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A Transport Model for the

Deterministic Stresses Associated

With Turbomachinery Blade Row
Allan G. van de Wall' Intera(:tlons

Jaikrishnan R. Kadambi _ _ : . .
The unsteady process resulting from the interaction of upstream vortical structures with a

downstream blade row in turbomachines can have a significant impact on the machine
efficiency. The upstream vortical structures or disturbances are transported by the mean
flow of the downstream blade row, redistributing the time-average unsteady kinetic en-
ergy (K) associated with the incoming disturbance. A transport model was developed to
take this process into account in the computation of time-averaged multistage turboma-
chinery flows. The model was applied to compressor and turbine geometry. For compres-
John J Adamczyk sors, the K assqciated with upstream two-di.m_ensionalll Wakes and three-dimensional tip
: clearance flows is reduced as a result of their interaction with a downstream blade row.
NASA Glenn Research Center, This reduction results from inviscid effects as well as viscous effects and reduces the loss
Cleveland, OH 44135 associated with the upstream disturbance. Any disturbance passing through a compressor
blade row results in a smaller loss than if the disturbance was mixed-out prior to entering
the blade row. For turbines, the K associated with upstream two-dimensional wakes and
three-dimensional tip clearance flows are significantly amplified by inviscid effects as a
result of the interaction with a downstream turbine blade row. Viscous effects act to
reduce the amplification of the K by inviscid effects but result in a substantial loss.
Two-dimensional wakes and three-dimensional tip clearance flows passing through a
turbine blade row result in a larger loss than if these disturbances were mixed-out prior
to entering the blade row.S0889-504X00)01804-3

Department of Mechanical and
Aerospace Engineering,

(Case Western Reserve University,
Cleveland, OH 44106

Introduction fully realized until the wake under goes a viscous mixing process.
rI(f:ﬁome process exists that can reduce the wake mixing loss, the

A series of experiments on a four-stage low-speed resealil loss could be reduced. Consider a rotor followed by a stator
compressor reported on by Smith] was conducted in the late P . - y )
The wake of a rotor operating in isolation will convect down-

19.6(.) S- H? observed that the fogr-stage average total Pressiiam and eventually decay by viscous means and incur a loss in
efficiency increased when the axial gap between the rotors agf

stators was decreased. The results. shown in Eia. 1. show iciency. However, if the rotor is followed by a stator, the rotor
- ) ’ 9- L es are then chopped up by the stator into segments and trans-

ak?orted through the stator by the time-average or mean flow. The

case(7 percent a_X|aI chojdand a wide gap casd@7 percent a_X|aI ransported wake segments are reorierited, the wake segments
chorg. _The_efﬂuency of the_ reduced gap case is approximately, ‘e q and stretch¢dAs the wake segments are tilted and
one point higher than the wide gap case. Observations by M'k.&'retched, vorticity kinematics begins to play a role changing the
Ia_uczak[z] for a compressor were similar. For a wrbine, the Eﬁ."ecay of the rotor wake. The rotor wake decay in the stage now
ciency is also a function of axial spacing, h(_)w_ever, the Oppos'gﬁvolves two mechanisms, viscosity as well as the kinematics of
effect appears to .be tlrue. As the §X|a| gap is increased, the SWake stretching and tilting resulting from the stator row. Vorticity
ciency of the turbine increases. Figure 2 shows the results foni(ﬁ.\

) p - N tion turbié Th Its sh ematics can act to reduder increasgthe velocity deficit as-
SErIes ol experiments on a reaction tur € resulls SNoW ¢ ciated with a wake by a process that is reversible, therefore

an increase in peak overall _eff|(:|ency as the st_r:tt_or—ro’gor gapré%ucing(or increasingthe mixing loss associated with the wake.
increased from 0.10 to 0.60 in. Note that the efficiency increasefis was first postulated by Smitfs] and was referred to as
rapidly to a value above which any increase in stator—rotor g covery.
results in no increasg in efficiency. Similar observations for a 1.5 g recovery process can have a significant impact on turbo-
stage low-speed turbine were reported by Shaf!“a ¢4hl. ._machine performance. Adamczyg&] stated that the mixing loss
Using these examples, one can ask the following two questiong: 5 compressor blade in a well-designed machine is approxi-
“What process is causing this (_:hange in the efficiency with fhately 15 percent of the total loss of the blade. If 70 percent of
change in axial gap?” and “Is this change the result of steady §fg \yake mixing loss could be reduced by recovery of the wake
unsteady flow processes?” These examples do not explicitly sh(m’ the total loss of the compressor blade could be reduced by
that the changes in performance are the result of unsteady flowg.g percent. Smitli8] estimated that at design condition, the
However, one possible explanation for the effect relating to URscovery process can yield a half-point increase in adiabatic
steady flow is that a change in the mixing losses of wakes of eagfficiency.
blade row is occurring. The loss associated with a wake is notThe conclusions from this literature review provide evidence
- that the effect on turbomachine performance of recovery is of
IPresent address: General Electric Aircraft Engines, Cincinnati, OH. significant magnitude to justify further investigation. Since time-

Contributed by the International Gas Turbine Institute and presented at the 4 ; f f
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gg{)eraged codes used in turbomachlnery analySlS Curremly do not

many, May 8—11, 2000. Manuscript received by the International Gas Turbine Ins@Xp”Cit.ly include the effects of recovery, the objective of this
tute February 2000. Paper No. 2000-GT-430. Review Chair: D. Ballal. paper is to develop a model for this recovery process. The poten-
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Fig. 1 Change in efficiency for a four stage axial compressor
operating at two axial gaps [1]
tial payoff of this research is that the insight gained into the flow

process associated with recovery will provide direction for im-
proving turbomachine performance.

This paper is divided up into five further sections. In the nextig 3 llustration of how a wake stretching in a diffusing duct
section, recovery is formally defined and methods for computingmulates compressor flows
it are described. This is followed by a description of the develop-
ment of a transport model to calculate recovery that can be used in
the time-averaged calculation of turbomachinery flows. A Va”d‘%hereud is the disturbance depth, ahds the length of the dis-
tion study of the model is described next using the results fhance segment. If the exit disturbance segment length is in-
previous work as well as analytical models. The model is thefyeased, the magnitude of the disturbance depth is reduced by a
applied to both compressor and turbine geometry of current int¢gyersible flow process. If the disturbance is now mixed-out by
est. Finally, conclusions and recommendations for future work Afscosity, it will incur a smaller loss than if the disturbance was

described. mixed-out prior to entering the duct. This situation simulates that
R of a compressor, where the disturbance is a wake from the up-
ecovery stream blade row and the wake segments are stretched as they are

To illustrate the physics behind recovery as postulated by Smitbnvected through the downstream blade row.

[5], two examples are given, one relating to a compressor and onédNow consider a situation in which a velocity disturbance is
relating to a turbine. Imagine an unsteady process in whichoaiented perpendicular to the centerline of an accelerating duct
velocity disturbance in the direction is oriented perpendicular toand is convected by the mean flg#ig. 4). The exit disturbance
the centerline of a diffusing duct, and is convected by the mean
flow (Fig. 3). Assuming the flow is two-dimensional, incompress-
ible, and inviscid, and using Kelvin’s theorem, the circulation
around a loop of fluid that consists of the disturbance edge an
centerline(contourC) is constant throughout the duct and is given . C

by,

I'=v4l=const, Q)

/ Mean Flow
inlet N —-—} lexi

0.80 -
P4/g 231
Ps
0.78 7 +75 A4 '
3.00 Simulates
0.76
Peak overall
efficiency 340 )
0.74 /,
/ Flow Non-
0.72 uniformity
Increased
0.70
0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 :
Stator-rotor axial clearance, in,
Fig. 2 Change in peak overall efficiency for a reaction turbine Fig. 4 lllustration of how a wake compressing in an accelerat-
from data of WRIGHT AERONAUTICAL CORP [3] ing duct simulates turbine flows
594 / Vol. 122, OCTOBER 2000 Transactions of the ASME

Downloaded 01 Jun 2010 to 171.66.16.63. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



length is reduced and therefore the depth is increased by a revamsczyk|[7] linked the recovery process to a component of the
ible flow process. If the disturbance is now mixed-out by viscosteterministic stress through the use of the unsteady kinetic energy
ity, it will incur a larger loss than if the disturbance was mixed-ouas follows:
prior to entering the duct. This situation simulates that of a wake
generated by an upstream blade row in a turbine, where the wake Ko —K :if (ﬁ) [7_U' Svol (3)
segments are compressed as they are convected through the down- et eyl Juor Y 9Xj '
stream blade row.

Neither case incurs any loss until the wake nonuniformity
mixed-out by viscosity. However, the magnitude of the wal

depth is decreased in the compressor case and increased in ? e .
turbine case by inviscid means, this is the key to recovery. Thetg) and the derivatives are the gradient of the mean flow. The
n&tpgral is taken over the volume consisting of periodic bound-

fore, one would expect the mixing loss to decrease in the case 4 mixi | d4d f the blad
the compressor and increase in the case of the turbine. Howef€S_and mixing planes upstream and downstream of the blade

in both of these cases, viscosity is acting concurrently with t{@W: The unsteady kinetic energy can be related to the mixing loss

inviscid mechanism to reduce the magnitude of the disturban&@efficient(Ea. (2)) by

This process is not reversible and will incur a loss. The relative 1

magnitudes of the inviscid and viscous mechanisms involved is zug(Xinlet_Xexit):Kinlet_ Kexit s (4)

important to determining the potential benefit from recovery. Fi-

nally, in both of these examples, the upstream disturbance waggis the axial mean flow.

wake caused by an upstream blade row. However, the same prinin this work, the approach taken to calculate the effect of the

ciples apply to any upstream vortical disturbance such as tip veecovery process is to develop a deterministic stress transport

tices, streamwise vorticies, and wakes caused by struts or othesdel, which consists of calculating the values in parenthesis in

obstructions in the primary flowpath. Eq. (3) throughout the geometry where the disturbance—blade row
In order to understand and calculate the recovery process, &recounter is occurring. There are two advantages of this approach.

first need to examine the mixing process of a flow nonuniformitiirst, it provides a simplified model that designers can use. Sec-

such as a wake created by an upstream blade row for an unsteady, it can provide insight into the mechanisms involved in recov-

subsonic flow and determine how it relates to mixing loss. This &y and thus give directions for improving turbomachine perfor-

the mixing loss that would occur if the wake were allowed tenance.

mix-out in isolation by viscosity alone. Adamczj/K] showed that

for an incompressible flow, the mixing loss could be evaluatediodel Development

using linear theory, but can also apply to higher order distur-

bances. Later, van de W4B] came to the same conclusion for a Assumptions Used in Transport Model. Two sets of as-

subsonic flow. In addition, van de W4B] showed that in a sub- sSumptions were used in the development of the transport model.

sonic flow, the mixing loss could be estimated to good accuradyie first set is obtained from the results of the mixing st{@ly

by assuming that the flow is incompressible. If we only considégferred to in the previous section. They are that incompressible

upstream vortical flow disturbances, the total pressure mixing lo#@w and the use of linear theory are adequate to characterize the

where Kjner and K, is the unsteady kinetic energy at the inlet
kand the exit to a blade row respectively, dnds the pitch of the
e row. The factor in the parentheses is the deterministic stress

coefficient can be written g9, recovery process. The second set is obtained by the work of Ad-
amczyk[7], where he showed that the mixing loss is essentially
Wt v2+w2 independent of the reduced frequency of the upstream distur-
1 1 1 . . . .
X= > ) , (2) bance. The implications of this are that the frequency dependence
Uo of the transport model can be omitted. This also means that the

whereu, v, andw are the unsteady velocity components; th igher harmonics needed to characterize the vya_ke_ shape can also
overbar denotes time average. The subscript 0 represents the eaﬂeglected. A transport model for the deterministic stresses was
flow, which is equivalent to the time-averaged flow, and the su eveloped such that the stresses are transported by the mean flow.
script 1 represents a linear unsteady disturbance to the mean flowDerivation of the Transport Model. The equations govern-

ing the transport of the deterministic stresses were derived in van
ﬁjg Wall[9] and are presented here. Its three-dimensional Carte-
in form(with the coordinates, y, andz as the axial, spanwise,

d pitchwise coordinates, respectively presented here as:

Calculation of the Recovery Process. Having described and
given an expression for the mixing loss, a method of obtaining t
unsteady velocity components are required. To evaluate the m3
nitude of the recovery process, it is first necessary to define so

terms. Assume that mixing planes are located at the inlet of and at uu, —— U, ——au,

the exit of a blade row. If a disturbance is mixed-out at the inlet to Uy +uu——+ ukui—'

the blade row, it is equivalent to the disturbance mixing-out in lﬂxk Hﬁxk mﬁXK

isolation. This is the potential mixing loss. Now, if the disturbance

is passed through the blade row, neglecting viscous decay of the 1 dp 1 dp J2u. du;
disturbance, and mixed-out at the exit of the blade row, the dif- =——U————U-—+ vtui—5’+v‘uj—; (5)
ference in mixing loss is enixing loss benefitn other words, the p IV&Xi p V&xj IV‘?Xk w?xk

change in the mixing loss by inviscid means is the recovery. If
viscosity is considered throughout the passage, it contributes toEme upper case letters denote mean flow velocities, and the lower
additional loss and is termguhssage loss case letters denote an unsteady perturbation from the meam The
Solving the unsteady Navier—Stokes equations will capture tiethe unsteady pressure amds the turbulent viscosity. Thieand
effects of the recovery process without modeling. However, it jsare free indices and represent thg, andz components, and the
difficult to isolate the effects of recovery from other unsteadi is a dummy index.
effects. In addition, the computational time required of three- Term| in Eq. (5) is a spatial gradient of a time-averaged term
dimensional unsteady solutions is still quite large. and is thus a transport term. It represents the transport of the
Another way to capture the effects of recovery is to use a timdeterministic stress. Ternmis andlll are inviscid terms, labeled
averaged code and model the recovery process through the usthefmean flow gradient terms. It is through these terms that the
the deterministic stre44.0]. The deterministic stress is defined agoupling of the transport equation to the mean flow exists. These
velocity correlations arising from time and passage-to-passage #&rms can be either positive or negative. In other words, through
eraging of the ensemble-averaged Navier—Stokes equations. &tk mechanism of the mean flow gradients, energy from the un-
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Table 1 Comparison methods

Comparison Method Applicability
(1) Smith’s Model[5] Two Dimensional, steady, inviscid, a,; only (analytica)
(2) UVF Model [9] Two Dimensional, unsteady, linear, inviscignalytica)
(3) LINFLO code[14] Two Dimensional, unsteady, linear, invisdidomputational
(4) Navier-Stokes resultisl 8] Three Dimensional, unsteady, nonlinear, viscau@mputationgtGE_LSRC
(5) Experimental21] Two Dimensional measurement of a Three Dimensional flexerpimentatNASA Stator37

steady flow(deterministic stressgxan be either added or re-stresses are normalized by the inlet unsteady kinetic enkrgy,
moved from the mean flow. This is contrary to turbulence theoryi.e., 1/Zi;u; + 1/2v v, + 1/2w;w;). The procedure used to solve
where the mean flow adds energy to the random unsteady flawe equations employs a finite volume technique with a Runge—
where the energy is ultimately dissipated, but the random uKutta integration as described by Celestina e{f #] and Adam-
steady flow in general does not add useful energy to the meeayk et al.[16].

flow. On the right-hand side of E@5) are the source/sink terms. A typical run for a two-dimensional calculation requires ap-
TermslV andV are the pressure velocity correlation terms with itproximately 1 minute using an R10000 Silicon Graphics worksta-
trace representing the work done by unsteady pressure flucttigh on a 90<31 mesh. The same geometry utilizing a three-
tions. The last two term&ermsVI andVII) are the viscous terms. dimensional mesh with 31 spanwise mesh points requires
Note that the deterministic stress transport equation is similar approximately 30 minutes to complete. These run times assume
the transport equation for the Reynolds stress with the triple cdhat the mean flow is known and is input to the code.

relation term omitted. The dropping of the triple correlation term

is based on the linearization procedure used in the construction of

Eq. (5) [9].

The transport equationdEg. (5)) are written in a convenient
form such that the various terms can be turned on and off At
determine their effect. For example, the inviscid form of the trang)a“d‘rJltlon Study
port equation would omit term¥| and VII. The effect of the For validation, the transport model was compared against ana-
pressure—velocity terms will be shown to be significant. lytical methods, established computational methods, and in one

Equation(5) represents a coupled set of three equations in twigse experimental data. These comparison methods are described
dimensions, and six equations in three dimensions. The mean fliswdetail in van de Wal[9] and are listed in Table 1 along with
quantities as described are known. For three-dimensions, tHigir applicability. Smith’s modell) is valid at inlet and exit of a
leaves six deterministic stress components, the unstedel@ade row only and is based on the velocity triangles of the mean
pressure—velocity terms, and the viscous terms as unknowflew. It assumes that the wake segment remains straight as they
With only six equations and eight unknowns, the transport modepnvect through the blade row. Comparison method 2, the UVF
is underspecified and requires that a model be developed for fhasteady vortical fieldmodel[9] is an analytical model for the
pressure—velocity correlation terms and the viscous terms.  far downstream unsteady velocity field. It is based on linear

The pressure—velocity terms were developed based on the higfieory and does not include the effect of shed vorticity caused by
frequency limit of the theory of rapid distortion as described ithe time-varying loading on the blades caused by the incoming

van de Wall[9]. The terms are presented in Appendix A. wakes. The LINFLO code is unsteady and includes the effect of
The viscous terms were developed based on the similarity kshed vorticity. It is valid throughout the blade row.
tween the transport equatiol&q. 5 and the work of Hill et al. For all of the comparisons in this section, the inlet boundary

[11]. Hill et al. [11] developed a model for a wake decaying orgonditions used consist of two-dimensional blade wakes and
the centerline of a duct with a non-zero pressure gradient, whéhgee-dimensional tip clearance flow structures described in
both inviscid and viscous mechanisms act on the wake. The wakependix B.

is stretched or compressed depending on whether the pressure

gradient in the duct is favorable or adverse respectively. This

situation simulates both compressor and turbine cases where the

wake is stretched or compressed. The equations are presented fompressor Comparisons

Appendix A. Two-Dimensional Wake Comparisons—Turning Dudthe

Solution Procedure for the Transport Equations. The so- first validation case consists of a turning duct with incident two-
lution of the transport equations requires that the mean flow Bémensional wakes. This case validates the inviscid form of the
known. For this work, the mean flows were inviscid and twotransport model for a compressor. Imagine a set of infinitely thin
dimensional and were generated by PCPANEL developed by Meempressor stators, where the inlet rotor wake anfle, can be
Farland [12] and SFLOW developed by Hoyniakl3]. The Vvaried. The insertin Fig. 5 shows the compressor duct, where the
streamfunction(i.e., see Appendix Aassociated with the mean infinitely thin wall was chosen so that the effect of blade thickness
flow was obtained by the code LINFLO developed by Verdoi$ neglected. In addition, the duct includes inlet and exit exten-
et al. [14]. The mesh as well as the corresponding mean flogions so that the effect of wake impingement on the leading edge
velocities were used as input to the transport code. The invisdiineglected. The stators turn the mean flow through an angle of
forms of the transport equations are independent of the reduckzideg, where the exit flow is axial.
frequency of the upstream disturbance as well as independent oFigure 5 shows a comparison of the pitchwise avei&fjg, as
the length scale of the disturbance. However, when consideriagunction of#6,, for the transport model, Smith’s model, the UVF
the viscous form of the model, the length scale must be includadodel, and the LINFLO code. Both the UVF model and the LIN-
This requires specifying the initial disturbance half widbhii.e., FLO code are at a reduced frequency of fifteen. The agreement
the width from the centerline to the edgand the initial distur- between all the model is very good for 70< 6,,< — 10 deg,
bance depthy . which covers the range of wake angles for axial flow compressors.

The inlet deterministic stressesi,u;, Ujvq, v 01, UW;, The results from the LINFLO code start diverging from the others
v,w;, andw,w,, were specified depending on the upstream dist 6,,>—10deg. The UVF model has some oscillation from 10
turbance modeled and are given in Appendix B. All deterministi¢: 6,,<45 deg.
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2 A T Table 2 Mixing loss benefit for tip flow
1.8 4 N
% 46l Amplification Mixing Loss Benefit Area Average Area Average
s N (Total Pressure Loss Loss Loss
X
o T Coefficien} Transport Model [18]
1] Ximet Xinjet (INViSCid) 0.0027 0.0033
g 7 Xinlet Xexit (VisCcou9 0.0041 0.0043
fost Transpo Passage 0.0014 0.0010
5 — Smith’;
F 00N Model:
g o4t ™R .
021 i )
o N, while the transport model neglects the effects of reduced fre-
9 80 70 60 50 40 30 20 410 0 10 20 30 40 quency, the good comparison justifies neglecting the frequency
Inlet W ake Angle (deg.) effects in the transport model.
Fig. 5 Pitchwise average normalized K., for the 45 deg turn- Three-Dimensional Tip Vortex Comparisons—GE-LSREor
ing duct (no viscosit this case, the mean flow remains two dimensional; however, the
g y

upstream disturbance is three dimensional. The upstream distur-
bance is that of a tip clearance flow and resembles an axisymmet-
ric wake and is essentially a defect in total pressure. It can be
Two-Dimensional Wake Comparisons—GE-LSRThe next described as a velocity deficit region, however, unlike a two-
test geometry is of a low-speed model of stage 7 stator taken frélinensional wake, the vorticity is no longer purely spanwise. No
a 10-stage compressfi7] with incident two-dimensional blade Velocity disturbance exists in the spanwise direction.
wakes. This test case was chosen to compare the inviscid form oft comparison is made between the transport model and a com-
the transport model to unsteady Navier—Stokes results frapHtation conducted by Valkoy18] using an unsteady three-
Valkov [18]. The blade section used is at 70 percent of statéimensional Navier—Stokes code. Table 2 gives a comparison of
span. It is characterized by an inlet flow angle of 46.4 deg, eslte change in the area-averaged loss across the stator for the trans-
flow angle of 19.1 deg, and a solidity of 1.67. Figure 6 shows tfort model and the results of Valkdu8] in terms of the total
mixing loss benefit(xiner— Xexid): iN UNits of total pressure loss Pressure loss coefficient. The first line shows thiging loss ben-
coefficient(Eq. (2)) as a function of the inlet wake velocity defectefit due to recovery(inviscid estimate Note that the transport
in the rotor relative reference frame. The inlet rotor wake is orfodel gives this value directly by turning off the viscous terms.
ented atd,,= —49.7 deg, which places the wake disturbance aghe second line shows thmixing loss benefitvhen considering
proximately perpendicular to the stator inlet mean flow. Over thoth the inviscid and viscous effects. The final line shows the
range of wake deficitsy;,e; varies from 0.0028 to 0.0247. The Passage losthat is caused by viscous mixing of the tip clearance
results from the transport model compare very well with thBow within the passage. This is not beneficial because the reduc-
Navier—Stokes results for inlet wake defects less than 50 percdifth in K is caused by viscous mixing. The net benefit to the
However, for wake defects in excess of 50 percent the transpBHXing loss is simply the difference between lines 2 and 1. The
model over predicts thmixing loss benefitsThis could be caused transport model agrees quite well against the unsteady nonlinear
by two reasons. First, more viscous diffusion exists at larger waRk&vier—Stokes results of Valkdu.g].
defects, which is not captured by the inviscid form of the transport . )
model. Second, it could be caused by nonlinear effects, which the! UrPine Comparisons

transport model neglects. _ ~__ Two-Dimensional Wake ComparisonsThe next validation
Three points can be made regarding the results presented in kigse consists of a turning duct designed to accelerate the mean
6 in terms of the assumptions used in the derivation of the trafgyw. The incident wakes are two dimensional. The geometry con-

port model. First, the work of Valkoy18] included a viscous sjsts of a NACA0012 airfoil with no camber at a stagger angle of
mean flow, while the mean flow used in the transport model wasqg deg, and a solidity of one. It has an axial inlet flow, and a

inviscid. This implies that the boundary layer flow does not sig- 40 deg exit flow.

nificantly affect the wake recovery. Second, since Valkgi8] Figure 7 shows the effect on recovery of varying the inlet wake

results are nonlinear, the good agreement with the transport mogghle. The wake angle is varied from 0 deg, which is the limit of
justifies the use of linear unsteady flow models in the transport

equations. Finally, since the work of Valk¢e8] was unsteady,

35

UVF (k=15)

0.016 T I — — — Transport mod

- Transport Model
o Navier Stokes Simulations from Valkov (1997)

o
2
re

Smith's mod

0.012

Mixing Loss Beng¢fit= ¥, T Yo

o
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1]
0.008 A

<
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Mixing loss benefit
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Fig. 7 Pitchwise average K, versus inlet wake angle for the
Fig. 6 Mixing loss benefit for several inlet wake defects 40 deg turbine, no viscosity
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zero wheel speed of the blade row generating the wake, to 90 deg, '
the infinite wheel speed limit. Figure 7 shows a comparison of th§y. 9 Transport of disturbances through GE-LSRC with 0,
pitchwise average oK%, as a function of the inlet wake angle,=—49.7 deg
0., , for the transport model, Smith’s model, and the UVF model.
The transport and UVF model compare very well. Smith’s model
overpredicts the results of the other two models significantly. Thig|.ows. The wake is traveling downstream and is being com-
can be explained by the fact that Smith’s model assumes that f}gsseq by the slowing of the mean flow. This results in an in-
wakes remain straight as they transport through the blade rqWease in the wake depth and therefore an increase in the wake
This does not occur in the case of a turbine and is explaingxing loss. A typical compressor design point velocity triangle
further in the Results section. ) _ will put 6,,=— 45 deg, the wake being perpendicular to the inlet

The last comparison is for a fixed inlet wake angl, mean flow. At this point, the mixing loss of the wake is reduced
=45deg. Figure 8 shows the distribution I, across the pas- nearly 80 percent, which is a substantial amount. In addition, no-
sage. The comparison of the distribution I6f,; between the tice thatK¥,, is insensitive to the wake angle near the design
transport and UVF models is good with the transport model givingoint. This implies that severe off design operation can still result
a larger amplification near midpitch. The LINFLO results are ifh a substantiaiixing loss benefit

reasonable agreement with the transport model over most of the o )
pitch. The divergence in the inner and outer pitch regions is Recovery Within a Compressor StatoiThe geometry is of a
caused by a lack of grid points in LINFLO to resolve the findow speed model of stage 7 stator taken from a 10-stage compres-

spatial details near the blade and wake surfaces. sor[17] as discussed in the Validation section. The geometry is
shown in Fig. 9.
Results Figure 9 shows the transport of the wakes through the compres-

or stator by the mean flow in the blade-to-blade plane. The wakes

The previous section |I|u§trated Fhe validity of the transpoc re shown as lines whose spacing is equal to the distance between
model and gave confidence in applying the model to a compresy

and turbine geometry of current interest. In the results that are 8(?”\2'?(%?' t:;geir:?é?t dvg?grem?nr;gtlﬁzw :st:'ses_siz-zt;Teg’%mg%én
follow, only the exit unsteady kinetic energy as well as half W, of 0.418,—0.493, and 0.582, respectively. Anyldtlalterminis-
ies?icchsct)rfet: Se egn:rtgidhyot\gg“cﬁ%y ic;amgwgtns doi/t;ve_vsle)temm‘- stresses involving the spanwise component of the unsteady
For the cases shown. the exit isl a%[lone (éll’l]}érd downstr%ea?n- of \belocity is zero. The wakes essentially remain straight as they are
- ' L f gnsported through the stator passage. Near the exit of the blade
blade t_ralllng edge. All _unsteady_ klr!etlc energy components g , the wakes bow slightly. Recalling that Smith’s model as-
normalized byKne;. As in the validation cases, the mean flow 'Sumes that the disturbances remain straight, it appears that this is

two d|n_1en3|on_al and inviscid. Howe_ver, both_two qnd three'eqood approximation for compressors. However, Smith’s model
dimensional disturbances representing two-dimensional blai

wakes and three-dimensional clearance vortigeskes, respec- o_nly gives t_he_avgrage value By wh_er_e _the transport model
tively, are used. This allows the direct investigation of the thredlives the distribution of all the deterministic stresses throughout
dimensional nature of the disturbance flow. Details about the dis'® Passage. Figure 10 shows the unsteady kinetic energy compo-
tribution of all the deterministic stress components within thBents of the deterministic stress as wellkg;, as a function of
blade passage as well as the app”cation of the model to Otmch for both two-dimensional and three-dimensional wakes. This

geometry are given in van de W48)]. calculation is from the inviscid form of the transport model. The
o exit pitch coordinate is normalized by the exit pitch, where values
Compressor Recovery Predictions of zero and one represent the suction and pressure surfaces of the

Effect of Inlet Wake Angle on RecovenConsider again the blade., respgctlvely. The valug [T is less than one for both the .
results of the turning duct case shown in Fig. 5, where the effedf¢0-dimensional and three-dimensional wakes across the entire
of viscosity are neglected. An inlet wake angle of 45 deg reprgitch, indicating that a wakmixing loss benefis occurring Kg,
sents the limit of zero wheel speed, and an inlet wake angle fof the three-dimensional wake is greater than the two-
—90 deg represents the limit of infinite wheel speed. The pitcimensional wake. This is primarily the result of the increase in
wise averageK’,, associated with the wake is less than one fdfe value of the;v; component of the deterministic stress. At the
most of the inlet wake angles. This means that the wake mixi#get: thev v, stress component is zero, since there is no spanwise
loss is reduced as a result of the encounter with the blade ro¥flocity component of the disturbance. Near the suction surface,
resulting in amixing loss benefitHowever, nea#,,=45 deg, the K%, is essentially identical for both two-dimensional and three-
steady flow limit,K, is being amplified. This can be explained aslimensional disturbances. The smaller valu&gf; near the pres-
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of the transport equations through the unsteady pressure term.

N pressure surface Finally, when viscous effects are consider&dis decayed even
0.9 1 further. For a three-dimensional wake, the viscous mixing has a
038 larger effect than for the two-dimensional wake. The resulting
S 074 K% is ultimately the mixing loss associated with the upstream
£ 07 ——3D: TA 0.5(uw) e oh i i i
% 06 3.0 TA 0.5() dlstu_rbe_mc_e, which is approxmatel_y _20 percent of the |_nlet value.
& 3D TA 0.5ww) The inviscid effects reduced the mixing loss by approximately 60
£ 051 ——2.D Kexit percent. However, the viscous mixing within the passage must be
S 04+ = 3D Kexit taken as a loss. Both the inviscid effects and viscous effects are
2 034 comparable in terms of the decay ki therefore, both effects
w must be considered when modeling the recovery process. One
0.2 final note on recovery in compressors is that the upstream distur-
0.1 1 suction surface bance is almost completely attenuated by its interaction with a
0 { . A . . downstream blade row.
0 0.2 04 06 08 1
Exit Normalized Unsteady Kinetic Energy Components Turbine Recovery Predictions
Fig. 10 Deterministic stresses versus pitch for GE-LSRC, no Effect of Inlet Wake Angle on RecoveryConsider again the
viscosity results of the 40 deg turbine cascade case shown in Fig. 7, where

the effects of viscosity are neglected. An inlet wake angle of 0 deg
represents the limit of zero wheel speed, and an inlet wake angle
S . . f 90 deg represents the limit of infinite wheel speed. The
sure side indicates that the wake is being stretched more loc%igchwise-averageb{ associated with the wake is greater than one

e o o S e 5 e a2 Moot of e et ke angls. T means fa he walke i
orientationloflthe disturbance. This can be seen in Fig. 9 ﬁ‘\g loss is |nc'reased_ as a resu_lt of the encounter with the blade
In order to determine the ef.“fects causing the changé irbm row r_es_ultlng_ in a mixing loss increase. Near O _deg, the steady
inlet to exit, the transport equation can be written as flow limit, K is bemg reduced. This can _be e>_<pla|ned as follows.
’ The wake is traveling downstream and is being stretched by the

Transport of K=(AK by mean flow gradienis acceleration of the mean flow, resulting in a decrease in the wake
depth and therefore a decrease in the wake mixing loss. Turbines

+(AK by unsteady pressure typically have inlet wake angles in the neighborhood of 45 deg. At

+(AK by viscosity. this point, the mixing loss of the wake is increased by a factor

greater than 2. Notice, that the mixing loss is sensitive to inlet
To determine the various effects & the appropriate terms in wake angle, which is not the case for the compre¢Big. 5).

the transport model are turned off. For example, to determine the - . .
mean flow gradient effect oK, the unsteady pressure and viscous_Recovery Within a Turbine Rotor.The geometry is of a low-
terms are turned off. Figure 11 shows the various effects causitiRE€d turbine rotor designed by Pratt & Whitijég]. The turbine
the decay ofK for both two-dimensional and three-dimensiona{0 or is characterized by an inlet flow angle 685 deg, and exit
wakes. The line on the far right is the inviscid decayiaused 10W angle of 57 deg, and a solidity of 1.13. The geometry is
by mean flow gradients alone, reduciiigto approximately 60 shown in Fig. 12._The |nIet_ wakes are |den§|cal to the compressor
percent of its inlet value. Notice that the decay is identical fdiade of the previous section for comparative purposes. .
both two-dimensional and three-dimensional wakes. This is be-Fi9ure 12 shows the transport of the wakes through the turbine
cause the mean flow is two dimensional, and no velocity distf2tor Py the mean flow in the blade-to-blade plane. The inlet dis-
bance exists upstream in the spanwise direction, resulting in FfPance angle is-60 deg, resulting in values for the inlet deter-
mechanism to increase the value ofv;. When the unsteady Ministic stresses foa;u,, u;wy, andw,w, of 0.250, 0.433, and
pressure effects are considerédis decayed even further: hOW_O._750, respectively. Any determlnlstlc_str_ess |nvol\_/|ng th_e span-
ever, with the unsteady pressure term modeled, there is a diffiS€ component of the unsteady velocity is zero. It is obvious that
ence inK for the two-dimensional and three-dimensional wakediS Picture of the wakes transporting through the turbine is quite
As described above, this is primarily caused by the increase in @{iferent from that of the compresseFig. 9). As the wakes ap-

v v, component of the deterministic stress caused by the coupIiH ac_h the leading edge plane .Of the blade, they begin to bow near
dpitch due to the acceleration of the flow. As they convect

downstream, they become significantly distorted. The wake is be-
ing stretched near the blade surfaces, but it is not clear over how
much of the passage the stretching occurs, and where if any com-
pression of the disturbance is taking place. In the compressor case,
it was clear that the wake segments were being stretched. This
significant distortion calls into question the validity of Smith’s
model, which assumes that the wakes remain straight as they are
transported through the passage. This also helps explain why
Smith’s model overpredicts the mixing loss as shown in Fig. 7.
Some recovery must be occurring near the blade surfaces by the
stretching of the wake segments, which Smith’s model does not
take into account.

Figure 13 shows the unsteady kinetic energy components of the
deterministic stress as well &5, as a function of pitch for both
two-dimensional and three-dimensional wakes. This calculation is
from the inviscid form of the transport model. Over most of the
passage, the value &f;,; is greater than one indicating an ampli-
fication of K is occurring. As in the case of the compressof,;

Fig. 11 Audit of normalized K versus pitch for GE-LSRC for the three-dimensional disturbance is greater than the two-
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05f . near zero, indicating that the wake is being stretched significantly.
1 1 The negative values are the result of numerical errors and are not
- 1 physical.
- 1 Figure 14 shows the various effects causing the change in
: 4 from inlet to exit for both two-dimensional and three-dimensional
0.0+ - wakes. The line on the far right of Fig. 14 is the inviscid effect on
] K caused by the mean flow gradient alone, and is the same for
¥ both two-dimensional and three-dimensional wakes as discussed
J above. Near the suction surface and from approximately midpitch
s 4 to the pressure surface, the valuekd; is very large. When the
—05L v b 0 b e by unsteady pressure effects are considekey, is reduced signifi-
-0.5 0.0 0.5 1.0 1.5 cantly, but it is still greater than one. The pressure—velocity term

Axial Coordinate does not have a large effect from the suction surface to near mid-
Fig. 12 Transport of disturbances through PW-LPT with 0, pitch. However, from midpitch to the pressure surface, the effect
=60deg is large. This further justifies the inclusion of a model for the
pressure—velocity term in the transport model. Finally, when vis-
cous effects are considereldy,; is reduced significantly across
dimensional disturbance. This is caused by the increase in @ entire passage. For a two-dimensional wakd,, is less
value of thev v, component of the deterministic stress. The; than one, indicating that amixing loss benefis occurring,
component is the only component which is amplified near thgith the pitchwise area average being approximately 0.39. For a
pressure surface. As seen in the compressor case, near the sughRie-dimensional disturbance®,, is greater than one, with
surface, the value OK;xit is identical for both two-dimensional the pitchwise area average being approximately 2.55. The dif-
and three-dimensional wakes. Bathu; andw;w; components ference is caused primarily by the increase indhe, component
are comparable in magnitude and are attenuated near the blafighe stress. The limitation of the viscous model on spanwise
surfaces. For a two-dimensional wake, over 40 percent of thelocity disturbances prevents the decay of #he; component
pitch near both the pressure and suction surfagg,is less than of the stress. The remainingZ,, is ultimately the mixing loss
one, indicating that the wake is being stretched. In f§; is associated with the upstream disturbance. The inviscid effects
increase the pitchwise area average &xib 3.30 and 6.89 times
the inlet value for two-dimensional and three-dimensional wakes,
respectively. This large increase is reduced by viscosity. The

> suction surface passage losss significant when compared to thaixing loss
09 —o—2.0: TA 05(un) benefit and thus must be accounted for to establish the net benefit
08 j‘_ig 1;1-“"'5‘“”" of mixing.
P 07 —8—30. TA 05wW) Two points can be made with regard to disturbances inter-
.i.-’ W=D Kexit acting with a downstream turbine blade row. First, a significant
3 passage lossis taken when a disturbance interacts with a
3 downstream turbine blade row. Second, the wakes persist after
§ passing through the blade row, which is contrary to what happens
z in compressors.
o
Summary and Conclusions
pressure surface A model was developed for the transport of upstream vortical
; disturbances through a blade row. These disturbances are repre-
2 o2 e @ N ’2 " sented by the deterministic stresses described by Adanidd}k
Exit Normalized Unsteady Kinetic Energy Components The transport model is based on incompressible, linear unsteady
Fig. 13 Deterministic stresses versus pitch for PW-LPT, no flow theory, and is independent of the frequency of the distur-
viscosity bance. The models account for the unsteady pressure field and
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viscosity. The model was tested against analytical, numerical, and b =
experimental results with good agreement. The model is fast, al- h_, =
lowing turbomachinery designers to determine quickly how the k =
recovery process impacts a given design. | =
This research has answered the two questions posed in the In- p =
troduction by showing that the recovery process is causing a (_, =
change in the efficiency with a change in axial gap, and that the u;; ., =
flow physics is the result of unsteady flows. The model developed Ug =
adequately captures this process and can be used in the time- u; =
averaged calculation of turbomachinery flows. vy =
The conclusions for compressors are as follows: vy =
1 K of the upstream disturbance is significantly reduced by < \_Nl _
inviscid means for both the two-dimensional and three- """)’( _
dimensional wakes considered, with more decay occurring in the y =
two-dimensional case. This is called recovery and leads to a sig- 7 =
nificant reduction in the wake mixing loss. T =
2 Viscosity acts to decay the disturbance further reduding A =
and thus reducing the wake mixing loss. However, the decay of T =
the disturbance within the passage contributes passage loss 9 =
Both viscous and inviscid effects act to reducand are compa- 0 =
rable in magnitude. 0. —
3 For a subsonic compressor blade row, the two-dimensional "o
and three-dimensional wakes considered are almost completely 1% _
attenuated as they exit the blade row. Therefore, the closer the _
spacing between blade rows, the larger the efficiency, which VS _
agrees with experimental observatigds?]. In addition, clocking vt
or indexing of rotor or stator blade rows will have a minimal P _
impact on subsonic compressor performance, as demonstrated by X
Barankiewicz and Hathawdy20]. Subscripts

width of the upstream disturbance

pitch of the upstream disturbance
reduced frequency

length of a disturbance segment

unsteady pressure

inlet mean flow speed

unsteady flow velocities

axial component of mean flow

axial component linear disturbance
spanwise component of linear disturbance
disturbance depth

pitchwise component of linear disturbance
coordinate

axial coordinate

spanwise coordinate

pitchwise coordinate

circulation

drift function

streamfunction

momentum thickness

initial momentum thickness

inlet disturbance angléelative to axial diy
inlet mean flow anglédrelative to axial diy
disturbance wavelength in blade-to-blade plane
disturbance wavelength in the spanwise direction
turbulent viscosity

density

total pressure mixing loss coefficient

The conclusions for turbines are as follows: exit = @ exit to blade row

) o inlet = @ inlet to blade row
1 K of the upstream disturbance is significantly reduced by | = free index
inviscid means for both the two-dimensional and three- = free index

dimensional wakes considered, with more decay occurring in the
two-dimensional case. This recovery is negative because it leads |
to a significant increase in the wake mixing loss. .

2 Viscosity acts to decay the disturbance to approximately tr%:perscnpts
inlet value of K. However, this decay is by viscous means and *
contributes to a substantiphssage lossBoth viscous and invis-
cid effects are comparable in magnitude.

3 For a subsonic turbine blade row, the two-dimensional and .
three-dimensional wakes considered persist after passing throdyiPendix A
the blade row. Therefore, the wider the spacing between blaqu
rows, the larger the efficiency, which agrees with experimentg],
observationg3,4]. In addition, because wakes persist througp.|
subsonic turbine blade rows, stage-to-stage interactidosking
effecty impact subsonic turbine performance. This is consiste
with the finding of Sharma et al4].
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Nomenclature

C = contour for circulation calculation
C, = constant for viscous calculation

GE-LSRC = General Electric Low Speed Research Comp.
K = time-averaged unsteady kinetic energy
L = pitch of blade row

PW-LPT = Pratt & Whitney Low-Pressure Turbine Rotor
S = Lagrangian coordinatéollows a fluid particle
Uik = mean flow velocities is given as
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—U—~—

p o

dummy index
dummy index

normalized with respect to inlet kinetic energy

nsteady Pressure Terms. The derivation of the pressure-
locity correlation is lengthy and is given in van de W& It
volves the use of linear theory and a perturbation expansion
using 1k as the expansion parameter, whieis the wave number

B the incoming disturbance. The resulting expressions to lowest
order of 1k are

JS dS Uy u;u, AL

P (35)2 (as)z (35)2 - (A1)
ax ay 9z

, 7S 78 Uy ujuy "

3% 9% X (as)z ((93)2 (asz - (A2)
X y 9z

The subscripts andj are free indices, whil& and| are dummy
indices. To lowest order, the correlation is independent of the
reduced frequency and involves a linear relationship in the de-
terministic stress. It introduces the Lagrangian Coordin§e,
which is simply a coordinate that follows a collection of fluid
particles as they are transported downstream by the mean flow. It
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. g Appendix B
S=q_.Asin(—6,+6_,.)+Y—+W¥cog—6,+60_.),
Ay Inlet Disturbances. The two-dimensional blade wakes and
(A3)  three-dimensional tip clearance flows from a preceding blade row

are used as inlet boundary conditions. The three-dimensional tip
clearance flows resemble an axisymmetric wakéree-
Cc_jimensional wakeand is essentially a defect in total pressure. It
an be described as a velocity deficit region; however, unlike a
o-dimensional wake, the vorticity is no longer purely spanwise.

o velocity disturbance exists in the spanwise direction. The re-
gH_Iting inlet deterministic stresses are

whereq_.. is the far upstream time-averaged flow speéd; the

spanwise coordinate, antl is the stream function. The anghe ,,

is the inlet flow angle of the mean flow relative to the axial dire
tion and 6,, is the inlet disturbance angle relative to the axiaf
direction. The inlet disturbance angle is the exit flow angle of t
preceding blade row. Theg and\, are the wavelengths of the
incoming disturbance in the blade-to-blade plane and in the sp

wise direction, respectively. Withx, nonzero, the three- — 0.75 b(y)
dimensional nature of the disturbance is taken into account. Fi- uu, = mh—vﬁ(y)co§ Ow » (B1)
nally, the drift function,A, is simply the time it takes a fluid W
particle to travel a certain distance along a streamlinie ( 0.75 b(y)
=const) and is defined as UWa= o 1 v5(y)cosb,, sinb,, (B2)
W —c0
ds
a=| o (agy @
W 0.75 b(y) )
. o ) _ _ W= s L v3(y)Sir? 0y, (B3)
whereds is an infinitesimal distance along a streamline anid COSty N
the local time-averaged local flow speed. with the remaining stresses set to zero.

For all the two-dimensional wake disturbanceg=0.225 and
=0.1. The three-dimensional disturbance was obtained from the
t\glqu of Valkov [18] for comparative purposes. It consisted of a

al pressure deficit region that extends over 60 percent of the

ch and over 15 percent of the span centered at 90 percent span.

he maximum velocity defect at the center of the tip clearance
flow is 46 percent of the upstream exit rotor mean flow.

Viscous Terms. The viscous terms are modeled using th
similarity between the model of Hill et aJ11] for the decay of
the wake and the transport model. Their equations were rewrit
in the form of the transport equations in the present analysis. T
viscous contribution for the model was simply the viscous ter
obtained from the equation ir11]. The resulting equations are

dou Y ¢ 18 ( Ut) e Gt (es)
vU——=—C,— 7| — | ——— (uyUy)?,
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Unsteady Transport Mechanisms
in an Axial Turbine

A numerical analysis using a commercial unsteady Nas#@okes solver has been per-

Claudia Casciaro formed on a pin/blade configuration, in order to assess the efficacy of a commercial code
in calculating time-periodic interactions and to gain a better understanding of the un-

Martin Treiber steady flow physics in axial turbines. Two cases have been investigated, with the pin
positioned at 25 and 50 percent of true chord ahead of the leading edge. Both configu-

Michael Sell rations have been computed both two and three dimensionally. The two-dimensional case
was used to examine the influence of numerical parameters, such as mesh, time, and

Turbomachinery Laboratory, space discretization. The three-dimensional case allowed insight into the complete flow

Institute of Energy Technology, field including the wake influence on the secondary flow and mixing processes of the blade

Swiss Federal Institute of Technology, row. The basic mechanisms of the wakkade interaction proved, as expected, to be the

8092 Zurich, Switzerland same for both pin positions. Yet, as the closest pin wake interaction with the blade field

was much stronger, its features have helped to identify the respective roles of wake fluid
transport and blade potential field for both cases. The latter effect, noticeably strong with
the thick leading edge blade form presented in this study, has often been neglected, and
this study helps shed new light on this phenomenon. The code used had been validated in
previous work for pin-free steady flow within the same blade row and the new time-
dependent case has served to confirm the code range and limitations.
[S0889-504%00)02104-9

| Introduction and Aims decided to define a wake amy velocity deficit in the body-
relative frame of reference occurring in a space much smaller
than the one analyzedhis is the classical definition used by most

h . . of the scientists, whose findings are briefly described hereafter.
stagnat_lon_enthalpy of a particle can ch_ang_e only_ If the PresSUrernis means that, if the instantaneous velocity field is decreased
varies in time(see, for examplej1]), which IS a direct CONSE- f the undisturbed value, a wake looks like a backward-facing jet,
guence of the energy balance of the Navier—Stokes equatiofsyt is the so-called “negative jet(Fig. 1). Meyer[7] was one of

Eowev_ﬁr, if the rotordro_w 'rsl conS|d;e_rec(jj |fsolated,f thfe Very SaMfe first to use the negative jet theory to explain the unsteady
ow will appear steady in the rotor fixed frame of reference. papayior in compressor stages. Some years later, Kerrebrock and
Yet, turbomachines are formed by multiple rows, each of whi

; - ., ; . ikolajczak [8] observed that in a compressor the pressure side
creates a disturbed, “unclean” environment for the preceding a

i X s esence hinders the wake transport and consequently the stator
following rows. Only the analysis of the flow in this context caryaye fluid accumulates on the rotor pressure side. Thus, the wake

give an insight into'design failures. The interaction between bladgected downstream by the free-stream velocity appears as a jet
rows occurs in various manners: The one through the wake a@dan observer placed on the hit-blade pressure (sidetion side
the potential field are considered in this paper. if the blade belongs to a turbinewhere the velocity component
The disturbances are generally convected downstream, becaysnal to the blade acts, changing both incidence and lift, tending
the distance between blade rows is too small to allow them to mi¥ decrease the load on a compressor biadel analogously in-
out. Thepotential fieldis felt both up- and downstream at aboufrease it on a turbine blageThe authors also stated that there is
one chord of distance, its strength depending on the Maghtendency for the wake fluid to be separated from the inviscid
number. ) ) ) _ flow rather than mix. This phenomenon persists in the blade row.
_ In general, the interpretation of the unsteady effects in turbinessjnce then many authors have confirmed the negative jet theory
is still a controversial subject. The common opinion says th@ axial turbine as being the main unsteady transport mechanism
unsteadiness always brings a decrease in effici¢@eyp], al- or regarded it as of secondary importance: No agreement on the
though this has been also questioned at least for the adiaba§e of the unsteady fluid physics has yet been reached.
efficiency [6], because of the isentropic rearrangement of tem- Recently, Hodson and Dawé8] found that the wake transport
perature and pressure, known as energy separation. could be explained through convective mechanisms of fluid me-

1.1 Unsteady Transport Theories. Before entering into the chanics of a wake being chopped by the following row, bowed,

details of wake/blade-row interaction, a discussion of wake def’f—nd Sheaf?‘d b)_/ the p_ressure/velocity fields._ Entropy contours
gﬂhﬁzwed uniformity outside the wakes, according to the authors,

Turbomachines must be inherently unstegalyleast in the ab-
solute frame of referengen order to produce work. In fact, the

nition is appropriate. The question is not trivial as the next par . - .
graphs demonstrate that the modes of interaction change acc&id€ [ the Eulerian energy separation, varying total temperature
ing to what it is meant by wake. and pressure isentropically. The vglocﬂy field created.by the blade
If one considers a body in a fluid streafor example the cyl- row distorted the wake as the particles near the suction side were
a;celerated more than those near the pressure side, but less than

inder in Fig. 1, the interference between the two results in ose in the midoassage: the wake bows and shears. Bowing and
decrease of velocity behind the body. Due to viscous effects, t P ge: ) 9

local velocities become uniform at a certain distance behind t 'legehae”rnt%i:rii t':ﬁé‘ ;rggggtr ‘;ﬁgsdee?gﬁggzoonf f)f;etht:av(\d/gklgadmg: The
body, when the wake can be considered mixed out. Thus, it w As far as thesecondary flowdistortion due to the interaction
with an incoming wake is concerned, there are few data. Gallus

Contributed by the International Gas Turbine Institute and presented at the 4 _ ; :
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ge%ﬂ-? al.[10] found that although a steady-stage computation with

many, May 8—11, 2000. Manuscript received by the International Gas Turbine IndiiXing plane would compute the tir_ne'_ave_raged flow field quite
tute February 2000. Paper No. 2000-GT-440. Review Chair: D. Ballal. accurately, the secondary flow distribution would be totally
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\c;\\ street can be neither measured nor computed properly. Thus, both
66’\ total enthalpy and total pressure cannot be used as a precise mean
@ of wake recognition.
¥ Other quantities, such as entropy, are difficult to use in an un-
main’flow steady environment. The limitations, described in B4é&Bt and

Callen[14] concern the choice of a proper entropy formulation in
unsteady environment and as a local value in the case of highly
unsteady and strong accelerating flows, where, to the authors’
knowledge, equilibrium has not yet been proven.

Fig. 1 Negative jet in relative frame of reference

Il Cases and Tools

. ) . . 1.1 Test Case. The research blade is prismatic with the
wrong, especially in terms of flow angles. In fact, the |nteract|o[éading edge mounted radially and a stagger angle of 54.5 deg
with the wakes of the preceding stage would drag the near-hgm tangential direction, of a type typically used in reaction-type

vortex away from the endwall, modifying the entire flow distribuyrpines. The operating point is at a nominal midspan exit Mach
tion. A similar result was also found by McFarland et[dll]ina umber of 0.5.

linear turbine cascade, who found that the wake passing enhanceg| pin wheel is placed at two distancéig. 3) upstream of the

the transport of endwall fluid toward the midspan, as also report%ding edge plane equivalent to 10 and 20 pin diameters. Some
by Boletis et al[2]. geometric features of the cascade are described in Table 1.

1.2 Contribution. This work aims at contributing to the un- | 2 cFD.  The numerical analysis has been performed with
derstanding of wake fluid transport and its effect on the Secondft'i)tx-Tascflow, V2.8, by AEA Technology Ltd. This is a finite
flow formation. The loss production mechanism as specific to Upplume three-dimensional Navier—Stokes solver, with a second-
steady environment is also discussed. _ order accurate upwind differencing scheme. Reynolds-stress aver-

This aim is achieved through the numerical analysis of an agging is applied to the governing equations in strong conservation
nular turbine cascade, where the rotor wakes are generated By¥@, and the closure is implemented through the standare
pin wheel, which can be mounted in two locations at differen,pylence model. The near-wall region is resolved with the loga-
axial distances from the stator. This configuration has been cho$gRmic velocity profile. The flow is viscous and compressible,
because it corresponds to the experimental facility of the '—abor@Omputed in fully turbulent regime. This code has been applied

tory of Turbomachinery of the ETH, Zurich. several times within the group in Zurich for steady-state compu-
The unsteady flow field is analyzed both in its two- and thregations[15-17.

dimensional characteristics, using several parameters such as the
wake velocity deficit, the flow angles, the absolute total and static
pressure coefficients, and the absolute total temperature.

Unsteady transport mechanisms are difficult to show on pap + 142,
Please consider visiting our homepage at http://www.Ism.ethz. T v e e
activities/RGP/first.ntm.

The wake is identified through the velocity field, which basi
cally means through the negative jet, without examining the me ¢
its of whether this may represent the major unsteady transp
mechanism. Thus, in the absolute frame of refereggive jet
=c(t) —c. It can be easily seen from Fig. 2 that this way an errc :
is introduced. In fact, all the idealized theories considered a fie 174~ 3/4
where an undisturbed velocity can be always recognized, beca
of massive geometric simplifications. This ideal velocity is impos  pIN1@50% True Chord
sible to identify, and it would also be conceptually wrong to de
fine one, in the highly three-dimensional field of a turbine stag

AU
\ \ PIN2@25% True Chord \, *

By choosing a time-averaged velocity as reference an error Y\ \
introduced, where the effects of the negative jet are decreased N\ \
the free-stream unsteadiness enhanced.

Other quantities cannot be used to identify a wake, especially in Fig. 3 Configurations and block topologies

a CFD environment. One problem is represented by the phenom-

enon of energy separation, which is an isentropic rearrangement

of total enthalpy and pressure, which occurs in unsteady flows. )

Eckert[12] reports that whenever vortex shedding behind a blunt Table 1 Test case geometric parameters

oy ccur  esule 1 ey separeion uhch s UErSpOred i o
Blade Height [mm] 90
Blade and Pin Number {-] 48
True Chord Length [mm] 60
Casing-Hub Ratio [-] 1.29
Pin Diameter [mm] 1.5
Fig. 2 Error made by considering average velocity instead of Pin Frequency [Hz] 50
undisturbed velocity
Journal of Turbomachinery OCTOBER 2000, Vol. 122 / 605

Downloaded 01 Jun 2010 to 171.66.16.63. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



35 T T T T T

40|

theoretical c,, @ [I/4

45 [ theoretical ¢, @ 11/2 1

i)
2l -
»
o
A<
7
55 U J
7
1
\
60l ‘. |
—  n
= i ik k
8515 =Ty 5 0 5 10 15
0 [deg]

Fig. 5 Axial velocity: comparison of computed and theoretical
values, expected with Dullenkopf's model, for PIN1

Numerical Boundary Conditions.At the inlet (ahead of the
pin, Fig. 3, the absolute total pressure profile, constant absolute
total temperature, 2 percent turbulence intensity, and 5 mm eddy
i length scale are imposed. Ahead of the pin, the absolute direction
;{»4_ 80% span is axial and therefore no extra swirl is introduced in the domain.
|

The inlet boundary layer thickness is 10 percent of span.

|

(‘ At the outlet, a time-constant static pressure profile, obtained by

)I a linear fitting of the hub and tip experimental val@esthout the

“"[ pin), is imposed. It was assumed that one chord downstream of
“‘ the trailing edge, the static pressure had leveled out, as shown by
I

the steady-state measurements.

H The Rotor/Stator Interface.The interface between the two
i grids (the grid with the rotating pin and the one with the stator

(] where the reference system changes, should be “transparent” to
; the computations. Instead, a second-order interpolation error oc-

i J( | %\q ~— 20% span curs. In order to quantify it consider Fig. 5, where the axial ve-

Etr Hrr locity of PIN1 computed at two stations: 1{éipstream of the

] j? iy interface and 1/2(downstream of the interface; visual help from
R Fig. 3 at one time stefirrelevant for the specific considerations

is compared and contrasted to the minimum wake velocity ex-
Fig. 4 Details of pin (a) and leading edge (b) grids or two-  pected by applying Dullenkopf’s model of wake defifig]. It
dimensional computations  (from topology in Fig. 3 ). Outlet grid can be noticed that at 1Mipstream of the interfagethe wake
(c) for three-dimensional cases (same topology ). Figures not to deficit appears much deeper than theoretically expe@edut 23
same scale. percen). Yet, at 1/2 the wake deficit has become wealgdrout
13 percent compared to the theoretical value. If the theoretical
. . . wake is compared at both stations to the computed one, it is clear
The grid, generated with ICEM CFD/CAE 3.3, is blockhat the effects are devastating on the wake: While theoretically
structured and has three blocks, as in Fig. 3: The pin has bagR 4yia| velocity should decrease only a few percentage points,
blocked off within the inlet block; the blade is obtained by g,mpytationally it loses 2/3 of its deficit. However, the strong
combination oft and C-type grids. This allows an improvement ;ing cannot be attributed only to the interface, but also to the
of cell orthogonality at the leading and trailing edges, as well as@jence model and to mesh effects. Considering the velocity
better control on node density and distribution in these areas. /B¢t in Fig. 5 and Dullenkopf's correlation, it can be computed
example of these grids is shown in Fig. 4 for the two-dimensiongi,; the wake at 3/4 corresponds in terms of thickness and deficit
computations, where 40K nodes were used. For the threg-j «ficitious” wake generated by a pin of diameter 1.9 mm and
dimensional computatior&ig. 4, a three times coarser grid on ggTsitioned nearly one true chord upstream of the leading edge.

tv_vo-d!mensional plane was e_mployed with 29 pl_anes i_n the radiglijar effects are to be observed on all computed quantities.
direction. Yet, the computations on the two-dimensional basis

were in good agreement, where the wake velocity deficit mix . .
out faster on the coarser grid. The three-dimensional mesh relé- Velocity Field
lution allowed the computation of all the fluid dynamic structures Subtracting the time-averaged field from the time-dependent
(proven in previous publications and in particular irone, the disturbance field, or unsteady velocity field, is obtained.
Casciard 16]). Figure 6 shows this unsteady velocity field at midspan for PIN2,
For the three-dimensional computations, the first near-wallhere PIN1 presents the same physical mechanisms, yet quanti-
node has been positioned so tgat>30, even if it is well known tatively weaker. The wake appears strongly sheared for two op-
that the logarithmic velocity profile does not apply at all to unposite reasons: the blade potential field locally creating an adverse
steady flow fields. pressure gradient and the downstream accelerating blade environ-
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Fig. 6 Negative jet at midspan for PIN2

ment. The wake is observed spending 20 percent of a period warious phenomena, such as: the pin tangential speledbout
teracting with the leading edge, without anchoringecause of 2c, inlet 2t midspamand the convective speed, which is higher on
the downstream convection. It can be noted that once the wake suction side than on the pressure side. These quiescent regions
has hit the leading edge, two regions form, the first on the pressagpear to play a central role in the unsteady transport of wake
side and then, at the wake chopping, on the suction side, with vélyid. In fact, from Fig. 6, it can be observed that the unsteady
low unsteadiness. These regions can be cajlédscent because, transport assumes éhshape, transporting low momentum fluid
considering the way the unsteady velocity field has been definédahm suction to pressure side, or vice versa, according to the qui-
they represent areas where the flow does not deviate much frestent zone’s position. Finally, it is stressed that because the
the time-averaged value and thus can be considered as amashanism observed in Fig. 7 is the same for both pin configura-
where the unsteadiness is damped. The birth of the quiescgans, it is believed to be independent of wake decay.

zones can be associated with the feeding mechanisms of the nega-

tive jet. In fact, as the negative jet course is interrupted by the

wall, feeding and discharge action starts for continuity reasons

(Fig. 7 gives a schematic of this mechanigméet, most of the eedin, blade
feeding and discharge comes with the main flow directaown- /'i V4 -
stream, while little happens ahead of the wake for the feeding and @
behind it for the discharge. This means that convection is regulat-
ing the negative jet structure.
The quiescent regions are different from each other: On the \_‘ .
pressure side this is quite extended, to a maximum of half a chan- discharge
nel; on the suction side this thins out quickly, but residence time is —

longer before fading out at the trailing edge. For PIN2 these zones
are more extended than for PIN1 and they do not fade out at the
trailing edge, where they are evident on both suction and pressure
sides. It would be reasonable to hypothesize that these zonesFig. 7 Schematics of negative jet feeding mechanisms
travel downstream at the local time-averaged velocity, according
to a convective mechanism. Instead, they travel somewhat faster
and nearly at the same average rdieg., for PIN1 about
2.2¢y inet ON the pressure side and 2.4, ON the suction side
at midspah Their speed could be associated with a balance

t

= /
Q /
= /

It seems necessary to define the meaning of anchoring. Considering a defici 8 /
thicknessd normal to the flow direction and moving downstream, the deficit i% = /
considered “anchoring” on the leading edge when its residence time on the leadi e /
edge is bigger than the time needed for the disturbance thickness to flow dov = /
stream. g e

ss< -
— LE
d Fig. 8 Absolute vectors near leading edge over one period for
PIN2
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As far as the leading edge area is concerned, the changes iifhis unsteady behavior of the pressure field is also reflected on
direction of unsteady transport near the stagnation point regahé blade loading. The unsteady field loading is less than the
nearly a 180 deg turn on one period, as shown by means stéady ongequals to a maximum difference in approach Mach
absolute-velocity vectors in Fig. 8. If leading edge cooling wereaumber of 0.03bprobably due to the velocity deficit introduced
necessary, the coolant flow will go either on the pressure or on thg the pin wake. Furthermore, on a time-averaged basis, the blade
suction side during a wake-passing period. Yet, this does not rappears to be even more back-loaded, which could be explained
evantly change the blade loading. reconsidering the unsteady transport mechanigig. 7). How-

ever, the blade loading for PIN2 does not seem more disturbed
. . than the loading for PIN1. The maximum load variation is only
IV Potential Field negligibly bigger than the one of PIN1. This is probably due to the

The type of blade under investigation presents a thick leadipgrticular blade geometry, which has been shown to be insensitive
edge and thus a strong potential field extending upstream.  to inlet angle variation$16], where the leading edge is particu-
dpldt has been observed to be at the lowest in the quiescdaly loaded but the blade geometry damps the unsteadiness. It can
regions and maximum near the location where the unsteady trahe-concluded that blade leading edges designed to be less sensi-
port changes direction&ompare Fig. ¥ The leading edge also tive to inlet angle variation§19] will be also more efficient in
appears to be quite unsteady, showing high gradients of tintéme-periodic flow fields, because they are less reactive to these
dependent pressure from the moment the wake hits it and for mewed thus operate closer to the design point.
than half a period. The trailing edge, on the contrary, is observedThe difference of Cp at discrete locations on the bladenitor
to be highly unsteady only for a shorter time. Most of the time thgointg is enhanced in Fig. 9. It can be noticed first that the PIN2
unsteady pressure field extends across the channel instead oflb@ding change is stronger in comparison to PIN1. A strikingly
ing near the blade walls. different behavior is to be observed near the leading edge.

Fig. 9 Static pressure coefficient versus nondimensionalized time at midspan (three periods are represented )
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Fig. 10 Absolute total pressure contours for PIN1 (above) and PIN2 (below )

V Absolute Total Pressure Field drawn into the blade row, its width increasing. As far as PIN1 is
. ) oncerned, the absolute total-pressure wake anchors on the lead-
Figure 10 shows the absolute total pressure field for the tWP?%Q edge starting at 7/30 although the interaction with the lead-

dimensional computations of PIN1 at midspan. It can be seen t) d lier than that. already at 28/
the wake centerline undergoes a direction and width transfor g€ gt;happeaTs earlier than that, already abl' h&m?p&rﬁ ¢
tion due to the interaction with the blade field and the wake ap/30T)- This early interaction appears to establish a bubble o

pears much more influenced by the shear action of the acceler@und flow on the suction side, which affects the anchoring pro-
ing flow. Comparing time steps 15/B@nd 22/30 in Fig. 10, the cess. In fact, while on the pressure side the wake moves down-

wake is seen first deviating against the flow direction and théf€am, it appears to be blocked for a while on the suction side.
The wake spends half of a period on the leading edge. It is im-

portant to stress that although the suction side presents a faster
fluid, the total-pressure “wake” on this side starts moving only
after having been choppddccurring at 11/30 for PIN1). Thus,
as seen at 15/30 the wake segment reaches the trailing edge first
on the pressure side than on the suction side. For PR 10
on the other hand, an interaction pin/blade can always be ob-
served. The absolute total pressure wake is estimated hitting the
leading edge at about 15/BGand being chopped at 24/B0VYet,
it can be seen that the residence time on the suction side is long
PIN2 enough to bring an interaction with the following pin wake.
From Fig. 10 it can be also seen that the blade field drives the
total pressure differenerom the pressure to the suction side
R Steady showing an accumulation of this onto the suction side. Observing
L~ without pin these results, in the optic of the wake-fluid unsteady transport
os /E- mechanism of Fig. 6, it can be concluded that the final balance is

PIN1

ACp°[-]

determined not only by the wake characteristics, but also by the

e . ____,‘sw : : | blade loading and, thus geometry.
7 7{’ 7 80 8 &2 8 & 85 o Figure 11 shows the time-averaged total pressure coefficient. It
LE can be seen that besides grid effects modifying the wake thick-
05 ness, the deviation from the steady state flow increases when the
0 [deg] pin is positioned closer to the leading edge.

Fig. 11 Absolute total pressure coefficient at midspan 1 /6th 2This term is preferred to loss, because the total pressure changes do not represent
axial chord downstream of trailing edge a loss in an unsteady flow field, due to energy separation effects.
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12/30T

Fig. 12 Total temperature for PIN1 at midspan at 23 /30T

29/30T

VI Temperature (and Equivalently Enthalpy) Field

The wake presents the highest static temperature and in
absolute frame of reference the highest total temperature. This (
create a phenomenon similar to hot streaks and has brought to
idea of trailing edge cooling through cold flow injectip20].

The temperature changes are more gradual in comparison to
changes of other flow quantities, i.e., they never have strong a
sudden gradient and also oppose more inertia.

The static temperature is, as expected, at the highest near
leading edge with about 305 K. An area of high static temperatu
is always present near the leading edge.

In terms of total temperature, two “tongues” have been ot
served(Fig. 12: the wake and the sound flow. The latter presen
a lower total temperature, but the gradient to the wake is smoou..
Both the “tongues anc_hor' although the chopping appears H .13 Quiescent zones (as isosurfaces for 1 percent of aver-
occur before the anchoring, prObabI_y because of the accel_e'fa d unsteady velocity field ) near wall on suction side at
in the middle of the channel favoring the temperature mixing.2/307 and pressure side 29 /20T for PIN1. In the top picture a
Considering for example PIN1, the wake is chopped at 26/3Qut at 1/4 can also be seen, with unsteady velocity field, show-
and two segments proceed downstream: one from the pin withing incoming wake shape.
free end and one from the free end to the suction side. The phase
of their evolution is a little postponed in respect to the other flow
guantities. In fact the wake is observed to be clearly anchored ) ) o )
between 13/30 and 24/30. Afterward, the wake moves on theactually be given two meanings. First, it could be a representation
pressure side, leaving a little bubble of high total pressure on tAEhigher unsteadiness; second, it could also indicate the presence
suction side, which is transported downstream and grows urf}fj@ Strong quasi-steady secondary vortex, whose position changes
13/30T. At this point, this bubble merges again with the wakdttle in time (but enough because of the vector-angle change in a

segment and a new blade-to-blade segment is formed. swirling structurg. On the pressure side, the deformation of the
As far as PIN2 is concerned, the temperature field is analogdii4i€Scent zones can also be seen, occurring because near the end-
in all respects to the one described for PIN1. walls the wake hits the leading edge afterward, due to the velocity
triangle.

