces will be discussed. A consideration of
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Fig. 6 Frequency spectra of force coefficient, design point (£=1.00, £&=1.0)

the periodic portions of the force is reasonable for an estimatision mode(1T) at 440 Hz. This behavior, observed for the force
of the excited blade vibrations and a comparison to the naturalefficient, is according to the results obtained for the unsteady
frequencies of the blades. In the frequency spectrum different ggressure distributiongl]. The fluctuation amplitudes for the 1.
riodic influences can clearly be separated from each other. TBPF are clearly lower than those on the stator blades. This corre-
frequency spectra of the force coefficient for the different bladgpondS to the ensemble-averaged results discussed above.

rows are shown in Figs.(8)—6(d) for the design point. The force e frequency spectrum of the force coefficient of rotor 3 is
coefficient is related to its mean value in each case. shown in Fig. 6d). The amplitudes of the 1. BPF are clearly

¢ In accor(dBaFr)llg)e todthg p[]e_zvihousgindings_ th% rotor bladehpa?&ﬂ%her than for rotor 1. This can not be concluded from the
requency and its higher harmonics dominates the fre- T . . .
quency distribution of stator IFig. 6@a)]. (The 1. BPF is the ensemble-averaged results in Fig. 5. The differences in the peri-

product of the rotor speed and the number of the moving bladesHc Parts in the signals may appear due to the fact that for rotor
a blade row. The highest amplitude occurs for the 1. BER%). 1 the noise level in the frequency range below 1.5 kHz is higher
The periodic parts for the 3. BPF are of stronger influence thahan for the other blade rows. In contrast to rotor 1 higher BPF's
that at the 2. BPF. This is due to the fact that three more or |€&8ve a noticeable influence for rotor 3.

distinct peaks appear during the passing period of the rotor bladeghe IGV influence is clearly visible in the frequency spectrum
[Fig. 3(@)]. Higher frequency components up to the 6. BPF can ki rotor 3. This clearly shows that the wake patterns travel through
observed with small amplitudes. The higher harmonics of tteeveral blade rows in a multistage machine. The fluctuation am-
BPF, observed in the frequency spectrum, mainly appear duepiitude for the 1. BPF of the IGV is about 15% of that for the 1.
the superimposed influence of the wake and potential effects BPF of the stator blades. However, the periodic influence due to
several rotor blade rows on the unsteady pro_flle pressure of stais |GV is nearly the same on rotor 1 and 3 for the design point.
1. Other discrete frequency components, which are not related;{o,oth cases the fluctuations of the force coefficient caused by the

the rotor blade passing, do not appear. IGV wakes is about 1.5% of the mean force.
The distribution of the amplitudes in tleg-spectrum of stator 1

is comparable to that in the spectra of the unsteady pre¢Bare B Operating Point Near the Stability Limit. Figures
I [1], Fig. 6). This is also the case for the other blade rows anf{a)—7(d) shows the frequency spectra of the force coefficients for
operating points. an operating point near stability limig=0.85.

For stato 3 a comparable distribution of the different blade Fqr stator 1 and stat® a clear increase of the amplitudes of
passi_ng frequencies can b(_e observed as for s_tator 1, wherebytmel_ BPF compared to the design point can be §Bigs. Ta)
amplitudes of the periodic influences are logg. G(b)]. and 7b)]. This is also visible in the ensemble-averaged results in

In the frequency spectrum of rotor 1 the blade passing frequen- ” : .
cies of the IGV and the stator blade row, which move relative et}'gig’ls' 3-5. For both blade rows an increase of the amplitudes for

the considered rotor blade row, can be obsefVég. 6c)]. The 1 520.85 was observed there, while the shape of the time-resolved

BPF of the downstream stator blades, which appears due to fg}(&:e coefficient becomes more wavelike. Higher BPF's are of

potential effect of these blades, dominates clearly. The fluctuatityV influence foré=0.85[Figs. 7a) and 1b)]. .
amplitudes due to the IGV wakes are only 25% of that of the For rotors 1 and 3 the differences to the design point are com-

stator blades potential effect. The influence of higher harmonicsRaratively small[Figs. 7c) and 1d)]. For rotor 1 only a slight

the IGV and stator BPF's is negligible. The amplitudes of th#crease is observed for the 1. BPF of the stator, while the influ-
natural frequencies of the blades, realized with the pressure tra@gce of the IGV is clearly stronger than for design point. Now the
ducers, are clearly below those of the BPF’s of IGV and statdzV wake influence is 55% of the stator potential effect. The
The first bending modélB) appears at 200 Hz and the first tor-time-resolved interaction of these superimposed influences deter-
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Fig. 7 Frequency spectra of force coefficient, operating point near stability limit (£€=0.85, £=1.0)

mines the amplitudes of the aerodynamic force coefficient. For therces. The amplitude and the time-resolved development of the
ensemble-averaged results an increase of the amplitudgsief blade force are determined by the superposition of wake and po-
observedFigs. 5c) and 8d)]. tential influences from up- and downstream. Depending on the

An additional effect influencing the excited blade forces arkelade row and the operating point the amplitudes of the unsteady
modal waves, which appear for stable operating points near tfoeces are between 15% and 35% of the mean values.
stability limit of the compressofFig. 7(c), f=22Hz]. Modal In all cases the first blade passing frequencies of the up- and
waves are a long-scale wavelike variation of the flow propertig®wnstream blade rows dominate the spectra of the unsteady
which can be directly responsible for rotating stall inceptioforce of the considered blades. It is observed that wake and po-
(Mailach[16]). The fluctuations o€ due to the modal waves aretential influences travel through several blade rows of the multi-
in the same order of magnitude as for the wake and potentshge machine and consequently influences the unsteady blade ex-
effects. Due to the modal waves the fluctuationg®fue to the citation. Higher harmonics of the first blade passing frequency
wakes and potential effects are increased or decreased in timainly appear due to the superimposed influences of several up-
This depends on the fact, if the considered blade is located irstieam and downstream blade rows with identical blade numbers.
velocity minimum or maximum of the rotating modal waves at &he amplitudes of the harmonics of the blade passing frequencies,
given point of time. In the ensemble-averaged results the influeragpearing due to the wake and potential influences, do not only
of the modal waves is averaged, since this disturbance is not sgepend on the intensity of the wake and potential influence itself,
chronous with the rotor turning. but on the interaction of them.

The spectrum of rotor 3 shows a comparatively small increase
of both the 1. and 3. BPF’s of the stator, while the influence of th,
IGV is about the same as for the design pdifig. 7(d)]. This is RCknOWIedgmems
in accordance to the ensemble-averaged re$bigs. 5e) and ~ The work reported in this paper was performed within the
5(f)], which show an increase of the amplitudes for each bladioject: “Unsteady Forces and Boundary Layer Behavior on the

passing, while the stator blade to blade amplitude are modulafdt@des of a Low-Speed Axial Compressor” which is part of the
due to the influence of the IGV wakes. joint project: “Periodical Unsteady Flow in Turbomachines”

funded by the DFGGerman Research Socigtynformation on
this project can be found at http://www.turboflow.tu-berlin.de. The
é)xermission for publication is gratefully acknowledged.

7 Conclusions

This two-part paper provides a detailed insight into the compl
physics of blade row interactions in multistage turbomachinery. N
Part | of the paper the unsteady profile pressure distributions 0
the blades of the four-stage low-speed research compressor of( ) =
Dresden are presented. In Part Il the unsteady aerodynamic blade =~ =
forces are determined from the experimental data. A=

The unsteady aerodynamic blade forces are calculated for the cg =
rotor and stator blade rows of the first and third stages of they
compressor. The design point and an operating point near the sta- f =
bility limit are discussed in detail. Time traces and frequency con- F =
tents of the aerodynamic blade force are considered. h =

The wakes and potential effects of the surrounding blade rows | =
are responsible for fluctuations of the unsteady profile pressures M =
and consequently for unsteady changes of the aerodynamic blade p =

Pmenclature

ensemble-averaged value
mean value

blade surfacgm?]
aerodynamic force coefficient
moment coefficient, related to center of gravity
frequency[Hz]

aerodynamic forcéN]

blade heigh{m]

chord lengthim]

moment[Nm]

pressurg P3|
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Introduction
Rotating machines operate with a tip clearance often larger than

Parametric Study of Tip
Clearance—Casing Treatment on
Performance and Stability of a
Transonic Axial Compressor

The control of tip leakage flow through the clearance gap between the moving and sta-
tionary components of rotating machines is still a high-leverage area for improvement of
stability and performance of aircraft engines. Losses in the form of flow separation, stall,
and reduced rotor work efficiency are results of the tip leakage vortex (TLV) generated by
interaction of the main flow and the tip leakage jet induced by the blade pressure differ-
ence. The effects are more detrimental in transonic compressors due to the interaction of
shock TLV. It has been previously shown that the use of slots and grooves in the casing
over tip of the compressor blades, known as casing treatment, can substantially increase
the stable flow range and therefore the safety of the system but generally with some
efficiency penalties. This paper presents a numerical parametric study of tip clearance
coupled with casing treatment for a transonic axial-flow compressor NASA Rotor 37.
Compressor characteristics have been compared to the experimental results for smooth
casing with a 0.356 mm tip clearance and show fairly good agreement. Casing treatments
were found to be an effective means of reducing the negative effects of tip gap flow and
vortex, resulting in improved performance and stability. The present work provides guide-
lines for improvement of steady-state performance of the transonic axial-flow compressors
and improvement of the stable operating range of the systB®@I: 10.1115/1.1791643

In fans and compressors, casing treatments usually comprise
ircumferentially extending grooves which receive fluid at a fluid
Xtraction site and discharge it into the flowpath where the mi-

aerodynamically desirable. This is basically due to changes of ﬁp ted fluid is better able to advance against an adverse pressure

clearance gap with altering operating conditions as well as e
o S 4 : . radient(7,8].
manufacturing limitations. Tip clearance is known to be detrime’¥’ Another tvoe of casing treatment. known as recirculating vaned
tal to the pressure rise, flow range, efficiency, and stability of axial ssage ca)gci)n treatmgnt incor c;rates a passagewa ?0 remove
compressors. Two features of tip clearance flow are the blocka assag 9 ' P p 9 y

; . oo W from the main flow stream at a judicious location down-
:ﬁzléltd SgPZTJSV_zZF:ZZt (i)nrgptrf;essfgrsssvr\r/]fi]tlrc‘ harl]sd %lﬂr:ﬁég;gzgamslgeam of the rotor blade leading edg®wnstream of the trailing
shown a 23% drop in pressure rise and a 15% increase in ﬂqulge in some desighsnd inject it at an appropriate location

coefficient at stall condition with an increase of the tip cIearanc"éDStream of the point of removal. In order to return the flow at an

) .~ increased axial velocity, a set of anti swirl vanes is sited through
0, 0, !
from 1% to 6% .Of. the blade chord_. Wis|g2] reported a 1.5 point the passage. Recirculating casing treatments increase the tempera-
drop in peak efficiency when the tip clearance gap was doubled.in 2 . )
ture of the flow and degrade efficiency since they recirculate flow
a low-speed compressor.

Suder and CelestinE8] showed that the interaction of Shockseveral times through the rotor endwall region. Furthermore, they

. h are geometrically complex featuring an annular intake over the
{:md th‘? tip leakage vortex creatgs a Iarge region of low-speed ﬂWe r of the blade and an annular exhaust upstream of the rotor
immediately downstream of the interaction. The blockage can dt 2
place the flow througho_ut the en_dwall region which causes grea & Ithough previous researches have uncovered many features of
gtda\llle fgaﬂ:iijtr; g:[aéﬁI:tr:gi.e-lc;ThseC:f?e(l:?g((j)ftgpﬂ((:)l\év;:r??é%::r?a-ég ing treatment design, the exact mechanisms are still not fully
tion on stability of high speed fans. Results indicated that the funderstood. Regarding the experimental and numerical studies in

. . - the literature, the parametric studies of casing treatment are few in
flow range is strongly controlled by the shock-vortex mteractlorhumber_ Crook et af11] used a grooved endwall to numerically

bl Lhe Ese of slots apd q[mo;/es ”t] t_he shrotu?j ?ver Lh? t"i. ollf trPr‘?odel NASA rotor 67. The suction of the low total pressure fluid
ade, known as casing treatment, 1S reported 1o substantially Uyyne rear of the blade and the suppression of the blockage in the
crease the stable flow range by improving the flow conditions ne re of the leakage vortex were identified as the main effects of

the tip and weakening the tip leakage vortex. Various forms E}treatments.

Egsg}g treatment have been successfully employed since 1 hompson et al[12,13 investigated the effects of stepped tip
: gaps and clearance size on the performance of a transonic axial-
_ flow compressor. Stepped tip gaps were found to be an effective
Current address: Visiting Student—Turbomachinery, Icing and Gas Turbine In- . . . . .
strumentation Group, School of Engineering, Cranfield University, UK. _Pneans of reducmg the_ eﬁec_ts_ of tip region bIOCkage’ resultm_g "f]
Contributed by the International Gas Turbine InstitU@T!) of THE AMERICAN  iImproved pressure ratio, efficiency, and mass flow. Results indi-
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF  cated that an optimum paired combination of clearance level and

TURBOMACHINERY. Paper presented at the International Gas Turbine al i i i B
Aeroengine Congress and Exhibition, Vienna, Austria, June 13—-17, 2004, Papernlggep.ped tip gap may exist but more research will be reqUIred to
2004-GT-53390. Manuscript received by IGTI, October 1, 2003; final revisior@onﬂrm the supposmon. . . .
March 1, 2004. IGTI Review Chair: A. J. Strazisar. Yang[14] studied numerically the effects of a self-recirculating
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Table 1 Design values for NASA Rotor 37 [15]
STN 1 STN1a 2 STN3 STN4a STN4 Number of rotor blades 36
Cl . 5% Cord 206 Clurd Tip solidity 1.288
g ___\7 [ Rotor inlet hub-to-tip diameter ratio 0.7
£ I B 95% Span Rotor blade aspect ratio 1.19
H4 4 Rotor tip relative inlet Mach number 1.48
2 A 90% Span Rotor hub relative inlet Mach number 1.13
z \ \70% Span Design tip clearancémm) 0.356
8 \50'/. Span Choking mass flow raté<g/s) 20.93
-1 N30% Span Design wheel spee@tad/9 1800
L Tip speed(m/s) 454.136
N\~ Traling Eige Reference temperaturk) 288.15
B L Leoting Bl i Reference pressure (KN#jin 101.33
PET] ] 457 1016 1067 Rotor total pressure ratio 2.106
Rotor polytropic efficiency 0.889

Axial Direction, cm

Fig. 1 NASA Rotor 37 experimental and numerical reporting
locations [3].

) ) the second segment, the mesh is designed so that the pitchwise
casing treatment on the stall margin and performance of a trajlig lines have an axisymmetric orientation. The computational
sonic axial com_pressor._ Due to a noncpntlguous contact Wlth.t Ad employed in the simulations is illustrated in Fig. 2. The
blade passage in the circumferential direction, an unsteady tinMg+type mesh topology is applied to the entire rotor blade passage.
accurate coupllng procedure was used to simulate the interactigfe main grid consists of 121 nodes in the streamwise, 43 nodes
between the casing treatment and the blade passage. The $glépanwise, and 45 nodes in the blade-to-blade direction. Further-
recirculating casing treatment was found to effectively extend thgore, 16 nodes with an approximately constant radial distance of
stall margin by weakening tip leakage flow but with a slight deg 04 mm in the spanwise direction are used to describe the 1%
crease of the overall efficiency near the design point. The Ugpan tip clearance gap. The overall mesh size used in the compu-
steady simulations showed that the self-recirculating casing tregition is 234,135 cells for the main passage and 87,120 cells for
ment can be beneficial to the overall efficiency near the staffe casing treatment. The grid clustering was specified so as to
operating condition. . . __ensure that it satisfies thg* wall coordinate while providing

This paper presents a numerical study of tip clearance size ﬁ&equate description of local gradients of the flow.
fects on the overall performance and stability of NASA Rotor 37, The three-dimensional finite element based finite volume
a yvell studied axial trgnjsonic compressor. The three-dimensionabthod solvercEx-TASCFLOW (v2.12 has been employed to nu-
finite element based finite volume method SOIZEK-TASCFLOW  merically solve the steady state compressible Navier-Stokes equa-
(VERSION 2.12 has been employed to numerically solve the steadins. For turbulent compressible flows, where the density fluctua-
state compressible Navier-Stokes equations. To validate the sifiyns are important, the direct application of Reynolds averaged
lations, the compressor and efficiency maps, as well as some figW,ier Stokes equations leads to the appearance of third-order
parameters at various locatioffSig. 1), have been compared t0 moments including temperature and density fluctuations as well as
the experimental data for a 0.356 mm tip cleara(@&% spah ye|ocity fluctuations. Therefore, the Favre-averaged Navier Stokes
The validations indicate that the same model can be used {@ANS) procedure is used resulting in equations very similar to
fu_rther s_tudles including effects of tip clearance variation couplgf|g Reynolds-averaged incompressible case. The mass weighted
with casing treatment. _ _ Favre splitting is applied to all variables except density and pres-

For a better understanding of tip gap size effects on the flow,e \which are split conventionally. The detailed FANS proce-
features, the NASA Rotor 37 blade has also been studied {Qiires are described by Anderson et 4] and Cebeci and Smith
1% and 1.5% span clearance heights with and without casifgh) averaged equations are then discretized by evaluating them

treatment. N . ) at the center of each side known as integration point.
The main objectives of this research can be summarized asy|| the velocity and surface vector components are Cartesian
follows: and fluxes are determined at the integration points. The mass

1. To determine the effects of tip clearance size on the perfdlows at the integration points are linearized using Newton-
mance of transonic axial-flow compressors. Raphson linearization. ) _

2. To identify the effectiveness of casing treatment at different TO speed up the convergence to the correct nonlinear solution a
tip gaps. continuity loop is used which is an iterative procedure that up-

3. Expand the numerical data available in the open literatufigtes the mass flow coefficients. To terminate the continuity loop,

for a transonic axial-flow compressor including tip clearanc@ 3-0E-5 maximum error has been applied to all the variables. To
coupled with casing treatment. achieve the near stall condition, a variable solution relaxation pa-

rameter is used to provide adequate convergence. All the numeri-
. . cal simulations are started at choked conditions and then marched
1 Numerical Details toward the near stall point with gradual increase of the back pres-
NASA rotor 37 is an isolated axial flow compressor rotor whiclsure (average outlet pressyreThe predicted near stall point is
has been designed and initially tested at NASA Lewis Researjtitiged to be the last stable condition prior to the oscillation in
Center. Representative values for this blade are given in Tabldlaw parameters and divergence. In the present work a two-
[25]. equationk-¢ turbulence model is utilized. A scaleable wall func-
In order to deal with the different gap sizes as well as to easitipn formulation enabling the employment of a lower valueyi6r
cope with the variation in the axial and radial location of thés applied.
casing treatment, as done in the previous work by the authorsAt solid boundaries, i.e., hub, blade, and casing surfaces, no
regarding the effects of small scale casing treatment in axial traslip and no heat transféadiabatic walls conditions are imposed.
sonic compressofd 6], a structured two block grid is employed.Wall pressure is extrapolated from the pressure values of the in-
The main block includes the whole blade and 0.156 mm of the tiprior cells. The hub is divided into rotating and stationary regions
clearance. The second block placed on the top of the first, includesmore accurately model an actual compressor. At the inflow
the rest of the tip clearance and whole of the casing treatment. Bamundary, the total pressure ratio, and the flow angle are pre-
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i Fig. 3 Pressure ratio and efficiency maps
1

T

mental mass flow rates have been normalized using the corre-
(Er Maiandl awe sponding choked mass flow. The simulation overestimates the
pressure ratigabout 2% but the predicted efficiency is in good
agreement with the experimental data. This discrepancy can be
seen in many repor{d 9,20. As indicated by Arnone et aJ21],
the improvement in the prediction of the rotor total pressure is
partially possible by doubling the number of grid points but was
found not to be substantial for a mean overestimation of about
3%.