VIl Secondary Flow and Other Aspects of Three- As far as th_e se_condary flow structures are concerned, a rel-
. . : evant radial migration has been observ&thy. 14, top pant At
Dimensional Field the trailing edge the loss core has been detected at 6.5 percent of
Considering the three-dimensional velocity field, the obviouspan (hub structurg and 86.3 percent of spafiip structure,
must be stated: This is influenced by the wake being skewemhere the latter has doubled its radial distance from the endwall in
because of the boundary layer velocity profile and the radial growemparison to the steady case. As the wall suction side static
ing tangential velocity. This is quite relevant in this configuratiompressure can be used to detect the horseshoe vortex suction side
because of the thick incoming boundary layers influencing theg movement, this is shown in Fig. 18ottom par}, where the
secondary flow formation. steady-state static pressure coefficient is compared to the time-
The shape of the incoming wake can be seen in Fig. 13, whexeeraged one.
the quiescent zones at two representative time steps are reprérhis radial migration continues also downstream for the near-
sented. The physics of the development and downstream transpiprivortical structures and reaches 81.6 percent of span at 1/6th of
is analogous to the two-dimensional behavior described in th&ial chord downstream of the trailing edge. Yet, it is practically
preceding paragraphs. Yet, unlike the steady-state computatiamschanged in time. This could be a relevant observation for de-
the flow is nowhere two-dimensionéaiot even at midsparand a sign purposes, showing that the secondary flow vortical structure
radial component from casing to hub always exists. It can lesent an inertia stronger than the time-dependent flow varia-
observed that, on the suction side, the quiescent zones affect aidys, probably due to the vorticity being higher than the unsteady
the center part of the blade, while on the pressure side these frees. The migration of the secondary flow toward the inner parts
tend over the entire span. The behavior on the suction side azfnthe channel has been observed by other autf@t§ yet it
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Footprint of the SS-leg of the horseshoe

vortex on the suction side

=TT

TE  HUB LE LE
(a) (b)

Fig. 14 Time-averaged absolute total pressure coefficient at
1/6th axial chord downstream of trailing edge (top) and static
pressure coefficient on suction side (bottom ) for PIN1 (a) and
steady-state computation  (b)

is little mixing between the disturbance field created by the in-
coming wakes and the blade wake. Thus the disturbances seem to
stand on the wake.

VIII  Summary and Conclusions

The interaction between the wake created by a pin wheel and a
turbine stator has been analyzed using CFD. The pin has been
positioned at two axial locations upstream of the leading edge
plane in order to investigate the effects of row spacing.

It has been observed that the wake is best defined through the
velocity field. The following conclusions can be drawn:

» The wake does not anchor at the leading edge. The absolute
total temperature and total pressure fields associated with it
do;

* When the wake hits the leading edge, two zones are created

with low unsteadiness. These have been called quiescent;

The unsteady transport mechanisms seems guided by the cre-

ation and downstream movement of these quiescent zones;

» The quiescent zones have been shown to be dependent upon

the feeding and discharging mechanisms of the negative jet;

A coupling of the two pressure fieldpin and bladgexists. It

would be interesting to investigate a blade/blade coupling;

» The secondary flow structure moves radially inward, but it is
very stable in time(as far as total pressure loss values and
core position.

As the physics observed in this research is the same for both pin
configurations, it is believed to be independent of wake decay.
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Nomenclature

CFD = computational fluid-dynamic
LE = leading edge
PS = pressure side
SS = suction side
TE = trailing edge
e = turbulent dissipation rate
« = turbulent kinetic energy
0 = tangential location, deg
Cp = static pressure coefficient- (pS—p)/(pS—p1)

AC] = total pressure coefficiert pd— p°)/(p—py)
¢, = absolute axial velocity, m/s
¢, = minimum wake velocity, m/s
p = static pressure, Pa
= total pressure, Pa
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vortical structures away from the walls. Thus, as the turbulence -
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time-averaged
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Effects of Tip Clearance on Hot
Streak Migration in a
High-Subsonic Single-Stage
Turbine

Experimental data have shown that combustor temperature nonuniformities can lead to
Department of Mechanical Engineering. the excessive heating of firsy-stage rotor blades in turbines. This heating of the rotor
Richmond, VA 23113 blad_es can lead to thermal fat!gqe anq degrade turbine pgrformarjce. The resqlts of recent
studies have shown that variations in the circumferential location, or clocking, of the
Douglas L. Sondak first-stage vane a_infoils can be used to m_inimize t_he adverse effects of the hot s_t_reaks due
to the hot fluid mixing with the cooler fluid contained in the vane wake. In addition, the
effects of the hot streak/airfoil count ratio on the heating patterns of turbine airfoils have
been quantified. In the present investigation, three-dimensional unsteady Naizikes
simulations have been performed for a single-stage high-pressure turbine geometry op-
erating in high subsonic flow to study the effects of tip clearance on hot streak migration.
Baseline simulations were initially performed without hot streaks to compare with the
experimental data. Two simulations were then performed with a superimposed combustor
hot streak; in the first the tip clearance was set at the experimental value, while in the
second the rotor was allowed to scrape along the outer case (i.e., the limit as the tip
clearance goes to zero). The predicted results for the baseline simulations show good
agreement with the available experimental data. The simulations with the hot streak
indicate that the tip clearance increases the radial spreading of the hot fluid, and in-
creases the integrated rotor surface temperature compared to the case without tip clear-
ance.[S0889-504X00)02204-3

Daniel J. Dorney

Virginia Commonwealth University,

Boston University,
Office of Information Technology,
Boston, MA 02215

Introduction for the current simulations because the flow conditions are repre-
?ntative of an actual engine environment. Simulations have been

temperature distributions of first-stage turbine rotors. The migré‘__erfor;neg \tN't? thlf ongm_al CERdTS p{ﬁflIeC,EasTVéell a]fl W'El_h. a
tion of hot streaks through turbines has been simulated by ma] A ed 0 §rea Sléperlmpose ond € h b prone.l |mde-
researchers including Krouthen and Gi[@$, Rai and Dring[2], averaged and unsteady temperature data have been analyzed, as
Takahashi and Ni3,4], Dorey et al[5—7], Gundy and Dorney well as comparisons with available experimental data.

[8], and Shang et aJ9]. While these numerical simulations have )

produced significant insights into the mechanisms controlling hbtumerical Method

streak migration, there is still a significant amount of research the governing equations considered in this study are the time-
needed to formulate design criteria for minimizing the adversgspendent, three-dimensional Reynolds-averaged Navier—Stokes
effects of hot streaks. Most simulations have been performedejations. The viscous fluxes are simplified by incorporating the

low-speed conditions, but additional physics can come into play @fin |ayer assumptiofil3]. In the current study, viscous terms are
actual operating conditions.

Some of the earliest experimental investigations of hot streaks
were performed on a high-speed turbine by researchers at NASA
Lewis Research CentéWWhitney et al.[10], Schwab et al[11],
Stabe et al[12]). The goal of these experiments was to study the
effects of typical nonuniform inlet radial temperature profiles on
the performance of axial turbines. The inlet radial temperature
profile in the experiment was produced using a Combustor Exit
Radial Temperature Simulat€ERTS inlet, which injected cool Y.

Hot streaks are known to have a significant impact on the wal

O WITH CERTS
O WITHOUT CERTS

Lo

tip clearance on the migration of combustor hot streaks. The goal
is to quantify the modification to rotor heating patterns caused by
variations in tip clearance. Therefore, the focus will be on the 2
overall effects of tip clearance, not the details of the flow in the tip )
gap. The NASA CERTS geometry was chosen as the test article

air through circumferential slots in the hub and tip endwalls up- &
stream of the vane. In addition to a total temperature profile, a §
total pressure profile was generated using the CERTS (nét e 60—
Figs. 1 and 2 'g
The focus of the present effort has been to study the effects of g
s [
3
@

0 l

’ . ) . 500 600 700
Contributed by the International Gas Turbine Institute and presented at the 45th )
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- ABSOLUTE TOTAL TEMPERATURE, T, K
many, May 8-11, 2000. Manuscript recieved by the International Gas Turbine Insti-
tute February 2000. Paper No. 2000-GT-441. Review Chair: D. Ballal. Fig. 1 CERTS total temperature profile
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O WITH CERTS the undisturbed inlet flow16]. In the current investigation two

0 WITHOUT CERTS different hot streak configurations have been implemented. The
first configuration used the original CERTS profiles to allow com-
parisons with experimental data, while in a second set of simula-
tions a discrete hot streak was superimposed on the CERTS pro-
files to model engine conditions more realistically.

The superimposed hot streak is circular in shape with a diam-
eter equal to 50 percent of the span. The temperature profile
within the hot streak is based on a hyperbolic tangent distribution
with the center located at 40 percent of span. This distribution is
consistent with the one described by Butler et[4b], although
1 | actual temperature profiles are dependent on the design of the
3.06 307 3.08 3.09 3.10x10° combustor. The hot streak was aligned circumferentially with the

ABSOLUTE TOTAL PRESSURE, p', N/m? leading edge of a vane.
At the exit the circumferential and radial velocity components,
Fig. 2 CERTS total pressure profile entropy, and the downstream running Riemann invariant are ex-
trapolated from the interior of the computational domain. The
pressure ratioP, /Py, is specified at midspan of the computa-

retained in the direction normal to the hub and shroud surfacé'@,”m exit, and the pressure values at all other radial locations are

and in the direction normal to the blade surfaces. To extend tABtained by integrating the equation for radial equilibrium. Peri-

equations of motion to turbulent flows, an eddy viscosity formdRdicity is enforced along the outer boundaries of the H-grids in

lation is used. The turbulent viscosity is calculated using the twihe circumferential direction. )

layer Baldwin—Lomax13] algebraic turbulence model. No-slip boundary.co.ndltlons are en.forced at the hub and tip end
The numerical algorithm used in the three-dimensional comp¥@lls, and along airfoil surfaces. It is assumed that the normal

tational procedure consists of a time-marching, implicit, finitederivative of the. pressure is zero at solid wall surfaces, and that

difference scheme. The procedure is third-order spatially accurifi¢ walls are adiabatic. i .

and second-order temporally accurate. The inviscid fluxes are dis-The flow variables at zonal boundaries are explicitly updated

cretized according to the scheme developed by Ra8. The after each time step by interpolating values from the adjacent grid.

viscous fluxes are calculated using standard central differences.

An approximate-factorization technique is used to compute ti@eometry and Grid

timg rate changes in the primary varigbles. In ad_dition, Nevvto_r_l The CERTS test turbine was a 0.767 scale rig modeling the first
subiterations are used at each global time step to increase stablli :

I\ . . .
and reduce linearization errors. For all cases investigated in tgl ge of a two-stage core turbine designed for a modern high

study, one Newton subiteration was performed at each time staf Egrism?élgtee%gemh%rl Cv?)rﬁeis(;evrjflgwirrll?ar?crtetngti?301% ?Itr\:;lsgpteo
Eg)r/tr:ra?%aélslém the numerical procedure can be found in D%f turbine and achieve a subsonic design with reasonable blade

The Navier—Stokes analysis uses O- and H-type zonal gridsq ight. The vane has a constant sectiontwisted, and was de-

. . - ” . ) —signed for a constant exit flow angle of 75 deg from axial. The
discretize the flow field and facilitate relative motion of the air: - : : )
foils. The O-grids are body-fitted to the surfaces of the airfoils angtor leading edge was designed to accept the vane exit flow with

generated using an elliptic equation solution procedure. They egéwer zero or small negative incidence. The rotor exit was de-

L0

BLADE HEIGHT FRACTION

used to resolve the viscous flow in the blade passages proper' ned for f_ree vortex flow. The design conditions for the turbine
shown in Table 1.

h ; -2
and to apply the algebraic turbulence model easily. AIQEbr"’"C‘P’Iﬁ‘yThe inlet radial temperature profile in the experiments was pro-

fgi]((eelr:jera’[ed H-grids are used to discretize the remainder of the ﬂa\ﬂvced using the CERTS inlet, which injected cool air through

|iH;umferential slots in the hub and tip endwalls upstream of the
ane(see Fig. 1 In addition to a total temperature profile, a total

ssure profile was generated using the CERTS (sést Fig. 2.

e ratio of the maximum total temperature to the average total
temperature was approximately 1.05, and the ratio of maximum-
to-minimum total temperature was approximately 1.20. The peak
Boundary Conditions Mach number in the turbine was in the high subsonic range, ap-

The theory of characteristics is used to determine the bound&¥pximately 0.92. _ .
conditions at the inlet and exit of the computational domain. At A totgl of four computations were perform_ed. In the first two
the inlet, the total pressure, total temperature, and the circumfgjmulations the baseline CERTS flow conditions were run with:
ential and radial flow angles are specified as a function of radi ) _the actu_al_tlp clearance, ard) the rotor scraping the outer
The upstream running Riemann invariant is extrapolated from tf@Sing(the limit as the tip clearance approaches zelrothe third
interior of the computational domain. and fourth simulations a discrete hot streak was added to the

For simulations containing inlet hot streaks, the flow variabledmulations and computations were again performed with the ac-

within the hot streak must be modified. Within the hot streak, t)—ﬁal tip clearance and the rotor scraping the outer catieg

inlet flow variables used to define the specified boundary con i9- 3.
tions can be written as

The code has been parallelized using the Message Passings
terface(MPI) library. In the current implementation, the solution
is decomposed by blade row, blade passage, or individual g
depending on the number of processors available.

Ups= U VThe/Toe  Ups=0oVThs/To Table 1 CERTS flow conditions
Whs=Woo\VThe/ T Pps=P. (1) Inlet total temperature 672.2 k
Inlet total pressure 3.103x 10° Pa
Aahs= AV Ths/Toe  Phs=Poo [ (Ths/To) Mass flow 6.130 kg/s
. _ . Specific work
whereT, is the temperature within the hot streak ahd is the Rgtaﬁonm speed 1'221%(%%%(%
temperature of the undisturbed inlet flow. The static and total Total pressure ratio 2.360

pressures within the hot streak are assumed to be equal to those-et
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Fig. 6 Computational grid in tip clearance region

of grid points used to discretize the turbine flow field for the cases
with the CERTS profile alone was approximately 1.27 million,
while the simulations with a superimposed hot streak utilized ap-
proximately 2.54 million grid points.

The computations were each run for 15 cycles using one subit-
eration per time step and 6000 time steps per cycle. Here, a cycle
The experimental configuration has 26 vane airfoils and 48 rs defined as the time it takes a rotor to travel a circumferential
tor airfoils. A three-dimensional computation of the flow throughiistance equal to one vane pitch. The computations were per-
the complete turbine configuration would be prohibitively experformed on eight 250-MHz processors of a Silicon Graphics Ori-
sive. To reduce the cost of the computation, the number of van§ia2000 computer located at NASA Ames Research Center. Each

in the first row was decreased to 24 and the size of the vane Wafmputation required approximately X805 s/grid point/

increased by a factor of 26/24 to maintain the same blockage. i{gration computation timé.e., each iteration takes approximately
the simulations with only the CERTS profile, a one-vane/twozg seconds wall clock time

rotor airfoil count ratio was used, while in the simulations with the

superimposed hot streak a two-vane/four-rotor ratio was used .

allow a more realistic configuration of one hot streak for ever&Elmerlcal Results

other vane passage. The Mach number at the inlet to the vane is approximately 0.14
Two views of the grids used to discretize the hot streak flo@nd the inlet flow is assumed to be axial. The rotor rotational

field are shown in Figs. 4 and ®very other grid point has beenspeed was 11,373 rpm. The free-stream Reynolds number was

removed for clarity. The O-grids each contain 121 points in thel97,000 based on the rotor axial chord. A pressure ratio of

wrap-around direction, 31 points in the surface-normal directioR4/P;=0.385 was calculated from the experimental data based

and 51 points in the radial direction. The H-grids for the vane arth the midspan inlet total pressure and the static pressure in the

rotor regions each contain 86 points in the axial direction, 3Dtor trailing edge plane.

points in the circumferential direction, and 51 points in the radial o e case—CERTS Only. Figures 7—9 show compari-

dlre(_:tlon. The H-gr_ld used to dl_scretlze _the putle_t region c_)f th§ons between the predicted and experimental time-averaged criti-
turbine stage contains 14 points in the axial direction, 41 points 11

the circumferential direction, and 51 points in the radial directio cal velocity ratio distributions, where the critical velocity ratio is

In the simulations in which the tip clearance region was di&Eflned as

cretized, the clearance O-grid contained 121 points in the wrap-

around direction, 17 points normal to the collapsed centerline, and

7 points in the radial directiotsee Fig. 6. The axial and circum- 150 T Frcdicted

ferential grid dimensions necessary to resolve convected wal o Expt

and hot streaks were determined using a two-dimensional ane -

sis. The average value gf", the nondimensional distance of the

first grid point above a surface, was approximately 1.5 for tr 1.004

airfoil surfaces and 3.0 for the endwall surfaces. The total numl:V/V'
cr

Fig. 4 Computational grid: spanwise view

Tip
0.504
0.00 T T T T T T T
~-0.50 0.50 1.50 2.50 3.50
Hub X(em)
Fig. 5 Computational grid: axial view Fig. 7 Critical velocity ratio at the hub of the vane: baseline
Journal of Turbomachinery OCTOBER 2000, Vol. 122 / 615

Downloaded 01 Jun 2010 to 171.66.16.63. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1.50 1.00 =

——Predicted =
o Expt
7 i
1.00 i
V/V, - '.
/ cr_ r |
0.50 ’:
0.50 ‘l
- - -Pred - 0.0% Clr |
e T—Pred - 1.2% Clr 1
o Expt-1.2% ClIr 12
A Expt - 0.4% Clr I
0.00 T T T T T T T + Design Intent _ 1
~0.50 0.50 1.50 2.50 3.50 = = j@
X(Cm) 0.00 T T T T T T T
0.0 12.0 24.0 36.0 48.0
B N | ay (deg)
Fig. 8 Critical velocity ratio at midspan of the vane: baseline

Fig. 10 Absolute circumferential flow angle distribution at the
exit of the stage: baseline

_ _ 2y —
VIV, =VI/ m RT, 2
distributions 2.5 chord lengths downstream of the rotor. There is

and the velocity is based on the isentropic Mach number. Thereg|§0d agreement from 40 to 80 percent span. In the outer endwall
generally good agreement between the predicted and experimeiglon the results from the case with 1.2 percent tip clearance case
results, with small differences evident near peak suction. The ;6w more loss than the case with 0.0 percent tip clearance, while
locity ratios were similar with and without rotor tip clearanceyhe giscrepancies between the predicted results and the data near
Therefore, only the results from the tip clearance case are shoy{k hyp are due to the larger secondary flows in the experiments.
_ Figure 10 contains the predicted and experimental radial pro-gigyre 12 contains the predicted and experimental total tem-
files of circumferentially averaged flow angle 2.5 chord lengthSerature distributions 2.5 chords downstream of the rotor. The
downstream of the rotor. Also included in Fig. 10 is the desigryredicted values from both simulations show close agreement
intent flow angle distribution. Both the predicted and experiment@ity the experimental data, although the case with tip clearance
results indicate underturning near midspan. A previous studyows better agreement with the data from the hub to 50 percent
traced the underturning to a large secondary flow region near @ﬁan and higher temperatures near the outer endwall.

hub endwall in the rotor passadeS]. In general, there is good " The experimentally determined time-averaged efficiency for
agreement between the predicted and experimental data fromg 1,rbine wasz=0.883, while the predicted value was

to 70 percent span. Near the hub endwall there are discrepancigs ggg for 0 percent tip clearance ane-0.875 with 1.2 percent

between the numerical and experimental angles. The differen¢gSciearance. The total-to-total efficiency, is defined as:
are due to the extent of the secondary flows in the rotor passage
being greater in the experiments than in the simulations. The re- (P /Py)? =10
duced secondary flows predicted by the analysis may result from n= T /Tu—1.0 @)
the optimistic tendencies of the Baldwin—Lomax turbulence
model in separated flow regions. The predicted results do notCases With CERTS and Hot Streak. Although the experi-
show the near-constant flow angles that were observed in the gxental study using the CERTS contained a radial temperature
periments from 70 percent span to the outer endwall.
Figure 11 shows the predicted and experimental total pressure

1.00
1.50 ——Predicted
o Expt
1.00 r
V/V 0.50+
cr
b - - -Pred - 0.0% Clir
——Pred - 1.2% Clr
o Expt - 1.2% CIr
0.504 -
0350 T 0390 I;_—0—: ' ' '
0.00 . . .430 0.470 0.510
—0.50 050  _ 150 250  3.50 Pt4/Poo
X(cm)
Fig. 11 Total pressure distribution at the exit of the stage:
Fig. 9 Critical velocity ratio at the tip of the vane: baseline baseline
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1.00 = 700.
660.
re T (I‘ ) Vane Wake and Hot Streak
T _ Vane Wakd
0.50 Vane Wake
620. 4
- - Pred - 0.0% Clr
——Pred - 1.2% ClIr
4 o Expt-1.2% ClIr -
[u]
© 580. T T T T T T T
o 0.00 0.12 t 0.24 0.36 0.48
0.00 T T T T T T T msec
500. 540. 588 . 620. 660. ( )
t4 I‘ ) Fig. 14 Temperature history at 42 percent span: clearance

Fig. 12 Total temperature distribution at the exit of the stage:

baseli . . -
aseiine fluid near the suction surface tip is leakage flow from the pressure

surface. Overall, the time-averaged rotor surface temperature is
profile, a discrete hot streak was added at the inlet to the turbiner\.'(gher in the case with tip clearance-610.2 K) compared to the
case without tip clearance<(607.5K).

represent a more realistic engine temperature distribution. ; AL Y . .
Figures 13 and 14 illustrate static temperature traces at the 4flgure 19 shows the radial distributions of Fhe cwcumferennally
eraged absolute total temperature at the inlet of the vane with

ercent span location on the rotor leading edge in the cases willfs 29 - h
gut and V\E)ith tip clearance, respectively. g']I'he g42 percent span nd W'th.OUt _the_ ho_t streak superimposed on the CERTS pf°f"'t3‘-
cation corresponds to the impact point of the hot streak in the ca e radial distributions of the total temperature at the vane exit

without tip clearance, but not for the case with tip clearance. Boflic . ShoWn in Fig. 20. Both simulations including tip clearance
figures confirm the periodicity of the solutioffaces at many exhibit a high-temperature region at approximately 15 _percent

spanwise locations also showed periodicifjhe two figures also span as compared to the cases without tip clearance. The cases

illustrate the temperature variations due to the vane wakes, as 'ﬁhstgf tﬁépvegrlpgiﬁdﬁﬁsﬁi S\;’Im S'SE:Zngfg:tfﬁetfggﬁg?

as the temperature rise associated with the superimposed or . : 1p Cle P

streak. corresponding to the peak temperature is s_hlfted apprOX|_rnater_5
Time-averaged static temperature contours on the pressure feeent ofihe span closer to the hub than in the case without Hp

. . . earance. In addition, high temperature regions cover a greater
face of the rotor for the cases with and without tip clearance a?[%rtion of the span, which is consistent with Figs. 15 and 16. At

shown in Figs. 15 and 16. The case with tip clearance shows m exit of the rotor(see Fig. 21 the cases with tip clearance
heating over the majority of the pressure surface. The case 9- p
splay elevated temperatures from 80 percent of the span to the

tip clearance also exhibits increased spreading of the hot flu ter endwall, indicating less work being extracted near the tip of
especially toward the rotor tip. This is expected because of leak- Lo g . g ext P
e rotor. Both simulations with the superimposed hot streaks

; : e elevated temperatures compared to the simulations without a
surface. Figures 17 _and 18 show the t|me-av_eraged tempera 8 streak. The ca?se with tip clgarance and the hot streak has
contours on the suction surface of the rotor. Similar to the resu 08 or total-tem eratures than the case with the hot streak and no
for the pressure surface, the case with tip clearance exhibit: vy P .
more concentrated region of high temperature, as well as a lar gﬁ_clearance from approximately 3’.0 to 70 percent .Of the span.
spread of the hot fluid. In addition, the case with tip clearance he absolute total pressure profiles at the vane inlet are shown

shows more hot fluid entrained in the tip flow. Some of the h(é'f' Fig. 22. The profiles are similar, which is expected because the
’ otal pressure distribution are specified boundary conditions at the

inlet. At the exit of the vane passaggee Fig. 23 the cases with

the hot streak generate greater losses from approximately 25 per-
MApeWake and cent of the span to 70 percent of the span. The total pressure
profiles at the rotor exit are shown in Fig. 24. The profiles in the
1 two cases with tip clearance are similar, while the cases without
tip clearance show lower total pressures from approximately 20 to

670. 80 percent of the span.
T (I') Figures 25 and 26 show radial profiles of the absolute circum-
ferential flow angle at the exits of the vane and rotor passages,

respectively. The vane exit flow angles are similar in all four
Vane Wake simulations from 10 to 75 percent of the span. Closer to the outer
casing the simulations with tip clearance show generally more
flow turning. At the rotor exit the more even temperature distri-
butions in the cases with tip clearance preserve the flow angle
deficit originally observed in the CERTS experiments, while in
the cases without tip clearance the flow angle deficit is reduced.

age of flow over the tip from the pressure surface to the sucti

710.

630.

590. T T T ) T )
0.00 0.12 0.24 0.36 0.48

t (msec) Conclusions
A series of four three-dimensional unsteady Navier—Stokes

Fig. 13 Temperature history at 42 percent span: no clearance simulations has been performed for the CERTS turbine to study
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m 670,000

Fig. 3 Computational grid and hot streak definition

w 670,000

I 540,000

Fig. 17 Time-averaged temperature—suction surface—no
clearance

- 670,000

lEldEI.CII}EI

Fig. 15 Time-averaged temperature—pressure surface—no
clearance

.E?I}.{IDD

I54D.{IDEI

Fig. 18 Time-averaged temperature—suction surface—

clearance

1.00
Fig. 16 Time-averaged temperature—pressure surface— r —HS
clearance 0.50q@ - -No HS

the effects of tip clearance on the migration characteristics -
combustor temperature distortions. Two baseline simulatio
(with and without tip clearangevere performed with the CERTS
profiles alone to allow comparisons with the available experime

tal data. In general, the predicted results showed reasonable ag0.00 T T T
ment with the experimental data. Next, two simulations were pe 500 560. 62
formed with a hot streak superimposed onto the CERTS profile ‘ Tt K)
The predicted results indicate that the inclusion of tip clearance

causes the hot fluid to spread out over a greater portion of tig. 19 Total temperature distribution at the inlet of the vane

T
680. 740.
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Fig. 20 Total temperature distribution at the exit of the vane
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Fig. 21 Total temperature distribution at the exit of the rotor
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Fig. 22 Total pressure distribution at the inlet of the vane
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Fig. 23 Total pressure distribution at the exit of the vane

1.050

1.00
"l —Hs-crr
0.504 - —HS - No ClIr
---No HS - CIr
— - No HS - No CIr
0.00 T T T
0.350 0.390 0.430 0.470
i o0

Fig. 24 Total pressure distribution at the exit of the rotor
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Fig. 25 Circumferential absolute flow angle distribution at the
exit of the vane
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1.00 vy = ratio of specific heats
n = total-to-total efficiency
p = density
() = time-averaged value
Subscripts
~ . - -HS-No CIr cr = critical value
r : \ ---NoHS - Clr hs = hot streak

— - No HS - No CIr

T Y Y
12.0 24.0 36.0

a (deg)

Fig. 26 Circumferential absolute flow angle distribution at the
exit of the rotor

rotor surface, and the average rotor surface temperature is in;
creased compared to the simulation without tip clearance. In bot

t = stagnation quantity
1 = vane inlet quantity

4 = exit duct quantity

» = free-stream quantity
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Unsteady Effects in Turbine Tip
Clearance Flows

United Technologies Research Center, The present st_udy is conce_rned with the unsteady flo_vv field on the blade outer air_ seal
East Hartiord. CT 0610é segments of high-work turbines; t_hese segments are installed bet_vveen the blade tip and
’ outer casing and are usually subjected to extreme heat loads. Time-resolved measure-
Joel H Wagner ments of the unsteady pressure on th(_a b_Iade outer air seal are made i_n a low-speed
E’ratt & Whitney turbine rig. The present measurements indicate the existence of a separation zone on the
East Hartford. T 0610é blad_g tip, which causes a vena contracta to form at the entrance of the tip gap. In
’ addition, a careful comparison between the ensemble-averaged pressure measurement
and the corresponding result from steady computation suggests that the pressure on the
blade outer air seal can largely be described as being due to a steady flow (in the rotating
frame) sweeping past a stationary probe. The ensemble deviation measurement indicates
that unsteadiness (from one revolution to the next) is confined to the tip gap.
[S0889-504X%00)02304-7

Anil Prasad

Introduction penalty in turbine performance. Although there exist several
. . . . methods to moderate this tip leakage, it is nevertheless important
Tip clearance flow in turbomachines has been studied exti understand the manner in which the flow evolves through the

sively by scores of investigators since the seminal work of Rai ; - )
[1]. Although Rains’ work dealt primarily with compressors, itb. ade tip clearance. The present study utilizes a low-speed turbine

demonstrated the intricate nature of tip clearance flow and the: the focus being on the time-resolved pressure signature mea-

evolution of the tip vortex. The dynamics of flow through turbine;snurt(?71 ?Ie?jn tEZtewceLgrYetﬂeSL;)rIEgee tcl)rf) tgﬁ db Itiieo%tlct:r!rg;izzalinwgkcghir:s
blade passages is further complicated by the existence of seco plications, this blade outer air seal surface is often film-cooled,

gyglﬁgfbmIfﬁerezlgtsgoénsz(ivgntg;?'nﬁavcgeaggocdﬁ?rf%??bgﬂt this particular aspect of the flow is beyond the scope of the
9 P 9 y I sent experimental investigation.

e o oo, Som e casentos s S oag it secondany moivato fo ivesigating (i aspect of te
Sieverding[2], and mgchanisms by which losses are generatedf%zv arises from the observation that in the engine installation, the

; ' : - blade outer air seal segments are particularly susceptible to heat
turbine passages are addressed by Binfliin It is generally ads, especially in the region beneath the blade tip. It is there-

5{;?3’3;23;2%;2 Cfggﬁ;ﬁg tfcl)otvr\]/ é?/iiirﬂ;es;li;eé%x?neﬂggv t\’\]fg}%re of interest to examine the detailed dynamics of the tip gap
9 y ! P Eow as the blade tip sweeps over the outer air seal. The rig

the limiting case of small tip clearance where viscous effects ...

. L . nditions are selected so as to nearly match the Reynolds number
min he entire ti region. The flow that leaks over . .

dominate the entire tip gap regio e flow that leaks ove t2§(}c3.43>< 10° based on blade chord and blade exit relative ve-

blade tip emerges from the tip clearance in the form of a wall jet; . X ; -
b g b J Gity at midspah with those present under actual engine condi-

this jet is then subjected to the pressure gradients present in . . .
blade passage and rolls up into a coherent vortical structure. RIS Although engine M_ach nymt_)ers_cannot be simulated n the
the purpose of this investigation is to extract characteristic

ﬁ/legg'rlz gfntdheTifllt%vr;/[tllfl]rog?g}z;lr?getrlpagr;gpg:(\ﬁlse] tfnedn g%c(juon;?%ted pc’ompressible flow structures that exist in a high-work turbine
while the effect of rotation on the tip gap flow was examined b9e°me“y-

Morphis and Bindor{6]. However, these investigations focused

on the tip gap flow measured in turbine cascade environmenBxperimental Details

The question then remains whether flow features determined from oo oo vovore betormad in the UTRC Large-Scale Ro-
cascade measurements are present in an actual turbine config%ir1 P P 9

. S : . t"f‘ﬁg Rig, which has been designated LSRR-2 in previous inves-
:It?en'tiw héTgalrsam:i r}}g\'lc %Sgida?:{ljgf tﬂiebisr?:tcvgg;ik'ulra:fi‘ocnlegr ;Ilw Igations. The rig bears strong similarities to an earlier large-scale
P 9 %tating rig used in the extensive turbine investigations of Joslyn

nificantly more complex due to the presence of upstream val g d ; o
; ) . d Dring[7]. Only certain relevant features specific to the new
wakes as well as the relative motion between the blade tip ag nfiguration are described here.

the endwall. .

. s ” A blower mounted downstream of the turbine stage drew atmo-
bir?—ehse ‘K;gff:tt \(,jvgrrnkalns dfsoﬁlési?r;ne;h?ngcsjwvdirt]h m?rﬁgvrorlzv\}g::ts_heric air through a bell-mouth inlet, followed by passage
weigHt ratios and fewer airfgils whigh has motiva?ed thF()e desi rough a series of turbulence manipulation screens and flow
of single-stage turbines that are capable of extracting la%ralghteners, over an axially positioned inlet cone and finally

e X ? . .
amounts of work per stage. High-work turbine designs, which rough the single-stage turbine model into a dump diffuser. The
more suitable as high-pressure turbines, are characterized by

afg),\\zv coefficient, determined from measurements made upstream
values of flow coefficient. The higher values of blade loadin he vane leading edge, was the primary factor used to set flow
present in high-work turbines results in an intensified tip clearangg

nditions in the rig. This ensured that airfoil incidence angles
vortex. It then follows that there is an urgent need to moderate t ere always at their design values and independent of the ambient
flow that leaks over the blade tip in order to offset the incurre

emperature and pressure. In the present study, axial distagces
re measured from the blade tip leading edge and normalized by

_ ) i ) the blade tip axial chordy, . The vane trailing edge is located at
Contributed by the International Gas Turbine Institute and presented at the 4%;13 -_-0.93
X .93.

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gér- . .
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Insti- The turbine vanes, blades and blade outer air seal segments

tute February 2000. Paper No. 2000-GT-444. Review Chair: D. Ballal. were constructed from molded plastic. The molded plastic con-
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struction permits a change of turbine geometry in a turnaroumdt seal. Phase-locked data acquisition, performed by a high-speed
time that is significantly less than that required to replace manalog-to-digital board, was triggered by an optical pickup. The
chined metal blading. The plastic airfoils also possess the advamessure transducer signal was high-pass filtered at 10 Hz to re-
tage of being light and easy to instrument extensively. In additiomove the mean component of pressure and any low-frequency
owing to a simple method of vane and blade installation, the aftew unsteadiness that was present in the rig. An anti-aliasing
foil counts can be easily altered. The nominal value of blade tlpw-pass filter with a cutoff frequency of 25 kHz was used since
clearance was about 0.75 percent of blade span and is comparalalia acquisition was conducted at 50 kHz. Typically 100 en-
to that found in typical engine configurations. sembles were recorded; this was deemed more than adequate,
The vanes, blades, and blade outer air seal segments weresinee little difference was found between the ensemble averages
strumented extensively. The installed instrumentation consistedatftained from 50 and 100 ensembles.
“steady” and “unsteady” instrumentation to measure respec-
tively the time-averaged and instantaneous flow quantities. TAérfoil Pressure Distributions
steady ir_wstr_umentation was com_prised of wall static pressure port§y4) static pressure ports were installed on the vanes and
on the airfoils and blade outer air seal segments. Pressure port$pijes to measure steady-state airfoil distributions at the following
the vanes and blades were used to measure airfoil pressure digiflyise locations: 2, 12.5, 25, 50, 75, 87.5, and 98 percent of the
butions at seven different spanwise locations. The unsteady instfgoi| span. Each spanwise set of pressure ports was distributed
mentation was installed only on the curved surface of the bladGer two or more airfoils; these instrumented airfoils, no two of
outer air seal segments and consists of high-response presgiieh were adjacent, were distributed around the airfoil-pack. Ex-
transducers. The measurement of quantities using this unsmggyimental vane pressure distributions are presented in Fig. 2 for
instrumentation was phase-locked with the rotor and the data @gjected spanwise locations; the corresponding computational data

quired are subsequently ensemble processed in order to facilitgfg 450 shown. The coefficient of pressure used for the vane
comparison with steady computational results generated usingy@ssure distributions is defined as

flow solver described by Ni8] and Davis et al[9]. The flow
solver utilizes a Lax-Wendroff/multiple-grid procedure to com- P+ abdvn— P
pute the solution of the Reynolds-averaged Navier—Stokes equa- Cpv= 102
tions. The algorithm has second-order spatial accuracy and uses a 2P
central difference approach for the spatial derivatives witivhereC, is the midspan axial velocity at the inlet to the turbine
second- and fourth-order smoothing for stability. The no-slip comodel.

dition was implemented at the adiabatic solid boundaries and theThe quantity Pt adye iS the annulus-averaged absolute inlet
nonreflecting conditions of Gilggs0] were imposed at the down- total pressure; eight Kiel probes distributed uniformly around the
stream end of the domain. The code has been extensively valimulus and located three vane chords upstream of the vane lead-
dated as demonstrated in the work of Ni and Bog¢t], Ni and  ing edge provided the total pressure at the inlet to the turbine. The
Sharma[12] and Davis et al[13]. In the present case, the entiremeasured pressure data from various vane airfoils situated around
tip region was gridded and turbulence closure was achieved usig annulus suggest a consistent vane-to-vane flow that is reason-
the Baldwin—Lomax 14] model.

The high-response pressure transducers were calibrated subse-
quent to installation in the blade outer air seal segments with
particular care being exercised to ensure that a frequency response 20
of at least 9 kHz(about 15 times blade-passing frequenaas
attained. Five axial locations were selected, shown in Fig. 1, at
which these high-response sensors were situated relative to the
blade tip footprint. The blade tip footprint refers to the area swept .
by the blade tip in its motion over the surface of the blade outer 07

: @

—
(=)

0229 ==cen--

0284 =-e--mcaccmceccnoncas-

1.239

-05 0 0.5 1 1.5 2 v
Normalized axial distance 0 20 40 60 80 100
percent axial chord

Fig. 1 Location of the high-response instrumentation. Of the

five transducers installed on the blade outer air seal, three are Fig. 2 Typical airfoil pressure distributions on the vane. The
located within the blade tip footprint and one each is installed ordinate is the pressure coefficient defined in Eq. (1) and the
upstream and downstream of the blade. All distances are mea- spanwise locations of the distributions are indicated. The solid
sured from the blade tip leading edge and normalized by blade line is the pressure distribution determined from the computa-
chord at the tip. tional solution.
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with the corresponding computational result, and eventually inter-
rogate the entire computational flow field in a manner that pre-
cludes experimental measurement.

High Response Pressure Measurements on the Blade
Outer Air Seal

As discussed above, the fluctuating component of the wall static
pressure was measured at five axial locations on the blade outer
air seal as shown in Fig. 1, three of which lie beneath the blade
tip. The three measurements within the blade tip footprint are
compared to results available from the steady computation; the
measurements upstream and downstream of the blade tip are in-
cluded for completeness and do not display any specific charac-
teristics representative of the tip leakage flow. Use is made of the
unsteady pressure coefficient,

pre— ®
ipC;

whereP is the time-averaged value of pressure at the axial loca-
tion under consideration. Recall that the action of high-pass filter-
ing during data acquisition directly results in a measurement of

the fluctuating pressurd®— P). The pressure time traces are ana-

0 e 1 lyzed in terms of the conventional phase-locked ensemble average
0 20 20 60 20 100 and the root-mean-square deviation of the ensembles from the
percent axial chord average. L
In Fig. 4, the variation of the unsteady pressure xél,

Fig. 3 Typical airfoil distributions on the blade. The ordinate is =—0.284 upstream of the blade leading edge clearly displays po-
the pressure coefficient defined in Eq.  (2) and the spanwise  tential pressure fluctuations which are present at the blade-passing
locations of the distributions are indicated. The solid line is the frequency, denotedy. Figures 5 and 6 depict typical phase-
computational pressure distribution. locked ensemble-averaged time variations of the pressure at

x/b,=0.229 andx/b,=0.482; both time traces display a period-

icity that corresponds to the blade-passing frequency. A certain

degree of blade-to-blade variation is evident in the time trace in
ably axisymmetric in the turbine model. The slight mismatch bd=ig. 6. It should be noted that the blade-to-blade variations in the
tween the experiment and the computation on the vane suctiaces can be ascribed to rotor blade driven unsteadiness of the
surface is due to a small discrepancy in the vane stagger angle/@he wake position, and also to blade tip clearance variations,
the molded vanes in comparison with the design value used in tBich ranged between 0.7 and 1.0 percent of the blade span. In
computation. The stagger angle was such that the vane thrbig. 7, the time variation ax/b,=0.720 demonstrates a strong
areas were slightly larger than the design intent and is consist@eriodicity as well, but the blade-to-blade variations are more ap-
with the observed variation of the vane pressure distributions earent and the time trace appears to be more complicated than that
tween spanwise locations. shown in Fig. 6; this is attributed to further development of the tip

The measured blade pressure distributions, shown in Fig. 3le@kage flow. The increase in amplitude of fluctuatiop bfs also

three different spanwise locations, are found to compare well with be visible for the locations within the blade tip footprint. The
the corresponding superposed results from the computation. flictuating pressure at'b,=1.239 downstream of the blade trail-

this case, the coefficient of pressure is defined as ing edge, shown in Fig. 8, is comprised of what appears to be
Prrelo—P
pB— 1 2 (2) 2, T T T T
2pCx

wherePr |y is the circumferentially pitch-averaged value of the
relative total pressure, deduced from traverse measurements in the
vane exit plane located atb,= —0.455. It should be noted that
the relative total pressure is clearly a function of radius and this
variation was accounted for in the calculation of the pressure co-  +
efficient. The pressure coefficien®,, and C,g are consistent
since they are both based on an upstream total pressure measured
in the reference frame of the relevant airfoil row.

The measured vane and blade pressure distributions were found =
to be very repeatable. This implies that the method of setting the
rig conditions(by monitoring the flow coefficientwas sufficient
to ensure that airfoil loadings were consistent between experimen- _
tal runs. Moreover, the favorable correspondence between the £t
steady-state experimental airfoil pressure distributions and those ?
predicted by computation indicates that the experimental measuggy. 4 Time variation of unsteady pressure at  x/b,=—0.284
ments are similar to that specified in the design. One may thgpstream of the blade tip leading edge. The ordinate is defined
compare certain experimentally measured features of the flawEg. (3).
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Fig. 5 Time variation of unsteady pressure at
within the blade tip footprint. The ordinate is defined in Eqg.

xIb,=0.229

@)

~
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fat

Fig. 8 Time variation of unsteady pressure at x/b,=1.239
downstream of the blade tip trailing edge. The ordinate is de-
fined in Eq. (3).

random noise superposed on an oscillation at the blade-passitder to evaluate this suggestion, the experimentally measured
frequency, suggesting that turbulence present in the blade wak@se traces are carefully compared with those extracted from the

is perceptible on the blade outer air seal.

computational solution.

In summary, the high-response measurements demonstrate that
the measured static pressure signature on the blade outer air §amparison of Steady Computational Results to High
(in a stationary reference frameisplays a predominant frequencyResponse Measurements
of oscillation equal to the blade passing frequency. This suggests __. . .
that the observed unsteadiness may be purely the result of a steadyl /M€ traces” are generated from the steady computational

flow moving at this frequency past a stationary transducer.

o0
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—11]

Fig. 6 Time variation of unsteady pressure at
within the blade tip footprint. The ordinate is defined in Eq.
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Fig. 7 Time variation of unsteady pressure at
within the blade tip footprint. The ordinate is defined in Eq.
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x/b,=0.720

3).

golution by transforming the circumferential variation of pressure
across the blade passage to a temporal one by using the product of
the rotor angular speed and radius of curvature of the blade outer
seal surface; the resulting computational pressure signature is
time-shifted so as to be superimposed on the experimental mea-
surement. The usefulness of comparing the details of the
ensemble-averaged pressure measurement with the steady compu-
tation in a direct manner is twofold:

1 It is crucial in identifying not only specific flow features but
also their location and extent relative to the blade tip, since the
location of the latter is known more precisely from the computa-
tion than from the measurement.

2 To provide an indication of the level of unsteadiness in the
tip clearance flow.

In order to make a meaningful comparison with computational
results, measured signatures were selected from a blade for which
the tip clearance is most similar to the nominal valg&5 percent
of blade spahused in the computation. In Figs. 9, 10, and 11,
comparison is made between the ensemble-averaged measurement
and the computational result at the three axial locations within the
blade tip footprint, shown in Fig. 1. In each of these figures, the
extent and location of the blade tip relative to the time trace are
indicated by vertical lines; the vertical line to the left coincides
with the blade tip suction surface and that to the right coincides
with the pressure surface. Furthermore, the lower panes in the
figures show the corresponding time variation of the ensemble
root-mean-square deviation.

The figures indicate that the general features of the ensemble-
averaged time trace compare well with those from steady compu-
tation. The agreement between the experiment and the steady
computational result with regard to the amplitude of ensemble-
averaged pressure fluctuations and in the overall features of the
pressure variation strongly suggests that the flow in the tip region
as discerned by a static pressure transducer on the blade outer air
seal can largely be described as a steady flow in the reference
frame of the rotor. Furthermore, the variation of the ensemble
deviation(displayed in the lower panes of the figurésfound to
be close to zero except for regions beneath the blade tip. This
implies that the flow within the blade passage does not change
significantly from one revolution to the next, and lends support for
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Fig. 9 Pressure signature at x/b,=0.229. In the upper pane, Fig. 11 Pressure signature at x/b,=0.720. In the upper pane,

the computational result is shown as the broken line and the the computational result is shown as the broken line and the

ensemble-averaged measurement is shown as the solid line. ensemble-averaged measurement is shown as the solid line.
The lower pane depicts the corresponding variation of the en- The lower pane depicts the corresponding variation of the en-

semble deviation. The blade tip lies between the two vertical semble deviation to the same scale as the upper pane. The
lines indicated. blade tip lies between the two vertical lines indicated.

the suggestion that the flow is virtually steady in the rotatingf the blade tip, and that the flow leaves the tip gap in an almost
reference frame, with the unsteadiness for the most part beiagal direction. The streamline pattern in a plane perpendicular to
confined to the vicinity of the tip gap. the blade tip near the pressure side colseown in Fig. 18)) is

The general features of the experimental time trace agree wethployed to visualize the flow in the tip gap. It is clearly seen that
with those determined from computation and an attempt is ndww separation occurs at the edge of the pressure surface with
made to extract physical features of the tip clearance flow from ésibsequent reattachment on the blade tip surface. The ensuing
pressure signature on the blade outer air seal. Contours of sta@paration bubble results invana contractaat the inlet to the tip
pressure on the blade outer air seal from the computation g@p and is responsible for the region of low static pressure near
shown in Fig. 12, and include the locations of two adjacent bladiee blade tip pressure surface seen in Fig. 12. Figufb)l8so
tips. The presence of the tip vortex imparts a region of low prefxdicates that the separation bubllebtained from the steady
sure on the blade outer air seal near the suction surface of tiemputational solutionoccupies about 20 percent of the radial tip
airfoil, by virtue not only of the low pressure that exists at the core
of a vortex but also because of the streamline curvature that is
induced between the vortex and the endwall. Upon careful scru-

tiny, a region of lower static pressure is observed near the pressure ' i 15
surface of the blade tigdistinguished by the concentration of verna confracta
contours therg which is suggestive of gena contractan the tip
gap. In order to display more clearly the extent of thha con-
tracta, streamline patterns are extracted from the computational
solution. The streamline pattern on a plane parallel to the blade tip 30
surface and slightly removed from it is shown in Fig(d3 It is
observed that a reattachment line forms near the pressure surface
lip vortex
25
20
3 Y\ | 15
035 0.4 0‘:15 OfS 0.55 i
2 0 0.5 ; adlz Ilnlr.‘i‘r 2
' " A ' ' fraction of blade tip ¢
prms '
c”/\— D S _——

03 04 &45 03 055 Fig. 12 Static pressure coefficient on the surface of the blade
outer air seal. The static pressure coefficient is defined with
Fig. 10 Pressure signature at x/b,=0.482. In the upper pane, respect to the turbine inlet total pressure and normalized by the
the computational result is shown as the broken line and the turbine inlet dynamic pressure so that regions indicated by red
ensemble-averaged measurement is shown as the solid line. contour levels correspond to low static pressure and those in-
The lower pane depicts the corresponding variation of the en- dicated by blue to higher static pressure. The high-response
semble deviation to the same scale as the upper pane. The pressure transducers are located at the axial stations indicated
blade tip lies between the two vertical lines indicated. by the broken lines.
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reasonably well by the computation. However, the minimum un-
(a) steady pressure due to thiena contractaand its location relative
to the blade tip displays differences between the measurement and
computation. The intensity of the experimentana contracta
minimum pressure is larger than that predicted from computation,
and may be indicative of an unsteady effect. Kh&b| has shown
that leading edge separation bubbles on compressor blades also
demonstrate unsteadiness induced by the external forcing of up-
stream vane wakes which causes the bubble to appear larger than
its time-averaged value. Furthermore, the measured location at
which thevena contractaminimum pressure occurs seems to be
im:-r;’:ggggglfaﬂe further within the tip gap regi_on than_ that predicted by the com-
putation. The experimental minimum is found to occur at about 30
percent of the blade tip thickness at this location. It should be
pointed out that the region of nearly constant pressure to the left
of this minimum is believed to be due to the shear layer that forms
in the tip gap downstream of theena contracta
Sjolander and Ca@5] and Moore and Tiltor{4] have made
detailed measurements on the endwall in turbine cascade environ-
ments; Sjolander and Cao also present flow visualization on the
blade tip surface. Both of these investigations clearly show the
existence of avena contractadue to local separation at the pres-
sure surface corner. Moreover, it can be inferred from their mea-
(b) surements that the location of this minimum occurs at about
25-33 percent of the local blade tip thickness, which is in reason-
§ able agreement with the present measurements.
C ] In summary, it can be stated that the main features of the tip
0s / clearance flow are discerned on the blade outer air seal pressure
’ / signature. Furthermore, the present work indicates that earlier
measurements in cascade environments bear strong similarities to
that found in a low-speed rotating rig turbine configuration. At
higher Mach numbers, one would expect the static pressure field
associated with the vane to have a stronger influence on the pres-
sure sensed on the blade outer air seal surface.

fraction of radial gap

r\

Conclusions

Time-resolved measurements on the blade outer air seal are
found to capture the presence of the main flow features that exist
in the tip region; the signature of the tip clearance vortex as well

1
fraction of radial gap

Fig. 13 The streamline pattern determined from the computa-
tional solution. (&) Streamline pattern on a plane that is parallel

to the blade tip surface and a small distance away from it. The that of a separation zone that forms on the blade tip near its
location of an axially aligned intersection place is indicated, at pressure surface are clearly visible as local minima in the pressure
which the flow in the tip gap is examined.  (b) Streamline pat-  signature. This separation bubble results ireaa contractat the

tern in the plane, showing clearly the existence of a separation inlet to the tip gap; its existence is confirmed by examination of
bubble near the edge between the pressure surface and the the steady computational flow field on the blade outer air seal.
blade tip. Careful comparison of phase-locked ensemble-averaged static

pressure measurements with these steady computational results
demonstrates that much of the flow is largely steady in the rotat-
ing frame of reference at the low Mach numbers considered here

clearance, which implies that variations in the size of this bubbf?d that the bulk of unsteadiness is confined to the tip gap. These

may affect the instantaneous pressure measured on the blade difi§f Structures, determined in the present study using a low-speed

air seal surface. turbine rig, are found to compare well with those determined by
The contour plot in Fig. 12, when used in conjunction wittgarlier investigators in turbine cascade environments.

computational time traces, indicates that the minimum pressure

beneath the blade tip is due to thena contractafurthermore, the  Acknowledgments
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Numerical and Experimental
Investigation of Unsteady Flow
Interaction in a Low-Pressure
Multistage Turbine

This paper presents results of unsteady viscous flow calculations and corresponding cold
Klaus Heinig flow experiments of a three-stage low-pressure turbine. The investigation emphasizes the

study of unsteady flow interaction. A time-accurate Reynolds-averaged Natages
solver is applied for the computations. Turbulence is modeled using the Spalanaras

Wolfgang Hohn

email: wolfgang.hoehn@muc.mtu.de

MTU Motoren- und Turbinen-Union, one-equation turbulence model and the influence of modern transition models on the
. Munchen G"_]b,H' unsteady flow predictions is investigated. The integration of the governing equations in
Department of Acoustics and Aeroelasticity, time is performed with a four-stage Rumd€utta scheme, which is accelerated by a
Dachauer Srafie 665, two-grid method in the viscous boundary layer around the blades. At the inlet and outlet,
D-80995 Munchen, Germany nonreflecting boundary conditions are used. The quasi-three-dimensional calculations are

conducted on a stream surface around midspan, allowing a varying stream tube thickness.
In order to study the unsteady flow interaction, a three-stage low-pressure turbine rig of

a modern commercial jet engine is built up. In addition to the design point, the Reynolds
number, the wheel speed, and the pressure ratio are also varied in the tests. The numeri-
cal method is able to capture important unsteady effects found in the experiments, i.e.,
unsteady transition as well as the blade row interaction. In particular, the flow field with
respect to time-averaged and unsteady quantities such as surface pressure, entropy, and
skin friction is compared with the experiments conducted in the cold air flow test rig.
[S0889-504%00)02004-3

Introduction state initial solution for the time-accurate computation of the un-
Many research activities are presently being conducted in t| feady Reynolds-average_d_ Navier—Stokes_equations. Moreover,
field of unsteady blade row interaction in axial turbomachine € turbulence and transmon model are discussed. Finally, the
Tesults of the steady-state, time-averaged unsteady and unsteady
e.g.,[l—_4]. . . . calculations are compared with experiments conducted in a low-
th;he aim of_th|s paper Is to present a computatlon_gl me{bod Pressure turbine cold flow turbine test rig.
quantitatively predicts important unsteady transition effects in

a three-stage low-pressure turbine. The Abu-Ghannam/$8aw e L
model is used to predict the onset of transition. It is one of th(é‘lassmcatlon of Effects
most widely used models in both external and internal flow simu- An attempt is made to classify the effects in multistage turbo-
lations[7]. A modification of the Abu-Ghannam/Shaw model conmachines that are due to the wake generated by an upstream blade
ducted by Dreld8] has been implemented into the Navier—Stoke®W, i.€., a stator, according to different mechanisms working on
solver [9]. Other approaches found in the literature use eith&p€ next stator blade row.
algebraic turbulence models in conjunction with the intermittency Wake-Generating Blade Row. The flow leaving a stator
approach[10] or two-equation models, especially the lowade row consists of wakes that extend downstream of each in-
Reynolds-numbek—& models[11]. Eulitz and Engel[5] and gjyidual blade profile. The shape of these wakes differs depending
Ekaterinarig 12| demonstrated for turbomachinery and airfoil appn whether the vorticity in the wake is continuously or discontinu-
plications that the one-equation turbulence model of Spalart aggsly distributed. A discontinuous distribution of vorticity may be
Allmaras[13] is a good compromise between turbulent predictiogelf-induced(vortex sheddingor caused by external effects such
qualities and computational costs. as pressure disturbances; see Dorney and Sofidgk In both

The present work is conducted within the German Engine-3ases, there is interaction between the wake and the downstream
turbine technology prografd4]. The final goal of this project is blade rows, although in a different manner, and therefore the dis-
to understand the underlying mechanisms of turbine stator clod{pation process linked to the shear stress takes a different course.
ing, which denotes the interaction of an upstream stator wake with
the next stator, which has the same blade count. Although sev:
studies on turbine clocking have been presepiédl6, the phe-
nomenon is not fully understood yet.

This paper presents a classification of unsteady blade row
teraction effects followed by the description of the experimenté{

setup. Thereatter, the computational method used for steady City disturbances, velocity gradient disturbances, or vorticity

unsteady computations is explained. The latter needs a stea N urbances at the edge of the boundary layer; see Valkov and
Tan [18] and Platzer and Tuncgd9], which in turn affect the

Contributed by the International Gas Turbine Institute and presented at the 4. ; ; i ;
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, G?HgseS in the Iamlnar, transition, and turbulent regions of the

Ir- . . .-
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Ins%ounda':y layer during convection. The equidistant arrangement of
tute February 2000. Paper No. 2000-GT-437. Review Chair: D. Ballal. profiles in the wake-generating blade row leads to a periodic wake

raf ransformation Blade Row. The first downstream rotor

ebf’}a\de row intercepts the continuously shaped wake from the up-
stream stator as a result of its relative movement and deforms, i.e.,
m\(ists, upsets, and stretches, the segments of the distributed wake

Prticity. During interception, the wake comes into direct contact

ith the boundary layer of the rotor blade row. This causes ve-
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at the transformation blade row whose vorticity, as a result, is mmensional nonreflecting boundary conditions are apdlg.
longer continuously distributed. Simultaneously, the interceptidfor the unsteady computations nonreflecting boundary conditions
process produces a double vortex, see Fig. 1, which will interamtcording to Acton and CargilR5] are used. At the rotor—stator
with all downstream blade rows. interface the sheared cell techniq®8] is employed for the un-
steady computations, whereas the circumferentially averaged

Interaction Blade Row. The inflow conditions of the inter- o\ 4 teristic variables are exchanged at the steady rotor—stator
action blade row, i.e., a stator, are the discontinuously sha e rface

wakes and the double vortex with boundary layer material from The multiblock solver is parallelized based on domain compo-

_the Wake-g_eneratlng blade row, which convects between two asﬂiﬁon and message passing using communication routines of the
jacent continuous transformation bla@etor) wakes.

MPI library. In order to achieve good parallel performance

; and efficiency, explicit or block local solution strategies are

Experimental Setup implemented 27].
The investigations are performed on a three-stage cold-air LPT. . )

rig with various operating conditions and geometry; see Heisler Turbulence and Transition Modeling. In order to close the

[20]. All three stators carry the same number of vanes, which ciygynolds-averaged equations, the Boussinesq hypothesis is used

be precisely adjusted circumferentially; see Fig. 2. In addition g8 together with the Spalart and Allmaras one equation turbu-

the Reynolds number, the speed and the pressure ratio can'@jg® mode[13]. _ )
varied. Transition onset is determined from a correlation as proposed

by Drela [8] for his viscous/inviscid interaction code MISES,

Instrumentation and Measurements. The test rig is instru- which is a modification of the well-known Abu-Ghanam/SH#&4
mented in order to study the physics of stator clocking. The totatiterion. In the laminar part of the boundary layer the transport
isentropic efficiency is determined by measurements of the massgjuation of the one equation turbulence model is solved without
weighted representative total pressure and total temperature atttieulent production. When the Drela correlation signals the start
turbine inlet and outlet, where mixing losses are not taken intsf transition, the production term is switched on.
account. Since the inflow conditions to the downstream stator of i . i
each clocking pair vary for the circumferential positions, compre- €onfiguration and Computational Mesh. A low-pressure
hensive unsteady instrumentation is provided at midspan. TH@del turbine with three stages, as shown in Fig. 3, is considered
leading edges are fitted with unsteady total pressure transduc@& this study. A blade count ratio of 1 has been assumed in order
the positions near the transition region with unsteady static prd8-imit the computational costs. The rotor blades were geometri-
sure transducers, and the suction sides of the profiles with surf&@dy scaled to a blade number of 70, i.e., the number of stator
mounted hot-film sensors. Static pressure holes are used to mgdes, in order to keep loading of the blades the same as in the

sure the time-averaged pressure on the stator blades at midspdiiscaled case. Moreover, the axial gaps between the blades in the
calculations are kept the same as in the experiments. The Mach

Computational Method number at the entry of the turbine is 0.45 and the total pressure

ratio is approximately 3. The Reynolds number based on the exit

The unsteady flow equations, i.e., the Reynolds-averaged, COify, and the chord length of the first vane is 90,000. For the
pressible Navier—Stokes equations, are solved along the thregy, jent calculation using the transition model, the turbulence
dimensional stream-tube with varying radial thickness and radi el is 1.5 percent at the inlet of the computational mesh. The
[5]. The convective fluxes are discretized using Roe’s Upwing, o tational mesh consists of O-blocks around the airfoils and
scheme{21] in combination with van Leer's MUSCL approachy,ree H_piocks in the blade passage with a total of 18,000 mesh
[22] to obtain second-order accuracy in space. The viscous ter Is for each blade passage. The values of the first mesh
are discretized with central differences. At the solid blade wall t ints off the surface are below 1.5 in order to resolve the turbu-
no-slip condition is applied. At the streamtube boundaries towajg¢ boundary layer accurately and 15 to 20 mesh points are in the
the tip and the hub, the kinematic boundary condition is applie oundary layer in the aft section of the blades.

The steady-state equations are marched in time using an implicit
schemd9]. The unsteady flow equations are solved using a four- Steady-State Calculation. The steady-state multistage calcu-
stage Runge—Kutta scheme in combination with He’s time acclation is initialized by linear interpolation of the calculated flow
rate two-grid methol23]. For the steady-state solution at the inleangle and Mach number and pressure for each blade by the values
and outlet boundaries of the computational domain, quasi-threbtained from the S1-S2 design procedure used at MTU. The

Reynolds-averaged Navier—Stokes equations are marched in time

by a fully implicit time integration schemf9]. For the fully tur-

bulent calculations approximately 10,000 time steps are needed to
- achieve full convergence using a CFL number of 80. For the
calculations using the transition correlation, the first 1000 time
steps are used to develop the turbulent boundary layer and then
approximately 10,000 time steps are required to achieve a con-
verged steady-state solution. At the stator—rotor interface,
passage-averaged flow quantities are exchanged and the wakes are
mixed out at the blade row boundaries. The steady-state calcula-
tion is used as initial solution for the unsteady time accurate
calculations.

CIRCUMFERENTIALLY ADJUSTABLE

Time-Accurate Calculation. When starting the unsteady cal-

Fig. 2 Experimental setup Fig. 3 Computational mesh
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culation with the steady-state result as initial solution, a time- ‘ ‘ ‘

periodic solution does not evolve until all wakes are convected — 2‘;:3:@3:: fransition madel on
through the computational domain. Using the two-grid method, O experiments Y

the time step can be set to CFL number of 7.0 in the O-grid, where

the smallest cells are found in the viscous boundary layer. Eigh-

teen blade passing periods are computed to obtain a periodic un-
steady flow field.

Results o

Steady-State Results. In order to study the basic perfor-
mance of the transition model, steady-state calculations are per-
formed for the third stator alone. The boundary conditions for the
numerical computations are taken from the S1-S2 design method
used at MTU.

Figure 4 shows the surface pressure distribution at midspan
normalized with the total inlet pressure. Good agreement between
the time-averaged unsteady measurements and the steady calcula- ’ MMG
tion is found in general. Close to the trailing edge on the suction
side of the blade, the laminar flow separates, transition occurs, aRig. 5 Time-averaged surface pressure distribution, Stator 3
the turbulent flow reattaches. The numerical predictions including
the transition model show excellent agreement with the experi-
ments. The transition model correctly predicts the transition of the
laminar separated flow to turbulent flow, which can be seen in the
surface pressure distribution close to the trailing edge.

Time-Averaged Unsteady Results. Figures 5, 6, and 7 show
the time-averaged surface pressure distribution for the experi-
ments and the computations conducted using the fully turbulent
Navier—Stokes equations and the simulation incorporating the
transition model for the stators of the low pressure rig at midspan.
In general, good agreement with the experiments is found, which
confirms the applicability of the quasi-three-dimensional method
toward the investigated problem. The steady-state results shown
in Fig. 4 give better agreement with the experiments because the
computations are performed for the third stator alone with the

specified boundary conditions according to the experiments before | —— computations, transition Rodel on
and after the blade. It cannot be expected that the computations n:‘:{,"e‘i.“;“e'ﬁ?i iy urdent

for the full rig at midspan, where the boundary conditions are

specified according to the experiment in front of the first stator 0 oz o1 o5 o8 1
and after the last rotor, give the same accuracy for the numerical MMG

predictions. The fully turbulent calculations show no separation,

on the suction side of the blade for either stator one or stator thregld
On the other hand, the calculations considering transition give

separation for stator one and three at these points. This is indi-
cated by the pressure distribution obtained in the calculation with 7 T
the transition model close to the trailing edge of stator 1 on the '\f@ -

.6 Time-averaged surface pressure distribution, Stator 2

L

suction side. However, the pressure distribution of stator 3 does
not indicate a separation in the calculations with the transition

o
a '
aeig
9 -
\?/ o 5 kﬁ ——— computations, transitibh model on
eiee- computations, transitioh model on T compgtatvons, fully turbulent
---- computations, fully turbulent O experiments
I experiments ) . ) .
0 02 04 o6 o8 1 0 0.2 04 0.6 0.8 1
MMG MMG
Fig. 4 Steady-state surface pressure distribution, Stator 3 Fig. 7 Time-averaged surface pressure distribution, Stator 3
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Fig. 10 Entropy, t=T/2, fully turbulent

stance is obvious in Figs. 8—11, which show the instantaneous
flow fields for the entropy of the whole configuration under inves-

tigation for the fully turbulent calculation. Comparing these fig-

ures at the same entropy contour levels with the calculations using
the transition model at the exit of stator 1, i.e., Figs. 12—15, shows
the different vortex structure of the upstream stator wake leaving
Fig. 1 Transformation blade row the rotor 1. These wakes are interacting then with stator 2 and its
boundary layer. Consequently, the interaction of the wakes of sta-

e

model as shown in Fig. 4 for the steady calculations. This is
probably due to a flat separation bubble in the numerical pred g
tion and will be investigated in future studies. It is expected th
transition from laminar to turbulent flow in the separated regia
will have a considerable influence on the profile loss as well as tjEE
overall efficiency predicted by the numerical method. In the oth
regions, good agreement is found between the fully turbulent c
culations and the computations with the transition model. T/
higher back pressure close to the trailing edge at stator 3 in (s

numerical results has to be investigated in future studies. T
newest results show better agreement between the experiments
and the numerical predictions for the suction side of stator one

and the pressure side of stator two by improving the streamsurface
obtained by the S2 procedure, which is used for the quasi-threg
dimensional computations.

Fig. 11 Entropy, t=3T/4, fully turbulent

Unsteady Results. On the rearward suction-side as well as
the forward pressure side of rotor 1, the boundary layer shows
clear tendency to transition induced by flow separation in the c{
culations using the transition model. However, the fully turbule
calculation does not predict the separation on the suction side
this blade. Due to the interaction of the boundary layer and t
wake of the upstream stator, the vortex leaving the rotor ha
different shape in the two different calculations. This circum- Fig. 12 Entropy, t=t,, transition model on

Fig. 8 Entropy, t=tg, fully turbulent Fig. 13 Entropy, t= T/4, transition model on

Fig. 9 Entropy, t=T/4, fully turbulent Fig. 14 Entropy, t=T/2, transition model on
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tor 1 and stator 2, which is commonly denoted as clocking, seems a1
to be dependent on the modeling of transition. As the wake of fl i
stator 1 moves further, it shows some tendency to merge with the @ e
wake of stator 2. A very similar interaction process takes place
with the next three blade rows, i.e., stator 2, rotor 2, and stator 3.
However, due to the interaction of the wakes with the upstreal
stream wakes, it is more difficult to identify clearly the origin of®
each wake.

Figures 16 and 17 show the space—time diagram of the wall ) ) N
shear stress on the suction side of the blade for the computatiofPn the other hand, the computations with the transition model,
without (fully turbulent and with transition for five blade passingsee Fig. 17, show separated flow for 0.7 to 0.95 of the meridional
periods. Figure 16 shows that the flow does not separate for §ordinate(MMG) and 80 percent of the blade passing time of
fully turbulent computations. The calculations give 5 N/ms 0.16 ms. The experimental hot-film results are presented as quasi

[]
MMG

. 18 Quasi wall shear stress, suction side of Stator 3,
Xperiments

minimum value for the wall shear stress.

[l

nr

05
MMG

Fig. 16 Wall shear stress, suction side of Stator 3, transition

wall shear stresp29] and are shown in Fig. 18 as a space—time
diagram. The figure indicates very low quasi wall shear stress
between 0.75 and 0.95 of the meridional coordinate in quite good
agreement with the numerical results given in Fig. 17. Since the
hot-film measurement technique is not able to detect negative wall
shear stresses, flow visualization pictures are used to detect that

Ta the flow is separated in this area. The maximum quasi wall shear
06 150 stress is measured at about 0.51 of the meriodional coordinate
i against 0.42 for the computations with the transition model. In
05 120 addition, the wake-induced path can be seen clearly in the experi-
E ™ mental and numerical results.
w 04 ﬂ
g i Conclusions
= o A time-accurate Navier—Stokes solver is applied toward the
b gg unsteady flow interaction in a three-stage low-pressure turbine. A
10 modern one-equation turbulence model coupled with a variant of
a1 of an AGS transition model is used to predict the transition on the
] 2 blade surface.

The steady and unsteady time-averaged results show, in gen-
eral, good agreement with the experiments for the surface pressure
distribution at midspan. However, efforts are made to achieve
better agreement between the experiments and the computations

model off by improving the S2 solution obtained by a throughflow method.
The unsteady interaction of the wake of an upstream stator with
08 the following rotor and the next stator is influenced by the correct
prediction of the separated flow on the rotor. The space-time
] . diagrams show that a transition model is needed to predict the
b state of the boundary layer correctly, i.e., the fully turbulent cal-
ue 30 culation fails to calculate the boundary layer separation on the
i suction side of stator three.
7"'5 o Consequently, the influence of a modern transition model on
E 80 the prediction of the efficiency for stator clocking is presently
E o & being investigated.
= 50
03 &
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Separation Bubbles Under Steady
and Periodic-Unsteady Main Flow
Conditions

Based on an experimental investigation carried out in a low-speed test facility at the

Weiliang L0u1 Berlin University of Technology, this paper describes the formation of separation bubbles
g-mail: Weiliang. Lou@muc. mtu.de under steady and periodic-unsteady main flow conditions. The aim of the investigation
was to understand the mechanism of separation, transition, and reattachment, and the
Jean Hourmouziadis effect of main flow unsteadiness on it. Separation bubbles for various main flow condi-
tions were generated over a large flat plate, which experienced a similar pressure distri-
Jet Propulsion Laboratory, bution to that on the suction surface of blades in turbomachines. The pressure distribution
Aerospace Institute F1, was generated by a contoured wall opposite the plate. Aimed at separating the effect of
Berlin University of Technology, the velocity and the turbulence wake, this paper considers only the influence of the
Marchstr. 12, velocity wake. To this effect, a rotating flap was mounted downstream of the test section
D-10587 Berlin, Germany to produce periodic oscillations of the main flow. The overall flow field under steady main

flow conditions was obtained by hot-wire measurements. Pressure taps were used to
measure the pressure distribution over the plate. The Reynolds number effects were de-
termined and compared to the measurement results in the literature. Results for periodic-
unsteady separation bubbles are shown using different Strouhal numbers, oscillation
amplitudes, and Reynolds numbers. Ensemble-averaged mean velocity profiles and the
ensemble-averaged rms velocity profiles are used to demonstrate the development of the

periodic boundary layer. Timespace diagrams are plotted to show the development of
the periodic-unsteady boundary layers. The characteristic instability frequencies in the
free shear layer are identified. The impact of the major parameters, Strouhal number and
amplitude, on the bubble formation are discus4&0889-504X00)01204-4

Introduction separation that does not reattach is the case of the so-called strong
viscous/inviscid interaction or separation bubble bursting.