The spanwise distribution of total pressure at the passage exit,
station 4, is displayed in Fig. 4 for the near stall condition which
corresponds to the near stall conditions. It can be noticed that near
the hub the simulation fails to predict the low-pressure region
suggested by the measurements. This problem which has also
been observed in nearly all of the predictions supplied to ASME,
led NASA to make an important find known as hub corner stall
which can be discussed as follows: The section of the hub wall
upstream of the blade leading edge does not rotate and therefore
the presence of a 0.75 mm axial gap in the hub annulus line before
the rotor blade, can strongly affect the hub region fld].

Figure 5 presents a comparison of the spanwise distribution of
total temperature ratio at the exit for 98% of choked mass flow
(CMF). Results agree fairly well with the probe data measure-
ments reported by Suder and Celesfiga

The pitchwise averaged absolute flow angle distribution in
spanwise direction for 98% of CMF is illustrated at station
4, in Fig. 6 and predictions are almost within the measuring
(o) Second blosk uncertainties.

In Fig. 7, the relative Mach number for 98% CMF is plotted at

(b) Main block (top view)

Fig. 2 Computational grid for NASA Rotor 37. (a) Meridional
view, (b) main block (top view ), and (c) second block.

24

Station 4 , Near stall

scribed according to experimental d4f. Total temperature is
fixed (288 K) and turbulence intensity and energy-containing edd 2.3
length scale are specified as 3% and 0.03 m, respectively. At t§
outlet, average static pressure integrated over the entire outflcf 22
boundary surface is specified. For the periodic boundaries frog ™
blade passage to adjacent blade passage, periodic flow conditii$
are imposed.

I

21

Total P

2 Numerical Results 20

2.1 Choked Mass Flow Validation. To validate the simula-
tions, a number of flow characteristics have been comparedtot 49 ) N " . : " . " —
experimental data for NASA Rotor 37 with smooth casing and 0 10 20 30 40 50 60 70 80 90 100
small (0.356 mm=0.5% spaitip clearance. The measuring loca- Span [%]
tions are shown in Fig. 1.

Figure 3 shows a comparison of computed compressor and gily. 4 Spanwise distribution of total pressure at the passage
ficiency maps with experimental data. The computed and expegkit (near stall condition )
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sage exit

(1.5% spah To keep the NASA Rotor 37 blade design parameters

0 ) 0 . . .
20% chordwise and 90% spanwise locatigatation 2 and span nchanged, the compressor tip clearance is enlarged by increasing

3). Computations show an excellent prediction of the sho% hroud i di
location. e shroud inner radius.

The blade to blade computation of the wake Mach number tAi_skrl]own in Fig. 10, the né?quI with tr|1e smaél 9ap jize leads t_oh
X 0 X g 0 e highest pressure ratio. Efficiency also tends to decrease wit
fﬁ?g’ggﬁgﬂ%}?&f 5\,‘;?(2 Iii‘ ?/\'/];va:]rgzjiiltgefafr?(; ?sSif a(tzgl\r/le':é rﬁgﬂ?vﬁ{ creased clearance. The (_effect of tip clearance on operating range
the experiments, its profile is slightly deeper in the computation g be observed and the increased gap has detrimental effects on

results. This inaccuracy as suggested by Chig@ can be ex- e operating margin. . . o
leine s olows: The rpid miing of he wake my be a resu T 58S S1CeS D ewrancs o pressurs e capebiy
of unsteady vortex shedding after the blade trailing edge whi | arar)&:e flow: blockg e which is a fluid d nar%ic offect anc?
can not be accurately modeled with the steady simulations q hich i ' th % o ffect y '
also a highly stretched grid could be used downstream gps: Which 1S a thermodynamic etiect. .
the blade trailing edge as a possible strategy to improve theIn Fig. 11, the compressor pea}k ef_ﬂmency and maximum pres-
predictions. r;gf;e rat;o ialre plotted_vers_uds retlatlve tip clearance. The influence of

Finally, the interblade relative Mach number at 95% span a grerent clearances 1s evident. :
peak efficiency is compared with measured contours in Fig. {9.T?j stu?y”the (:202rr.1pressor stability the stall marggMm) is de-
Agreement between calculation and experiments is good and figd as fo ows{22];
simulation can capture the details of shock wave precisely.

On the whole, the simulations for NASA Rotor 37 with a SM=(
smooth casing and design tip clearance, shows very good agree-
ment with the measurements and can predict the overall shape asdshown in Fig. 12 when the clearance decreases the stall margin
quantity of flow characteristics reasonably well. This indicatesxpands steeply.
that the same model can be used for further studies includingTo clarify the influence of tip gap size on the compressor oper-
effects of tip clearance with and without casing treatment. Mokgting range, Fig. 13 presents the flow range at different clearances.
validation results will be reported in the authors’ future paper. Increasing the clearance raises the choked mass flow despite the
. . . increased flow blockage. This is due to the enlarged shroud inner
2.2  Effects of Tip Clearance Size. To predict the effects of radius used to present the tip clearance increase. Whereas the

clearance h6|ght on rotor pgrformance and endwall flow .Strucmré?ioking line shows only slight changes, the influence at stall con-
the same series of simulations are executed for a medium Cle&ﬁl’ons is more remarkable

ance of 0.775 mn{1% span and a large clearance of 1.1 mm
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Fig. 8 Pitchwise distribution of relative Mach number after
Fig. 6 Spanwise distribution of exit angle blade trailing edge and 90% span
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Fig. 10 Effects of tip clearance size on compressor total pres-
sure ratio and efficiency

places the main flow and creates higher adverse pressure gradients
which can lead to separation and stall. For the case with medium
tip gap, Fig. 14b), the flowfield in the rotor appears to be more
stable and as seen in Fig. (&% for small tip gap no recirculation

. area associated with a reduction in speed occurs in the blade pas-
(a) Computations sage.

In addition, the strong interaction of shock-vortex at larger
clearances creates curvature in the shock and therefore raises
shock-induced growth of TLV.

The structure of TLV is influenced by the gap height. Figure

15(a) through Fig. 1%c) show the contour plots of the total pres-
sure loss coefficieniw) at 25% chord. The maximum values cor-
24 0.89
o L ]
E 23 4 0.88
x I 1 >
€22+ {087 &
[
? 1 1 g
° | — —> ] o
& 21 0.86 &
= L
% 20 | 4 0.85
h b
19 : . ’ ! 0.84
0.4 0.6 0.8 1.0 1.2 14 1.6
/s (%
Fig. 11 Effects of tip clearance size on compressor peak effi-
ciency and total pressure ratio
10
(b) Experiments [23] 8 |
Fig. 9 Blade relative Mach number at 95% span and peak effi- g,
ciency. (a) Computations and (b) experiments [23]. H] 6 r
=
T 4T
: . »
In order to understand the physics that underpin the perfor
mance variations shown in Figs. 10-13, the results should b 2 r
compared under the same reference state. In this paper, this

ensured by comparing the flows at the respective peak efficienc 0 e

For the case of large tip gap as shown in Fig(cl4an exten- 0.4 0.6 0.8 1 1.2 1.4 16
sive low-speed region is observed immediately downstream c /s (%
where the shock and tip leakage vort@tV) interact. The pock-
ets of low-speed fluid create blockage of flowfield area and defeiy. 12 Effects of tip clearance size on compressor stall
rioration of compressor performance. The low-speed region disargin
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Fig. 13 Effects of tip clearance size on compressor flow range

respond to effects of the leakage vortex and as seen for small ¢
the vortex is less powerful, and less expanded and therefore
duces less detrimental effects.

2.3 Effects of Casing Treatment. Circumferentially ex-
tended casing treatments, comprising grdsveubstantially per-

WA ®Y

(c) Large clearance

Fig. 15 Contours of total pressure loss coefficient (w) at 25%
chord and peak efficiency. (a) Small clearance, (b) medium
clearance, and (c) large clearance.

(a) Small clearance

Main Flow -@

(b) Meridional view

(c) Large clearance

Fig. 14 Relative Mach number at 95% span and peak effi-
ciency. (a) Small clearance, (b) medium clearance, and (c)large  Fig. 16 Casing treatment configuration. (&) Location of verti-
clearance. cal walls and (b) meridional view.
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Table 2 Geometric values for casing treatment 0.875
Tip clearance 0.87
Xy (mm) X, (mm) H (mm) Size (mm) )
O Treatment
Medium gap 7.98 9.1 0.5 0.775 E 0.865
(1% span 2
Large gap 7.98 9.1 0.88 1.1 &‘E’ 0.86
(1.5% spain i} ’
0.855
0.85
pendicular to the main stream flow, are a well-known way to helg Medium
designers enhance the compressor stability. The grooves can pi
vide a means for fluid to exit the flowpath where the blade loadin¢ (@
is severe and the local pressure is high, migrate circumferentially
and re-enter the flowpath at a location where the pressure is mo 75
moderate. The flow relocation is better able to contend with the
adverse pressure gradient. This leads to stability improvemer .. g |
since the flow relocation helps to relieve the locally severe bladi &
. 0 Treatment
loading[7]. £ 45 |
In addition to the effects mentioned, casing treatments degrac g R N
the compressor efficiency. Recirculating grooves recirculate flov & 3 |
several times through the tip region. This can raise the fluid tem 7§
perature and degrade the efficiency. In circumferentially extende & 45 L -
grooves, although no flow recirculation exists, the presence ¢
sharp edges in the cavity region induces corner separation ar 0
Medium Large
®

22

N
-
T

N
T

Pressure Ratio
©
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1.6 L 1 1 L 1l
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Fig. 17 Effects of casing treatment on compressor efficiency
map. (a) Compressor pressure ratio and  (b) compressor effi-
ciency.

Journal of Turbomachinery

Fig. 18 Effects of casing treatment on compressor perfor-
mance and stability. (a) Compressor efficiency and  (b) com-
pressor stability.

generates increased los4d€]. To investigate case dependency,
an identical groove configuration has been applied to a medium
(1% span and a large tip gagl.5% spah

The findings are then compared to the corresponding cases
without treatment. Figure 168) shows the configuration of the
groove in the compressor passage and Figb)léepicts the po-
sition of the casing treatment with respect to one of the compres-
sor blade rotors. Table 2 gives the geometric values for the
grooves.

The effects of casing treatment on rotor performance and effi-
ciency are shown in Fig. 17 for both clearance sizes. The pre-
dicted characteristics are also provided for both cases with casing
treatment and with untreated smooth wall. As seen in Figa)17
the addition of casing treatment does not degrade significantly the
total pressure ratio of the compressor.

Figure 17b) shows the overall effects of casing treatment on
the efficiency map. It can be observed that the application of the
casing treatment is beneficial to the efficiency of the compressor.
Increasing the casing diameter for the area surrounding the rotor
blade while the clearance size is constant, can potentially reduce
tip leakage flow through the endwall zone and improve the com-
pressor efficiency. This can be due to a more complex path for the
rotor upstream flow to navigate its way inside the gap region. The
extension of the stall margin is also noteworthy.

To explore the influence of tip gap size on the effectiveness of
the casing treatment, the efficiency and stall margin are shown in
Figs. 18a) and, 18b). It is seen that for large tip gap the effi-
ciency is improved more effectively. The stall margin extension
appears similar for both gap sizes but a more careful comparison
indicates that for the large gap the improvement ratio is 2.2
against 1.5 for the medium one. Thus, results imply that for the
large gap the casing treatment can play a more significant role in
compressor performance and stability improvement. This is basi-
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(a) Smocth casing

(a) Smooth casing

(b) Wth casing treatment

Fig. 19 Meridional view of normalized axial velocity at peak (b) With casing treatment
efficiency for large tip gap.  (a) Smooth casing and (b) with cas-

Ing treatment. Fig. 20 Tip leakage vortex normalized vorticity (&,) at 34, 45,

60, and 75% chord for large tip gap. (a) Smooth casing and (b)
with casing treatments.

cally due to the better capability of circumferential grooves in
controlling TLV which is more substantial for a large clearance.

In a similar way to what has been done for the untreated smooth
casing with different clearances, the flow features are comparng@ntifying the strength and location of the TLV in both cases. For
under the same reference stedesign poink In Fig. 19a), for the  smooth endwall, the core of TLV is detected as the region with the
large clearance height, a low-speed region is observed for the cagficentrated normal vorticity. For the treated endwall at 60 and
with smooth wall and this is thought to cause blockage of flowz50 chord planes, strong changes can be observed in the TLV
field area and deterioration of compressor performance. For #gucture and the vortex core corresponds to lower values of vor-
case with casing treatment, Fig. (b8 the flowfield in the rotor ticity. This implies the reduction of TLV intensity due to effects of
passage appears to be more stable and a much weaker recirqil@-casing treatment. It can be seen that the casing treatment
tion area associated with a reduction in normalized axial velocighows more evident degrading effects on TLV strength at the aft
(normalized by the inlet mean axial veloditgccurs in the blade part of the passage.
passage. Hence, Fig. 19 can help to illustrate the compressor sta-
bility and performance improvement. With the casing treatment,
most of the low-energy fluid from the tip leakage flow is sucked
into the treated region and thereby energizing the tip low-ener .
fluid at the aft part of the shock-vortex interaction. %y Concluding Remarks

Finally, in order to investigate the effects of casing treatment on To understand the physical process associated with tip clear-
TLV, the normal vorticity ¢,) in four positions(40, 50, 60, and ance and casing treatment, a numerical parametric study has been
75% chord which are nearly perpendicular to the blade surfacdone for a transonic axial-flow compressor. A NASA Rotor 37 is
are shown in Fig. 20 for both with and without treatment at thimvestigated for both treated and untreated endwalls at different tip
large tip gap. The normal vorticity of TLV decays in the axiaap heights(0.5%; small, 1%; medium, and 1.5% span; large
direction for both cases. The plots of normal vorticity are useful ithe main conclusions are as follows:
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1. Numerical calculations agree fairly well with experimentahcronyms
data.
. . . . CMF = choked mass flow
2. Increasing the tip gap size has detrimental effects on the M = stall margin in percentage
compressor performance and stability. This is basically dueSTN = station
to the generation of an extensive low-speed region immedi-TLF — tip leakage flow
ately downstream of shock-vortex interaction which is more = tip leakage vortex
evident for larger tip gap configurations because of forma-
tion of a stronger tip leakage vortex.
3. Circumferential casing treatment can be a successful meﬁgfere_nces )
for reducing the effects of tip region blockage, resulting in [1] Smith, G. D. J., and Cumpsty, N. A., 1984, “Flow Phenomena in Compressor

noticeable improvement in efficiency and extended stall[z]

margin.
4. Endwall treatments are more efficient at large size of tip gap3] Suder, K. L., and Celestina, M. L., 1996, “Experimental and Computational

simply due to the better capability of circumferential

Casing Treatment,” ASME J. Eng. Gas Turbines Pow®, pp. 532-541.
Wisler, D. C., 1985, “Loss Reduction in Axial Flow Compressors through
Low-Speed Model Testing,” ASME J. Turbomachi07, pp. 354-363.

Investigation of the Tip Clearance Flow in a Transonic Axial Compressor
Rotor,” ASME J. Turbomach.118 pp. 218-229.

grooves in controlling TLV which is more significant at a [4] Adamczyk, J. J., Celestina, M. L., and Greitzer, E. M., 1993, “The Role of Tip
large clearance.

In closing, since the effectiveness of casing grooves is likely

Clearance in High-Speed Fan stall,” ASME J. Turbomadh5 pp. 28—39.
[5] Prince, D. C., Jr., Wisler, D. D. and Hivers, D. E., 1974, “Study of Casing
treatment stall Margin Improvement,” NASA CR-134552.

case dependent, further research efforts by the authors to dete#] Takata, H., and Tsukuda, Y., 1977, “Stall Margin Improvement by Casing
mine more efficient configurations are in progress.
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The Transition Mechanism of
r.o.siegerr | Highly Loaded Low-Pressure
n.p.Hoason | Turbine Blades

Whittle Laboratory,

Cambridge University, A detailed experimental investigation was conducted into the interaction of a convected

Engineering Department, wake and a separation bubble on the rear suction surface of a highly loaded low-pressure

Madingley Road, (LP) turbine blade. Boundary layer measurements, made with 2D LDA, revealed a new
Cambridge CB3 0DY, UK transition mechanism resulting from this interaction. Prior to the arrival of the wake, the

boundary layer profiles in the separation region are inflexional. The perturbation of the
separated shear layer caused by the convecting wake causes an inviscid Kelvin-Helmholtz
rollup of the shear layer. This results in the breakdown of the laminar shear layer and a
rapid wake-induced transition in the separated shear laj@Ol: 10.1115/1.1773850

Introduction Despite significant reductions in the number of blades, the fun-
damental transition mechanisms involved in reducing losses are
%ot fully understood. Although the understanding of bypass tran-
n has been greatly enhanced by the DNS calculations of Wu
I.[9] and the models of Johns$m0], the effects of separated
ndary layers have not been adequately accounted for. The cor-
relations of D'Ovidio et al[11,12 have attempted to provide a
; : Alfbrkable solution but a lack of physical insight into the transition
tion bubble on a modern LP turbine blade and reported a reductigh) -ass resulting from the interaction of a convected wake and
in profile loss due to wake passing for some flow conditiongminar separation remains a limiting factor.
Schulte and Hodsof2] subsequently explained this by presenting | order to gain a better understanding of the wake boundary
hot film measurements showing that turbulent spots induced Ryer interaction a series of boundary layer traverses were per-
the wake upstream of the separation point prevented the boundgfyned using 2D LDA in a low-speed bar passing cascade. The
layer from separating. The calmed regions that follow the turbyasyits, presented here provide new insight into the wake-induced
lent spots were also shown to be responsible for suppressing sqpahsition mechanisms found on LP turbine blades with inflexional
ration due to their full velocity profiles. _ ~ boundary layer profiles associated with separation bubbles. The
Loss reductions are intimately linked to the relative portions @foundary layer state is investigated at four representative phases
the blade surface covered by laminar, turbulent, calmed, and segaring the wake passing cycle and this identifies the coherent
rated flow. This is true for steady and unsteady flows. As th@ructures in the boundary layer to be rollup vortices embedded in
Reynolds number decreases, the steady flow losses rise due tafieboundary layer. These vortices are shown to originate from the
increased extent of separation. In the wake passing case, the sgpgakdown of the separated shear layer that is triggered by the
ration is periodically suppressed by the turbulent and calmed flopassing wake. Finally, the transition mechanism is described sche-
The flows associated with the turbulent and calmed periods pipatically and a new picture of wake-induced transition is
duce less entropy than the steady separation and this leads foresented.
reduction of loss in the time-mean. The loss reduction is thus also
dependant on the reduced frequency and it is fortuitous that tR&perimental Details
reduced frequency in LP turbines is typically in the correct range

for loss red_uctio_n;. . ... bar passing cascade facility at the Whittle laboratory of Cam-
Armed with this improved understanding of unsteady transitioRyjyqe University. The bar passing cascade, showrFign 1

the trgditional steady flow design rules thgt limited bounda'ry lay€fmulates the unsteady wake passing environment of a turboma-
diffusion were challenged. A new generation of blade profiles Wagine by traversing bars across the inlet flow. No attempt is made
designed based on the extensive experimental work of Curtis et@l.simylate the unsteady potential field of adjacent blade rows.
[3] and Howell et al[4]. These “high lift" LP turbine blade pro- The pars are held between two nylon belts that run on two sets
fl[es were reported to reduce the number of blades in the LP tl'y’l]"ey& The pulley system is driven through a belt drive by a DC
bine by 20%(Cobley et al[5]) thus reducing the cost of owner-mqtor. The configuration of the bar passing cascade required that
ship by simultaneously reducing weight and manufacturing cosjse top and bottom walls of the cascade be slotted to permit the
without an efficiency penalty. The pitch to chord ratio and Zweife‘gassage of wake generator bars. These slots provide two addi-
lift coefficignt of.these blades are approximately unity. The adveggnal passages to the flow and may result in a non-uniform inlet
of “Ultra High Lift” blades reported by Haselbach et d6] lead  static pressure. In order to maintain inlet periodicity, an additional
to a further reduction in the number of blades of 11%. Howevegummy passage was created on the suction side of the cascade.
such increases in blade loading were only possible when accofie throat of this dummy passage was then adjusted so that the
panied by the extensive experimental validation of Brunner et @eriodicity of inlet static pressure was within 2.5% of the inlet

Historically, turbomachinery blading has been designed usin
combination of steady cascade measurements and steady co
tational tools. These design procedures lead to design rules t A
limited boundary layer deceleration to avoid laminar separati%u
and the associated loss penalties. Schulte and Hddgmmhowed

The measurements reported in this paper were performed on

[7] and Howell et a|[4,8] dynamic head.
Details of the five-blade cascade of the T106 profile are pre-
!Current address: Rolls-Royce plc, Derby, UK. sented inTable 1. Under steady inflow, this profile has a separa-

Contributed by the International Gas Turbine Institute and presented at the Inter- : i . .
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jjﬁbn bubble over the rear of the suction surface. This is evident in

e . . . S .
16-19, 2003. Manuscript received by the IGTI December 2002; final revision Marérhe measured isentropic surface velocity distribution shown in

2003. Paper No. 2003-GT-38304. Review Chair: H. R. Simmons. Fig. 2.
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Fig. 1 Bar passing cascade with T106 profile

Table 1 T106 bar passing cascade details

Chord

Blade stagger

Cascade Pitch

Span

Inlet flow angle

Design exit flow angle
Bar diameter

Axial distance: bars to LE
Flow Coefficient(¢)

(mm)
(deg

(mm)

198
59.3
158
375
37.7
63.2
2.05

0.83

1.25

—e— s,/s =1
— —o— — steady

0.75
z‘ﬁ
>
0.5
0.25
L oF "
i L L L L I L L L I
00 0.25 0.5
sis,
Fig. 2

the T106 LP turbine cascade

Journal of Turbomachinery

0.75

Isentropic surface velocity distribution measured on

The unsteady wake-passing flow conditions were chosen to
match those of a repeating stage of the T106 profile. The Rey-
nolds number based on chord and time mean isentropic exit ve-
locity of 12.6 m/s was Re1.6x10°. The flow coefficient was
¢»=0.83. The bar pitch matched the cascade pitch so s,
=1 (f,=0.68). The bar diameter of 2.05 mm was chosen to
match the loss of a representative turbine blade and the axial gap
is representative of that found in LP turbines. The inlet flow angle
was set to the design value af=37.7 deg.