In turbomachines and particularly in aircraft engines, the Rey- ) .
b y 9 y There appears to be a wide Reynolds number range with low

nolds numbers that characterize the development of boundary Iefa/ o o .
ers are relatively low. A large part of the blade surface is ofteASSES: The second optimization criterion, however, low weight,

covered by laminar and transitional flow. The determination of tfé€mands small size or few airfoils, which means the lowest pos-
transition zone is a very important task in the design process. Sible Reynolds number.

The designer of compressors and turbines for aircraft engines isthe designer has to work very carefully to avoid the risk of an
required to achieve two targets simultaneously: high efficien@fficiency collapse. This requires an accurate prediction of the
and low weight. High efficiency should be available under differdevelopment of the separation bubble, e.g., the transition and re-
ent operating conditions. Figure 1 demonstrates the evolution atfachment point. Failure to achieve this can affect the efficiency
losses with Reynolds number of a low-pressure turbine cascabg.several percent and the life of components by more than an
At high Reynolds numbefa) transition occurs far upstream andorder of magnitudgi].
turbulent separation near the trailing edge produces mixing lossecurrent industrial turbomachinery blade design is still largely
(3), which are added to the shear layer los&®sWith decreasing based on empirical correlation methods for handling transition,
Reynolds number the turbulent separation disappé®rsransi- primarily within integral boundary layer codes. Such methods
tion moves downstream beyond the Iaminar_separation point, _ewgrk effectively over a range of flow parametéReynolds num-

a separation bubbléc) appears on the suction surface. In thiger tyrhulence level, efcat design conditions, but become less

region loss generation takes place in the wall shear layers and {igap|e at off-design conditions, when the transition is involved in
wake of trailing edge only. Further down the Reynolds Scalgeparatior[Z]

losses increase dramatically). Transition has now moved so far On the other hand, most transition models are obtained from

downstream that the turbulent free shear layer cannot reattatih . . .
" Steady flow experiments. Turbomachinery flow, however, is un-
before the trailing edge. The largest part of the losses now

produced by the mixing out of the separation in the wdkeThe s?eady. Each blade row produces a nonuniform exit flow field due

extension of this separation away from the profile wall increas%% both potential and viscous flow ef_fec(lélg. 2. The inlet ﬂ(_)W

rapidly with decreasing Reynolds number, because transitionig/d 1 the downstream blade row is therefore characterized by
shifted downstream. It has a maximum when the transition poiRgricdic changes in entropy, stagnation pressure, Mach number,
in the free shear layer reaches the plane of the trailing edge. B@dial and pitchwise flow angles, and turbulence. Due to the rela-
yond that point(e) rising losses are caused by the growing freive motion of adjacent blade rows, a downstream blade row ex-

shear layer thickness with falling Reynolds number. Lamindteriences an inlet flow that is periodically unsteady.
As a result of the unsteadiness that arises due to the interaction
Ipresent address: MTU Aero Engines, Dachauer Str. 665, 80995 Munidf the nonuniform exit flow from an upstream blade row with a
Germany. downstream one, the surface pressure distribution and the bound-
Contributed by the International Gas Turbine Institute and presented at the 4§|:y |ayer characteristics of the latter undergo periodic changes.
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- . . .
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Inié—ne of the most important of these changes is that which occurs
tute February 2000. Paper No. 2000-GT-270. Review Chair: D. Ballal. as the boundary layers periodically undergo transition from lami-
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were used to generate a boundary layer with a separation bubble.
The characteristics of separation, transition, and reattachment
were studied. The main flow oscillations were generated by a

rotating flap downstream of the test section. This experimental

setup simulated the trailing edge velocity wake and permitted a

study of this effect alone without the influence of the associated

turbulence in the wake.

Loss 4

Coefficient

Turbulent
separation

Laminar
separation

Experimental Setup
The experiments were conducted at the Berlin University of

@ log Re

= Technology in an unsteady low-speed wind tun(@g. 3), which
Fig. 1 Reynolds number effects on performance of a turbine is an open circuit wind tunnel of suction type. It incorporates an
cascade [2] inlet, a settling chamber fitted with a honeycomb straightener, a

square 9:1 contraction, and a square test section of 0.4 m width,
0.4 m height, and 1.5 m length. The test section is followed by a

nar to turbulent flow. This unsteady transition affects not only th@tating flap and a diffuser. _
production of aerodynamic loss but also the heat transfer rates. Under steady flow conditions a velocity range from zero to 40
The wakes of upstream blades involve a periotlielocity m/s can bg realized in the test section. The variation of the mean
ena have a direct effect on the development of the boundary lay8#ulence level of the main flow is about 0.5 percent. The oscil-
on the downstream blades. The relative importance of these pifiing flow is generated by the rotating flap between the test sec-
nomena still remains uncle8]. tion and the _dlffuser. The _flap closes the passage twice in every
There are too many published studies related to boundary lagd€le of rotation. The rotating flap is a sheet metal plate and can
transition and separation bubble to be cited here. A generally &€& varied in width so that in the limit case the duct is completely
cepted classificatiopt] shows that there are four important mode§losed. It is driven at a constant speed from 0 to 50 cycles per
of transition in a boundary layer: natural transition, bypass tran§iecond, giving a frequency range of flow oscillations of up to 100
tion, separated flow transition, and reverse transition. Separaté@[15]- , o o
flow transition is the mode of transition of which the least is FOr the boundary layer investigation reported in this paper, a
known. Empirical data on the formation of the separation bubblgdate d 1 m length is located in the test section, which is shown in
under different experimental conditions, have been obtained big- 4- Particular attention was paid to surface finish giving excel-
many authors such as: Gafif], Gaster[6], Horton[7], Malkiel Ient_flatness and smoothn_ess. The leading gdge has a NACA 0009
and Mayle[8], and others. The influence of the Reynolds numbé¥ofile form to avoid leading edge separation. A contoured wall
and main flow turbulence level on separated flow behavior wagPOsite the test plate is used to generate the required pressure
studied by Roberts[9]. The interaction between Separaﬁoﬁjlstrlbu_tlor_]. A one-dimensional potential flow analy5|§ was usgd
bubbles and transition was observed by Hatman and WEBign for designing the contour to produce a pressure distribution with
a low-speed test facility. A strong influence of upstream wakes on
the separation bubble has been found by Dong and Curfipty
Researchers from GE Aircraft Enginé@dalstead, Wisler, Shijn

from the lowa State UniversityOkiishi), the University of Tas- =~ testsecton rotating flap

mania(Walker, and the University of Cambridgédiodsorn [12]

carried out a comprehensive experimental study of the unstea. .) L o— i —>
incoming |~ 3 g to blower

wake effects on the downstream blade rows of a compressor a fiow

turbine stage in an effort to understand the physics of unsteau E

transition. Miller and Fejef13] and Obremski and Fejét4] have
investigated the influence of main flow oscillations on the transi
tion in attached boundary layers over a flat plate. However, n honeycomb

studies separating the effects of the velocity and turbulence wak ! ViSuaisaton motor

on the separation bubbles are known to the authors. S~ J '
To improve the physical understanding of separation bubble mik T T,

under steady and periodic-unsteady main flow conditions, tr =1 = +

highly loaded blade boundary layer is simulated in a low-spee raverse

test facility. A large flat plate and a curved wall opposite the plat mechanism

Fig. 3 Periodic-unsteady low-speed wind tunnel

B s

ot

stator

D)D)k

/ incoming flow
v
separation
/ velocity rotor bubble
Fig. 2 Rotor /stator interaction of a turbine stage Fig. 4 Test section
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minimum surface friction. This method was recommended &
Stratford[16] to optimize the turbulent boundary layer for maxi-
mum diffusion.

The experimental setup has been designed to reproduce tur
machinery conditions except for compressibility. The Reynolc
number covers a range from<i10° to 2x 10°, the Strouhal num-
ber from 0 to 3, and the velocity amplitude from 0 to 20 percen

The distribution of the time-averaged wall static pressure on tl
test plate was measured at a number of streamwise locations v
pressure taps. For the time-resolved measurements, Honeyu
pressure transduce($76PC07HD2 were used.

A TSI IFA 300 hot-wire anemometer was used to measure tl
velocity of the boundary layer. A special three-dimensional tr
verse mechanism was designed and mounted on the side of
test section to obtain a high spatial resolution of the whole bubk
structure.

Experimental Results

The flow structure and the separation bubble formation we
analyzed for steady and periodic-unsteady main flow conditior
The data analysis was mainly focused on the major paramete
which determine the evolution of a separation bubble.

Steady Main Flow Conditions. Under steady main flow con-

10

S
c
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T

040 042 044 046

ditions, four experiments were run using four different Reynolds

numbers: Re=U,L/v=2.9x10°, 6.2x10°, 1.0x 10F, 1.4x 1,
where U, is the velocity at the test section inldt, the plate
length, andv the kinematic viscosity. All four experiments show
similar characteristics. This paper describes in detail the fl
structure of one case only with Re6.2x10°. Where necessary,
the analysis and discussion will include results of other cases.
For the chosen case, the normalized main flow velocities o
the plate derived from the static pressure measurements and
sured with hot-wire probes are shown against the streamwise

parison of the two measurement techniques can be observed.
the other hand, a similar velocity distribution to that of blades ¢
be found here. The main flow over the flat plate is first accelera
up to the velocity peak at/L=0.3 and then diffused by the ad-
verse pressure gradient.

A separation bubble can be clearly identified. The lamin
boundary layer separatesxt = 0.4, where the adverse pressur
gradient is sufficiently strong. From/L=0.4 to 0.455, the main

flow velocity remains almost constant, which is typical for th%i

stagnating flow beneath the separated laminar layer. Beytnd
=0.455 transition occurs and the main flow velocity decreas
rapidly. Reattachment takes placexét =0.48.

The plots of the mean velocity field and the rms velocity fiel

normalized withU., in Fig. 6 show the general bubble configura-

2.0
hot-wire measurements
18
surface pressure
1.6 [ megsurements
é laminar
S separation
14
turbulent
1.2 F reattachment 1
S
Re =6,2x10
1.0 L * -
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
x/L

Fig. 5 Velocity distribution over the flat plate
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Fig. 6 Velocity field around the separation bubble

tl\%n, consisting of the separated shear layer, the stagnant fluid

region, and the area of the rms maximum, which indicates the
development of transition and reattachment. The dividing stream-

Vl‘ﬁ{e_ and the line of inflection points in the velocity profiles are
Mk&fked in both diagrams. The practically static behavior of the

I

sition in Fig. 5. The normalization was done by the incoming ﬂo"éﬁi
velocity U, and the plate length. A good agreement in the conyy

id in the separation bubble can be verified in the area under the
viding streamline. The relatively higher mean velocity of the

bulent part in the separation bubble is related to the unsteadi-
néss of the transition and reattachment, which was observed by
er-sheet flow visualization. It was also observed that the sepa-

t?gfion point remains almost constant. From the normalized rms

velocity field, one can see that the flow fluctuations originate on
the line of inflection points in the velocity profiles. A region of

%gh turbulence can be identified i = 0.485. The rms velocity
Qecreases downstream to those of the turbulent boundary layer.

Obviously, the line of inflection points in the velocity profiles is
gnificant for the development of transition and reattachment.
From the point of view of free shear layer stability theory, points

Bf maximum vorticity are inherently unstable. An evaluation of

e frequency spectra contributes to the understanding of these
henomena.

The velocity power spectra at six points along the line of maxi-
mum vorticity are shown in Fig. 7. To enhance the differences, the
spectra are presented in logarithmic form. At the first location
x/L=0.42 the flow is laminar. The power spectrum level is quite
low. No special events can be found here. AL =0.43 a fre-
quency range concentrated around 480 Hz shows a distinct ampli-
tude rise while the overall power spectrum remains unchanged.
This is caused by the amplification of the free shear layer insta-
bility. Farther downstream a¢/L =0.44 this frequency range be-
comes more pronounced and the overall levels of the spectrum
start rising. Atx/L=0.45 a second frequency range as the super-
harmonic of the first one can be observed. This observation is
different from that of Malkiel and Mayl¢8], who presented the
subharmonic instability waves. Farther downstream xat
=0.46, the two frequency ranges are still present, and the high-
frequency part of the power spectrum level increases dramatically
indicating the transition to turbulence. Turbulent spots and the
associated intermittency, like those occurring in attached bound-
ary layers[4], could not be identified in the corresponding time
traces, which are not shown in this paper. Transition to turbulence
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power spectra [(m/s)*/Hz] Table 1 Parameters describing separation bubble for four test

—— cases
-2 WM=0.42 _ -
071 0 U [mis] 42 9.0 145 197
— 045 Re, 2.9x10° 6.2x10° 1.0x10° 1.4x10°
10 e Xg/L 0.401 0401 0401 0402
*mp/L 0.490 0455 044 0.435
100 Xg/L 0.53 0.48 0.46 0.45
Xumar/L 0515 0485 0462 0455
. T x/L=xyp/L  0.490 0455  0.44 0.435
1071 " U, [m/s] 7.38 1602 2622 3350
480 Hz 960 Hz 6, [mm] 2.26 1.48 1.08 0.90
107° ‘ ! 8, [mm] 0.67 0.45 0.36 0.32
10 100 10 0 H, 337 329 300 281
1
Fig. 7 Velocity power spectra along the line of inflection Ress p 339 494 647 734
points in the velocity profiles ACx 10 -3.54 -1.61 -1.0 -0.78
Po -0.086  -0.083  -0.080  -0.084

happens very rapidly within a very short length of the free shear
layer. At the last locatiorx/L=0.47 the flow is fully turbulent,
and the instability waves almost disappear in the overall levels péss does not demonstrate any unusual behavior. Growth in the

turbulence. N _ turbulent part of the free shear layer after transition, and down-
~ Summing up these results, the transition process via a sepajleam of the maximum displacement poigi, , is considerably
tion bubble can be described as follows. stronger than in the laminar part. This corresponds to the charac-

égristics of the attached boundary layer and is due to the definition
f 8,. The low-velocity separation region does not contribute
significantly to the integral parameter. Momentum thickness can
e used to treat the free shear layer like a wall boundary layer at
cipient separatiopl7]. Displacement thickness and correspond-
ingly the shape factor contain the displacement of the dead water.
2y depend on the shape of the wall and have no generalized

* Free shear layer instability originates at the maximum vorti

ity point of the velocity profile and energy is transferred fro

the shear flow to the instability waves.

The instability waves are amplified downstream and finall

trigger transition.

e Due to the turbulent fluctuation, the momentum transf
across the shear layer is increased. This causes the reatt

teristics.
ment of the free shear layer. charac .
- The free shear layer apparently has considerably less darp After reattachment, although the resulting turbulent boundary

ng capabiy then the atached boundary layer, Transif o M2V, be Stuctrally diferent from e one resuing fom
takes place rapidly over an extremely short transition lengt lirbulent valueH ,,= 1.4 for decelerated flows.

These results agree with the observation by Hatman and Wanghe main parameters describing the separation bubble for the
[10]. The separation bubble can be identified as one in shdour test cases are presented in Table 1. There are some remark-
mode. able points to be mentioned. The Reynolds number based on the

The streamwise distributions of displacement thickngssmo- momentum thickness at the separation point increase with higher
mentum thickness,, and the shape factdt,, are shown in Fig. overall Reynolds number Reas expected. The separation points
8. The initial growth of the displacement thickness and the shafw the four test cases remain the same, while the maximum dis-
factor, up to the separation point, is significantly lower than dowrplacement locations, the reattachment points, and the maximum
stream of the separation point and upstream of the maximum digis velocity locations vary considerably. The unchanged separa-
placement location. Within the separation bubble between thien point may contribute to the constant normalized velocity dis-
separation poinkg and reattachmentg, the momentum thick- tributions of the main flow for the four test cases. The maximum
rms velocity location can be found somewhere near the reattach-
ment point. It lies upstream of the reattachment point at the lowest
Reynolds number (2:910°), and downstream of that point at the

40 7 other three Reynolds numbers.

a5 | Bl The shape of the dividing streamlines can be used as a measure
—o-82 N for the separation bubble size. Derived from the velocity profile

30fF —#He measurements, they are shown in Fig. 9 for the four test cases.

The length of the separation bubble can be verified from the main
flow velocity distribution(see Fig. 5. Each of them has an almost
linear rise downstream of the separation peigand upstream of
the maximum displacement locatiogp .

It can be observed that the bubble length increases with lower
Reynolds number. This is due to the delay of transition of the free
shear layer. It can also be observed that the rate of displacement
14 growth increases with lower Reynolds numbers. This phenom-
enon has also been confirmed by laser light sheet flow visualiza-
tion. The mechanism causing this behavior is not yet understood

N
o
T

Shape factor H,,

-
(=)
T

{

Boundary layer thicknesses {mm]
(=] [
o r=3

00 — 4 0
0.0 0.1 0.2 03 04 05 06 07 by the authors.
x/L The shape of the bubble obviously depends both on the Rey-
nolds number and the pressure distribution that would arise with-
Fig. 8 Boundary layer thicknesses and shape factor out separation. The most suitable nondimensional parameter de-
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Fig. 9 Separation bubble size of the four test cases
10 . . ; y S
Q 20 40 60 80
scribing this pressure distribution in the region of the bubble frequency [Hz]

called acceleration parameter and givenAg= v/U%(dU/dx).

This parameter varies betweerB.54 and—0.78 for the four test Fig. 11 Incoming flow signal of the periodic-unsteady bound-
cases. The Pohlhausen parameter at the separation paint @ layer

= (Re,)?AC; lies between—0.086 and—0.080 for the Reynolds

number range investigated and well meets the empirical value

—0.082 suggested by ThwaitEss].

A plot of the Reynolds number Bgp=Uy(Xup—Xg)/v, based
on the conditions at separation and the distangg, (- Xs) versus
the momentum thickness Reynolds number,R&J5 /v, is
shown in Fig. 10. The data taken from measurements of Gajlt
Gaster[6], and Bellows[19] at low turbulence level, and the U.=Ug+U; sin2nf+¢) )
empirical formula by Mayld 3]:

case. It can be seen that the flow contains a fundamental fre-
guency(equal to twice the flap frequencyand a number of har-
monics, which decrease in amplitude rapidhig. 11). The in-
coming flow can be represented as follows:

whereUy is the time-averaged velocityl, is the oscillation am-
Resyp=700 Reg (1) plitude,fis the oscillation frequency, anglis the phase shift. The
Lmsteady boundary layer around the test plate is characterized by
three nondimensional parameters, i.e., overall Reynolds number
Re, Strouhal number Sr, and relative oscillation amplitAdee-

Periodic-Unsteady Main Flow Conditions. Three experi- fined as follows:

ments were run under periodic-unsteady main flow conditions us- UL fL U
ing different Strouhal numbers and oscillation amplitudes at an Re= -  S=— and A= — 3)
almost constant Reynolds number typical for turbomachinery v’ Uo’ Uo

blades. This paper describes the flow structure of one caseyjfereL is the length of the test plate. In the present cakgwas
detail. The analysis and discussion will include results of the othgr9 m/s andf was 7.0 Hz, corresponding to R&.45< 10° and

cases without showing the flow structure. Sr= : : g :
3 - . . . r=0.89, respectively. The relative amplitude of the velocity os-
In the interest of the main flow quality, Fig. 6 shows the incomx b y P y

. N . Cillation was 13 percent.
ing flow velocity signal and its power spectrum for the present testFigure 12 presents the normalized time-averaged mean velocity

profiles and a series of velocity time traces of the hot-wire mea-
surements for reference. The velocity profiles of the boundary

are also plotted in this figure as a comparison. The data are
good agreement with previous experiments.

10° layer were measured af/L=0.39, 0.41, 0.43, 0.45, 0.47, and
Reswo :g:::f(g‘;’:;)) 0.49. The time-averaged velocity profiles are shown in the central
A Gaster (1969) diagram of this figure. The normalization was done by the time-
o Bellows (1985) avergged .veI00|t)U0 qf the. incoming flow. A separation bubble.
10° 1 o results of this paper configuration can be identified from the velocity profiles. The di-
0.9 viding streamline and the line of inflection points in the velocity
Al £ o0 ry profiles are marked in this diagram. A similar bubble formation to
that of steady flows can be found here. However, in comparison to
© the separation bubble shown in Fig. 6 for steady flow conditions,
10 one can find a shorter bubble under unsteady conditions, although
the overall Reynolds number is lower.
The time-averaged length of the separation bubble shown in
Fig. 12 matches well that from surface static pressure measure-
10° , ments, which are not shown in this paper. The typical velocity
10 100 Re, g 1000 signals around the separation bubble against time are shown in
: ' Fig. 12A, B, C, D, E, F, andG). Three distinct regions of flow
Fig. 10 Reynolds number based on the length from separation can be identified from the measurements. The first, which is stable
to transition as a function of the momentum thickness Rey- laminar flow, is plotted in Fig. 1(&). At this location, only very
nolds number at separation point low-level random information can be observed in addition to the
638 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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Fig. 12 Time-averaged velocity profiles and typical velocity signals of the periodic-unsteady boundary layer

flow oscillation. The second or intermittent region is shown imary layer with separation bubble can be obtained, if one looks at
Fig. 12B, C, andG). At these locations, a periodic change bethe normalized ensemble-averaged mean velocity field and the
tween laminar and turbulent flow can be identified. The portion siormalized ensemble-averaged rms velocity field. Both of them
turbulent flow increases continuously downstream fr@) to  will be used to demonstrate the temporal and spatial development
(C). The flow velocity in the separation bubble and its oscillatioof the unsteady boundary layer.
amplitude plotted in Fig. 1) are obviously much smaller than Figure 14 shows the normalized ensemble-averaged mean ve-
those over the bubble plotted in Fig. (Band C). The velocity locity field for the present test case. Eight points in time are pre-
signals in Fig. 12C and G) are measured at the sameosition sented within an oscillation period. From top to bottom in this
x/L=0.45. The flow velocity signals at these three positions cofigure, the incoming flow experiences a sinusoidal oscillation. The
tain instability waves. Just as under steady conditions, two hatots oft/T=0 and 0.5 stand for the flow field when the main
monic instability frequency ranges can be observed at 350 Hz aflalv reaches its time-averaged velocity; the plot/df=0.25 pre-
700 Hz. It should be noted that in other test cases the two freents the flow field for the maximum main flow velocity and plot
quency ranges were nonharmonit5]. These instability waves of t/T=0.75 for the minimum main flow velocity. One can see the
occur periodically first in the trough of the velocity trace. They
subsequently increase in amplitude and move into the decelerating
part of the velocity trace. The associated onset of transition ha<
the same characteristic. To demonstrate the development of tt
free shear layer instability, the velocity power spectra along the
line of inflection points in the time-averaged velocity profiles are
shown in Fig. 13. A similar evolution to that for steady flow
conditions shown in Fig. 7 can be found here. 10*
The last region is the turbulent region, which is presented in
Fig. 12D, E, andF). In this region the flow is fully turbulent; the
random and periodic components of the velocity signal are ofto®
similar magnitude. One can see that the magnitude of the randot
component increases downstream fr@nto E at first, and then s |
decreases fronk to F. This will be shown and discussed more 700Hz XL
clearly with the ensemble-averaged velocity fields in Fig. 14 and
15. 10" | ‘
The complexity of the intermittent region comes from the fact 1o’ 102 f[Hz) 10° 10
that it contains two periodically alternating flow structures: one
pertaining to the laminar flow and the other pertaining to the turig. 13 Velocity power spectra along the inflection point line
bulent flow. The best impression of the periodic-unsteady bounig-the time-averaged velocity profiles

power spectra [(m/s)*/Hz]

=042
——x/L=0,43
———x/L»0,44
——x/L=0.45
——xfL=0,46
——x/L=0,47
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Reynolds number : 545000
Strouhal number : 0.89

amplitude : 13 % normalized ensemble-averaged mean velocity
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Fig. 14 Normalized ensemble-averaged mean velocity field

streamwise deceleration of the main flow in all plots, and identifijow velocity. This indicates the existence of a phase shift be-
the separation bubble through the area of the low velocity. Rewveen the velocities of the boundary layer and the main flow. The
markable is the difference of the bubble size between the ploabble needs some time to respond to the main flow oscillation.
t/T=0 and the plot/T=0.5, although their main flow fields are Figure 15 shows the normalized ensemble-averaged rms velocity
almost the same. The shortest bubble can be found bett@en field for the present case. The time allocation is the same as in
=0.5 and 0.625, and not &tT=0.25 with the maximum main Fig. 14. In each plot of Fig. 15, one can find a region with unusu-
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Reynolds number : 545000
Strouhal number: 0.89

amplitude : 13 % "' normalized ensemble-averaged RMS velocity
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Fig. 15 Normalized ensemble-averaged rms velocity field

ally high turbulence levels similar to that observed under steadlye flow oscillation level in comparison to the time-averaged flow,

flow conditions. An oscillation of this location can also be idenand is equal to the absolute amplitude divided by the time-

tified from the plots from top to bottom. The phase shift memaveraged mean flow velocity, .

tioned above can be verified. Outside of the separation bubble the flow oscillates in-phase.
Figure 16 shows the phase shift and the absolute/relative aifike amplitude remains almost the same as that of the incoming

plitude of the flow oscillation. The relative amplitudeindicates flow. This well reflects the characteristic of incompressible flow.
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Reynolds number : 545000
Strouhal number : 0.89
amplitude : 13 %
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Fig. 16 Oscillation characteristic of the separation bubble

flow, whereas the transition and reattachment points show a strong
interaction. Laminar flow does not, at any time, appear down-
stream of the turbulent flow region as in the case of an attached
boundary layer measured by Obremski and Fgjdi.

The effect of Strouhal number and oscillation amplitude on the
separation bubble was also investigated. Lower Strouhal numbers
result in a reduction of the phase shift of the separation bubble
oscillation. This means that in terms of phase shift the separation
bubble responds more slowly to high-frequency oscillations. This
result also agrees with the theoretical analysis for attached bound-
ary layer at very high Strouhal numbé@]. For the limit case of
a very low Strouhal number a quasi-steady flow field without
phase shift is present. A lower amplitude of the main flow oscil-
lation causes a lower amplitude of the separation bubble oscilla-
tion as expected.

Conclusions

The following conclusions may be drawn from the experimen-
tal results for steady and periodic-unsteady boundary layers with
separation bubble:

» Transition via a separation bubble shows a typical structure
of laminar separation, transition of the free shear layer, and
reattachment. A region of high turbulence levels can be ob-
served downstream of the transition point both in steady and
unsteady flow.

The dividing streamline of the separation bubble has a quasi-
linear rise directly downstream of the separation point. The
displacement growth rate of the separation bubble depends on
the Reynolds number.

* Momentum thickness in steady flow behaves very similarly

There are two areas with phase shift. The laminar area of the to that of an attached boundary layer. It can be used as a
separation bubble has a positive phase shift, while the turbulent major parameter describing the separation bubble.

one has a negative phase shift. In the transition area no phase shift Higher Reynolds numbers resulting in earlier transition re-
can be identified. It appears as two masses connected by a spring. duce the length of the separation bubble, while the separation

During swing a fixed point separates two areas with different
phase shift. It can also be observed, that the flow oscillations in®
the inflection points region and in the reattachment region are
relatively strong with larger amplitude. The two regions are ex-
tremely sensitive to main flow oscillation. Between these two re- ®
gions the amplitude of the flow oscillation is almost zero. The
flow in this third region can be treated as a steady flow. This
location can be defined as the time-averaged transition position.
The time—space diagram presenting the oscillating separation,
transition, and reattachment characteristic is shown in Fig. 17.
This diagram obtained from velocity measurements agrees with

point does not change its location.

Transition and the associated reattachment via a separation
bubble are dominated by the free shear layer instability. Two
instability frequency ranges are identified.

The periodic-unsteady main flow induces an oscillation of the
separation bubble. During the oscillation, a fixed laminar
separation point can be observed, while all other parameters
of the separation bubble oscillate with the main flow. At the
separation bubble two areas with opposite phase shift relative
to the main flow can be observed. The inflection point region
and the reattachment point region respond very strongly to

that from surface dynamic pressure measurements, which are not the main flow oscillation in terms of amplitude.

shown in this paper. It can be seen that the laminar separatiort

A shorter time-averaged separation bubble was observed than

point does not appear to respond to the unsteadiness of the main under steady conditions, although the overall Reynolds num-

ber was smaller.
The Strouhal number of the main flow appears to have only a
minor effect on the amplitude of the separation bubble oscil-

? uT | lation. But it has an effect on the phase shift. It increases with
\ Strouhal number.
25 | |
I E
2 laminar i Nomenclature
| turbulent [ A, a = relative amplitudeA=U,/Ugy; a=u,/ug
15 ‘ AC = acceleration parameten/U?(dU/dx)
transition | ; f = oscillation frequency
1] \l\ | H,, = shape factor
separation L = plate length
051 \J reattachment Po = Pohlhausen paramete(Re,)’AC
Re = Reynolds number; Re=U_L/v
| /L Sr = Strouhal number fL/Uq
0 ' ) ' t = time
0.2 03 04 05 0.6 .
U, u = flow velocity
Fig. 17 Time-space diagram of the separation, transition, and X, ¥, z= Cartesian coordinates

reattachment (Re=54,500, Sr=0.89, A=13 percent )
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5

momentum thickness

v = kinematic viscosity
Subscripts

© = incoming flow

0 = time-averaged values

1 = oscillating amplitude; displacement thickness

2 = momentum thickness

S = separation point

MD = maximal displacement location

R = reattachment point
u’ max= the location of maximal rms velocity
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The Use of Hot-Wire Anemometry
to Investigate Unsteady
Wake-Induced Boundary-Layer
Development on a High-Lift LP
Turbine Cascade

Recent research has revealed positive effects of unsteady flow on the development of
boundary layers in turbine cascades, especially at conditions with a laminar suction side
separation bubble at low Reynolds numbers. Compared to steady flow, a reduction of
total pressure loss coefficient over a broad range of Reynolds numbers has been shown.

Stefan Wolff Takjng into account th_e pqsitive t_affects_of wake-induced transition already during _the

design process, new high lift bladings with nearly the same low losses at unsteady inlet

Stefan Brunner flow condit_ions could be achieved. This leads to a reduction of weight and cost of the

whole turbine module for a constant stage loading. Unsteady flow in turbomachines is

Leonhard Fottner caused by the relati_ve motion of rotor and stator rows. For simulating a moving blade_

row upstream of a linear cascade in the High-Speed Cascade Wind Tunnel of the Uni-

} versita der Bundeswehr Mhachen, a wake generator has been designed and built. The

_ Institut fur Strahlantriebe, wakes are generated with bars, moving with a velocity of up to 40 m/s in the test section
Universitat der Bundeswehr Munchen, upstream of the cascade inlet plane. Unsteady flow causes the transition on the surface of
D-85577 Neubiberg, Germany the suction side of a low-pressure turbine blade to move upstream whenever an incoming

wake is present on the surface; moreover, a laminar separation bubble can be diminished
or even suppressed. In order to detect the effects of wakes on the boundary layer devel-
opment a new hot wire data acquisition system is required. Due to the fact that hot wires
give a good insight into boundary layer development, a new hot-wire data acquisition
system has been set up. The anemometry system can acquire four channels simulta-
neously, therefore being capable of logging a triple hot-wire sensor and a bar trigger
simultaneously. One further channel is utilized for a once-per-revolution trigger. The
once-per-revolution trigger is used to start the measurement of one data block. Using the
well-established ensemble-averaging technique, 300 ensembles each consisting of five
wake passing periods have been acquired. Ensemble averaging can be directly performed
without any data reduction. The adaptation of this new hot-wire anemometry data acqui-
sition system to the High-Speed Cascade Wind Tunnel of the Unitetsit8undeswehr
Munchen is pointed out. First, results on unsteady periodic boundary layer development
of a highly loaded low-pressure turbine cascade under unsteady inlet flow conditions are
presented. During the present investigation four boundary layer traverses, ranging from
x/144,=0.82 to x/L,=0.99 (suction side), at steady and unsteady inlet flow conditions
(Upar =10 m/9 at an outlet Reynolds number of Re=100,000 have been conducted.
[S0889-504X%00)00204-X]

Introduction suppress or delay a laminar suction side separation bubble. The
Positive effects of rotor—stator interaction mainly occur iﬁeplacement ofath_lqk Iamlnar_separgnon bubble that is present at
Lo ) ) . . steady inflow conditions with intermittently becalmed or transi-
high-lift low-pressure turbines, where a laminar suction side septa- . o A
. - - fonal attached flow at unsteady inflow conditions leads to a time
ration bubble exists, especially at low Reynolds numbérg]. ducti £l h benefi b
Incoming wakes force the boundary layer of the suction side gean re uction of loss generatlcﬁﬁ—9]. Extra enefit may be
ained by setting an optimal sequence of transitional, separated

undergo transition, whenever the Reynolds number based u .
o 20 and becalmed regions, hence a favorable reduced freqii2hof
momentum thickness exceeds the range of ~150[3,4]. the rotor wakes. In general the positive effect of rotor—stator in-

Following the wake-induced transitional regions, calmed regio@éraction increases at higher loadif7]. Furthermore, the in-

appear, which s_how Ia_minar-like boundary layer peham,fs]. oming wakes are influencing the whole suction side boundary
With a full velocity profile and low entropy generation the calmetﬁﬂyer by thickening the boundary laygt0]

region combines the positive properties of laminar and turbulen
boundary layers. It is able to inhibit turbulent spot generation a q
withstand larger adverse pressure gradients than conventio%
laminar boundary layers. The calmed region is therefore able cﬁgfi

Several parameters influence the loss generation of the low-
ssure turbine blade: the Reynolds number Re, the Strouhal
ber Sr, the wake strengtturbulence intensity or velocity

cit within the wake and the wake widftand the loading of

the turbine cascade.

Contributed by the International Gas Turbine Institute and presented at the 45th: ; _ ; : PR
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, G r-The gap of experiments on rotor—stator interaction on hlgh lift

many, May 8-11, 2000. Manuscript received by the International Gas Turbine Ins2W-Pressure turbines between_ turbine rig testibgll,13 and
tute February 2000. Paper No. 2000-GT-49. Review Chair: D. Ballal. testing at low-speed cascade wind tuniéls3,13, was closed by
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Acton et al.[13] and Brunner et al[9] who pointed out a re- (downstream conditionsthe static pressure, and the total pressure
establishment of a laminar separation bubble between two wak#-the main stream flow upstream of the cascade.

induced turbulent patches at design conditions of the investigated . -
high lift blading. Wake Generator. In turbomachines, periodically unsteady

In order to prove the results on a high-lift low-pressure turbinoW is caused by the relative motion of rotor and stator rows. A
cascade, a HWA measurement technique was set up to deternYi@e generator has been designed and built in order to simulate a
the steady and periodic unsteady boundary layer developmeh€Ving blade row upstream of the linear turbine cascade in the
The ensemble-average technique delivers velocity and turbulertigh-Speed Cascade Wind Tunnel of the Univetsiter Bunde-
profiles. These time-resolved velocity profiles are taken to evalswehr Minchen(Fig. 2) [13]. The wakes are generated with cy-
ate time resolved integral boundary layer parameters. Therefdiredrical bars moving with a velocity of up to 40 m/s in the test
data[9] taken by pneumatic and hot-film measurements could Isection upstream of the cascade inlet plghable 1. As shown
verified and supplemented. Furthermore, steady and periodic tny-Pfeil and Eiflef15] the far wake of a cylinder is similar to that
steady integral boundary layer parameters have been calculatedfiran airfoil assumed that both cause the same total pressure
order to optimize design criteria for high-lift low-pressure turbinemsses. With the wake generator an angle of the incoming wake of

considering effects of rotor—stator interaction. about 55 deg (St 1.06) can be generated, whereas a representa-
) tive turbine has a wake angle of about 65 deg,(U=0.85).
Experimental Setup Investigations[16] conducted on a turbine cascade showed a

High-Speed Cascade Wind Tunnel. The experiments were strong dependency of the wake-induced transition on the incom-

carried out at the High-Speed Cascade Wind TuriRa. 1) of ing turbulence intensity and less on the angle of the incoming
the Universita der Bu%des?/vehr Muchen. This wind tunﬁel is an wake. So despite this deviation of the velocity triangle basic in-
open-loop facility, which can operate continuously and re‘,ﬂc\ﬁastige\tions on the effects of wake-induced transition on the suc-

Mach numbers up to Mal.05 in the test section. Being built t|onhside_boyr|1da;ykl1ayer l((:an be performed. lindrical
inside a large pressure tank, the wind tunnel offers the possibility | "€ Principle of the wake generator is based on cylindrical bars

to vary the Mach and Reynolds numbers in the test section indéstened to two rubber timing belts moving in front of and behind

pendently[14] in order to simulate the flow conditions correctlyth€ cascade. The timing belts, having a length of 4000 mm, span
inside turbomachines. two main pulleys with a diameter of 400 mm positioned above

The air is supplied by a six-stage axial compressor, driven by@d below each cascade. Thg distancg between the trailing edge of
1.3 MW a.c. electric motor, which is situated outside the pressuf@ch cascade and the returning bars is large enough that the flow
tank. The air enters through a diffuser into a settling chamb#} the blade passages is not disturbed and to allow the traverse of
where it is cooled down to an adjustable constant temperat@é probe types usually employed during the tests. The driving
(30°C to 60°Q. A turbulence generator and a nozzle are pospulley is positioned on the lower main shaft and is connected by a
tioned upstream of the 300-mm-wide test section. It has variallening belt to the a.c. electric motor using a 1:1 transmission ratio.
height. The following data were used in order to monitor the flowhe water-cooled motor has a nominal maximum power of 10 kW
conditions of the cascade main stream flfiM]: the total tem- at 3000 rpm. With the motor the bars can be moved in both
perature in the settling chamber, the static pressure in the tadikections for simulating the rotor—stator interaction of compres-

wind-tunnel data :
- test section data:

- a.c. electric motor P = 1300 kW Mach b
- Mach number
- axial compressor 6 stages 02< Ma<105
. . R - Reynolds number 0.2-10°. /< Re<16-10°- [
air flow rate V=30m’/s

- degree of turbulence 04%<Tu,<75%
total pressure ratio =214

rotational speed n...= 6300 min-1 - upstream flow angle 25°< B, <155°
- blade height
- tank pressure p. = 0.04 - 1.2 bar 9 300 mm
] :é/m PR [ I
= 733:1
e pressure tank P« hydraulic
IS 11800 mm coupling
(o]
=3 gear a.c. electric motor
<
[N < / o
T R A ETee = BT _‘_@"_ T
e | &
T H =i rei=——= T T
17N H
| i NN
upstream flow path nozzle \ setting chamber diffusor cooler for bypass air
cascade turbulence mainflow  bypass axial compressor
generator cooler
Fig. 1 High-speed cascade wind tunnel
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Peripherical Data Aquisition PI1 300

(Pressure, Temperature 128 MB RAM
Traversing System) NI PCI-GPIB
i Barometer BAl BCD-Interface NI PCI-6110E ; ."\;\\
— T TS
‘ - ronon N
| H < &
|  Ohmmeter DPT 6400 \ \ o

Fig. 2 Generator of unsteady inlet flow conditions

Table 1 Design data for wake generator : r q\ ; . \w_\ P
Bar diameter 2 mm “. #Turbine Badewith - | . | ':}.-' /% Turbine Cascade
Bar pitch Min. 10 mm “., DANTEC .= [ .- s S5y
Bar velocity 140 nv/s HWAP’°be. ..... S il i
Maximum number of bars 400 I l |
Strouhal-numbers in tested cases Sr=0.26 -

1.06 Fig. 3 HWA data acquisition system

Axial gap between bar plane and cascade inlet 0.75 *1,,
plane

files and boundary layer planes perpendicular to the profile sur-

face; even wake and field traverses downstream of the cascade are
sor as well as of turbine stages. The velocity of the motor can bestalled. The software package includes probe calibration rou-
digitally controlled with an accuracy of 0.1 rpm from 100 to 300Qines for the velocity and directiondthree-dimensional probgs
rpm. characteristics as well. The data reduction of the peripheral data is

In order to avoid disturbances of the inlet flow due to the timingerformed within the measurement routines in order to monitor

belts in front of the cascades, it was necessary to reduce the witlte current cascade main flow conditions. The HWA signals are
of the test section to 176 mm. Thus, the blade aspect ratio for th@ved in binary files for further off-line evaluation which is imple-
used cascade was reduced to 1.76, too. Due to flow visualizatianented as well for one-dimensional and three-dimensional, steady
with the oil-and-dye technique on the blade surface of the cascaate periodic unsteady measurements.
and with a flow field traverse downstream/l(,,=1.5) of the In order to prove the capacity of WINSMASH first results are
cascade, a two-dimensional flow at midspan of the turbine cascat®wn for one-dimensional steady and periodic unsteady bound-
had been assured. ary layer profiles of a highly loaded turbine blade.

Pneumatic Measurements. Measurements of the surface HWA Measurements. The complete HWA data acquisition
pressure distribution and wake traverses in a plafg,=1.5 system is shown in Fig. 3. The monitoring of the test facility, the
downstream of the cascade inlet plane have been performed. tdlversing system and the HWA data acquisition is controlled by a
measurements have been taken at midspan of the turbine cascBdé300 Intel PC. The peripheral data acquisition and the travers-
The surface pressure distribution has been measured utilizingng system are controlled via GPIB bus. The turbulence intensity
Scanivalve SDIU-System, and the wake traverses have been cand the velocity deficit due to the bars in each cascade inlet plane
ducted with a five-hole probe and a PSI DPT6400-Pressuteave been measured with a standard HD hot-film probe
Measurement-System evaluated according to Amgdké and (DANTEC HF-55R01), the boundary layer profiles are measured
Ganzert and Fottndi18]. by hot-wire probesDANTEC HW-55P15. Both are connected to
a constant-temperature bridge of the type DANTEC 55M01. The
analog anemometer output is digitized by a National Instruments

’AQ board PCI-6110E. The board allows four analog inputs with
g mega samples per second simultaneous sampled with 12-bit
resolution. For the measurements with periodic unsteady inflow

S - . onditions a once-per-revolution trigger is used to start the HWA
test applications. All features are embedded in a user-friendly Miy o acquisition of each data block. The fourth analog input
crosoft Windows based graphical user interface. When Prografiannel is used for the detection of each bar

ming the software, parts of the software for profile pressure diS-1,o sensor calibration has been performed in the cascade inlet

tribution _measurements (WINPANDA  [18]) ~were used. egr:ane of the wind tunnel test section and a fourth-order polyno-

WINSMASH 'is able to handle one-dimensional and thre€siq| has heen used for the approximation of the calibration curve.
dimensional, steady and periodic unsteady measurements just as

measurements with film cooling injection. Furthermore, different Glue-on Hot-Film Measurements. Wake induced transition
traversing applications are possible such as boundary layer pigualitatively mapped by employing a simultaneous surface hot-

New Hot-Wire Anemometry Data Acquisition System. In
order to control the acquisition and evaluation of peripheral ai
HWA data for steady and periodic unsteady inflow conditions,
software package was develop@lINSMASH [19]).

The software is highly modular and flexible for many differen

646 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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film CTA anemometry system(DANTEC-Streamling [20].

High Lift Linear LP Turbine Cascade. The measurements

Twelve SENFLEX hot-film sensors have been logged simult&ave been performed on a highly loaded low-pressure turbine lin-
neously. Totally 24 hot-film sensors spaced 2.5 mm apart hagar cascadésee Fig. 4 The turbine cascade, representing a cur-
been used to detect the location and the mode of transition by tleat high-lift LP turbine desigrisee[9]), is specifically designed

normalized rms value of the anemometer output signal.

Data Reduction.

For both measurements the well-established

in order to take advantage of the positive effect of rotor—stator
interaction on the suction side boundary layer.

ensemble average technique has been applied to evaluate the g |ts

data, using 300 ensembles each consisting of five, wake passin

periods.
The ensemble average of a time-dependent quantitygiven
by:

1 N
B(t)= - 2 bi(t) (1)
=

9}he measurements presented in this paper are an extract of a
systematic test program. Using different measurement techniques
when varying the Reynolds number for steady=8)) and peri-

odic unsteady (S¥0.26) inflow conditions deliver manifold op-
portunities for evaluating the data set. In order to show the options
of the data acquisition and evaluation system, the paper focuses
on the design conditions of the utilized cascade aj ja0.7 and

where N is the number of ensembles and the ensemble rmsRs, = 10,000.

given by:

N
1 -~
12 _ . . _ 2
Vbr2A=\—1 2, (B(0=B(1) @
The skewneséthird-order moment

1 1

ma(t)= (b;()=DB(1))* ®)

N
(b)) N-1 /%

has also been calculated in order to gain a deeper insight into

boundary layer characteristics.

In the case of the one-dimensional hot-film and hot-wire data,
is set to the velocity and for the glued-on hot-film data to th

anemometer output voltage.

For the calculation of the integral boundary layer paramet

the boundary layer thicknessis be determined:

(!ﬁ&llzogg
W

0

S(t)=y 4)

The boundary layer displacement thicknésds calculated from:

a(t) s O-w(y, t
51(t)=J 1_ Py Wy, U
0 p(&(t), t)-w(a(t), t)
The boundary layer momentum thickne$sis obtained from:
0 p(y, t)-w(y, t)
S(t)=
o p(8(1), t)-w(s(t), t)
The shape factor 1, results from the quotient of; and é,:

61(1)
ruxo=5§5 %

dy ®)

oWy, b
w(s(t), 1)

}dy (6)

For the steady measurements there is no dependence in time.

Maz,lh
?/ Aerodynamic Design
Ma, y I B. 68.69
t Bs 135°
B, 1 B. 29.5
T Ma, 0.38
Ma,,, 0.70
Re o 100000

Fig. 4 Aerodynamic design and exemplary sketch

Journal of Turbomachinery

Wake Intensity. Ensemble-averaged velocity and turbulence
intensities for five wake passing periods are shown in Fig. 5. The
velocity deficit of AU/U 5 Of about 9 percent as well as the
turbulence level of Tu=1.5—2 percent between two wakes are in
a good agreement with realistic LP turbine conditions.

Isentropic Mach Number Distribution. The isentropic
Mach number distributions determined by pressure taps at mids-
pan(28 SS; 21 Pgfor the steady and unsteady inflow conditions

re given in Fig. 6. The overall Mach number level declined for
ﬁ%eriodic unsteady inflow conditions. Both distributions show a
laminar separation bubble on the SS in the trailing edge region
0.8<x/1 < 1). As expected the laminar separation bubble seems
be weaker for the periodic unsteady inflow conditions. The
etransition point moves upstream for periodic unsteady inflow con-
{fitions. Hereby the start of a plateau-like distribution of M#e-
scribes the location of the separation point of a laminar separation
bubble detected. The intersection point of the tangents on the Ma
distribution thereby detects the transition point in the region of the
laminar separation bubblésee exemplary zoom out Fig. 6, cf.
[9]), where an intermittence of 50 percent occurs.

Boundary Layer Profile. Using the ensemble-average evalu-
ation technique, the HWA measurements provide the time-
resolved boundary layer velocity and turbulence profile for peri-
odic unsteady inflow conditions. The resultsxét,,=0.8792 are
shown in Fig. 7. At this position close to the trailing edge the
velocity profile is still giving a clue of the passing wake. After a

Re,, 100000, Ma,, 0.7,t,t, 0. 1,Sr 0.26

180 6.0
Ums 3
———-Tu =155
175 M | A (150
i i i
i \ ]
1 W an) Jivq 5
u | ] ‘ 1 ll'
WA A 1 lﬂl
170 | W i Yooy g0
@ fi | L.
£ A bt 435
{ | R po
o) by b WAE s
165 1y b l 43.0
| |l ]
/ 1 | ]
- P! I \q2s
! pol V)
Pl ¢ |
160 iy ! L1420
N | ]
I ! ]
\ ’ "o Jis
L 1 | 1 | ]
155 : : 510
tT

Fig. 5 Wake turbulence intensity and velocity distribution
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period of high velocitiege.g.,t/T=1.9) the wake influence is
displayed by a deceleratiofe.g., 2..kt/T<2.5. However, the
Fig. 6 Isentropic Mach number distributions velocity deficit inside the wake is rather displayed as a double
peak. This phenomenon is more distinct farther upstream even
though the turbulence intensity seems to be unaffected.
] ]
£ b e =
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a) BL thickness ¢) BL momentum thickness
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Fig. 8 Time-resolved integral layer parameter
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cade, show a clear influence of the passing wakes. High-level the
rms values detect the transition region on the suction side. It can
be seen that the transition region is shifted upstream by the pass-
ing wake. Between two wakes passing the transition moves down-
stream again, to a position where it would occur at steady inlet
flow conditions. Also the quasi-wall shear stress distributida ((
—Eg)/Ey) is influenced by the passing wake in such a way that
the level of quasi-wall shear stress is increased by the passing
wake.

Conclusions

A new data acquisition system for HWA measurements at the
High-Speed Cascade Wind Tunnel of the Univetsiter Bunde-
swehr Minchen has been implemented and tested successfully.
The new software WINSMASH comprises calibrating routines as
well as evaluation tools for one-dimensional and three-
dimensional HWA probes. Measurements are possible for differ-
Fig. 9 Ensemble-averaged glue-on hot-film results: (a) rms €Nt traversing tasks. Peripheral data acquisition and main flow
value: (b) quasi-wall shear stress distribution monitoring is implemented for steady and periodic unsteady in-
flow conditions.

The results presented in this paper, focused on a high-lift low-

In order to compare the results of steady and periodic unsteaRfgSsure turbine blade at design conditions, showed:

inflow conditions, the boundary layer velocity profiles for two . perigdic unsteady inflow conditions generate a periodically
marked time steps and the profile for the steady measurement are jcreased boundary layer thickness

plotted in Fig. 7. _ _ _ .« Between two wakes passing quasi-steady flow conditions are
As expected the velocity during the wake passing period is o astablished

onver than. for steady .|r.1flow conditions, whereas the time step, The high values for the integral boundary layer parameers

with the highest velocities shows nearly the same values as at gpq 8, are shifted upstream by the passing wake as well as

steady inlet flow. This could lead to the conclusion that between a transition region (rm,)

two wakes passing, a quasi-steady boundary layer, as it would, The poundary layer at the trailing edge has a more turbulent

occur at steady inflow conditions, is established. character within the region of the passing wake.

_ Integral Boundary Layer Parameters. The time-resolved i couid be pointed out that the results are in a good agreement
integral boundary layer parameters result from applying EAls.  peqyeen the new measurement system and the already established
(7) on the ensemble averaged velocity profiles, which are digieasurement techniques at the Institut Strahlantriebe. There-
played in Fig. 7. The passing wake increases the boundary laysfe the new HWA data acquisition and evaluation system is a

thicknesss (Fig. 8(a)) whereas a decrease is induced by the agpod supplement for investigating wake-induced transition phe-
celerated flow between two wakes. Rtl,,=0.95, the periodic omena and boundary layer development.

unsteady inflow conditions seem to suppress the separation. The
rather full velocity profile of the becalmed region, which occur
after a wake has passed, causes a decreasing boundary layer u?‘r&lﬁnow'ecjgme”ts
ness, which increases again farther downstream by the influencehe reported work was performed within a research project that
of the next passing wake. is part of the national research co-operation “AG TURBO.” The
On the other hand, the boundary layer displacement thickngs®ject has been supported by the German Ministry of Education,
6, (Fig. 8(b)) increases continuously in the streamwise directiorscience, Research and TechnoldBMBF) and the BMW Rolls-
Nevertheless, the influence of periodic unsteady inflow conditio®yce GmbH. The permission for publication is gratefully ac-
is much more visible fo®; than for 6. Considering the displace- knowledged.
ment thickness and the momentum thicknésqFig. 8c)) it is
obvious that the incoming wakes effectuate an increase of tNemenclature
level of these boundary layer parameters. . .
The momentum thickness, which represents the degree of lossCax = @xial velocity, m/s
production in the boundary layer, shows that the influence of the b = variable
wake shifts the high loss production of the boundary layer into an E = anemometer voltage, V
upstream position. Between two wakes the main loss production | — frequency, Hz
again occurs mainly in the trailing edge regiot/(,=0.96). h = airfoil height, m
The shape factoH,, (Fig. 8(d)) gives a clue of the velocity 12 = boundary layer shape factor
distribution inside the boundary layer and is often used as an | — chord length, m
indicator for the turbulence of a boundary layer. The time—space N — number of ensembles .
diagram of the shape factt, , detects a more turbulent boundary P+ Pt = Static pressure, totabtagnation pressure, Pa
layer (H,,~1.7) in the whole region influenced by the wake. Lt — Pitch, time, m/s
Furthermore, it is shown that the becalmed region, between two 1 — tme period between two wakes, s
wakes passing, can be detected by a higher level of the shape_lt — total (stagnation temperature, K
factor (H1,=1.9; 0.83<x/1,=0.94), which indicates a more Tu = turbulence intensity, percent
laminar character of the suction side boundary layer compared ti» W = velocity, m/s .
the wake-induced boundary layer. X = coord!nate along axial chord length, m
y = coordinate normal to the blade surface, m
Ensemble-Averaged Glue-on Hot-Film Results. In Fig. 9 B = circumferential(pitchwise flow angle, deg
ensemble-averaged glue-on hot-film results are shown. The HWA B, = stagger angle, deg
boundary layer results as well as the measured data of the hot film § = boundary layer thickness, m
sensors, glued on the suction side of the investigated turbine cas- §, = boundary layer displacement thickness, m
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2th _ do_vvlnstream conditions for isentropic flow “The Role of Research in the Aerodynamic Design of an Advanced Low
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Introduction

To achieve higher cycle efficiency and increase power fro
gas turbine engines, turbine inlet temperatures should be as hﬂg
as possible. Over the past several decades improvements
been made through the use of advanced materials and innova
cooling schemes, allowing turbine inlet temperatures to approag]
2000 K[1]. Even with modern cooling techniques, however, “ho
spots” still occur along the turbine airfoils, due to the complex
secondary flow between adjacent blades, limiting a move to e

higher temperatures.

Effective film cooling of turbine airfoils is complicated by sec-
ondary flows, such as endwall vortices. The dominant features
the secondary flow in a turbine passage are the horseshoe vor

Secondary Flow Measurements
in a Turbine Passage With
Endwall Flow Modification

A flow modification technique is introduced in an attempt to allow increased turbine inlet
temperatures. A large-scale two half-blade cascade simulator is used to model the sec-
ondary flow between two adjacent turbine blades. Various flow visualization techniques
and measurements are used to verify that the test section replicates the flow of an actual
turbine engine. Two techniques are employed to modify the endwall secondary flow,
specifically the path of the passage vortex. Six endwall jets are installed at a location
downstream of the saddle point near the leading edge of the pressure side blade. These
wall jets are found to be ineffective in diverting the path of the passage vortex. The second
technique utilizes a row of 12 endwall jets whose positions along the centerline of the
passage are based on results from an optimized boundary layer fence. The row of jets
successfully diverts the path of the passage vortex and decreases its effect on the suction
side blade. This can be expected to increase the effectiveness of film cooling in that area.
The row of jets increases the aerodynamic losses in the passage, however. Secondary flow
measurements are presented showing the development of the endwall flow, both with and
without modification] S0889-504X00)01004-7

Secondary flows are also of interest from an aerodynamics
standpoint. The highest aerodynamic losses in an engine may oc-
r in the endwall region. Various methods have been developed
study and modify the secondary flow between two adjacent
’—Eﬁ\éﬁes. Duden et al9] attempted to modify the secondary flow

%eapplying endwall contouring and three-dimensional airfoil de-

n in the endwall region. Their modifications resulted in im-
brovements in the radial extent of the secondary flow and a de-
rease in secondary losses. The increased blockage caused by
Vfi{bse modifications, however, increased profile and inlet losses in
the test section. Michelassi et §L0] conducted a similar study
using nonsymmetric endwall contouring. Dossena €ftldll com-
%;ed a contoured and a planar configuration of a linear turbine

cade. They found that endwall contouring influenced the gen-

which forms at the blade leading edge—endwall junction, and the
endwall crossflow. These are illustrated in Fig. 1, which is a sim-

plified version of a figure presented by Goldstein and Spdgs
The features presented in Fig. 1 are those most pertinent to /——\
present study. The actual flow is more complex with addition

vortices. Wang et al.3] provide a more detailed description anc Pressure-side Blade
illustration of the flow. Langston et aJ4] and others have pre-
sented similar models. Sieverdiff§] provides a review of several

Suction-side Blade

models. All models indicate that a horseshoe vortex forms at t Hs

junction of the leading edge of each airfoil and the endwall. Ttk
suction side leg of this vortex wraps around the suction surface
the blade, while the pressure side leg migrates across the pass
due to the pressure gradient, combines with the endwall crossfl
to form the passage vortex, and impinges upon the suction side
the neighboring airfoil. The passage vortex may merge with tt
suction side leg of the horseshoe vortex of the adjacent hilde
or they may remain disting2]. In either case, they lift up off the
endwall and increase in size. Figure 1 shows the passage vol
impinging upon the suction surface at podtand then climbing
up the blade as it moves downstream. This vortex washes aw
the film cooling air on the surface of the blade, thus resulting in C
triangular shaped hot spot, as documented by Chung and Sin

[7], Goldstein et al[8], and others.

Contributed by the International Gas Turbine Institute and presented at the 4ou.

e R
- -——

Hp: Pressurc side leg of horseshoe vortex
s Suction side leg of hurseshoc vortex

€ : Pressurc vortex impinges upon suction side
of blude

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- . . o
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Indilg. 1 Schematic of horseshoe vortex impinging upon
tute February 2000. Paper No. 2000-GT-212. Review Chair: D. Ballal. suction-side blade [2]
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Wall jet numbers

X Position of wall jets

Inlet Flow

surface, jets for vortex control would be blown normal to the
endwall with sufficient momentum to influence the secondary
flow.

6 The use of jets would circumvent the problem of having to
manufacture and cool a fence. Unlike endwall contouring, there
would be no need to change the geometry of a passage, which
might be beneficial from an aerodynamics standpoint.

A few studies have considered the interaction between endwall
blowing and a vortex. Ligrani and Mitche|lLl7] considered the
effect of a vortex on film cooling. The airflow from the film cool-
ing holes was relatively weak, so it did not affect the vortex dy-
namics. Johnston and Nisfi8] used ‘“vortex generator jets” to
create a vortex. To the authors’ knowledge, there have been no
previous attempts to control or suppress an existing vortex with
wall jets.

Results are presented below for cases with two jet configura-
tions and an optimized boundary layer fence, which was used to
guide the second jet configuration.

g c

wall jets n
(optimized fence)

Fence Cross Section
B-B

A =N

Fig. 2 Top view of test section showing flow control schemes:
location of endwall fence as used by Chung and Simon [7];
location of upstream jets (numbered 1-5); location of opti-
mized boundary layer fence and endwall centerline jets

Chung's fence

Experimental Apparatus

Wind Tunnel and Turbulence Generator. Experiments
were conducted in a low-speed, blown type wind tunnel located in
the Aeronautics Laboratory at the United States Naval Academy.
Three blowers draw air at room temperature into the wind tunnel.
The blowers are followed by a diffuser, a settling chamber with a

eration of the passage vortex and inhibited its developmeh@neycomb, a screen pack, a second settling chamber, and a
through strong acceleration, while lowering secondary losses 1@zzle. The nozzle is a three-dimensional contraction, which re-
the passage. duces the wind tunnel cross-sectional area by a factor of 9.8 from

In another study, Chung et 4I7,12,13 used a boundary layer 109 cmx109cm to 18 cm_<69 cm. The long dimension is vertlca}l.
fence, inserted on the endwall between two adjacent blades. Fhdurbulence generator is attached to the nozzle and contains a
fence cross section was an equilateral triangle. Its height af¥o-dimensional bar grid. The grid is based on one used by Kim
length were 4.5 and 88 percent of the chord length, respectiveff.al-[19] and consists of one vertical 3.8-cm-dia PVC pipe and
The fence was located as shown in Fig. 2, with its leading edges# horizontal 3.2-cm-dia PVC pipes, evenly spaced across the
the center of a line connecting the leading edges of the pressifzzle outlet. The grid is followed by a 1-m-long rectangular
and suction side airfoils. The fence acted like a ramp to lift théettling chamber, which allows the flow to become uniform before
vortex up off the endwall to be washed away by the main flow. fntering the test section. Exiting the settling chamber, the free-
was effective in preventing the vortex from growing to its fuliStream turbulence intensity is 8 percent. The mean flow is uniform
potential strength and diverting it away from the suction surfact? Within 3 percent, and the turbulence is isotropic and uniform to
Since the influence of the secondary flow on the suction wall w¥4thin 4 percent. For the conditions of the present study, the tur-
reduced, film cooling would be more effective in that area. THaulence had integral length scales of 3 cm in the streamwise com-
fence also reduced aerodynamic losses due to secondary fRfent and 1.3 cm in the vertical component.

within the passage. In practice problems may arise due t0 a neegegt section. A large-scale, two half-blade test section is

to cool the fence itself12]. used to simulate a turbine passage, following the design and ge-

(Sﬂ”letry of Chung and SimofR0]. It contains two turbine half-

reduce the harmful effects of secondary flow in a turbine passggg jes for suction and pressure sidewalls, a top and bottom end-
without adversely affecting the aerodynamic performance of e, “ang two flaps to guide the flow into the test section. Each
turbine. As with the fence used by Chung and Sim@h an

attempt was made to divert the path of the passage vortex so that
it would be washed away by the main free-stream flow. Thi<
would increase the effectiveness of film cooling, and the weake I
ing of the vortex might decrease the aerodynamic losses in t
passage. A second objective was to provide documentation of
secondary flow both with and without modification. Several stuc
ies have described endwall flows, and a few such as Gregol b )
Smith and Cleak14] and Kang and Tholgl5] provide quantita- /
tive data on mean flow and turbulence quantities. The prese
study continues this documentation, and by considering cases w
modified flow, may provide further insight into the flow behavior.
Endwall blowing was used in an attempt to achieve these o
jectives. It was hypothesized that jets might be used to manipule

/1
Flow e

Suction-side Blade

the secondary flow, either by blowing the passage vortex awi
from the endwall, or diverting it away from the suction surface
similar to the action of a boundary layer fence. Holes for jet
could be machined into the endwall, similar to film cooling holes
and used with compressor bleed air. Alternatively, a slot might k
used, possibly utilizing the gap leakage flow between adjace

Plane C
Plane B

-

Plane A

Pressure-side Blade

airfoils. Chyu et al[16] provide a study of gap leakage. Unlike

film cooling injection, which typically utilizes shallow injection Fig. 3 Schematic of test section
angles and low blowing rates to provide a film of cooling air on af measurement planes A, B, and C
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Table 1 Test section geometry and test conditions (TSI 1243-T1.5 was used to check the inlet free-stream turbu-

Chung (1992) Prosent stady Iencg isotropy and acquire data for spectra and length scale cal-

Chord (mm) 231 328 culations. y . .
Pitch (mm) 178 252 Secondary flow velocities were measured using a single com-
S 610 665 ponent Laser Doppler VeIommete_(LDV). The LDV system

pan (mm) (Dantec Flowlit¢ uses a 10 mW helium neon laser with Gaussian
Aspect Ratio (f/C) 2.64 2.02 beam diameter of 0.168 mm and crossing angle of 5 deg. Each
Solidity (C/P) 1.30 1.30 plane of interest was surveyed twice with the beams in two dif-
Inlet Angle (deg) 44.3 46 ferent orientations to obtain two velocity components.
Outlet Angle (deg) 62.7 62 A sonic nozzle water sprayer was used to seed the flow for the
FSTI (%) ~10 ~8 LDV. The water sprayer used compressed shop air to jet-pump
Re, 2.1x10° 1.8x10° distilled water and produce a fine sprajroplets<5 um in diam-
Endwall §,/C at pressure{ 0.011 0.010 eten. The spray was injected through a 3.8 cm hole at the bottom
blade leading edge of the wind tunnel, upstream of the contraction. The seeding had

no measurable effect on the flow turbulence when the turbulence
grid was in use.

half-blade has full leading and trailing edges, which along with Flow Visualization. Various tufts were used to show the di-
the flaps provide the correct leading edge flow for each blade.raction of shear stress on the endwall and the location of the
schematic of the test section is shown in Fig. 3. The geometry pfissage vortex. A long tuft of about the chord length was particu-
the test section and the test conditions are summarized and cdatly illustrative when placed near the endwall. The tuft would
pared with Chung and Simon[g] test section geometry and con-become entrained in the passage vortex, wrapping around it as it
ditions in Table 1. Chung and Simon closely match the multsrossed the passage, grew in size, and climbed the suction surface.
blade cascade study of Chen and Goldsfaiti. A vorticity detector was also used to locate the vortex. This de-
The test section blade shape is the General Electric CF6-&@tor is a small pinwheel with paddles parallel to the axis of
rotor profile, scaled up to have a chord length of 328 mm. Thetation. The vorticity detector is placed in the test section with its
CF6-50 shape, while not particularly modern, allows direct conaxis pointed upstream. The spinning of the pinwheel indicates the
parison to previous studies. The full leading and trailing edges loication of a vortex. Both the tuft probe and the vorticity detector
the pressure-side blade are machined out of high-density foam avere used as preliminary tools to visualize the flow in the passage.
connected with transparent Plexiglas. The suction-side bladeTige locations and cases that appeared interesting were then docu-
machined out of foam. Eleven 0.3-mm-dia pressure taps are foented with more permanent techniques such as ink dot
cated along each half-blade, 356 mm above the endwall in a msualization.
gion where the flow is two dimensional. The ink dot flow visualization technique was used on the suc-
The endwalls are constructed of 6.4-mm-thick clear Plexiglation surface as well as the endwall. This technique, introduce by
Both the top and bottom endwall have sharp leading edges thangston and Boylg22], provides a permanent record of the
extend to the edge of the turbulence generator settling sectiendwall shear stress as shown by ink traces. A grid pattern of dots
The height of the test section is 20 mm shorter than the exit of tiéas placed on a sheet of contact paper with a permanent marker.
settling section, providing 10 mm gaps at each endwall leadifigie contact paper was then taped to the endwall or blade and
edge to remove the boundary layers which develop upstream. Tarayed with a uniform thin layer of 99.5 percent isopropyl alco-
transparent Plexiglas flaps extend from the sides of the settlihgl. In their study, Langston and Boyle used oil of wintergreen as
section to direct the flow into the test section. The flaps curve oatsolvent. Simon et al[23] substituted isopropyl alcohol and
past the leading edge of each half-blade. The gaps between fidignd that it would also suffice. The alcohol dissolves the ink
blades and the flaps, labeledand b in Fig. 3, are adjustable. dots, the wind tunnel is turned on, and upon exposure to flow, the
These gaps allow air to escape the test section. By controlling tii moves in the direction of the shear stress on the wall. The
size of the gaps, the flow around the leading edges of the bladegligohol evaporates and the ink traces dry, leaving a permanent
controlled. This affects the flow conditions, particularly the deverecord of the wall shear stress. About 45 seconds are required per
opment of secondary flows, in the test section. The flaps welien. This technique is useful for showing the endwall flow pattern
necessary to match the leading edge and secondary flow inand the effect of the passage vortex on the suction surface.
actual turbine or multiblade cascade.