The unsteady flow field was measured using a commercial two-
dimensional LDA system. LDA was selected due to the absence of
probe interference and directional ambiguity associated with more
traditional thermal anemometry. Light was supplied by a 5W
argon-ion laser. The transmitting optics consisted of a Dantec Fi-
breFlow unit incorporating a color separator and Bragg cell. A
two-dimensional probe was used with a 1.95 beam expender and a
lens of 500 mm focal length. The optical configuration resulted in
a measuring volume of 0.0%0.076x1.0116 mm for the 514.5
nm beam and 0.0730.072< 0.963 mm for the 488 nm beam. A
backward scatter configuration was used and the receiving optics
included a Dantec 55X35 color separator and two Dantec
9057X0081 photo-multiplier tubes. Dantec BSA signal processors
were used to process the photo-multiplier outputs.

Seeding of the flow was by means of smoke generated by a
Dantec SPT smoke generator using Shell Ondina oil. The smoke
was injected into the constant area section of the wind tunnel
through the trailing edge of a streamlined injector tube. The point
of injection was approximately 3 m upstream of the test section
and upstream of the honeycomb, contraction and final screens of
the wind tunnel. The effect of the injector on the flow was thus
immaterial. Phase Doppler anemometry measurements showed
the characteristic size of the smoke particles used to barh.5At
each traverse point a maximum ok10° samples were collected
in up to 60 seconds. This corresponded to a maximum of approxi-
mately 2500 wake passing cycles. Validated data rates typically
varied from 1.5 to 5 kHz. Two component measurements were
made with both processors acting as coincidence masters. Final
coincidence filtering was performed by software to reject any
samples not detected by both photo-multipliers within @s5vin-
dow corresponding to twice the sample record length.

Ensemble averaging of the LDA data was performed relative to
a once per bar passing trigger. The wake passing period was di-
vided into 128 time bins. Each coincident measurement was then
assigned to a time bin according to its time relative to the trigger
signal. The statistics of each time bin were then calculated with a
residence time weighting to remove velocity bias as suggested by
George[13].

A series of boundary layer traverses were performed on the
suction surface of the central blade of the T106 LP turbine cas-
cade. Each traverse was performed perpendicular to the local
blade surface. The blade was painted matt black to minimize re-
flections from the intersecting laser beams except for a strip at
midspan, which was left unpainted to avoid contamination of the
static pressure tappings. For this reason the traverses were per-
formed at 45% of the cascade span. Positioning of the measuring
volume in the streamwise direction was performed manually. The
location of the surface was then found by traversing the LDA
probe towards the blade surface in steps of 0.05 mm while moni-
toring the photo-multiplier outputs. A peak in the photo-multiplier
output indicates maximum light reflection, which occurs when the
measuring volume intersects the wall. The wall was located with
both the flow and rotating bars switched on. The first traverse
point was 0.1 mm from the blade surface and the first 16 points
were exponentially distributed within the boundary layer. The fi-
nal 4 of the 20 traverse points were evenly spaced from the
boundary layer edge to a point 16 mm from the blade surface.
Twenty-five measurement locations were used in the streamwise
direction. These were selected based on previous measurements.
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Fig. 3 Space-time diagram of boundary layer edge velocity Fig. 5 Space-time diagram of measured boundary layer TKE
nondimensionalised by V¢ thickness
Results unsteady process the data is copied onto three wake passing peri-

The isentropic surface velocity distribution derived from stati@ds. The streamwise locations of the traverses are indicated by
pressure measurements on the cascade under wake passing c8fé-across the top of each of these figures.
tions is also shown ifrig. 2. It is apparent that in the time mean
the wake passing suppresses the suction surface separafj
bubble. It is an unavoidable consequence of the experimental
cility that the wake passing conditions introduce a small amou
of incidence on the cascade as shown by the small differen
between the steady and unsteady pressure distributions over
front of the blade. This incidence is small and has no significaa
impact on the blade surface boundary layers downstream of p
suction.

Boundary Layer Edge Velocity. The boundary layer edge is
Bfihed as the wall normal distance where the velocity is 98% of
Ae maximum velocity measured in the local ensemble-average
fofile. The velocity at this point is taken as the boundary layer

e velocity. Measurements of the boundary layer edge velocity

nondimensionalized by the isentropic exit velocity and plotted

an S-T diagram ifig. 3. Three trajectory lines denotek B,

E, are drawn at the time average boundary layer edge veloc-
ity. Line A marks the peak velocity that results from kinematics of
the approaching wakesee Meyef14] and Hodsorj15]) and line
. . E marks the minimum velocity, which occurs after the negative jet
A Space-Time View of the Measured Boundary Layer  f the wake has passed. Liisis placed half way between linds

The two-dimensional LDA boundary layer data are presented @8dE and is the approximate path of the center of the wake.

S-T diagrams inFigs. 3-5. To aid visualization of the periodic Two further lines, labeledC and D, are drawn to mark two
distinct structures originating along the wake centersk,
~0.70 ands/sy~0.77. These perturbations to the boundary layer
edge velocity have not previously been observed. They are attrib-
uted to the rollup vortices that form due to the interaction of the
wake and separated shear layer. Further evidence of this will be
presented later. These structures can be seen to follow trajectories
slower than the local freestream, indeed, liGeandD are drawn

with a trajectory of half the freestream velocity.

25

Boundary Layer Shape Factor. The integral parameters
G were calculated from the measured ensemble average velocity
profiles and the shape factor was calculated from these. An S-T
E diagram of the shape facto1,, is shown inFig. 4 with the
trajectory lines and labels copied frofig. 3.
E The wake path lies between lindsandE. Along line A, the
B outer part of the boundary layer is accelerated by the approaching
A wake. The increased velocity is not transmitted through the
boundary layer instantaneously due to viscous effects. As a result
the outer portion of the boundary layer accelerates more than the
inner portion and the levels ¢4, are increased between lins
andB downstream o08/sy,=0.60.
Along line B, the separating flow indicated by hidty, breaks
0 0.95 G 0.75 1 down into wedge shaped regions originatingsés,~0.70 and at
s/s, s/sy=~0.77. These structures, which follow trajectory li@sand
D, were observed ifrig. 3, and are sites of rapid break down of
Fig. 4 Space-time diagram of measured Hy, the highH,, flow to a turbulent boundary layer.

0.5
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After the wake center has passed over the region of high Sl
a more typical wake-induced transition occurs/@=0.75along - - -- _' ; i e i S V..
trajectoryE. This process, which lags behind the wake passin , » pg g ", i e e .
may be a result of wake turbulence diffusing into the bounday, e -"’i‘ﬂm' o 3
layer and causing bypass transition. A characteristic wedge of ti ey ¥ j
bulent boundary layer follows the wake-induced transition. Tt 2
trailing edge of the wake induced turbulent strip is bound by lin
F, which is drawn at 0.8. The structures traced by trajectoriés
andD merge with the turbulent strip. g AR
Line G is drawn with a trajectory of Ol3. This marks the = *= e b fa, o o - 0o
approximate trailing edge of the calmed region, which is charal  in "'-"’% g
terized by slowly increasing levels &f;, as the turbulent bound- ~ B
ary layer relaxes back to the inflexional profiles of the separatit f
boundary layer under a strong adverse pressure gradient. ~
calmed region controls the rear of the high, region.

.vj ) 3 e
3 ; LAy
. '

Vi

-’_"-J

2.

a

_H‘
L}

TKE Thickness. Due to practical constraints, the boundary
layer state on turbomachinery blading is often inferred from meic)
surements made with hot-flm anemometers. The measureme
are qualitative, however, as it is not the quasi-shear stress,
rather the random unsteadingemnsemble average RMSwhich
is most useful in indicating the boundary layer state. D’Ovidir
et al.[11,17] sought to recover the familiarity of using RMS as ar
indicator of boundary layer state while using all the data from h«
wire boundary layer traverses. They adopted the Blackwelder ;{d]'
rameter, which is an integral of the RMS fluctuations through tr
boundary layer nondimensionalised by the boundary layer ed
velocity. A similar approach is adopted for the current measur’
ments. The parametef;xe is defined as the integral of TKE
through the boundary layer according to

GaRalHesEs
o h

i
oo

L TR T

oooOoooOoooOoo
un

s 1 J’ﬁgs 1 — — g N )]
- - [
TKE Ugs y:OZ(U v'%)dy 1)

RUGATACRNEY BERIZRREEEER

COoOODO0 = = = =

An S-T diagram oféxg is shown inFig. 5 with the trajectory ) -

lines and labels fronfig. 4 repeated. Upstream af's,=0.70, . )

Sty is low throughout the wake passing cycle. This indicates th5td- 6 Boundary layer structure prior to the wake arrival. Vec-

the boundary layer in this region is laminar throughout the wakg" PIots of (a) ensemble average velocity and - (b) perturbation
. . o - Velocity. Contour plots of nondimensional (c) vorticity, (d) tur-

passing cycle and is not significantly affected by the passing ot kinetic energy, and () production of TKE. Re =16

wakes. Downstream of this, the wake-induced path is charactgkrios Spls.=1. '

ized by very high levels ob:xg, which originate along trajectory ’ ¢

line B. The onset does not lag behind the wake and corresponds to

thn%Eg'OE where the structur€sandD were observed iffig. 3 boundary layer at illustrative phases through the wake passing
a 9. % . . . cycle. At each of these phases, velocity vectors, perturbation ve-
A second strip of elevatedre is seen to originate at label. Ecity vectors and contour plots of vorticity describe the

This s_trip lags behind the p§1§sing of the wake and is a result o ﬁsemble-averaged flow field. The perturbation velocity is the dif-
wake-induced bypass transition that occurs once the wake turt? P

- ; ence between the ensemble averaged and time-averaged veloc-
lence has diffused into the boundary layer. AsFig. 4, the tWr- o 6o14¢ ang the vorticity is calculated with velocities normalized
bulent wedge may be identified by high levels &g between

linesE andF, while the calmed region between linEsandG is by Vais and lengths normalized bg according to
characterized by low levels ofrxg that extend to the trailing Q=0VIx—adUlay. 2
edge. e x coordinate is in the axial direction and positive
At the traverse location closest to the trailing edge, four disringtgwnstream P

levels of 5txg are distinguishable. The highest levels occur be- ’ L .

tween IineTs,KEliE and E ancgllJ originate from tgkjle interaction of the The turbu_lent kl_netlc energyTKE) is calcula_ued from the mea-
wake and the inflexional profiles of the separating boundary laySHred velocity variance components normalizedvy

The next highest region a¥r«g occurs between lings andF and 1

results from the turbulent strip formed by the wake induced by- TKE= E(u’2+v’2) ?3)
pass transition. The lowest region &fcg occurs between linels

andG. This region corresponds to the calmed region and showad is presented as contour plots. The production of TRE§)

that the calmed region persists to the trailing edge. Finally b& calculated from the normalized mean velocity gradients and the
tweenG andA of the following cycle the level obryg is again normalized measured Reynolds stresses

elevated due to the natural transition that occurs once the influ-

ence of the calmed region has passed. It is worthy of note that the P = _Fﬂ_u _—,2‘9_\/ _T(ﬂ " ﬂ)
peak levels ofdr.g arise in the region of the interaction of the TKE ax Ay ay = ox)

wake and separating boundary layer. Boundary Layer State Before the Interaction of the Wake
and Inflexional Profiles. Figure 6 shows the boundary layer
Unsteady Boundary Layer Development prior to the interaction of the wake and separation bubble. The
Further details of the two-dimensional LDA boundary layeposition of the centerline of the waKeajectory lineB in the S-T
traverses are presentedrigs. 6-9 as a series of snapshots of thediagrams is marked by a dot and is evident form the perturbation

“
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Fig. 7 Boundary layer structure during the interaction of wake Fig. 8 Boundary layer structure through the wake-induced tur-
and separated shear layer. Re =1.6X10°, s,/s.=1. bulent strip. Re =1.6X10°, s,/s.=1.

velocity vectors offig. 6(b), which shows the wake as a jet im- .

pinging on the blade surface and splitting into two streams alof!

the blade surface. At this phase, the wake is upstream of th

steady separation point, which is labeled 1. Upstream of the segs
t

n velocity vectors ofig. 7(b) and as localized regions of high
ticity embedded within the boundary layer Fig. 7(c).
The boundary layer edge can be inferred from the edge of the
vated vorticity region and the rollup vortices can be seen to
icken the boundary layer locally. The perturbation velocity vec-
dors of Fig. 7(b) show significant wall normal velocities associ-
ated with the rollup vortices. The rollup vortex with its center at 5
come inflexional and the peak levels of vorticity are detach ay be identified in the pgrturbatlon velocity vectors. It is clear
at the rollup vortex at 5 induces large local flow curvature. In-

from the wall. A separated shear layer extends from 1 to 2. In t ;
ensemble mean, this shear layer is not perturbed. This is ¢ -ed.' the unsteady surfgce pressure measurements of St|ege_r et al.
firmed by the smooth distribution of vorticity and the absence 9.6] indicate that there is a strong local pressure field associated

ﬁith the streamline curvature of rollup vortices embedded in the

ration point, the boundary layer is laminar and attached as seen
the profiles of the mean velocity vectorshig. 6(a). The highest

levels of vorticity are found on the wall and the levels of TKE an
P1ke are low. Downstream of 1 the boundary layer profiles b

wall normal components of the perturbation velocity vectors i
ndary layer.

this region. The separated shear layer reattaches downstream . fh ke b 6and 8. th loci -
In this region, the velocity profiles become fuller and the levels of 2°Wnstream of the wake, between 6 and 8, the velocity profiles

vorticity in the outer boundary layer reduce. Increased levels 8f¢ inflexional and the vorticity contours again show a peak de-
TKE a?le also observed downgtregm of 2. tached from the wall. This region has not yet been affected by the

wake passing and there are no wall normal velocity components in
Interaction of Wake With Separated Shear Layer. The in- the perturbation velocity vectors. The transition and reattachment
teraction of the wake and inflexional profiles of the separataxf the inflexional profiles downstream of 8 occurs as for the pre-
shear layer is shown iRig. 7. The wake is now located over thevious phase shown iRig. 6.
separated region with its center marked by a dot. The perturbatiorFigure 7(d) shows contours of TKE. The elevated turbulence
velocity vectors ofFig. 7(b) show that the wake passing over theassociated with the wake can be seen to extend from 4 to the
separated shear layer has induced significant wall-normal veloditgiling edge and the boundary layer TKE is elevated throughout
components. this region. Regions of high TKE are distinguishable at labels 4
Between 4 and 6 the velocity profiles alternate between beiagd 5. The highest levels of TKE are located at 5, which is the
inflexional and very full. This rapid change with distance alongewly formed rollup vortex. The reduced levels of TKE at 7 cor-
the blade surface is attributed to the rollup of the separated shesspond to the undisturbed inflexional profiles downstream of the
layer, which is induced by the wake. The profiles are thus theake. Downstream of this, the elevated TKE is a result of the
superposition of a vortex on the boundary layer profile. Indeedatural transition of the inflexional profiles.
rollup vortices may be identified at 4 and 5 both in the perturba- The production of TKE, presented iRig. 7(e), follows the
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5 Fig. 10 Sketch of rollup mechanism

b

Calmed Boundary Layer. After the passage of the wake, the
boundary layer starts to relax back to its pre-transitional state. The
phase shown iifrig. 9 is representative of this process.

Upstream of 12 the boundary layer is laminar and attached with
low levels of TKE. Between 12 and 13, the boundary layer is
laminar and in the upstream part of this region, the profiles are
becoming inflexional. This is emphasised by the vorticity peak
moving away from the wall. Over the rear portion of the region
between 12 and 13 the boundary layer profiles are fuller and more
like the calmed profiles that are observed between 13 and 14. The

distribution of TKE with elevated production at the center of th@rofiles between 12 and 13 describe the process whereby the
vortex. The peak levels of production are located at the center @med profiles become inflexional and begin to separate under

the vortex at 5. The natural transition downstream of 8 is aldb€ strong adverse pressure gradient.
associated with elevated levels of TKE production. The TKE is shown irFig. 9(d). The levels of TKE are observed

) ) to be low. The elevated region between 13 and 14 is due to the

Boundary Layer After Wake Interaction. Figure 8 shows decaying boundary layer turbulence in the calmed region, while
the boundary layer state with the wake downstream of the sepfywnstream of 14 the turbulence is due to the turbulent boundary
ration region as indicated by the dot. Upstream of 9 the boundagyer.
layer profiles are laminar. Between 9 and 10 the boundary layerthe production of TKE is presented Fig. 9(e) and the levels
profiles have the shape of attached laminar profiles but the levgle very low throughout the measurement domain with only a
of TKE in this region are elevated as shownRig. 8(d). This small region of low magnitude production at 14. These low levels
suggests that the profiles in this region are transitional. of TKE production point to the loss reducing mechanism associ-

Downstream of 10 the velocity profiles have a turbulent shapgted with the calmed region.