Wall Jets. All wall jets used in this study were of the sameResults
type, but used in varying configurations. Holes were drilled and

tapped into the bottom endwall to hold fittings for 6-mm-dia jets, Basefllnhe (?lase'—Nl’? Flow Modification. Tﬂedmamhchara?terr;
Shop air was blown it a 9 liter Nalgene bottle, which served agstlcs of the flow in the passage were matched to those of Chung

a plenum. Twelve fittings were installed in the bottle wall antﬁlnd Simor{7] to qualify the test section and provide a comparison

connected to the wall jet fittings with 4.8-mm-dia tubing. Jet ve=2Se for evaluation of flow modification techniques. The Reynolds

locity was controlled with a pressure regulator on the plenu%u{nog’e_rlihpased on |nIethv<;,\I|OC|tybatndt_(lzlhord Iengthi_ wasR set ?; 2
inlet. When multiple jets were used simultaneously, clamps weretD- This Is a somewnhat low but still representative Reynolds

placed on the tubing for each jet for individual adjustment. Thidumber for a high pressure turbine. The normalized velocity dis-
insured that all jets had the same velocity to within 6 percent. tribution along the airfoil surche@omputed_ fro_m local pressure
measurements along the blaflisspresented in Fig. 4. Also shown

Instrumentation. A pressure transducer with a range ofor comparison are results from Chuptf] and predicted values
0-3.5 in. HO was calibrated using a micromanometer and usedipplied by General Electric. The present case compares well with
for all pressure measurements. A Kiel probe was used for tothk expected values, matching to within 9 percent.
pressure surveys. Kiel probes are total pressure probes designetb insure that the proper secondary flow was modeled in the
for insensitivity to flow angle, making them suitable for use irpassage(as opposed to simply the flow in a curved channel
regions of strong secondary flow. several steps were taken. As noted above, the full leading edges of

A single sensor, boundary layer type hot-wire pr¢bgl 1218- both the pressure and suction side blades were modeled. Bleed air
T1.5 and a hot-wire anemometéfSI IFA 100 were used to was allowed to escape the passage around the leading edges, as
measure the streamwise component of the test section inlet amdwn in Fig. 3. This insured that horseshoe vortices would form
outlet velocities, and the velocities of the wall jets. A cross-wirat the leading edge—endwall junctions. The endwall boundary
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Fig. 6 Ink dot flow visualization on the suction-side blade:
baseline case

leading edge of the pressure-side blade, and continuing across
the passage toward the suction-side blade. The ink dot traces show
the clockwise sense of rotation of the passage vaf&w look-

ing upstream This is the sense of rotation of the vorticity of the
inlet boundary layer as discussed by Langston €22l Oil and

layer thickness also plays an important role in determining thampblack visualization was also used to confirm the path of the
secondary flow in the passage. The LDV was used to measure Voetex.

boundary layer thickness at a location 25.5 cm upstream of thelnk dot visualization also provides a clear image of the shear
leading edge of the pressure-side blade, near the center of ghess on the suction surface, as shown in Fig. 6. The technique

passage. Following the procedure of Chung and Sifii¢ns, /C

was applied to a region 225 mm loitfjom S,/C=0.62 to 1.31

was calculated and extrapolated to the leading edge of thed 100 mm highz/C=0 to 0.30, flush with the endwall and
pressure-side blade, assuming flat plate, zero pressure gradiertending to within 4 mm of the trailing edge of the blade. This is
turbulent boundary layer growth. The boundary layer was trippéde region where the passage vortex impacts the suction surface.
using a 3-mm-dia Tygon tube at the entrance of the test sectidihe clockwise rotation of the vortex moves the ink traces in an
just after the settling section. The size of the trip was selected gpward motion. Although each ink trace shows the direction of
that 5, /C matched the value reported by Chung and Sifffdnas shear stress, not the magnitude, a general idea of the strength of

shown in Table 1.

the vortex can be deduced by the angle of inclination of the trace.

The ink dot flow visualization technique was employed offhe ink traces above the vortex are straight lines in the direction
the endwall to determine the location of the saddle péihe of the main flow, indicating that the passage vortex has no effect
intersection of separation and reattachment lines of the endwiallthis area. The slight downward inclination of some traces may
boundary layerand is shown in Fig. 5. The endwall shear stresse due to the fact that the ink dissolves in the alcohol and starts to
pattern matches those of Chung and Simi@@] and the cascade run down, as a result of gravity, before the wind tunnel reaches its
study of Chen and Goldstei21], providing confidence that the full velocity. It is also possible that the downward inclination of
desired secondary flow has been created. The location of the pigse traces may be due to smaller vortices such as the suction-
sage vortex can be seen downstream of the saddle point, neardide leg of the horseshoe vortex or the wall vortex, as documented

Saddle Point

Pressure-side
Blade

Passage Vortex

Ink dot flow visualization on the endwall: baseline case

Fig. 5
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by Wang et al[3].

The secondary velocity field was measured in three planes,
shown in Fig. 3 as Planes A, B, and C. Each plane was perpen-
dicular to the suction surface and the endwall, and extended from
the blade-endwall junction to at least 65 myg/C=0.20) away
from the suction surface and 105 mm €= 0.32) above the end-
wall. Plane A was located &,/C=0.80, 171 mm upstream of
the trailing edge of the suction surface, as measured along the
surface. Plane B was &;/C=0.99, 106 mm upstream of the
trailing edge, and Plane C was at the trailing edd&/C
=1.32). Figure 7 shows the mean velocity field in each plane.
The length of the velocity vectors is proportional to the magnitude
of the velocity in that direction. The center of the vortex can be
seen near the junction of the endwall and the suction surface in
Plane A. As the vortex moves downstream, Planes B and C
clearly show how it impinges upon the suction surface, increases
in size and moves up the blade. The vortex location agrees with
that indicated by the suction surface ink dots tradeg. 6). Sec-
ondary kinetic energy loss coefficients were calculated from the
velocity field using the equation:

V2+W?
CSKE:T 1)
1

and are shown in the second row of Fig. 7. Note the high values
along the suction surface, which again shows the action of the
vortex on the blade, in agreement with Fig. 6.

Total pressure was measured in the same planes as the second-
ary velocity. Total pressure losses were computed as:
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Plane A Plane B Plane C helpful. There was some evidence that the vortex could be tem-
porarily diverted, but it was not blown off the endwall. Because

\\\\\\\\

03{7 2211327 AR oaftr...,,
xuc Z::::::: u, =C i f::;;: et} N the wall jets near the saddle point had no significant effect on the
2 %%frIIeyy — 02 j(’jnt: o2l {1 fi secondary flow, no further efforts were made with this case, and it
g o j‘,’_‘:;::: 1IN o1 R:;; ‘1 was not quantitatively documented.
> ’ ’ AR I AR
NN oot Case 3—Optimized Fence. A clay fence of the same length

0 01 o02yC % 01 02 yC (88 percent of chond height(4.5 percent of chond cross section
(equilateral trianglg and orientation as used by Chung and Simon
[7] was positioned in the test section, as shown in Fig. 2. The
leading edge of the fence was @C=0.37, »/C=0.08, and the
trailing edge was af/C=0, »/C=0.79. Ink dot flow visualiza-

tion on the suction surface clearly showed that the fence reduced
the effects of the passage vortex on the suction-side blade. This
result is consistent with that of Chung and Sinj@h They con-
cluded that with the fence, the passage vortex could not reach the
suction surface. Instead, it was lifted by the fence and washed
away by the mainstream flow. Evaluation of the flow with a tuft
probe and the vorticity detector led to the same conclusion.

The fence was then modified to minimize its length. This was
done in preparation for the use of a row of wall jets. The wall jets
were to be installed in place of the fence at the same location as
the fence. By minimizing the length of the fence, the number of
wall jets could be reduced, thereby reducing the amount of air
required. The fence was split into sections. Ink dot flow visualiza-
tion was done on the suction surface to see the effect of the re-
moval of each section of the fence. If too much of the fence was
removed, the remaining sections either failed to intercept the vor-
tex on the upstream end, or allowed it to move across the passage
downstream of the trailing end. With the removal of 50 percent of
the fence(30 percent from the upstream end and 20 percent from

Fig. 7 Secondary flow measurements at Planes A, B, and C the downstream endand a slight reorientation of the upstream
(see Fig. 3) for baseline case. Top row: secondary velocity; end, the remaining sections still proved to be effective in diverting
second row: secondary kinetic energy loss coefficient; third the passage vortex. This is evident in the blade ink dot traces

row: total pressure loss coefficient; bottom row: turbulence in-
tensity. Dimensions y (distance from suction wall ) and z (dis-
tance from endwall ) normalized on chord.

shown in Fig. 8. The region shown is the same as in Fig. 6. Note
that the ink traces are parallel to the main flow and do not exhibit
the upward inclination seen in Fig. 6. The optimized fence length
was 44 percent of the chord length. Its leading and trailing edges
were located at{/C=0.35, »/C=0.36 and {/C=0.10, 5/C

P~ Py =0.72 respectively. A schematic depicting its location and orien-
Cpem 2 tation is shown in Fig. 2. Notice the leading edge of the fence is
: 1 slightly turned toward the suction-side blade. In this position the

and are shown in the third row of Fig. 7. Comparing to the velogassage vortex is intercepted and forced to follow a path along the
ity fields, it can be seen that higbp, corresponds to the center offence. _ o
the passage vortex. This result is expected and agrees with Chun@il and lampblack visualization was conducted on the endwall

and Simon(7]. with the modified fence in place. The saddle point could be seen
Turbulence intensity was computed as: at the same location as the baseline case. The path of the passage
s vortex could be seen as it was intercepted by the fence, and forced
TI= [ twW 3) to travel the length of the fence before exiting the test section.
2ui Flowfield measurements were acquired in Planes A, B, and C

. . ) i . (the same locations used in the baseline céwsecases with the
and is shown in the fourth row of Fig. 7. High turbulence regiongyiginal and optimized fences. The results with the two fences

correspond to the core of the passage vortex, in agreement Wiifire nearly indistinguishable, and are presented in Fig. 9 for the
the total pressure losses.

Case 2—Wall Jets Near the Saddle Point. Six wall jets
were installed near the saddle point in the locations illustrated in

Fig. 2. In terms of the fixed coordinatésand 5, shown in Fig. 2, x Trélling edge of suction-side blade
wall jet #1 was located af/C=0.62, /C=0.14; jet #4 at//C ; AT A AR T T G et g g e -
=0.72, 7/C=0.23; and jet #6 af/C=0.58, 7/C=0.22. These 2] s s s v v v & 0 o 0 et v e w

jets were used in an attempt to redirect the passage vortex nea.is
point of origin. Analysis of the secondary flow with a tuft probe 45

DU R R i e R aame e P

revealed that the passage vortex still impinged upon the sucti i . T W W ame T e
surface, as in the case without any jets. The vorticity detect’ e e g e g R
showed that when jet #4 was not operating, the passage vor®y * = ~ ~ ~— S
appeared to travel around the jets toward the pressure-side bl.06 o

and then migrate across the passage. When jet #4 was operal ggf* = =g s®s e s s s ..

the vortex path was less clear, but it still traveled across the piHeight above endwall (z/C) <4——— Flow

sage to the suction-side blade. Ink dot flow visualization on the
suction-side blade revealed no significant difference from Fig. fig. 8 Ink dot flow visualization on suction-side blade: opti-
the baseline case. Increasing the velocity ra¥ig,/U,, was not mized fence
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Fig. 10 Ink dot flow visualization on suction-side blade: cen-
terline wall jets

The ink dot technique was used to evaluate the effectiveness of
the wall jets. Nine jet velocities were tested by varying the jet
supply pressure from 14 kPa to 70 kPa in 7 kPa increments. It was
concluded, by inspection of the suction surface ink traces, that a
jet velocity of 24 m/s V¢ /U,;=2.7) was sufficient to divert the
passage vortex successfully. An image of the ink traces on the
suction surface, with the jets at this velocity, is shown in Fig. 10.
Note that the ink traces are more parallel to the main flow than in
the baseline cas@ig. 6). There is, however, some upward incli-
nation of the traces in the region between 30 and 70 mm from the
endwall, which will be explained below. Since the jets and main
flow have the same temperature and density in the experiment, the
Fig. 9 Secondary flow measurements at Planes A, B, and C jets have a blowing ratio,pfeVied/(p1U1), of 2.7, and a momen-
(see Fig. 3) for case with optimized fence tum ratio, (pjeV)/(p1U?), of 7.3. These ratios would be lower if
based on local free-stream velocities at the jet locations, dropping
toward 1.8 and 3.2 at the test section exit. Typical blowing ratios,

optimized fence case. The passage vortex develops in the sdipged on local velocity, for film cooling are well below 1, but this

location as the baseline case, but the fence inhibits the develbp-dué to the fact that film cooling is more effective at lower

ment of the vortex as it moves downstream, from Plane A to Pla

impinge upon or climb the suction surface. Rather, it remai . ; - . . ;
away from the blade and its strength is greatly decreased from Sty ratio approaching 3 in an engine, blowing and momentum
baseline caséFig. 7). A weak counterrotating vortex is present aios of 3 would be the limit in the first stage. The blowing and

near the blade—endwall junction. This may be the suction-side Ifﬁgmemum ratios of the present study are too high for use in the

r%%:ctice, a somewhat lower limit would be expected. Assuming a

of the horseshoe vortex. The fence prevents its entrainment by t_stage,_but are .Of the right or_der Of. magnitude for a.WPf""?‘b'e
passage vortex. esign. It is conceivable that with reflnement ar_wd op_tlmlzatlon,

A weaker vortex means lower secondary kinetic energy lossdé!l jets could be made to work at a blowing ratio which would
Averaging over Plane C, the averaGey: is reduced to 30 per- e achievable in an engine. Downstream of the first stage, even
cent of the baseline case level. Total pressure losses increas&% high ratios of the present study should be achievable. To de-
about 30 percent with the fence, but the combige andCp ermine more precisely the blowing and momentum ratios needed
losses are about 10 percent lower with the fence than in the b =

line case. Note that the losses are only averages over the plal

shown, and are not stage losses. If larger measurement planes h d‘lef?assthﬂow fr:OtrE all 12 Jetts tcortrespct)_nds t|? 1 percent of the
been used, including regions less affected by secondary flow, {§&SS low through the present test section. 1t oneé assumes an
differences between cases would be less. aspect ratio of 1 and blowing from both endwalls, the jet air

The locations of high total pressure losses and also high turt] _quirehment ‘.NOLIJ'd gprrespond to 4h perCﬁnt Offl the m?jsb flow
lence intensity do not follow the core of the passage vortex. Irough a typical turbine passage. The wall jet flow would be in

stead they remain near the blade—endwall junction at the locatigfidition to the mass flow introduced through film cooling. Laksh-

of the counterrotating vortex noted in the velocity fields. It apmlnarayanail] states that the typical cooling requirement in the
-stage nozzle is about 6 percent of the core engine inlet flow.

pears that losses may not be generated so much by the pas f h f fihe i in th d il
vortex as by upstream activity in the suction-surface-endwall re: creiore the mass flow of the jets in the present study, while
gh, is conceivable for engine application, and if the jets are

gion. In the unmodified flow this region of losses is entrained ) . . -

the passage vortex and moved. With the fence, the high loss ayggcessful in reducing secondary flow effects and making film

remains in the corner. cooling more effective, it may be possible to reduce the film cool-
ing mass flow, somewhat offsetting the extra mass flow needed

Case 4—Centerline Wall Jets. Twelve wall jets were in- for the wall jets.

stalled in place of the modified fence. It was hypothesized that theThe ink dot technique was applied over the endwall with the

wall jets would perform the same function as the fence by liftingets in operation. The results are shown in Fig. 11. This figure

the passage vortex off the endwall and diverting it from the sushows that the main characteristics of the flow, excluding the

tion surface. The configuration of the twelve wall jets is shown ipassage vortex path, are similar to the baseline case. The saddle

Fig. 2. point is located in the same position. The endwall crossflow due to

the jets, further experiments should be done with jets at a
er density ratio.
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the vortex is about the same as in the baseline ¢am®mpare to
Fig. 7). A small counterrotating vortex is apparent in the endwall—
suction surface corner in Planes A and B, but it has been over-
whelmed by the passage vortex by Plane C. Aver@gg: are
about the same with the jets as in the baseline case. Near the
suction surface, however, a comparisorCgfc in Figs. 7 and 12
shows much lower secondary velocity near the suction wall with
the jets. This indicates that the vortex is having less of an effect on
the suction surface, in agreement with the ink dot visualization of
Fig. 10. The area on the suction surface from the endwall to a
height of z/C=0.09 shows little influence of the passage vortex,
as indicated by the ink traces parallel to the endwall. The upward
y motion of the vortex, shown by the velocity field in the region
Fressreside  petweenz/C=0.09 and 0.21 up the suction surface, corresponds
to the inclined ink traces in that same region. This supports the
conclusion that the passage vortex has a weaker effect in the case
Passage Vortex with the jets and is farther from the suction surface. This would

Inlet Flow \ Saddle Point  wall and kept away from the suction-side blade. The strength of

Suction-side
Blade

Location of wall jets

— presumably allow for more effective film cooling on the suction
Py surface.
) o . Total pressure losses show characteristics of both the baseline
Fig. 11 Ink dot flow visualization on the endwall: centerline case and the optimized fence case, with higp, in both the
wall jets corner, at the location of the counterrotating vortex noted above,

and the core of the passage vortex. Average pressure losses are
about 50 percent higher than in the baseline case. Comi@pgd
the pressure gradient from the pressure-side blade to the suctiand Cgxe losses are about 30 percent higher than the baseline
side blade is clearly indicated. The passage vortex is obserbe.
downstream of the saddle point, near the leading edge of theThe drop in losses observed with the optimized fence suggested
pressure-side blade. The vortex begins to migrate across the ghat similar behavior might be expected with the jets. This was not
sage, toward the suction-side blade, but is intercepted by the wihi case, and the turbulence intensity measurements may provide
jets. The vortex is pushed along the length of the wall jet row arah explanation. The turbulence intensity follows the pressure loss
out of the test section without impinging on the suction surfacbehavior, with a peak in the blade—endwall corner in Plane A, a
Oil and lampblack visualization showed similar results. double peak in the corner and passage vortex core in Plane B, and
Flow field quantities from Planes A, B, and C are shown in Figa peak at the passage vortex core in Plane C. Comparison of Figs.
12. As the vortex moves downstream, it is lifted up off the end? and 12 shows that the turbulence intensity in the jet case is
considerably higher than in the baseline case, particularly in
Planes A and B. The jets are disturbing the main flow and creating
turbulence. Much of this extra turbulence has been dissipated by

- _P?f:t_ ,P:"f"f\ . ,P,"_'"c Plane C, and the dissipation has resulted in higher losses.
:‘I’; 7oITTT] z‘l’c“’ ! eI :g SRR From a heat transfer standpoint, the centerline jets appear to
02 f;’;::::; ‘i', 02 N ;:::: 02 bl P have the_ desired effect _of providing a more favorable situation for
i ! {;’:‘\\\\\ Ny A RQ:’ 74 film cooling on the suction surface. From an aerodynamics stand-
IS TIANNPENN NN R INSET point, the jets have the undesirable effect of increasing losses.
Sy N szl e These two effects, along with the cost associated with supplying
o o1 ozyc o o1 ozye o o1 02 yic the jet air, would need to be balanced to determine the overall

effect on engine efficiency. Further experiments to quantify

stage losses and the benefits to film cooling and heat transfer
would be needed to make this comparison. More work to optimize
jet size and spacing might also be beneficial for reducing jet air
requirements.

Conclusions

Endwall jets located in the center of a turbine passage were
effective in altering the path of the pressure-side leg of the horse-
shoe vortex. The vortex was not significantly weakened, but its
migration across the passage toward the suction surface was par-
tially blocked. Jet airflow requirements were comparable to those
used for film cooling.

The jets appear to provide an improved situation for airfoil
cooling, but result in higher secondary losses due to the turbu-
lence generated by the jets.

A boundary layer fence was effective in altering the path, re-
ducing the strength, and minimizing the harmful effects of the
pressure-side leg of the horseshoe vortex in a turbine passage. The
fence length could be reduced to half that used in previous studies,

Fig. 12 Secondary flow measurements at Planes A, B, and C with no significant change in results.
(see Fig. 3) for case with centerline wall jets Total pressure losses appear to be generated primarily near the
Journal of Turbomachinery OCTOBER 2000, Vol. 122 / 657
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suction surface—endwall corner, and are not directly attributadReferences
to the passage vortex. The passage vortex entrains the fluid in thjg) | akshminarayana, B., 1996Juid Dynamics and Heat Transfer of Turboma-

high loss area when it reaches the suction surface.
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Nomenclature

C = chord
Cske = secondary kinetic energy loss coefficient
Cp; = total pressure loss coefficient
FSTI = free-stream turbulence intensity
H = span
H, = pressure side leg of horseshoe vortex
Hs = suction side leg of horseshoe vortex
P = pitch
P, = static pressure
P, = total pressure
P, = total pressure in free-stream upstream of cascade
Re. = Reynolds number based on chord dug

S, = curvilinear distance from leading edge along pressure
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S; = curvilinear distance from leading edge along suction
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Tl = local turbulence intensity
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p
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= density
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Flow Measurements in a Nozzle
Guide Vane Passage With a Low
Aspect Ratio and Endwall
Contouring

Steven W. Burd Most turbine cascade studies in the literature have been performed in straight-endwall,
Terrence W. Simon high-aspect-ratio, linear caS(_:ad_es. As a result, there has been I_ittle appreciation for the
role of, and added complexity imposed by, reduced aspect ratios. There also has been
little documentation of endwall profiling with these reduced spans. To examine the role of
these factors on cascade hydrodynamics, a large-scale nozzle guide vane simulator was
constructed at the Heat Transfer Laboratory of the University of Minnesota. This cascade
is comprised of three airfoils between one contoured and one flat endwall. The geometries
of the airfoils and endwalls, as well as the experimental conditions in the simulator, are
representative of those in commercial operation. Measurements with hot-wire anemom-
etry were taken to characterize the flow approaching the cascade. These measurements
show that the flow field in this cascade is highly elliptic and influenced by pressure
gradients that are established within the cascade. Exit flow field measurements with
triple-sensor anemometry and pressure measurements within the cascade indicate that the
acceleration imposed by endwall contouring and airfoil turning is able to suppress the
size and strength of key secondary flow features. In addition, the flow field near the
contoured endwall differs significantly from that adjacent to the straight endwall.
[S0889-504%00001104-1

Heat Transfer Laboratory,
University of Minnesota,
Minneapolis, MN 55455

Introduction et al.[5] and Ewen et al.6] have reported obtaining increases in

The most interesting and plaguing characteristics of cascaggdency approaching 3.5 percent with meridional endwall pro-

fluid mechanics are the secondary flows. As a result, second

flow field documentation in gas turbine cascades has been e - - X
center of many studies. Sieverdifigj] presented a review of nu- airfoils fitted with several forms of meridional endwall profiles

merous investigations. In general, studies have shown that fHed vari_eq airfoil aspect ratios. It was found that symmetric-cubic
passage flow field is extremely complicated as it consists of hor&é!l profiling could reduce overall secondary loss up to 25 percent
shoe vortices, passage vortices, and endwall secondary floWith a.small aspect ratio and thln.lnlet boundary layers. The Iloss
which are due to pressure gradients formed with curvature. THAuction occurred almost exclusively near the flat, non-profiled
generally accepted flow patterns within cascades are shown in Fg§dwall, and was attributed to changes in airfoil pressure distri-
1, a three-dimensional cascade flow model that was developedasfions due to profiling. Kopper et 48] investigated the benefit
Langstor{2]. As the flow travels through a cascade, it experiencé&$ endwall profiling in a cascade with one planar and one con-
aerodynamic losses. These arise from viscous effects. Profiired endwall, a design similar to that documented in this paper.
losses are generated in the airfoil boundary layers well away frohfieir design demonstrated a 17 percent reduction of the full-
the endwalls. Endwall and secondary flow losses arise from erikssage, mass-averaged loss relative to a planar cascade, primarily
wall boundary layer flow and the secondary flows generated @ge to lower secondary losses on the planar wall side of the cas-
boundary layers pass through the airfoil row. For turbines, secade. Boyle and Hag®], Timko [10], Tipton [11], and Boyle
ondary flow losses contribute one-th[i2] to nearly two-third§4] et al.[12] also studied contoured endwalls. In spite of this work,
of the total aerodynamic loss. more insight into the benefits of these designs is needed. Mou-
Nozzle designs in high-pressure turbines tend to have low asapha and Williamsofl3] studied the effects of two meridion-
pect ratios, sharp flow turning, high exit Mach numbers, and largdly profiled endwalls. Boleti§14] and Arts[15] published a two-
trailing edge blockages. These features can combine to prodyeet, experimental-numerical study of the effect of tip endwall
prominent secondary flows that may seriously affect nozzle efiontouring on the three-dimensional flow field in a low-speed,
ciency as well as the performance of the downstream high-wadw-aspect-ratio, annular turbine nozzle guide vane. They con-
rotor. In contemplating methods of improving the performance efuded that passage losses are reduced by tip contouring. Boletis
such nozzles, considerable attention has been paid to endwall cgid Sieverding16] employed a cubic, meridional-contoured end-
touring. Contouring offers the possibility of reducing exit flowiwall in their investigation with a low-aspect-ratio stator geometry.
profile distortion as well as controlling secondary flow develop- Nonaxisymmetric endwall profiles have also been investigated.
ment by reduction of cross-channel and radial static pressure gffrese used shaped endwalls in both the axial and circumferential
dient effects. Researchers have investigated the effects of endwalbctions. Nonaxisymmetric designs of Morris and Hd&eand
contours for a variety of contour profiles and positions of thesgiins [17] showed limited success. The nonaxisymmetric profile
contqurs relative to.the airfpil chords. Contouring has show& Morris and Hoare, for instance, produced a large reduction of
promise as an effective passive flow management method. Dejglses in the half-span adjacent to the flat wall but increased con-
siderably the losses near the profiled wall. To the contrary, the

Contributed by the International Gas Turbine Institute and presented at the 45y ,ssian kink” of Warner and Tram18] vielded improved effi-
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- Iﬁ ] Y P

many, May 8-11, 2000. Manuscript received by the International Gas Turbine Indgl€ncies in low-aspect-ratio turb'ne_s' R(ﬁ$9] showed promising
tute February 2000. Paper No. 2000-GT-213. Review Chair: D. Ballal. results for several types of three-dimensional endwall shapes. Du-

ng (i.e., contoured axiallywithin nozzle airfoil rows. Morris
Hoarg 7] described experimental work on a linear cascade of
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den et al[20], Duden and Fottnef21], Yan et al.[22], Harvey &
et al.[23] and Hartland et al24] have investigated nonaxisym- Somightowall T
metric profiles more recently. Gl .
Several profiles hold more promise than others. A successful Bleed
and very popular contour in guide vanes is one that imposes a Entenl
reduction in passage span in approaching the trailing edges of the
airfoils, permitting most of the flow turning to be achieved at
lower velocities around the initial region of the vane. Subsequent
flow acceleration is then available to reduce flow profile distortion
and boundary layer growth. The cubic-type profiles of Morris anldtor. There is a separate, secondary flow loop attached to the
Hoare[7], Kopper et al[8], and Boyle and Haa9] fall in this facility that is capable of supplying bleed cooling to the cascade
category. Unfortunately, the understanding of contouring effedisst section. This loop was inactive for the present measurements
is still limited. Very few data are available for the flow fieldbut was used by Burd and Sim¢a7] and Burd et al[28].
velocity, turbulence, and vorticity within the passage and second-The most important constituent of the facility is the nozzle
ary flow mechanisms are not clear. In this paper, the flow field agdiide vane simulatofFig. 3), which serves as the test section. It
secondary flows are documented and losses are quantified. consists of a three-airfoil, two-passage cascade. The airfoils are
expanded-scale models of the actual engine nozzle mid-passage
Experimental Facility section. The airfoils are fabricated of low-thermal conductivity

The test facility(Fig. 2) was designed and constructed to simu$ilicon-reinforced phenolic. One endwall is flat and made with
late the geometry of, and the flow through, the inlet guide vanes b2 /-cm-thick acrylic. The other is fabricated with significant pro-
the high-pressure turbine stage of a modern, midsized, industf{i’d in the axial direction and is constructed of phenolic. The
gas turbine engine. In the facility, filtered air is supplied by gontour of this endwall starts at roughly 25 percent of_ the a_X|aI
centrifugal blower into a turning header. Downstream of thghord downstream of the leading edge plane and, moving axially,
header, the flow enters an axial fan and then travels through a hi§sgoncave over the first half and convex over the latter half. The
exchanger element to the turbulence generator. The two fansPfiefile creates a 25 percent reduction in exit plane span relative to
series supply the core flow through a grid of eight rectangulgPe |nIet_pI§1ne. Geometric parameters of the S|mu_lat0r are in Table
openings (5.08 cii15.2 cm) while a third supplies the jet flow 1. The limited number of airfoils and the large size of the com-
for mixing in the combustor simulator. Air jets issue from thé?onents allows high-resolution measurements of flow features
sides of the generator through two axial rows of 4.13-cm-dia holéis€-» boundary layers and vortioes

to simulate the primary and dilution jets. The mixing of these jets ‘The small number of airfoils and passages is not without com-
with the core flow produces high-level, large-scale turbulencRlications. The three airfoil arrangement used in this facility tends

Additional 4.13 cm holes are cut in the top and bottom of th® produce higher static pressures for the lower passage than in the
generator to supply more jet flow to improve uniformity in velocUPPer passage, as would naturally be expected for any bend. To
ity and scales. There are 48 holes in total. The generator follofdnimize this effect, the facility was fashioned with stagnation-

the designs of Ame§25] and Wang[26]. The combined flows égion, leading-edge suction bleeds and tailboards. These were

exit the generator, travel through a 2.25:1 contraction nozzle, afjfhipulated to obtain acceptable flow patterns and to produce
through a straight-walled section to the nozzle guide vane simigentical and proper stagnation streamlines into the leading edges
of all three airfoils. From the center of the trailing edges, the

tailboards project at an angle of 67 deg relative to the axial coor-
dinate; nearly tangent to the camber line. The upper of the two
passages is reserved for testing and measurements are based upon
the bulk flow through it.

Other cascades of the same type have been studied in the Heat
Transfer Laboratory at the University of Minnesota. Chung and

Fig. 3 Nozzle guide vane simulator test facility

Fan for Turbulence
un% mu‘:‘r“c

Table 1 Guide vane simulator design parameters
Airfoil True Chord=44.7 cm Camber Angle=59.59°

Bleed Supply Blower

Cuscude Test Section

Fig. 2 Experimental test facility
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Airfoil Pitch=31.8 cm

Airfoil Axial Chord=25.5 cm
Solidity = C/P=1.41

Airfoil Span (Inlet)=S,=25.9 cm
Airfoil Span (Exit)=S,=19.3 cm

Stagger Angle=55.8°

Aspect Ratio (Inlet)=S;/C=0.58
Aspect Ratio (Exit)=8,/C=0.43
Angle of Incidence=10°

Fillet Radii=1.27 cm
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Simon[29,30, for instance, compared the flow field and endwalDP45(8.9 cm waterand DP1514.0 cm waterare used to record
shear stresses in their cascade simulator to those in a true caschifierential pressures. A Validyne Sine Wave Carrier Demodula-
Realistic flow field patterns, including secondary flow featuresor (Model CD15, with 1 kHz response, provides a DC output
and endwall shear stress distributions were reproduced by thigim the transducers. This DC voltage output is recorded by a
simulator. In addition, the stagnation streamlines were orientgfbwlett-Packard Data Acquisition UniModel 3412A. For each
using bleed slots adjacent to the leading edges as in the presgfilvidual pressure measurement, a total of 20 to 100 voltage
facility. The leading edge horseshoe vortex and the evolution gfadings is recorded at a sampling frequency of 2 Hz. A trans-
secondary flows in the passage were not affected by this typefcer calibration equation was used to deduce pressure magni-
stagnation bleed. tudes from processed voltages. Probes are aligned by rotating the

AN X, Y, lz—coc_)rdina_lt_i systentFig. 2) is us(,jgd to o!escr:]ribg_ Me3-robe in the direction of the mean total velocity and so that maxi-
surement locations. The streamwise coordinatés in the direc- 1 "local total pressures are recorded.

it:wognec::{gaépspr':')ﬁgzRgvsglrl?n]l?:/nvérvé?o:rc?intgtﬁ;;értptlgnzligﬁllglre&d- Uncertainties, accounting for calibration and bias errors, in
and to the flat endwall. At eact) the contoured endwall surface isporisssgrsmmvigsel:trsgsemsha;g ; Sg I(:av;/c:r?t gf.?uﬁ?srcca(e&cggt;lijrlll scale
y=0 with positivey values extending toward the flat endwall. Th : 19 -~ P 9

.1 cm water. The miniature total pressure probes have square-

limits of y are therefore//S=0.0 and 1.0. The pitchwise or cross- . : .
stream coordinate, is perpendicular to botkandy. The z-origin edged openings and yield correct readings for angles of attack less
n =10 deg. Through careful positioning of the probes, this

(z=0) follows the leading edge of the center airfoil and continud§2 S o .
along the pressure surface of the center airfoil. Positivalues angle of attack limit is not exceeded. When significant, corrective
correspond to the upper passage. measures for turbulence effects are take4. Effects associated

with Mach number, Reynolds number, or shear displacement ef-

. fects were not important.
Experimental Procedure _ _ .
Cascade Flow Orientation. Inlet mean velocity and turbu-

Hot-Wire Measurements. A single-wire, hot-wire probe |ence distributions were measured at three positions upstream of
(TSI Model 1218-T1.5was used for measurements of mean ethe airfoil leading edges using single-wire anemomé#y per-
fective velocities and fluctuations about mean values. The propgnt, 45 percent, and 10 percent of the axial cord upstream of the
had a 3.81um-diam tungsten sensor with a length-to-diametefascade These data show that the cascade flow in the facility is
ratio of 480. The active length is approximately 67 percent of ﬂ]ﬁghly elliptic and that flow patterns that develop as the flow

total length. A triple-sensor, hot-film proli@SI Model 1299BM- 550105 hes the passage are dominated by the pressure gradients.
20) was used to obtain three-dimensional velocity and turbulensflga at 75 percert,, upstream of the airfoil leading edges are
ax

mriaggcrje;?]eggi'vgi%z;ﬁnslz;";htrg?1p6%b§1£aqrﬁed'?£itir gia sed to characterize the inlet conditions to the cascade. The flow
K g leng ’ : p P Y this location is fairly insensitive to the downstream presence of

averages over a spherical volume of approximately 2 mm in dj- . PR :
amete%. Both the siﬂgle-wire and triple-fi?ng probes V\yere driven B cascade and velocity and turbulence distributions show uni-

IFA-100 anemometer bridges. Data were sampled at 5 kHz sa tm yalues across t_he measurement zone. A spatially averaged
pling rate for 52.4 4262,144 data poinisfor each measurement VEIOCity over the regiory/S=0 to y/S=1.0 andz/P=0 to z/P
point. Voltages were recorded with an I0Tech ADC-488/8SA 1-0 U1=12.6 m/s, was calculated via integration of the veloc-
AID converter. Spectra were taken with both sensors with 1ity. The_mlet Rey_nolds number based on the airfoil actual chord
million data points recorded at sampling frequencies of 50 kHz,&1d Uy is approximately 350,000. The turbulence level normal-
kHz, 500 Hz, 50 Hz, and 5 Hz and low-pass filtering at 40 percelfi€d onU; is 9.5 percent. ) o
of the sampling frequency. An automatic, two-axis traverse sys-At X/Ca=—0.45, the data begin to show the elliptic nature of
tem with a 25um resolution was used to position the probe#is approach flow. Low velocities are found upstream of the lead-
during experimentation. ing edges #/P=0). Increased velocitiegrelative to x/C,y
Hot-wire uncertainty comes from precision and bias errorss —0.75 valuey are found above and below this low-velocity
Such uncertainties, which arise during calibration and measufregion suggesting mild acceleration of flow around it. The distri-
ment, are larger at smaller velocities. They arise from changeshutions clearly show that pressure gradients have begun to form
fluid properties between calibration and measurement, near-waifid influence the flow at this point.
effects, and sensor drift. For the triple-wire, measurements areVelocity and turbulence distributions measured just upstream of
sensitive to sensor alignment. A standard propagation, as detailee airfoil leading edge plane/C,,= —0.10, are in Fig. 4. Data
by Kline and McClintock[31], of uncertainty contributions as- are collected over the area spanning frgiH5=0.06 to y/S
signed for these various effects yields a combined uncertainty #10.94 andz/P=0.03 toz/P=0.94. A total of 70 data points, in
mean values of 5 percent for the single-wire and 5-7 percent f@r7x 10 yxz measurement grid, was recorded. The data show
the triple-film. The rms-velocity fluctuations have nominally thehat at this location the pressure gradients that develop within the
same uncertainty level. Errors in turbulent shear stresses measwgstade dominate the flow pattern. In FigA¥ high velocities at
with the triple-film are 10 percent. Due to the large sampling size$p=0.15 andz/P>0.8 clearly indicate that the core flow has
and long sampling times, stochastic errors associated with safggun to accelerate around the blockage created by the airfoil
pling are negligible in comparison to the deterministic errorgeading edge. The velocities progressively decrease in moving to-
T_hese calculated uncertainties are corroborated through turbulgitd the center of the passage, however. The lowest velocities are
pipe flow measurements, which were compared to the datagfing atz/P=0.5. Low velocities are also observed zP =0,
Laufer [32]. revealing that the flow is decelerating as it approaches stagnation.

Pressure Measurements. Static and total pressures are meal Urbulence intensityFig. 4B)) appears to depend strongly on the
sured using a standard pitot-static pressure pftlreted Sensor acceleration of the core flow as it enters the cascade. The regions
Model PCD-12-KL), miniature total pressure probes, and statief high acceleration have reduced turbulence intensities relative to
pressure taps. The miniature total pressure probes include a téig upstream values. In approaching the leading edge, the flow
scoping boundary layer probe with a 0.71 mm sensing hole diagiecelerates and turbulence is augmented. Given that the turbu-
eter that was constructed by Han8] and two similar designs lence is normalized on the local streamwise velocity, most of the
that were fabricated with 90 deg bends in the support arms. Tieriations are attributed to changes in the mean flow.
probe selected for measurements depends on measurement locklear-wall velocity profiles were measured in the approach flow
tion. Variable reluctance pressure transducers, Validyne Model assess the thickness and growth of the boundary layers ap-
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Fig. 5 Airfoil surface static pressure coefficient, Cps, distri-

proaching the cascade. Three profiles were také@;,=—0.75 butions in the cascade facility
andy/P=0.25, 0.5, and 0.75. The momentum and displacement
thicknesses are listed in Table 2.

To document the scales in the approach flow, filtered velocifyom channel to channel. There is some disparity in the vicinity of
wave forms were measured along the center spa8=€0.5) up- the leading edge. The suction surface data appear to match over
stream of the test passage at several locations. Spectral analyisedirst 60 percent of the axial cord. Local diffusion, indicated by
were then performed. Integral lengths scales ranging frothe drop in static pressure coefficients in the upper passage, is
6.3—-8.4cm (0.14A/C<0.19) are calculated. These large valuesxpected. Values measured near the trailing edges of the airfoils
are considered to be representative of the macroscales enteringrhthe lower passage, though, begin to deviate from those in the
guide vane in the enging85]. Such large scales are not easy tapper passage. This is primarily due to the presence of the tail-
generate in an experimental setting. With the assumption that theard. Measurements using static endwall taps indicate that the
turbulence of the inertial subrange in this flow is isotropic, disstailboard appears to create a more prominent zone of high static
pation rates of turbulence kinetic energy and associated enepggssure in the vicinity of the pressure surface trailing edge than
scale were calculated from these spef8®@l. Representative val- observed for the upper cascade. This results in acceleration of
ues for these quantities atC,,=—0.75,z/P=0.5 are listed in flow toward the suction surface trailing edge yielding pressures
Table 2. that are lower relative to those in the upper passage. For this

Static pressure distributions were measured along the four aigason, all measurements presented in this paper were taken in the
foil surfaces in the cascade. The data were recorded for pressupger passage.
taps located along a line parallel to the straight endwall and pass-
ing through the center of the exit span. Data were measured ®pgits
the 15 taps on the suction surfaces in both the upper and lower ) ) ) )
channels, 14 taps on the pressure surface in the upper channel, fhe measurements presented in the following sections include
taps on the pressure surface in the lower channel, and the t¥gkpcity distributions, turbulence field measurements, and aerody-
near the respective leading edges. Given the nonuniformity B&mic loss coefficients. From these, a general appreciation for the
static pressures upstream of the airfoil leading edges, equal abd¢d mechanics and aerodynamics in the simulator can be ob-
lute pressures on the surfaces with the two channels was not tined. Since this conflguratlon is constructed with one contoyred
pected. Local static pressure coefficients based on the inlet tdtadwall, effects of contouring can be deduced. It must be realized,
pressure, inlet static pressure upstream of each pa$stQg,= however,.that both endwall flows experience the same streamwise
—0.75 atz/P=—0.5 and 0.5 and locally measured airfoil sur- acceleration, so the differences between the two endwalls cannot
face static pressures are shown in Fig. 5. be interpreted as an endwall contouring effect.

_In general, the data from the same surfaces of neighboring airg o Field Measurements. Flow field measurements were
foils compare well. The pressure surface data appear to ma{gﬁen near the exit plane of the cascad€,, .= 0.90, using triple-

sensor, hot-film anemometry. The probe was oriented 65 deg rela-
tive to the axial direction and parallel to the flat endwall. This
angle was used to locate the probe in the direction of the average
exit flow angle, using a nulling method. A total of 597 data points

Table 2 Boundary layer parameters and turbulence param-
eters from spectra

XCuw 7P 8/Cyx10°  §IC,x10° H Re, was taken over the measurement plane with fine resolution near

075 0325 6.82 9.71 1.42 1400 the suction surfacez(P=1.0) and the near-endwa}/S=0 and

075 050 6.05 8.61 1.42 1315 1.0) regions. Near the endwall-airfoil corner, data are limited,

075 075 3.46 7.66 1.40 1200 given the size of the triple-film sensor and the corner fillets.

Coarse spatial resolution is accepted in the center of the passage

X/Cy ZP U (mfs) k AIC € L./C where gradients are weak. Data from the triple-sensor include the
(m’/s%) (ms?) mean and rms-fluctuating streamwiéiee., bulk flow direction

075 025 13.04 152 0.140 4026 0.085 components of velocityl) and u’, as well as mean and rms-

075 050 1333 1.69 0180 41.05 0098 fluctuating cross-stream components of velocity. The cross-stream

075 075 12.83 225 0188 6558 0.094 components perpendicular to bdthand the flat endwall surface
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areV andv’, with a positive value indicating motion from thewa”) velocity component(2) with some diffusion downstream
contoured to the flat endwall. The cross-stream components pegm the throat, the flow from the channel center is migrating
pendicular toU andV areW andw’, with a positive value indi- toward the two airfoil surfaces; the suction surface Z4P>0.5
cating motion from the pressure side toward the suction surfaggd the pressure surface P <0.5, (3) flow moves from each
Correlations of the rms-fluctuating components enable docum&firction—endwall corefy/S=0 and 1.0;z/P=1.0) toward the
tation of the primary turbulent Reynolds shear stress,, u’'w’,  center span, an@) flow moves strongly from the pressure to
andv’'w’. suction surface along the flat endwayl/ 6=1.0).
) . o ) ) The mean cross-stream velocities are also useful in determining

Streamwise Velocity. A distribution of streamwise velocity at the deviation of the flow from the bulk streamwise direction. In
X/C,x=0.90 is provided in Fig. 6. This distribution is normalizedyeneral, deviation is modest in this facility, remaining bel®
on the streamwise velocity at the centgfS=0.5 andz/P=0.5  deg. For brevity, plots of deviation magnitudes are not presented.

of the passagel), (46 m/9 This distribution highlights several | o exit profile distortion was expected with the contour-imposed
features of this flow includingl) the clear existence of boundaryzcceleration within the aft portion of the cascade.

layers along the airfoil surfacéz/P=0 and 1.0; (2) accelerated
or high-speed flow in the vicinity of the contoured endwall$ Turbulence and Velocity Fluctuations (Not Shown}lso, tur-
=0); and (3) two secondary flow structures along the suctioRulence distributions were measureéE,,=0.9. Over the ma-
surface, one positioned near each suction-endwall corner. The ti@éty of the flow field, the rms-fluctuations of velocity are small
structures, identifiable as distinct regions of reduced streamwise2.0 percent ofJ,) and comparable in magnitude to those of the
momentum(compared to the bulk core flow velocifyare of dif- approach flow to the cascade. At this position, the magnitude of
ferent size and strength. In general, the structure adjacent to tHedecreased from the approach flow values, however, due to
flat endwall §//S=1.0) is larger, but less concentrated. This strugissipation of streamwise turbulent kinetic energy and strain in the
ture imposes a large region extending frgn®=0.7 to 0.9 over direction of the bulk fluid motion. The magnitudes wf andw’
which U/U,=<0.9. The smaller, concentrated nature of the othevere larger thani’ values, except near the suction surfazé&?(
structure ¢/S=0) appears to be the direct result of streamwise 1.0). This is understandable, given the highly three-dimensional
acceleration associated with endwall contouring. The zone wéture of the flow field at this location. The two secondary flow
U/U,=<0.9 for this feature is about one-half that of the structurgtryctures are clearly visible as regions of elevatedy’, andw’
near the ﬂat endwall. It is Speculated that the CUr:VatUre of a%ar the Suction_endwa” corners. In these regiuhs‘alues are
acceleration along the contoured endwall would thin the endwglle highest, primarily due to wall damping of andw’ in this
boundary layer and, thus, stretch and suppress the growth of agyion.
secondary flow structures that form within it. The acceleration
would have a similar effect on the flow near the straight endwall. Turbulent Reynolds Shear Stresse$urbulent Reynolds shear
stress distributiongnormalized orug) are given in Figs. 8 and 9.
Regions of high shear stress are of primary concern to this study.
flow structures observed in Fig. 6 are acain evident here T;}Ws well known that large magnitudes of turbulent Reynolds shear
9. 9 - NE&¥esses will accompany regions of strong shear. Secondary vortex

appear as regions of short arrows adjacent to regions of laige,  ves are regions of enhanced shear. As such, coherent longi-
arrows. Due to rotation, portions of these structures oppose fhe.. . LY = =
inal vortices are easily identified via plots wfv’ andu’w’.

cross-stream motion and others add to the cross-stream motign. ; . .

The structures near the two endwalls appear to have oppos gneral.ly, the center is a local minimum in the turbulent shear
circulation directions: clockwise for the contoured endwall structfess field with higher levels about this center. If diffusion is
ture and counterclockwise for the flat endwall counterpart. Théigarly isotropic, the vectors'v'j +u'w’k point radially outward

are consistent with expectations for passage vortices along th&#&gn the center and perpendicular to the velocity gradients. Con-
surfaces. The vortices differ in strength and size of their region sfderingu’v’ andu’w’ separately, a plot ofi’v’ would, there-
influence. In terms of general cross-stream velocities, the figui@e, be expected to have a reversal in sign, with the reversal
shows that(1) with contouring, the flow coming off the profiled following a line perpendicular tg. Likewise, a coherent longitu-
surface has a considerable(contoured endwall to straight end-dinal vortex structure would be expected to also have a reversal in

Cross-Stream Velocities.The mean cross-stream velociti®s,
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contour increments of 0.01As a result, a pronounced line of sign
reversal is not evident. The'v’ shear stress behavior for this
structure suggests that there is likely a coherent vortex structure
present in this regiofi.e., weak passage vorteRut it is washed
out, to a great extent, by the secondary endwall and suction sur-
face motions in planar shear within the core flow. The peak shear
stresses are much higher, though, than those for the flat endwall
structure(0.4 for contoured and 0.2 for flat
The distribution ofu’w’ shear stresgFig. 9 shows also the
two structures discussed above. These structures are visible as
high negativeu’w’ values(diffusion away from suction surfage
It is speculated that regions of posititéw’ would be found
nearer to the suction surface if background stresses were removed
and near-wall stresses measured. The magnitudes of normalized
E u’w’ are comparable to the normalizedv’ values.
= Magnitudes ofv'w’ (not shown are small, as expected. These
terms represent thediffusion of y momentum. In the context of
this study, these quantities are not important.

CONTOUR
LV1d

ok ; PRESSURE i ‘
0 0.2 0.4 0.6 0.8 1
yis Key Observations From Velocity MeasurementEhese plots
i _ clearly indicate the existence of two structures adjacent to the
Fig. 8 Turbulent shear stress,  u'v'/U;X100, at X/ Ca,=0.9  gjrfoil suction surface and in the vicinity of the airfoil—endwall
corners. They are clearly related to secondary flows and resemble
passage vortices. The two are of different size and strength, with
the passage vortex adjacent to the flat endwall being larger and
rg;ss concentrated. That both structures are smaller than expected
nd smaller than those found in a large-aspect ratio, linear cas-
cades(e.g., [29,30,37), appears to be the direct result of the

“CONTOUR

sign ofu’w’, with the reversal along a line perpendicularztdn
theory, the crossing point of the two reversal lines would signi
the vortex center of rotation.

The plot ofu’v’ (Fig. 8 clearly shows the existence of two

of the mean streamwise velocitfig. 6). The region of high
stresses near the suction-flat-endwall corngV/SE1.0;z/P
=1.0) is believed to be the passage vortex along the flat endw:

Theu'v’ stresses indicate that this structure is vortical and rea- . )
sonably coherent since there is a reversal in shear stress sigrfi€rodynamic Loss Evaluation

Since the reversal in sign of v does not fall along a line normal  Total Pressure Loss. Total pressures are measured upstream
to the suction surface, it is believed that this vortex is slightlyat x/C,,= —0.7) and slightly downstreamx({C,,=1.02) of the
skewed and elliptic in shape, however. The structure near tbgscade. The upstream measurement is a single-point measure-
suction-contoured endwall corney/§=0; z/P=1.0) is different. ment with the pitot-static probe. A single point measurement in
The stresses for this structure are biased favoring positivé  the upstream position is justified sinpg at anyx upstream of the
(diffusion away from the contoured endwalkith only a small cascade has been verified to be nominally uniform. Total pres-
region of negativeu’v’ (Note: This region has a magnitudeSures ak/C,,=1.02 are taken over the entire exit plane of the test
slightly greater than-0.01 and does not appear on the plot, giveRassage and about the trailing edge of the center airfoil with min-
iature total pressure probes via a total of 12982 in one set; 404

in anothey measurement points. The measurement plane in the
test passage encompasses nearly 98 percent of the total flow area.
The total pressures, coupled with the velocity head of the ap-
proach flow, 1/pU,2, are used to calculate a total pressure loss
coefficient,Cp, at each measurement locationxa€C,,=1.02. A
distribution of these values is given in Fig. 10. This figure shows
that over the vast majority of the exit plar@p, values are small
(Cp,=0) since flow distant from airfoil and endwall surfaces
would closely follow inviscid flow patterns. The endwall bound-
ary layers, though, have thin regions of high loss coefficients. The
largestCp, (Cp,>4.0) values are found in the vicinity of the
trailing edge and the airfoil boundary layers. The two secondary
flow structures along the suction surface have clearly identifiable
contributions to this loss. The structure near the contoured end-
wall, centered about/S=0.15, has a more substantial total pres-
sure loss than the one near the flat endwalB50.75). TheCp,

mented strong structures with both high and low free-stream
éﬂrbulence.

1

0.9

0.8

CONTOUR

% 0.2 : values in the suction-contoured-endwall $=0; z/P=1.0) cor-
o ner adjacent to this structure are also much larger than those for
E 0.1 the suction-flat-endwall corney(S=1.0;z/P=1.0). In addition,
8 ‘ PRESSLURE ‘ there is some indication of loweZ p, values in the trailing edge
°0 02 04 06 0.8 1 region wake closest to the flat endwall. A reasonable conclusion
yiS from this distribution, therefore, is that the contouring of one end-

wall assists in reducing the total pressure losses in the vicinity of
Fig. 9 Turbulent shear stress, u’w'/U3X100, at X/ C,,=0.9 both the flat and contoured endwalls with the flat endwall region
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LV1d

CONTOUR

LVI1d

CONTOUR

0.2 N 0.4 0.6 0.8 1

Fig. 10 Total pressure loss coefficients, Cpyp, at x/C,=1.02 yis
Fig. 11 Secondary kinetic loss coefficients, Csre» at X/ Cuy

=0.9
receiving more benefit relative to that of the profiled endwall.
Lower loss near the flat endwall is an observation that is consis-

tent with the findings of other researchers who have inVeStigat%d_ These features have been Captured via measurements of
profiling [7,8]. - mean streamwise and cross-stream velocities, turbulence, and tur-
The distribution of total pressure loss coefficients at the exfulent shear stresses. As anticipated, measurements indicate that
plane &/Cax=1.02) of the test passage are integrated over boghe fiow field is three dimensional and that distinct secondary flow
the span and pitch, including the trailing edge region, to yield gatterns develop within the cascade. Contrary to related studies in
spatially averaged, total pressure loss coeffici€m,. This quan- the literature, these secondary flow features are relatively small,
tity is a single parameter that can be used to evaluate and quanfifyalized, and difficult to characterize. The most important of
a substantial portion of the aerodynamic loss through the cascagigase secondary flow features, resembling passage vortices, are
The Cp, value calculated for the configuration is 0.47. This indistill visible. With contouring of one endwall, these structures are
cates that the average total pressure loss in this cascade isndi'symmetric and differ considerably in their sizes and strengths.
percent of the approach dynamic head or 3.0 percent of the depgfie structure near the suction-surface-flat-endwall corner is large
ture flow dynamic head. Uncertainty in this quantity is estimate@l size but fairly weak in strength while the contoured-endwall
to be 2.0 percent of the approach dynamic head. counterpart is more concentrated in size and stronger. Boundary
layer thinning and streamwise acceleration imposed by the con-

Secondary Kinetic Energy LossUsing the mean streamwise . ; J
Y gy 9 red endwall are believed responsible for these differences.

and cross-stream velocities from triple-film measurements, lo . ; e
coefficients associated with the secondary kinetic eneggy,, oth endwalls experience the same pressure gradient but differ in

can be calculated. A distribution @, atx/C,,=0.9 is given in their curvature profiles. This curvature apparently has a profound
Fig. 11. It is believed that th€q distribution atx/C,,=1.02 effect on the secondary flow development. Aerodynamic loss as-

would closely resemble these values but would have additio ssment, including total pressure and secondary ki_netic energy
loss contributions in the trailing edge wake region. In gener psses, suggests that the losses along the flat endwall in the suction

relative to peak total pressure loss coefficiefitg, values tend to comer region are lower relative to those near the contoured-_
be small Cq=0.35). Cy values are highest near the Ccmtouregndwall'corner. The structure strength measurements support this
e SKe &gnclusion. Although data document the flow field in a contoured-

contoured-endwall comer region. Only in the center of the pagpdwall cascade, the relative influence of contouring was not

sage whereCp, values (Fig. 10 approach zero but secondaryevaluated in this study. In fact, it would not be possible to do so

motion remains strong ar€g,. dominant contributors to the total because merely straigh_tening the_ curved endwa” has fa}r-reaching
loss. On average, secondary kinetic energy loss is about 25 ects beyond contouring, including changing the reaction of the
cent of the total loss. stage.
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A Numerical Study of Secondary
Flow in Axial Turbines With
Application to Radial Transport of
Hot Streaks

The flow field in a low-speed turbine stage with a uniform inlet total pressure is studied
numerically. A circular hot streak is superposed on the vane inlet flow. In agreement with
previous experimental and numerical work, it is observed that while the streak passes
Gavin J. Hendricks throu_gh the vane unaltered, significant rao!ial transport occurs in the rotor. Furthermore,_
Pratt & Whitney, despite the unsteady nature of the flow f_leld, the steady theory o_f Hawthor_m_a (1974) is

East Hartford. CT 0610é found to predict the rad_la_l transport velocity well. Maklng use of this theory, it is shown_

' that the secondary vorticity in the rotor may be attributed to the effects of density strati-
fication, the spatial variation of the vane exit flow angle, and the relative eddy. It then
follows that the extent of radial transport in the rotor may be influenced by altering the
vane exit flow angle distribution. The present study examines one means by which this
may be effected, viz., varying the vane twist across the span. It is shown that a “reverse”
twist, wherein the flow angle at the vane exit is larger near the tip than it is at midspan,
reduces the secondary flow (and consequently, radial transport) in the blade passage. On
the other hand, “positive” twist, in which the vane exit flow angle decreases with span,
is found to worsen the radial transport in the blade markedly. It is to be noted that
varying the vane twist is but one method to obtain the desired exit flow angle; possibilities
for altering other aspects of the vane geometry also ej#1889-504X00)00104-3

Dilip Prasad

United Technologies Research Center,
East Hartford, CT 06108

Introduction values, while that on the pressure surface was lower. It is, there-

The flow at the exit of gas turbine combustors is known t{)ore, evident that three-dimensional effects are important in order

S - : o B Q understand the transport processes in the rotor.
exhibit circumferential and radial variations in temperature, a Dorney et al[6] and Takahashi and Ni7] performed the first
shown by Elmore et a[1] from measurements in an engine. Th ree-din{ensio.nal Navier—Stokes anal sespof the configuration of
temperature within these nonuniformities, generally referred to tler et al.[2]. The agreement with tr)mle experimental %Iata was
hot streaks, can vary from compressor discharge to stoichiome I%nd to bé ex;:ellent gI'hese simulations inpcon'unction with the
levels. The continuous quest for more efficient engines wit . ' , IN conj
experiments of Butler et a[2], have resulted in a better under-

higher thrust-weight ratios has led over the years to ev.er%i_nding of the flow processes in the turbine rotor. This has, in

increasing turbine inlet temperatures. As a consequence, the hi - led to the investigation of techniaues to reduce hot streak
pressure turbine is subjected to large heat loads, which can re o 9 q

in thermal distress, particularly in the rotor. The first systematléansloort in the rotor. In particular, Dorney and Gundy-Buigt

investigation of hot streak transport was undertaken by Butlgpd Takahashi et al9] have proposed the use of fuel-nozzle

et al.[2], who conducted experiments in a single-stage, low-s e|n(§Jlexing, wherein the combustor nozzles are arranged such that
o P ) ge, PEH{E hot streak impinges on the vane instead of passing through the

rig. In this study, a circular hot streak was introduced into th tator passage. This method was shown to be very effective in

vane inllet flow field; the total pressure across the inlet plane w ducing the heat loads in the rotor and has been verified experi-
kept uniform. The reason for this is based on the result of Ha\?ﬁentally by Roback and DrinfL0]

thorne[3] that the secondary vorticity induced in a vane passageAIthough the principal physical processes that influence hot

is proportional to the total pressure gradient. Thus, the absencesg ak transport were identified by Butler et E2], additional

this gradifsnt ensures that .th.e .secondary flow apd consequUREchanisms may be present in the engine environment. This was
transport in the vane are minimized so that attention can be é’)iemplified by Shang and Epstéiri] in their numerical study of
CUS.Ed OF t:jansportt Int tgetrzoiotrhpaﬁs?%e: dThe resul:s OI thesg %‘L&‘t streaks in a transonic turbine stage, where it was found that
periments deémonstrated that the hot fluld segregates toward {pg potential interaction between the vane and the blade causes the
pressure su'rface of the bladg passage and moves radially Ouw\f‘?(;fi streak to wobble. This unsteady interaction was shown to
in g]e. d'r%Ctl'Dof‘ Offlhe b(lja?(e t'pt'h d Gil it ted t render the time-averaged total temperature at the rotor inlet plane
dall ?r? “nﬁ[ ]faé' " rom: 2” an tlhesf] ad(.empe. OI circumferentially non-uniform, resulting in enhanced heat loads
mo e Set rkesu S Ot' u elrte aﬂf] us(;ntgr;] tt?\ wo- |rr_1en5|tor|1? on the blade. It was further demonstrated that the magnitude of the
avier—stokes equations. It was tfound that the experimenta relrbqor-stator interaction and its effect on the rotor heat load may be

of migration of hot fluid toward the pressure sur_fac_e_ of the rotq_ duced by adjusting the vane-blade count ratio to an optimum
passage was captured; there were, however, significant quantj Ue. Shang & EpsteifiL1] also observed significant radial mi-

tive dn‘ferences: Specifically, the.numerlcal prediction of thg teMyration in their simulations. However, unlike the experiments of
perature was higher on the suction surface than the experime Aler et al.[2], the streak was found to migrate toward the hub

radius of the blade passage; this was attributed to buoyancy
Contributed by the International Gas Turbine Institute and presented at the 4@ﬁects

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- . . .
many, May 8-11, 2000. Manuscript received by the International Gas Turbine Insti- Despite the large body of numerical and experimental data that

tute February 2000. Paper No. 2000-GT-448. Review Chair: D. Ballal. has been accumulated since the pioneering study of Butler et al.
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[2], several important issues remain outstanding. With the excep-

tion of the work of Shang and Epste[il], the focus of the

studies described earlier was on ttiecumferentialredistribution

of temperature, although the experimental data clearly demon-

strate that spanwise migration of the streak also occurs. In the

present investigation, we examine the fundamental transport pro-

cesses that cause this transport, with a view to developing means

by which it may be controlled. Numerical experiments were con-

ducted to investigate the flow through a turbine stage. Previous

work has indicated that the transport processes are primarily con-

vective in nature, and for this reason, attention is focused on a
low-speed configuration that seeks to replicate the Reynolds num- L
ber but not the Mach number in a typical contemporary engine. As

in prior numerical and experimental studies, we assume that the

total pressure at the vane inlet plane is uniform. While this is

clearly not valid for engine flows, it serves nevertheless to identify

the basic transport mechanisms in the rotor, as pointed out by

Butler et al.[2]. It will be demonstrated that although the flow (a) (b)

field is unsteady, an excellent quantitative estimate of spanwise

transport may be obtained from an analysis that assumes the flogr 1 (&) lllustration of vane exit geometry and nomenclature;
in the rotor frame to be steady. This makes it possible to emplé4) view of the vane trailing edge looking upstream; solid line
theoretical constructs to provide design guidelines for the managgRresents the trailing edge

ment of secondary flow in the rotor and thereby to influence radial

transport of hot streaks.

R

* 1 2 2.2
Transport Mechanisms in the Rotor P*=p+ 3 p(W= 0, @

It is well known that secondary flows can have a substantialherep is the static pressure. It is evident from E¢b). and (2)
effect on the flow in turbine passages. Consider first the flothat in a stationary passage € 0), the generation of streamwise
through a vane passage. This may be described in terms of thgticity depends only on the gradient of the total pressure. This is
theory of steady secondary flow, developed in a seminal invedtie well-known substitution principle of Munk and Prir5] for
gation by Hawthorn¢3], who showed that a flow with an initial steady isentropic flows, which states that for a specified geometry
vorticity normal to the direction of the primary flow will, upon and total pressure distribution, the streamline pattern will remain
transport through the passage, generate a component of streanehanged by alterations in the total temperature distribution.
wise vorticity. This occurs as a result of the turning and stretching Next, attention is focused on the flow conditions at the interfa-
of vortex lines as they are convected through the curved chanrsél plane between the stator and rotor. The vane can be consid-
The boundary layers on the hub and casing represent one sowne to be comprised of radially stacked two-dimensional airfoil
of normal vorticity. In addition, when the flow is density-stratifiedsections that are twisted about a radial axis so that the exit flow
owing to the presence of a hot streak at the vane inlet(ithvis-  angle, @, depends orr, as shown in Fig. 1. We denote ¥
cid) baroclinic torque that is caused by the non-parallelism of the8(r) the angle between the radial direction and the spanwise
density and pressure gradients gives rise to another source of Hocus of points along the vane trailing edge. Considering now the
mal vorticity. Alternatively, this may be thought of in terms of theflow at the rotor inlet, the binormal direction is given by
lower density fluid within the streak being accelerated more than .
the colder fluid, leading to a jetlike velocity profile at the vane db=—drcosp—rdésinp @)
exit. It may be shown from geometry that the anglesand B are

The work of Hawthorné3] has been generalized to include thee|ated by
effects of compressibility, density stratification, and rotation;
these developments are summarized in the review by Horlock and
Lakshminarayanf@l2]. As shown by Lakshminarayana and Hor-
lock [13] and Hawthorng14], it proves convenient to employ . ) . . .
both cylindrical polar(z, r, 6) and intrinsic(s, n, b) coordinates; wherelL is the distance from the twist axis to the vane trailing
heres, n, andb denote, respectively, coordinates in the directiofdge. We assume that the amount of twist is small so that
of the relative streamline, the inward direction of its principakd@/dr=e<1: it then follows from Eq.(4) that coss=1
normal, and the binormal direction. Following Hawthorfiet], +O(€). In addition, the following approximations are made up-
the rate of change of the component of absolute vorticity alongséeam of the rotor:

relative streamiine(l, is given by 1 circumferential and axial variations in the flow quantities are
d (Qs) 2 [ﬁp* w?r? ﬁp} negligible in comparison with those in the radial direction,

L Ja 4
tanp=L -, (4)

2 the (absolute total pressure is uniform,

J— —_— + J—
2
IS\W/] pW Ry | 7b 2 b 3 the flow is essentially in radial equilibrium so that the radial
20 [op* 1 ) ap oWy dp velocity is small,V,<V.
+ a3t s (WtwrVy) — —— —|, ) .
pW*| gz 2( @rVo) iz 2 96 Then, upon making use of Eq®) and(4), it is found that Eq(1)
) yields to leading order ir:
where w is the magnitudeof the angular wheel speed/= (W, W2R, 9 % |V cosa— or|rdp
W, , W) andV=(V,, V,, V,) are the relative and absolute flow 2w Js\ W 472 p or
velocities, p is the density, andR, is the principal radius of cur- 5 5
vature of the relative streamline. The quantify that appears in e _ Lo
Eq. (1) is the rotary total pressure, defined by +cosa ar ('V)=rVsina ar’ ()
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Making use of the uniformity of total pressure and the conditio® should be reproduced by the numerical simulations. In particu-
of radial equilibrium, it may be shown that lar, we observe that close to the pressure surface, the contributions
to the radial velocity from the secondary flow and relative eddy
ﬁ: _ !cos’- a— 1 ‘9_9 (6) are both positive in the upper portion of the passage, while they
ar r 2p ar’ are in opposite directions in the lower part of the passage. Thus, it
is expected that the pitch angle will be asymmetrically distributed
across the span, and will be significantly larger near the tip than
the hub.

Finally, Egs.(5) and(6) may be combined to give

W2R,, 4 Qs_lv rap+v 3 d t
5w 75 —2( CoSa wr)par Si aﬁr(rco ).

W
(7) Baseline Geometry: Flow Analysis

Equation(7) shows that the generation of secondary vorticity in The computational tool employed here is based on the scheme
the rotor passage is influenced @) density gradients induced described by N[16] and Davis et al[17]. For the transient prob-
by the hot streak, an¢b) the vane exit flow angle distribution. lem, the time-dependent, Reynolds-averaged, Navier—Stokes
The last parameter depends @mong other quantiti¢she span- equations are solved using an implicit, dual time-step approach
wise twist distribution of the vane, a point that we will revisit. coupled with a Lax—Wendroff/multiple-grid procedure. In the
In addition to the dynamic mechanisms of secondary flow gesteady case, only the Lax—Wendroff/multiple-grid procedure is
eration described above, it is also necessary to take account oftised. The algorithm has second-order spatial and temporal accu-
kinematic circulation that exists in the rotor blade passage owimgcy, using centered differences for the spatial derivatives with
to the so-called “relative eddy.” Theelative streamwise vorticity second- and fourth-order smoothing for stability. Turbulence clo-
{s is then given by sure is achieved using the Baldwin—Lomgk8] model. No-slip
. and adiabatic boundary conditions were implemented at the solid
{=Qst+2w1-§, boundaries while the nonreflecting conditions of Gil&8] were
employed at the downstream boundary. At the interblade row
%oundaries, where the computational grid sectors move relative to
each other, the pseudo-time rate of change of the primary vari-
’ X o ables is interpolated from the adjacent blade row and added to that
In Eq. (@), th_e first term on the rlgh_t-hand side is (.)f the SaM{etermined f?om the Lax—Wen(iroff discretization. The code has
sign asdp/dr sinceV cosa>wr (see Fig. 7. For a radially uni-

form vane exit flow angle distribution, the second term is pos’mvbeen extensively validated and further details may be found in the

and hence the two terms reinforce each other in the upper port@ﬁgzsia%f[g%kzhn%smiag]ndd’\gﬁég]aé\gg]et al[20], Ni [16], Ni and
of the streak wherejp/or=0. On the other hand, these terms Numerical simulations were carried out for a low-speed, single-

(p;rc/)(c;? ieot')espeﬁ:r‘guggﬁfaﬁvlg t(:]seti:r?\évtirse‘grrtltohr:eor]:otthitf(t;aestxhs? ?age turbine geometry. The stator consists of radially stacked
p , semiq . o irfoil sections designed to produce a spanwise variation of the
ered here indicate that the effect of density stratification domé'xit flow angle at midpassage, as shown in Fig. 3. In presenting
nates so that the right-hand side of _E@ is in fact negative in our results, the temperature data are normalized using the back-
this part of the.strea|.<. A q.uahyanve picture of the flow field in th round total temperature at the vane inlet. A circular hot streak
rotor passage is depicted in Fig. 2; here the crossflow generateq by, superposed upon the otherwise uniform vane inlet conditions.
the streamwise vorticity is represented schematically by the "Hhe total temperature distribution at tieomputational inlet
jectory of its induced circulation. Based on the previous d'SC.u.B'oundary when the streak is centered at 50 percent-span is illus-
sion, It is seen that the generated streamwise vorticity is po.s't'Yreolted in Fig. 4; the peak value of 1.3 is representative of that in a
(negative in the upper(lower) part of the passage. The relative !

eddy contributes an additional positive gross circulation as i”ut_pical modern engine. In all of the calculations presented, the
y . " P '€ g otal pressure at the vane inlet was assumed to be uniform, mim-
trated. In reality, additional flow-altering features such as hors

shoe vortices will be present in the blade passage. We eprC E%Jil:sexpenmental conditions of Butler et R}, so that Eq.
nevertheless that the essential features of the flow depicted in Fid. '

wherel is the unit vector along the axial direction. Note that th
sign of the second term in this equation is positive siads taken
here to represent the magnitude of the angular wheel speed.

Suction surface Relative eddy Pressure surface

Span

Vane exit flow angle at mid-passage [degrees]

Fig. 2 Schematic illustration of the secondary flow in the rotor

passage. The direction of the primary flow is out of the plane. Fig. 3 Variation of the vane exit flow angle at midpassage as a
Note that in the upper part of the blade passage, the radial function of span. The solid line illustrates the vane exit flow
velocity contribution from the secondary flow (solid line ) rein-  angle for the baseline geometry, while ——- and -—- represent
forces that from the relative eddy  (broken line ) near the pres- positive and reverse twist (see “Secondary Flow Control” ),
sure surface. respectively.
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1.05

Fig. 4 Contours of total temperature at the inlet boundary; val- Fig. 6 Temperature distribution in blade at 33 percent chord:
ues range from 1.05 to 1.3 in steps of 0.05 (a) steady computation, (b) time-averaged unsteady computa-
tion. The segregation of the hot fluid toward pressure surface
(on the right side ) is evident.

Unsteady Flow Effects. The primary obstacle to using the
secondary flow theory is that it is valid only for steady flow.
While this assumption is true for the stator, it is evident that its
applicability to the rotor flow field is questionable. In order tgrocedures is significant because it implies that the dynamics of
clarify this issue, two sets of calculations were carried out withthe secondary flow may be understood in terms of the steady
hot streak directed into the center of a vane passage at 75 pert¢baory of Hawthornd 14] described earlier. Furthermore, it now
span. In the first run, steady inlet boundary conditions were ifdecomes possible to compare differing blade designs with regard
posed on the stator, while the rotor inlet conditions were obtainéa their secondary flow properties by carrying out comparatively
by carrying out a circumferential average of the flow quantities &expensive steady-state computations.
the interfacial plane between the stator and rotor. This proceduré/Ne also note that it is not possible to make a general statement
determined a “steady” flow in the turbine stage. The second sabout the direction of radial transport since it depends crucially on
of computations comprised a full unsteady run, which was théhe secondary flow in the passage. Thus, it is entirely possible that
time-averaged in order to facilitate a comparison with the firshe streak may be transported toward the hub instead of the tip,
calculation. The results are presented in terms of the pitch anglepending on the temperature of the streak and the aerodynamics
defined as tan (W, /W,). of the stage. In particular, under the approximations described

We illustrate in Fig. 5 the distributions of the pitch angle on &arlier, we observe from Ed1) that the secondary flow in the
plane perpendicular to the turbine axis located 0.33 chord lengtplede passage is driven by the rotary total pressure gradient and
downstream of the blade leading edge; numerical data are pifee centrifugalbuoyancy force. In the investigation of Shang and
sented along radial lines that lie close to the pressure and suctigpstein[11], the trajectory of the streak was found to be well
surfaces and at midpassage. It is evident that the flow distortion p§edicted using an analysis that considered only the buoyancy
the secondary vorticity is well predicted by the steady modegffect, suggesting its dominance for their configuration. This is,
Specifically, we observe that the region of relatively large pitchowever, not always the case, and both terms must be included in
angle variation in the vicinity of the pressure surface is commageneral.
to both computations. Furthermore, the direction of radial trans- Despite the fact that the steady theory provides a good estimate
port near the pressure surface is toward the blade tip. These fethe radial transport velocity, it should not be expected that this
tures are in accord with our qualitative conclusions based on Figould hold true for the temperature distribution. Indeed, the tem-
2. The agreement between the results of the two computatiop&rature distributions on the tangential planes at 0.33 chord for the
steady-state and time-averaged computations, shown in Fig. 6,
illustrate that although the general features of the field are cap-
tured by the latter, there is a significant circumferential variation
that is not. The reason for this discrepancy is understood when
one considers the segregation effect of Kerrebrock and Mikolajc-
- zak [23], wherein the requirements of circumferential uniformity
of total and static pressure and absolute flow angle at the vane exit
plane give rise to an increase in the relative angle of attack on the
. blade with fluid temperature. This causes accumulation of hot
fluid on the pressure side of the blade. The procedure used to
obtain the “steady” flow solution performs a circumferential av-
4 erage of the rotor inlet quantities, resulting in a loss of information
concerning the tangential variation. The experiments of Butler
et al.[2] were the first to demonstrate this segregation; the phe-
4 nomenon has also been observed in previous numerical work, as
noted earlier.

0.8

0.6

Span

mid channel
04

0.2 =

) Radial Transport in the Rotor. The transport of the hot

0 t 0 30 40 streak in the rotor passage is now examined using the results of
Pitch angle [degrees] the steady computation. In the reference frame of the rotor, the
rotary total temperature is defined by,

Fig. 5 Spanwise variation of pitch angle at three circumferen-
tial locations. The solid lines represent the results of the steady 1
run, while the broken lines represent those for the time- T =T+ — (W?— 0?r?),
averaged unsteady run. 2Cp
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wherec, is the specific heat at constant pressure. It may be shotanreduce radial transport in the upper portion of the blade pas-
that this quantity is conserved along streamlines for steady, invisage, one must require generally that the remaining term iG7&q.
cid, adiabatic flow(see, for examplg¢24]). Since the Reynolds be negative. This results in a vane exit flow angtewhich in-
number of the flow under consideration is large, diffusive effectseases along the radial direction in the upper portion of the pas-
are small and thu$* is (approximately convected with the flow. sage, where the temperature decreases with radius. This will
Hence, the rotary total temperature field is indicative of thkeenceforth be referred to as “reverse twist” whereas the comple-
streamline pattern in the rotor. The distribution™f on a plane mentary geometry, where decreases with will be called “posi-
parallel to and near the pressure surface but outside its boundty§ twist.” In what follows, we apply both types of twist to the
layer is illustrated in Fig. @). The hot fluid within the streak is nominal vane; for simplicity, the twist is imposed linearly in a
observed to move toward the blade tip, indicating radial distortigsymmetric manner across the span. Semi-quantitative estimates
of the streamlines. Thus we conclude that the radial velocity in-

duced by the secondary flow in the rotor passage of this low-speed

configuration is capable of transporting hot fluid to the tip regior, L
2T

Secondary Flow Control [rae
L85

Theoretical Considerations. We have thus far examined the[" 1o

physical phenomena underlying radial transport in the turbinl__
viz., secondary flows induced by flow turning, density stratifice|™
tion, and rotation. Here, we examine one possible means by wh
this secondary flow can be altered. It is observed from(Bcthat
the rate of generation of streamwise vorticity depends on the va {a) (b)
exit flow angle,a= a(r). This suggests that it is possible to affect

the secondary flow in the blade passage by varying the vane exi. 9 Steady-state temperature distribution close to the pres-
metal angle. In the present study, this is accomplished by twistingre surface of the blade passage for vanes with: (a) positive
the defining airfoil sections about the stacking axis. Consider ndwist, (b) nominal twist, and (c) reverse twist

the velocity triangle at a typical radial section, as shown in Fig. 7.

It is evident thatV cosa>wr and therefore the first term on the | poeem—p— —T =TT
right-hand side of Eq(7) is positive (negative in the upper | \} o]
(lower) portion of the streak where the density is an increasing // /l
(decreasingfunction of the radial coordinate. Recalling that the osl : )
relative eddy contributes a further positive quantity to the relative | ' /|
streamwise vorticity in the blade passage, it appears that in order / ,
/ P -
/ s
§_ /" - - E
@ -~ Phe
g rd - -
S
;'/’ e 1

10 20
Pitch angle [degrees]

Fig. 10 Pitch angle at a streamwise distance of 0.33 chord
downstream of the leading edge of the rotor blade, along a
radial line close to the pressure surface; the nominal case is
represented by — --—, while ——— and — represent the positive
and reverse twist cases, respectively

Fig. 7 Velocity triangle at vane exit

(a)
(b}
(@) (b) (c)

Fig. 11 Instantaneous view of temperature contours in four
Fig. 8 lllustration of (a) positive, (b) nominal, and (c) reverse  successive blade passages for vanes with: (a) positive twist,
twist and (b) reverse twist
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based on Eq(7) indicate that a twist amplitudérom midspan to the radial transport velocity. Hence we conclude that it is possible
hub/tip) of 5 deg is sufficient to reduce the radial transport in thee compare the relative merits of competing designs using inex-
blade significantly. The vane geometries obtained upon applyipgnsive steady computations.
positive and reverse twists of amplitude 5 deg are shown in Fig. 8The occurrence of radial transport assumes particular impor-
together with the nominal design. The resulting exit flow angl@nce in modern engines with very high turbine inlet temperatures.
variations at midpassage are illustrated in Fig. 3. The transport of hot fluid toward the periphery of the blade results
in large thermal loads on the blade tip and the outer air seal. We
have shown that it is possible to influence the secondary flow and
Us the thermal loads in the blade passage by suitably altering the
e exit flow angle. One way by which this may be effected is to
y the spanwise twist distribution. This technique was investi-
ed in detail and was found to be very effective in controlling

Numerical Results. Computational runs were carried out
with the streak positioned at 50 percent span. Since the new
ometries are motivated by steady theory, we commence our st
with steady-state calculations. Furthermore, a one-streak/ongy
vane/one-blade configuration was employed; this enables the r%a

tive merits of the three configurations to be compared at a redu trajectory of the hot streak through the passage. It was found
co;\nputatlﬁnal cos.t.t d out lier th tarv total t ¢ that a “reverse” twist, wherein the vane exit flow angle increases
. S we have pointed out earlier, the rotary total temperaturgq, span, is necessary to diminish radial transport. It is to be
T*, is convected with the steady flow in the rotor and is thugmphasized, however, that the specification of a vane twist distri-
indicative of the magnitude Qf rqdlal transport. In Fig. 9, we illusp tion is merely a vehicle by which the vane exit flow angle may
trate for each of the vanes in Fig. 8 contoursTéfon a compu- pe ajtered: the same distribution of the vane exit flow angle could
tational s_urface parallel to the rotor pressure surface an_d_close tRdle been obtained by suitably altering other aspects of the vane
but outside the boundary layer. It is evident that positive twi ometry.
enhances the secondary flow in the rotor significantly and therhe present study has focused on a configuration that is repre-
temperature distribution in the tip region indicates increased radi@niative of the Reynolds number and flow coefficient of modern
transport compared to the nominal case. Conversely, reverse Wshines and thus captures the essential convective mechanisms.
has the opposite effect on radial transport: The outward curvatyiig\vever, the direct application of the present results to the actual
of the streamlines is diminished and the streak is directed toway gine environment must be done with care, primarily because of
the center of the blade passage. lllustrated in Fig. 10 are radighyhressibility effects. For example, as we have noted earlier, the
profiles of the pitch angle along a line that is located 0.33 Cho{gbtential(bow-wave) rotor—stator interaction in a high-speed tur-
lengths downstream of the leading edge and just outside e can significantly influence the flow fie[d1]. In addition,
boundary layer on the pressure surface. These profiles demgpiaration of the vane exit flow angle distribution will change the
strate that the effect of reverse or positive twist is to decrease @tor thermal and aerodynamic loading so that a redesign of the
increase the pitch angle by as much as 50 percent in comparigije may become necessary. Finally, the results concerning vane
with the nominal case. . exit angle as a means of altering the rotor secondary flow were
_ Having verified that the effect of vane twist on the steady floWerjved on the assumption of a uniform vane inlet total pressure.
in the rotor is in agreement with the theory, the behavior of thg/hjle this is not strictly true for engine flows, it is expected

streak under fully unsteady conditions is studied. The configurgayertheless that the general trend of requiring a larger vane exit
tion employed reflects the real geometry and consists of a ONBigle at the tip than at midspan should hold.
streak/three-vane/four-blade configuration. The unsteady tempera-

ture field is visualized on the same plane as in Fig. 10. A view of
the temperature contours is shown in Fig(df) at an instant Acknowledgments
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A Study of the Effects of Tip
mon2niel ). Domey § Clearance in @ Supersonic
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Fluids Dynamics Analysis Branch, F'Iow unstgadiness i§ a .major'factor in turpine performance and .durability. This is espe-
NASA Marshall Space Flight Center, C|aIIy_ true if the turbine is a hlgh work design, compact, transonic, supersonic, counter-
Marshall Space Flight Center, AL 35812 rotating, or uses a dense drive gas. The vast majority of modern rocket turbine designs
fall into these categories. In this study a parallelized unsteady three-dimensional Navier
Frank W. Huber Stokes analysis has been used to study the effects of tip clearance on the transient and
Riverbend Design Services, time-averaged flow fields in a supersonic turbine. The predicted results indicate improved
Palm Beach Gardens, FL 33418 performance in the simulation including tip clearance. The main sources of the perfor-

mance gains were: (1) a weakened shock system in the case with tip clearance, and (2)
the fact that the reductions in the shock losses were greater than the losses introduced by
tip clearance[S0889-504X00)02404-1

Introduction equations. To extend the equations of motion to turbulent flows,
eddy viscosity formulation is used. The turbulent viscosity is

Flow unsteadiness is a major factor in turbine performance aﬁglculated using the two-layer Baldwin—Lomax algebraic turbu-

durability. This is especially true if the turbine is a high Worlﬁgnce mode[11]
design, compact, transonic, supersonic, counterrotating, or use o . . L . i
dense drive gas. The vast majority of modern rocket turbine d{%{?he numerical algorithm used in the three-dimensional compu

) . : tional procedure consists of a time-marching, implicit, finite-
signs fall into these categories. For example, the ST(8pace . i P
Transportation Main Enginduel turbine, a high work, transonic difference scheme. The procedure is third-order spatially accurate

design, was found to have an unsteady interrow shock, WhigﬁeiiiggoggégigﬁgegFi?]realgcﬁg%era:j%vTeT:plen(\j”Sbi/ldé:(ge'srr?ée dis-
reduced efficiency by 2 points and increased dynamic loading B . i
24 percent. The Revolutionary Reusable Technology Turbopujiécous fluxes are calculated using standard central differences.

(RRTT), which uses full flow oxygen for its drive gas, was foun alternating directiop, approximate-faqtorization techniqye is
to shed vortices with such energy as to raise serious blade d ed to compute the time rate changes in the primary variables.

bity concerns. In both cases, the sources of the problems el Tl 3\ SAUCTS K2 R T EE IR S 6 e
uncoveredbefore turbopump testingvith the application of vali- in thisystud two Newton subiterationé were performed at geach
dated, unsteady computational fluid dynami€=D) to the de- . t T)({ M Passing Interfadel) EW has b

signs. In the case of the RRTT and the Alternate Turbopun%I € step. 1he Viessage Fassing Tnier sorware has been

; lemented into the numerical analysis to reduce the computa-
Developmen(ATD) turbines, the unsteady CFD codes have beétloﬁ time for large-scale three-dimens);onal simulations. P

used not just to identify proble_ms, but to guide designs that miti- The Navier—Stokes analysis uses O- and H-type zonal grids to
gate problems due to unsteadiness. Using unsteady flow analygj]%%retize the flow field and facilitate relative motion of the rotat-
as a part of the design. process will lead to turbine designs Wng componentssee Fig. 1 The O-grids are body-fitted to the
higher performance(wh_lch affects temperature and mass ﬂowsurfaces of the airfoils and generated using an elliptic equation
ratg and fewer dynamics problems. The works of Griffin et alSolution rocedure. They are used to resolve the viscous flow in
[1-4], Garcia et al[5], and Griffin and Dorney6] are examples P ) y

of the application of unsteady CFD to rocket turbine designs.

In practice, some supersonic turbines are designed with rotating
shrouds, while others are designed with tip clearance. While ex-
tensive research has been performed to understand tip clearance
flows in subsonic and transonic turbomachiesy., Foley and
Ivey [7]; Suder and Celesting8]; Kang and Hirsch9]; Chima
[10]), much less effort has been put into studying tip clearance
flows in supersonic turbines. An improved understanding of the
influence of tip clearance on the flow field in supersonic turbines
will help designers improve both durability and performance. In
this study a parallelized unsteady three-dimensional Navier—
Stokes analysis has been used to investigate the effects of tip
clearance on the performance of a candidate turbine for the next

generation reusable launch vehicle.

Numerical Algorithm

The governing equations considered in this study are the time-
dependent, three-dimensional Reynolds-averaged Navier—Stokes

Contributed by the International Gas Turbine Institute and presented at the 45th
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger-
many, May 8-11, 2000. Manuscript recieved by the International Gas Turbine Insti-
tute February 2000. Paper No. 2000-GT-447. Review Chair: D. Ballal. Fig. 1 Midspan section of O—H grid topology for the turbine
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the blade passages properly and to apply the algebraic turbulefieble 1 Grid dimensions for the two-nozzle /five-rotor
model easily. The algebraically generated H-grids are used to dinulations
cretize the remainder of the flow field.
The computational analysis has been validated on several cases Case 1
including tip clearancele.g., Dorney et al[13]; Dorney and .
Schwab[14]). Further details on the numerical procedure can be Grid Type | Nozzle Rotor
found in[6,13). 0 2x121x31x38 | 5x121x21x38
Boundary Conditions H 2x86x41x38 | 5x82x21x38
The theory of characteristics is used to determine the boundary - _
conditions at the inlet and exit of the computational domain. For Tip Ox121x16x5
subsonic inlet flow four quantities are specified and one is ex- Total Points | 553,052 858,370
trapolated from the interior of the computational domain. In par-
ticular, the total pressure, total temperature, and the circumferen-
tial and radial flow angles are specified as a function of the radius. .
The upstream running Riemann invariaRg=u— (2a/y—1), is Case 2
extrapolated from the interior of the computational domain. )
For subsonic outflow, one flow quantity is specified and four Grid Type | Nozzle Rotor
are e>_<trapolated _from the interior of the computational domain. 0 2x121x31x38 | 5x121x21x38
The circumferential and radial flow angles, total pressure, and the
total temperature are extrapolated from the interior of the compu- H 9%x86x41x38 | 5x82x21x38
tational domain. The pressure rati®,/P,q, is specified at mid-
span of the computational exit and the pressure at all other radial Tip - -
locations at the exit is obtained by integrating the equation for )
radial equilibrium. For supersonic outflow all the flow variables Total Points | 553,052 809,970
are extrapolated. Periodicity is enforced along the outer bound-
aries of the H-grids in the circumferential direction. Tip

For viscous simulations, no-slip boundary conditions are en-
forced along the solid surfaces. It is assumed that the normal
derivative of the pressure is zero at solid wall surfaces. In addi-
tion, a specified heat flux distribution is held constant in time
along the solid surfaces.

The flow variables at zonal boundaries are explicitly updated
after each time step by interpolating values from the adjacent grid.

Geometry and Grids
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The turbine configuration consists of 21 nozzle airfoils and 529 2 Axial-direction view of the computational grids for the

rotor blades. In the current effort a two-nozzleffive-rotor blagi!rbine

count approximation has been made. To keep the pitch-to-chord
ratio constant, the nozzle airfoils were scaled by factor of 21/20
and the rotor blades were scaled by a factor of 52/50.

Two simulations have been performed for the turbine, one with
the design tip clearance of approximately 2.5 percent $gase
1) and one with no tip clearance and a rotating shr(Case 2. In
the current study it has been assumed, as a design constraint, thé
the endwall profiles are similar in both cases. Therefore, the rotor
blades in the case without tip clearance extend 2.5 percent more in
the spanwise direction than the rotor blades in the tip clearance
case. Note, the endwall flowpath diverges between the vane and
rotor passages such that the rotor airfoils have a larger span thar
the vanes.

The grid densitiesnumber of passaged X j X k) for the tur-
bine simulations are presented in Table 1. The total number of
grid points used to discretize the turbine in Case 1 was 1,411,422
and the total number of points used in Case 2 was 1,363,022.
Figures 1 and 2 illustratex(-y) and z—y) views of the grids
(note, every second grid point has been removed for cjarity
while Fig. 3 illustrates the grids used to discretize the tip clearance
region. Figure 4 shows a perspective view of one nozzle airfoll
and one rotor blade. The average valug 6f the nondimensional

distance of the first grid line above the surface was approximately
1.5 for the airfoils surfaces and 3.5 for the endwall surfaces. The
grid densities were determined based on a compromise between
the need for accurately modeling the correct blade count ratio and

Fig. 3 Tip clearance grids for the turbine

the computation time. Previous simulations suggested that &8. Each simulations was run for 5.0 global cycles at 25,000
spanwise planes are adequate to resolve the predominant fitavations per cycle. A global cycle is defined as the time it takes
featureq6]. for the five rotor blades to pass by the two nozzle airfoils. The

The simulations were run on sevé&b0 MH2) processors of an value of 25,000 iteration per cycle was chosen to resolve all the
SGI Origin2000 computer located at NASA Ames Research Ceftexpectedfrequencies of interest. Each iteration required approxi-
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Fig. 6 Time-averaged entropy contours—50 percent span—

Fig. 4 Perspective view of the nozzle and rotor grids for the Case 2

turbine g 000

II:I.HIZK.'I

mately 16 seconds computation time on seven processors. The
time periodicity of the solutions was determined by interrogating
pressure traces at different points along the airfoil surféites is
shown in the next section

Numerical Results

The candidate turbine under consideration has a design inlet
Mach number of j=0.12, an inlet static pressure of 15.2 MPa,
and an inlet static temperature of approximaftgy= 1232 K. The
rotor rotates af)=231,300 rpm, the Reynolds numbgrased on
the inlet conditions and the rotor axial chorid approximately
5% 10, and the ratio of the rotor exit static pressure to vane inlet
total pressure i®,/P,,=0.1875. Air, with a specific heat ratio of
y=1.3537, was used as the operating gas in the current study.

Figures 5 and 6 illustrate time-averaged nondimensional en-
tropy contours for Cases 1 and 2, respectively, at 50 percent span.
The contours in the case without tip clearance indicate thicker

Fig. 7 Time-averaged entropy contours—75 percent span—
Case 1

w000

ID BOO

.E.DOD

lﬂ.ﬂ-ﬂl!l

Fig. 5 Time-averaged entropy contours—50 percent span— Fig. 8 Time-averaged entropy contours—75 percent span—
Case 1 Case 2
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Fig. 9 Time-averaged entropy contours on rotor S.S.—Case 1
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Fig. 10 Time-averaged entropy contours on rotor S.S.—
Case 2

w100
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Fig. 11 Time-averaged total temperature contours at rotor
passage exit—Case 1

vane and rotor wakes. Both cases display some passage-to-
passage time-averaged flow variations in the rotor, both under-

1
.l. oo

II!I.EDG

T

Fig. 12 Time-averaged total temperature contours at rotor
passage exit—Case 2

.Lmﬂ

IEI-.1DD

Fig. 13 Time-averaged pressure contours—50 percent span—
Case 1

] 1.000

IEI.'IEIIJ

scoring the need for accurate blade count approximations and in-
dicating the presence of unsteadiness at frequencies other thandije14 Time-averaged pressure contours—50 percent span—
blade-passing frequency. Time-averaged entropy contours at Jdse 2
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m 1000 Table 2 Turbine time-averaged flow quantities
I Case 1 Case 2
0.100
Variable Nozzle | Rotor Nozzle | Rotor
M; 0.12 1.35 0.12 1.46
Moy 1.35 0.90 1.46 0.95
(P/Py),, 0.999 0.285 0.999 0.263
(P/Px),. |0.285 0.189 0.263 0.189
Tt 1235° K | 1234° K | 1235° K | 1234° K
Ttout 1234° K | 1020° K | 1234° K | 1029° K
(Pt/Py),, | 1.008 0.829 1.008 0.889
(Pt/Py),,. | 0.829 0.320 0.889 0.337
A 0.0° 71.7° 0.0° 71.9°
Fig. 15 Time-averaged pressure contours—75 percent span—
Case 1 Qo 71.7° ~51.6° 71.9° —48.4°
Tt - 0.671 - 0.667
percent of the span are shown in Figs. 7 and 8. At this spanw| 5, - 0.479 _ 0.470
location the wakes are still thicker in the case without tik
clearance.
Figures 9 and 10 show time-averaged entropy contours ont'  0.090
suction surface of the rotor for Cases 1 and 2, respectively. Bc
figures show increased entropy levels associated with the flc i
separation near the trailing edge of the suction surface. The c:
with tip clearance shows additional entropy generated near t
trailing edge at the tip, and is due to the clearance vortex. Figur( P?‘OGO'
9 and 10 also indicate increased entropy levels near the lead T‘@-
edge in the hub region, although the region is more extensive Rad
the case without tip clearance. Figures 11 and 12 contain tir
averaged absolute total temperature contours just downstrean 0.030-
the rotor trailing edge plane. The case without tip clearance :
characterized by a relatively uniform total temperature distribt
tion across the span, except for reduced values in the endwall ¢ .
wake regions. The case with tip clearance shows strong gradie ‘ '
in the circumferential direction near the tip. The overall averac 0.000 . . . ol - . L
0. 25. 50, 75. 100.
f (kHz)
™ 1.000
ll:l.1|:|l:‘.'
0.80
0.60
P/P.,
0.404
0.20 T T T T T
0.0 0.04 0.08 0.12 0.16
t (msec)

Fig. 17 Unsteady pressure history and decomposition—60

Fig. 16 Time-averaged pressure contours—75 percent span—
percent span leading edge—Case 1—rotor

Case 2
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0.090 1.20
75% SPAN
(AP?.OGO- 0.804
1/2
“Pn P/F ‘)
0.0304 0.404
0.000 T T T - T | — 0.00 T T T T T T T
0. 25 50 75. 100. 0.00 0.25 3.7% 0.75 1.00
f (KHz)
1.20
50% SPAN
0.80
0.804
] P[P,
0.601
P/P,, 0.40+
0.404
0.00 T T T T T T T
0.00 0.25 07% 0.75 1.00
1 Z
1.20
0.20
0.00 ' 0.64 ' 0,;.')8 ' 0.'12 ' 0.160 25% SPAN
t (msec) 1
Fig. 18 Unsteady pressure history and decomposition—60 0.80-
percent span leading edge—Case 2—rotor :
P/P,

total temperature in the tip clearance region is higher than in the
case with tip clearance, indicating less work being extracted fronm
the flow in this region.

Figures 13-16 show time-averaged nondimensidnaindi-
mensionalized by the inlet static pressus&tic pressure contours
at 50 and 75 percent span for the two cases. At 50 percent sps .00 . : . r T r i
the vane trailing edge expansion wave pattern is stronger in thi 0.00 0.25 0-70 0.75 1.00
case without tip clearang&€ase 2. This in turn leads to a stron- zjc
ger shock in the rotor. Both simulations contain a standing sh
near the exit of the rotor passage. In Case 1, the expansion
shock wave patterns weaken considerably by 75 percent(span
Fig. 15, while the wave patterns are still strong in Case 2. The
differences in the pressure fields are mirrored by the values of the
time-averaged Mach numbers at a plane midway between ttiearance {,s=0.479) than in the simulation without tip clear-
vane and rotor airfoilésee Table 2 Henceforth, the term “inlet” ance @s=0.470). Note, a mean-line analysis for the turbine
to the rotor will refer to this plane midway between the vane an@vhich accounts for tip leaka@gielded a predicted total-to-static
rotor airfoils. The absolute Mach number at the rotor inlet is sigtage efficiency ofy,s=0.472. Thus, the additional losses gener-
nificantly lower in the case with tip clearance. The increaseated by the stronger expansion wave/shock systehich results
Mach number in the case without tip clearance may be causedihyhigher rotor inlet Mach numbersn Case 2 overwhelm the
the fact that the rotor span is 2.5 percent greater than in the cés®ses associated with the introduction of tip clearance. It is inter-
with tip clearance. In addition, the effective area in Case 1 mussting to note that, although the Mach number entering the rotor is
be smaller, generating a back pressure effect on the vane.  significantly lower in Case 1, the Mach numbers are closer at the

Thus, the time-averaged entropy and pressure contours sug@sdt of the rotor.
that the flow fields are different in the two cases. Referring to Figures 17 and 18 contain Fourier decompositions and time
Table 2, these differences result in the time-averaged total-tuistories of the unsteady pressure at 60 percent span near the
static stage efficiency being higher in the simulation with tifeading edge on the rotor pressure surface for Cases 1 and 2,

0.404

OE#I:% 19 Unsteady pressure envelope—Case 1—vane; —— min,
= avg, - - - max
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1.20 0.90
75% SPAN
{ 95.6% SPAN
0.604
P/P,
0.30+4
0.00 T T T T T T T
0.00 0.25 0.530 0.75 1.00
Ir/cC
1.20
0.90
{ 50% SPAN
0.80+ :
P/P, 0.604
] P/P,
0.404
i 0.30-' .
0.00 T T T T T T T
0.00 0.25 0.50 0.75 1.00
r/C
0.00 Y T T T T T T
1.20 0.00 0.25 :% % 0.75 1.00
25% SPAN
0.90
0.804
P/P;

0.00 T T T

) 1 T

0.00 0.25 0.50 0.75 1.00
. x?c
Fig. 20 Unsteady pressure envelope—Case 2—vane; —— min, 0.00 T T T T T T T
— avg, - - - max 0.00 0.25 0.50 0.75 1.00
r/C
Fig. 21 Unsteady pressure envelope—Case 1—rotor; —— min,
respectively. This location corresponds to the location of maxi-—— @v9, - - - max

mum unsteadiness at the blade passing frequency in Case 2. Both
cases display significant unsteadiness at the vane passing fre-
guency (approximately 13 kHg and at twice the vane passingtip clearance. The pressure at the trailing edge is higher in Case 1,
frequency. The pressure histories for the two cases demonstratéch agrees with the stronger expansion waves in Case 2. Al-
the time periodicity of the solution@ressure histories were inter-though the only significant unsteadiness in both cases is located
rogated at many points to confirm the suppositiofrhe presence on the suction surface downstream of the throat, the unsteadiness
of the stronger shock system in Case 2 is evident by the largelarger in the case without tip clearance. Figures 21 and 22
pressure drop at approximately 0.05 (see Fig. 18 illustrate unsteady pressure envelopes on the rotor at 25, 50, and
Figures 19 and 20 contain unsteady pressure envelopes on3be5 percent of the span for Cases 1 and 2. There are several
vane at 25, 50, and 75 percent of the span for Cases 1 anddtinguishing features in these two figures. First, both cases dis-
respectively. At the 50 and 75 percent spanwise locations, the cas®y a large amount of unsteadiness, especially near the leading
without tip clearance exhibits a stronger shock than the case witige on the suction surfaéeith more overall unsteadiness being
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0.90 1.00
Y
i
| 95.6% SPAN ] |
|
—— Clearance \
0.60+ 4 — - No Clearance !
P/P -
/P ;
0.50
0.30
N \
\
\
)
- J
7/
o0 ok : ' b N
. . g. % 0.75 1.00 0.00 i . . . : : :
0.00 0.50 1.00 1.50 2.00
0.90 M
Fig. 23 Radial profile of circumferentially averaged absolute
- 50% SPAN Mach number—vane exit
0.604
P/Pt tively. The case without tip clearance displays a gradual decrease
kil in the flow angle with increasing spdother than in the endwall
regiong at the vane exit. The case with tip clearance shows large
0304y flow angle deficits in both the hub and outer case regions, while
o the flow angles in the region from 20 to 70 percent span are
i similar to those in the case without tip clearance. The average
flow angles, however, are within 0.2 deg for the two cases
Table 2. At the rotor exit the average flow angles are more nega-
O T ok T o r T tive in Case 1(see Table P except near the tip, indicating more
. 0.75 1.00 . . . : .
zle flow turning and more work. This fact is consistent with the
higher efficiency and larger total temperature drop in Case 1.
0.90 Radial profiles of the circumferentially averaged absolute total
pressure at the vane exit/rotor inlet are illustrated in Fig. 27. The
1 25% SPAN profiles are similar, although Case 1 shows slightly higher losses
from the hub to 85 percent span. At the rotor exit both distribu-
i tions have similar shapes except for the tip regisee Fig. 28
0.60:

000 1 ) 1 T T T
0.00 0.25 0.50 0.75 1.00 1.00
x/c
Fig. 22 Unsteady pressure envelope—Case 2—rotor; —— min,
— avg, - - - max

where the losses are greater in Case 1 due to the clearance vortex.
Figures 29 and 30 show radial profiles of the circumferentially
averaged absolute total temperature at the exit of the vane and
rotor, respectively. At the exit of the vane the total temperature
distributions are similar. As the flow exits the rotor, the case with
tip clearance exhibits lower total temperatures from the the hub to
80 percent spafindicating more work being extracted from the

—— Clearance
— — No Clearance

exhibited by Case)2 Second, the case with tip clearance becomes T

increasingly unloaded near leading edge at the tip. To compensa0.50+

for the reduced loading in the tip region, the rotor in Case 1 show:
increased loading from the hub to approximately 60 percent spar
Radial profiles of the circumferentially averaged absolute Mact
number at the vane exit/rotor inlet are shown in Fig. 23. The
average Mach number at the vane exit is higher in the case witr
out tip clearance, which is consistent with the stronger shock sys
tem shown in Figs. 14 and 16. The shapes of the two profiles 2o

. > . .00
the rotor exit are similar from the hub to approximately 80 percent " g.00

of the span(see Fig. 24 In the tip region the Mach number is
lower in Case 1 due to the effects of the tip clearance flows.

2.00

Radial profiles of the absolute circumferential flow angle at theig. 24 Radial profile of circumferentially averaged absolute
exits of the vane and rotor are shown in Figs. 25 and 26, resp&tach number—rotor exit
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Fig. 25 Radial profile of circumferentially averaged absolute

circumferential flow angle—vane exit
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Fig. 26 Radial profile of circumferentially averaged absolute

circumferential flow angle—rotor exit
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Fig. 27 Radial profile of circumferentially averaged absolute

total pressure—vane exit
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flow) and higher total temperatures near the (fipdicating less Subscripts
work being extracted in this region due to the clearance flows

in = inlet
out = outlet
t = stagnation quantity, time derivative
Conclusions ts = total-to-static

tt = total-to-total
0 = nozzle inlet
2 = rotor exit
1/2 = half-amplitude
o = free stream

A set of unsteady three-dimensional Navier—Stokes simulations
has been used to investigate the effects of tip clearance on the
performance of a candidate turbine for the reusable launch ve-
hicle. The predicted results showed improved efficieriand
work) in the configuration with tip clearance. The improved per-
formance was traced to several sourdds:an unloading of the Superscripts
rotor in tip region, which reduces the losses induced by the sec- () = relative frame
ondary flows,(2) a reduction in the strength of the shock system ()* = nondimensional
in the vane/rotor, and3) for the current turbine geometry, the
reduction in the losses associated with the shock system w@®eferences
greater than the losses introduced by adding tip clearance. Furth?ﬁ Griffin, L. W., and Rowey, R. J., 1993, “Analytical Investigation of the Un-
work is necessary to understand better the fundamental physics steady Aerodynamic Environments in Space Shuttle Main En¢8&MBE

associated with the flow in the tip clearance region, and to deter- Turbines,” ASME Paper No. 93-GT-363.
mine the generality of the current results. [2] Griffin, L. W., and Huber, F. W., 1993, “Advancement of Turbine Aerody-
namic Design Techniques,” ASME Paper No. 93-GT-370.
[3] Griffin, L. W., Huber, F. W., and Sharma, O. P., 1996, “Performance Im-
provement Through Indexing of Turbine Airfoils: Part 2—Numerical Simula-
tion,” ASME J. Biomech. Eng.118 No. 4, pp. 636—642.
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Influence of Vane/Blade Spacing
on the Heat Flux for a Transonic
M. G. Dunn Turblne

C. W. Haldeman An experimental and analytical research program determining the influence of vane/blade
spacing on the vane and blade time-averaged and unsteady heat flux for a full-scale
R.S. Abhari1 rotating turbine stage was performed. The turbine stage was operated at a transonic vane
exit condition, with pressure and heat flux measurements obtained throughout the stage.
M. L. |V|c|V|i||a|12 This paper focuses on the midspan heat flux measurements for both the vane and blade at
three vane/blade axial spacings: 20, 40, and 60 percent of vane axial chord. The time-
The Ohio State University, averaged heat flux results for the vane and the blade are compared with predictions
Gas Turbine Laboratory, obtained using a two-dimensional, Reynolds-averaged multiblade row code, UNSFLO,
Columbus, OH 43235 developed by Giles (1984). The measured and predicted unsteady heat flux envelopes (as
a function of vane/blade spacing) are also compared with predictions. For selected loca-
tions on the blade, a direct comparison between the measured phase-averaged surface
pressure and the measured phase-averaged Nusselt number history is presented. At some
locations along the surface the pressure and the heat flux are shown to be in phase, but
at other locations they are not. The influence of vane/blade spacing on the blade heat load
was found to be small, and much less than the differences caused by changes in the
Reynolds number during the experimental mafr80889-504X00)00904-]

1.0 Introduction pan of the same blade. Frequency spectra for selected blade loca-

tions were reported. Abhari et dl8] reported the results of a

The current design trer_ld f_or high-performancg machines With!:%mbined experimental and computational program that used a
the gas turl_)me community is to reduce the welght of the turb"?ﬁ I-stage rotating turbine operating at corrected design condi-
by decrgasmg vang{blade spacing, and operating at vane or blﬁ S. They included the unsteady heat transfer for selected blade
transonic exit conditions. Improving computational capabilities cations. Neither of these papers measured surface pressure on
predict the adverse effects of this aggressive design trend is Crjffg pjades, nor did they investigate the influence of vane/blade
cal to the success of any new machine. Dring ef Hl.reported spacing on the heat transfer results.
the results of an investigatigiperformed using a large low-speed
rotating rig designed to assess the influence of vane/blade spaco Description of Experiment

ing on blade pressure loading. Rao and Delaf@yand Dunn . . . .

et al. [3] reported the results of a combined experimental and 1€ €xperimental data were obtained using a short-duration

computational program determining the unsteady pressure loadfiiif’ck tunnel facility to provide the source of heated and pressur-
d air that is expanded in a conical nozde lower the total

for a transonic turbine. The unsteady pressures resulting from th . ) - . .
interaction of the blade and the shock wave coming from the vaREESSUT® This experimental technique has been described previ-
represent the forcing function for potential high-cycle fatiguec.’USIy in the literature, e.g[9_—12], and on_Iy th°$e aspects of the
More recently, Venable et dl4] and Busby et a[5] reported the Operating proqedure essgntlal for the discussion qf the eff.ort re-
results of a combined experimental and analysis program. Th€d here will be described. A sketch of the turbine configura-
research was performed using the same transonic turbine, and i1 and the instrumentation suite is given in both Dunn ef3jl.

W
designed to determine the influence of vane/blade spa2mgio, afid Rao et all6].

h . . Figure 1 is a sketch of the turbine stage located in the shock-
and 60 percent vane axial chorah the time-averaged and tIme't nel facility. The turbine stage is located in a device designed to

resolved surface pressure for th? vane and blade. The_heat trarg s the proper turbine weight flow at the desired inlet total pres-
results rep_orted here were obtained simultaneously with the pr tire and total temperature so that the stage design flow function is
sure data just noted. . duplicated. Only a small portion of the shock-processed airflow is
Rao et ‘."‘I[G] reported heat transfer resu]ts for the same turb|rtea tured by the inlet and then passed through the turbine stage.
used in this measurement program for a fixed vane—blade spacyfd remainder of the gas bypasses the device. The initial speed of
of 40 percent vane axial chord at the transonic vane exit Maghe rotor was controlled using an air motor. Initially the dump
number condition. The time-averaged and time-resolved surfaggy s evacuated, thus permitting the rotor to be easily brought to
pressure measurements corresp(_)ndln_g to the heat transfer re?HgSproper speed. Just prior to rupturing the diaphragms and ini-
reported in Rao et a[6] are described in Dunn et 48B]. tiating the flow in the shock tube, the air supply to the motor is
Hilditch and AinswortH{ 7] investigated the unsteady heat transprned off and the rotor is free-wheeling. Between the time that
fer on the blade of a rotating turbine operating at design correctggh ajr motor is turned off and the diaphragms break, there is very
conditions. They compared their results with data from a previoygje change in rotor speed. However, the speed of the rotor is
two-dimensional simulation of a wake-passing flow on the midsneasured continuously during the experiment.
The rotor blades were instrumented with both thin-film heat
!Current address: ETH Zurich, Institute of Energy Technology. flux gages and flush-mounted miniature Kulite pressure transduc-
“Current address: Boeing Aerospace, St. Louis, MO. ers. Figure 2 is a photograph of the instrumented rotor. The tur-

Contributed by the International Gas Turbine Institute and presented at the 4 ; _
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gg[he stage geometry consists of 30 vanes and 45 blades. Instru

many, May 8—11, 2000. Manuscript received by the International Gas Turbine Indi?€Nting every third bladéskipping twg insures that each blade is
tute February 2000. Paper No. 2000-GT-206. Review Chair: D. Ballal. in the same relative position in the vane pass@itough in a
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Dunn et al.[17] report the results of a measurement program

EVACURICa UUMp | ank

N _— - Mot 27maaxoimiens 1O Which the butto_n-t_ype gages were run simultaneous_ly with
03k 1oy ST e W three contoured strip insertat the Reynolds number conditions
1 1 /&E‘“‘ of interest in these experiment§ he strip insert imbedded in the
M 1] N L component removes the heat island influence. These measure-
o e T A R I ments were performed on the vane portion of a full-stage turbine
” operating at design corrected conditions. The results demonstrated

agreement between the heat fl(lor Stanton numberdata ob-
tained using the button-type thin-film gages and the contoured
strip insert thin-film gages to within the stated experimental un-
certainty of =5 percent.

For this paper the correction factor suggested by Zilles and
Abhari[16] was applied to the vane and blade data to assess the
magnitude of the potential correction for the turbine and specific
test conditions. Equationd5) and(13) of Zilles and Abhar{16],
which are given below, are used to perform the correction:
different vane passagerigure 2 shows that the blades containing
surface pressure instrumentation, the contoured leading edge heat
flux gage inserts, and the pressure surface button-type thin-film
heat flux gages were all located in this configuration so that no
correction for phase angle was required. However, because ovhere
desire to measure the heat flux in a single blade passage, the blade 0.9\ —1/9
with the suction surface heat flux gages requires a phase shift 0= Ti—Tw and fz(l_(ﬁ) ) )
when comparing the unsteady data. Tr=Ty

Double Diaphragms

REMRERY

Fig. 1 Sketch of Allison VBI turbine located in OSU GTL shock
tunnel

N 1ot
WKT—JF (1-1),

2.1 Heat-Flux Instrumentation. Button-type thin-film heat  The heat flux gages were calibrated in a temperature-controlled
flux gages were located at midspan on the pressure and sucémvironment prior to and after the measurement program for cali-
surfaces of the vane. The rotor blades contained two contoutigiGition constants. In addition, prior to each experiment the resis-
leading-edge inserts at midspan with each containing several thiance of each gage at a known temperature was measured so that
film gages in addition to button-type thin-film gages located athe calibration could be updated. The uncertainty in the heat flux
midspan on both suction and pressure surfaces, at 96 percent spaasurements reported in this paper is estimated to+be
on the suction surface, on the platform, and in the recessed tippafrcent.
the blade. Photographs of the midspan instrumentation are pre- . .
sented in Rao et aJ6]. The predictions and the discussion of the 2-2 Flowpath Pressure Instrumentation. In addition to
measurement program presented in this paper will be confinedSijface pressure measurements made on the vane and blade
the midspan data. (which were repor@ed earlier in Bushy et @8] and Venable et al.

The question of a potential “heat island effect” requiring rj{4]),_f|owpat_h static and total pressure measurements were also
correction factor for the button-type heat flux gages has be8htained using K'ullte pressure transducers. Static pressure was
raised by[13—19. The three papers rely on a t\No-dimensiondF‘e_asured at the inner and outer diameter at the turbine _|nlet and
calculation to predict the magnitude of the potential effect. MorgXit Planes and between the vane and blade rows. Also, inlet and

recently, Zilles and Abhari16] experimentally investigated the exit rakes were used to obtai.n flow field total pressure measure-
magnitude of the “heat island effect” for conditions consistenf?€Nts upstream of the vane inlet and downstream of the turbine

with the present experiments. In their experiments, they opera
double sided Kapton heat flux gagésr which there is no poten-
tial heat-island effegtside-by-side with thin-film button-type heat
flux gages. They used a flat plate placed in a blowdown facili
duplicating the fluid flow conditions of interest in this work. Zilles

t, and total temperature measurements upstream of the vane
inlet and downstream of the turbine exit.
All of the pressure transducers were calibrated through the en-

%Ke data system on a daily basis. As a very conservative number,

e data can be assumed to lie withir0.2 psia(+1.379 kPa

and Abhari arrived at a correction factor for the heat-island effeffith & standard deviation af0.067 psia(+0.46 kPa. More de-

over a wide range of conditions.

H.T. Leading
Edge Inserts

\:\ i & er, —aPS. Kulite
S.5. Kulite S TRy 2
g -5 5, Kulite
---“"';‘;'L, -
_ st P.S, Kulite
eyt \ -\.‘hﬂ : By
T ST N
Wy ‘;@-—S.S. Button
Ganges
/TN
l"- Buttor P.S. Button
Ganges Tip Button Ganges
Ganges

Fig. 2 General instrumented blade locations on VBI turbine

Journal of Turbomachinery

tail regarding the pressure instrumentation can be found in Halde-
man and Dunrj18] and Busby et al[5].

2.3 Turbine Parameters and Operating Conditions. This
turbine stage has been designed and constructed such that the vane
exit angle can be changed easily to achieve a subsonic or a tran-
sonic vane exit Mach number. The vane/blade spacing can also be
changed easily. The desired Mach number setting is obtained by
rotating the vane externally and inserting a pin in the vane stem.
Use of this technique results in a gap of approximately 0.004 in.
(1x10"*m) between the vane tip and hub endwalls. For the
results reported here, the vane position was set to the transonic
vane exit configuration such that the vane exit Mach number was
approximately 1.1. In addition, the hardware surrounding the tur-
bine stage was constructed such that the vane/blade spacing can
be changed without influencing the rotating system by removing
split-casing spacers from in front of the vane row and re-inserting
these same spacers behind the vane row. Three separate spacings
were used for the results reported here: 20, 40, and 60 percent of
vane axial chord.

Table 1 provides a description of the relevant stage geometry,
and Table 2 gives the relevant parameters for the three separate
experimental conditions relevant to the data reported in this paper.
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Table 1

Turbine stage geometry

creasing the thickness of the viscadgyrid on the surface Nusselt
number distribution. Thicknesses of 2.0, 2.7, and 3.4 percent of

Parameter Vane Blade the vane axial chord were considered. The number of points that
number of airfoils 30 45 spanned th&®-grid was held constant at 19. Thus, increasing the
axial chord, in. 2.66(67.6) 1.87 (47.5) thickness of theD-grid decreased the grid packing within the vis-

(mm) cous region. It was necessary to maintain a thickness of at least
ing, in. (mm) 2.03(51.6) 1.34 (34.0) 2.0 percent vane axial chord to contain the vane/blade boundary
Spacing, 1% ) : - layer. All three O-grids contained adequate viscous packing of
chord/spacing 1.32 1.39 grid cells near the surface to resolve the boundary layer. In addi-
mean radius, in. 9.73(247.1) 9.70 (246.4) tion, utilizing the largest of the three viscous grid sizes provided
(mm) the best transition from the viscous grid to the inviscid grid. Cells
aspect ratio 0.72 1.10 in the outermost region of the viscous grid were more than half
LE 1 0.18 (4.6) 009 (23) the thickness of those in the innermost region of the inviscid grid.
-E. mean radius, 18 (4. R An O-grid thickness of 3.4 percent of vane axial chord was used
in, (mm) for the computational results presented herein.
T.E. mean radius, 0.03(0.8) 0.03 (0.8) The experimental data are presented as a Nusselt number based
in. (mm) on a reference length as defined in the normal manner by the
hub/tip radius 0.82 0.81 following equation:
tip radius, in. (mm) 10.64 (270.3) 10.64 (270.3) oL
T.E. blockage (%) 9.44 8.94 NUp=———————— 2
DK (Trer T0) @
_ _ N wherel is a reference length: 1 i10.0254 m in this caseKj if
Table 2 Turbine operating conditions the thermal conductivity of the fluid evaluated at the gage tem-
Parameter 20% 0% 60% pteratu_reI Q;gﬁgtg,l ?ndTRef |ts a re_lfﬁrence te:tmptera_ltutrke], taken as th’?l
pacing | pocing | pacing | 520 it ot temperatre The uncerary n the expermenta
speed (rpm) | 11,843 11,795 11,763 9 9 -
p. 1> psia 43.2(298.1) 43.7 (301) 39.8 (274.7) ANu, \/ AQ\? ATf)Z A2 1 ATRef)Z
—= —| +| = + +
(KPa) Ny o) "I | aar T AR T
py, psia (KPa) 1 10.0 (69.1) 10.3 (71.3) 9.4 (64.83)
T, ., R(K) 1108 (615.5) | 1173 (651.7) | 1176 (653.4) A T 3
Toea: REK) | 604 (335.5) 596.3 (331.3) | 589 (327.3) T et
T RE) | 575.8 (319.9) | 563.8 (313.2) | 563.8 (313.2)

which is a simple “error” propagation formula, with the much
smaller terms eliminated from the equation, yielding a percentage
uncertainty in the Nusselt number as a function of the main inde-
3.0 Discussion of Results pendent variables used in the calculation.

In the remainder of the paper, time-averaged and unsteady hedgach experimental point presented in Figs. 3—-10 is a value
transfer results for the vane and blade are compared with f¥eraged over approximately 10 ms of test t|_(ne about 1000
results of predictions obtained using the numerical code UNSFL4§ta points Thus, for this uncertainty analysis, the percentage
[19]. In addition, for selected locations on the blade, comparisoHgCertainty in each of the input variables is taken as the standard
are presented between phase-resolved Nusselt number and sudg¥ation of that quantity divided by the average value of that

pressure versus position in a vane passage for locations on b@ntity over the time period, with the exception of the heat flux
the pressure and suction surface of the blade. in which the standard measurement erfar5 percent is used.

The uncertainty is taken as twice the value reported in (Bj.

3.1 Time-Averaged Heat Transfer Results; Prediction which encompasses about 95 percent of the data spread-2
Versus Data for Midspan Region of Vane and Blade. The standard deviations Multiple runs were combined using a
numerical procedure used to obtain the heat flux predictions preeighted average technique. In general, the uncertainty in the
sented herein is two-dimensional Reynolds-averaged, unstedtlysselt number is dominated by the uncertainty in the heat flux
multiblade row code UNSFLO, developed by Gi[@€)]. Thisisa measurements.
coupled viscous/inviscid code in which the thin shear layer Figures 3, 4, and 5 present the midspan measured Nusselt num-
Navier—Stokes equations are solved on a body-fitted bounddmgrs versus the predicted time-averaged unsteady predicted Nus-
layer grid using an implicit algorithm, while the Euler equationselt numbers obtained for the vane at vane/blade spacings of 20,
are solved on an outer inviscid grid using an explicit algorithn®10, and 60 percent of vane axial chord, respectively. All of the
The code utilizes a Baldwin—Lomax algebraic turbulence moddhata shown in these figures were obtained using button-type gages
in the viscous region. More details can be found in Giles arehd both the uncorrected and correcteding[16]) data are pre-
Haimes[21] and Abhari et al[22]. sented on the figures. The maximum value of the correction was

A grid independence study demonstrated that the solution p the order of 10 percent and occurred at 92 percent wetted
sented herein was independent of the mesh density. Solutiaistance on the pressure surface. The suction surface heat flux
were generated for both the vane and the blade for six differegaiges beyond 30 percent wetted distance were damaged early in
grids. Three solutions with 20,000, 45,000, and 60,000 grid poirttse measurement program and could not be repaired in place.
in the inviscid, unstructured mesh were compared. The influenceFor the vane predictions, boundary layer transition was set at 25
on the steady vane surface Nusselt number was minimal, bejpercent wetted distance on the suction surf@eesed on a best fit
less than 2 percent for 45,000 versus 60,000. The blade was et@rthe data and fully turbulent boundary layer was set at 50
less sensitive to the number of grid points than was the vargercent wetted distance. A fully turbulent boundary layer was
After the grid study, a 45,000 point grid was an acceptable corassumed for the pressure surface calculation from the stagnation
promise between obtaining accuracy and efficiently using thm®int to the trailing edge. The results at all three spacings suggest
available computational resources. that the flow on the suction surface was laminar until about 25

The remaining solutions were generated to examine the eff@grcent wetted distance at which location transition occurred. The
of grid resolution in the viscou®-grid region (closely coupled agreement between prediction and the experimental data is good
grid that wraps around the airfgilspecifically the effect of in- on that portion of the suction surface for which data are available.
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point is suspect. However, detailed review of the experimental
data provided no reason to judge the data point to be in error, so
it has been retained.

Figure 6 presents a composite plot of the experimental data
corrected for potential heat-island effect and the time-averaged
unsteady predictions for the vane obtained for 20, 40, and 60
percent vane/blade spacing. The magnitude of the vane/blade
spacing should have no significant influence on the predicted Nus-
selt number distribution for the vane pressure surface and for the
initial 23 perceniwetted distanceof the suction surface since the
vane is choked for these conditions. This can be verified by inte-
grating the area under the curvésr both the predictions and the
datd. To make the comparisons more meaningful, an area from
—72.5 to 35.5 percent was used for this calculation, which corre-
sponds to the range where most of the data exist for all runs. This
also eliminates the edge effects of the prediction. Performing this
integration on the predictions shows that the heat flux load is
reduced by about 5 percent as the spacing changes from 20 to 40
percent, and about 9 percent from 40 to 60 percent spacing. As
seen from Table 2, the Reynolds numbers for these spacings also

On the pressure surface, the trends of the experimental and mieanged@about 6 percent for the 20 to 40 percent spacing and 9
dicted Nusselt number distributions are consistent, with reasqsercent for the 40 to 60 percent spaginghus, it would appear
ably good agreement, with some data falling above and below ttieat the main driver for the variation in the heat load to the vanes

prediction. The one main exception to this is the data—&0

is the change in the experimental Reynolds number rather than the

percent for the 20 percent spacing, that seems abnormally highne—blade spacing. This is consistent with the hypothesis that
Since later measurements from the same sensor are in clagerre should be little interaction because the flow is choked.

agreement with the predictiof@and the general data trendhis
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averaged unsteady predicted Nusselt number distribution and igh the result presented in Rao et fl6]. Abhari et al.[8] pre-
Nusselt numbers deduced from the experimental data for the blagted a comparison between experiment and the UNSFLO pre-
at 20, 40, and 60 percent vane—blade spacing, respectively. Odagion for another turbine and they also found the data to be
again, the button-type gage heat flux data have been correcteddfbove the prediction early on the pressure surface, but better
the potential “heat-island effect” using the correction factor ofigreement with increasing distance. The comparison on the suc-
Zilles and Abhar{16] as indicated by the dark filled symbols. Notion surface also indicated the data to be above the prediction for
correction is needed for the strip-insert data since the heat-islangtted distances less than 30 percent. There are obvious differ-
effect is not present with this type of installation. The data olences between the turbine stages and the operating conditions so
tained from the inserts are shown as triangular symbols in thes@me differences are not unexpected.
plots. On the blade, the maximum value of the correction was 5Figure 10 presents a composite plot of the predictions versus
percent and occurred at 91 percent wetted distance on the pres#iigecorrected and insert experimental data obtained at the three
surface. Both the corrected and uncorrected data are showndiffierent vane/blade spacings. Once again, the 20 percent spacing
general, the magnitude of the correction is less than the expegsults in the higher overall predicted and measured Nusselt num-
mental uncertainty, which agrees well with the observafibf]l  ber distribution than the 60 percent. The trends in the experimen-
that there is little difference between the insert and button datdal results are consistent with the predicted trends, as they were for
The calculations assumed the boundary layer to be fully turbtihe vane results discussed earlier. However, as noted above for the
lent for both the pressure and suction surfaces of the blade. Forvahe results, the difference in the experimental conditions ac-
three cases, the prediction and the experimental results are in i@aints for a significant portion of the difference between the pre-
sonable agreement over the entire midspan region of the blatieted (and experimentalresults at the various vane/blade set-
suction surface. For the suction surface, the most notable difféings. Once again, the areas under the predicted and measured
ence between the experimental data and the prediction occhigsselt number distributions were determin@dthough on the
passed 50 percent wetted distance. At this point the code undelrde because of the greater number of gages, the integration area
predicts the data for all spacings. For the pressure surface, tias from—91 to 89 percent In increasing the spacing from 20 to
predictions underestimate the data closer to the stagnation po##},percent the predicted decrease in the blade heat load is 4 per-
but come into better agreement farther along the blade althouggnt, whereas the experimental result is a reduction of 7 percent.
these deviations are minor. The trends shown here are consistenthanging the spacing from 40 to 60 percent the predicted re-
duction in heat load is 12 percent whereas the experimental result
is 15 percent. As noted earlier, the reduction in Reynolds number
from the 20 percent spacing to the 40 percent spacing is about 6
percent and from 40 to 60 percent spacing the change is 9 percent.
While the drop in the blade heat loading is greater than that re-
corded for the vanes for the same spacing changes, the ratio of
e change in heat loading to change in Reynolds number is remark-
ably consistent. About 32—37 percent of the total change in heat
loading(from 20 to 60 percent spacipgccurs in the change from
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(60 percent

20 to 40 percent for both the blade and vanes. And about 40
percent of the change in the Reynolds numfdesm 20 to 60
percent occurs in the 20 to 40 percent spacing case. Thus, one
concludes that changes in the Reynolds number are the driving
force behind the changes in the heat loadings on the blade, domi-
nating whatever vane/blade spacing effects there may be. The
Reynolds number effect is higher for the blades than the vanes, as
can be seen by the greater changes in the blade heat loading cal-
culated from the data. The data show that the heat load to the
blade as the spacing changed from 20 to 60 percent is a little less
than twice that measured at the vane. The predictions also suggest
a value of about two for the same conditions, thus re-emphasizing
that the code is capturing the main heat flux mechanisms.
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3.2 Comparison of Measured Unsteady Surface Pressure - -
and Measured Heat Flux at Selected Locations on the Blade. | S T
In an earlier paper, Abhari et 4B] compared the calculated blade 0.6
surface pressur@btained using UNSFLDand the measured sur- Lt
face heat flux on blades near the stagnation point. These comp
sons demonstrated that, for that specific portion of the blade, t 0.3
surface pressure and the heat flux were approximately in pha A
Abhari et al.[8] did not present comparisons of other blade locz_ & ©.56-] }-.‘_,"' s, PR L e
tions. Rigby et al[23] and Johnson, et dl24] have both reported f: ] I, b II,- |
studies of the relationship between unsteady heat transfer and _ § 0 54_-'\\ / L f,f\ _|,._' ik
steady surface pressure. In their work, they created the shc ’ [ \;JL § ; s /T80
waves interacting with the blade using a stationary blade and e I". f ) f g
rotating series of bars. Rigby et 423] argue that it should be ~ ©.524 |/ 5 I R L 650
possible to determine the local Nusselt number enhancement fc 1 W ¥ -
given unsteady pressure signal at various wall temperature rat 0. 541 . et
using temperature scaling. For this to be true, there must be 0.5 i
linear relationship between the local unsteady Nusselt number h Blade Passing
tory and the local unsteady pressure history. It will be demon- ) )
strated below that for some blade locations, such a relationshig{§: 12 Blade pressure surface data near stagnation point (20
true. At other locations, however, the relationship breaks downP€"¢ent spacing )

In this work, both the measured unsteady surface pressure and
the measured unsteady heat flux were available for comparison.

ThUS, it was not necessary to rely on the Computed surface prggn of the measured .Unsteady Surf.ace heat flux at 2 percent wetted
sure to compare the inviscid versus viscous flow effects. In addiistance on the suction surface with the measured unsteady sur-
tion, the blades were rotating at corrected design speed and g€ pressure at 0 percent wetted distance. .

shock waves interacting with the blades were the result of the The left ordinate is local surface pressure normalized by vane
upstream choked vanes. This section of this paper presents tHe4 total pressure, the right ordinate is local Nusselt number, and
comparisons for several locations on the blade suction and prit¢ abscissa is relative position in the passage from 0 to 2 with 2
sure surfaces. For the purposes of this paper the correlation BRresenting one complete global cycle. A comparison of the
tween measured surface pressure and heat flux at several speRliRse-averaged unsteady surface pressure and the predicted un-
locations on the blade will be presented. steady surface pressure was presented in Bushy Eﬁ]aand will

The heat flux gage output was sampled at a frequency of 108t be repeated here. The Busby ef a].paper also illustrates the
kHz so that temporal resolution of the unsteady wave propagatiBﬁrmO”'Qs of the surfage pressure data. These resu_lts, pre_sented in
through the stage could be resolved. Spatial resolution wh¥- 11, illustrate that in the leading edge stagnation region the
achieved by phase locking the data to a shaft encoder that gerR§gssure signal contains two distinct peaks near midpassage while
ates 500 pulses/revolution resulting in 16.667 samples/vane pi heat flux data show only one peak at the same passage loca-
sage. The unsteady heat flux data were ensemble averaged &b At the blade leading edge the flow situation is complicated,
independent positions in a vane passage. The first three harmof§i¢8 to the interactions between the vane wakes and the shock
were used for the comparisons in this section. The turbine cof@ve structure; thus, the result was not unanticipated.
figuration of 30 vanes and 45 blades causes a geometric globafigure 12 presents a comparison between the surface pressure
cycle every three blades. at 11 percent and the hegt qux.at 4.5 percent on thg blade pressure

An attempt was made to use the heat flux gages and the pr@étface. The pressure_ hIStOI’y illustrates more detail than the heat
sure transducers that were as close to the same physical locaflék Put the characteristics of the phase response of the pressure
on the blade as possible. Instrument mortality resulted in not A0d the heat flux are consistent for this particular location. Figure

ways having an active pressure transducer and an active heat figxPresents a similar comparison for a location a little farther

gage at the identical blade location. Figure 11 presents a compa#Rng the blade pressure surface at 37 percent wetted distance. At
this location, there is some similarity between the surface pressure
and the heat flux behavior in that the peaks and valleys are gen-
erally similar, but out of phase.
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once again reasonable comparison between the surface pressure
and heat flux phase information, as illustrated in Fig. 14 for @9. 17 Unsteady Nusselt number envelopes for 60 percent
wetted distance of 22.5 percent. This comparison is comparableSB3cng
that shown on Fig. 12 for the pressure surface at 11 percent wetted
distance.

The favorable comparison between surface pressure and heat
flux phase information continues for the suction surface at 33nces between 0 and 50 percent, and to be relatively constant in
percent wetted distance as shown on Fig. 15. The passage shvelgnitude over the pressure surface. The experimental results are
wave is striking the blade in the vicinity of the 33 percent wettedonsistent with the predicted trend.
distance location and moving forward with time as shown by the
sketch provided in Busby et dl5] for this experimental condi-
tion. Beyond 37 percent wetted distance on the suction surfa .
the harmonics of the heat flux signal were sufficiently small that 0 Conclusions
meaningful comparison with the pressure signal could not be ob-For the particular turbine and the range of vane/blade spacing
tained. This result is consistent with the magnitude of the umsed for these experiments, the observed drop in heat flux as the
steady heat flux as a function of blade position described in Rapacing changes comes not from the spacing change, but rather
et al.[6] for similar operating conditions at the 40 percent spadrom the change in the experimental Reynolds number. The effect
ing. Further, the relationship between the phase of the unsteaslyconsistent for both the vane and the blade, with the Reynolds
surface pressure and the unsteady heat flux on the blade suctiamber effect being about twice as large on the blade as on the
surface is consistent with the results of Abhari et &l. vane. These trends are captured by the predictions also. The CFD

Figures 16 and 17 present a comparison of the predicted asmte UNSFLO was used to illustrate good comparisons between
measured unsteady envelope of Nusselt number for the blade att2® time-averaged unsteady predicted and the measured Nusselt
and 60 percent vane axial spacing, respectively. Also included namber distributions for both the vane and blade.
these figures is the average value of the unsteady envelope. Iifor some locations on the blade, reasonable agreement was
general, the predicted and measured unsteady values are in teanonstrated between the phase-resolved surface pressure and the
sonable agreement for both spacings. The unsteady envelopeadgesponding Nusselt number as the blade moved through the
predicted to be the largest on the suction surface at wetted disne passage. Near the blade stagnation point there is not good
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agreement, but at 11 percent wetted distance on the pressure sif} Venable, B. L., Delaney, R. A., Busby, J. A., Davis, R. L., Dorney, D. J.,

face and at 22 and 33 percent on the suction surface reasonable 2u"" M. G., Haldeman, C.W., and Abhari, R. S., 1999, “Influence of Vane—
Blade Spacing on Transonic Turbine Stage Aerodynamics: Part |—Time-

agreement is demonstrated. i Averaged Data and Analysis,” ASME J. Turbomach2], pp. 663—672.

Good agreement was found between the predicted and the megs] Busby, J. A., Davis, R. L., Dorney, D. J., Dunn, M. G., Haldeman, C. W.,
sured unsteady envelopes of Nusselt number for both the 20 and Abhari, R. S., Venable, B. L., and Delaney, R. A., 1999, “Influence of Vane—
60 percent vane—blade spacing data. The most significant un- Blade Spacing on Transonic Turbine Stage Aerodynamics: Part Il—Time-
steadiness occurs on the blade suction surface at wetted distancesReselved Data and Analysis,” ASME J. Turbomactl, pp. 673—682.

| h 50 Th itud f th di Rao, K. V., Delaney, R. A., and Dunn, M. G., 1994, “Vane-Blade Interaction
ess than percent. e magnitude of the unsteadiness on t in a Transonic Turbine, Part Il: Heat Transfer,” J. Propul. Povi€r,No. 3,

blade pressure surface was found to be relatively constant. By pp. 312-317.
contrast, the magnitude of unsteadiness on the suction surface wég Hilditch, M. A., and Ainsworth, R. W., 1990, “Unsteady Heat Transfer Mea-
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parison of Time-Resolved Turbine Rotor Blade Heat Transfer Measurements
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Time-Averaged Heat Flux for a
Recessed Tip, Lip, and Platform
of a Transonic Turbine Blade

The results of an experimental research program determining the blade platform heat-flux
C. W. Haldeman level and the influence of blade tip recess on the tip region heat transfer for a full-scale
. o rotating turbine stage at transonic vane exit conditions are described. The turbine used
The Ohio State University Gas for these measurements was the Allison VBI stage operating in the closed vane position
Turbine Laboratory, (vane exit Mach numberl.1). The stage was operated at the design flow function, total
Columbus, OH 43235 to static pressure ratio, and corrected speed. Measurements were obtained at several
locations on the platform and in the blade tip region. The tip region consists of the bottom
of the recess, the lip region (on both the pressure and suction surface sides of the recess),
and the 90 percent span location on the blade suction surface. Measurements were ob-
tained for three vane/blade spacings; 20, 40, and 60 percent of vane axial chord and for
a single value of the tip gap (the distance between the top of the lip and the stationary
shroud) equal to 0.0012 m (0.046 in) or 2.27 percent of blade height.
[S0889-504%00)00604-9

M. G. Dunn

1.0 Introduction blades and added a moving outer belt to simulate the influence of
The tips of axial turbine blades rotate in close proximity to fotation on tip leakage. This study indicated that the addition of
stationary outer seal or shroud. Differential thermal expansion t%—latlve motion results in significant changes in the tip leakage
tween the rotating turbine Whéel and blades and the station rortex and passage vortex structures from stationary flows. It was

9 S ; ; Whcluded that the strength of the tip vortex was reduced consid-
outer shroud causes variations in the magnitude of the cleararé

gap at the blade tip during engine operation. Some engine cof)- bly with the introduction of wall motion. In addition, the pas-
panies elect to utilize shrouded blades and eliminate this probleg?ige vortex was enhanced by the scraping effect of the blades.
Other companies use either flat-tip blades or recessed-tip bla th were dragged toward the suction side of the passage and
For those aircraft engines using flat or recessed tips, signific peared partially to block the outlet flow from the tip gap. Heyes

variations in clearance occur at different operating conditions sug d Hodsor(8] presented the results of an experimental study

- . . ing linear cascades in the absence of a moving outer wall, and
as takeoff and cruise; even with active clearance control, the ggl?ggested a relative simple model that could be used in conjunc-

Sn with a three-dimensional code to calculate the tip gap flow.
ne significant finding of their study was that the pressure gradi-
fits along the blade chord are a major factor influencing the tip
kage flow.

is never eliminated at all operating conditions. Using recessed t
allows turbine operation with less clearance and a reduced pr
ability of severe blade damage in the event of a tip rub. Clearang
gaps in modern axial gas turbines are typically less than 1 perce

of the blade height for large engines, ranging up to 1.5 percent O There are very few experimental data in the literature for the

more for smaller engines with low-aspect-ratio blades. E\_/en_ \.N'Weat transfer distributions in the vicinity of recessed tips that have
the tightest possible tolerances, the leakage flow has S|gn|f|c%%t n obtained for full-scale rotating turbines operating at the

effect;_on stage aerodynamic pe_rformance ar_1d on the s_tructLH ign-corrected conditions. It is well known that the pressure
durability of the blade. The blade tip area has high convective he erence between the convex and concave sides of the blade
transfer and thermal loads that must be mitigated by the bla 8

internal cooling along with heat conduction to the blade press ves flow through the clearance gap. However, because of the
; '9 9 P YWeécessed cavity in the tip, the flow field associated with the recess
and suction side surface areas.

S : ; . is significantly more complicated than one would encounter on a
A significant portion of the literature relevant to tip gap flow§| t tip blade. Near the leading edge of the blade, a strong vortex

Cvisredeglrtf:;'tn:‘egaftotr'Q/grla?g;bfﬂg)'pe:ggcg gastgssmgurgegzﬂ)enmeff& exiting the vane near the stationary shroud enters the tip
P Y P " region from head on or from the suction surface side of the blade.