However, the levels of TKE downstream of 11 are far higher than

between 10 and 11. This is attributed to the breakdown of t . i
rollup vortices. An isolated region of elevated TKE can be iden- echanism of Wake-Induced Transition

tified in Fig. 8(d) at 11. Although not evident in the vorticity Based on the observed interaction of a convected wake and the
contours due to the coarse spacing of the traverses in this regiseparated shear layer of the re-establishing separation bubble on
this is attributed to a rollup vortex and is accompanied by elevatéite T106 LP turbine cascade, it is possible to describe the mecha-
TKE production. The levels of production measured at the vorte¥sm whereby boundary layer transition occurs on highly loaded
center are lower than those Bfg. 7. The vortex is now further LP turbine blades with laminar separation.

from the wall and so the boundary layer velocity gradients are The process is illustrated schematicallyfig. 10. Schematic
smaller and this reduces the production of TKE at the vorteselocity profiles are shown at selected locations through the sepa-
center. The reduced streamwise resolution of the measuremeat®n bubble and the dotted line indicates the separated shear
downstream of 11 causes streaks in the contours and this prevéayer. The wake is represented by a (eégative jet pointed to-

the identification of rollup vortices downstream of this location.wards the blade surface.

The boundary layer between 10 and 11 is due to the wake-Figure 10(a) depicts the flow prior to the interaction of the
induced bypass transition and is characterized by elevated TKike and separated shear layer. The negative jet impinging on the
together with elevated production and dissipation. The productibfade splits into two streams, one pointed downstream which has
in this region is of similar magnitude to that of the vortex centrethe effect of accelerating the flow downstream of the approaching

Ln

LR Bm-O DM oo
o o

=Y =T-T-T-F-Trre

wmn

Fig. 9 Boundary layer structure in the calmed region. Re =1.6
X10%, s,/s.=1.

at 11, however, the extent is smaller.
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wake and one pointing upstream which retards the flow after the
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is no time lag between the wake passing and the boundary layer
response. The inviscid rollup is representedrig. 11 by a series

of wedges originating beneath the center of the wake at 4 and 5.
The rollup vortices break down and a region of turbulent bound-
ary layer follows the inviscid rollup process.

After the inviscid rollup of the shear layer, the wake turbulence
diffuses into the boundary layer. This induces bypass transition in
the attached boundary layer as described by Halstead [t7al.

This bypass transition and the wake-induced transitional and tur-
bulent strips occur along trajectoBy of Fig. 11

After the wake has passed, the stimulus for early transition is
removed and the turbulent boundary layer upstream of the natural
transition location relaxes to its pre-transition state. This is the
transition path between wakes labeledrig. 11 This relaxation
------- : process results in the calmed region, which is characterized by full

: : velocity profiles that resist separation. The calmed region spreads
as it convects downstream due to the different propagation veloci-
i : ties for the trailing edge of turbulent spots and the trailing edge of
/“g;oedp i the clamed region. After the influence of the calming has decayed,
\Na\@‘ the boundary layer profiles become inflexional and begin to sepa-
Do : rate under the adverse pressure gradient. The leading edge of this
region of inflexional profiles initially follows the trajectory of the
L.E. s/s, T.E. trailing edge of the calmed region. Thereafter, the inflexional or
separating flow undergoes transition. The calmed region and early
Fig. 11 Schematic of the transition mechanism resulting from stages of separation are characterized by low levels of dissipation
the interaction of a wake and separating boundary layer as shown by Stiegdi 8] and this is the loss reducing mechanism
exploited by high-lift LP turbine blade designs. Immediately prior
to the arrival of the wake, the separation location is observed to

wake has passed. As the wake approaches the separation, the ¢if¥e fractionally upstream. This is the influence of the negative
region of the boundary layer is accelerated. The inner region Ist: \.Nhllch.alters the pressure gradient locally and is a precursor to
the boundary layer responds more slowly than the freestream dlig inviscid rollup occurring beneath the wake.
to the fluid viscosity and as a result, the shear of the separation is .
intensified by the approaching wake. Discussion

As the wake convects over the separation, the wall normal com-The transition mechanism described above is specific to condi-
ponent of the negative jet deforms the shear layer as sho®igin tions were wake-induced bypass transition does not dominate the
10(b). The separated shear layer is naturally unstable and the pgftached boundary layer flow upstream of separation point. For the
turbation of the wake triggers an inviscid Kelvin-Helmholtz rollugformation of the rollup vortices to occur the separated laminar
as shown inFig. 10(c). The resulting rollup vortex convects atshear layer is required. This means that the Reynolds number and
half the freestream velocity and so the wake, which convects wifeestream turbulence must be low to permit separation. Further-
the freestream, moves ahead of the rollup and perturbs the separe, the wake passing frequency must not be so high as to pre-
rated shear layer further downstream. This results in the formatigant the boundary layer from beginning to separate between wake
of further rollup vortices as shown ikig. 10(d). The vortices passing events. The PIV measurements of Stieger gt@liden-
formed by the inviscid rollup of the shear layer rapidly breakdowtified rollup vortices embedded in the boundary layer. The preser-
to turbulence thereby causing boundary layer transition. After th@tion of these vortices in ensemble-averaged data is remarkable
passing of the rollup vortices and the turbulent boundary layeraad emphasises the deterministic nature of the rollup mechanism
calmed region is formed and once the influence of the calming hassulting from the periodic wake passing. It is also notable that the
subsided the boundary layer begins to separate once again. Thigais plate boundary layer measurements of Stieger and Hodson

Natural transition

Wake induced transition
Separation: :

Inviscid interaction :
Natural transition
Separated
Calmed il
Turbulent
Transitional

tht,

shown inFig. 10(e). [19] and the unsteady surface pressure measurements conducted
by Stieger et al[16] on this T106 cascade show that the natural
Schematic of Wake-Induced Transition transition occurring as the calmed region breaks down is also

Based on measurements presented thus far and the mechafEgerved through the ensemble average processing and is deter-
%Jal_nlstlc. The ensemble-averaging process does, however, remove

described above, a schematic of the wake induced transition p random unsteadiness and as a result the TKE levels are likel
cess involving the interaction of a wake and separating bound be overestimated y

layer may be drawn as iRig. 11 The horizontal lines, labeled
a—d, mark the phases shownRigs. 6to 9, respectively, and the .
numbers used to identify features in these figures are transfer%ﬂndus'ons
to Fig. 11 The trajectory lined andE are copied from previous The ensemble-average two-dimensional LDA measurements of
S-T diagrams. the boundary layer on the T106 LP turbine cascade provide new
Following the description of Halstead et &L7], two generic insight into the wake-induced transition mechanism. The measure-
transition paths may be identified on the blade surface. The wakeents show the separated shear layer associated with the inflex-
induced path and the transition path between wakes are indicaimaal profiles of the re-establishing separation bubble form rollup
in Fig. 11. vortices beneath the passing wake. The vortices were formed by
The wake-induced path differs from the traditional wake inan inviscid Kelvin-Helmholtz mechanism. Due to the inviscid na-
duced path for attached flow transition due to the interaction tfre of the rollup mechanism, there was no delay between the
the wake and separating boundary layer. The rollup of the sepeake passing and the boundary layer response. The rollup vortices
rated shear layer into vortices that results from the interaction were observed to breakdown into highly turbulent flow that con-
the wake and inflexional profiles occurs by an inviscid mechaected along the blade surface.
nism. The diffusion of turbulence into the boundary layer is thus The mechanism described above results when no wake induced
not a necessary precursor to the rollup of the shear layer and thiendoulent spots are formed upstream of the separation location.
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The turbulent wake then convects over the inflexional profiles off3] Curtis, E. M., Hodson, H. P, Banieghbal, M. R., Denton, J. D., and Howell, R.

the separating boundary layer and the inviscid breakdown de-

scribed above results.
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Nomenclature

C = chord
f, = reduced frequency,=fC/U,
Hi, = shape factoH,=5*/6
Pke = normalized production of TKE
Re = Reynolds number
s = surface distance
sg = surface length
s, = bar pitch
s. = cascade pitch
TKE = normalized turbulent kinetic energy
u’?,v'?= normalized velocity variance components
u'v’ = normalized Reynolds stress
U, = bar speed
Ugg = normalized boundary layer edge velocity
U,V = normalized velocity components
V,, = axial inlet velocity
2is = lisentropic exit velocity
X,y = normalized linear dimensions
&* = displacement thickness
Stke = TKE thickness
¢ = flow coefficient¢p=V,, /U,
6 = momentum thickness
Q) = normalized vorticity
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Unsteady Surface Pressures Due
to Wake-Induced Transition in a

Laminar Separation Bubble on a
Low-Pressure Cascade

This paper presents unsteady surface pressures measured on the suction surface of a LP
turbine cascade that was subject to wake passing from a moving bar wake generator. The
surface pressures measured under the laminar boundary layer upstream of the steady flow
separation point were found to respond to the wake passing as expected from the kine-
matics of wake convection. In the region where a separation bubble formed in steady flow,
the arrival of the convecting wake produced high frequency, short wavelength, fluctua-
tions in the ensemble-averaged blade surface pressure. The peak-to-peak magnitude was
30% of the exit dynamic head. The existence of fluctuations in the ensemble averaged

H. P. Hodson pressure traces indicates that they are deterministic and that they are produced by coher-
S ent structures. The onset of the pressure fluctuations was found to lie beneath the con-
Whittle Laboratory, : h
Cambridge University vecting wake and the fluctuations were found to convect along the blade surface at half of
Engineering Departmenty the local freestream velocity. Measurements performed with the boundary layer tripped
Madingley Road’ ahead of the separation point showed no oscillations in the ensemble average pressure

traces indicating that a separating boundary layer is necessary for the generation of the
pressure fluctuations. The coherent structures responsible for the large-amplitude pressure
fluctuations were identified using PIV to be vortices embedded in the boundary layer. It is
proposed that these vortices form in the boundary layer as the wake passes over the
inflexional velocity profiles of the separating boundary layer and that the rollup of the
separated shear layer occurs by an inviscid Kelvin-Helmholtz mechanism.

[DOI: 10.1115/1.1773851

Cambridge CB3 0DY, UK

measured and were identified as being associated with rollup vor-

Introduction ! : - )
The boundary layers of low-pressufieP) turbine blades have }zlace; formed by the wake passing over the inflexional boundary

received a great deal of attention due to the advent of high lift an
ultra high lift LP turbines. The design of these turbines exploits . o )
unsteady transition phenomena, as described by Halstead efafPerimental Facility and Techniques

[1-4], to reduce component counts at little or no efficiency pen- The measurements reported in this paper were made on the
alty. Much of the understanding of unsteady transition is based 106 LP turbine profile in a bar passing cascade at the Whittle
attached flow bypass transition and excellent reviews by Mayl@boratory. The rig, shown irFig. 1, simulates the unsteady
[5] and Walker{6] provide extensive correlations built to predictwake-passing environment of a LP turbine by traversing bars
transition in attached boundary layers. However, LP turbines opeross the inlet flow. The wakes shed from these bars simulate the
erate at low Reynolds numbers, typically in the range 0.9—-®@akes of an upstream blade row in a multistage turbine. Details of
X 10°, this coupled with high levels of boundary layer diffusiorthe cascade are presentedrable 1 and further details of the bar
lead to the formation of a separation bubble under steady floR@ssing cascade facility can be found in StilgéX. Also shown

The effect of wake passing has been shown by Schulte and HOYFig. 1is the light sheet location used for PIV measurements.
son[7] to periodically suppress the separation bubble. However, !N this study the unsteady blade surface pressures were mea-
the details of the unsteady transition mechanism in strong advefsed at mid span of the T106 cascade using four Kulite XCS-062
pressure gradients and separating boundary layers remains poBF sure transducers fitted with B screens and yielding a maxi-
understood. The work of D’Ovidio et a[8,9] has extended the mum frequency response of approximately 20 kHz. The diameter

- : . f the Kulite is 1.6 mm, which corresponds to 0.6% of the suction
useful range of transition correlations but has not provided fund rface length. The transducer was mounted in a brass sheath,

mental .insight into the transitjon mechan?sm resulting from tIh\’?/hich was screwed into the holes in the blade so that the trans-
mteractlo_n Of. a wake gnd_lammar separation. éucer was flush with the surface as showrfig. 2. The suction
A detailed investigation into the unsteady boundary layer devely tace of the central blade of the T106 cascade was instrumented
opment has been conducted on the T106 LP turbine cascade 5y &1 gireamwise locations along the suction surface at midspan.
bar passing rig to simulate the unsteady LP turbine environmentggt, o plugs were made for each of the vacant transducer loca-
low speed. In particular the unsteady suction surface pressure isns. These plugs were polished flush with the surface of the
tribution has been measured together with hot wire boundary layggde.
traverses and PIV. Large amplitude pressure fluctuations werery|de 492BBS bridges were used to power the Kulite transduc-
- ers and the bridge outputs were fed into Fylde 254GA amplifiers
!Current address: Rolls-Royce plc, Derby, UK. with a gain of 1000. A National Instruments PCI-MIO-16E-1 A/D

Contributed by the International Gas Turbine Institute and presented at the Intgts e _
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Juﬁhrd was used to measure the amplifier outputs. Only the fluctu

16-19, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 20081iNg pressure was measured by the Kulites. On-line calibration of
Paper No. 2003-GT-38303. Review Chair: H. R. Simmons. the transducers, bridges and amplifiers was performed simulta-
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light sheet optics 1.9mm
light sheet

articulated
delivery arm

\ blade surface

moving belt Kulite
9 brass sheath
to Nd-YAG signal wires

digital camera

flow
— Fig. 2 Mounting of pressure transducers to measure unsteady
blade surface pressure

focal length negative cylindrical lens and a 500 mm focal length
spherical lens were used to generate the light sheet that was be-
tween 0.5 mm and 1.5 mm thick on the blade surface.
A Kodak digital camera with 10241024 CCD array was used
to acquire the images through a 105 mm Nikon lens providing a
19.0 mm square field of view. The inter frame delay was set to
At=3 ms, which gave particle displacements in the range 3 to 6
pixels. The maximum data rate of the PIV system was 15 Hz so it
| was not possible to capture a sequence of images within one bar
1 passing cycle. A trigger signal generated by the bar passing was
: ) N | |_| ] _____ passed through a delay generator thereby allowing the PIV images
AT LT 72 7. tobeacquired at selected phases relative to the bar passing trigger.
The flow was seeded with a mist of groundnut oil generated by
Fig. 1 Bar passing cascade a pair of TSI Six-Jet Atomisers. The seeding was introduced into
plenum chamber of the wind tunnel approximgt8lm upstream
of the bar passing cascade.
neously using a Druck DPI520 as a pressure source. The systemhhe acquired image pairs were processed using LaVision's
described above resulted in a sensitivity of approximately 5d02Vis V.6.03 software(LaVision [11]). An adaptive multipass
Pa/V, with a discretization error of 0.05 Pa. Each measurementtgehnique was used with the initial cell size of>684 pixels de-
the fluctuating pressure consisted of 256 ensembles of 4096 poff@asing to a final cell size of 2616 pixels with a spatial resolu-
logged at 10 KHz. tion of 304 umx304 um. The final cells were overlapped by 50%
Pneumatic static pressure tapings, located at 25% span, wefctively increasing the data yield and giving a vector grid spac-
used to determine the mean pressure level at each of the Kuiftg of 152 um. . . .
locations. Oil and dye flow visualization showed that the static The arrangement of the light sheet and the camera is shown in
pressure tappings were within the two-dimensional flow region drig- 1. The position of the light sheet optic was chosen so that
the cascade. shadows from the returning bars of the wake generator were not
The mean pressure level was measured using a Scanivalve DB@sent at the phases of interest. The light sheet optic was also
3017 array with a=10 in H,O range and 16-bit A/D. The discreti- Positioned out of j[he main exit flow to minimize blockage. The
zation error on this measurement is thus 1.0 Pa which correspoi@giera was positioned to look parallel to the blade surface
to 1.0% exit dynamic head at the nominal flow condition of Rérough the glass sidewall to minimize flare.
=1.6X10°. The voltage outputs of the Kulites were converted to
pressure by a linear calibration, before ensemble averaging ahitne Mean Surface Pressure Distribution
adding the mean pressure measured by the DSA. The results Wergne surface distribution of static pressure coefficiedy, is

nondimensionalized by isentropic exit dynamic head to give th§,own inFig. 3 for four different configurations together with the
ensemble-averaged pressure coefficient. _ envelope of unsteady pressures measured for the sasg=1.
PIV measurements were made using a commercial TSI PRt steady inflow, the pressure distribution is shown for both the
system. A pair of 50 mJ New Wave Nd-YAG lasers delivered ligh{yction and pressure surfaces. Peak suction is locatedsgt
to the terminal optics via an articulated delivery arm. A 25.4 mm.q 45 A |laminar separation bubble is evident over the rear por-
tion of the suction surface with separatiorséd,=0.60. The pres-
sure plateau, typically associated with the laminar shear layer of a

Table 1 T106 bar passing cascade details steady separation bubble, extendsstey~0.82. At this location
the pressure begins to recover as the separated shear layer under-

Chord (mm) 198 goes transition and reattaches $ig,=0.88.
Blade stagger (deg 59.3 F S - .
Pitch (mm) 158 or both cases with incoming wakes, only the suction surface
Span (mm) 375 C,, distribution is shown. For the case gf/s.=1 (f,=0.68) the
Inlet flow angle (deg 37.7 time-mean surface pressure distribution shows no sign of the
g:rsgigr%'ttefrlow angle é%‘?ﬂ% 62-35 separation bubble. In the time-mean, the separation bubble has
Axial distance: bars to LE (mm) 70 been suppressed by the wakes. For the cases,té.=2 (f,
Flow coefficient(¢) 0.83 =0.34), where the steady-state boundary layer has more opportu-

nity to re-establish between wake passing events, the time average
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Fig. 3 Pressure distribution measured on the T106 cascade at
Re=1.6X10°
with the mesh aligned at half the mean flow velocity. This reduces
the aliasing due to the contour algorithm that results from the
surface pressure distribution indicates the presence of a separat@nporal resolution being much finer than spatial resolution.
bubble. The separation and reattachment point for this case ar&nsemble-averaged pressure traces measured over the rear half
indistinguishable from the case for steady inflow; however, tH# the suction surface, are shownFig. 5. This is a portion of the
pressure plateau is not as prevalent as in the steady flow case. Hai& shown irFig. 4. Here, the dash-dot lines indicate the surface
is due to the pneumatic averaging of the measurement system. fagation of each Kulite while the solid lines are the ensemble-
flow is periodically attached by the presence of the passing walkeeraged traces of the measured surface pressure fluctuation. The
The final surface pressure distribution Biy. 3 is for the case of vertical scale of the pressure traces is arbitrary but the same for all
s, /s.= 2 with the boundary layer tripped by a 0.056 mm diametedf the traces.
wire attached to the blade surface stty~0.44. The resuling  The line, labeledA, in Fig. 5 is a trajectory line drawn at the
turbulent boundary layer shows no signs of separation. Che freestream velocity. The onset of the large amplitude pressure o0s-
distribution is altered by the presence of the trip wire, with locaillations inFig. 5, fall along line A showing that the onset of the
deceleration and acceleration before and after the trip-wire. ~ pressure oscillations is dictated by the wake convecting with the
Near the leading edge of the suction surface, @edistribu-
tions differ for the steady inflow case and the cases with bar
passing. The differences are due to an effective change in inc’
dence of the incoming flow due to the bars of the wake generatc 1
turning the inlet flow. This alteration of the incidence is small and
does not significantly alter the pressure distribution downstrear
of peak suction, which is the region of primary interest. Nor, as
the later results will show, does it affect the boundary layer tha 0.9
enters this region.

Ensemble-Average Suction Surface Pressures

The ensemble-averaged unsteady surface pressures meast 08
on the suction surface for the casesyf's,=1 are presented as o
contours ofC, on an ST diagram ifrig. 4. The convection of the J
wake is evident and, upstream of the separation point, is explaine 5
in terms of the negative jet model of Mey{dr2]. The negative jet, 0.7
incident on the suction surface, causes the surface pressure
increase locally as the wake convects over the suction surfac
The increase in surface pressure corresponds to the reduction
C, observed inFig. 4. The nature of the pressure traces in the
region where the wake passes the steady flow separation bubble
markedly different from upstream where the boundary layer is
laminar and attached. The fact that these pressure fluctuations ¢

evident in the ensemble-averaged pressure traces indicates t| QS d i uy b bl bl
they are formed by deterministic coherent flow structures. As th 0 0.5 1 t1/‘5 2 25
wake arrives at the steady flow separation location, a series ¢ 0

large amplitude pressure oscillations arise. #6,=0.76 the
peak-to-peak amplitude of these pressure fluctuationd @, Fig. 5 Ensemble-average pressure traces measured over the
=0.3. It should be noted that the contoursFa§. 4 are drawn rear of the suction surface. Re =1.6X105%, s,/s.=1.
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freestream. The onset of the pressure oscillations is thus not co
trolled by the convection of turbulent spots nor instability waves
within the boundary layer as these phenomena convect slowe
than the freestream. It can also be deduced that the onset is r
controlled by an acoustic mechanism as for a low Mach numbe
flow these would travel ahead of the convecting wake.

The pressure fluctuations are observed to originate between tt
transducers located ats,=0.57 ands/sy=0.63. The amplitude
of the fluctuations increases up $8s,=0.70 and thereafter re-
mains approximately constant. The period of the oscillations is
also constant downstream afs,=0.70. The amplitude of the
fluctuations reduces slightly downstreams§,=0.82. This re-
gion corresponds to the pressure recovery region of the steac 0.7
separation bubble and is typically associated with transition in ¢
separation bubble. With increased levels of turbulence and turbt
lent mixing that results from transition, the ensemble-average
pressure fluctuations decrease in amplitude.

The trajectory lines labeleB andC are drawn at half the local
freestream velocity. These lines are positioned to trace the cor
vection of the maxima and minima of the pressure fluctuation:
and show that the coherent structures responsible forthe presst gsblorwa it by 1o b bo 1)
fluctuations travel at half the freestream velocity. 0 05 1 t1/5 2 25 3

The number of maxima and minima in the ensemble averageu 0
pressurg traces is no_t the same at every sensor Iocatiélg.lrs. Fig. 6 Ensemble-average pressure traces for Re =1.6X10°,
At s/sy=0.70 there is only one maxima and one minima o 5, /5.=2
served, however, &fs,=0.82 there are three sets of maxima and ¢
minima. The appearance of more than one coherent structure is
due to the different trajectories of the onset and convection of the
structures. Once formed the structures convect slower than thé@he Effect of a Boundary Layer Trip. A trip wire was fixed
wake thus allowing the wake to generate new structures at poibtsthe surface of the blade to cause transition of the boundary
further downstream as it passes over the undisturbed inflexiof@yer so that downstream of the trip wire, the boundary layer is
profiles of the separating boundary layer. turbulent throughout the wake passing cycle suppressing the for-

By extending the trajectory lineG to intersect lined, the origin  Mation of a separation bubbleigure 7 shows ensemble averaged
of line C is seen to be at/sy,~0.60. However, bys/sy~0.86 the Pressure traces for identical flow conditions to those presented in

feature occurring along lin€ disappears. The convection speedid- 6, but with a trip wire ais/so=0.44. Immediately obvious is
of C is lower than the convection speed of the leading edge ofthe absgnce of the pressure fluctuathns. The coherent structures
turbulent spot. The disappearance®fs attributed to turbulent "€SPONSsible for the pressure fluctuations are thus only formed
spots formed at an upstream location in the boundary layer ovt‘@fhen the wake interacts with the separating boundary layer.
taking the coherent structure. This turbulence destroys the coher-

ence of structure.

o
4

~
[

The Effect of Bar Passing Frequency. Figure 6hows the
ensemble-averaged unsteady surface pressures for the iden 5
flow condition inFig. 5, but with double the bar spacing so that - T e
sp/s.=2 (f,=0.34). Both the time axis and the scale of the pre: *
sure traces are identical to thateify. 5.

The pressure fluctuations are again observed as the wake pa
over the region of the steady flow separation bubble. No change
the onset location is evident and the period of oscillation is tt
same as before. The period of the pressure fluctuations are t 08
independent of the wake passing frequency in the range relev ™
for LP turbines. The pattern of the pressure 0OSCillations i AlSO Ty  emtrmmms o marmem s e st o erirs
same as for the higher bar passing frequency wgigg=0.86 but & -
their magnitude is larger for the lower bar passing frequency.

The lower bar passing frequency gives the boundary layer mc
time to re-establish steady-state conditions between the we i
passing events. In this time a series of pressure oscillatiol
smaller in magnitude and of lower frequency arise downstream
s/s,=0.88. The pattern of these pressure traces is different
those resulting from the wake-separation bubble interaction a
are more nearly sinusoidal. The fact that these oscillations may L
ensemble averaged is remarkable and indicates that they too A T T P DY T T
deterministic and caused by coherent structures in the | 05 0.5 1 15 ] 25 3
establishing boundary layer. Based on Stieger and Hod$b8]s t/,
observations of Tollmien-Schlichting waves on a flat plate with
identical pressure distribution, it is proposed that these oscillatiopig. 7 Ensemble-average traces—tripped boundary layer, Re
in surface pressure are due to natural transition phenomena. =1.6X10° s,/s,=2

0.7 e s B il
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-t . Re=1.6x105
Re=2.0x10°

[[]

1 1 1 L I 1 1 1 1 I 1

0 0.01 0.02 0.03 Fig. 9 Location of PIV measurement on the T106 blade. The

t[s] line dividing the field of view indicates the portion of the mea-
surement shown below.

Fig. 8 Effect of Reynolds number on the period of pressure
oscillations at s/s,=0.70

Visualization of the Instantaneous Flow Field Using PIV

] PIV is essentially a quantitative flow visualisation technique
The Effect of Reynolds Number. It was established above \yhereby the correlation of two images of a seeded flow is used to
that the period of the large amplitude pressure fluctuations is igetermine the fluid velocity. In order to identify the structures
dependent of the bar passing frequency. However, the periodyg§ponsible for the pressure fluctuations presented above PIV
the pressure fluctuations is dependent on Reynolds number. Theasurements were made over a small portion of the rear suction

pressure traces at a Reynolds number ofR&x10° and at a surface of the T106 cascade as showiFig. 9.

Reynolds number Re2.0xX 10°, are compared ab/s,=0.70 in The results of a PIV measurement in the region betws&sp
Fig. 8 where the period of interest is shown on a dimensional time 0.8 ands/s,= 0.9 at the phast 7,=0.85 are shown iffrig. 10.
axis. It is apparent that the period of the pressure oscillationsTe instantaneous vector map is shown in the upper pl@tignf

not the same at the different Reynolds numbers. The time offsl. Two vortices are visible in the boundary layer. Instantaneous
between the two sets of pressure traces is due to difference in #a@amlines calculated from the vector map are shown in the lower
absolute time of the trigger used for the ensemble averaging of ihiet of Fig. 10 and confirm that the structures are vortices embed-
different Reynolds number flow conditions. The period of oscilladed in the boundary layer. A number of PIV measurements were

tions ats/sy=0.70 are approximately inversely proportional to thenade and not all showed identical features to the resuligf

Reynolds number. 10. The vortices were not always evident and their size and posi-
The convective time scale tion varied.

c The vorticity of the vortices is of the same sense as the bound-

Toon (1 ary layer vorticity. The vortex centers are separated by approxi-

and viscous diffusion time scale

X
52\ JRe, X ) e —
e —— L ———— O — —
Tvisc v U 2 —
are indistinguishable for a given velocity distribution as the rati—Sa——ss === —
of local surface position to chord is constant. It is thus not poj—== = ———
h . P . —— e —
s!ble to determine _|f the large pressure fluctuations are related|—=== e = ==
viscous or convective phenomena. %’*’%}:‘:ﬁ:‘*— s =
A correlation for the period of the disturbance with the maxi 7;;;;>\\ = et e n R
mum amplification rate in the Falkner-Skan velocity profiles ovef 77 [ 7 = SN \v—_._—'__.,-"‘:':“:’-:’;"’F‘,:?:N\g\ST,:
the whole range of pressure gradient parameter is given by Walf < ~~== - } Y STT=====--7. ;!  °~ N
naas T b s m s VR LY TSS
-——D——W
1 v 3)
Ty —— = — %5 . ———
T fuir 3.2 R%*3/2U2 .
This correlation was shown by Stieger and Hod§b8] to rea- [ > > ——a__ _
sonably predict the frequency of Tollmien-Schlichting waves i/—\ I
similar unsteady flow conditions. The period of a viscous instabi |
ity in a highly decelerated boundary layer is thus expected to va/_._\‘——”'”/_.\
nonlinearly with Reynolds number. The observed linear reIatim/V\
ship between the period of the pressure fluctuations and Reynd
number demonstrates that a viscous stability mechanism is | @\‘

responsible for the large-amplitude pressure fluctuation. Viller-

maux[15] showed that inviscid instability processes have a Ne@ig. 10 Instantaneous vector map and computed streamlines
ligible Reynolds number dependence and so a pure inviscid inst@m PIV measurement over the rear suction surface at tl 7o
bility mechanism is excluded. =0.85. Re=1.6X10°, s,/5,=1.
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proximately a third of the local time-average boundary layer The work of Gastef20] and Watmuff[19] shows that the se-
thickness. It is argued below that these vortices are responsible lExtive amplification associated with boundary layer stability, both
the measured pressure fluctuations. viscid and inviscid, provides a mechanism able to select and am-
plify particular disturbance frequencies that subsequently form co-
The Source of Pressure Fluctuations herent structures in the boundary layer. It is proposed that the
deterministic coherent structures responsible for the measured
Saathoff and Melbourngl6] conducted an investigation into pressure fluctuations, namely the rollup vortices identified by the
the cause of large pressure fluctuations occurring near the Ieaqft)ng measurements are formed by the selective amplification of
edges of sharp-edged bluff bodies. A long two-dimensional regfuch an instability mechanism. By contrast to the measurements
angular prism was mounted in a wind tunnel and the surface preg-Watmuff [19], the wake is a uniform two-dimensional distur-
sure was measured under the separation bubble that formed atifhgce and as a consequence it is expected that the rollup would
leading edge. Flow visualization was performed with a laser lightitially be two-dimensional and uniform across the span of the
sheet and high-speed cine camera. The cine camera was useld@le in the bar passing cascade.
simultaneously capture flow visualisation pictures and an oscillo-
scope output from the pressure transducers. The results showed . I
that large surface pressure fluctuations were caused by vorticed [ Mechanism of Surface Pressure Oscillations
close proximity to the surface of the model. The rollup of the An overview of the mechanism whereby pressure fluctuations
separated shear layer, initiated by perturbations in the approachérg formed is presented iRig. 11 The central plot shows the
flow, was identified as the source of these vortices. measured mean pressure distribution over the rear suction surface
Luton et al.[17] conducted a numerical investigation of theof the T106 LP turbine cascade for steady flow. Also shown is the
interaction of a convected spanwise vortex and a Blasius boungpothetical inviscid pressure distribution. Short portions of the
ary layer. By solving the full Navier-Stokes equations, thegnsemble averaged time traces of surface pressure are also shown
showed a minimum in surface pressure to coincide with the locr each measurement location. The lower plot shows a series of
tion of the vortex center. The magnitude of the pressure fluctuaeasured hot wire boundary layer profiles at different positions in
tions associated with the vortex was shown to depend on the dise separation bubble corresponding to the boundary layer state
tance of the vortex from the wall as well as the strength of vortejust before the arrival of the wake. The dotted line, drawn by
They reported fluctuations as high as 55% of the dynamic head feind, passes approximately through the inflexion points of these
one of the cases calculated. boundary layer profiles. Just before the arrival of the wake, the
The measurements presented here are thus confirmed by |Higinar shear layer extends from the steady separation point to the
literature and the vortices identified by the PIV flow visualizatioend of the pressure plateéiniom s/sy~0.60 tos/sy~0.82). The
are responsible for the large amplitude pressure fluctuations mégal set of profiles as/s,=0.88 does not have an inflexion point
sured on the surface of the T106 cascade. at any time during the wake passing cycle. This is representative
of the reattached boundary layer after a separation bubble. This
The Formation of Coherent Structures in Boundary description of the profiles prior to the arrival of the wake agrees
Layers with what would be expepted for a separation bubble W|th|n.a
steady flow and a free laminar shear layer exists before the arrival
The classical studies in boundary layer stability conducted lpf the wake.
Schubauer and SkramstgiB| provided experimental evidence of
coherent structures in boundary layers, in this case Tollmien-
Schlichting waves evolving from disturbance generated by a vi-
brating ribbon. The development of a small square wave distt
bance in a Blasius boundary layer was investigated experimente e._._._._._._,_._.--'—'"'aﬂ,achad laminar
by Gaste{20] In this case, the disturbance was found to develc

boundary layer
into a downstream propagating wave packet. Gaster found that 2
initial structure of the wave packet was well predicted by trackin N formation of
the development of the amplified wave numbers using linear s rollup vortices
bility theory. The linear instability mechanism associated with th
boundary layer lead to the amplification of particular frequencie
The exponential amplification rate associated with these freque

cies lead to the dominance of the most amplified mode. Sucr L T
selective amplification process acts as a filter that leads to a sind’ S

ensemble average —
surface pressure traces P

parsistence
of coherent
structures

mode becoming dominant and this leads to the formation of 2w i
coherent structure being formed in the boundary layer, in this ce L S e
a traveling wave packet. inviscid and steady ™
Watmuff [19] conducted a detailed hot-wire and flying cros: prasaue: distr 'h'-ll“?-""s
wire measurements of the evolution of a periodically applied poil 05 T 0. ?5 — 1 natural
disturbance in a boundary layer with a laminar separation bubb  ** : transition

Despite an initial region of decay, the disturbance was found ¥ 2 s/s, phenomena
amplify after the separation point before developing into a thre P
dimensional rollup vortex loop embedded in the boundary laye : :
Furthermore, the vortex structure was discernable up to 20 bout ! :

ary layer thicknesses downstream of the time mean reattachm : i

point. The maximum amplitude of the disturbance was observ: e

to follow the trajectory of the inflexion points in the velocity T

profile and contours of the measured spanwise vorticity, along t  |gminar shaar Iayer turbulent

centreline of the disturbance, revealed a cat’s eye pattern, chat separation transition reattachment

teristic of a Kelvin-Helmholtz breakdown of the shear layer. This

evidence allowed Watmuff to conclude that the instability mechgig. 11 Schematic showing the evolution of pressure oscilla-
nism governlng the amplification of the wave packet in a separgons due to the interaction of the wake and separating bound-

tion bubble is predominantly inviscid. ary layer
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Betweens/sy,=0.63 ands/sy=0.70 the amplitude of the pres- Nomenclature

sure fluctuations due to the wake passing rises significantly. Prior
to the arrival of the wake, the boundary layer profiles are inflex-

ional over this region of the blade surface. The intense amplifica- CF;
tion observed in this region is attributed to the instability mecha- f
nism resulting from the inflexional velocity profiles. Ff)

By s/s,=0.70 the free shear layer has rolled up into a series of
rollup vortices. The point disturbances in Watmuff's work were 0
observed to grow laterally in the adverse pressure gradient and 2is
form vortex loops, however, for the case of wake passing, wher R
the disturbance sources may be viewed as a two-dimensional str?BeS*

chord

pressure coefficien® p=(Py—P)/(Py— Py;is)
bar passing frequency

reduced frequency, =fC/V ;s

local surface pressure

total pressure

isentropic exit pressure

Reynolds number ReV,C/v

displacement thickness Reynolds number

s = distance along blade surface
o = suction surface length

s, = bar pitch
C
t

of convecting wake fluid, the amplified disturbances would not
break down into vortex loops, but rather a more two-dimensional
spanwise rollup vortex. Rollup vortices formed in a shear layer
convect at about the mean velocity of the shear layer, which
would be approximately half the freestream velocity. The coherent
structures responsible for the pressure fluctuations were previ-
ously identified to convect at half the freestream velocity. This ~b
further supports the argument that the coherent structures respon:2is
sible for the large-amplitude surface pressure fluctuations are rol- ¥ x1
lup vortices formed in the separated shear layer associated with e
thz inflexional boundary Iayerpvelocity profiles.y ¢ = flow coefficientd =V, /Uy,
The pressure fluctuations labeled ‘natural transition phenom- ¥ = kinematic viscosity
ena’ inFig. 11 are believed to be caused by Tollmien-SchlichtingReferences
type waves. As would be expected, the pressure traces observed i
this region have a different character to those associated with th
rollup vortices.

= cascade pitch
= time
7o = bar passing period
= bar speed
= isentropic exit velocity
= inlet axial velocity
= displacement thickness
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Andrea Comadoro The paper presents an experimental investigation of large coherent structures, commonly
referred to as “von Karman vortex street,” in the wake of a turbine blade at high subsonic
J.-F. Brouckaert Mach number(M,;s=0.79 and high Reynolds numbgRE=2.8x10° and their effect
on the steady and unsteady pressure and temperature distribution in the wake. Ultra short
von Karman Institute for Fluid Dynamics, smoke visualizations and two interferometric measurement techniques, holographic inter-
Chaussée de Waterloo 72, ferometry and white light differential interferometry provide insight into the vortex for-
B-1640 Rhode-Saint-Genese, Belgium mation and shedding process. In addition, the interferometric measurement provides

quantitative information on the stream wise evolution of the minimum density associated
with the vortices and on their lateral spreading. Wake traverses are performed with a
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Introduction fast response dual hot wire aspirating probe and found similar
mperature fluctuations as Carscallen behind a cylinder for an

. . t
The presence of large coherent structures in turbine bla stream Mach number of 0.4 only.

wakes, known as von Karman vortices, has experimentally be€hrp g oq it presented in this paper are a further contribution to

put |nto_ev!dence by'man_y a_uthors using various types of teqﬁe guantitative determination of unsteady wake characteristics
niques like: smoke ylsuallzatlons at low speed. by Han anq C®hind turbine blades. The paper is a followup of that by Siever-
[1]; ultra-short Schlieren photographs at medium subsonic agf,q et al.[9] which treated in detail with the effect of the vortex
transonic Mach numbers by Lawaczeck and Heinenj@rHei-  gheqding on the unsteady blade pressure distribution and is
nemann and Bteflsch [3], Carscallen et al[4], Cicatelli and gqyally based on the outcome of the European Research Project
Sieverding[5], and Cicatelli and Sieverdinff], interferometric BRITE/EURAM CT96-0143 on “Turbulence Modelling of Un-
density measurements by Dessd, Sieverding et al[8], and  steady Flows in Axial Turbines.”