The early work of Metzger and Ru¢dl, 2] was designed to obtain Ameri et al.[9] demonstrate in their calculation of the tip region

detailed information relevant to the sourg@eessure surface sife flow for a recessed tip geometfgimilar to that of the VBI blade

;)ifdtge Zﬁgl?& a:q%ggnr':arér;foer;?nite'?]?soué?ee zgﬁrisclij&t:ltoe rzjsiﬁrfgcvsathat the flow field is very three dimensional with many interacting
! g exp t\‘? rtices. Their results suggest that there are at least two distinct

Ejuuncri]r?g S:r\]fg:ﬁ:;ﬁs:?g;gee? t:];\(/:?)rilrz(l)li;ng?i;tliagiggrgi[tg&%f Of\/%)ertices existing in the cavity regionz and thgy persist throughout

and others have concentrated on the heat transfer in the tip re e length of the cavity. Their modeling .Of this flow suggests that
[7]. The work of Booth et al[3] and Wadia and Booth4] was 9B of t.he vortices is a result of separation qff of the pressure side

als.o conducted using water tunnels as the test bed. Sjolander of gwe lip and that Fhls vortex hugs the cavity pressure sndewal!.
Cao[5] use a single blade and shims to change thé value of ﬁ"ﬂ second vortex is the result of a flow separation again at the lip
9 . 9 .Bﬁ the blade suction side. There appears to be a dividing stream-

gap to study the structure of the gap flow in the absence of rem'l‘fﬁe after which the mainstream flow is turned into the gap from
motion. In a later study, Yaras et 46] used a cascade of threethe pressure side of the blade. Once again, flow separation occurs
Comributed by the Intermational Gas Turbine Institute and od at th 4asaresult of the lip. Strong secondary flows can be expected to be
Interﬁgtircl)nL;FGag Tu‘erb;srgr?ciloAn:roeiZinsrclgr?grr;;é uaﬁdagxh%?t?g:, eMuE:wich,eG rPesent in the gas path as a whole, and this can have the effect of

many, May 8~11, 2000. Manuscript received by the International Gas Turbine IngBlinging very hot porti‘?ns of the mainstream to the vicinity of th?
tute February 2000. Paper No. 2000-GT-197. Review Chair: D. Ballal. clearance gap, especially just downstream of the blade leading
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edge lip. This lip acts like a rearward-facing step with resulting

flow separation and attachment in the recessed cavity. As the flon — o

emerges from the suction side of the gap, it is usually visualizec 9% it e B

as rolling into a vortex as it meets the oncoming shroud wall flow L .!. wet”

[10,11]. Thus, near the tip on the aft portion of the suction surface, “

the local heat transfer rates can become quite high, causing trai

ing edge tip burn out. For this reason, the blades used in this stud

were instrumented in the 90 percent span region. Draile Diehragr Mg
Until his death, Metzger and his students published many low-

speed outer wall studies applicable to the tip region heat transfe [ ]

in recessed tipgl2—14. Ameri et al.[9] applied their calculation

technique to the Metzger tip cavity data and obtained reasonalblig. 1 Sketch of Allison VBI model in OSU GTL shock tunnel

good results for cavity depth/cavity width ratios of 0.2 and 0.5 at

a tip clearance/cavity width ratio of 0.1. For reference purposes,

the depth/width ratio of the cavity used in this study ranged from

0 to 0.21 with a tip clearance/cavity width ratio of 0.14. Thatage and provided the flow path geometry for the stage. The
experimental data and the results of the Ameri ef@.calcula- shock tube has a 0.47-18.5-in diam by 12.2-m(40-ft) long

tion for the geometry closest to that used herein suggested that #iger tube and 0.47-n{18.5-in diam by 18.3-m(60-ft) long
peak Nusselt number occurred on the lip with the Nusselt numbejigven tube. The driver tube was designed to be sufficiently long
in the bottom of the cavity being about 42 percent of the ligg that the wave system reflected from the driver endwall would
values. In this same paper, the authors have performed tip regigst terminate the test time prematurely. The turbine is housed in a
calculations to simulate the fluid flow and heat transfer in the tigevice located in the expansion nozzle of the shock-tunnel facil-
region for the GE-E high-pressure turbine. Their calculationsty, as illustrated in Fig. 1. This device consists of an inlet duct, an
were performed for a smooth ti@ 2 percent recess, and a Zexit nozzle designed to govern the flow through the turbine rig, a
percent recess. The measurements used in this paper have Zn@channel slip ring, and an air motor drive system. This particu-
percent recessed tip. lar turbine configuration has spacers that can be moved relative to

In a more recent paper Bunker et 5] and Ameri and Bun- the vane row in order to change the vane/blade spacing.
ker, [16] report the results of a combined experimental and com- |n order to initiate an experiment, the test section is evacuated,
putational study designed to investigate the heat transfer to fhfile the driver and the driven tube are pressurized to predeter-
first stage blade tigflat tip configuration of a power generation mined values. Pressure values are selected to duplicate the design
gas turbine. The experiment utilized a three-blade linear cascafifiv conditions. The flow functionvg,@/ ), wall-to-total tem-
with no outer shroud motion. Using liquid crystals in the tip reperature ratio 7,,/T,), stage pressure ratios, and corrected speed
gion, the authors were able to obtain a rather detailed distributigfe duplicated. The value df, can be set at almost any desired
of heat transfer in the tip region. The computational phase of th@lue in the range of 800-3500°R. The design pressure ratio
effort used to support the experiments utilized the code reportedgpross the turbine is established by altering the throat diameter of
Rigby et al.[17] and Ameri et al[9]. The authors showed good a flow control nozzle located near the exit end of the device hous-
comparison between experiment and computation. ing the turbine.

Two previous experimental/computational analysis of flow in The heat-flux measurements were performed using thin-film re-
the tip region for a flat tip blade were reported by Metzger et adistance thermometers. The thin-film gages were made of plati-
[18], and Ameri and Steinthorssdi9]. For the Metzger et al. nhum (~100 A thick and were hand painted on an insulating
paper, time-resolved heat transfer measurements obtained onpfex 7740 substrate. The response time of these thin films is on

blade tip and simultaneously obtained time-resolved heat transfgé order of 5<10 8 s. The gage substrates were attached to the
and surface pressure measured on the adjoining stationary shrgiida| blade by epoxy.

for the full-stage Garrett TFE-731-2 turbine were compared with

the results of a CFD analysis. Ameri and Steinthors2ij re- 2.2 Description of Turbine Stage. The turbine stage used
ported the results of time-averaged heat transfer calculations coi@s the Allison Vane/Blade InteractidivBI) turbine. This is an
pared to the data of Dunn et dR1], for the Garrett TFE-731 advanced turbine and is designed so that one can select either
turbine and a similar comparison for the data of Dunn ef2d], subsonic(Mach No~=0.85 or transonic(Mach No=1.1) vane
obtained on the first blade of a full two-stage Space Shuttle ma@¥#it conditions. The vane exit condition for this measurement pro-
engine hydrogen side turbopump. Both the predictions of Metzggfiam was a Mach Ne:1.1.

et al. and the predictions of Ameri and Steinthorsson showedThe geometry of the turbine rig is given in Table 1. Aerody-
good agreement with the experimental results. However, the sutgmic data for the measurement program are given in Table 2.
ject of this paper is the case for which the blade tip has a cavity

(squealer rather than being flat and the accompanying flow field 2.3 Description of Blade Instrumentation and Tip Re-
is entirely different. cessed Cavity. The blades of the rotor were instrumented with

both thin-film heat-flux gages and with flush-mounted miniature

Kulite pressure transducers. Figure 2 is a photograph of the instru-
2.0 Description of Experiment mented rotor. The turbine geometry is such that there are 30 vanes
and 45 blades. Thus, instrumenting every third blade results in

A Dbrief description of the facility, a description of the turbine ; N diff t blades being in th lati i
stage, and a more detailed description of the tip cavity recess 4ffgtruMents on difiérent biades being in the same relative position

associated instrumentation, the platform instrumentation, and {he@ vane passage. All of the vane and blade surface pressure

instrumentation located at 90 percent span on the blade suct{gf2surements were obtained at midspan of the respective compo-
surface will be provided in this section. nent. The time-averaged surface pressure data for all three vane-

blade spacings are reported in Venable e{2®], and the time-

2.1 Description of Facility. The facility used for this mea- resolved pressure data are reported in Busby ¢23]. On-blade
surement program utilized a shock-tunnel to produce a shosturface pressure data in the recessed cavity are not available for
duration source of heated and pressurized gas that was diredted turbine stage.
through the rotating turbine. Air was used for the test gas. TheAs can be seen from Fig. 2, the blades containing surface pres-
experimental apparatus consisted of a shock tube, an expangare instrumentation, the blades containing the contoured leading
nozzle, a large dump tank, and a device that housed the turbadge heat-flux gage inserts, and the blade with the pressure sur-
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Table 1 Turbine stage geometry
Parameter Vane Blade
number of airfoils 30 45
axial chord, in. 2.66(67.6) 1.87 (47.5)
(mm)
spacing, in. (mm) 2.03(51.6) 1.34 (34.0)
chord/spacing 1.32 1.39
mean radius, in. 9.73(247.1) 9.70 (246.4)
(mm)
aspect ratio 0.72 1.10
L.E. mean radius, 0.18 (4.6) 0.09 (2.3)
in. (mm)
T.E. mean radius, 0.03 (0.8) 0.03 (0.8)
in. (mm)
hub/tip radius 0.82 0.81
tip radius, in. 10.64 (270.3) 10.64 (270.3)
(mm)
T.E. blockage (%) 9.44 8.94
Avity Heat-flux Sansors
Table 2 Turbine operating conditions '
Parameter 20% 40% 60 % Fig. 3 Photograph of cavity and lip heat-flux gages
(spacing) (spacing) (spacing)
speed (rpm) 11,843 11,795 11,763
p. 1» Psia 43,2 (298.1) | 43.7(301) 39.8 (274.7) lubricated using a positive displacement pump to force Asahiklin
(kPa) AK-225 diluted with a small amount of silicone oil through the
py, psia (kPa) | 10.0 (69.1) 10.3 (71.3) | 9.4 (64.8) closed system as the medium.
T,.R(K) 1108 (615.5) | 1173 (651.7) | 1176 (653.4) . Tf;e hrecessed _Ca\l/iglié ihong glegheﬁph%to%rapih 5?f1 (F)i%- 3. The
ip of the recess is ~>-m (0.060-in wide . °-m
%‘“‘““ I;((?) 22: ;33351';)9) 22(35233 g?;g §2§ 23(2371'2)2) (g.OGO-ir) deep and extends over approximat)ély 67 percent of
Bladds-ave. : - - - : c blade chord. There are three heat-flux gages located in the pres-

sure side lip at wetted distances of approximately 6.5, 32, and 57
percent, two heat-flux gages in the suction side lip at wetted dis-
tances of approximately 24.5 and 51 percent three heat-flux gages

face button-type gages were all placed so that no correction fgrihe recessed cavity at wetted distances of approximately 12,
phase angle was required. However, there was a desire to plages and 55 percent, and one heat-flux gage in the trailing edge
the button-type heat-flux gages so that the heat flux in a givBBwnstream of the cavity at a wetted distances of approximately
blade passage could be measured. Thus, the blade with fepercent. Unfortunately, there were no heat-flux gages located
suction-surface button-type heat-flux gages required a shift to q-the lip sidewall on the inside of the cavity nor were there

tain the proper phase orientation.
The rotor wiring was connected to a PolyScientific 200-channgt the cavity at the widest poirihear the suction side lip heat-flux
gold-on-gold slip ring unit located on the opposite end of the driy, age located at 24.5 percent wetted distanse’x 103 (0.278

shaft from the air motor. The wires from the blade heat-flux gag
pass down the front surface of the digs shown in the photo-
graph of Fig. 2 and then through a hollow shaft connector to th
slip ring unit. The slip ring unit was continuously cooled an

H.T. Leading
Edge Inserts

surface pressure transducers located in the tip region. The width

). As illustrated in Fig. 2, the cavity width takes on a shape
similar to the blade over the remainder of the tip region. Early in
e experiments, one of the gages in the pressure side lip failed as
id one on the suction side lip, and the one in the trailing edge.
There are four heat-flux gages located on the platf@mo on
the blade suction surface side and two on the pressure surface
side as shown in the photograph of Fig. 4. The two gages on the

Platform Heat-Flux :

5.5, Kulite Gauges ‘\\\
-—_____LF n II__ \\
III.
P.S- Hutt{m PS. Ilu'l:l.on A——— ’
Gauges Tip Button Gaunges r" &4
Gauges f
Fig. 2 Instrumented rotor of VBI turbine Fig. 4 Photograph of platform heat-flux gages
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pressure surface side of the platform were placed relatively closeEach experimental point presented in Figs. 3—10 is a value
to the blade surface at approximately 41.5 and 57 percent wettaderaged over approximately 10 ms of test tifoe about 1000
distance. The two gages on the suction surface side of the blal#a points Thus for this uncertainty analysis, the percentage
were placed farther away from the surface with the one nearest thecertainty in each of the input variables is taken as the standard
suction surface being at approximately 53 percent wetted distartmviation of that quantity divided by the average value of that
and the second one at the trailing edge near the outer edge of gantity over the time period, with the exception of the heat-flux
platform. in which the standard measurement ertar5 percent is used.
There are three heat-flux gages located on the suction surfacd@la uncertainty is taken as twice the value reported in (Eg.
the 90 percent span position at wetted distances of approximatelgich encompasses about 95 percent of the data syiread-2
45.5, 57, and 81.5 percent. The positions of these gages wstandard deviations Multiple runs were combined using a
selected so as to be in close proximity to the gages on the suctiweighted average technique. In general, the uncertainty in the
surface side lip. Nusselt number is dominated by the uncertainty in the heat-flux
measurements.

. : For the purposes of the tip region data reduction, it would have
3.0 Discussion of Results been helpful to have had detailed gas temperature measurements
Although the intent of this paper is to present the heat-flux the tip region of the blade. Temperature measurements were

measurements obtained on the rotating blade for the floor of tbbtained in the gas flow path just upstream of the vane inlet re-
tip cavity, the tip lip region, on the platform, and the suction sidgion, but unfortunately, such measurements were not available for
of the blade at 90 percent span, the results obtained at midsplag tip region. Thus, in the absence of tip region temperature
[24] are presented in Fig. 5 for reference purposes. The midspaeasurements, the Nusselt number data reported herein have been
heat-flux data are presented for all three vane/blade spacings.reduced in the same manner as the midspan results. That is, the
The experimental data is presented as a Nusselt number basegselt number is based on the midspan average gas temperature
on a reference length as defined in the normal manner by theead of the inlet vane row.
following equation: A question related to the possible necessity for a correction
oL factor for the button-type gages has been raised in the literature by
SR S 1) Kim et al. [25], Eaton et al[26], and Mukerji et al.[27]. This
Ki(Trer= Tr) question has arisen because of a potential “heat island effect.”
wherelL is a reference length:=1 in (0.0254 m in this caseK More _recently: ZiIIes_ an_d Abha_ﬂ28] described the results of an
is the thermal conductivity of the fluid evaluated at the gage terﬁxperlfpental_ |nvest|gat|o”n designed to determine the magnitude
perature Tgaqd, aNdTreriS @ reference temperature, taken as thef the “heat island effect” for Reynolds number and temperature

stage inlet total temperature. The uncertainty in the experimeng@nditions consistent with the conditions experienced in the
data is evaluated using the following formula: present experiments. A more complete discussion of this potential

“heat island” and the magnitude of such a correction for the
ANu, experimental conditions described herein is given in Dunn et al.
Nu, [24]. It suffices here to note that for the purposes of the measure-
ments presented in this paper, that the magnitude of the correction
\/ AQ\2 [AT\? A? 1 ATgret?2  that would have to be applied to the tip region data presented is
Vo (T_f) (1+ (1iA)2) + (1iA)2( less than 2 percent, so the correction was ignored.
Figure 6 presents the cavity floor Nusselt number distribution
T for all three vane/blade spacings. The highest value of Nusselt
A= T et (2)  number occurs just aft of the leading edge(age #HR 78and
o ] e ) decreases from that location to the rear of the re¢gages #HR
which is a simple “error” propagation formula, with the much7g9 and #HR 8pfor all three vane/blade spacings. This elevated
smaller terms eliminated from the equation. These yields a p@usselt number near the leading edge of the cavity is consistent
centage uncertainty in the Nusselt numbers as a function of th@h a flow separation and reattachment as a result of the lip.

Nub:

TRef

main independent variables used in the calculation. Observation of turbine flight hardware with recessed cavities will
2000 T T T [ T T T T
a T VaneRoioe Spiciog = 2000 Y | LR T WL R e | T
e % VaseBnine Spacheg = -
6% VaseRotor spaci : 1 = i
i ane nesing ﬂf ‘:.:.::E:?: 1_|;$|Iu£ ., 4
I ] W Vaese/ Rl §pacing 1 .
1500 [~ G .
F 1500 ; : —
5 - E 1 . - } ]
£ i : ] I ]
5 lﬂﬁﬂ-— BRI - é - I ! _
- L {} E 10040 _— _HH"?S H“?g__
: | 3 ] 13 | i | i
2 | P31 833 ] : 4 -
500 SERVEITTURAE ¥ e 3 tcs .:%:. ¢ G IR 4 B ¥ i .
e & T 1 9 | iizig 4 500 : WAL
[* 1§ : iIxZi 1 - i : HRS0 1
L Pressure Suction - g
i - | M RN AT L TR i T o -
{ 0 i UG USHT V) OR[N TEY SR Tl OIRE OV L ey (N 20t T
- 100 -50 0 50 100
Wetled Distance (%) -100 -5 0 50 100
&’Hlﬂd Distance (%)
Fig. 5 Time-averaged Nusselt number for rotor blade (50 per-
cent span ) versus vane /blade spacing Fig. 6 Nusselt number on blade tip cavity
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Fig. 7 FFT's of heat-flux gage temperature data: 60 percent Fig. 9 FFT's of heat-flux gage temperature data: 60 percent
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generally show a cooling hole at very nearly the same physiasiake cutting frequency for this experimental condition for which
location in the cavity. The reason for this is that the locatiothe vane is operating at an exit Mach numbet.1 is about 5.8
corresponds closely with the top of the leading edge cooling tukélz. The heat-flux gage located at the front of the cavity floor just
for which a relief hole is normally drilled at the tip location. Thusdownstream of the lip shows a strong signal at 5.8 kHz as illus-
it is unlikely that experience would show blade distress at thisated in Fig. 7a). However, the magnitude of the signal at the
location in spite of the very elevated heat load. At this most fofundamental wake cutting frequency for the second cavity floor
ward cavity floor location, the Nusselt number decreased wittage is very small as can be seen from Fifh).7Figure 7c)
decreasing vane/blade spacing, suggesting that the tip region vbbustrates that the magnitude of the first harmonic at the last gage
tex exiting the vane had a much stronger interaction with tHecation in the cavity is a litle more than one half of the first
blade cavity with increasing distance of vane/blade separation. @gvity gage and that the frequency has been shifted very slightly
the mid and rear portions of the cavity floor, the Nusselt numberliggher.
on the same order as the blade midspan value, as can be seen IBygure 8 presents the Nusselt numbers for three lip géges
comparison with the data shown on Fig. 5. In an engine applicam), two on the pressure sidgage #HR 73 and #HR J4nd one
tion, these values of Nusselt number are sufficiently large to ren the suction sidégage #HR 7Y, for all three vane/blade spac-
quire that cooling air be supplied to the region. ings (see Fig. 3 for a photograph of the relative location of these
Figure 7 presents the FFT plots for the three cavity heat-flgage$. The peak value of Nusselt number occurred at the suction
gages with the peak amplitude plotted on the same scale so thatde lip, and for all three vane/blade spacings the magnitude was
relative importance as a function of position can be observed. Theeater than the blade stagnation point value. In addition, the
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Fig. 8 Nusselt number on blade tip Fig. 10 Nusselt number on blade platform
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Figure 9 presents FFT’s of these lip heat-flux gages with the
peak amplitude plotted on the same scale for all three gages so
that the relative importance as a function of position can be ob-
served. The suction side lip gage shows a strong peak at the wake
cutting frequency of 5.8 kHz. The pressure side lip gages also
show a peak at 5.8 kHz, but the magnitude of the peak is less than
one half of the suction side value.

Figure 10 presents the Nusselt number results for the four plat-
form heat-flux gages for all three vane/blade spacings. Figure 4 is
a photograph of the platform instrumentation installation showing
the relative location of the heat-flux gages. Gage #HR 95, which
is located near the blade trailing edge and much closer to the
pressure surface than to the suction surface, illustrated the highest
values of Nusselt number for all three spacings. The other three
gages#HR 92, #HR 93, and #HR 94ll produced Nusselt num-
bers that are in excess of representative midspan values.

Figure 11 presents the FFT plots for three of the four platform
gages, once again presented so that the magnitudes of the harmon-
ics are on the same relative scale. The suction surface side gage at
53 percent wetted distance does not illustrate a harmonic at the
fundamental wake cutting frequency. However, the gage at 41.5
percent wetted distance on the pressure surface and the gage at
100 percent wetted distance on the suction side do show strong
signals at the 5.8 kHz wake cutting frequency.

Figure 12 presents the Nusselt number results for the heat-flux
measurements made on the suction side of the blade at 90 percent
span for all three vane/blade spacings. The two gages near the 50
percent wetted distance location are relatively close to the suction
surface lip gage, #HR 7(&ee Fig. 8 The magnitude of the Nus-

larger values of Nusselt number were obtained for the close vagelt number at the 90 percent span location is not as large as the
blade spacings with decreasing values for the intermediate andtgrvalue, but it is a factor of two larger than the corresponding
spacings. Although the pressure side lip values of Nusselt numke@ilue at blade midspan. At greater values of wetted distance, the
were less than the suction side value, they were still significantiyusselt number is shown to decrease significantly, but the value is
greater than representative blade midspan values. The magnitygie large, being approximately 25 percent greater than the mids-
of the Nusselt number for the suction side lip gage is significantfyan value. The Nusselt number results obtained for the close spac-
greater than the pressure side lip values, but not quite as larggrgswere generally higher than the intermediate and far spacing.
the value corresponding to the first gauge of the cavity floor. ThEgure 13 presents the FFT’s for the heat-flux gages located at the
pressure side lip gages illustrate Nusselt number values consis@itpercent span location. At this particular location, the peak of
with the middle and aft portion of the cavity floor gages. Howthe fundamental harmonic occur at 5.2 and 6 kHz instead of at the
ever, because of the limited instrumentation in the lip and cavighticipated 5.8 kHz fundamental wake cutting frequency. It is not
regions, it is difficult to make any further comparisons with thelear at this time why there is this observed shift in the harmonic
detailed calculations of Ameri et a9]. However, Chyu et al. frequency.

[12] and Ameri et al[9] both reported results for which the heat

transfer rate at the bottom of the cavity was higher than compared

to the rim values, which is consistent with the results found her
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High Free-Steam Turbulence
Effects on Endwall Heat Transfer
for a Gas Turbine Stator Vane

R. W. Radgmskv1 High free-stream turbulence along a gas turbine airfoil and strong secondary flows along
the endwall have both been reported to increase convective heat transfer significantly.
K. A. Thole This study superimposes high free-stream turbulence on the naturally occurring second-

ary flow vortices to determine the effects on the flowfield and the endwall convective heat
transfer. Measured flowfield and heat transfer data were compared between low free-
Virginia Polytechnic Institute stream turbulence levels (0.6 percent) and combustor simulated turbulence levels (19.5
and State University, percent) that were generated using an active grid. These experiments were conducted
Blacksburg, VA 24060 using a scaled-up, first-stage stator vane geometry. Infrared thermography was used to
measure surface temperatures on a constant heat flux plate placed on the endwall surface.
Laser-Doppler Velocimetry (LDV) measurements were performed of all three components
of the mean and fluctuating velocities of the leading edge horseshoe vortex. The results
indicate that the mean flowfields for the leading edge horseshoe vortex were similar
between the low and high free-stream turbulence cases. High turbulence levels in the
leading edgeendwall juncture were attributed to a vortex unsteadiness for both the low
and high free-stream turbulence cases. While, in general, the high free-stream turbulence
increased the endwall heat transfer, low augmentations were found to coincide with the
regions having the most intense vortex motig&0889-504X00)00704-2

Mechanical Engineering Department,

Introduction tense vortex action. Kang and Thdlg showed through flowfield
. - . and heat transfer measurements that the peak heat transfer coin-
Along a turbine airfoil surface, elevated convective heat tranéfded with the downward legs of both the horseshoe vortex and
fer coeﬂicient; oceuras a Tesu" Of. high turbulence levels exliti ssage vortex. The downward leg of these vortices brings high
a combustor In a gas turbine engine. T_he platform O_f an airf gyeed free-stream fluid toward the endwall and thins the boundary
(endwal), a critical surface where durability can be an issue, al§9yer 15 yitimately increase the local heat transfer coefficients. As
has high convective heat transfer levels with a complex footprintgan in several past endwall heat transfer studied 0] the peak
The complexity occurs from the secondary flows that develop fuat transfer on the passage endwall sweeps from the pressure
the form of vortices that sweep the platform surface. Both of theggje of the airfoil to the suction side of the adjacent airfoil as the
effects, high free-stream turbulence effects on airfoil heat transigsssage vortex moves in that direction.
and secondary flow effects on endwall heat transfer, have beemjthough there have been a number of studies documenting
discussed in the literature. What is miSSing from the literature 'ﬁgh free-stream turbulence effects on airfoil heat transfer and
the combined effects of combustor level free-stream turbulenggere have been a number of endwall flowfield and heat transfer
and secondary flows on endwall heat transfer. studies, there are no studies documenting endwall heat transfer at
Turbulence measurements taken at the exit of a variety of g@smbustor level free-stream turbulence. The work presented in
turbine combustors have shown that the levels can range betwgis paper investigates the effect that high turbulence has on end-
8 percent and 40 percefit—3] with some indication that the wall heat transfer. In particular, one of the regions having the
integral length scale scales with the diameter of the dilution holégghest heat transfer is the leading edge—endwall juncture. Three-
in the combustof4]. As these high levels progress through theimensional flowfield measurements were made in this juncture
downstream turbine vane passage, there is a production of turbegion such that a comparison of the mean and turbulent flow-
lence resulting in high turbulent kinetic energy levels at the exit dfelds can be made between low and high free-stream turbulence
the passaggs]. The effect that these high turbulence levels haveases.
on the airfoil itself is to increase the heat transfer significantly
along the leading edge and pressure side surfaces as well as nféast Studies

the transition location forward on the suction side surface. One of the only flowfield studies to address high free-stream
The secondary flows previously mentioned take the form of gy, lence effects in an endwall region was that of Gregory-Smith
leading edge horseshoe_vortex. This vortex splits into one leg t CleaK11]. They were interested in determining the changes
wraps around the suction surface and another leg that wragsne flowfield in a rotor blade cascade with a passive grid placed
around the pressure surface, with the latter ultimately forming gstream. The passive grid generated an inlet turbulence level of 5
passage vortex. As the flow progresses downstream, the flowpisicent. Their primary finding was that the mean flow was not
dominated by the passage vortex. Gaugler and RugSeltienti-  sjgnificantly affected by the elevated turbulence level. They also
fied, through flow visualization and surface heat transfer, that highund that there was a net increase of turbulence production as the
convective heat transfer coefficients coincided with the most iflow progressed through the channel. They attributed this net in-
crease to the production from the Reynolds shear stresses.
'Present address: United Technologies Research Center, 411 Silver Lane, Easfo the authors’ knowledge the only endwall heat transfer mea-
Hagfor‘tj’_bcr 36;0%] temational Gas Turbine Insiute and ed atih 4surements at elevated turbulence levels reported in the open lit-
ontripute Yy the Internationa as lurbine Institute and presented al e _
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, G%Pature are those C[ﬂZ 14]' Spen(.:er et al[12] made endwall
many, May 8-11, 2000. Manuscript received by the International Gas Turbine In eat transfer measurements at an inlet free's”eam_ turbulence level
tute February 2000. Paper No. 2000-GT-201. Review Chair: D. Ballal. of 9 percent but were not able to contrast that with a low free-
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stream turbulence case since they did not acquire those data. G™ -
et al. [13] measured convective heat transfer coefficients for ¢ Active turbulence L/
linear rotor cascade with an inlet free-stream turbulence level of - Splitter generator grid Window
percent. Their results indicated, quite surprisingly, that elevate plate oo
turbulence levels actually decreased the endwall heat transfer le N Plexiel
els in several regions along the endwall as compared to their 10V pin 17.8 o
turbulence level case. This effect, however, may have been due Flow o> e )
the fact that the turbulence grid caused a reduction to the inle {"eas}"e"‘e“‘ ZW Y Note: Cross-
boundary layer thickness for the elevated turbulence case. With <o locaton \§ hatched arca
thinner boundary layer, the endwall secondary flows are weake Trip O at flux
causing a reduction in the endwall heat transfer. This reductio hidiis B e endwall surface
due to weaker secondary flows would compete with the high tur Bowndary \\-. -
bulence effects that are expected to increase the endwall he layer | 16b Flow removal o
transfer. Khalatov et a[.14] presented an analysis that indicated bleeds  ggp 033C) ™ downstream of test
the augmentation of heat transfer due to high free-stream turbt wse € section
lence along the endwall continually increased as turbulence leve
increased up to a turbulence level of 16 percent, beyond which tk Scaling factor 9
augmentation leveled off. There were not enough details given i Scaled-up true chord length 59.4 cm
their paper to determine the flow parameters for their experiment: Pitch / true chord 0.77

Endwall flowfield measurements under low free-stream turbu Span / true chord 0.93
lence conditions indicate extremely high turbulence levels in the Rew 2.3%10°
core of both the leading edge and passage vortices for an asyt . 585 mls
metric airfoil as reported by Moore et dl15], Gregory-Smith i 70°C
et al. [16], and Kang et al[10]. The reported peak turbulence Talet flow angle D
levels, based on the inlet velocity, range from 25 to 29 percent ii Trail -

R railing edge metal angle 72

the core of the vortex. Results from Devenport and Simp&@h
who used a symmetric airfoil, and from Praisner et 48], who Approach length / chord 46

used a rectangular block, pointed out that it is improbable that the ) . .
high turbulence levels in the core are purely a result of turbulefd- 1 Schematic of corner test section containing the stator
mixing. Devenport and Simpsdi7] showed that the peak posi-Vane cascade
tive turbulence production coincided with regions having highly
bimodal flow as indicated by their streamwise velocity histo-
grams. Based on the analyses, Devenport and Simpson attrib
the high turbulence to the large-scale unsteadiness rather than
fluid-wall generated shear layer.

From past studies, there is a clear need to investigate further

heat transfer characteristics of the endwall under high turbulen € csed air supolv fed a plenum that supolied each of the bars
levels. At this point, the data given in the literature are qui PPy P pp )

sparse for the effects of high free-stream turbulence on endw, ﬁe turbl(JjIence genr:eraged from this ?Ct:'ve grid was 19'5 ?ercem
heat transfer. measured at 0.33 chords upstream of the vane stagnation location.

The integral length scale at 0.33 chords upstream wasP
. . =0.12 and was uniform across the span to within 4 percent. A
Experimental Design and Measurements detailed discussion of the inlet flow quality will be given later in

The construction and the development of the scaled-up turbil{¥ Paper.

stator vane and the test section have been previously documentediowfield Measurements. The flowfield was measured for a

by a number of studies including Kang et 410], Kang and plane at the endwall-vane juncture parallel with the incoming
Thole[7], and Radomsky and Tho[&]. The wind tunnel used in flow direction that intersects the stagnation location of the vane.
this study is recirculating with a corner test section shown in Figrhis plane was chosen to compare with that previously reported
1. A description of the vane is indicated in the attached table §y Kang et al.[10] at low turbulence conditions. The two-
Fig. 1. While the inlet Reynolds number for the wind tunnel wagomponent back-scatter fiber optic LDV system used in this study
matched to that of the engine, the inlet Mach number was ngénsisted ofa 5 W laser used in conjunction with a TSI model
matched(Ma=0.017 for the wind tunnel case and Ma.12 for 9201 Colorburst beam separator. Velocity data were processed
the engine cageThis test section contains a central turbine vangsing TSI model IFA 755 Digital Burst Correlator controlled us-
with two adjacent vanes that have all been geometrically scalediug TSI's FIND software. All three velocity components, V,

by a factor of nine to allow for highly resolved data acquisitionand w) were measured with a two-component laser-Doppler ve-
The outside adjacent vane was constructed by attaching a leadii@meter (LDV) positioned in two different orientations. A 750
edge to a plexiglass sidewall, allowing for optical access. Thim focusing lens with a beam expander was used on the end of
placement of this flexible wall exactly matches the surface of aRe fiber optic probe to make measurements of the streantlise
adjacent vane. Beyond the point where the adjacent vane geq{Rd pitchwise ) components through the top endwall; and the
etry stops, the flexible wall was positioned such that the centi@dkeamwise(U) and spanwiséW) components through the side-

vane matched a predicted pressure distribution. The computatiogall. Coincident measurements were made through the sidewall to
predictions were made for two-dimensional, inviscid, perlodlgu

tﬁ%s having a diameter of 1.5 mm and vertically spaced 3.05 cm
apgrt. These hollow bars were installed 88 bar widths upstream of
H]'% stator vane stagn_ation position or, in terms of_\_/ane coordi-
nates, at 1.9 chords in front of the stagnation position. A com-

i antify the Reynolds shear stress,w’. The probe volume
vanes at low-speed conditions. Pressure measurements on the ty y P

: . erigth and diameter for the 750 mm lens with the beam expander
tral vane were made to insure that the flexible wall and stagnatigi.re 0.85 mm and 72 microns. The data were corrected for ve-

point were correctly positioned. loGitv bi frect Vi : i iahti
An active grid turbulence generator, described in detail by Ra Y bias effects by applying residence time weighting.

domsky and Thol¢5], was used to generate the high turbulence Endwall Heat Transfer Measurements. The heat transfer

levels. The active grid consisted of vertical hollow square barssults for the high free-stream turbulence conditions were mea-
with jets injecting into the mainstream in both the upstream arslired in the same facility as for the low free-stream turbulence
downstream directions. The bars were 1.27 cm square with the genditions[10]. These measurements were obtained with a con-
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stant heat flux plate placed on the bottom endwall, as indicated

the cross-hatched area in Fig. 1, surrounding the Styrofoam ste
vane. The constant heat flux plate consisted of guBBthick
copper layer on top of a 7@m-thick kapton layer in which 25-
um-thick inconel heating elements were embedded in a serpent
pattern. This heater was placed onto a 1.9-cm-thick wooden s

face using double-sided tape. Just below the wood was a 2.54 U/,

thick R-5 extruded Styrofoam board. The total heating area for tt
plate was 0.549
heat flux of 980 W/rA The lateral conduction was estimated to by
less than 1 percent within the averaging spot size for the infrar
camera. The top surface of the heater plate was painted bl:
giving an emissivity of 0.94.

Surface temperature data was acquired using a calibrated inf
red camerdInframetrics Model 76p The camera was calibrated
in situ using typeE ribbon thermocouples that were painted blacl

fand the input power was adjusted to give "%
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and placed on the heated surface. The calibration procedure \(a) Y/P
performed to obtain the correct plate emissivity and backgroui
temperature and insure a linear relationship between the infrai
camera measurements and the thermocouple reading over the
quired operating temperature range. To perform these meast
ments, the top endwall was replaced with a plate having 13 vie!
ing ports in which an 11.43-cm-dia crystal fluoride window or
when not making measurements from that port, a lexan insw  /Us
could be placed. Each endwall temperature resulted from an i, U,
erage of 16 images and, based on an uncertainty analysis, it \w’”“
determined that five of these 16 averaged images were enougl s ~®
get a good average. Small positioning crosses were placed on 4%
endwall to identify where each of the 13 images were relative
the turbine vane. An in-house processing routine allowed the
images to be assembled into one complete endwall temperat
distribution. The infrared camera performed a spatial averagil
over 0.37 cm and operated at its maximum viewing area !
21.5cnX 16 cm represented by 25306 pixels. b)
The input heat flux was corrected for radiation losses, WhiC$1
amounted to between 7-23 percent of the input power, and caty. 2 (a) Comparison of measured and predicted normalized
duction losses, which amounted to 1.7-3.5 percent of the inpuean streamwise and pitchwise velocity profiles at one-third
power. No correction was necessary regarding heat losses frefagrd upstream of the vane stagnation;  (b) normalized rms lev-
conduction to the turbine vane itself because the vane was c6# of all three velocity components and integral length scale
structed using Styrofoam. Using the measured temperatures Jiffisured at one-third chord upstream of the vane stagnation
the remaining convective heat flux, the heat transfer coefficiert&M
were computed and reported as Stanton numbers.

0.4 —————
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0.3 *
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Uncertainty Estimates The computed profiles, also shown in FigaR are results from a

Th tial derivati q tial perturbat thod 0Ewo-dimensional simulation using FLUEN[RO] (see[5] for de-

ne partial derivative and sequential perturbation methoas, ils). These profiles reveal that the flow is already reacting to the
scribed by Moffa{19], were used to estimate the uncertainties ming vane and, more importantly, is quite periodic across the
the measured values. Uncertainties were calculated based on ({)SO f '

percent confidence interval. For each velocity component 15,0?{5 airfoil pitches. It is also evident that the high free-stream

data points were used to compute the mean and turbulence q bulence generator is not affecting the mean flow conditions
tities whereas when coincidence data was acquired 20,000 Uen the fact that the high and low turbulence cases agree. The

- ! . ) o ical uniformity across the span of the airfoil indicate that the
points were acquired. The_ estimate of bias and Precision UnChzyimum deviation normalized by the average velocity was 1.6
tainties for the mean velocities were 1 percent while the precision

f th lociti 21 t 17 t for th d 3.5 percent for the low and high turbulence cases. The mea-
of the rms velocities was 2.1 percent i,s, 1.7 percent for the o4 rhulence conditions at one-third chord upstream, revealed
Ums, and 3.2 percent fow,,,s. The precision uncertainties of the

Reynolds shear stress and correlation coefficient were 12.8 |né:|g. Ab), indicate uniformity across the pitch and fairly isotro-

13.4 percent. Note that these uncertainty estimates were made conditions with the average spanwise rmig(g) levels being

; ) D . ?rpercent of the average streamwise rmg,d levels and 93
the near endwall region where the highest uncertainties arise. cent of average cross-stream rms, () levels. The maximum
uncertainty in the Stanton number was 4.5 percent, which w;,

determined for the lowest measured temperature difference wh %viation of the rms velocities across the span of the turbine vane
dominated the uncertaint {fls 2.8 percent. 'I_'he average turbulence level at t_hls location is
Y- 19.5 percent. The integral length scale, also shown in Rlg, &
Inlet Elow Conditions ggglsnsailr)]/el;tgﬁ.rcent of the vane pitch and is relatively uniform
The inlet flow conditions for the high free-stream turbulence As previously discussed, the high free-stream turbulence was
case are the same as those previously reported by Radomsky gederated using active bar grids with a bar width of 1.27 cm and
Thole[5] and are repeated in Fig9.a@ and 2b) for completeness. located 88 bar widthgb) upstream of the vane. These bars ex-
These profiles were taken at the vane mid-span location at omeaded the entire span of the test section, meaning that the bars
third chord upstream of the vane stagnation. Figui@® 8hows were also present in the developing endwall boundary layer. To
measured inlet mean velocity profiles across the entire width imisure that the bars did not create spanwise variations of the
the wind tunnel for the low and high free-stream turbulence casdé®mundary layer, boundary layer measurements were made behind
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LA A B AL R I AL A S R LA Table 1 Boundary layer characteristics for high and low tur-

051 o in-between bars, Tu =19.5% \ g bulence cases
L —o— behind bar, Tu =19.5% ] Tu=20% Tu=20% Tu = 0.6%
0.4 L —>—Kanget al. (1999), Tu =0.6% _' Behind Bars | Between Bars | (Kang, et al. 1998)
[ ] X/C=-0.33 X/C=-0.33 X/C=-1
] S(cm) 9 9 5
] 5* (mm) 8.2 9.1 10.6
s ] 6(mm) 6.7 7.2 7.1
J H 1.22 1.26 1.50
Reg 2653 2704 3340

be Rge=3630 at one-third chord upstream relative tq,R8340 at
one chord upstream for the low free-stream turbulence case. This
would result in a difference in momentum thickness Reynolds
number of 25 percent between the low and high free-stream tur-
35 bulence cases. Using the standard correlations for turbulent
in-between bars, Tu =19.5% boundary layer heat transfer, this difference in Reynolds number
behind bar, Tu=19.5% should result in a difference in Stanton numbers of 9.5 percent. As
Kang et al.(1999), Tu =0.6% will be shown in the results, the augmentation due to high free-
Thole and Bogard (1996), Tu=20% o °°°° © stream turbulence was much more than 9.5 percent.
Spalding's law o Comparisons made to previously reported data for a boundary
gﬁﬁh%ﬁ layer affected by 20 percent free-stream turbulence levels are also
shown in Figs. &), 4(a), and 4b). The previously reported mea-
surements of Thole and Bogaf@1] had the same free-stream
turbulence level, but were for a significantly lower momentum
Reynolds number of Re580 as compared with the present
study. There is good agreement in the scaling of the boundary
layers affected by the high free-stream turbulence and, as ex-
pected, the profiles indicate a very depressed wake region.
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Fig. 3 (a) Comparison of measured streamwise boundary s J
layer profiles at low and high free-stream turbulence levels r
plotted in terms of free-stream parameters; (b) comparison of [ 6 %906 500
measured streamwise boundary layer profiles at low and high 4rqo og Gao
free-stream turbulence levels plotted in terms of inner wall Fan a abdpas 2%annm?® ]
scaling parameters u T3 4

rms

a bar and in between two bars at one-third of a chord upstream ¢ )
the airfoil. This location corresponds to 1.6 chords and 59 bar ; g;lbi‘:r;;;‘ bars ]
widths downstream of the bars. These boundary layer measure [ & Thole and Bogard (1996) ]
ments are shown in Fig.(&) using free-stream parameters and in o o ]
Fig. 3(b) using inner wall scaling parameters. Comparison of 10 100 1000 10000
these two profiles indicates no noticeable difference between the(g) '
measured behind the bar and in between bars. These results de
onstrate the fact that the presence of the bars does not affect tt [
endwall boundary layer development. Figuréa)3and 3b) also [ © in-between bars ]
shows the boundary layers measured at the low free-stream turbi 4 [ @ behindbar o ]
lence conditions by Kang et gl10]. Comparison of the low and r & TholeandBogard (1996) o® ]
high free-stream turbulence boundary layers shows the typical dif r © %ta 1
ferences, such as the depressed wake, that would be expected 1 3r ° EAAAA b
a boundary layer subjected to 20 percent free-stream turbulency * .t 1
levels. "ot o am
To minimize any boundary layer effects, it is desirable to match "
the boundary layer momentum Reynolds number between the lov L %a Be i
and high free-stream turbulence cases. The momentum Reynolc 1F a ]
number for the two locationébehind the bar and in between the r ]
barg are shown in Table 1 for the high turbulence cases and the i
low turbulence case previously given by Kang et[&0]. For the 0 —
data given by Kang et aJ10], the boundary layer characteristics 1o 100 z* 1000 10000
were measured at one chord upstream of the vane, whereas for tlﬂc)
high free-strear_n turbulence case the characteristics were MEJ= 4  (a) The rms levels of streamwise velocity fluctuations in
sured at one-third of a chord upstream. Based upon the bound@g houndary layer in terms of inner wall scaling parameters;
layer virtual origin and turbulent boundary layer correlations, it igh) rms levels of spanwise velocity fluctuations in the boundary
expected that the momentum thickness Reynolds number woldger in terms of inner wall scaling parameters

—
T

(=1
T

T L S B A A T T T T T T T

| L ) L T
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Figures 4a) and 4b) show the streamwise and vertical fluctua:
tions scaled in inner wall coordinates, andw;., for the tur-
bulent boundary layers affected by 20 percent turbulence. It
clear that the data for the behind and in between bars are w
much the same. Also shown is good agreement with the d¢
given by Thole and Bogarf1] for their 20 percent turbulence
cases. The largest difference occurs for thg, measurements
indicating values 13 percent higher than the data given by Thc
and Bogard 21].

Flowfield Measurements at the Leading Edge Endwall
Juncture at High Turbulence Levels

A comparison of the leading edge horseshoe vortices for Ic
and high free-stream turbulence cases shown in Fi@gs. &d
5(b). Recall this measurement plane is parallel with the incomir
flow direction and intersects the vane surface at the stagnati
location. Superimposed on the velocity vectgts and W) are
contours of the streamwis&J(U.,) velocity. The primary differ-
ence between the low and high free-stream turbulence cases is
for the high free-stream turbulence case the vortex is locat
slightly closer to the vane surface and there is more of a comple
roll-up than for the low free-stream turbulence case. The heigt
of the vortex core for the two cases are very similar with th
location being in the near-wall region at approximat&lyS
=0.015. Having the vortex pushed closer to the vane for the hi
turbulence case may be explained by the fact that near the w
the fluid velocity is faster for the high free-stream turbulence ca:
as compared with the low free-stream turbulence case, as shc
in Fig. 3(a). This is an affect of the high free-stream turbulenc

(a)

U, =1
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Fig. 5 Leading edge horseshoe vortex with contours of
streamwise velocity at: (a) Tu=0.6 percent [10], and (b) Tu
=19.5 percent
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Fig. 6 Contour levels of:
spanwise turbulence components at

flattening out the approaching boundary layer profile. This higher
speed fluid would tend to push the vortex closer to the vane
surface.

Figures 6a), 6(b), and Gc) depict the turbulence components
for the high free-stream turbulence case while Figa) @and 1b)
compare the normalized turbulent kinetic energy contours for low
and high free-stream turbulence cases. The high turbulence levels
away from the endwall at the midspan agree well with the previ-
ously reported measurements for the high free-stream turbulence
case[5]. Near the endwall, it is clear that the levels are signifi-
cantly higher than those occurring near the midspan and are
higher than those previously reported (0] for the low free-
stream turbulence case. In comparing the relative peak contour
levels for the high free-stream turbulence case,ufjg/U.,, and
W,ms/U.. peak levels are much the same while the cross-stream
velocity fluctuationsyp ,s/U.., are somewhat lower. The profiles

OCTOBER 2000, Vol. 122 / 703

Downloaded 01 Jun 2010 to 171.66.16.63. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



@ o015 (@) 0.15
0 2
k /UMZ uw/U
0.10- 0.107 0.00
/s Z/S
0.06 0.08 0.01
0.051 0.04 0.054
0.0, -.030
-0.02: @
- -0.01
0.00 T T T 0.00 T T T
-0.20 -0.15 -0.10 -0.05 0.00 020 0.15 0.10 0,05 0.00
X/C XC
(b) 0.15
) 0.08 (b) 0.15
kU '
zs 0 O0.12 Z/S
.1
0.054 o4 0.08 0.05-
0.0
0.00 T T T
-0.20 -0.15 -0.10 -0.05 0.00 0.00 T T T
X/C -0.2 -0.15 -0.1 -0.05 0
XC

Fig. 7 Contour levels of normalized turbulent kinetic energy
at: (a) Tu=0.6 percent, and (b) Tu=19.5 percent Fig. 8 Contour levels of: (a) normalized Reynolds shear
stress, and (b) correlation coefficients at high free-stream tur-

bulence

also reveal that the locations of these peak values coincide closely
with the center of the vortex, with only the peak streamwise fluc-
tuations occurring slightly upstream of the vortex center. If one

compares the level of streamwise fluctuation with those found i cted for random turbulence. In the flow approaching the vane
canonical turbulent boundary layer where the peak level is lggﬁ)ng the endwall, the correlation coefficieRt,,, has peak mag-

than 15 percent, it is evident that the fluctuations are much highgr,jos |ower than those occurring for a turbulent boundary layer
in the vortex region. These high levels are in agreement with t(m

data previously presented by Devenport and _Simp[sﬂm who th low free-stream turbulence, which would typically be a value

turbulence near the midspan is uncorrelated, as would be ex-

A ST free-stream turbulence penetrating into the boundary layer. Mov-
7(g;hf%rtl,:rr]2u||§vr\‘,t;r']rée::i%ﬁr}fég}/sfrggtniutrjgggvxge'r::c'):r']%(?;)oﬁgdin di_ng.toward the vane, the tur.bulence becomes more correlated, as
cate that the primary difference is higher turbulent kinetic ener Indicated by the high negative \_/alues. _The negative values are a
levels occurring for the high turbulence case. Compared with t%eSUIt of the streamwise velocity moving away from the vane
low free-stream turbulence case, the peak tur'bulent kinetic ene:;;g(u)- and upward away from the wall-{W) thereby giving
levels are located closer to the, vane surface. This is consist atively correla_lt_ed turbulence. Next to_the vane surface alo_ng
with the vortex center being closer to the vané surface . endwall, positive values occur as higher speed streamwise

Coincident velocity measurements were made for tHe streaﬂu-Id (+V) b_elng brought down tOV\_/ard the endwall where _We

. . - ; Ebmponent is larger than the fluid transported there giving a
wise and'spanW|se velocity components for tkua_knghzturbulen%grw) and a positive correlation coefficient. Moving along the
case to give the Reynolds shear stress componént,/U:, and  tyrhine vane span toward the endwall, the magnitude ofvthe
the correlation coefficient?,,,. The Reynolds shear stress congomponent increases, resulting in a change in the sign of the cor-
tours given in Fig. 8) indicate low negative values approachinge|ation coefficient.
the vane on the endwall. The peak shear stress value ofrg verify the unsteadiness of the horseshoe vortex, velocity
u’w’/U%=—0.03 occurs on the front edge of the upturn of th@robability density functions were recorded for the low and high
horseshoe vortex. On the downturn side of the vortex positifeee-stream turbulence cases. Figurés B) and 1@a, b) illustrate
shear stresses occur, but with much lower values than the negathe probability density functions of the streamwise and spanwise
peak stress values. On the downturn side of the vortex in thelocities. The measurements shown in these figures were at dif-
vane-endwall juncture the positive stresses coincide with a nederent locations relative to the endwalZ/S) for a given axial
tive spanwise velocity gradiendW/dZ, which is the largest tur- position. The axial position was chosen to be slightly upstream of
bulence production mechanism in this region. the center of the vortex for each of the respective flow cases. The

The correlation coefficients in Fig(l8 indicate that the incom- probability density functions are reported for both the normalized
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(@) 7S U/U,, \

Fig. 9 Probability density functions of: (a) streamwise, and (b)

spanwise velocity components in the leading edge horseshoe Fig. 10 Probability density functions of:  (a) streamwise, and

vortex at a turbulence level of 0.6 percent (b) spanwise velocity components in the leading edge horse-
shoe vortex at a turbulence level of 19.5 percent

streamwise (J/U.,) and spanwiseW/U.,) velocity components.
The probability density functions are defined by the following
(22} velocity because of the suppression near the wall. This suppres-
sion is also evident in the lower rms levels in the spanwise veloc-
ity near the wall.

Figures 10a) and 1@b) show PDF curves at the same vertical

PDF=
N

b-a @

whereN; is the number of times a particular velocity occurs in I ) - .
certain bin sizeN is the total number of data pointsis the width %OSItIOI‘lS but at an axial position closer to the vane, which corre-

of the bins; anda andb are the minimum and maximum range ofSponds to just upstream of the vortex ce_nter for t_h_e high free-
velocities considered. stream turbulencg case. F_or _the streamwise velocities, there are

For the low free-stream turbulence case, shown in Fig), $he still two peaks evident, indicating an _unsteady vortex. The sprgad
PDF for the streamwise velocities indicate that at a position fap€tween the wo peaks, however, is much closer for the high
thest from the endwallZ/S=0.037) there is a Gaussian distribu-T€€-stream turbulence case, as compared with the low free-stream
tion of the measured mean velocities. This Gaussian distribution#bulence case. This reduction in the spread between the two
what one would expect for a random turbulent flow. Closer td2€aks is due to the highly turbulent flow that is transported into
ward the endwall, particularly in the vortex center, the PDF curvéde vortex. The PDF curves for the spanwise velocity components
indicate that there are two distinct peaks with a shift in the relati@# not show strong evidence of bimodal flow. This may be ex-
heights of the peaks. These two peaks indicate that the flowpécted because, as was shown for the low free-stream turbulence
oscillating, or rather unsteady, in the vortex region. The PDFase, the bimodal peaks were much closer together for the span-
curves for the spanwise velocity components also show two digise velocity as compared with the streamwise velocity. The high
tinct peaks forZ/S=0.022, 0.015, and 0.007, but return to just dree-stream turbulence, which is Gaussian in nature, is transported
single peak at the position closest to the wallS=0.002. The into the vortex region through the downward flow, causing the
spanwise component is distinctly different from the streamwideDF to appear less bimodal.
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Fig. 11 Contours of Stanton number  (StX10°) on the vane endwall at: (a) Tu=0.6 percent [10], and (b) Tu=19.5 percent; (c)
contours of Stanton number augmentation (St/Sty) as a result of free-stream turbulence at 19.5 percent

Endwall Heat Transfer Measurements at High Turbu- Figure 11c) indicates the augmentation of the heat transfer due
lence Levels to high free-stream turbulence. The augmentation is defined as the

Endwall surf heat transfer m rements wer fform t%?ton number occurring at high free-stream turbuléBgecon-
a’ suriace neat ranster measurements were perlormeqyg, s givided by the Stanton number at low free-stream turbu-

the high free-stream turbulence level of 20 percent. These hea nditions. Th mentation w lculated by defin
transfer measurements were made for the flow characteristicace (S9) co ons. The augmentation was calculated by detin-

listed in Table 3 for the high and low turbulence cases, allowirlg9 & small region, averaging the Stanton number in that area for
direct comparisons to determine the effects of high free-streaffth the low and high turbulence cases at a given location, and
turbulence on endwall heat transfer. As stated previously, the diftén dividing the two quantities. The defined region was that of a
ference in momentum thickness Reynolds numbers between @#é€le with a radius equal to the averaging area of the infrared
two cases should result in a 9.5 percent augmentation betweenGRg€ra.

low and high turbulence cases. Superimposed on the contours shown in Fig(cl1s the tra-

The heat transfer results plotted in terms of a Stanton numbjagtory of the center of the passage and leading edge vortices
where Stanton number is based on the inlet velocity approachibgsed on the flowfield measurements reported by Kang and Thole
the test section, are given in Figs.(aland 11b). Many similari- [7] for the low free-stream turbulence case. Given the fact that the
ties exist between the low and high free-stream turbulence cadeading edge horseshoe vortex mean flowfield was close to the
A region of high heat transfer is observed in front of the vangame for both the low and high free-stream turbulence cases, it is
stagnation point as a result of the formation of the horseshagasonable to presume that the path of the passage vortex is much
vortex. The strong downward flow, previously shown in the flowthe same for the two cases. Figure(dlindicates the highest
field measurements, causes high heat transfer levels very ”earaﬂ]ﬁmentation occurs in the midpitch region at the start of the
vane endwall juncture. Moving into the passage, the heat transﬂ%{ssage. Moving into the passage the augmentation decreases

contours show that the peak Stanton number contours are be\i&ﬂévalues around unity near the suction side surface indicating
essentially no augmentation due to high free-stream turbulence.

swept near the suction surface. Farther into the vane passage,
fbng the pressure side, higher augmentation values occur in heat

Stanton number contours become aligned parallel to the directi
of flow. High Stanton number contours are observed near tr%msfer. These augmentations are consistent with the fact that the
ighest augmentations due to high free-stream turbulence gener-

flexible wall as a result of the passage vortex impinging on the
endwall surface. Lower Stanton number values are observed n . L

occur along the pressure side of the airfoil itself. In compar-
yng the path of the vortex with the augmentation footprint, it is

the suction surface of the stator vane where the passage vorteR' %

liting the flow away from the endwall. As a result of the highe - _ " h
turbulence levels, higher values for the Stanton number are d#ear that for a given axial location, the lowest augmentations
served throughout the vane endwall. Near the trailing edge of tAECUr in the regions with the most intense vortex action. These
stator vane, however, the Stanton number levels are very simil@w contour levels can be tracked coming off the leading edge as
with only slightly higher values being seen for the higher turbithe leading edge horseshoe vortex develops into the passage vor-
lence level. This would suggest that in this region, the heat trariex. The passage vortex then sweeps from the pressure side to the

fer is being dominated by the secondary flow effects rather thanction side, which also coincides with much lower augmentation
high free-stream turbulence effects. levels. Clearly, these results indicate that the heat transfer in the
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(a) 10 : e 1.8 surrounding the central airfoil for the high free-stream turbulence

| —o—T7%=19.5% ) case. For most of the axial distance, the augmentation is relatively
—B—Tu=1% constant at 25 percent above the low free-stream turbulence case.
[ —*— Augmentation, St/St Only near the end of the vane where the passage vortex
° ] dominates, beyond</C of 0.38, is there a decrease in the

[ : 1.4 augmentation.

3
(10 1., Conclusions
] Flowfield results indicated a downstream shift of the leading
edge vortex for the high free-stream turbulence case relative to the
low free-stream turbulence case. This effect can be attributed to
the differences in the approaching boundary layers. The rms levels
0.8 of the velocity fluctuations increase with the added free-stream

|

03 02 01 008 006  0.04 ; i i

turbulence. High turbulence levels in the leading edge vortex can

laXl /C result from wall-generated turbulence, momentum transport of the

(by M T T T 20 free-stream turbulence into the vortex region, and an unsteadiness
¢ O Tu = 19.5%, Inside Passage 1 of the horseshoe vortex. As with previously reported literature, the
2= —+—Tu = 19.5%, Inside Passage 1 . . :
r _ i rms of the velocity fluctuations are much higher than those that
—o0—Tu = 0.6% 118

occur for wall-generated turbulence alone. Supporting the fact that

—e— Augmentation, St/ . ; .
ugmentation,St/St, the high fluctuations occur as a result of an unsteadiness of the

i 716 vortex were probability density functions of the streamwise and
Sto8p SU/St spanwise velocity components. The streamwise velocity compo-
10 114 nent was bimodal in nature for both low and high free-stream

turbulence cases rather than the typical Gaussian distribution that
occurs for wall-generated turbulence. Although these bimodal dis-

4L 712 tributions occur for both the low and high free-stream turbulence

r 1 cases, indicating an important unsteady contribution to the rms
) T A R AU U A A RPN levels, there was still a further increase in the rms levels for the
0.1 0.0 0.1 0.2 03 0.4 0.5 high free-stream turbulence case. This increase for the high free-

stream turbulence case is believed to be due to the momentum

Fig. 12 Comparison of Tu=0.6 and 19.5 percent for: () Stan- transport of the highly turbulent free-stream into the vortex

ton numbers approaching the vane stagnation point, and (b) region.
Stanton numbers that have been pitchwise averaged at a given The endwall surface measurements revealed that there was an
axial location increase in the endwall heat transfer due to high free-stream tur-

bulence. The relative difference in augmentations on the endwall
between the suction and pressure sides of the airfoil are consistent

region of the vorticegleading edge and passagedictated by the With those reported along on the airfoil itself. The augmentations

vortices rather than the elevated turbulence level augmentatiorflue to free-stream turbulence, however, were either small or non-
Figure 12a) presents the Stanton numbers and augmentati§iiStent in the leading edge region where the horseshoe vortex has

values approaching the stagnation location along a line parallel@giominating effect and near the suction side of the airfoil where

the incoming velocity vectofalong the endwall for the stagnationthe passage vortex has a dominating effect.

flowfield measurements presented in this pageor the high free-

stream turbulence levels, the Stanton numbers are relatively cknowledgments

stant at the inlet to the test section. For a turbulent boundary layer .
on a flat plate subjected to 20 percent turbulence levels and al "€ authors would like to acknowledge the Department of En-
dissipation length scale that is 25 percent of the vane pitch, oy Advanced Gas Turbine Systems Research Program with
would expect from flat plate correlations that there would be dhanks going to Larry Golan for serving as the contract monitor.
augmentation in Stanton number of 0.26 for a TLR paranie@r Pe_lrt_lal support for this work also came from Pratt & Whitney with
of 0.033[24]. This is in close agreement with the augmentatiol/illiam Kvasnak and Fred Soechting serving as contract
indicated in Fig. 12a). monitors.
Figure 12a) indicates an increase in Stanton number is ob-
served starting atAx|/C=0.2. At this location the flowfield is Nomenclature
decelerating in front of the horseshoe vortex that has formed near .\ ik
the endwall. The Stanton number continues to increase until — true chord of stator vane
|Ax|/C=0.05 where it begins to level off. This location is very H — shape factors*/ o
close to the location of the center of the horseshoe vortex. Com- K B P s 2 2 2
parisons of the Stanton number distribution at the lower turbu- = turbulent kinetic energy 1/2(Uimst vimst Wimo)
lence level shows lower heat transfer levels well upstream of the Ma = Mach numberU../VxRT
vane stagnation point. Closer to the vane surface, the Stanton P = vane pitch
numbers for the low and high turbulence cases are closer. Thisis R = gas constant o
seen in the augmentation data, showing high augmentation levels Ruw = correlation coefficient u’w'/UymdV,ms
at 1.3 farthest from the vane, which then decrease to a minimum Re, = Reynolds numberCU.,, /v
of 1.1 closer to the vane. This decrease again suggests that the Re, = Reynolds numberU..60/v
heat transfer in this region is more a function of the horseshoe s = surface distance along vane measured from flow

vortex, which is similar for that of both high and low turbulence stagnation

levels, rather than the high levels of free-stream turbulence. S = span of stator vane
Figure 12b) compares the heat transfer coefficients averaged St = Stanton numberh/pCpU.,

over the pitch for a range of axial position. In addition, Fig(l)2 U, = incident upstream velocity

illustrates good agreement between data taken in both passdde¥, W = mean velocity in theX, Y, Z directions
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Influence of Surface Roughness
on Heat Transfer and
Effectiveness for a Fully Film
Cooled Nozzle Guide Vane
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The influence of surface roughness on heat transfer coefficient and cooling effectiveness
for a fully film cooled three-dimensional nozzle guide vane (NGV) has been measured in
a transonic annular cascade using wide band liquid crystal and direct heat flux gages
(DHFGSs). The liquid crystal methods were used for rough surface measurements and the
G. D. Lock DHFGs were used for the smooth surfaces. The measurements have been madt_a at er)gine
- representative Mach and Reynolds numbers and inlet free-stream turbulence intensity.
The aerodynamic and thermodynamic characteristics of the coolant flow have been mod-
eled to represent engine conditions by using a heavy “foreign gas” (30.2 percgraraF
69.8 percent Ar by weight). Two cooling geometries (cylindrical and fan-shaped holes)
have been tested. The strategies of obtaining accurate heat transfer data using a variety
of transient heat transfer measurement techniques under the extreme conditions of tran-
sonic flow and high heat transfer coefficient are presented. The surfaces of interest are
coated with wide-band thermochromic liquid crystals, which cover the range of NGV
surface temperature variation encountered in the test. The liquid crystal has a natural
peak-to-peak roughness height of 2B creating a transitionally rough surface on the
NGV. The time variation of color is processed to give distributions of both heat transfer
coefficient and film cooling effectiveness over the NGV surface. The NGV was first instru-
mented with the DHFGs and smooth surface tests preformed. Subsequently the surface
was coated with liquid crystals for the rough surface tests. The DHFGs were then em-
ployed as the means of calibrating the liquid crystal layer. The roughness @fn25
which is the typical order of roughness for the in-service turbine blades and vanes,
increases the heat transfer coefficient by up to 50 percent over the smooth surface level.
The film cooling effectiveness is influenced less by the roughness.
[S0889-504%00/00804-1

Department of Mechanical Engineering,
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A. J. Rawlinson
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1 Introduction Taw= T,

The specific power output and level of efficiency of gas turbine K Toc— Tom
engines improves with increased turbine entry temperatures. |
the modern aeroengine, such temperatures can exceed the m%ﬁg-

lurgical limit of blade materials. To achieve acceptable durabilit¥emperature of the mainstreais used in the denominator instead

both temperature levels and temperature gradients can be ¢ {he more common recovery temperatufg[4]. The heat trans-
trolled in the engine components exposed to the hot gas streamf Y coefficient is then defined Hy=q/(T—T )'
- S aw/ -

gcs)Ir:grgcs)g(l)arnxr:]aetffiz?esntbﬁggliﬂIg\]/('esr;g':je‘n?tugecs:o:thfi;l?mumeag‘lr:)gtj ?I'he cooling effectiveness and heat transfer coefficients are pri-
of coolant, and the optimization of such a system is one of t ‘?anly a function of the following: cooling geometighe angles

. . . inclination and orientation, the relative spacing of the coolant
prl_:_r;]irryeggalj Sggt]e ﬁg?llt?te %?Slegxneerr.imental and com utationh les, the hole shapethe state of the oncoming boundary layer;
work on the topic qu as tl}/rbine filrr)n coolina. datin bagk to thgre free-stream turbulence intensity; the surface curvature; and the

p g - . g, daling . atios of the coolant-to-mainstream density, mass and momentum
1940s[1-3]. The main quantities of interest in film cooling ex-

i ; ' fluxes, specific heats, and the surface roughness. It is well known
perlmen_ts are the convective heat transfer (_:oefflcﬂle)rit_)ased ON that the surfaces of the in-service vanes and blades are generally
local adiabatic wall temperature and the film effectiveness

O ) . .. not hydraulically smooth. Thermal barrier coating surfaces may
The definition of cooling effectiveness used by the authors is: | - -~ peak-to-peak roughness of abougs depending on the
method of deposition. This is reduced to A when polished

Contributed by the International Gas Turbine Institute and presented at the 4 ; I
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gg‘gH The corrosion of the vanes and blades and deposmon of dust,

many, May 8—11, 2000. Manuscript received by the International Gas Turbine Insg@Nnd, or other PaftiCU|ateS in general adversely affects the profile
tute February 2000. Paper No. 2000-GT-204. Review Chair: D. Ballal. loss of gas turbine vanes and rotor blaf@s8]. Taylor[9] mea-

@

reT,, corresponds to the temperature of an isothermal wall
is adiabatic at the local point of interest aRgl, (the total
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sured a surface roughness of &fn on a number of first-stage ments reported here: the surfaces sprayed with liquid crystals to
turbine blades from TF-39 and F-100 aero-engines. Abuaf anteate a roughened surfade=(25um); or the surfaces covered
Bunker[10] reported that a roughness of 2.a8 could increase with Direct Heat Flux Gagefl5] or the thin film gage$16] to

the heat transfer on the suction surface by 25 percent. create hydraulically smootH €1 xm) surfaces.

The nondimensional roughness Reynolds number is more im-The roughness Reynolds number used here is based on the
portant than the actual roughness height. There are several fga#k-to-peak roughness height of 2&, not the length dimen-
books, e.g.[11], describing the nondimensional roughness Reyion used by Nikuradsgl7], and was calculated using Eq®)
nolds number: and(3). The roughness Reynolds number over the NGV surface at

the engine design condition is plotted in Fig. 1. The local shear
:pU,.d @) velocity was predicted by a boundary layer code without film
Y% cooling. The only purpose in showing the figure here is to show
the trend of the nondimensional roughness height variation along
the NGV. Figure 1 clearly indicates that the most of the NGV is in
\/70 c;U? the transitionally rough regime and that Recreases from the
U=\—=YV (3) leading edge toward the trailing edge. The roughness Reynolds
p 2 T : . ! ’
number with film cooling may differ from the non-film cooling

Three regimes can be identified from experimental data gase because the cooling jets will alter the boundary layer, but
terms of roughness Reynolds number, Rer Re<5 the surface they are expected to be of similar order.
can be considered to be hydraulically smooth; fet®g<70 the
surface is transitionally rough; and for Rer0 the surface is con- .
sidered to be fully rough. 2 Experimental Apparatus

In basic terms, the three main influences of surface roughnesshe measurements were conducted in the Oxford University
are as follows(i) the point of onset of laminar—turbulent transi-Cold Heat Transfer TunndlCHTT) in which the mainstream is
tion advances upstream with increasing roughn@ssthe turbu-  running at ambient temperature and the test section is preheated to
lent boundary layer skin friction increases with increasing rougfan elevated temperature. The test section of the tunnel is an an-
ness; and(iii) the turbulent mean heat transfer increases withular cascade of 36 engine-representative NGVs at 1.4 times
increasing roughness. Hence surface roughness can have a defger than engine scale. The test duration is typically 3 to 5
mental effect on the aerodynamics and thermal characteristicssetonds and a detailed description of this tunnel can be found in
turbine blades and vanes. The performance of film cooling is alsartinez-Botas et al[18]. The instrumented NGV and its four
affected by the surface roughness. Most studies concerning thenediate neighbors are preheaiadsitu before the test begins
influence of surface roughness on film cooling have been cafside a heat transfer cassdii®]. A unique shutter system in the
ducted using a flat-plate geomefrd2,13 for one or two rows of cassette creates the boundary conditions for a “step-change” in
film cooling holes simulating only the low-speed region of vanegas temperature during the test. During operation, with flow
or blades. To the authors’ knowledge there are no published styfrough the cascade, the shutter opens in less than 100 ms.
ies on rough surface NGVs in a film cooled engine representativeThe cooling configuration of the NGV under investigation con-
environment. sists of 14 rows with a total of 340 cooling holes. The holes are

This paper will demonstrate the strategies of applying a varief¢d from two internal cavities, as illustrated in Figla2 These
of techniques to measure accurately the influence of surfaggvities are independently supplied with coolant so as to maintain
roughness on NGV heat transfer coefficient and film cooling efhe engine coolant-to-mainstream total pressure ratio. The forward
fectiveness in a short-duration transonic annular cascade, whiglvity supplies 12 of the 14 rows, a total of almost 300 cooling
creates engine-representative conditions. Both perspex and alungites, positioned around the leading edge, the early regions of the
num NGVs have been used. The aluminum NGV was employgflessure surface and suction surface. The rear cavity feeds two
for the heat transfer coefficient measurements using combinefivs, a total of approximately 40 cooling holes, nearest the trail-
DHFG and liquid crystal; the perspex model was mainly used fafig edge on the pressure surface. Two film cooling geometries
the measurement of adiabatic wall effectiveness. have been tested. The first was with all holes cylindrically shaped.