Sieverding et al[9]; LDV measurements in a large-scale low- ] o

speed turbine cascade without and with trailing edge flow ejectiégxperimental Setup and General Flow Conditions

by Ubaldi and Zunind10], Ubaldi et al.[11], and Zunino et al. A detailed description of the experimental setup and flow con-
[12], and PIV measurements by Raffel et fl3]. Cicatelli and ditions can be found in Sieverding et f8]. The main geometric
Sieverding[6] and Sieverding et al9] are the first to provide and aerodynamic characteristics are repeate@aliies 1 and 2
detailed steady and unsteady measurements around the blade figilcompleteness of the paper. A photograph of the test section is
ing edge and on the rear suction side of a large-scale turbigigown inFig. 1.

nozzle guide vane at medium and high subsonic downstream . . . .
Mach numbers. Probably the most significant result of the latter 'WO-Dimensionality. Because of the low aspect ratio of
publication is the observation of a change from the typical tim&! €= 0-714 boundary layer fences were set at 5% of the span on

averaged isobaric base pressure region at low and medium ouf] blade suction side to limit the spanwise extension of secondary
Mach numbers to a non-isobaric region at high subsonic Ma fWs- As a result the secondary flow regions are reduced by 50%

numbers and occupy only 5 to 7% of the blade height on each side in

Carscallen et al[14] are the first to measure the effect of thesleverdmg et al[9].
trailing edge vortices on the unsteady pressure and temperatur@eriodicity. The downstream Mach number distribution var-
distributions in the wake of a transonic turbine blade. For thied over 2 pitches by less thah/—2%. The blade-to-blade sur-
purpose the authors made use of a fast-response dual hot-fitoe Mach number variation @M= 0.027 between the two cen-
probe developed by Buttsworth and Joh&S]. The authors con- tral blades was judged satisfactory for such a small number of
firmed the existence of energy separation in the wake with coldiades.
spots up to—15 deg in the wake center and hot spotstd& deg

at the edges of the wake. Known as the Eckert-Weise effect, E(Ek Blade Velocity Distribution. The blade surface velocity dis-

; . ibution is presented in the form of the isentropic Mach number
greteﬁni?]v\é\gisz[gg'hﬁ?ﬁeﬁgenqggfn%n tt?(fe igﬁ{g;’t i?p\%gggnsagéj_lstribution in function of the axial chord iRig. 2. The design of
9 y e blade with a flat rear-suction surface results in a strong

ding from cylinders although it has been observed in many Oth&ﬁction-side velocity peak af'c,,=0.61 with nearly sonic con-

applications, see Eckeftl7]. Kurosaka et al[18] gave a very ..
detailed analysis of this phenomenon related to the vortex strdlt{Ons followed by a constant Mach number plateau gF-h0.8

. . . L ; %'f) to the trailing edge circle where the flow undergoes a strong
behind a cylinder. Ng et a]19] measured it quantitatively with @ o, -celeration before separating from the blade surface. On the

pressure side the flow accelerates continuously from the leading

Contributed by the International Gas Turbine Institute and presented at the Int; AT ; P
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Ju%gge to the trailing edge. The crossing of the pressure and suction

16-19, 2003. Manuscript received by the IGTI December 2002; final revision Maréd€ curves near the trailing edge is typical for blades with straight
2003. Paper No. 2003-GT-38934. Review Chair: H. R. Simmons. rear-suction side.
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Fig. 1 Photograph of test section

sides. The compressible shape factor is, respectiketyl.31 and
1.53 for the suction side and pressure sides. This is a clear indi-
cation for a turbulent state of the boundary layer on both sides
before trailing edge separation.

Wake Flow Visualisations and Vortex Shedding
Frequency

Contrary to the schlieren photographs presented by Sieverding
et al.[9] the vortical structures in the wake are at present put into
evidence through smoke visualizatiofrgg. 4. The smoke is emit-
ted from a tube in the upstream settling chamber and seeds only
the flow close to the blade surfaces. The laser sheet is coming
from the right side as indicated by the large arrow and illuminates
the blade suction side at midspan. The pressure side lies in the
shadow. A Nd:YAG laser produces the light sheet. The pictures
are taken with a PCO video camera. The laser was triggered at a
frequency rate of 8.2 Hz, while the maximum acquisition rate for
the camera was 4.12 Hz. Given the low frequency of the laser and
the camera the individual smoke visualizationsFig. 4 do not
belong to the same vortex shedding cycle. They are taken at dif-
ferent time instances and are arranged in sequential order. Pictures
6 and 1 are the same. Fluctuations in the smoke density and the
lateral spreading of the smoke affect somewhat the continuity in
the flow patterns. The objective of the camera is aligned on the
center of the circular quartz window, which results in a three-
dimensional view of the trailing edge region.

Contrary to schlieren photographs which visualise density
changes, smoke pictures show the instantaneous flow patterns and
are therefore particularly well suited to show the vortical wake
structures. The formation of the vortices and their gradual shed-
ding is put clearly into evidence iRig. 4. Picture 2 shows the
start of the enrolment of the pressure side shear layer into a vor-
tical motion. This vortex grows in pictures 3 and 4 and starts to
move away from the trailing edge in picture 5 due to the appear-
ance of the suction-side vortex and its entrainment effect of low
momentum material from the opposite shear layer. This results in
a cutoff of the vorticity supply to the vortex, the pressure-side
vortex is shed off the trailing edge.

A close look on the vortex structures reveals that the distances
between successive vortices are not equidistant. In fact the dis-
tance between a pressure-side vortex following a suction side vor-

Boundary layer profiles were measured with a flattened pittex is always smaller than the distance between the latter and the
probe of 0.25-mm probe head thickness at a distance equal to ot downstrer_:\m pressure-side vortex. A possible reason is that
trailing edge diameter upstream of the trailing edge circle. THBe pressure-side vortex plays a dominant role and exerts an at-

uncertainty of the probe positioning #/—0.05 mm.

traction on the suction-side vortex. Already Han and Cax

The boundary layer profiles for nominal outlet flow conditiong§ound the pressure vortex to be stronger then the suction-side
are presented ifig. 3. The physical boundary layer thickness is/ortex and attributed this to the blade circulation.
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Fig. 2 Blade Mach number distribution for M, ;s=0.79
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t 2.2 mm on the suction side and 0.7 mm on the PressUSortex Shedding Frequency. The vortex shedding frequency

is measured with a fast response pressure sensor positioned at
x/c,=0.933 at the beginning of the pressure-side trailing edge
circle. The Strouhal number is defined as

St=(fD)/U 1)

whereU is derived from the pitch averaged downstream cascade
side wall pressure distribution taken at a trailing edge distance
x/ca=0.2 and the upstream total pressure. The vortex shedding
frequency at M;s=0.79 is 7.6 kHz and the corresponding Strou-
hal number amounts to $1.219 which is typical for a turbulent
state of the boundary layers on both suction and pressure side near
the trailing edge.

Unsteady Wake Density Fields

Interferometric Measurement Techniques. Holographic in-
terferometry (VKI) and white light differential interferometry
(ONERA) were used to investigate the variation of the unsteady
density distribution in the wake. Details of the holographic tech-
nigue are given in Sieverding et &8]. Information on the white
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Fig. 3 Boundary layer profiles at blade trailing edge

light differential interferometry technique can be found in Desse Holographic Interferometry. The interferograms obtained
[20,21). The time instant for a give moment in a vortex sheddingith holographic interferometry give only the relative density
cycle will be defined by the phase angje The phase angle is variations between two successive iso-density lines following the
evaluated with respect to the pressure variation recorded wittredation
pressure sensor positionedxdt,,=0.933 on the pressure side. Ap=N/ (KL 5
The zero phase angle is defined by the time instant when the p=n(k1). )
falling pressure crosses the mean pressure averaged over oneWith A—wave length of laser light(Ruby laser A=6.94

tex shedding cyclerigures 5and6 present typical interferograms x 10~ 7 [m]), k—Gladestone constant (2.230 * [m®/kg]), and

with both techniques, taken at a phase angle-80 deg and of 0 1—tunnel width(0.1 m) the density variation becomes

deg for the holographic and white light interferometry, respec-

tively. Ap=0.030858[ kg/m"]. (3)

The reference density is evaluated from pressure measurements
with the fast response needle static pressure probe positioned out-
side of the wakdsee flow visualizationsassuming the total tem-
perature to be constant outside the wake. Nondimensionalized by
the upstream total densipy, the relative density change between
two successive density fringes A/ py;=0.0184.

The interferogram irFig. 5 shows the suction side vortex at a
phase angleo-~90 deg. The vortex is in its shedding phase. The
suction-side shear layer is near its most outward positgae
Sieverding et al[9]). On the pressure side the density patterns
» point to the start of the formation of a new pressure side vortex.
‘neighbouring < The pressure side vortex of the previous cycle is situated at a
trailing edge distance/D = 2. The vortex is defined by ten fringes

.‘“&

p/po: 0516 0552  0.60 0.644
Fig. 4 Smoke visualizations for different instances over one Fig. 5 Example of holographic interferogram, phase angle
vortex shedding cycle at outlet Mach number M, ;s=0.79 ©~90 deg
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Fig. 7 Evolution of vortex density minima with increasing

which implies a total relative density change from the outside fipwnstream distance;  (top) holographic interferometry,  (bot-

the vortex center o (p/po;) =0.184. This is to be compared with ©°™) White light differential interferometry

an isentropic downstream static to total density rgtigpo,

=0.745.

750 ns and the time interval between two successive frames is

White Light Differential Interferometry. The technique of dif- close 1o 28 A maximum of 100 images can be recorded on
ferential interferometry using a white light source and two WolS.25€ -us. A maximu Images
e film, corresponding to about 25 periods of the phenomenon.

laston prisms, equipped with respectively a polarizer and an ar{i/%.- >
lyzer, allows obtaining color interference fringes in the field under ith a vortex shedding frequency ot7.6 kHz the camera

observation. By orienting the two Wollaston prisms a set of eithé?gglrdgeaggtuet dfsxl/Jitrhprlgtsur:st ?(?E[hceygli?ﬁullztgﬂge&?rj;iocr?jg(;hergspsrl?r-e
normal or parallel interference fringes to the flow can be obtaine y p P

o . - .. Slgnal of a fast pressure sensor implemented on the blade pressure
Contrary to the holographic interferometry technique which vist e at the beginning of the trailing edge circlexét,=0.933.

alizes iso-density contours with fixed density changes between i igure 6 shows an interferogram at the phase angfe0 deg.

contours, the white light differential interferometry technique praz, . X . .
vides information on the continuous variation of the density g;T_he interferogram is taken with the wollaston prisms oriented to

dient field. Due to the nature of the differential measurement tec?le-t the |.nterf.erence frmges para.IIeI to the blade wake, i.e., the
cture visualizes mainly the gradients across the wake. Each vor-

nique, a data integration is necessary to obtain the refraction in €X appears as a pair of white and dark dots, which reflects the

in the direction normal to the interference fringes. The local de nsity chanae throuah the vortex. A0 deq the suction side
sity p, is obtained via the determination of the local refractivd€SIty chang ug vortex. & 9 uction s
index ny, the refractive index and the density being relate}ﬁor.tex is completely fofmed and will start Its sheddlng_phase
throughlt,he Gladstone constant while on the pressure side the vortex formation phase will start.
' The density in the vortex center on the suction side is as low as
n,—1=Kk(p1/ps), (4) plpp1=0.51. The minimum density ratio of the vortex of the pre-
vious cycle positioned at/D =3 from the trailing edge has in-

with: k—Gladstone constafim®kg] and ps [kg/m*]—gas density creased 10 0.59.

under standard condition.
As for the holographic interferometry the reference value for Streamwise Evolution of Density Minima and Lateral Dis-
the gas density is given by a fast response needle static presqlaeement of Vortices. Because of lack of space we shall focus
probe positioned in the freestream on the suction side of the waker attention only on the evolution of the density minima of the
The white light differential interferograms are recorded by gortex cores and their lateral spreading. This information provides
CORDIN 350 high-speed rotating drum and rotating prism canmsight into the dissipation of the vortex strength and is of prime
era. The time exposure of the images recorded on the cameraniportance for code validation.
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0.6 tance ofx/D=1.7 followed by a much slower rise further
downstream. The average density variation is nearly linear in
0.4 * both regions.
» There is no distinct difference between the minima of the
Do eve - pressure and suction side vortices. This is contrary to obser-
0.2 %> B TS vations of some authors based on flow visualizations only,
. > D&\ < ¢ gaggz;z Han and Cox1] and Cicatelli and Sieverdingp], who find
Q 0.0 ANERES that the suction side vortex is weaker than the pressure side
> [ v . Zﬁ;;ggsa vortex. Han and Cox attribute this to the blade circulation.
o 4?30(. ouT A o ¢ Pl + The average minimum density ratio is about 0.52 at the trail-
. 2 DN Moz 126 ing edge. Atx/D=7 the minimum density has risen to 0.67.
4 n a ) P This is plausible if we compare it to the density pfpg;
-0.4 = =0.74 corresponding to the nominal outlet Mach number of
0.79 in the downstream plaxéc,,= 0.5 equivalent to a trail-
06 ing edge distance of/D=15 in streamwise direction.

(@ 0 2 X?D 6 8 The results obtained with white light interferometry are in
broad agreement with those presented for the holographic inter-
ferometry except for a somewhat slower density rise in the near

0,6 wake region, i.e., for &x/D=<2. The white light interferometry
o data also confirm that there is no difference in the intensity be-
04 & tween the suction and pressure side vortices. Compared to the
oA eaHm O o holographic data the scatter is much smaller. This is explained by
0.2 © A o 4 W | the fact that the pictures are taken not randomly but over a total
s f (o] . . 3 . .
. T time period of only~3X 10 ° seconds with a_co_ntln_uously run--
S 0 ® ning camera. It may be assumed that the variation in the intensity
S DA i A A of the vortex shedding over this period is much smaller than in
° PO o) in| 0 case of randomly taken pictures. However, it is likely that repeat-
-0,2 . A O o ing testing would result in a similar scatter as for the holographic
u interferometric tests.
04 HOO° m45° @9%0° DO135° Figure 8 presents the downstream evolution of the lateral dis-
A180° O 225° €270° A315° placement of the pressure and suction side vortices with respect to
0.6 ! the tangent to the mean camber line defineyliy=0. Again the
’ 0 5 4 6 g data set obtained with the white light interferometry technique

X/D

Fig. 8 Lateral spreading of vortex minima with increasing
downstream distance; (top) holographic interferometry,  (bot-
tom) white light differential interferometry

appears to be more consistent. The evolution of the lateral dis-
placement of the vortex centres with respect to the O-line is not
symmetric. In particular within the range afD<4 the wake
appears to be shifted to the suction side. The ratio between the
streamwise distance of two successive vortices and the lateral dis-
tance between the pressure side and suction side vortices is about
6-7.

Wake Flow Traverses

Figure 7 shows the variation of the vortex density minima non-
dimensionalized by the upstream total densit,, in function
of the trailing edge distance/D (D-trailing edge diameter Fig-
ure 7 (top) shows the results obtained with holographic interfe
ometry,Fig. 7 (bottom) the results with white light interferometry.

The holographic data iRig. 7 (top) are derived from a total of
11 holograms taken at different phase angles. Open symbols
respond to vortices shed from the suction side, closed symbol
vortices from the pressure side. It is recalled that the pictures

Multihead PressurdTemperature Fork Probe. The mea-
surement of the total pressure and temperature distribution in the
Iwake was carried out using the probeRig. 9. The probe stem
carries four different probe heads: for time averaged data a pneu-
matic Kiel type total pressure probe and a thermocouple probe, for
Cfg's_t response measurements a semi-conduktdite) total pres-
Slye probe and a thin wire total temperature probe. The probe is a
Sampromise between spatial resolution, angular sensitivity, fre-
taken randomly and do not belong to a single cycle. quency response, probe blockage effect and probe vibration. Each

The figure conveys the impression of rather poor measurdobe underwent extensive calibration tests. The insensitivity
ments. The uncertainty in the determination of the vortex mininf'9/¢ Irlanget:‘orltgedtwo toéalzgr%ssure probes vlvasf fouEd }e;x;l).erl-
density is affected not only by errors associated with the measufgentally to be 15 deg an eg, respectively, for the Kulite
ment of the reference densityreference static pressure withProPe with a conical entrance of 20 deg and for the pneumatic
needle probebut also by the resolution of the measuring techl_(lel-ttypet_prol_)e. Note thﬁt thethK'euler?b?_fd”;f,?rs frOT the L|JSU_a|
nique. The latter is of the order of the density difference betwe&f{ns ruction in as much as the "€l efiect” operates only in
two successive iso-lines. The total uncertainty of the density me4ichwise direction since the spanwise width of the flattened pitot
surements is evaluated A€p/pg;) = +/—0.015. Hence the larg- tube is equal to the inner diameter of the surrounding cylinder.
est differences in the wide band of experimental data are due B¢ |r;:‘luenc§ of thehrecess OI thedKullteh prtc))bg pr?sr?uri sensofr
real variations in the flow properties between the various te?ge%mrt] € p()jro_l__(_edmout 2‘3'&5 eve;)uate4oor|1d: e ﬁ.s'ﬁ oft e_tdeorg 0
which were taken randomly over a period of several days. Tt dn and 1 emarf22], to about z which was judge

continuous solid curve represents the mean variation of the mifdeéduate for the wake shedding frequency of 7.5 kHz at the nomi-
mum density averaged over all curves. nal outlet Mach number M =0.79. As regards the cold wire

Nevertheless some general conclusions can be drawn: probe, numerical compensation is used to extend the_naturally
rather low frequency response of theuth wire to much higher
« There are two distinct regions for the evolution of the vorteranges(Denos and Sieverding23]). A frequency analysis of the
density minima: a very rapid linear density rise up to a digarobe output signal in the turbine blade wake showed apart from
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5
the dominating frequency of 7.6 kHz very clearly the first har / \\_ Y
monic and faintly also the second harmonic. This is clearly inas 0 —~ A i ol
equate to reconstruct a square wave signal at the same freque -5
which would require a frequency response up to the tenth h: 10
monic but in the present case the signal is nearly sinusoidal. a 5 3 0 : 5 3

The wake traverse was performed at a trailing edge distan(c)
equal to 2.5 D (trailing edge diameterin direction of the tan-
gent to the blade camber line. This tangent form an angle of gls
deg with respect to the axial direction and the traverse is magII
normal to this tangent. The probe presence did neither effect t
pressure distribution around the trailing edge nor the downstream
side-wall pressure distribution opposite the probe head.

.10 Steady-state total pressure, temperature, and entropy
etribution through wake at trailing edge distance x/ID=2.5

surement errors in the randg/D|>1.5, the deviations of the

Steady-State Pressure and Temperature Measurements in temperature from the freestream value are referred to in the litera-
Wake. Figure 10 presents the total pressure and total temperture as “Eckert-Weise Effect,” see Eckefl7] and Carscallen
ture distribution as measured with the Pitot tube and thermocouggieal. [14], and are attributed to the presence of the very intense
probes, respectively, and the time-averaged entropy variatisgn Karman vortices in the wake. However, the mass integrated
through the wake. Both the temperature and the pressure meastemperature value across the wake should ¢ T,;,=1. Because
ments were nondimensionalized with respect to the cascade iréthe lack of information on the local velocity it is unfortunately
total temperature and pressure. With an error of 1 mbar in thet possible to perform this integration.
pressure measurement and 1 deg in the temperature measuremefifje entropy variation reflects the influence of the temperature
the error in the total pressure ratio amounts-0.1%, the error in variation. A drop of the temperature leads to a decrease in the
the total temperature ratio to 0.3%. entropy, see the entropy drop in the wake center, while a tempera-

The temperature distribution is characterized on the borderstuofe rise contributes to a rise in the entropy, i.e., on the borders of
the wake, betweery/D=1.5 and 0.5 by temperature peaks irthe wake.
excess of the inlet total temperature while a strong minimum is
recorded in the wake center. The temperaturey/f@> 1.5 should Unsteady Temperature and Pressure Measurements in
reach the freestream temperature, i.e., the total upstream tempk®vake. The phase-lock averaging procedure for the unsteady
ture. This is clearly not the case for the left siggessure sideof measurements turned out to be a very difficult task. The main
the wake. However, the lowest value ©§/Ty,=.997 aty/D=  problem resides in the fact that the aspect of the pressure and
—2 corresponds to a temperature differered5, which is still temperature fluctuations vary strongly through the wake. The
within the measuring accuracy of 1 deg. Apart from these meauter wake regions are dominated respectively by either the pres-
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Fig. 12 Wake total pressure and temperature fluctuations

through wake at x/D=2.5
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Fig. 13 Variation of phase-lock averaged pressure amplitude
through wake

sure or suction side vortices while the wake inner regions are
equally affected by the vortex shedding process from both blade
sides. Hence the dominating frequency changes frah® kHz in

the outer region te-15 kHz in the wake center. The FFT analysis
was used to determine the period for the phase lock averaging
procedure of the signal. Windowing of the raw signal turned out to
be an absolute necessity to avoid excessive amortisation of the
signal amplitudes due to significant frequency variatidtigure

11 (top) and 11 (bottom shows the result of a systematic study of
the effect of the number of windows on the phase-lock averaged
amplitude for two positions in the wake, i.e.,\dD =0.66 and at
y/D=0 (wake center The amortization effect of a frequency
change for a given data string diminishes of course with increas-
ing number of windows. As an additional mean to reduce the
effect of frequency variations on the phase lock averaged signal
amplitude, a frequency variation acceptance rate was defined for
each window. Phase lock averaged amplitudeSign 11 (top) are
plotted for three different acceptance rata$/f=0.05, 0.1 and

0.2. AAf/f=0.1 means that all windows in which the frequency
varies by more than 10% are rejected. The acceptance rate of the
number of windows is presented ig. 11 (bottom). The follow-

ing results are based on a data analysis with 150 windows and a
frequency variation acceptance rate &f/f=10%. With 150
windows, each window contains about ten periodic events with a
total of about 400 data points.

Figure 12 (top) presents the total pressure fluctuations across
the wake(at a trailing edge distancdD = 2.5) in function of time
(phase. The fluctuations extend far beyond the time averaged
wake width ofy/D~ *=1.5. The time-averaged pressure amplitude
variation through the wake is shown ig. 13. Maximum ampli-
tudes of up to 90% of the downstream dynamic pressure are re-
corded. The amplitude variations show three pronounced peaks: in
the wake center on the pressure sideydd=—1.0 and on the
suction side ay/D=0.7.

The phase-lock averaged temperature variations are presented
in Fig. 12 (bottom. As explained earlier, data were recorded for
only half of the wake. The maximum and minimum temperature
variations areTy/Ty;=1.046 and 0.96, respectively. Withiy;
=280 K the maximum total temperature variations amount to
~24 deg. Similar values were reported by Carscallen eti4l.

Conclusion

The experimental program presented in this paper has made use
of a wide range of measurement techniques to contribute elucidat-
ing the unsteady turbine blade wake characteristics related to the
presence of large coherent wake structures known as von Karman
vortices. Smoke visualizations at high subsonic Mach numbers
proved to be a remarkable tool and visualise better than schlieren
photographs the interaction between the suction-side and
pressure-side vortices in the far wake.

Two different interferometry techniquéthe white light differ-
ential technique being a first application to tubomachinery blad-
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Table 1 VKI cascade characteristics To; = upstream total temperatufk)

TU . . -

2h-°1d Lengtfﬂp e 140 = turbulent intensityV u’2/u?

xial chord length,c,,/c mm _ ;
Pitch to chord ratioéilxc 0.656 U veloc:|ty_ (m/s) .
Blade heighth 0.696 u’ = fluctuating velocity
Aspect ratio,h/c 100 X = coordinate
Trailing edge thickness to chord mm _ -
ratio, D/c 0.714 y, Y = coordinate .
Trailing edge wedge angle,, 0.0531 6 = boundary layer thicknegsnm)
g]lﬁ ta}nr&;lleal (from axial 8-3 deg S = trailing edge wedge angi@eg

irectio eg — Linati L
Gauging anglax, (arc coso/g) 70.9 deg { = klnetl_c energy loss coefficient
Stagger angley _ 49.83 deg p = density(kg/m)
Ellurc?ber of blades including end 4 v = stagger angléresp. axial direction

ades

Subscripts
Table 2 Overall f diti ax = axal
able verall flow conditions is = isentropic
Upstream total temperatur&q, 280 K o = total
Upstream total pressur@,,; 1400 mbar 1 = upstream
Upstream turbulent intensifyU 1% _
Downstream isentropic Mach number 0.79 2 B downstream
Mojs 2.8x 10° © = freestream
Reynolds number Réased on chord and downstream
velocity)
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Active Flow Control Using Steady
Blowing for a Low-Pressure
Turbine Cascade

The paper presents mid-span measurements for a turbine cascade with active flow control.
Steady blowing through an inclined plane wall jet has been used to control the separation

Brian R. McAuliffe characteristics of a high-lift low-pressure turbine airfoil at low Reynolds numbers. Mea-

St A. Sioland surements were made at design incider)ce for blowing ratios from approximately 0.25 to

een A. ojolanaer 2.0 (ratio of jet-to-local freestream velocity), for Reynolds numbers of 25,000 and 50,000

. (based on axial chord and inlet velocity), and for freestream turbulence intensities of
Department of Mechanical and Aerospace 0.4% and 4%. Detailed flow field measurements were made downstream of the cascade
Engineering, using a three-hole pressure probe, static pressure distributions were measured on the

Garleton University, airfoil suction surface, and hot-wire measurements were made to characterize the inter-

1125 Colonel By Drive, action between the wall jet and boundary layer. The primary focus of the study is on the
Ottawa, ON K15 586, Canada low-Reynolds number and low-freestream turbulence intensity cases, where the baseline

airfoil stalls and high profile losses result. For low freestream turbulence (0.4%), the
examined method of flow control was effective at preventing stall and reducing the profile
losses. At a Reynolds number of 25,000, a blowing ratio greater than 1.0 was required to
suppress stall. At a Reynolds number of 50,000, a closed separation bubble formed at a
very low blowing ratio (0.25) resulting in a significant reduction in the profile loss. For
high freestream turbulence intensity (4%), where the baseline airfoil has a closed sepa-
ration bubble and low profile losses, blowing ratios below 1.0 resulted in a larger sepa-
ration bubble and higher losses. The mechanism by which the wall jet affects the sepa-
ration characteristics of the airfoil is examined through hot-wire traverse measurements
in the vicinity of the slot/DOI: 10.1115/1.1791291

Introduction decreases in Reynolds number and turbulence intensity result in a
gl_ay of transition onset within the separated shear layer, and stall
as observed at the lowest levels of Reynolds number and turbu-
ence intensity examined. Stall resulted in a significant increase in
(g profile losses. Bons et &10,11)) have shown that flow con-

Recent advancements in low-pressure turbine design haveq
sulted in highly loaded airfoils that are subject to boundary lay
separation. At low Reynolds numbers, typical of high altitud
cruise conditions, the separated shear layer can fail to reattac
the surface resulting in increased losses and reduced flow turn
(Hourmouziadis[1], Mayle [2]), which has a direct impact on
stage efficiency and work output.

Transition plays an important role in the boundary layer dev
opment over the surfaces of low-pressure turbine airfoils. In mal ?f
cases, transition occurs within a separated shear layer. HatmaH1 general, there are two me'thods of ﬂ.OW control, each charac-
and Wang[3] and Malkiel and Mayle[4] have examined the terized by the energy expenditure required by the flow control

separated-flow transition process at low-freestream turbulence ice. Passive _ﬂOW control requires no auxiliary energy and no
have observed the amplification of Kelvin—Helmholk—H) in- control loop. Active flow control requires energy expenditure and

stabilities within the separated shear layer. This type of instabilif%ay use a control loofGad-el-Hak 12]). For active flow control

is typically associated with transition in free-shear flows such &3€'€ are two ge“efa' control strategies. The first is known as
jets, wakes, and mixing layers. Yards,6]) has examined the pre_detern_wlned_ control, in which steady or unsteady energy in-
effects of freestream turbulence and pressure gradient history Rt IS appllned W't_hO‘"Jt regard to the state of the flow. The second is
separated-flow transition and has noted that both play an imp!ﬁF‘-OWn_aS reactive” control, in which a control loop is continu-
tant role in both the onset and length of transition within th@!ly adjusted based on measurements of the flow, using either an
separated shear layer. open feedforward or a closed feedback control loop.

The low-pressure turbine airfoil considered in the current ex- Although passive flow control devices require no energy input,
periments is the Pak-B profile, which is an industry supplied réhese devices may be effective only at operating conditions where
search airfoil that has been the subject of many experimental st¢@ntrol is required, and may have a negative impact on perfor-
ies. Mahallati et al[7], Murawski and Vafa[8], and Dorney et al. Mance at operating conditions where control is not required. This
[9] have investigated the performance of the Pak-B airfoil undéffect has been observed in the measurements of Vplisband
various Reynolds numbers and freestream turbulence intensities-f#€ €t al.[14], who both used trip wires to prevent stall of the
linear cascade experiments. Mahallati et[@], have shown that Pak-B airfoil at low-Reynolds numbers. Although stall was pre-

vented with the trip wires, losses at higher Reynolds numbers

Contributed by the International Gas Turbine Instit(@Tl) of THE AMERICAN ~ WETE significantly greater than their corresponding clean-blade
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  cases. The benefit of active flow control is that the control device
TURBOMACHINERY. Paper presented at the International Gas Turbine al
Aeroengine Congress and Exhibition, Vienna, Austria, June 13—-17, 2004, Paperrﬁgn be turned gn Only when needed. The c_urrent StUdy. evaluates a
2004-GT-53646. Manuscript received by IGTI, October 1, 2003: final revisiodnethod of active flow control for separation COI’I’[I’Oll Ina low-
March 1, 2004. IGTI Review Chair: A. J. Strazisar. pressure turbine cascade, under steady inflow conditions. A pre-

can be used to prevent stall and reduce the losses of the Pak-B
aiffoil at low Reynolds numbers. Vortex generator jets were used
by Bons et al. to promote transition and prevent separation of the
e uction surface boundary layer. The current study employs a dif-
Z ent method of blowing flow control for the Pak-B airfoil.

560 / Vol. 126, OCTOBER 2004 Copyright © 2004 by ASME 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



determined control strategy is used for the present experiments, Table 1 Geometry of flow control cascade
but the implementation of a reactive control loop might be desir

able for practical use. Parameter Value
The current control strategy consists of localized fluid injectiomrue chord lengthC 83.3 mm
by means of an inclined plane wall jet, at a location upstream 6f;la| cShord length,C gg-g mm
. . . . . tch, .o mm
the expected suction surface separation point. This blowing te liction surface lengti§SL 115 3 mm
nique has been used by Fottiiéb], Sturm et al[16], and Culley = siagger angley 25.5°
et al.[17] for separation suppression on highly-loaded compressaspect ratio AR 2.4
blades. The wall jet supplies energy to the decelerating bounddmgt blade angleg; 35°
layer downstream of the suction peak. This injected fluid can i ﬁécﬂggesg{i‘gi't%go f%
crease the momentum in the near-wall region of the boundafyeife| coefficient,z 108
layer. The fuller boundary layer profile is then expected to resiBfow control slot locations, 0.52 SSL
stronger adverse pressure gradients and which may, therefore,dew control slot width,b 0.3 mm
lay or even suppress separation. For the current investigationfgqW control slot lengthhs 0.78h

. ; ow control slot inclination angl 38°
which a laminar boundary layer separates from the surface, the gled

injected fluid is also expected to have an effect on the transition
process.

Experlmental Apparatus and Procedures mately 52(%) Of the suction surface |eng6‘4% axial ChOI’()i ThIS )
slot location is slightly upstream of the expected separation point.
Test Section and Cascade. All measurements were made in aldeally, the slot should span the full length of the airfoil to simu-
variable-incidence linear cascade test section, which is shownlate two-dimensional flow, it should inject the flow tangent to the
Fig. 1. The inlet to the test section has a rectangular cross-sectsamface to minimize mixing losses due to the normal component
67.3 cm high and 20.0 cm wide. Two boundary layer bleed slotsf velocity, and it should have a small width to minimize the
one on each endwall, are located downstream of the inlet to mequired secondary air supply. For manufacturing reasons the slot
duce the thickness of the incoming boundary layers. The linespans the middle 78% of the airfoil span, is inclined 38 deg from
cascades are mounted on a turntable which allows incidence
variations over a range of 60 deg. The turntable serves as the back
endwall and a removable Plexiglas wall serves as the front end-
wall. Seven flow control devices are used to adjust the flow in and
out of the cascade and are depicted in Fig. 1. The flaps and tail-

I 1 ' '
boards are used to adjust the inlet flow uniformity and outlet flow '(m | flow control slot
periodicity of the cascade, the bypass flaps control the mass flow : planes N :
!
|

rate through the cascade, and the floating wall is used to maintain
a constant area flow channel entering the cascade. Two-axis

traverse mechanisms are mounted to the backside of the turntable ! ! ! z

to allow movement of measurement probes across the blade span { ! ! !

and pitch, both upstream and downstream of the cascade. t ' ! [ di%
The cascade used for the present experiments consists of the b ! !

Pratt & Whitney Pak-B profile. Details of the Pak-B cascade ge- : 0

ometry are tabulated in Table 1. The cascade contains nine air-
foils, the middle three of which include a slot through which air
can be injected for flow control, as shown enlarged in Fig. 2.
Pressurized air is supplied to the “air supply pipe” at both ends of
the blade. There are 19 holes along the upstream side of the pipe,
spaced approximately 1 cm apart, that discharge air into the blade
plenum. The plenum serves as a settling chamber for the flow
control slot which injects air into the blade passage at approxi-

flow control
airfoils

botiom 74 -
boundary layer
floating wall bisad sols 1
Fig. 1 Schematic of test section. Fig. 2 Geometry of blade and flow control arrangement
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Table 2 Estimated uncertainties in three-hole pressure probe filter for 0.55 seconds (12 sampley and were corrected for dif-

measurements ferences in flow temperature between the calibration and the wind
Reynolds Number, Re 25,000 50,000  Lunnel measurements.
The downstream and surface pressure measurements have been
ElOW angle,éa -y ;:80956 EOO'O3(;2 made with Data Instruments linear differential pressure transduc-
ynamic pressuredq/ e +0. +0.
Total pressure&Polq,e,re % 0.005 40,001 ers, models DRAL501DN £{£250Pa) and DRAL505DN

(£1250 Pa). Estimated uncertainties due to combined linearity,
hysteresis and long-term stability are-0.5Pa for the
DRAL501DN’s and=*2 Pa for the DRAL505DN's. All pressure
measurements were made at a sampling rate of 1 kHz and 20
seconds of data were collected for each measurement point
) (20,000 samples per pojnt
the surface, and has a width of 0.3 nif3% of SSI. One static  The data acquisition system used for the current experiments
pressure tap is located inside the plenum near the turntable walkihsists of a data acquisition board and a Windows-based soft-
adjust and monitor the jet blowing rate. _ . ware system. The data acquisition board is a United Electronic
A distribution system was designed to deliver shop air to thadustries(UEI) model PD2-MFS-8-800/14 PowerDAQ simulta-
flow control blades. Shop air first passes through a Schradffous sample-and-hold PCI card installed in a Pentium Il powered
model 3533-1000 filter/water trap to remove any impurities Qiersonal computer. The board has eight 14-hit analog channels
moisture from the flow, followed by a Schrader model 3566-2008hd has the ability to sample at 800 kHz. The software was de-
pressure regulator used to control the flow rate of air to the bladggjoped in-house by Mahallafil8], and was designed to bring
A utility hose then delivers the air to a manifold. The manifold hagevice setup, control, data acquisition, instrument calibration, and
six Swagelok model B-1RS6-A needle valves to adjust the flowata reduction under one Windows-based environment.
rates to each blade. Tygon vinyl tubing connects the manifold . o
valves to both ends of the flow control blades, through the turn- Data Reduction. - The loss measurements presented in this pa-
table on the back side of the test section and through the PlexigR® are expressed in terms of the mixed-out profile loss coeffi-
wall on the front side. cient, Y,,, and represent the total pressure loss across the mid-
The background turbulence level entering the test section §8a0 of the cascade. This loss |_n_cludes surface shear layer losses,
approximately 0.4%. To simulate the elevated levels of turbulenb@Se-pressure losses, wake-mixing losses, and losses generated
in a low-pressure turbine, passive turbulence generating grids H/E°Ugh mixing of the injected jet and the blade passage flow. The
used in the test section. For the current study, a circular-rod wov&ixed-out profile loss coefficient is defined as

mesh grid is located 35 cm upstream of the cascade middle blade P._p
leading edge, as shown in Fig. 1. This grid produces a freestream Y= o Om, (1)
turbulence intensitfFSTI) at the cascade middle blade leading Um

edge of 4% with an integral length scdl&) of 10% of the blade \here the mixed-out total pressumy,,, and the mixed-out dy-
axial chord. The uncertainty in FSTI is estimated+a0.5% and namic pressurey,,, are calculated by performing a constant-area
the uncertainty im\ is estimated at-4% of the axial chord. mixing calculation of the downstream three-hole pressure probe

Instrumentation and Data Acquisition. Three types of mea- measurements. The mixed-out flow ange,, is calculated from
mixed-out axial and tangential velocities. From the mixed-out

surements have been made during the present study, all at e le. th xed-out deviati 6. is obtained
mid-span of the cascade. The downstream measurements, flif%“ angle, the mixed-out deviation angléy, is obtained 6,
—apm). The inlet total pressureRy,; , is a net total pressure

which mixed-out profile losses and deviation angles have be&rPo ) S ; .
calculated, have been made with a three-hole pressure probe. h takes into account the momentum of the injected jet. This
probe tip has a width of 2 mm and a thickness of 0.64 mm. TH! total pressure is calculated by mass-averaging the total pres-
probe has been calibrated in increments of 0.5 deg over the PHIes of the cascade inlet flow and the jet flow at the injection slot
quired range of flow misalignment. Estimated uncertainties in tifé!tlet plane. The losses defined usiRg are called the “cor-
measured downstream flow angle, dynamic pressure and td%qted losses. The “uncorrected” losses, base_d on the cascade
pressure are tabulated in Table 2 for the two Reynolds numbéptét plane total pressure onlp, , are presented in the loss plots
examined in the present experiments. The downstream three-Hoi are not discussed in any detail. Although these “uncorrected
probe measurements were made 0.5 axial chord lengths doy#§Se€S do not account for the momentum of the injected jet, they
stream of the three flow control airfoils, with 65 measuremefff@y Pe useful in a mean-line design procedure. As a note, when
points per blade pitch. the jet momentum is approximately twice that of the local
Surface static pressure measurements have been made ovef'ffStream, negative “uncorrected” losses have been observed.
suction surface of the cascade middle blade, with one pressure [&S€ negative losses indicate that the jet momentum is greater
located upstream of the flow control slot and 13 pressure tapin the momentum losses incurred through viscous dissipation
located downstream of the slot. The maximum uncertainty in tf¥thin the blade passage and downstream wake.
loading coefficientCp, , is estimated to bet0.20 for the Rey- The profile loss coefficient data is presented in the form of a

nolds number of 25,000 cases and.08 for the Reynolds num- N°rmalized profile loss coefficient, defined as

ber of 50,000 cases. —  Yn
Hot-wire traverse measurements have been made in the vicinity Ym=Y—, 2)
of the slot to characterize the effects of the injected fluid on the mref

local boundary layer. The traverse locations for one set of meahereY ¢ is the profile loss coefficient for a particular baseline
surements are shown in the enlarged section of Fig. 2. A Dant@wmn-flow contro] Pak-B case.

type 55P01 normal hot-wire probe has been used with an A.A.One purpose of the current study is to examine the effectiveness
Lab System AN-1003 constant-temperature anemometer. Calibo&-the active flow control device at reducing losses due to flow
tion of the hot-wire probe was performed regularly and the unceseparation. An effectiveness coefficient is proposed, which repre-
tainties in mean velocity and turbulence intengiBMS fluctua- sents the performance gain obtained using the flow control device
tion level divided by mean velocityare estimated to be below in relation to the momentum input of the device. The performance
+5% of the calculated value, except at low velocities5m/s) gain of the flow control device is defined as the difference be-
where the uncertainties can be as high#za0%. All hot-wire tween the baseline airfoil total pressure 10s4,Pg|gas
measurements were sampled at 30 kHz with a 14 kHz low-pas$q,,Yn)gas and the flow control total pressure 10SSPg|arc

562 / Vol. 126, OCTOBER 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



=(dmYm)arc- The momentum input of the flow control device is

defined as the momentum flux rate through the outlet plane of the B=
flow control S|Ot,pszb, whereU; is the mean velocity of the jet.