The surface roughness was created by spraying the NGV withe second was with rows 1-4 and 11-14 fantfid. 2(a, b))
liquid crystals. Unpolished crystals have a maximum peak-to-pegkving holes with a cylindrical entry and a fan-shaped [Eb.
roughness element size, measured usirtgllg-surf machine, of
25 um [14]. This corresponds to about J#m at engine scale.

Only the two extremes of roughness were employed in the experi-

Re

whereU . is shear velocity, which can be calculated using
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0 0.2 04 0.6 08 1 Fig. 2 (&) Midspan cross section of a CHTT NGV and film cool-
X/ Surface Length ing geometry, illustrating row positions and two-cavity con-
struction. Holes marked (F) are fan-shaped in the fan-shaped
Fig. 1 Roughness Reynolds number along NGV midspan geometry. (b) Close-up view of the fan-shaped holes.
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Table 1 Engine /tunnel comparison Middle:

T paint
Parameter Engine Tunnel EEE :: i:g
Inlet Total Pressure 32 bar 2 bar
Coolant/Main Stream Total 1.02 1.02 i i ol
Pressure Ratio . layer
Coolant/ Main Stream Total 1.77 1.54 ]
Density Ratio >+ Bottom:
thermocouple
Coolant Temperature 1000K 333K .
Turbine Inlet Temperature 1750-1800 K 290K
- Q 3
*Exit Reynolds Number 2.02x10 2.02x10 Fig. 3 (a) Schematic diagram of DHFG; (b) combined TLC and
Exit Mach Number 0.96 0.96 DHFG
Mass Flow Rate 120 kg/s 38 kg/s

*Based on axial chord and downstream flow conditions

shown in Fig. &a). A thin platinum film was sputtered on a flex-

ible polyimide sheetUpilex), which was attached by adhesive to

The experiments were designed to model the engine situatithe aluminum NGV. A thermocouple was mounted in the surface

where the coolant is at a lower temperature, and hence mafethe aluminum. The gages were 1 mm wide in the flow direction
dense, than the mainstream flow. It has been demonsf{i2@e2i] and 10 mm long in the spanwise direction and hence averaged
that this density ratio can be simulated using a heavy, foreign gaser ~3 hole pitches, the same size as usefil#. The thermo-
A mixture of SF (30.2 percent by weightand Ar (69.8 percent couple was located as near as possible to the metal NGV surface.
by weight is used here, which has the same ratio of specific heathe high thermal conductivity of aluminum provides temperature
(y=1.4) but is 1.77 times more dense than air. By matchingniformity in the NGV. A total of eight DHFGs were instru-
the total pressure ratio of coolant to mainstream, the velocitgented onto the NGV surfaces along the midspan streamline. The
ratio and density ratio can be made to correspond to engine c@HFGs were on separate pieces of Upilex and infill pieces were
ditions. Thus mass flux ratio and momentum flux ratio are alsgiso installed to create a surface completely covered with Upilex,
identical. The coolant flow passes through the NGV cooling holélsus giving an aerodynamically smooth surface. Holes were
with the shutters closed. Because the external heat transfer is difidled through the Upilex to produce the film cooling geometries.
subject of the study, the coolant temperature was set equal to (beeat care was taken to make certain the film cooling holes were
initial temperature of the NGV to minimize internal heat transfeglear after the drilling was complete.
within the film cooling holes. The surface temperature is moni- The thermal properties and dimensions for this type of DHFG
tored to ensure uniformity prior to the opening of the shutteare presented bjl5]. The advantages of the DHFG include high
Table 1 compares operating conditions between the CHTT aadcuracy, high frequency response, and, most significantly, no re-
engine. quirement of the knowledge for the structure of the substrate,

which is essential if the heat flux is to be deduced from the mea-
3 Transient Heat Transfer Measurement Techniques sured top surface temperature alone in a transient heat transfer

Transient methods have been used to determine the heat trdR8t: o
fer coefficient and effectiveness by measuring the transient re-The thin fim gage and the thermocouple of the DHFG
sponse of surface temperature to a change in fluid temperatffy¢ measurements of surface temperature on both sides of the

Four different measurement techniques have been employedUigilex plus glue layer. The combined Upilex plus glue layer is
obtain data of the best possible accuracy. treated as one homogeneous layer because the thermal properties

are similar[15]. The governing one-dimensional heat conduction

3.1 Smooth Surface Cooling Effectiveness and HTC Mea- equation

surement Using TFG on Perspex. Thin film gages(TFGs, 5

working on an effectively semi-infinite substrgtes], have been ﬂ _ E ﬂ 4)
instrumented onto perspex NGVs. The TFGs are platinum X2 a ot

temperature sensors with a physical thickness less thap®.1 may be solved for the heat flux at the surface. HErés the

The details of the TFGs, the data analysis methods, and ttl% perature at a distangdrom the surface at the time « is the

cooling effectiveness and heat transfer coefficient data aloaﬁf - . . )

. ; usivity of the layer material defined in terms of the thermal
midspan _of the NGV have been presentelli6]. Thg heat trans- conducti>\//ity K they density, p, and the specific heats, o
fer experiments presented [ih6] were conducted with a hydrau- ) T 1 '

lically smooth surface. These data are compared with the data].he assumed initial condition was a uniform temperature

fgéfr?itggezere on a rough surface, and using new eXper'meQWoughout the NGV before the transient experiment began. The

method described ifl5] was used to obtain a solutidig. (5))

3.2 Smooth Surface HTC Measurement Using DHFG on for the surface heat transfer rate under the assumption that the top
Aluminum. The newly developed Direct Heat Flux Gagesurface temperature history was of the foqt®® and the bottom
(DHFG) [15] was employed to measure heat flux. The gage ®irface temperature history was of the fofxt®®:

2l 4] 6l
Al 1+ 2| erfc +erfcf —=| terfc| ——|+ ...
' ( (2\/at) 2\/at) C(Z\/at )
ds= Vpckl'(1.5) | 3l 5| (5)
—2A,| erfl —=| +erfc| +erfc + ...
2 (2\/at 2\at 2\/at)
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Time (S) Fig. 5 Heat flux calculated using accurate  (Egs. (5)—(7)) and
approximate (Eg. (8)) methods
Fig. 4 Temperature history of DHFG and mainstream

flux through the DHFG and makes the signal easily measurable.
whereA, andA, are constants and erfc alicare the complemen- e syrface heat flux was calculated using E)j—(7) or using
tary error and gamma function, respectively. the impulse response technigl22]. These calculations give the

Any other type of top and bottom surface temperature historigg,; fiyx value immediately from the start of the flow over the
may be written as the summation of a series of paraboligsys A much simpler method

functions:

T=2, H(t—tyby(t—t,)°® 6) q=K—7— ®

) ) ) wherel is the DHFG thickness, can be employed to give a good
In Eq. (6), b, is the slope of the nth parabolic function adds  approximate DC signal after less than 0.5 s from the shutter open-
the Heaviside step functiohi equals 1 fot>t, and equals O for jng. The heat fluxes calculated using both methods are shown in
t<<t,. Fig. 5. The approximation provides good agreement after the heat

Eachb,, in Eq. (6) givesqys. The surface heat transfer rate willhas penetrated through the Upilex/glue layer, whose physical
be the sum of a series of, calculated using Eq5) but with a  thickness is 10Qum.

time shift. The surface heat flux is obtained by summation:

3.3 Rough Surface Cooling Effectiveness Measurement
Gs= 2 H(t—t)0ns (7)  Using TLC on Perspex. The application of thermochromic lig-

] uid crystals(TLC) to heat transfer experiments is described in
Oldfield and Joned22] present a more advanced metho@jetail by Ireland et alf23]. TLC can be bought commercially in
named Impulse Response Heat Transfer Signal Processing. Fhigro-encapsulated form and in the work reported here are spray-
Oldfield and Jonef22] method gives the same results as B.  painted onto the NGV, which has previously been spray-painted
Their impulse response technique has the advantage that impyggk to create a contrasting background for the TLC color
response based filters have only to be designed ¢éacsower changes. The crystals display color from blue to green to red as
proces$ but once designed can be used repeatedly. This methg@ surface temperature cools from a temperature above the high

can efficiently and quickly process the digitized temperature Sighreshold levelor in reverse if the surface is heated from below
nals from the DHFG, and has advantages over usingBqThis  the |ower threshold temperaturébove this upper threshold and
technique was used for later data analysis. below the lower threshold level, the TLC is clear. The thermal
A typical temperature history measurement from a DHFG igsponse of TLC has been measured to be of the order of 3 ms
shown in Fig. 4 together with the total temperature of the maif24]. The TLC method has a great advantage over thin film gages
stream. The tunnel begins operation-&2.5 s, the coolant is in- a5 it provides such temperature histories on the entire wetted sur-
troduced at-1.2 s, the shutters open at 0 s, and the test endsfate visible to the camera. TLC is sprayed onto a perspex NGV
2.3 s. The temperature on the NGV surfa@e)( up to the point and the semi-infinite thermal boundary condition is assumed for
where the shutters are opened, is seen to remain constant ah#slysis purposes.
initial value near 47°C and is not influenced significantly by the The classical solution of the one-dimensional conduction equa-
heated coolant or cold mainstream air passing through the 32 pggn (Eq. (4)) is as follows[25]:
sages outside the cassette. The total temperature of the main-

stream (T, has two initial peaks associated with compression h\ﬁ T,—T; 2
heating of the gas upstream of the test section. The shutters are B= = 7 g =1-¢€" erfdp) 9)
Vpck aw i

opened once this mainstream temperature has stabilized, and over

the 2.3 second course of the experiment this total temperaturel'o observe the TLC color changes during the experiment, three
decreases by less than 1°C. The DHFG top surface temperatunieiature CCD cameras were placed inside the tunnel. Two were
(T,) is observed to experience a rapid drop once the shutters héoeated upstream to view the NGV pressure surface and leading
opened and then to fall more gradually. The DHFG bottom suedge, and a third was located downstream and observed the suc-
face temperatureT,;) shows a much smoother trend. It is obtion surface via a mirror mounted on a sting designed to minimize
served that the difference between the two temperatures is almastodynamic disturbances. The head diameter of the cameras was
constant after less than 0.5 seconds after the shutters have opeb@d mm and each body was 60 mm long. The upstream cameras
These temperature traces are typical of a layered substrate witlwexe positioned to avoid shedding a wake into the passage under
low thermal product gck) material(Upilex plus glue at the top study. The lighting for the enclosure comes from inside the cas-
and a high thermal product materi@luminum underneath. Be- cade employing a series of 50 W miniature Halogen lamps.

cause of the high thermal product of the metal, the aluminumA PC based frame-grabber card system was used and was ca-
surface temperature changes slowly. This generates a high haatle of recording images at 25 frames per second for 5 seconds.
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Fig. 8 Suction surface TLC image
Fig. 6 Pressure surface TLC image

only possible if it was conducteid situ and under identical light-

The color histories at any pixel location within view can then b#g conditions to those which would occur during the experiment.
extracted. The data were archived onto CD-ROMs. Such a calibration was performed by heating the NGV within the

Typical images of the NGV pressure surface, leading edge, apgat transfer cassette enclosure to a uniform temperature, moni-
suction surface, recorded with this system during an experimemrgget(’jy ?nedmgﬁgoll\‘%s/s S&?f%rég tgg;:gagledv;rl;‘e %ggggsv"\)’grrg trrg?n
are shown |n.F|gs. 6_8'. These are single-frame images taken rded and the liquid crystal color matched carefully to these
ing the transient experiment recorded at 25 frames per secopdnperatures. As the TLC response is sensitive to viewing angle,
The outer casing and inner hub have been identified in these figgch pixel(or area of pixelsrequires its own individual calibra-
ures. Figure 6 shows the pressure surface although the trailiitgh for the camera used. A calibration is performed before each
edge of the NGV is not visible in this view. The cooling footprinteexperiment to eliminate any degradation of color response as the
downstream of many of the film cooling holes are clearly visiblerystals age. A typical calibration dfg versus hue is shown in
Close inspection of an enhanced image identifies areas where ffi@ 9. ) ) -
cooling jets have separated from the surface and reattached furthd?ifficulties were experienced in acquiring a complete tempera-
downstream. The view from the camera monitoring the leadirigre trace from the wide-band TLC under the high heat transfer
edge (Fig. 7) gives more detail in the shower-head regioncoefficients(~1000 W/n_?k) during the transient test for a number
Close-up lenses are available to gain more detail when requiréfireasons. The most significant is that the available image acqui-
The TLC color patterns on the suction surface are shown in Figs§ion system is limited to a sample rate of 25 frames per second.
from the downstream camera. The coolant trajectories are clea§th a sample rate of 25 Hz, it is impossible to capture a clear
visible and can be seen to be swept both downstream and towdiddid crystal image during the starting process when a large step
the hub due to the radial pressure gradient in the annular casc&d@nge of heat transfer is encountered. The images captured in
Also visible in Fig. 8 are regions of low effectivengshiown as a that short periodtypically 0.59 were unclear due to the rapid
darker shade, the edges of which are marked by dashegitieas color changes caused by the rapid change of temperature.
the casing and hub endwalls. These are regions that are influence@ithout the complete surface temperature history, the tradi-
by the secondary flowaistinct from the coolant floywwithin the  tional method of calculating heat flux and plotting heat flux versus
turbine passage which originate from the inlet boundary Igg@y surface temperature to obtain the adiabatic temperature and the
and have been identified in the CHTT using oil and dye floeat transfer coefficieri28] cannot be used. The data were ana-
visualization[27]. The radial pressure gradient also influences tHgzed by fitting an analytical solution through the incomplete sur-
secondary flow and the extent of the region is greater at the casfage history. In this case the analytic solution of a step change in
than at the hub. gas temperature was usg2b|. The semi-infinite assumption is

The thermal response of the color signals from wide-band cry4alid because the test tinién the order of 3—5 seconfiss short
tals are sensitive to both the lighting and camera viewing ang|é‘§,mpared with the time ta:ken for the transient thermal response to
which vary over the NGV surfaces. An accurate calibration wdienetrate through the thickness of the perspex model. Under a

LT T Ty, Tsp

Yhh ESE LY

. =
LT P

b,
ppeamEETETEETET - Temperature (C)
Fig. 7 Leading edge TLC image Fig. 9 Calibration of wide band TLC
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Fig. 10 Temperature history from TLC and curve fit Fig. 12 Temperatures of TLC and DHFG during a test

and hence not sensitive to the initial portion of data. The heat

step change of gas temperature, B).describes the surface tem-y.ansfer coefficients were instead obtained using the newly devel-
perature response. The wide-band TLC yields the temperature rﬂﬁ

: : . ) ed combined liquid crystal and DHFG method.

tory and a regression analysis method is used to fit a curve of the
form of Eq.(9) to the measured data. The heat transfer coefficient3.4 Rough Surface HTC Measurement Using Combined
and adiabatic wall temperature and hence the film cooling effefLC and DHFG on Aluminum. The measurements of heat
tiveness are then obtained. A typical temperature history obtaingdnsfer coefficient were obtained using an aluminum NGV with
using the TLC on a perspex NGV is shown in Fig. 10. The initizhe combined use of liquid crystal and DHFGs. The DHFGs were
temperature is accurately known but the first short segment of tingtrumented onto the aluminum NGV prior to spraying the black
data is missing for the reason explained before. The curve jiaint and the liquid crystal layeiFig. 3(b)). The DHFGs were
appropriate to a step-change response matched the data well.used as temperature sensors to calibrate the liquid crystal in situ

The accuracy of the results was dominated by the quality of thier the characterized curve of color versus temperature in a low
step change during the test. This has been assessed usingh##t transfefnatural convectionprocedure. The heat fluxes were
DHFGs described in section 3.2. The heat transfer coefficienfslculated using the approximate method of E8). taking the
measured by the DHFGs for the worst area of step changetésnperature difference between liquid crystal and the thermo-
shown in Fig. 11. With film cooling of the surface, most of thecouple from the latter portion of data where this difference is
NGV needed less than 0.1 seconds to reach a step change in Bgaut constant. Heat transfer coefficients were subsequently cal-
transfer, as demonstrated by the level portion of the heat transgeated from the heat flux, the measured cooling effectiveness,
coefficient curve. But a small region on the pressure surface exd the surface liquid crystal temperature.
perienced a significant peak in heat transfer during the startingTo calculate the heat flux for all surfaces coated with liquid
processes; see Fig. 11. This peak is believed to be caused bycgistal, the only remaining parameter needed is the ratio of ther-
unsteady interaction process between coolant and mainstreqal conductivity over thickness for the combined liquid crystal
flow. The authors have realized that the uncertainty can be largeaiid DHFG layer. This was determined by equating the heat flux
certain regions of the NGV where the poor quality step changeeasured by the DHFGs and the value of heat flux obtained from
was present. A set of numerical data was generated to simulatettadtemperature difference between the thermocouples and the lig-
imperfect step change. These data featured an initial square paikcrystal. There is a total of eight DHFGs on the surfaces of the
of 150 percent in HTC lasting for 0.2 8 & 5 stest. This overes- NGV and they each yields very similar ratio ok for the liquid
timates the error because the initial peak in the actual test was pgjstal layer. The average equivalent thickness for the black paint
a square step. The authors found the heat transfer coefficigpiiss liquid crystal layer was found to be 36n by assuming the
were five times more sensitive to this initial peak than the effegaermal conductivity of the combined black paint and liquid crys-
tiveness. The authors thus only attempted to obtain the adiaba&itlayer to be 0.155 W/mK.
wall temperature using the curve-fitting method, which is mainly A typical temperature history obtained using the TLC on top of
determined by the later portion of the surface temperature trag@®HFG is shown in Fig. 12 together with the temperatures mea-
sured by the DHFG on the aluminum NGV. These temperature
traces are essentially parallel to each other, as expected, and the
temperature difference between the surfaoeasured by liquid
crysta) and the aluminum substrateneasured by the thermo-
couples is easily obtained. The heat flux is then calculated using
Eq. (8).

4 Experimental Results and Discussion

The film cooling effectiveness for cylindrical and fan-shaped
cooling configurations is plotted against the fraction of surface
distance along the midspan streamline in Figs. 13 and 14 for both
smooth and rough surfaces. The smooth surface data are taken
from [16] and have been double-checked using DHFGs. The DH-
FGs confirmed the data reported pi6], with the exception of
two measurement points on the pressure surface for the cylindrical
cooling geometry. It is thought these two thin film gages were
damaged during testing and that the true calibration factor differed
Fig. 11 Heat transfer coefficient from a DHFG to the calibration factor measured prior the test. The rough cooling

h (W/m2k)
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Fig. 13 Influence of roughness on midspan film cooling effec- . )
tiveness: cylindrical cooling holes Fig. 16 Influence of roughness on midspan heat transfer co-
efficient: fan-shaped cooling holes

. observed to reach the peaks exhibited by the data from the smooth
' surface. The smooth surface features high values of effectiveness
. immediately downstream of the cooling hole exits, but the effec-

' tiveness subsequently decreases steeply further downstream. This

O Smooth .
€ Rough ' !

o
[+]
.

S
Lan
W

I
»
.

indicates that the surface roughness helps to distribute the cooling
LN flow retained in the boundary layer as it emerges from the cooling

i holes. The low ejection angle and the curvature of the pressure
* surface prevent the coolant from “blowing off” into the main-

. stream. The better distributed coolant at the exit region of the hole
' remains in a near-wall layer and travels downstream to generate
the more level pattern of cooling effectiveness. Downstream of

the last film cooling row on the suction surface, the effectiveness

is seen to decrease toward the trailing edge.

Ss X/ Surface Length PS The effect of surface roughness on heat transfer coefficients
around the midspan is shown in Figs. 15 and 16 for the cylindrical

and fan-shaped cooling geometries. The ejection of coolant into
the turbulent boundary layer generally increases the heat transfer
coefficient relative to the case with no film coolifig6]. Some

Effectiveness

Fig. 14 Influence of roughness on midspan film cooling effec-
tiveness: fan-shaped cooling holes

1200 -

1800 —— . . significant local increases in HTC in regions downstream of the

1600 A Lo : C. cooling rows are observed as would be expected. On the early
O Smooth . e L o0 @ pressure surface, because the velocity is small, the peak-to-peak

1400 1 @ Rough ' C o ¢ roughness height of 2am is still in the hydraulically smooth

.

.

.

.

.

K
*

; /D o region and the roughness is not expected to influence the heat
, transfer. At the rear of the pressure surface and on the suction

1000 | yrmagmnsing,, Lo X X . .
o ' ' ' O surface, the high shear velocity pushes theu2d peak-to-peak
800 - 0000: o;"‘vo; :Moo : roughness into the transitionally rough regittsee Fig. 1 The

h W/im?K

s &

600 - o Ooooooo * heat transfer level in these regions is significantly higher for the
nag

400 - roughened surface. The increase in heat transfer due to roughness
is more pronounced in the cylindrical hole geometry. This is be-
200 1 cause the fanned hole acts as a diffuser and lowers the near wall
0 T ; ; velocity, thus lowering the shear velocity. Although the peak-to-
-1 -05 0 0.5 1 peak roughness height is the same for both cylindrical and fan-
ss X/ Surface Length PS shaped cooling hole NGV;, th.e nondimensional rogghr)ess height
based on the shear velocity is greater for the cylindrical holes.
Fig. 15 Influence of roughness on midspan heat transfer co- Consequently _there is greater increase in_ heat transfer coefficient
efficient; cylindrical cooling holes l‘orI the cylindrical geometry compared with the smooth surface
value.
These data have been collected in an environment that closely

. o models the engine, and benefits both the CFD code validation and
effectiveness data were measured using liquid crystal on a persgex engine designer.

NGV. The liquid crystal measurements have been averaged over
areas that cover the width between adjacent film cooling holes and .
thus give a spanwise average effectiveness in order to compare Conclusions
with the smooth surface data taken by TFGs. The vertical lines inStrategies have been developed to obtain accurate heat transfer
these figuregand in the figures followingindicate the positions data to turbine nozzle guide vanes with roughened surfaces, using
of the film cooling holes. The effectiveness is seen to reach loaalvariety of transient measurement techniques. These techniques
peaks immediately downstream of many of the film cooling rowsnclude thin film gages on flexible plastic substrates, direct heat
Generally, the roughness does not greatly influence the mdlax gages and wide-band thermochromic liquid crystals. The
sured film cooling effectiveness. The exception is the rear of thechniques have been combined to obtain data of the best
pressure surface where the roughened effectiveness levels areacotiracy.

e
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The cooling effectiveness is best achieved using wide-baAdbbreviations
thermochromic liquid _crystals applied to models made of I_o HTT = cold heat transfer tunnel
thermal product materidbuch as perspgxunder a step-change in -
fluid t i Th f liauid tal has the advant trPHFG = direct heat flux gage
fluid temperature. The use of liquid crystal has the advantage thalrc _ peat transfer coefficient
information is available everywhere in view of the camera. The,\I _ :

S . L NGV = nozzle guide vane
liquid crystal was combined with direct heat flux gages to obtaintes — thin film gage
the most accurate measurements of heat transfer coefficient. T _ i

L . 2 C = thermochromic liquid crystal
calibration and method of analysis for the liquid crystals and
gages have been described.

These techniques have been used to measure heat transfelReferences
efficient and film cooling effectiveness in a transient blowdown 1] kercher, b. M., 1996, “Film Cooling Bibliography 1946-1996,” GE Aircraft
tunnel under extreme conditions of transonic flow and high heat publication. _ ‘
transfer coefficient (408h<1600 W/nfK). The test blade mod- ~ [2] Goldstein, R. J., Eckert, E. R. G., Chiang, H. D., and Elovic, E., 1985, “Effect

Is form an annular cascade of fully film cooled nozzle quide of Surface-Roughness on Film Cooling Performance,” ASME J. Eng. Gas
€ ! ; uily ed 1 g Turbines Powerl07, pp. 111-116.
vanes from an in-service aeroengine. Both cylindrical and fan{s] Hartnett, J. P., 1985, “Mass Transfer Coolingfandbook of Heat Transfer
shaped film-cooling geometries have been tested. Engine environ- Applications Chap. 1, McGraw-Hill, New York. o _
ment is simulated using representative levels of Mach and Rey[4] anes', TV 1991, Deﬂr)ltlon of Heat Transfer Coeff!ments in thle Turbine

Id b d h f . lant. The liguid Situation,” in: Turbomachinery: Latest Developments in a Changing Scene
nolds numbers, and a heavy foreign gas as coolant. The liquid |yecne 1991-3, C423/046, pp. 201—206.
crystals feature a peak-to-peak surface roughness ph25wvhich [5] Watt, R. M., Jones, T. V., Allen, J. L., Baines, N. C., and George, M., 1989,
is typical of in-service turbines. Measurements have been con- “A Further Study of the Effects of Thermal-Barrier-Coating Surface Rough-

yp )
ducted for both rough and hydraulically smooth surfaces. ness on Gas Turbine Boundary Layers,” presented at ASME Cogen Turbo,
. . . . Nice.

i The rothness_ IS shovyn to mcrease the heat transfer coefﬂme% Schlichting, H., 1979Boundary Layer TheoryMcGraw-Hill, New York.
significantly, particularly in regions near the rear of the pressurg7] Tabakoff, W., 1984, “Review: Turbomachinery Performance Deterioration
and suction surfaces where the nondimensional roughness Rey- Exposed to Solid Particulates Environment,” ASME J. Fluids EAG6 pp.
nolds number reaches val high as 40. The film cooling effec-  125-134.

t'O ds nu . b-e fl eac eds I a uebasth 9 a? 0 e h COOThg z.ffecl[8] Turner, A. B, Tarada, F. H. A., and Bailey, F. J., 1985, “Effects of Surface
Iveness IS Influenced less by the surface roughness. € airrer- Roughness on Heat Transfer to Gas Turbine Blades,” AGARD CP-390.

ences in heat transfer to the rough and smooth surfaces point to[g] Taylor, R. P., 1990, “Surface Roughness Measurements on Gas Turbine

requirement to conduct further research, including the effect of Blades,” ASME J. Turbomach12 pp. 175-180.
roughness shape, height, and pattern.

Acknowledgments

This work was funded by Rolls Royce plc, the Defense Ref12] Goldstein, R. J., 1971, “Film Cooling,” Adv. Heat Transfét, pp. 321-370.
Search Agency’ MoD and DTI. The authors are gratefu| for thél?:] Barlow, D. N., and Kim, Y. W., 1995, “Effect of Surface Roughness on Local
assistance of Trevor Godfrey.

Nomenclature

L o>
([

Py
—~ 0 —x QO
Il

C
Il

)

C
Il

TEIR®™R X %8
Il

constant

specific heat at constant pressure
local friction coefficient

roughness height

heat transfer coefficient

thermal conductivity

thickness of DHFG

roughness Reynolds number

time

temperature

shear velocity

mainstream velocity

perpendicular distance into the substrate
surface distance from leading edge
thermal diffusivity

dimensionless time

ratio of specific heats

film cooling effectiveness

viscosity

density

Subscripts

z

PN®nw -03—o0
Il

716 /

adiabatic wall
coolant

initial
mainstream
total

recovery
surface

bottom surface
top surface

Vol. 122, OCTOBER 2000

[10] Abuaf, N., and Bunker, R. S., 1998, “Effects of Surface Roughness on Heat
Transfer and Aerodynamic Performance of Turbine Airfoils,” ASME J. Tur-
bomach.,120, pp. 552-529.

[11] Kays, W. M., and Crawford, M. E., 1998o0nvective Heat and Mass Transfer
McGraw-Hill, New York.

Heat Transfer and Film Cooling Effectiveness,” ASME Paper No. 95-GT-14.

[14] Guo, S. M., Jones, T. V., Lock, G. D., and Dancer, S. N., 1998, “Computa-
tional Prediction of Heat Transfer for Gas Turbine Nozzle Guide Vanes,”
ASME J. Turbomach.120, pp. 343-350.

[15] Piccini, E., Guo, S. M., and Jones, T. V., 2000, “The Development of a New
Heat Transfer Gauge for Heat Transfer Facilities,” Meas. Sci. Techhd].,
pp. 342-349.

[16] Guo, S. M., Lai, C. C., Jones, T. V., Oldfield, M. L. G., Lock, G. D., and
Rawlinson, A. J., 1998, “Heat Transfer and Effectiveness Measurements for a
Fully Film Cooled Nozzle Guide Vane at Engine Simulated Conditions,” Int.
J. Heat Fluid Flow19, No. 6, pp. 594—-600.

[17] Nikuradse, J., 1933, Forsch. Arb. Ing.-Wes., No. 361.

[18] Martinez-Botas, R. F., Main, A. J., Lock, G. D., and Jones, T. V., 1993, “Cold
Heat Transfer Tunnel for Gas Turbine Research on an Annular Cascade,”
ASME Paper No. 93-GT-248.

[19] Rowbury, D. A., Oldfield, M. L. G., Lock, G. D., and Dancer, S. N., 1998,
“Scaling of Film Cooling Discharge Coefficient Measurements to Engine
Conditions,” ASME Paper No. 98-GT-79.

[20] Teekaram, H. J. A., Forth, C. J. P., and Jones, T. V., 1989, “The Use of
Foreign Gas to Simulate the Effects of Density in Film Cooling,” ASME J.
Turbomach.111, pp. 57-62.

[21] Jones, T. V., 1999, “Theory for the Use of Foreign Gas in Simulating Film
Cooling,” Int. J. Heat Fluid Flow20, pp. 349-354.

[22] Oldfield, M. L. G., 2000, “Matlab Processing for Thin Film Heat Transfer
Transducers,” private communication.

[23] Ireland, P. T., Wang, Z. W., and Jones, T., V., 1993, “Liquid Crystal Heat
Transfer Measurements,” von Karman Institute for Fluid Dynamics 1992—
1993 Lecture Series.

[24] Ireland, P. T., and Jones, T. V., 1987, “The Response Time of a Surface
Thermometer Employing Encapsulated Thermochromic Liquid Crystals,” J.
Phys. E,20, pp. 1195-1199.

[25] Schultz, D. L., and Jones, T. V., 1973, “Heat Transfer Measurements in Short-
Duration Hypersonic Facilities,” AGARD AG-165.

[26] Sieverding, C. H., 1985, “Recent Progress in the Understanding of Basic
Aspects of Secondary Flows in Turbine Blade Passages,” ASME J. Eng. Gas
Turbines Powerl07, pp. 248-257.

[27] Martinez-Botas, R. F., Lock, G. D., and Jones, T. V., 1995, “Heat Transfer
Measurements in an Annular Cascade of Transonic Gas Turbine Blades Using
the Transient Liquid Crystal Technique,” ASME J. Turbomachl?, pp.
425-431.

[28] Oldfield, M. L. G., Jones, T. V., and Schultz, D. L., 1978, “On-Line Computer
for Transient Turbine Cascade Instrumentation,” IEEE Trans. Aerosp. Elec-
tron. Syst.,AES-14 p. 5.

Transactions of the ASME

Downloaded 01 Jun 2010 to 171.66.16.63. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Heat Transfer and Pressure
Distributions on a Gas Turbine
Gm. S. Azad Blade Tip

Je-Chin Han
Sh uye Teng Heat transfer coefficient and static pressure distributions are experimentally investigated
on a gas turbine blade tip in a five-bladed stationary linear cascade. The blade is a
Turbine Heat Transfer Laboratory, two-dimensional model of a first-stage gas turbine rotor blade with a blade tip profile of
Department of Mechanical Engineering, a GE-E® aircraft gas turbine engine rotor blade. The flow condition in the test cascade
Texas A&M University, corresponds to an overall pressure ratio of 1.32 and exit Reynolds number based on axial
College Station, TX 77843-3123 chord of 1.1x1C°. The middle 3-blade has a variable tip gap clearance. All measure-

ments are made at three different tip gap clearances of about 1, 1.5, and 2.5 percent of
the blade span. Heat transfer measurements are also made at two different turbulence

Robert J. Boyle intensity levels of 6.1 and 9.7 percent at the cascade inlet. Static pressure measurements
NASA Glenn Research Center, are made in the midspan and the near-tip regions as well as on the shroud surface,
Cleveland, OH 44135 opposite the blade tip surface. Detailed heat transfer coefficient distributions on the plane

tip surface are measured using a transient liquid crystal technique. Results show various
regions of high and low heat transfer coefficient on the tip surface. Tip clearance has a
significant influence on local tip heat transfer coefficient distribution. Heat transfer coef-
ficient also increases about 430 percent along the leakage flow path at higher turbu-
lence intensity level of 9.7 over 6.1 percei80889-504X00)00404-9

Introduction velop and validate computational codes to predict blade metal

meeratures, and an efficient cooling system design.

A recent trend in modern gas turbine engines is to increase t IR . . .
combustor outlet temperature to achieve higher thermal efficienc‘)?-he existing literature contains many experlmente}l and numeri-
. i : : cal investigations on flow field in and around turbine blade tip

and higher power output. This increase in temperature is detfi-

mental to the downstream first-stage turbine blades. Thereford'gdels. Studies by Bindon and Morphug and Bindon[2] have

roper combination of aerodynamics, heat transfer, and mateﬁgptribUted o the general understanding of tip leakage flow pat-
prop y ’ ’ terns. Bindon concluded that the growth of a vortex, which forms

capabilities is required to design a high-efficiency gas turbine ef- . .
gine. Many research efforts have been dedicated to develop% s the flow separates on the pressure side wall and exits through

S . - . . clopig tip gap causing an increase in the secondary flow, results in
efficient aerodynar_n_lcs and_coolln_g techn_lques for tu_rblne alrfO'lFa'rge aerodynamic losses. Moore et[8l} also contributed to the
However, some critical regions still remain that require more fre-nderstanding of the flow. field through tip gaps. Yaras and Sjo-
quent inspection and repair due_ to frequent breakd_owns. Blade Ilt(ls'l%der[4] studied the effect of simulated rotatioﬁ on tip leakage
and near-tip regions fall into this category. Blade tip and near-t|

regions are typically difficult to cool, and are subjected to pote

tial damage due to high thermal loads. Blade tips at high tempelzc?d turbine tip gap. They concluded that the flow separates from

ngirgzyeﬁlz?a;\fsaagyé gugatg kt]:twereunbsth:ggllgzte tEFe) 2230 hee pressure side tip corner and forms a_well-organ_ized chordwise

shroud surface, which is known as tip gap. Blade tip failure vortex above the blade tip. The separation vortex |nduce_s a flow

primarily cause’d by hot leakage flow throu.gh the tip gap Th'bZack toward the pressure corner, resulting in the formation of a

: : se(ﬁondary counterrotating vortex. Thus, the unexpected region of

Itﬁakage flow act(:jeleratt.es dgde to 6} E)r:esslurde dlﬁerepceﬂt:_etvgeena%(‘%lfached flow near the pressure corner may have a reasonably high
e pressure and suction sides of the blade, causing thin boun - . g o h

layers and high heat transfer rates. This tip leakage flow is un&%ﬁ\;?cst't\rlssze?(t;rsﬂst:r: dc%?rf]f('jcég]mi'n'\?esat?dzﬁgg E: tzznr:;?ar:i\%a"
sirable because it chips away the pressure side tip corner from : g 9

midchord to trailing edge. As the blade tip is chipped away, the tf nalysis of the effects of tip clearance, tip geometry, and multiple
gap width increases, allowing more leakage flow through’ the tades on turbine stage efficiency in a rotating turbine rig environ-
gap and accelerating blade tip failure. It has been recognized t ?E;ggg% gtf?igire\r/]vg;iics)sssn;ﬁ:aeddiciihoen effect of tip clearances on
the blade tip geometry and subsequent tip leakage flows have . . AN

significant effect on the aerodynamic efficiency of turbines. Th urbine blade tp heat transfer is an important aspect that has

: . . ) . . . drawn considerable attention from researchers in the past several
influence of blade tip clearance on turbine efficiency is so signifj- P

cant that designers have a strong desire to improve eﬁiciencygg:rs' The earliest study on blade tip heat transfer was done by

ind found a significant reduction in the gap mass flow rate due to
l;g;ation. Sjolander and Cd&)] studied the flow field in an ideal-

decreasing tip-to-shroud operating clearances, or by implement ¥|oﬁrﬁggsli\gitz:Ig?g]té-rEhﬁ?/a?ntjidIe\(/jvi?lf a;;?nivzter:clﬂtaslrp;gtiﬁd
more effective tip leakage sealing mechanisms. Whatever the shroud. The concludedgthat thg effect of blade rotation could %e
sign choice selected for a particular turbine blade tip, accurate a | : d ty blade tip heat t fer. Th dri
detailed knowledge of the flow field and heat transfer on the ti glected to assess blade tip heat transfer, The pressure-driven
d the near-tip region is important for an efficient balanced a oW through the tip gayitip leakagé mainly |nf|u¢nces the heat
an ansfer. Metzger et aJ8] and Chyu et al[9] studied heat trans-

foil design. Reliable experimental data are also important to d % for both flat and grooved rectangular tip models. They incor-

Contributed by the International Gas Turbine Institute and od at th 4§ﬁrated the effect of relative motion by introducing a moving
ontributed by the International Gas Turbine Institute and presented at the ; +
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gér- roud surface over the grooved tlp model. They affirmed that

many, May 8-11, 2000. Manuscript received by the International Gas Turbine Insﬁﬁlative motion had little effect on the average tip heat transfer,
tute February 2000. Paper No. 2000-GT-194. Review Chair: D. Ballal. though some local effects were observed.
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Experimental data on blade tip heat transfer in a cascade er - Outer Sidewall
ronment are limited in the open literature. Yang and Di[l&]
reported local heat transfer coefficient on a turbine blade t
model with a recessed cavity in a stationary linear cascade. Ba:
on a single heat flux sensor, they found the convection coefficiel - Preisiis © o

insensitive of tip gap height. Metzger et Bl1] used several heat Taps /\

flux sensors and measured local tip heat fluxes on the flat tips |

two different tip gaps in a rotating turbine rig. Their study wa:Mainstreami ;‘n‘;‘t‘;":‘;e Y
primarily confined to the blade forward region. The most recel g . 3 1
study on turbine blade tip heat transfer and flow in a linear ca MemH o e 0 L .
cade was carried out by Bunker et fl2]. Their experimental s .

study investigated the detailed distribution of convective he = ’

transfer coefficients on the first-stage blade tip surface for a cTurbulence g w

ometry typical of a large power generation turbine. This stuc Grid gd:":tc\% -

provided a nearly full surface information on heat transfer coefi e '
cients in a nonrotating cascade environment with appropriate pr: :
sure distribution on the blade tip and shroud model. They usec
three-blade cascade; however, only the center biga bladg

had a variable tip gap clearance. The test airfoil was modeled af
the aerodynamic tip section of a large power generation turbir
They used a hue detection-based liquid crystal technique to obt
detailed heat transfer coefficient distributions on the blade tip st
face for flat, smooth tip surfaces, with both sharp and round:

I

Pressure
Taps

With the development of efficient numerical codes, some i Trailing Edge Tailboard ©

searchers carried out numerical investigations to predict blade
heat transfer and flow field. Metzger et [dl1] provided a numeri-
cal model to estimate tip and shroud heat transfer. Ameri al
Steinthorssor{ 13,14 predicted rotor blade tip and shroud heat
transfer for a SSMESpace Shuttle Main Engiheéurbine. Ameri Fig. 1 Test section with five-bladed cascade

et al.[15] also predicted flow and heat transfer on the tip of a full

rotating GE-E first-stage rotor blade for both a smooth tip and

recessed tip. They found a separation vortex generated by thed format with standardized boundary conditions that could also
incoming flow separating off the inner edge of the pressure sithle used by numerical people in the gas turbine community.

rim and exiting near the trailing edge of the blade. For the heat

transfer contours on the blade tip, they found a sharp entrar€gperimental Setup

effect on the pressure side of the tip surface, where the heat trans;]-.he experimental setup is a stationary blow down facility with

fer rate reached a maximum due 1o flow reattachment. The h%aﬁve-bladed linear cascade. Air from a compressor enters a stor-

transfer contours on the flat tip also showed that a low heat trans; : : : :
fer region existed near the leading edge suction side. The hr%f tank at about 280 psig. Then the air enters a high flow pneu

¢ ; ¢ the trail d i dth " tic control valve through a pneumatic ball valve. A controller,
ransier rateé near e traiing edge was lower, and ne suction s ulating the flow rate in downstream of the control valve, is set
had a lower heat transfer rate than the pressure side. Ameri et

16] al dicted the effects of tio cl 4 . nually for the desired pressure. The controller gets feedback of
[16] also predicted the effects of tip clearance and casing reC&R8 downstream pressure through a pressure line connected to the

on heat ;ransfer and stage efficier_1cy for several squealer bladeé%‘?\troller. The controller is capable of maintaining a steady
geometries. Most recently, Ameri and BunKdr7] performed a o nstream velocity within=3 percent of the desired set value.

computational study to investigate detailed heat transfer d'St“bBbwnstream from the control valve, the test loop consists of a
tions on blade tip surfaces for a large power generation trbing._jong circular duct with a 10.16 cm inside diameter and a 3.1

They compared and validated their model with the experimenta) long rectangular duct of 31412.2 cm. A symmetric tapered

data of Bunker et al.12] obtained for the same geometry. HoW-ggction connects the two ducts. A bypass flow path containing a

ever, there are very few experimental data available in the Opgihyre disk is also connected to the main flow circular duct to
literature to compare and validate numerical models. Without rgafeguard the test section against over-pressure.

liable experimental data, the numerical models could not be propthe plade cascade is connected at the end of the rectangular
erly employed in the design and analysis of blade tip heat transffct. A small gap is maintained at the junction of the blade cas-
and flow field. ] N cade and the rectangular duct to trip the boundary layer. This
This study will fulfill the need for additional heat transfer datagcation for the boundary layer trip is 26.7 cm away from the
on a gas turbine blade tip. The test section used for this study igéhter blade leading edge. A turbulence-generating grid of 57 per-
five-bladed linear cascade, with the three middle blades having@nt porosity is also placed at this location to generate high tur-
variable tip gap. The tip profile used here represents a first stag@ence for the test cases. The turbulence grid is composed of
rotor blade tip of a modern aircraft gas turbine engi®&E-E)).  12.25-mm-wide square bars with 33:027.94 mm opening be-
Systematic pressure measurements in the near-tip region anch@en bars. Hot-film anemometry measurements, using a TSI
the shroud surface, and heat transfer measurements on the blggd&a=100 unit, show that the free-stream turbulence intensity level
tip surface are done for a tip gap clearance of 1, 1.5, and Zba distance of 6 cm upstream from the test-blade leading edge is
percent of the blade span. Two inlet free-stream turbulence intéf1 percent without the turbulence grid and 9.7 percent with the
sity levels are also considered. The effect of unsteady wakessbulence grid. The turbulence length scale was estimated to be
shock waves, and blade rotation, which may be important in reBb cm for the 9.7 percent turbulence case, which is slightly larger
operating condition, is not considered in this study. This studyian the grid size.
provides a complete experimental pressure and heat transfer datphe test section is a five-bladed linear cascade with 4-flow pas-
on a gas turbine blade tip profi&E-E®), whose profile geometry sages as shown in Fig. 1. The two far-end blades work as guide
is open to the public domain. These data are presented in a steames, and the outside wall and the center blade work as a test
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_ Pressyre Tap
ocations

- . ] Pressyre Tap
\ ; - "J Locations
\ 657 e
// — .
A\ .
\ — Aluminum Blade
-8.61 cm Fig. 3 Pressure tap locations on blade and shroud

Fig. 2 Blade tip and shroud definition

opposite the tip surface. No pressure taps are placed on the tip
surface. These pressure distributions are useful in estimating the
tip leakage flow.

The heat transfer blade, as shown in Fig. 4, is designed with a

blade. The cascade inlet dimensions are 31.1 cm wide and 18Pgcific feature. The lower portion of the blade is made of alumi-
cm high (span. Each blade has a 12.2 cm span and a 8.61 cjim for structural rigidity against the aerodynamic forces present
axial chord length. This dimension is three tin{8%) the dimen- during the tests. The upper portion of the blade has an inner alu-
sions of a GE-Eblade profile. The blades are made of aluminurfinum core and an outer shell made of black polycarbonate with
and are EDM machine finished. The test section’s top bottof low value of thermal conductivity for transient liquid crystal
and sides are made of 1 27-cm-fhick clear Polycarbo(rlméarj' te'st. The base thickness of the polycarbonate shell is 6.35 mm and
however, a 1.2-cm-thick clear acrylic replaces the top covery plat%ze wall thickness is 3.175 mm. It is closely fitted with the inner
(shroud for heat transfer tests, to facilitate the best optical acce minum core. The shell is also g_Iu_e_d to the inner core through
to the test bladécenter bladg Two separate but identical blades€ M contact _surface f_or better rigidity. Thrge cartridge heat_ers
are used for both the pressure and heat transfer measuremen re t_embedded Into the inner core. The cartridge heater provides
gating to the aluminum core, which in turn, heats the outer poly-

Figure 2 represents the blade tip configuration in the cascal ; )
Each blade has a constant cross section for the entire span ﬁﬁﬁe’\?vgate shell. The blade is fastened to the bottom endwall with

represents the tip section of an aerodynamic turbine blade.

; P ; .- The usual operating condition for this cascade is set at an inlet
I I h A h | chord | h . :
blade leading edge pitch is 9.15 cm and the axial chord lengt IQZaI pressure of 143 kPa, an exit average static pressure of 108.3

8.61 . The throat di t t th int of mini dist . - .
em € ‘nroat dlameter at the point of minimurm dis anag a, which gives an overall blade pressure ratio of 1.32. The mass

between two blades is 4.01 cm, which, with a span of 12.2 ¢ -
gives a throat aspect ratio of about 3. The inlet flow angle to ti@W rate(up to 60 3 through the cascade is about 5.9 kg/s. Dur-

test blade is 32.01 deg and the exit angle is 65.7 deg, giving a tohy the blow-down test, the inlet air velocity is kept at about 85
turning of 97.71 deg. A variable tip gd) is maintained between
both the tip and shroud surfaces as shown in Fig. 2. The tip gaps
used for this study are 1.31 mm, 1.97 mm, and 3.29 mm, which
correspond to about 1, 1.5, and 2.5 percent of the blade (422

cm). Hard rubber gaskets of desired thickness are placed on top of Removable
the sidewalls, the trailing edge tailboards, and the two outer guide EOI carbonate
blades to create tip gaps of desired height. Xt rrori—ms mm

~3.175 mm

Figure 3 shows the pressure tap blade configuration, which is A ATV
. . H ,
made of aluminum with a set of pressure taps. Each pressure tap n 3.18 cm
tubing has an outer and inner diameter of 1.65 mm and 1.35 mm, .

respectively. The tap holes are located in the midgp@rpercent

of blade heightof the blade, at a height of 80, 90, and 97 percent uminum
of the span as measured from the base of the blade. The pressure ﬁ'aH‘e -
taps are placed on both the pressure and suction surfaces. Pressure
taps are also placed on the shroud surface, as shown in Fig. 3, to
measure the pressure distribution on the shroud surface, which is
a representative of the tip surface pressure. A total of 52 pressure
taps measure the shroud surface pressure. One set of pressure taps
is located around the tip perimeter and along the mean camber Cartridge Heaters
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i
i
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line, and a second set of taps is located 12.52 mm outside the tip
edge. All these pressure taps are located on the shroud surface Fig. 4 Heat transfer blade
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m/s; the exit air velocity at 199 m/s, and the corresponding Re 1.6
nolds number of 1.X10° based on axial chord length and exit
flow velocity. The corresponding Mach numbers at the inlet ar
exit are 0.25 and 0.59, respectively.

Flow Condition in the Cascade and Pressure Measure-
ment

To check the flow condition in the cascade, the blades next 0.4 A Inlet Plan
the suction and pressure sides of the cetias) blade are instru- 02 O Exit Plane
mented with pressure taps with static pressure holes at midspat (a)
the bladedas shown in Fig. 1 The suction surface of the inner- 0
side blade has six pressure taps and the pressure surface of 0 0.5 1 15 2 25
outer-side blade has five pressure taps, each at 50 percent he
of blade span. Pressure taps are also instrumented at 13 locat
at the inlet and 11 locations at the exit plane, as shown in Fig.
These inlet and exit plane taps are located at a distance of 13
percent of the blade span upstream from the blade leading ed i ﬁ
and downstream from the blade trailing edge, respectively. Tl A
cascade has adjustable trailing edge tailboards. A thinner, adjL§ 8 gSuction Side eﬁ 8
able guide plate is also placed near the inlet between the passg 1.2 | ﬁ eg e
of the two interior blades in the shorter flow passage side, o
shown in Fig. 1. This guide plate and the adjustable tailboarsg %
help provide an identical flow through the pressure and sucti@ 1.1 |
side passages of the test blade. With no adjustment, a substantig g
greater percentage of the total flow would go through the shor é ﬁ

4

Co-efficient of Pressure

Blade Leading Edge Pitches

flow passage. The guide plate is rounded on the leading side 8

tapered and rounded on the trailing side to minimize flow distu® Pressure Side A Test Blade
bances. A final position for both the adjustable guide plate ai: (b) O 2-Near-by Blades
trailing edge tailboards is selected after many variations have beg
tried. S0 -
The inlet and exit flow pattern is represented by the coefficie 0 0.2 04 0.6 08 1

of pressure €p,). The coefficient of pressure is defined as: Normalilized Airfoil Axial Distance (X/C)

P—P
p:W Fig. 5 (a) Coefficient of pressure at inlet and exit plane; (b)

t Tavg pressure distribution at midspan on test blade and two nearby
Here, P, is the average static pressure as measured by the irlgdes
(or exit) plane pressure tapB, is the total inlet pressure, ailis
the local static pressures as measured by the {pleéxit) pres-
sure taps. Thi€, actually represents a nondimensional velocityime period. Figure 6 shows the ratio of the total to local static
field, which is important when quickly reviewing the velocity fieldpressure distributions on the P/S and the S/S at different blade
pattern. Figure &) represents th€, at the cascade inlet and thespan heights for 1.97 mrtL.5 percent of the spanip gap and
exit plane. The axial distance is measured from the outermost {gRt Tu=6.1 percent only. The ratio of pressure distribution
location toward the innermost tapascade outer and inner side{p, /P) is presented as a function of normalized axial distance
walls are labeled in Fig.)1 Figure §b) shows pressure distribu- (x/C,). A higher value ofP,/P corresponds to a lower static

tions at a 50 percent height of the blade span on the center blgfigssure, while a lower value corresponds to a higher static pres-
and the two nearby blades. The local axial positions are normal-

ized by the axial chord length. The multiple data points represent
the variation in repeated tests. The result shows that the flow
patterns in the two passages are almost identical. 14
Static pressure measurements are also made at 80, 90, and Suction Side
percent height of the blade span on both the P/S and S/S, and al:g 1.3
on the shroud surface opposite the blade tip surface. A total of 5:§
pressure taps measured the shroud surface pressure. One sets 1.2 |
pressure taps is located around the tip perimeter and along th'j-’j
mean camber line, while a second set of taps is located 12.52 mi#
outside the tip edge. All these pressure taps are located on th§
shroud surface opposite the tip surface. Pressures are recordg v
with a 48-channel Scanivalve System coupled with LabView 5.0§ 14
software. LabView discarded all data that fell outside the initial §

C

L1} 4

2 50% of Biade Span
80% of Blade Span

mean=1.5 standard deviation. It then recorded the mean value 0% g9 { ] 90% of Blade Span

the screened data. The computer steps through each tap and meS O 97% of Blade Span
sures the local static pressure on the blade suction and pressu 08

surfaces, and the shroud. Every pressure measurement is repea

at least three times to reduce operating uncertainty and to verif 0 0.2 04 0.6 0.8 1
the repeatability of the data. The blow-down facility is capable of Normalized Airfoil Axial Distance (X/C,)

giving a required flow for about one minute. The control valve
and controller are capable of providing a steady flow conditiofig. 6 Pressure distributions from midspan to near-tip loca-
(the velocity variation is within=3 percenk in this one minute tions for 1.5 percent tip gap at  Tu=6.1 percent
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. Ameri et al. [15] also predicted this phenomenon. Due to this

Pt/P separation vortex, the heat transfer rate increases in this region as
seen in the heat transfer results.

1 106 116 %24 132 44 Figure 7 also shows that as the tip gap decrease®,ttieratio
increases slightly toward the LE S/S, resulting in a change in the
leakage flow path direction. This means that the tip leakage flow
path direction is shifting towards the LE S/S at a lower tip gap.
This happens because, at lower tip gap, the leakage flow has a
smaller gap to flow through, over the boundary layer that develops
at the P/S and grows toward the S/S. Thus, the leakage flow has to
overcome higher resistance compared to a higher tip gap situation.
As a result, it shifts the flow direction toward a shorter path. This
effect is reflected in the heat transfer results. Pressure measure-
ments are not made on the blade tip surface. However, Bunker
et al. [12] showed that the pressure distribution trends are very
similar at both the blade tip and shroud surfaces.

1% tipgap

Heat Transfer Measurement and Results

Heat transfer measurement is made at a preset flow condition at
which the pressure measurement is done. A threshold intensity
method of transient liquid crystal technique is used. The liquid
crystals in this study are wide band 30 to 35°C crystals made by
Hallcrest(R30C5W. The blade tip surface is initially coated with
a thin layer of thermochromic liquid crystals, and the blade is
fastened in the test cascade. The cartridge heaters are turned on
for three hours. The cartridge heaters heat the inner aluminum
core of the test blade and the aluminum core, in turn, heats the
polycarbonate shell to a desired steady initial temperature of about
60°C. The initial tip surface temperature is measured using 22
thermocouples placed on the blade tip surface at different discrete
locations. Two thermocouples are also placed on the suction and
pressure side near-tip region toward the trailing edge. These two
thermocouples work as a reference to check the initial tip surface
temperature during the heat transfer test. This process of heating
the blade and measuring the initial temperature is repeated several
times before the final heat transfer test to ensure repeatability of
the recorded initial temperature. The initial temperature is very
uniform (within 2°C) throughout the tip surface, except near the
trailing edge region. These temperatures are then interpolated to
get an initial temperature map on the whole surface.

Fig. 7 Pressure ratio distribution  (P,/P) on shroud surface The thermocouples from the tip surface are removed, the blade
is then washed and re-sprayed with liquid crystals. The blade is
put back in the cascade and the cartridge heaters are turned on for
three hours. A region of intere$ROI) is selected and the blow-
down test is then carried out. This region of inter@®0l) is the

sure. The static pressure difference between the P/S and the S/&ats collection region. The image processing system captures the
the main driving force for the leakage flow. Figure 6 clearlyiquid crystal color change time from green to the onset of red
shows that the maximum static pressure difference occurs atuaring the blow down test. The image system requires a back-
distance of 20—30 percent of the axial chord from the leadirground intensity correction based upon the lighting conditions on
edge at 50 percent of the blade span. This location of maximufre ROI. This is called threshold, which ensures that all the points
pressure difference has shifted toward the TE at 97 percent of thethe ROI are at a lower intensity than the real green-to-red
blade span, and the maximum static pressure difference occursransition intensity caused by liquid crystal color change. The sys-
about 50 percent of the axial chord from the LE. This shift is duem is ready for the blow-down test once the lighting, threshold,
to the leakage flow through the tip gap. and initial temperature are set. Only one test is done per day in a

Figure 7 shows the total pressure to local static pressure rationtrolled environmenttest cell doors are closed and the room
(P;/P) contours on the shroud surface for three different tip gapemperature is controlledThe reference thermocouples check the
at Tu=6.1 percent. This contour plot helps explain the heat transtial surface temperature during a heat transfer test. Precise co-
fer results on the tip surface. The small circles on the contoardination of the image processing system and the flow is critical,
plots represent the pressure tap locations relative to the tip, wisi@ce the heat transfer experiments are performed at transient con-
the bold line indicates the tip dimension. A smallRy/P value ditions. Thermocouples placed at the cascade inlet provide the
means higher static pressure, while a larger value means a lovree-stream temperature, which is about 24°C. The blade surface
static pressure. This pressure ratio distribution clearly demooelor change is monitored using an image processing system. The
strates the tip leakage flow path. The lovi®gr P value on the P/S image processing system consists of a high-resolution RGB color
LE indicates that the leakage flow enters the tip gap at this loc@CD camera, a high-speed PC with a 24-bit true color frame
tion, while the higherP,/P value on the S/S indicates that thegrabber boardfrom Imaging Technology and a Color Video
leakage flow exits the tip through this location. In this flow pathylonitor with RGB inputs. The camera captures real-time images
a separation vortex generates as the incoming flow separatestibfough Optimas 3.0, an image processing software. The same
the inner edge of the P/S rim and exits near the S/S TE of tkeftware translates the captured image into a data file. The test
blade. Sjolander and C48] observed this separation vortex andduration is small enougk~10-30 $ to consider a semi-infinite

1.5% tipgap °

2.5% tip gap
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2 increase in the heat transfer coefficient is observed surrounding
4 ..I W/m“K the low heat transfer region. The tip leakage flow originates from
500 720 940 1160 13R0 1600 the pressure side near the leading edge and exits through the suc-
tion side, away from the leading edge, as seen in Fig. 7. This
region of maximum tip leakage flow corresponds to a high heat
transfer coefficient, as seen in Fig(b8 This means that the
higher heat transfer coefficient is observed along the tip leakage
flow path. The heat transfer coefficient along this tip leakage flow
path is higher toward the pressure side than the suction side. This
happens because of the flow entrance effect. The leakage flow
enters through the pressure side and exits through the suction side.
A separation vortex generates at the pressure side as the incoming
flow separates off the inner edge of the pressure side rim and exits
near the trailing edge of the blade. Sjolander and [Gdobserved
this separation vortex and they mentioned about the possibility of
a high heat transfer rate on the pressure side. The lower heat
transfer coefficient toward the suction side may be the result of a
boundary layer that develops at the pressure side edge and grows
toward the suction side. Figurét8 also shows a lower heat trans-
fer coefficient near the trailing edge region. This region corre-
sponds to a lower tip leakage flolower AP) as seen in Fig. 7,
thus resulting in a lower heat transfer coefficient.
Bunker et al.[12] found a similar trend of low and high heat
transfer region on the tip surface. They termed the low heat trans-
Fig. 8 Heat transfer coefficient at  Tu=6.1 percent fer region as the “sweet spot.” They found that the low heat
transfer region originates from the airfoil pressure side at about 20
to 30 percent axial chord location, while we found this location
solid assumption. The local heat transfer coefficient on the blafiear the LE S/S. This spatial difference may be due to a difference
tip surface is then calculated, assuming a one-dimensional trém-the tip model geometric profile, and orientation of the blade
sient conduction into a semi-infinite solid surface with a convevith respect to the flow path. They used a tip model geometry of

2 1h.
#
b i, *
ot
e ey e S

(a) 1% tip gap

tive boundary condition using the following equation: a large power generation turbine, while ours is dmpBbfile of an
T h2 hyat aircraft gas turbine engine. Note that the level of the local heat
woi_q_ p(_“t) er C( “t) transfer coefficient on our¥blade and on their power generation
T.—T, k? k ) turbine is of the same order of magnitude. Ameri et 6] pre-

Here, T, (30°C, T, (60°C), T. (24°C), t (~10-30g dicted heat transfer rate on the tip of a full rotating ade. The
k (0.18 W/m K), anda are known. The local heat transfer coeffi{rend of their predicted result is very similar to our experimental
cient at any location can then be calculated from the equatigRt@- They also predicted a low heat transfer region near the lead-
given above. The experimental uncertainty is measured using tHg €dge suction side, while the heat transfer rate is higher on the
methods of Kline and McClintock18]. The uncertainty of the Pressure side and lower near the trailing edge as seen in our case.
local heat transfer coefficient measured by this method is esti-Figures &) and 8c) show the tip heat transfer coefficient dis-
mated to be+7.9 percent or less. The uncertainty estimation dodgbution for 1.31 mm(1 percent of the sparand 3.29 mm(2.5
not include the effect of two-dimensionality near the edges. NoRercent of the spartip gaps, respectively at a same inlet turbu-
that the acrylic blade materidpolycarbonate has a very low lence intensity level of 6.1 percent. These figures clearly show
thermal conductivity of 0.18 W/mK. The liquid crystal colorthat the tip gap has a significant effect on the local heat transfer
change transition occurs at the surface, which is kept at a unifof@efficient. A larger tip gap results in an overall higher heat trans-
initial temperature. Test duration is also smallerl0—30 $ than fer coefficient, while a smaller tip gap results in a lower heat
the time required for the temperature to penetrate the full thickansfer coefficient. This is because a larger tip gap increases the
ness of the insulating acrylic material. Thus, a one-dimensior@nount of tip leakage flow, while a smaller tip gap decreases it.
transient, semi-infinite solid assumption is valid throughout tHdowever, the local heat transfer coefficient changes according to a
surface, except near the tip edges. Due to this one-dimensiofa@nge in the leakage flow path direction. Figure 8 shows that a
assumption, the results at the tip edges are less reliable, and réiggrease in the tip gap from 1.5 to 1 percent decreases the tip local
suffer more uncertainty than the reported value because of fi@at transfer coefficient distribution by about 10 percent at high
existing two-dimensional conduction effect. heat transfer region along the flow path, while slightly increasing
The heat transfer coefficient measurements are done for the local heat transfer coefficient in the low heat transfer region.
three cases of tip gaps and at the two different turbulence intensgignilarly, an increase in the tip gap from 1.5 to 2.5 percent in-
levels. Figure @) shows the tip local heat transfer contour plotgreases the local heat transfer coefficient by about 20 percent in
for a tip clearance gap of 1.97 m¢h.5 percent of the blade span the high heat transfer region, while slightly decreasing it in the
and an inlet free-stream turbulence intensity level of 6.1 percetaw heat transfer region. It happens, because the tip leakage flow
This is a typical heat transfer coefficient distribution contour plgq@ath changes its direction slightly depending on the gap size. At a
for each case tested here. The distribution clearly shows varidagger tip gap, the leakage flow can easily pass toward the trailing
regions of low and high heat transfer coefficient on the tip surfacedge suction side, overcoming the boundary layer thickness.
The magnitude of the heat transfer coefficient varies from 500 Whereas, at a smaller tip gap, the leakage flow encounters more
1700 Winf K on the tip surface. A surprisingly important findingresistance to the flow toward the trailing edge suction side due to
is the development of a low heat transfer region near the LE aadsmaller passage over the boundary layer thickness. Thus, the
toward the S/S. flow shifts its direction toward a shorter passage in the leading
The pressure ratioR; /P) distributions on the shroud surfaceedge suction side, which results in a higher heat transfer coeffi-
(Fig. 7 show that this low heat transfer region corresponds to tlegent in this region. The shroud pressure distribution in Fig. 7
lowest convective velocity due to a lower static pressure diffesupports this phenomenon.
ence(AP) between the pressure and the suction sides. A gradualFigures 9a, b, andc) show the heat transfer coefficient distri-
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) the trailing edge. Smaller tip gaps produce a lower averaged tip

h ‘9’1...' Wm?K heat transfer coefficient. Similar effect of the tip gap is observed
at both the lower and higher turbulence levels of 6.1 and 9.7

500 720 940 1150 1380 1500 percent, while the magnitude of heat transfer coefficient is higher

at higher turbulence case of 9.7 percent, compared to the low
turbulence case of 6.1 percent.

Conclusions

This study investigated the effect of tip gap and inlet turbulence
intensity on detailed local heat transfer coefficient distribution on
the plane tip surface of a gas turbine blade. The blade tip model is
a two-dimensional profile of an®blade of an aircraft gas turbine
engine. A transient liquid crystal technique is used for detailed
heat transfer measurements. Pressure distributions in the near-tip
region and on the shroud surface provide complementary informa-
tion explaining the local heat transfer behavior on the tip surface
in a five-bladed stationary linear cascade. A typical operating con-
dition having a Reynolds number based on airfoil axial chord and
an exit velocity of 1. 10° and an overall pressure ratio of 1.32 is
used to measure the pressure and heat transfer coefficients. The
major findings are:

//’(c; 2.5% tip gap

o

1 Detailed measurements provide a better understanding of the
local heat transfer behavior on the blade tip surface.

2 The pressure measurements in the near tip and on the shroud
surface provide complementary information of the tip leakage
flow pattern. This pressure data provides a basis for determining
the tip leakage flow and also explains the heat transfer results.
. This detailed pressure and heat transfer measurement also pro-
butions for 1.31 mni1 percenk, 1.97 mm(1.5 percent and 3.29 \jqes 4 reference for further experimental or computational study.
mm (2.5 percent respectively, at a higher inlet turbulence inten- 3 pitrerent heat transfer regions exist on the tip surface. The
sity level of 9.7 percent. The heat transfer distribution trend is th@ading edge side contains a low heat transfer region near the

same as that of Figs(& b, andc) at a lower turbulence level of gtion side, while a high heat transfer region exists along the
6.1 percent. However, the magnitude of the overall heat transfg(rikage flow path.

coefficient is about 15-20 percent higher over the low turbulence A" higher heat transfer coefficient exists on the tip surface
case of 6.1 percent intensity level. The increase in heat transfgy,

. . . lvard the pressure side because of the entrance effect.
coefficient is more prominent along the leakage flow path, be-5 Generally, a larger tip gap results in a higher overall heat

. " - efknsfer coefficient, while a smaller tip gap results in a lower

age flow; however, it increases flow fluctuations. ___overall heat transfer coefficient. This is because a larger tip gap
_ The averaged tip heat transfer coefficients for the three differ€fteases the magnitude of the tip leakage flow, while smaller tip
tip gaps and for both the low and high turbulence cases are p ip decreases it.

sented in Fig. 10. The result shows that, for each case of the lils A increase in the inlet turbulence intensity level from 6.1 to

gap, the heat transfer coefficient initially decreases along the ax@y percent increases the heat transfer coefficient by about 15-20
chord length. It then increases and becomes a maximum at abgél'tc

X : i ent, along the leakage flow path.
70 percent location of the axial chord, and again decreases toward g g P

Fig. 9 Heat transfer coefficient at Tu=9.7 percent
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5 800 Nomenclature
§ 1-2.5% tip gap, Tu =9.7% C = tip clearance gap
e 600y 2-15%tip g’pl’.T:::':% C, = coefficient of pressure
b ::;;'/fl:i?;p f'r“ o6 ;':% C, = axial chord length of the blades 8.61 cm
400 5. 15% ﬁpg.pz Tu=6.1% h = local convective heat transfer coefficient, Wi
6 - 1% tip gap, Tu = 6.1% k = thermal conductivity of blade tip materiat 0.18
200 W/m_ K
LE = leading edge of the blade
0 02 04 0.6 08 1 P = local static pressure
Normalized Axial Distance (X/C,) Payg = averaged static pressure
+ = total pressure at the inlet
Fig. 10 Averaged heat transfer coefficient P/S = pressure side of the blade
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Heat Transfer and Flow on the
Squealer Tip of a Gas Turbine
Blade

Gm. S. Azad Experimental investigations are performed to measure the detailed heat transfer coeffi-
cient and static pressure distributions on the squealer tip of a gas turbine blade in a
Je-Chin Han five-bladed stationary linear cascade. The blade is a two-dimensional model of a modern

first-stage gas turbine rotor blade with a blade tip profile of a GEalitcraft gas turbine
engine rotor blade. A squealer (recessed) tip with a 3.77 percent recess is considered
Department of Mechanical Engineering, here. The data on the squealer tip are also compared with a flat tip case. All measure-
Texas A&M University, ments are made at three different tip gap clearances of about 1, 1.5, and 2.5 percent of
College Station, TX 77843-3123 the blade span. Two different turbulence intensities of 6.1 and 9.7 percent at the cascade
inlet are also considered for heat transfer measurements. Static pressure measurements
are made in the midspan and near-tip regions, as well as on the shroud surface opposite

Turbine Heat Transfer Laboratory,

Robert J. Boyle to the blade tip surface. The flow condition in the test cascade corresponds to an overall
NASA Glenn Research Center, pressure ratio of 1.32 and an exit Reynolds number based on the axial chord of 1.1
Cleveland, OH 44135 X10°. A transient liquid crystal technique is used to measure the heat transfer coeffi-

cients. Results show that the heat transfer coefficient on the cavity surface and rim
increases with an increase in tip clearance. The heat transfer coefficient on the rim is
higher than the cavity surface. The cavity surface has a higher heat transfer coefficient
near the leading edge region than the trailing edge region. The heat transfer coefficient
on the pressure side rim and trailing edge region is higher at a higher turbulence inten-
sity level of 9.7 over 6.1 percent case. However, no significant difference in local heat
transfer coefficient is observed inside the cavity and the suction side rim for the two
turbulence intensities. The squealer tip blade provides a lower overall heat transfer
coefficient when compared to the flat tip blaf80889-504X00)00504-3

Introduction eration. The smaller tip gap reduces the flow rate through the tip

To achieve higher thermal efficiency and thrust, modern gggp, resulting in smaller losses and lower heat transfer. It is also

turbine engines operate at high combustor outlet temperatures OPeved ‘;Ihat the_groov(IlE)”:ece_si;_ac_ts as a IabyLlnth ssalhtoh
1300-1500°C. Turbine blades are exposed to these hidpcrease flow resistance. Thus, it is important to know both the

15w field and heat transfer behavior on the squealer tip of a gas
temperature gases and undergo severe thermal stress and fatgA fine blade. Reliable experimental data are also important to

Blade_ lips are one of the most susceptible regions, because t %elop and validate computational codes to predict flow and heat
are difficult to cool and are subject to potential damage due to t Snsfer distributions on turbine blades

ltgv(vrgeentthhee”l:?lzl dleo?id.a-rzgethre]osth?gjgsc:;{?svéirt]f%sﬂl]i;l(’)ueg{]hé?rieﬁ?gage_l‘imited information on the flow field and heat transfer on a
P 9 uealer blade tip is available in the existing literature. Metzger

g‘rztglfzigpt'o-rmz ﬂ()rvgéssgeéli?:rser?ggeg;tl\?véz%k?r?: ﬂ(r);\gsiﬁgef E(i [1] and Chyu et al[2] studied heat transfer on rectangular
P P %’3 ved tip models. They performed experiments using cavities of
ying depth-to-widthwidth of the cavity and tip gap-to-width

suction sides of the blade, which causes thin boundary layers
%dth of the cawvity ratios, and incorporated the effect of relative

high heat transfer rates. This tip leakage flow is undesirable 32/
cause it chips away the pressure side tip corner from the midch tion by introducing a moving shroud surface over the grooved
model. They reported that the local heat transfer coefficient in

to the trailing edge. As the blade tip is chipped away, the tip 93
width Increases, aIIowmg more leakage TIO.W through the tip 93Re upstream end of the cavity is greatly reduced when compared
and accelerating blade tip failure. Thus, it increases the Iossegl\mh a rectangular flat tip, while in the downstream end of the
the flow. avity, the heat transfer coefficient is higher due to flow reattach-
(%%Pent inside the cavity. They concluded that for a given pressure

It is recognized that the blade tip geometry and subsequent
leakage flows significantly affect the aerodynamic efficiency lifference across the gap, there is an optimum value of depth-to-
idth ratio beyond which no further flow reduction will occur.

turbines. The influence of tip gap on turbine efficiency is so si
n]flcant that desngngrs have.a strong desire to improve the e hey recommended shallow cavities if overall heat transfer reduc-
ciency by decreasing the tip-to-shroud operating gaps, or H}ﬁn on the cavity wall is desired

mplementmg more effective tip clearance controls. However, Iis The above-cited experimentall studies provide insight into the
difficult to seal the hot Igakage flow through the tip gap COMature of the flow field and heat transfer around the cavity in a
pletely. A common teghnlque to reduce the tip Iea}kage flow is ctangular tip model case. Heyes et[al.studied tip leakage on
use a recessed tip, which is known as a squealer tip. A squealer Bne and squealer tips in a linear cascade environment. They

allows a smaller tip clearance, without the risk of a catastroph 8ported leakage flow data on plane tip, suction side squealers

failure, in case the tip rubs against the shroud during turbine %Bhd pressure side squealers. No heat transfer data was reported.