The momentum flux rate calculated using the mean jet velocity ®ior to performing the detailed measurements, the jet blowing
of similar magnitude to the actual momentum flux rate calculaté@tio was calibrated against the internal plenum pressure to allow
by integrating the momentum flux across the jet injection plangorrect adjustment during the experiments. This was accom-
For the current measurements, the values obtained with this siplished by traversing the jet and local boundary layer with a hot-

plifying assumption are within=5% of the actual momentum Wire at the injection slot outlet plane. For the detailed experi-

flux rate. The proposed effectiveness coefficignis defined as ments, the blowing ratio was varied between approximately 0.25
and 2.00 for the low-FSTI measurements and between approxi-

B S mately 0.25 and 1.25 for the high-FSTI measurements. Increments
¢= [AmYm)sas~ (AmYm)arcl — (3) in the blowing ratio were approximately 0.25. At a blowing ratio
PYj of 2.00, the mass flow rate of the injected jet was approximately

whereS is the blade spacing. An effectiveness coefficient of thi.3% of the blade passage inlet mass flow rate.

form allows a comparison with other injection-type flow control The baselinenonflow contro} airfoil measurements are pre-
and cascade configurations. sented in the paper by Mahallati et fr] and were made in the

same test section with a cascade of nine solid airfoils. This base-

line airfoil is stalled at Reynolds numbers of 25,000 and 50,000
Experimental Results with an FSTI of 0.4%. For the same Reynolds numbers at an FSTI

of 4%, the airfoil does not stall but a separation bubble is present

Operating Conditions. Measurements are presented for tw@ver the aft suction surface, resulting in acceptable profile losses

Reynolds numbers, based on axial chord and inlet velocity, fifr a low-pressure turbine operating under these conditions. Al-
25,000 and 50,000, at two freestream turbulence intengk®$l)  though flow control is not required at high FSTI, these conditions
of 0.4% and 4%, and at the design incidence. The blowing ratiwere examined to assess the effects of the inclined wall jet on a
B, has been used as the characteristic jet velocity parameter, gfséed separation bubble.
is defined as

®)

Blade Pressure Distribution and Mixed-Out Profile Losses

T (4) Re=25,000, FST#0.4%. The effects of the blowing ratio on
Pete the normalized profile loss for a Reynolds number of 25,000 and
where U; o is the maximum velocity of the jet profile at thean FSTI of 0.4% are presented in Fig. 3. The suction surface static
injection slot outlet planel, is the local freestream velocity, andpressure distributions are also presented in Fig. 3 for selected
pj andp, are the densities of the jet and freestream flows, respdevels of blowing ratio. The baseline airfoil is stalled at this Rey-
tively. The flow is assumed incompressitflaaximum observed nolds number and FSTI, which results in high profile losses. Stall
velocity of 45 m/3, and since the measured temperature diffeis indicated by the large pressure plateau over the aft suction
ence between the jet and freestream flows was less than 2°—-380xface.
the density ratio is assumed to be 1.0. The blowing ratio, as usedVith flow control, the suction-surface flow remains stalled up
in the current study, is then to a blowing ratio of approximately 1.00. At a blowing ratio of

B— PjUj max
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1.23, the loading coefficient near the slot is increased and thaseline airfoil. Thus, for an elevated level of freestream turbu-
separation point moves aft to approximately 65% SSL. At thience at a Reynolds number of 25,000, the current flow control
blowing ratio, the separated shear layer appears reattached ahgadiguration results in a larger separation bubble and higher
of the trailing edge, but the reattachment point is difficult to lotosses for blowing ratios below 1.00.

cate. The “corrected” profile losses are also a minimum at a blow-

ing ratio of around 1.25. For blowing ratios above 1.25, the Re=50,000, FST#0.4%. At a Reynolds number of 50,000
boundary layer appears attached over the entire aft suction surfadéh low-FSTI, the baseline airfoil again stalls and profile losses
and the “corrected” losses remain relatively constant betweete high. Fig. 5 presents the suction surface pressure distributions
blowing ratios of 1.25 and 1.80, above which the losses increagéd profile losses for this operating condition.

For low blowing ratios at a Reynolds number of 25,000, there is At the lowest blowing ratio examined, stall is prevented and the
evidently insufficient momentum in the injected wall jet to reprofile losses are greatly reduced as compared to the baseline
energize the boundary layer and the blade remains stalled. As #idoil loss. For blowing ratios between 0.25 and 0.50, separation
blowing ratio is increased, the injected flow re-energizes thsccurs at about 60% of the suction surface len@BL) with a
boundary layer which is then able to overcome the strong adveltsgger separation bubble at a blowing ratio of approximately 0.50.
pressure gradient, resulting in an attached suction surface boumHis increased bubble size is accompanied by an increase in the
ary layer. The increased losses at high blowing ratios are assurpgsfile losses. At a blowing ratio of 0.76, the separation point
to be due to increased mixing losses between the jet and the blag®/es downstream slightly but the reattachment point appears to
passage flow. be the same as at a blowing ratio of 0.48. The maximum flow-

Re=25,000, FST+4%. The surface static pressure distribucontrol losses for this operating condition are at a blowing ratio of
tion and profile losses at a Reynolds number of 25,000 and @RProximately 0.50, above which the losses decrease. For a blow-
FSTI of 4% are shown in Fig. 4. ing ratio of 1.00 and higher, the boundary layer appears attached

The increased level of freestream turbulence apparently p@ver the entire aft suction surface. The “corrected” profile losses
motes earlier transition in the separated shear layer resulting iplateau between blowing ratios of 1.00 and 1.50, above which
closed separation bubble over the baseline Pak-B airfoil. At thigey increase. At blowing ratios of 1.75 and 2.00, a jet flow was
Reynolds number, the baseline Pak-B profile losses are redudednd to be present on the suction surface side of the downstream
compared to the low-FSTI case. wake (not shown, and is the reason for the negative “uncor-

For the lowest blowing ratio of approximately 0.20, there is neected” losses observed at a blowing ratio of 2.00. In general, at a
difference in the aft suction surface pressure distribution betweReynolds number of 50,000 and an FSTI of 0.4%, low momentum
the baseline and flow control airfoils, but the flow control lossegjection (B=0.25) results in significantly reduced losses as com-
are approximately 30% higher. At a blowing ratio of 0.46, thared to the baseline airfoil.
separation bubble over the flow control airfoil appears slightly ] )
longer than that over the baseline airfoil and the losses are apRe=50,000, FST#4%. Finally, the surface static pressure
proximately 70% higher. Above a blowing ratio of 0.50, the sepdlistributions and profile losses for a Reynolds number of 50,000
ration bubble length increases and at a blowing ratio of arougéld an FSTI of 4% are shown in Fig. 6. The loss measurements
1.20, the bubble length appears to be decreasing. The flow conftoH the surface pressure measurements were taken at different
profile losses decrease above a blowing ratio of approximately @Qimes, therefore the values of the blowing ratio do not always
and at a blowing ratio of 1.3, the losses are lower than that for theatch.
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The increased level of freestream turbulence promotes transi-the trailing edge in all cases. For blowing ratios of 1.00 and
tion and a closed separation bubble over the baseline Pak-B &iigher, the injected momentum appears to suppress separation,

foil, similar to the lower Reynolds number case.

b
>

resulting in a smooth deceleration up to the trailing edge. The
At this Reynolds number, the separation bubble characteristipfile losses reach a maximum near a blowing ratio of 0.50, as

with blowing ratio are similar to those at a Reynolds number &flso seen for the corresponding low-FSTI condition. As the blow-

25,000, except that the separated shear layer reattaches well atiegdatio is increased to approximately 0.85, the losses decrease to
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a value similar to that for the baseline airfoil, above which a slighitons (Fig. 4). At a Reynolds number of 50,000, the flow-control
increase in losses is observed. There appears to be no significkntiation angle remains relatively constant for all blowing ratios
benefit from flow control at this operating condition. examined, and similar to the baseline airfoil.

Mixed-Out Deviation Angles. The mixed-out deviation Flow Control Effectiveness. An effectiveness coefficient,
angles for the low-FSTI measurements are presented in Fig.has been proposdéq. (3)] which relates the flow-control airfoil
High deviation angles are observed for the baseline airfoil at lowess reduction, as compared to the baseline airfoil, to the momen-
FSTI due to the fully separated suction surface boundary layer. #im input of the flow control device. Based on the definitiornyof
a Reynolds number of 25,000, the mixed-out deviation anglesnegative value signifies an increase in losses from the baseline
remain high for low blowing ratios §<1.00), indicating de- case. A maximum positive value gfsignifies an optimum condi-
creased flow turning due to the fully-separated suction surfaien in which the use of the jet momentum is maximized in reduc-
boundary layer. At a blowing ratio of 1.00, the deviation angleng the losses.
decreases and for blowing ratios greater than 1.00, the flow turnFigure 9 presents the effectiveness coefficients for all the flow
ing increases to values expected for this airfoll,&1.3 deg control measurements presented thus far. At a Reynolds number of
based on the correlation of Islam and Sjolan(ded]). At a Rey- 25,000 and an FSTI of 0.4%, the effectiveness is negative for
nolds number of 50,000, deviation for the flow-control airfoil idow-blowing ratios 8<0.5), indicating higher losses than the
much lower than for the baseline airfoil at all blowing ratios exbaseline airfoil. A maximum effectiveness occurs at a blowing
amined, indicating increased flow turning. ratio of approximately 1.00, which signifies an optimum blowing

The mixed-out deviation angles for the high-FSTI measureatio. At a Reynolds number of 50,000 and an FSTI of 0.4%, the
ments are presented in Fig. 8. At a Reynolds number of 25,0@dfectiveness tends to infinity as blowing ratio tends to zero, indi-
the flow-control deviation angle is similar to that of the baselineating that the blowing is effective at reducing losses even at very
airfoil for the lowest blowing ratios examine®& 0.20 and 0.4D  low blowing ratios. At an FSTI of 4%, the current active flow
At this Reynolds number, deviation reaches a maximum atcantrol method is not effective at low blowing ratios, where the
blowing ratio of approximately 0.70, above which it returns to arofile losses are higher than those for the baseline airfoil. The
value similar to the baseline airfoil. The increased deviation is dwases where flow control reduces losses at high-FSTI show very
to the larger separation bubble that forms on the suction surfacesimall positive values of the effectiveness coefficient, much
the presence of blowing, as seen in the surface pressure distribraller than those achieved for the low-FSTI cases.

Hot-Wire Traverse Measurements. The measurements pre-
sented thus far show the effects of flow control on the airfoil

607 pressure distribution and performance, but do not directly indicate
] — — — — Re=25000 (baseline) the ways in which this flow control method affects the flow field.
5.0 . ngggggg Eg:‘;"eﬁﬁgm') To examine this, hot-wire traverse measurements have been made
] a Re = 50000 (flow control) in the region of the flow control slot. The traverse planes for the

low-FSTI flow control cases were shown in Fig. 2. Hot-wire
traverse measurements have been made at blowing ratios of 0.5,
1.0, and 2.0 at a Reynolds number of 50,000 and an FSTI of 0.4%,
and at blowing ratios of 0.5 and 1.0 at a Reynolds number of
50,000 and an FSTI of 4%. These measurements are compared
with hot-wire traverse measurements made over the baseline
airfoil.

The development of the suction surface shear layer is presented
in the form of profiles of mean velocity), and root-mean-square
(RMS) of the velocity fluctuation levely’. Both mean and fluc-
tuation quantities are normalized by the local edge-of-the bound-
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Blowing ratio, B ments is the inclination of the traverse planes to the blade surface,
which is on the order of 45°, as seen from Fig. 2. To account for
Fig. 8 Deviation angles for FSTI =4% this inclination, the positions of the measurement points have been
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Fig. 10 Hot-wire traverse measurements for FSTI

trol measurements. It is apparent in the baseline airfoil measure-

the inclination angle of the traverse plane to the surface. Althoughents that separation occurs near 49% SSL and is fully estab-
the boundary layer profiles presented in this form do not represdighed at 55% SSL. At Station 1 of the flow control measurements,
the profile at a specific surface location, they are representativetgére are slight differences in the mean velocity profiles for all

the profiles in the region of the quoted surface location.

values of blowing ratio examined. This is due to the effects of the
FSTI=0.4%. The velocity profiles for the low-FSTI measure-downstream separation on the overall flow field. There is a visible
ments are shown in Fig. 10. The flow control slot is located béaflection point in the profile for a blowing ratio of 0.5. All fluc-
tween 51.5% and 52% SSL. Two sets of hot-wire traverse mdaation profiles at Station 1 show low-level fluctuations within the
surements for the baseline airfoil are also shown, but do nloundary layer, which is therefore interpreted as laminar. At Sta-
correspond to exactly the same traverse locations as the flow ctian 2, which is located at the downstream edge of the slot, there
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is a distinct shift of the laminar shear layer away from the surface To examine the interaction between the jet and the surface shear
due to the injected mass. This is the region where mixing betwekayer, hot-wire traverse measurements made over the suction sur-
the wall jet and the laminar shear layer begins. High fluctuatiorigce in the region of the flow control slot have been presented. At
near the surface indicate a turbulent wall jet. The velocity profildggh blowing ratios B=1.0 and 2.0, separation is prevented by

at Stations 3 and 4 show the effects of mixing between the wall jejection of high-momentum turbulent fluid in the near-wall re-
and the laminar free shear layer. At a blowing ratio of 0.5, thgion, which “fills-up” the boundary layer and promotes transition
mean velocity profiles show the reason for an increased dowin-the outer shear layer. At low-blowing rati@ € 0.5), the low-
stream separation bubble. The wall jet lifts the laminar free sheamomentum addition, coupled with the lifting effect of the injected
layer away from the surface, but contains insufficient momentufiuid on the laminar boundary layer, results in a velocity profile
to entrain high-energy fluid towards the wall, resulting in a thickvith a high momentum deficit which promotes earlier separation
shear layer with a high momentum deficit and a near-wall infleend a larger separation bubble.

tion point. The mean velocity profiles for blowing ratios of 1.0 The current study has demonstrated that active flow control can
and 2.0 show a fuller near-wall profile, which results in a boungsrevent stall of the Pak-B airfoil for low freestream turbulence
ary layer less prone to separation. At a blowing ratio of 2.0, thatensity(0.4%), a level much lower than would be expected in an
high-momentum jet entrains boundary layer and freestream fluddgine. For high turbulence intensig%), more typical of engine
resulting in a thick wall jet profile with minimal momentum defi-conditions, the injection of fluid through the flow control slot
cit between the jet and the freestream. This strong wall jet gomotes earlier separation and higher profile losses for low levels
present over the entire aft suction surface and is apparent in tifeblowing. Although the examined method of flow control does
downstream wake profilegot presented hereThe fluctuation not benefit the Pak-B airfoil for engine conditions, the results
profiles at Stations 3 and 4 show a double peak. The peak neasegjgest that a more highly loaded airfoil that stalls at high
the wall is a result of turbulence in the wall jet flow. The secontteestream turbulence levels may benefit from this flow control
peak is in the region of highest shear in the outer mixing layer amelchnique. One advantage of active flow control is that the control
may be interpreted as the onset of transition. scheme can be activated only when required, and the disadvan-

FSTI=4%. The velocity profiles for the high-FSTI measure-tages of the current control technique for un-stalled conditions

i X 8ould be avoided.
ments are shown in Fig. 11. Two hot-wire traverses were made
over the baseline airfoil and are also shown in Fig. 11, but only
the downstream baseline traverse plane corresponds with onéAeknowledgment
the flow control traverse plangs5.5% SSL. The baseline airfoll rinancial support for this study, as well as permission to pub-
measurements show a laminar boundary layer with a visible ifsp this manuscript, has been provided by Pratt & Whitney, East
flection point at 55.5% SSL. At Station 1, located ahead of thgarford, CT, and is gratefully acknowledged. The first author
slot, the mean velocity profiles for the two blowing ratios examyqy|d also like to thank the Natural Sciences and Engineering
ined are very similar, as are the fluctuation profiles. The megfhsearch Council of Canada for financial support through a post-
velocity profiles at Station 2 show the lifting effect of the wall jet, 5quate scholarship. We would like to acknowledge Ashish Ne-
on the laminar boundary layer. The profiles outside the jet r‘5"31igihngadi and Greg Tillman of the United Technologies Research
are very similar. For a blowing ratio of 0.5 at Station 2, the WUrcente(UTRC) for designing the slot and plenum arrangement for
bulent f_Iuctuatlon level in t_he_ jet is in fact lower tha_n the laminage flow control airfoil, and also Dr. Tom Praisner of Pratt &
fluctuations generated within the upstream laminar boundaghitney for the enlightening discussions regarding the results.

!ay(_ar. The high near-wall fluctuations ata blowing raFio of 1'Qinally, we would like to thank Dr. Jungiang Zhu, who helped
indicate a turbulent wall jet flow. At Station 3, a thick |°W'With performing the experiments.

momentum boundary layer is apparent at a blowing ratio of 0.5,
similar to the low-FSTI case discussed in the previous section. ﬁl

a blowing ratio of 1.0, high near-wall momentum and high neal Nomenclature

wall fluctuations are observed at Station 3, indicating a boundary AR = airfoil aspect ratio & h/C)

layer that is less susceptible to separation. The mean and fluctua- b = flow control slot width
tion profiles at Station 4 are similar to those at Station 3, but a B = jet blowing ratio (= U; max/Ue)
near-wall inflection point is visible at a blowing ratio of 0.5. C = airfoil true chord
. C, = airfoil axial chord

Conclusions Cp,. = surface static pressure coefficient

Results from a study of separation control for the Pak-B low- [= (Poi—Pg)/ai] _ _
pressure turbine airfoil have been presented. Active flow control, FSTI = freestream turbulence intensity
consisting of an inclined plane wall jet, has been used to inject (= \/?/Ui)
momentum in the near-wall region of the suction surface bound- h = airfoil span
ary layer with the goal of reducing or suppressing separation. hs = flow control slot length

It has been found that the use of active flow control is only P, = total pressure

useful when the baselin@onflow contro) airfoil is stalled. Stall —0 = mass averaged total pressure

= surface static pressure

occurs at low-Reynolds numbef25,000 and 50,000and low- <
g = dynamic pressure=1/2pU?)
e
s

freestream turbulence intensi9.4%). At a Reynolds number of
25,000 and freestream turbulence intensity of 0.4%, a blowing
ratio greater than 1.0 is required to suppress stall and reduce pro-
file losses to an acceptable level. At a Reynolds number of 50,000
and freestream turbulence intensity of 0.4%, active flow control is

= Reynolds number= U;C,/v)
= suction surface distance from leading edge
S = airfoil pitch
SSL = suction surface length

effective at preventing stall and reducing losses for a low level of _ :

fluid injection (blowing ratio as low as 0.25For high-freestream U = mean YeIOC'ty i 1

turbulence conditions, where the baseline airfoil has a reattached ~ Yi = Mean jet velocity = [gU;d(y/b)]

separation bubble, blowing does not significantly improve perfor- u’ = fluctuating component of velocity

mance. For both Reynolds numbers examined at a freestream tur- Y = distance from airfoil surface

bulence intensity of 4%, the current method of active flow control ~ Ym = mixed-out profile loss coefficient

increases the profile losses of the Pak-B airfoil at low blowing [ = (Pgi— Pom)/0ml

ratios. Y. = norm