They concluded that the use of squealers, particularly, suction side

Contributed by the International Gas Turbine Institute and presented at the 4 e : :
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ggauealers are more beneficial than the flat tip. Yang and Daler

many, May 8-11, 2000. Manuscript received by the International Gas Turbine ,nsqeported. local heat tranSfe.r CoefﬁCiem on a tu_rbine blade tip
tute February 2000. Paper No. 2000-GT-195. Review Chair: D. Ballal. model with a recessed cavitgquealer tipin a stationary linear
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cascade environment. Based on the measurement at a single poiation of heat transfer and pressure distribution on a gas turbine
on the cavity floor, they reported that the convection coefficiensguealer blade tip. These data are presented in a standard format
are insensitive of tip gap height. Ameri et #b] numerically in- with standardized boundary conditions that could also be used by
vestigated the flow and heat transfer on the squealer tip ofnamerical people in the gas turbine community.

GE-E first-stage gas turbine blade. They considered a smooth tip,

2 percent recess, and 3 percent recesh wifl percent tip clear- Experimental Setup

ance for all cases. They observed higher heat transfer on the botyeasyrements are done in a stationary blow down facility with
tom of the cavity when compared with the plane tip. The heat e pladed linear cascade. A detailed description of the facility
transfer on the pressure side rim is comparable to the plane caSgiven in Azad et al[19]. The facility is capable of maintaining
but higher on the suction side rim. They concluded that large hegisteady flow at the cascade inletlocity variation within+3
transfer on the bottom of the cavity is due to flow impingemeriercent for one-minute period. A small gap is maintained at the
containing hot gas. _ _ __ junction of the blade cascade and the inlet flow loop to trip the
No other experimental or numerical studies on squealer tip flggyyndary layer. This location for the boundary layer trip is 26.7
and heat transfer are available in the current literature. The exigfn ypstream from the center blade leading edge. A turbulence-
ing literature, however, contains many experimental and ”Um&ggnerating grid of 57 percent porosity is also placed at this loca-
cal investigations on the flow field in and around turbine bladgon for high turbulence tests. The turbulence grid is composed of
plane-tip models. Studies by Bindon and Morphéikand Bindon 12 25-mm-wide square bars with 33:027.94 mm opening be-
[7] have contributed to the general understanding of tip leaka@ieen bars. Hot-film anemometry measurements, using a TSI
flow patterns. Moore et al8] also contributed to the understand{FA-100 unit, show that the free-stream turbulence intensity at a
ing of the flow field through tip gaps. Yaras and Sjolanf@F distance of 6 cm upstream from the blade leading edge is 6.1
studied the effect of simulated rotation on tip leakage and foufgrcent without the turbulence grid and 9.7 percent with the tur-
that rotation causes a significant reduction in the gap mass flg\ylence grid. Turbulence length scale is estimated to be 1.5 cm for
rate. Sjolander and C4d0] studied the flow field in an idealized 9.7 percent turbulence case, which is slightly larger than the tur-
turbine tip gap. Kaiser and Binddd 1] investigated a quantitative pulence grid size.
analysis of the effects of tip clearance, tip geometry, and multiple The five-bladed linear cascade has 4-flow passages. The two
stages on turbine stage efficiency in a rotating turbine rig envirofar-end blades work as guide vanes and the outside wall, and the
ment. Other works studied the effect of tip clearances on leakagénter blade work as a test blade. Figure 1 shows the test cascade
and efficiency loss prediction. Several heat transfer studies ar@del. The cascade inlet dimensions are 31.1 cm wide and 12.2
available on turbine blade plane-tip models. Mayle and Metzgem high (span. Each blade has a 12.2 cm span and a 8.61 cm
[12] did the earliest study on rectangular plane-tip model heakial chord length. This dimension is three tin{8%) the dimen-
transfer. Metzger et a13] used several heat flux sensors to measjons of a GE-Eblade profile. The blades are made of aluminum
sure local tip heat fluxes on the flat tips at two different tip gaps iind are EDM machine finished. The test section’s top, bottom,
a rotating turbine rig. They also provided a numerical model t9nd sides are made of 1.27-cm-thick clear Polycarbofhabean);
estimate tip and shroud heat transfer. Ameri and Steinthorsseswever, a 1.2-cm-thick clear acrylic replaces the top cover plate
[14,19 predicted rotor blade tip and shroud heat transfer for @hroud for heat transfer tests, to facilitate the best optical access
SSME(Space Shuttle Main Engineurbine. Ameri et al[16] also  to the test bladécenter bladg Two separate but identical blades
predicted the effects of tip clearance and casing recess on hgaf used for both the pressure and heat transfer measurements.
transfer and stage efficiency for several squealer blade-tip geom-
etries. Most recently, Ameri and Bunkgt7] performed a com-
putational study to investigate detailed heat transfer distributio~~ Outer Sidewall
on the blade tip surfaces of a large power generation turbir
Bunker et al[18] studied the flow and heat transfer on the plane
tip in a three-blade linear cascade. Azad ef{ 8] also studied

flow and heat transfer on the plane tip in a five-blade linear ca 2 A—
cade. The plane-tip heat transfer results from Azad €t18]. are Taps
compared with the squealer tip results in this study. | | b

With the development of supercomputers, numerical investig Mainstream Hot Filny \
tions are playing an increasingly important role in the study ar g PHioERRqlers ’
design of turbine blade tip flow and heat transfer. Without reliab 31.1em [ :
experimental data, however, the numerical models could NOt  —f
validated and properly employed in the design and analysis =
blade tip heat transfer and flow field. This study will fulfill the Turbulence
need for experimental heat transfer data on a gas turbine sque Grid B
blade tip. These will be the first experimental data available in tt

open literature with complete information on the pressure and h¢
transfer on the squealer tip of a gas turbine blade tip profi
(GE-E®) whose profile geometry is open to the public domair
The test section used for this study is a five-blade linear casca
with the three middle blades having a variable tip gap, and tl
center blade having a squealer tip. The tip profile used here r¢
resents a first-stage rotor blade tip of a modern aircraft gas turbi
engine (GE-B). Systematic pressure measurements in the nei

tip region and on the shroud surface, and heat transfer meast '}gli'ﬁ?;}fdge q.tli_i;illsi:fgb};dg
ments on the blade-tip surface, are done for a 3.77 percent Tailboard Tailboard
recess and a tip gap clearance of 1, 1.5, and 2.5 percent of

blade span. Two inlet free-stream turbulence intensity levels &

also considered. The effect of unsteady wakes, shock waves, i

blade rotation, which may be important in real operating condi-

tion, is not considered here. However, it provides a basic infor- Fig. 1 Test section with five-bladed cascade
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Fig. 2 Blade tip and shroud definition deep cavity and a 2.3-mm-thick rim. The base thickness of the
polycarbonate shell underneath the cavity is 6.35 mm and the wall
that surrounds the inner aluminum core has a thickness of 3.175

Each blade has a constant cross section for the entire span %ﬁrﬁu The polycarbonate shell is closely fitted with the inner alu-

represents the tip section of an aerodynamic turbine blade. Figyre - CO'€: The shell is also glued to the inner core through the
P P Yy - F9Y% contact surface for better rigidity. Three cartridge heaters are

2 represents the blade tip configuration in the cascade. The bl : . - ) s
leading edge pitctip) is 9.15 cm and the axial chord length i;éqﬁbedded into the inner core. The cartridge heaters provide heat

8.61 om. The throat diameter at the point of minimum distandad to the aluminum core, which in turn heats the outer polycar-
: ' . > point %onate shell. The blade is fastened to the bottom endwall with
between two blades is 4.01 cm, which, with a span of 12.2 ¢

gives a throat aspect ratio of about 3. The inlet flow angle to thaTews:
test blade is 32.01 deg and the exit angle is 65.7 deg, giving atqt&lThe usual operating condition for this cascade is set at an inlet

. al pressure of 143 kPa, an exit average static pressure of 108.3
turning of 97.71 deg. The center blade has a 4.6 mm redessh kPa, which gives an overall blade pressure ratio of 1.32. The mass

g;;hi\cﬁvny'aH'(CV\)/hilghn;saiﬁt;iZ] ggrggmg;hﬁ]glzdeai%afﬁfou %ow rate through the cascade is about 5.9 kg/s. During the blow-
: P gap P own test, the inlet air velocity is kept at about 85 m/s; the exit air

surfaces as shown in Fig. 2. The tip gaps used for this study . .
1.31 mm, 1.97 mm, and 3.29 mm, which correspond to aboutq$00'ty at 199 m/s, and the corresponding Reynolds number of

1.5, and 2.5 percent of the blade spdr.2 cn). Hard rubber
gaskets of desired thickness are placed on top of the sidewalls, the
trailing edge tailboards, and the two outer guide blades to create
tip gaps of desired height.

The pressure tap blade is made of aluminum with several sets
of pressure taps as shown in Fig. 3. The pressure taps are placed

on both the pressure and suction surfaces. Pressure taps are also ;‘:;;::::;:m
placed on the shroud surface opposite the blade tip surface to Exterior 4.60 mm
measure the pressure distribution on the shroud surface. Each ;30 mm-per __ f S5>mm  {
pressure tap tubing has an outer and inner diameter of 1.65 mm al o s v
and 1.35 mm, respectively. The tap ho{és35 mm diametérare 3.175 mm —~{}=4 il 3.18 cm
located in the midspa(b0 percent of blade heighof the blade, at : X
a height of 80, 90, and 97 percent of the span as measured from 3
the base of the blade. A total of 52 pressure taps measure the . o ¢
shroud surface pressure. One set of pressure taps is located around Aluminum | ¢ 03
the tip perimeter and along the mean camber line, and a second set Blade S 8
of taps is located 12.52 mm outside the tip edge. No pressure taps & 902 cm
are placed on the tip surface. These pressure distributions are K o
useful in estimating the tip leakage flow. K o
Figure 4 represents the heat transfer blade. The lower portion of M
the blade is made of aluminum for structural rigidity against the —
aerodynamic forces present during the tests. The upper portion of : \\ 4
the blade has an inner aluminum core and an outer shell made of c.m;dge\ﬁemr,
black polycarbonate with a low value of thermal conductivity for
transient liquid crystal test. The polycarbonate tip has a 4.6-mm- Fig. 4 Heat transfer blade
Journal of Turbomachinery OCTOBER 2000, Vol. 122 | 727
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1.1x 10 based on axial chord length and exit flow velocity. The 14
corresponding Mach numbers at the inlet and exit are 0.25 and

0.59, respectively. 13 ‘Suction Side

Flow Condition in the Cascade and Pressure Measure-
ment

The flow patterns at the cascade inlet and exit plane, and
through the suction and pressure side passages of the test blade
are measured. The detailed measurement is described in Azad
et al.[19]. The inlet and exit flow pattern is represented by the
coefficient of pressureq). The coefficient of pressure is defined

1.1

& 50% of Blade Span
o 80% of Blade Span
0 90% of Blade Span

Total Pressure/Local Static Pressure
L]
°
]
@ Iy
7]
c g
F
@
a
®

as:
¢ 97% of Blade Span
C.= P—P 08 L L L .
PT P —
Pi—Payg 0 0.2 04 06 0.8 1
Here, P, is the average static pressure as measured by the inlet Normalized Airfoil Axial Distance (X/C )

(or exit) plane pressure tapB, is the total inlet pressure, ailis

the local static pressures as measured by the {oleexit) pres- Fig. 6 Pressure distributions from midspan to near-tip loca-

sure taps. Thi<, actually represents a nondimensional velocit§fons for C=1.5 percent and Tu =6.1 percent

field, which is important for a quick review of the velocity field

pattern. Figure &) represents th€, at the cascade inlet and the )

exit plane. The measurement planes are selected upstream froftatic pressures are also measured at 80, 90, and 97 percent
the leading edge and downstream from the trailing edge at a digight of the blade span on both tRéS andS/S, and also on the
tance of 25 percent of the blade span. The axial distance is m&hroud surface. Pressures are recorded with a 48-channel Scani-
sured from the outermost tap location toward the innermost t¥plve System coupled with LabView 5.0 software. LabView dis-
(Cascade outer and inner sidewalls are labeled in Hi_g[:igure carded all data that fell outside the initial mearl.5 standard

5(b) shows pressure distributions at a 50 percent height of tBgviation. It then recorded the mean value of the screened data.
blade span on the center blade and the two nearby blades. For Eigery pressure measurement is repeated at least three times to
5(b), the local axial position is normalized by the axial chordeduce operating uncertainty and to verify the repeatability of the
length. The multiple data points in Fig(@ and 5b) represent the data. The blow-down facility is capable of giving a steady flow

variation in repeated tests. The result shows that the flow patteffe velocity variation is within=3 percent for about one minute.
in the two passages are almost identical. The scanivalve can step through all 48 channels in this one minute

to capture the pressure data. Figure 6 shows the ratio of the total
to local static pressure distributions on tRéS and theS/S at
different height of blade span for 1.97 m¢@.5 percent of the
L6 span tip gap and inlet Ter6.1 percent only. The ratio of pressure
distribution (P, /P) is presented as a function of normalized axial
distance K/C,). A higher value ofP,/P corresponds to a lower
static pressure, while a lower value corresponds to a higher static
pressure. The static pressure difference betweerPtSeand the
S/Sis the main driving force for the leakage flow. Figure 6 clearly
y shows that the maximum static pressure-difference occurs at a
04 T distance of 20-30 percent of the axial chord from the leading
O Exit Plane edge at 50 percent of the blade span. This location of maximum
pressure difference has shifted toward the TE at 97 percent of the
] blade span, and the maximum static pressure difference occurs at
[ 0.5 1 15 2 25 about 40-50 percent of the axial chord from the LE. This shift is
(@) Blade Leading Edge Pitches because of the leakage flow through the tip gap.

Figures Ta), (b), (c), and(d) show the ratio of total to local
static pressuresR;/P) contours on the shroud surface for three
131 2 different tip gaps at T&6.1 percent. Figures(d), (b), and(c) are

4 8 A 84 for the squee}ler tipatl, 1.5, ano_l 2.5 percent tip gap, whik i3
2l Suction Side 8@ 8 for thg flat tip at 1.5 percent tip gap. Th|§ contour plot helps
2 6 explain the heat transfer results on the tip surface. The small
% circles on the contour plots represent the pressure tap locations
11| relative to the tip. The pressure taps along the tip perimeter are
% connected by a line to indicate the tip dimension. A smdfgiP
2 Iy 8 value means higher static pressure, while a larger value means a
1 lower static pressure. This pressure ratio distribution clearly dem-
onstrates the tip leakage flow path. The lowgfP value on the
P/S indicates that the leakage flow enters the tip gap at this loca-
0.9 tion, while the higherP,/P value on theS/S indicates that the
0 0.2 0.4 0.6 0.8 1 leakage flow exits the tip through this location. The flow situation
(b) Normalilized Airfoil Axial Distance (XC,) in the squealer tip case represents a flow field inside a cavity. In
the flow path through the tip gap, a separation vortex generates as
Fig. 5 (a) Coefficient of pressure at inlet and exit plane; (b) the flow separates at the pressure side rim. The flow reattaches

Co-efficient of Pressure

Pressure Side A Test Blade
O 2-Near-by Blades

Total Pressure/Local Static Pressure

pressure distribution at midspan on the test blade and two inside the cavity and separates again when it exits through the
nearby blades suction side rim. Ameri et a[5] also predicted this phenomenon.
728 |/ Vol. 122, OCTOBER 2000 Transactions of the ASME
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region toward the trailing edge. These two thermocouples work as
a reference to check the initial tip surface temperature during the
heat transfer test. This process of heating the blade and measuring
the initial temperature is repeated several times before the final
heat transfer test to ensure repeatability of the recorded initial
temperature. The initial temperature is very unifofwithin 2°C)
throughout the tip cavity surface, except near the trailing edge
region and the rim. These temperatures are then interpolated to get
an initial temperature map on the whole surface. For heat transfer
test, the thermocouples from the tip surface are removed. The
blade is then washed and resprayed with liquid crystals. The blade
is put back in the cascade and the cartridge heaters are turned on
for three hours as before. A region of interéROI) is selected

and a background light intensity is corrected based upon the light-
ing conditions on the ROI. This region of interd®Ol) is the

data collection region. The system is ready for the blow-down test
once the lighting, threshold, and initial temperature are set. One
test is done per day in a controlled environmgest cell doors are
closed and the room temperature is controllethe reference
thermocouples check the initial surface temperature during a heat
transfer test. Each heat transfer test is done at a present flow
condition at which the pressure measurement is made. Precise
coordination of the image processing system and the flow is criti-
cal, since the heat transfer experiments are performed at transient
conditions. Thermocouples placed at the cascade inlet provide the
free-stream temperature, which is about 24°C. The blade surface
color change is monitored using an image processing system. The
camera captures the color change transition time from green to the
onset of red through Optimas 3.0, an image processing software.
The same software translates the captured image into a data file.
The test duration is small enougk10—30 $ to consider a semi-
infinite solid assumption. The local heat transfer coefficient on the

(d) 1.5% tip gap

Flat Tip Case blade tip surface is then calculated, assuming a one-dimensional
transient conduction into a semi-infinite solid surface with a con-
vective boundary condition using the following equation:

. 2
Fig. 7 Pressure ratio distribution on the shroud surface Tw—Ti = 1—eX[{ %) er C(hT\/a)
T,—T;

Here, T,(30°C), T;(60°C), T.(24°C), t(~10-305s),

k (0.18 W/m K), anda are known. The experimental uncertainty
i¥'measured using the methods of Kline and McClintd®. The
uncertainty of the local heat transfer coefficient measured by this
hod is estimated to be7.9 percent or less. This uncertainty
mation does not include the effect of two-dimensionality near
edges. Note that the acrylic blade matgipalycarbonatghas

The flat tip case in Fig.(d) shows a higher value d&#, /P near
the midsuction side, which indicates a very low static pressure
this region. For the same tip gap, the squealer tip in Fif) 7
shows a much higher static pressure. This means that the leak
flow rate through the flat tip gap is higher than the squealer tip f%%ti
the same tip gap. The flat tip case also shows that the lower stafic

pressure _extends toward the trailing_edge through the camber IiQ‘?/ery low thermal conductivity of 0.18 W/m K. The liquid crystal

thus leading the flow toward the trailing e.dge..However, the IOW%rolor change transition occurs at the surface, which is kept at a

static pressure occurs toward the suction side near the Ieadflworm initial temperature. The test duratic;n is also smaller
3

;edge (;ntf:he| S((qjgealecrj tip.T1|'1hus, the Ieallzqge-flquwhdirﬁcti(t)? shi S 10-30 $ than the time required for the temperature to penetrate
oward the leading edge. 1his may result In a nigher heat ransige | tickness of the insulating acrylic material. Thus, a one-

coefficient in the cavity toward the leading edge than the flat tI(ﬁ’imensional transient, semi-infinite solid assumption is valid

case. There is ”ﬁt much apparent difference betweekr: the pressiey .ghout the surface, except near the edges. Due to this one-
;ilstrlbugoni at; eland 15 perce_nthlp 3.‘?5 as s _owr;)m Fig&mensional, assumption, the results at the tip edges are less reli-

(@ and Fb). However, an appreciable dillerence IS ObSeVvegy e - and may suffer more uncertainty than the reported value
between 1 and 2.5 percent tip gaps. because of the existing two-dimensional conduction effect.

The heat transfer coefficient measurements are done for the

Heat Transfer Measurement and Results three cases of tip gaps and at two different turbulence intensities.

A threshold intensity method of transient liquid crystal techThe local heat transfer coefficient distributions for the squealer tip
nique is used. The liquid crystals used in this study are wide baate presented in Figs(@®—(c). For comparison, the result from
30 to 35°C crystals made by Hallcrag®30C5W. The blade tip Azad et al.[19] for the flat tip case at 1.5 percent tip gap is also
surface is initially coated with a thin layer of thermochromic ligpresented in Fig. @l). The distribution clearly shows various re-
uid crystals, and the blade is fastened in the test cascade with ¢fiens of low and high heat transfer coefficients on the tip cavity
top acrylic cover in place. The cartridge heaters are turned on fand rim surface. The magnitude of the heat transfer coefficient
three hours. The cartridge heaters heat the inner aluminum corevafies from 350 to 1150 W/AK inside the cavity and on the
the test blade, and the aluminum core, in turn, heats the polyctaailing edge portion downstream of the cavity. However, the heat
bonate shell to a desired steady initial temperature of about 60%€nsfer coefficient on the rim is much higher at about 1100 to
The tip cavity and rim surface initial temperatures are measuré@00 W/nf K. We present the plots in the range of 400—1100
by thermocouples placed at 25 discrete locations. Two therm@/m?K to clearly distinguish different lower and higher heat
couples are also placed on the suction and pressure side neatrtipsfer zones inside the cavity. The average heat transfer coeffi-
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Fig. 8 Heat transfer coefficient at Tu =6.1 percent . o
Fig. 9 Heat transfer coefficient at Tu =9.7 percent

cient values on the rim are presented separately in a line plot to
show the magnitude of the heat transfer coefficient on the rim. The effect of inlet turbulence intensity from 6.1 to 9.7 percent
The flat tip result in Fig. &) shows that a very low heat transferis shown in Figs. @)—(d). The flat tip result in Fig. @) at 9.7
coefficient region exists near the leading edge suction side. In thercent turbulence intensity shows a similar trend but a higher
midchord region, the heat transfer coefficient is higher toward tteagnitude of heat transfer coefficient than the 6.1 percent turbu-
pressure side than the suction side, while the trailing edge hateace case, as shown in Figd® The squealer-tip results in Figs.
lower heat transfer coefficient. Upon comparison of the flat ti(a)—(c) at 9.7 percent turbulence intensity show a similar heat
result of Fig. &d) with the squealer tip result in Fig(I§ for the transfer distribution trend as that in Figgag-(c) at the low tur-
same tip gap, a higher local heat transfer coefficient is observiedlence level of 6.1 percent. The magnitude of the heat transfer
on the bottom of the cavity toward the leading edge. The locapefficient at the cavity bottom is almost the same as in the low
heat transfer coefficient in the trailing edge region is also highéitrbulence case of 6.1 percent. The cavity rim and the trailing
than the flat tip case. The heat transfer coefficient on the presseagge region, however, show a higher value. A higher turbulence
side rim is comparable to the flat tip case, while the suction sidi®es not increase the magnitude of the tip leakage; however, it
rim shows a higher heat transfer coefficient than the flat tip casecreases the flow fluctuations. The tip gap from 1.5 to 1 percent
On the cavity bottom, the heat transfer coefficient is higher in tland 2.5 percent has an effect similar to that in the low turbulence
upstream-central region; however, it is much lower in the midsase. However, the turbulence effect is more prominent at the
chord region toward the pressure side and downstream-end of kwger tip gap of 2.5 percent.
cavity toward the trailing edge. A recirculating dead-flow zone is No experimental data are available in the literature to compare
observed far downstream at the end of the cavity surface. Leakagjéh this result, except for rectangular tip model cavity heat trans-
flow may be entrapped in this narrow region, which causes tifer data of Metzger et a[1]. Metzger et al[1] found very high
heat transfer coefficient to be the lowest in this region. The leakeat transfer coefficient on the rim of the upstre@messure side
age flow may have an impingement effect on the cavity surfacednd downstream wal(suction sidg and these have the same
separates on the pressure side rim and may reattach inside rt@gnitude as in the rectangular flat tip surface. They reported a
cavity surface. Thus, a higher heat transfer coefficient is obserdew heat transfer coefficient on the bottom of the cavity compared
on the central upstream region of the cavity bottom. The high hdatthe rectangular flat tip case. The cavity midfloor showed higher
transfer on the rim may be due to the flow entrance and exit effebgat transfer coefficient than the upstream and downstream end of
The leakage spills out of the cavity and exits through the suctidhe cavity. Ameri et al[15] presented a numerical heat transfer
side rim and the trailing edge. This may cause more mixing, reesult on the squealer tip of a full rotating GE4slade for a 2 and
sulting in a higher heat transfer coefficient in the suction side ri percent cavity recess wita 1 percent tip gap case. They ob-
and the trailing edge than the flat tip case. served that the heat transfer on the bottom of the cavity is higher
The effect of tip gap from 1.5 to 1 and 2.5 percent is reflectetian the flat(smooth tip case. The pressure side rim showed a
in Figs. 8a) and(c). This figure clearly shows that the tip gap hasimilar level, but the suction side rim showed a higher level of
a significant effect on the local heat transfer coefficient. A largdreat transfer when compared with the flat tip case. The trend of
tip gap results in an overall higher heat transfer coefficient, whileur experimental data agrees well with results predictefbhyit
a smaller tip gap results in a lower heat transfer coefficient. Thisaéso agrees somewhat with data[@f. We observed that at the
because a larger tip gap increases the amount of tip leakage flbaitom of the cavity, toward the central upstream region, the heat
while a smaller tip gap decreases it. transfer coefficient is higher compared to the flat tip case, while it
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TipGap  Cavity P/SRim SIS Rim Conclusions
11'5/;/. ;g s ;: This study investigated the effect of tip gap and inlet turbulence
2.5% 3¢ 3p s intensity on detailed local heat transfer coefficient on the squealer
tip surface of a gas turbine blade. The result is also compared with
2000 the flat tip case. The blade tip model is a two-dimensional profile
of an B blade of an aircraft gas turbine engine with a 3.77 percent
cavity recess. A transient liquid crystal technique is used to detail
heat transfer measurements. Pressure distributions in the near-tip
region and on the shroud surface provide complementary informa-
tion explaining the local heat transfer behavior on the tip surface
in a five-blade stationary linear cascade. A typical operating con-
800 | dition having a Reynolds number based on airfoil axial chord and
an exit velocity of 1. 10° and an overall pressure ratio of 1.32 is
used to measure the pressure and heat transfer coefficients. The
400 I' () Tu=6.1% major findings are:

1600

1200 |

, 1 Detailed measurements provide a better understanding of the

0 local heat transfer behavior on the blade tip surface.

0 0.2 0.4 0.6 0.8 1 2 The pressure measurements in the near tip and on the shroud
2000 surface provide complementary information of the tip leakage
flow pattern. These pressure data provide a basis for determining
the tip leakage flow, and they also explain the heat transfer results.
This detailed pressure and heat transfer measurement also pro-
vides a reference for further experimental or computational study.

3 Different heat transfer regions exist on the cavity surface.
The front-central portion of the cavity surface contains a high heat
transfer region, while a low heat transfer region exists around this
region and toward the downstream of the cavity.

4 A higher heat transfer coefficient exists on the rim surface
because of the entrance and exit effect. The trailing edge region
also contains a high heat transfer coefficient.

oo 5 A larger tip gap results in a higher heat transfer coefficient,
(b) Tu=9.7% while a smaller tip gap results in a lower heat transfer coefficient.
: : ‘ This is because a larger tip gap increases the magnitude of the tip
0 0.2 0.4 0.6 0.8 1 leakage flow, while a smaller tip gap decreases it.
6 An increase in the inlet turbulence intensity level from 6.1
Normalized Axial Distance (X/C,) percent to 9.7 percent slightly increases the heat transfer coeffi-
) - ] cient along the pressure side rim and the trailing edge region.
Eclagﬁt'l(zb)Arne;%gsdpgscaetnttramfer coefficient at: () Tu=6.1 per- 7 The heat transfer coefficient in a squealer tip is higher near
' : the central upstream end of the cavity and the trailing edge region,
while it is much lower in the midchord toward the pressure side
and downstream end of the cavity when compared to the flat tip
case. The squealer tip cavity rim has the same level of heat trans-
fer coefficient on the pressure side but a higher heat transfer co-
is much lower toward the downstream region and pressure sidegfficient on the suction side when compared to the flat tip case.
the cavity bottom. The pressure side of the cavity rim shows However, the squealer tip provides an overall lower heat transfer
similar level of heat transfer coefficient compared with the flat tipoefficient when compared to the flat tip case.
case, while the suction side rim and the blade trailing edge region
s_how higher heat transfer coeffici_er_wts V\_/hen compared with the_fﬁ&knowledgments
tip case. The heat transfer coefficient in the front-central portion " ] ]
of the cavity is higher than the surrounding area and the trailing This work is prepared with the support of the NASA Glenn
side of the cavity. esegrch Cent(_er under grant number NAG3-2002. The NASA

The averaged heat transfer coefficients are presented in Fi%ﬁ'&h_”'ca' team is Mr. Robert Boyle and Dr. Raymond Gaugler.
10(a) and (b) for the three different tip gaps and at 6.1 and 9. heir support is greatly a_lppreuateo_l. Technical discussions with
percent turbulence intensities, respectively. The averaged hB4t € Pang Lee of GE Aircraft Engines, Dr. Ron Bunker of GE
transfer coefficient is calculated and plotted as a function of ndr&P Center, and Dr. Srinath Ekkad of Louisiana State University
malized axial distance from the leading edge. The result shoW§® helpful and are acknowledged. Dr. C. Pan_g Lee_ also pro-
that the heat transfer coefficient inside the cavity and on the rijifed us the Eprofile for the plane and squealer tips. His help is

increases with tip clearance. For each tip gap case, the heat tr&He0 appreciated.

fer coefficient inside the cavity initially increases slightly alon

the axial chord, then levels off and decreases toward the doﬁﬂomer‘c'ature

stream edge. The highest heat transfer coefficient is observed o = tip clearance gap

the rim at the leading edge. The heat transfer coefficient on the;p = coefficient of pressure

suction side rim is higher up to the midchord than the pressurec, = axial chord length of the blade8.61 cm

side rim, the pressure side rim then shows a higher heat transfeth = |ocal convective heat transfer coefficient, W/
coefficient than the suction side rim. Turbulence has a greaterH = cavity depth(recesy mm

effect on the pressure side rim and the trailing edge than the k = thermal conductivity of blade tip materiaD.18 W/m K
cavity. As seen in Fig. 1@), this effect is prominent at larger tip LE = leading edge of the blade

clearances. P = local static pressure

Averaged Heat Transfer Coefficient (W/m2 K)

1200
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W/ K)
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0
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Pavg = averaged static pressure [7] Bindon, J. P., 1989, “The Measurement and Formation of Tip Clearance
P. = total pressure at the inlet Loss,” ASME J. Turbomach.111, pp. 258—263.
P/St _ ressp re side of the blade [8] Moore, J., Moore, J. G., Henry, G. S., and Chaudhury, U., 1989, “Flow and
=P . u . ! Heat Transfer in Turbine Tip Gaps,” ASME J. Turbomachll, pp. 301-
SIS = suction side of the blade 300.
t = transition time for liquid crystal color change [9] Yaras, M. I., and Sjolander, S. A., 1992, “Effects of Simulated Rotation on
T = thickness of the rim, mm Tip Leakage in a Planar Cascade of Turbine Blades: Part |I—Tip Gap Flow,”
TE = trailing edge of the blade ASME J. Turbomach.114, pp. 652—-659.

[10] Sjolander, S. A., and Cao, D., 1995, “Measurements of the Flow in an Ideal-

T, = |n|t|_al temperature of the blade tip surface zed Turbine Tip Gap." ASME J. Turbomachi17, pp. 578-584.
T. = mainstream temperature of the ﬂQW . [11] Kaiser, I., and Bindon, J. P., 1997, “The Effect of Tip Clearance on the
T,, = color change temperature of the liquid crystal, green-to- ~ Development of Loss Behind a Rotor and a Subsequent Nozzle,” ASME
red Paper No. 97-GT-53.
Tu = turbulence intensity level at the inlet [12] Mayle, R. E., and Metzger, D. E., 1982, “Heat Transfer at the Tip of an
X = axial distance. cm Unshrouded Turbine Blade,Proc. Seventh Int. Heat Transfer Cqnifiemi-
. 1 . . 7 5 sphere Pub., pp. 87-92.
a = thermal diffusivity of tip materiat1.25<10" " m“/s [13] Metzger, D. E., Dunn, M. G., and Hah, C., 1991, “Turbine Tip and Shroud
Heat Transfer,” ASME J. Turbomachl13 pp. 502-507.
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Introduction

Tip clearance flows are of great engineering importance Wh%h
designing modern axial fans and compressors because of trbed[
large impact on pressure rise, efficiency, and stabjlity3]. In
recent years Navier—StokéNlS) codes have become a common
component of most modern design systems and attention has

Recommendations for Achieving
Accurate Numerical Simulation of
Tip Clearance Flows in Transonic
Compressor Rotors

The tip clearance flows of transonic compressor rotors are important because they have
a significant impact on rotor and stage performance. A wall-bounded shear layer formed
by the relative motion between the overtip leakage flow and the shroud wall is found to
have a major influence on the development of the tip clearance flow field. This shear
layer, which has not been recognized by earlier investigators, impacts the stable operat-
ing range of the rotor. Simulation accuracy is dependent on the ability of the numerical
code to resolve this layer. While numerical simulations of these flows are quite sophisti-
cated, they are seldom verified through rigorous comparisons of numerical and measured
data because these kinds of measurements are rare in the detail necessary to be useful in
high-speed machines. In this paper we compare measured tip-clearance flow details (e.g.,
trajectory and radial extent) with corresponding data obtained from a numerical simula-
tion. Laser-Doppler Velocimeter (LDV) measurements acquired in a transonic compres-
sor rotor, NASA Rotor 35, are used. The tip clearance flow field of this transonic rotor is
simulated using a NavieiStokes turbomachinery solver that incorporates an advanced
k—e turbulence model derived for flows that are not in local equilibrium. A simple method
is presented for determining when the wall-bounded shear layer is an important compo-
nent of the tip clearance flow fieliS0889-504X00)02504-6

no gridding is desirable because gridding the gap requires in-
creased computational resources due to the added complexity of
Itiple grid blocks and also increases the total number of grid
nts (30,000 additional grid points by Chima and 270,000 by
Gerolymos and Vallgt

The objectives of the present effort are as follows:

turned toward obtaining accurate clearance flow simulations usinge Determine the grid topology and density that result in an
these codes. Detailed measurements obtained in 1994 on NASA accurate simulation of the tip clearance flow.

Rotor 37 provided the turbomachine flow simulation community * Assess the impact of grid topology on rotor operating range
with the data necessary for CFD code assessment in the blade tip and performance predictions.

region of transonic compressors. These measurements have be
used in code assessment efforts organized by ASNEand g
AGARD [5,6]. Suder and Celesting/], Chima|8],
and Vallet[9], and others have also used these measuremepts,

Fhese objectives are met using a three-dimensional Navier—
tokes solver that incorporates an advanéeee turbulence
Gerolymos  odel derived for flows that are not in local equilibrium. Predic-

s are compared to laser anemometer data acquired at several

specifically to assess the accuracy of rotor tip clearance floyyia| |ocations within the blade passage of a transonic compressor.

predictions.

The laser data used in the present investigation provide a more

A general recommendation coming from these exercises is th@implete view of clearance flow development than possible with

turbulent transport models result in more accurate clearance figye NASA Rotor 37 data used by previous investigators.
simulations than algebraic mixing length turbulence models be-

cause of the multiple length scales that exist in the clearance ﬂ@Y(periment

region. However, no clear recommendations about the grid topol- ) ) o
ogy or grid resolution required for accurate simulation of the tip LDV measurements were acquired in the NASA Lewis single-

clearance flow have yet emerged.

stage axial-flow compressor facility using NASA Rotor 35 oper-

lades, a hub—tip radius ratio of 0.70, an aspect ratio of 1.19, a tip

Whether or not accurate clearance flow simulations requ(iﬁing in a rotor-only(no statoy configuration. The rotor has 36

gridding of the tip clearance gap at all, and if so how much gri
ding, is still an open issue. Currently there are three general me
ods for treating the tip clearance gap: assuming flow periodic-
ity across a nongridded region above the blade [fip]; (ii)
rounding the blade tip by distorting an H-type grid to fill the garg1
over the blad¢11]; (iii) fully gridding the gap with a separate grid
block. The ability to obtain accurate simulations with minimal or

Contributed by the International Gas Turbine Institute and presented at the 44th
International Gas Turbine and Aeroengine Congress and Exhibition, Indianapolj

lidity of 1.3, and an axial chord of 4.12 cm at the hub. The

esign and blade coordinates are found12]. Data were ac-
quired at a tip speed of 363 m(80 percent design spekedt the
ear-peak efficiency operating condition. The total pressure ratio
and efficiency at this operating condition are 1.44 and 92 percent,
respectively. This operating condition was dictated by require-
ments for rotor/stator matching in a follow-on stage investigation
as reported by Van Zante et 13|
The nominal tip clearance as measured with touch probes was

Indiana, June 7-10, 1999. Manuscript received by the International Gas Turb é74 mm, which corres.ponds to 1.3 percent of rotor tip chord and
Institute February 1999. Paper No. 99-GT-390. Review chair: D. S. Wisler. 1 percent of rotor leading edge span. The touch probes only mea-
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sure the “tallest” blade and provide no information about hovacquired axial and tangential velocities simultaneously. For each
similar the tallest blade is to the majority of blades or about theslocity measurement the rotor position was determined from a
magnitude of variations in blade height. Blade heights for Rotahaft angle encoder and the data placed into the window corre-
37 were measured at the completion of testing as part of teponding to that shaft angle position. There were 184 windows
ASME test case geometry documentation. In the present investeross one rotor blade pitch. Typically 40,000 to 60,000 indi-
gation, blade height uniformity is most important at the rotor leadddual velocity measurements were acquired for each survey
ing edge, since this is the region that most influences the clearapaint. Since the measurements were not evenly distributed over all
flow. For Rotor 37, 21 of the 36 blade heights were within 0.05&f the windows, the total number of measurements was chosen so
mm (7 percent nominal gap heighof each other at the leading as to insure that there was a minimum of 30 measurements in any
edge, which indicates good blade-to-blade uniformity. The diffewindow. The LDV data were ensemble averaged using one rotor
ence in height between the tallest blade and the average of tiade pitch as the length scale. See Strazisar ¢.4).for more
group of 21 was 0.076 milO percent nominal gap heighThis detail on the LDV data acquisition and reduction technique.
indicates that the clearance value determined from the tallest

blade is representative of that for the majority of blades for Rot&fDV Data

37. Since Rotors 37 and 35 were designed and manufactured "’Eigure 2 shows contours of axial velocity for the 92 percent

tmhgnstzrgfet::rgﬁéit;:rergSrlgtsre(;fet:tgtsgt?c:rSgo?é?d;s hﬁ:g;g drirt]i%is gén streamsurface, which illustrate the lower extent of the flow-
P ; ' Tield region impacted by the tip clearance flow. Axial velocity is

e anlysis o LDY measurements fom idivial e pafy (51 T (0 SRS I R RO
to-%assage flow figld variations near the blade tipg '?he regsu learly as gradients in axial velocity on this streamsurface. The
ted herein. which are based on measuremeﬁts and reﬁ ojection of the clearance flow trajectory as determined from a
ﬁgiie%rean “aver:a o blade passage. are therefore considerpe ailed analysis of the measurements acquired across the blade
be representative gf individu;fl bladge i)assages as well ih at different axial locations is superimposed on the contours
: s a dashed line. A passage shock can clearly be seen in the figure.

The compressor rotor massflow was measured using a ¢ |fhough the rotor is operating near peak efficiency, the shock is
brated orifice plate located far upstream of the compressor. Pg&

: . . illed forward of the leading edge because the rotor is operating
formance measurements were acquired using conventional sta part-speed condition
pressure and total pressure/temperature probes located upstre oss-channel contour plots of the absolute tangential velocity
and downstream of the rotor. Overall performance was calculat 9 f the outer 20 percent of the blade span, Fig. 3, provide a more
b?/e;nsisrz-z\(/:?gzglrj[ﬁetoatﬁlnSla[rg?Lr??tul\r/leegggreerg:L%ylﬁ\(l:irr?gr?t?e;gﬂ ntitative view of the trajectory and radial extent of the clear-
P ) = ance flow. The clearance flow appears as a region of high absolute
are: massflow+0.3 kg/s, flow angle+0.5 deg, total pressure tangential velocity
+100 Pa, total temperature0.6 K. )

. . . . The clearance flow pattern immediately downstream of the
A large window, which conformed to the three'Ol'mens'Onaélearance flow/shock interaction that occurs near midpitch is

shroud contour, provided optical access to the flowfield from o own on the cross-channel plane at 33 percent rotor chord. The

rLoSc\)/r r%r(]a(g;julrjgrsnt;?? V\?grg"rsn ;czjtgri :lodt:t/gi{(i)r:(i;]ghooﬁesr gg"‘éﬁggﬂgﬁ clearance flow extends radially to 92 percent span. This radial
span; see Fig. 1. Streamsurface survéyssymbol3 were ac- tent remains relatively constant as the clearance flow convects
o a : downstream. Farther downstream the clearance flow migrates to-
quired at 73, 83, and 92 pe_arcent span. Cross_-channel suieys ard the pressure surface of the adjacent blade, but does not ac-
mond symbols were acquired near the leading edge, and at 3?’ mulate on the pressure surface, as shown by the data at 92

;?’s’tglﬁa’ darﬁeziueg:rﬁgmsrwgecggf'aéltﬂi?:ghamﬁesggl Y;?:Zti rcent chord. The tip clearance flow then merges with the rotor
’ q e downstream of the rotor as shown by the data acquired at

corresponding to mid-rotor/stator gap and to the stator leadi -~ PR
edge to assess what the tip flow field would be at these Iocatioﬂge mid-rotor/stator gap location in Fig. (Bote the color scale

in the stage environment. The uncertainty in the LDV measureé-

gqezntif] Iasbi?)?erX:‘rlga\/l\fe;%glléo m/s for absolute velocity and 0.5 tangential _veloc!ty e}djacent to the suction surface of _the blade at
The LDV was confi red as a two-channel lase tem tht e tip. This region is formed when clearance flow fluid from the

was 'gu satw Ser sys jacent passage leaks across the blade tip. We will refer to this

feature as the secondary clearance flow to distinguish it from the

Also visible at 92 percent chord is a second region of elevated

primary clearance flow that accumulates in the pressure-surface/
near leading edge shroud corner of the passage. The secondary clearance flow is also
33% chord visible at the mid-rotor/stator gap axial location and has migrated
[ J_ 63% chord toward the pressure side of the adjacent blade passage. The sec-
v 72% chord ondary clearance flow was first identified by Suder and Celestina
[7] in measurements and simulations of part-speed operating con-
ditions in NASA Rotor 37. They attributed its presence to the
entrainment of radially migrating suction surface boundary layer
i_“** 73% span fluid by the overtip leakage flow in the rear of the blade passage.

o df;gtgf leading edge This secondary clearance flow is also present in the Rotor 37

92% chord

24

22—
design-speed simulation of Gerolymos and Val@}, who also
predicted suction surface boundary layer migration near the tip of
the blade. However, blade boundary layer migration is not pre-
dicted by any of our simulations. The secondary clearance flow
therefore appears to be generic, is due to overtip leakage flow in
the rear portion of the blade passage, and is not dependent on
migration of suction surface boundary layer fluid.

Radius, cm

20

0 5 10 Navier—Stokes Simulations
Axial Distance, cm

Three-dimensional time-averaged Navier—Stokes simulations
Fig. 1 LDV measurement locations for Rotor 35 of the flow through the compressor rotor were generated using the
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Average Passage codAPNASA Version 1.1]1 developed by
Adamczyk[15]. The turbulence model used in the simulation. % _

standardk—e model. This refined model overcomes some of th
deficiencies of the standaid-¢ model for flows that are not in
local equilibrium. Details of the model and its implementation it '
the Average Passage code are discussédih

A NASTRAN analysis of the rotor was performed for the 8(— 2
percent speed peak efficiency operating condition at which t\
LDV data were acquired so that the cold blade coordinates cot

was developed by the Center for Modeling of Turbulence ar’
Transition(CMOTT) at NASA Lewis and is a refinement of the '

3% molor cherd
SS

be corrected for pressure, temperature, and centrifugal load
flections. This corrected “as running” geometry was used for a \ mmm
the Navier—Stokes simulations.

Shabbir et al[17] showed that leakage flow from an axial gaf .—
between the rotor disk and the nonrotating hub flowpath upstre:
of the rotor can impact the axisymmetric flow over the entire sp:¢
of this rotor. This effect arises from pumping of the blind cavity
beneath this gap and is present even for zero net leakage fl
through the gap. This effect was therefore modeled in the pres
work using Shabbir's scheme with the assumption of a net leaka , ——
of 0.25 percent of the throughflow, which Shabbir found to giv | "IF"
the best agreement between simulated and measured perform: | i()
at 80 percent speed. [

While several grid methodologies are explored in this work, tr l'l 2% rofor chord ram
overall character of the grids is similar for each method wit pelmiary chAaoh v PS5 55  secandary claarance flow
variations between grids confined to the tip clearance region. %
sheared H-grid topology is used. The blade-to-blade grid, sho\ B PR o

in Fig. 4, is aligned with the blade camber angle near the leadi a0
edge and slowly turns to axial far upstream of the blade. This gr
approximately follows the blade camber angle downstream of tl
blade. The grid has 71 nodes along the blade chord, which | | mid wotor'siator gap { wmx
cludes 10 nodes each on leading and trailing edge circles, 67—75
Fig. 3 Contours of tangential velocity ~ (m/s) at 33, 53, 72, and
92 percent rotor chord and midgap from the LDV measure-
ments

BOE

*ﬂn‘ln‘
direction

) Axinl valooity i &% ol clkeamnca gap height irom the showd
wall-bounded shear luyes
=i
-y

Fig. 2 Contours of axial velocity  (m/s) on the 92 percent span fres shear layer
streamsurface from the LDV measurements. The clearance

flow trajectory is marked by the dashed line. Fig. 8 Visualization of primary and induced clearance vortices
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Fig. 4 Detail of rotor mesh at 50 percent span  (every other grid :
line is shown ) |

A 1

nodes radially from the hub to the blade tip, and 51 nodes pitch- \\J/
wise. The axial grid density is doubled in the first 50 percent of |
rotor chord(to an average node spacing of 1.32 percent chiord .
define the passage shock better. ¢) Configuration 3
Tip Grid Topology Fig. 5 Detail of mesh in the blade tip region

Simulations were generated using several different grids in the
clearance gap region to determine the most accurate simulation
methodology. The grids and variations are summarized in TableJtidded region over the top of the blade tip to treat the clearance
and Fig. 5. A uniform clearance of 1.3 percent chord is used ffpw as an orifice flow with no change in mass, momentum, or

all grids. These grids were designed to help resolve the followir§lergy across the blade tip. The region from the blade tip to the
issues: shroud is constructed by extending the grid from below the blade

] o ) tip to the shroud while maintaining the tangential thickness of the

* the effect of modeling versus gridding the tip clearance gapjade. A benefit of this method is that it is simple to implement,

tion Drawbacks include that the blade tip is implicitly assumed to be
sguare edged, the overtip leakage flow direction is assumed nor-
mal to the blade pressure surfag® chordwise movement of
clearance flow is allowed and a discharge coefficient must be

hosen to account for any vena contracta in the overtip leakage
ow.

Tip grid Configuration 2, shown in Fig.(B), was generated to
investigate differences between a fully gridded tip gap and the
modeled gap treatment. This grid employs the same radial spacing
in the clearance gap as that used for Configuration 1. The blade

Number of Gap gridded  Radial grid spacing corners are rounded in this grid to avoid using a multiblock topol-
Configuration cells in gap or modeled  in the clearance gap  ogy. The blade corner radius used was approximately 0.1 mm.
This radius was measured on NASA Rotor[8], which has the

The baseline tip gridding scheme used in the present work
that proposed by Kirtley et al10]. A view of this type of tip grid,
used in Configurations 1 and 3ee Table 1, is shown in Fig.
5(a). This efficient scheme uses a periodic boundary across a nﬁ

Table 1 Summary of clearance gap and grid topology varia-
tions investigated

1 8 modeled Constant cell size . °
same aspect ratio, blade chord, tip speed, and flowpath as Rotor
2 8 gridded Same as Configuration 1 35, Since Rotors 35 and 37 are so similar in design, they can be
expected to exhibit the same blade tip erosion characteristics. The
3 12 modeled Clustered at the shroud Rotor 37 blade corner radius is therefore considered to be a good
4 12 gridded Same as Configuration 3 approximation to the Rotor 35 corner radius.

To investigate the effect of the near-shroud grid density, a third
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grid (Configuration 3 was generated with 12 grid cells nonuni-spacing is reduced. The clearance flow no longer impacts the pres-
formly spaced in the tip gap. This grid is shown in Figc)5Grid  sure surface of the blade near midchord, but rather turns to be
cells in the tip gap are clustered at the shroud and stretched towardre parallel to the pressure surface, which is in closer agreement
the blade tip to maintain nearly the same number of cells on théth the measured result shown in Fig. 2. This change in trajec-
blade span without violating standard grid stretching rules. Thisry is explained in a later section.
results in a cell size in the radial direction at the shroud which is The radial penetration of the clearance flow is shown in Fig. 7.
only one-fourth of that used in Configuration 1 and a smootRluid from the primary clearance flow appears as a region of high
stretching ratio variation from the tip gap to the blade. The pitchangential velocity near the corner formed by the shroud and the
wise and chordwise grid spacings remained identical to those uggdssure surface in the rear of the rotor blade passage. Fluid from
previously. A fourth grid configuratiotnot shown was generated the secondary clearance flow can also be seen in the suction sur-
using the gap-grid topology of Configuration 2 with the 12 celflace shroud corner. For Configuration(Big. 7(a)), the primary
nonuniform spacing of Configuration 3.

Chima[8] compared a fully gridded simulation of the tip gap to
a modeled simulation for Rotor 37 at design speed. The fully
gridded simulation indicated an expansion of the overtip leakage
flow around the pressure surface/blade tip corner which caused
the leakage flow to entirely fill the clearance gap. Gerolymos and
Vallet [9] found a similar result. Based on these studies, we as-
sume that a vena contracta does not exist in the overtip leakage
flow. A discharge coefficient of 1.0 is therefore used for all simu-
lations in which the gap is modeled.

Results

Near-Wall Grid Spacing Effects. Simulations generated
with tip grid Configurations 1 and 3 were compared to assess the

impact of the near-shroud grid spacing on simulation fidelity. So-
lutions for these two cases were converged to the same operating

secondary

condition near peak efficiency. The predicted tip clearance flow Zﬁgggi;y ﬁfﬁrance
trajectory and penetration are shown in Figs. 6 and 7, respectively. flow

The trajectory of the clearance flow is illustrated in Fig. 6 using

contour plots of the axial velocity on the grid plane corresponding ) primary

to the blade tip. The clearance flow is indicated by two areas of N gg’;‘;ﬁce < clearance

low axial velocity: The shaded region denotes where the axial
velocity is less than zero in the primary clearance flow, while the
secondary clearance flow is identified as a locus of low axial
velocity near the blade trailing edge. Comparison between Figs.

6(a) and Gb) indicates that the clearance flow trajectory is moreig. 6 Axial velocity contours

flow

a) Configuration 1

flow
b) Configuration 3

(starting at 0 m /s with 20 m /s

inclined in the streamwise direction when the near-shroud gristervals ) for the blade tip grid plane for configurations 1 and 3

. [+¥]
primary 50 c@
O Q
secondary clearance 28 28
o e ot
clearance flow 25 33
own » 0
flow

a) Configuration 1

. [
secondary primary 58 ¢ ol
clearance clearance § g % 8
flow flow ~a 52 23
o 100%
> N =
o 90%
130
80%
¢ 140 100 ’
b) Configuration 3

Fig. 7 Tangential velocity contours (10 m/s interval ) for the outer 20 percent
of span on the cross-channel surface at 92 percent rotor chord for configura-
tions 1 and 3
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clearance flow fluid appears closer to the blade pressure surfagleased at midheight in the clearance gap, but did not investigate
and has penetrated to lower immersions than shown by the m#ze interaction between this shear layer and the free shear layer at
surements in Fig. 3. Predicted results downstream of the rotte blade tip.
(which are not shown heyeindicate that the clearance flow The role played by the wall-bounded shear layer in determining
merges with the pressure side of the blade wake for Configuratitite trajectory of the main clearance vortex is illustrated in Fig. 8
1 and mixes quite slowly downstream of the rotor. This behavitsing results generated with tip grid Configuration 3. The axial
does not agree with that observed in the measurements sinceM@@city distribution in a blade-to-blade plane that is two grid cells
data shown in Fig. 3 at the mid-rotor/stator gap location shofiom the shroud is shown in the upper half of Fig. 8. This plane is
little indication of a well-defined clearance flow region. located just 6 percent of the clearance gap height from the shroud
Comparison between the simulations shown in Fig. 7 and th@9.95 percent of the annulus heigfilue regions denote areas in
measurements shown at 92 percent chord in Fig. 3 indicates th{Rich fluid is moving upstreantnegative axial velocity This
reduction in near-shroud grid spacing brings the simulation closiid is the overtip leakage flow and its upstream motion has been

to the data. This is consistent with the conclusion drawn from Fij/€!l-documented by previous investigators. The red region de-
6 for the blade-to-blade plane at the blade tip. otes an area in which fluid is moving downstream with an axial

velocity that is appreciably higher than that in the incoming

Modeled Versus Gridded Clearance Gap. The solutions boundary layer at this immersion. The origin of this high positive
generated with tip grid Configurations 2 and 4 were used to asses$al velocity can be understood by viewing the flow field on a
the accuracy of the modeling methodology proposed by Kirtlea~r cutting plane denoted by the white line. The projection of the
et al. [10] and also the impact of rounded blade corners on thelative velocity vectors onto this plane is shown in the lower half
amount of overtip leakage flow. Calculation of the mass flowf Fig. 8 as viewed in the positivé direction. The blade suction
through the clearance gap indicates that the gridded gap casegace appears on the right edge of the plot. The velocity vectors
allowed 30 percent more flow through the gap than the modelete colored by theif-component of vorticity. The overtip leakage
cases. However, the trajectory and radial penetration of the clef@t forms a vortex centered at the poiRt The sign of the
ance flow for Configurations 1 and 2 were not significantly differf-component of vorticity is negativeotation in the counterclock-
ent. The same was true when results from Configurations 3 andvige direction in Fig. &)). The wall bounded shear layer appears
were compared. We therefore conclude that rounding the blade &p the color red in Fig.(®). In the present case the sign of the

and gridding the tip gap are not primary influences on solutiofPrticity in this shear layer is positivélockwise rotation in Fig.
fidelity. 8(b)). This shear layer initially occupies only about 20 percent of

the clearance height, but is then pulled away from the shroud by
Clearance Flow Development. The results presented abovethe vortex centered @ and forms a vortex centered at point

indicate that the increase in near-shroud grid resolution betweghich we will call the “induced vortex.” The paths of the pri-
Configurations 1 and 3 significantly alters the predicted trajectoryary clearance vortexcentered atP) and the induced vortex
of the clearance flow. Furthermore, the simulation generated wittentered at) are shown in the blade-to-blade view in the upper
Configuration 3 agrees much more closely with the LDV data thdralf of Fig. 8.
that generated with Configuration 1. The increased resolution ofThe Configuration 1 solutionot shown hergindicates that the
Configuration 3 places four grid cells across the same distarwall-bounded shear layer is not adequately resolved by the near-
from the wall as covered by the first grid cell in Configuration Bhroud grid spacing used in Configuration 1, while the results
while leaving the grid cell size at the blade tip virtually unshown in Fig. 8 indicate that it is adequately resolved by that used
changed. A case with higher near-shroud grid resolution thihConfiguration 3. Simulations were also done using the standard
Configuration 3 was also run but showed no further change in tkee turbulence model with Configuration 1 and 3 grids. The tip
clearance flow trajectory, indicating that the grid resolution dflearance flow trajectory in these solutions showed the same de-
Configuration 3 is sufficient to achieve a grid-independent soleéndence on the near wall grid resolution. The standard
tion. The incoming boundary layer on the shroud and the corfilodel responded differently than the CMOTT model to the large
puted wall shear stress are nearly identical in the ConfiguratiorPessure gradients in the endwall region, which resulted in differ-
and 3 solutions, indicating that changes in the clearance flow t@1C€S in the fine details of the flow field. However, the WBSL did
jectory are not due to different inlet conditions. The solutiongt roll up into an induced vortex but instead created a stagnation
were examined closely for any indication of numerical proble oint at the clearance_ Jetfincoming f'OW interface. The clearance
in the tip clearance region. No evidence of odd—even decoupli w trajectory was still accurately predicted. Therefore, for both

or inconsistencies in the wall shear stress calculated by the turh -btlﬂfenC@hrg?f?;’l?h;h\?VBV\é?_sl’t||ISS Jheinzgozi:\ 'irr?é)lj)cr;adn:/giiﬂg ;?
lence model was found. To understand why the increased spaﬁg : P

resolution of Configuration 3 has such a marked impact on tﬁgg?]ld?%gmpg?fnsgoes the WBSL-induced vorteause a
clearance flow trajectory, we therefore need to consider the ﬂ%ﬂange in the clezirance flow trajectory or is it merelyeéfctof

mechanic processes at work in the early development of the cleﬁ{é increased grid resolution?” This issue was addressed by per-
ance flow. ’

forming a numerical experiment using tip grid Configuration 3 in
Dean[18], Storer and Cumps§49], Chen et al[20], and oth- which the induced vortex was removed without making any other

ers have proposed that the formation of the clearance flow jetdganges to the flow field. This was accomplished by removing the
predominantly an inviscid phenomenon driven by the pressugg_gjip boundary condition at the shroud over the small region in
difference across the blade tip, wherein the overtip leakage jet aflich the induced vortex forms. This region is located from 2.5—
its associated free shear layer roll up into the main clearance vgg 5 percent chord and from 0—50 percent of the blade pitch from
tex. While this is a good approximation in most cases, it neglegige suction surface. The wall-bounded shear layer that feeds the
the fact that the tip leakage flow consists of two shear lay@rs: induced vortex cannot form without the no-slip boundary condi-
the free shear layer formed between the overtip leakage jet and ffas in this region. The results from this simulation are shown in
main through flow; (i) a wall-bounded shear layeWBSL) Fig. 9 along with the region over which the no-slip boundary
formed between the leakage jet and the shroud. The wall-boundgshdition was altered. A detailed examination of the solution in-
shear layer will be present whenever there is a velocity differendécated that the incoming shroud boundary layer and the forma-
between the overtip leakage jet and the shroud in the relatitien of the primary clearance flow were unchanged in these two
frame of reference. Chim{#] alluded to the presence of the wall-simulations; only the WBSL was altered. With the WBSL re-
bounded shear layer based on the trajectory of flow tracers m@ved the primary clearance flow moves forward in the blade
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upstream, away from the suction surface. However, this change is

. more than offset by the increased strength of the induced vortex in

‘ slip Configuration 3. The net effect of the changes in vortex strength

J boundary between Configurations 1 and 3 is therefore a movement of the

condition primary/induced vortex pair downstream toward the suction sur-
face, which alters the trajectory of the primary clearance flow.

N

Fig. 9 Axial velocity contours  (starting at 0 m /s with 20 m /s Operating Range Predictions. Hoying et al.[3] and Adam-
intervals ) for the blade tip grid plane for configuration 3 with a czyk et al.[2] suggest that rotor stall occurs when the tip clear-
slip boundary condition applied over the region shown ance vortex spills forward of the leading edge, thereby linking the
clearance vortex path to rotor stability. Since our tip grid topology
. . . mpacts the clearance trajectory, this also implies a link between
passage, clearly demonstrating that the WBSL is responsible tﬁl}r)grid topology and the predicted stability. Figure 10 shows the
altering the tip clearance flow trajectory. Furthermore, a compagy percent speed line for Rotor 35 calculated with configuration 1
son of Figs. 9 and @) suggests that the vortex trajectory premng 3 grigs. The stall point for both simulations and the experi-
dicted with tip grid Configuration 1 results from the fact that the et are marked with arrows. The results confirm a large effect
wall-bounded shear layer is not adequately captured by the negyr e icted operating range with configuration 3 showing a much
wall grid spacing used in Configuration 1. Inspection of cros$satter match to experiment.
channel vector plots similar to Fig. 8 confirm that the induce
vortex is not present in the Configuration 1 simulation.

If we consider the vorticity in the WBSL to be concentrated
into the induced vortex, then the following kinematic argument
can be used to understand why a change in the strength of the
WBSL alters the trajectory of the main clearance flow. Both the
primary and induced vortices require an image vortex in the
shroud to satisfy the condition of zero normal velocity at the
shroud. The mutual interaction between the primary vortex and its
image acts to move the primary vortex axially upstream and away
from the blade suction surfa¢to the left in the lower half of Fig.

8). Conversely, the mutual interaction between the induced vortex
and its image acts to move the induced vortex axially downstream
toward the blade suction surface. The circulation in each vortex
will determine the equilibrium position of the primary and in-
duced vortices. The circulation for each vortex was calculated for
the solutions generated using Configuration 1 and 3 tip grids and
for the solution with the slip boundary condition. The vortex
strengthg(in arbitrary unit$ are:

Configuration 1 3 3

(no-slip b.c) (slip b.c) 1
Primary vortex 199,200 223,800 238,400 primary
circulation, P
Induced vortex 14,200 77,300 0.0 clearance
circulation, | flow
Ratio, I/P 7 percent 35 percent 0 percent

The circulation of the primary vortex increases by about 10 pefig. 11 Axial velocity contours ~ (starting at 0 m /s with 20 m /s
cent in Configuration 3 relative to Configuration 1. Taken by itintervals ) for the blade tip plane for design speed with a grid
self, this change would act to move the primary vortex fartheimilar to configuration 3
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b R R R e T S P e R R D DL DR B T R B L |  clearance gap from the Configuration 3 simulation. Let us define a

T R | normalized velocity difference between the shroud and leakage jet
b i . { by the parameter:
| - ; |
Liwa T [ T | VD= (Vjet—Vwall-cosy)/(Vwall) (@)
ﬁ | T . | whereVwall is the blade tip speed angdis the difference between
g S the relative flow angle of the leakage jet and the tangential direc-
B 190 iy | tion. Evaluating this parameter for Rotor 35 at the 80 percent
£ i | speed, peak efficiency operating condition simulated herein we
" | find VD=0.40. The sign of this velocity difference determines the
e ® Experimental data + | sign of the vorticity in the wall-bounded shear layer. When the
el & Configuration 1 | velocity difference is greater than zero, as in the present case, the
| #-component of vorticity is positive and is of opposite sense to
# Configuration 3 | that in the free shear layer and the incoming shroud boundary
00l layer. When the velocity difference is less than zero, the
17 i 18 20 21 2z @-component of vorticity in the wall shear layer will be of the
Weight Flow, kg's same sense as that in the free shear layer. When this velocity
difference is small, the wall-bounded shear layer will be weak and
Fig. 12 Comparison of computed and measured operating will not exert a strong influence on the primary leakage flow. In
range for Rotor 35 at design speed such cases an inviscid approximation can be used for the leakage

jet and a computational grid with relatively few points in the
clearance gap will yield an accurate leakage flow simulation.

Simulati f Rotor 35 at desi dal h itivi To check the generality of the criteria set forth above, two
imulations of Rotor 35 at design speed also Show a Sensitivity jition | compressor rotors were simulated. In each case solu-

to gnd spacing near the wall. Figure 11 shows the clearance_ ﬂ?l‘ﬁfns were generated with near-shroud grid spacings representa-

8 . . ; yrtex and for changes in the primary clearance flow trajectory as
sage. This trajectory is a good match to LDV dg2d]. In simu- near-shroud grid resolution was increased. The first additional

lations with a mesh similar to configuration 1, the clearance ﬂoE"ase is Rotor 35 at the design speed, near the peak efficiency
moves quickly across the passagmilar to Fig. 6?)) '.”d.'ca“”g operating condition. The total pressure ratio, efficiency, and tip
that_the presence of a wall bounded shear layer is still important eed for this case are 1.90, 86 percent, and 454 m/s, respectively.
dezlgn tspeefl. d th it f the cl fl h The velocity difference parameter for this cas®3=0.2 and the

infl S at par ;E)ee ,I Ftpgs' ItOT)IO € ct.earance OV;'. aS @fiutions show the presence of an induced vortex, which alters the
'nh uen(;ﬁ Olrz)o € ca ctu ate df.a ehq;]era |rf1_g ra?ﬁe. p |g'l[1ref arance flow trajectory when adequate near-shroud grid resolu-
shows the percent speed fin€ which confirms the efiect ot tj, is ysed. simulations performed close to stall further indicate

clearance flow trajectory on operating range. . : : : :
. . D - .that the induced vortex impacts the predicted stall point at design
The simulation results in Figs. 10 and 12 indicate that the in-
duced vortex has a strong impact on the rotor stability. This in peed to nearly the same degree as at 80 percent speed as shown

cates that rotor stability can be enhanced by increasing t'n Figs. 10 and 12. The second additional case is the rotor in the

strength of the induced vortex. As discussed in the next sectig, ?SAF‘)_::&N :‘Zul_rc-):tlasgpee ?rc]ioﬁé:a(l)ﬁﬁ;n g:ﬁg?;séggiryghécnhe:ZyaEﬁi_

the strength of the induced vortex is directly proportional to thgie Engine compressor rear stag2g]. The total pressure ratio
speed of the overtip leakage jet. and tip speed for this case are 1.042 and 61 m/s, respectively. The

Velocity Difference Parameter. It is instructive to consider Vvelocity difference parameter for the LSAC D=0.05, and
under what conditions the wall-bounded shear layer plays a detegfining the grid in the tip gap had no significant impact on the
mining role in the development of the tip clearance flow. Thelearance flow. Based on these limited cases, values of the veloc-
relationship between the leakage jet velocity and the shroud V& difference parameter on the order of 0.2 or higher indicate the
locity in the relative frame is shown in Fig. 13. The velocitypresence of a wall-bounded shear layer of sufficient strength to
vector lengths and leakage flow angle are drawn to scale, usifigpact the primary clearance flow trajectory. A wider range of

the blade tip speed and the leakage velocity at midheight in tFefors needs to be investigated before a more general conclusion
can be reached.

In the preceding discussion, the velocity difference parameter,
VD, was evaluated using information obtained from the CFD so-
lution itself. When starting the analysis of a new rotor, it would be
useful to have an a priori estimate @D to serve as guidance in
selecting the proper near-shroud grid resolution. Such an estimate
can be obtained using the leakage jet velocity approximation pro-
vided by Khalsg23]. Based on the formula of Khalsa written in
the relative reference frame, the leakage flow angle relative to the
blade stagger angle for incompressible flow is:

VI (Pt~ P
a=tan Y| —|=tan ! \/M) 2)
Vsw, (PT rel PPS)
stagger angle
‘\B 99 g where
/ VI = leakage velocity normal to blade surface
Vsw = leakage velocity tangent to blade surface
Rotor 35 -
P. e = relative total pressure on pressure surface
Fig. 13 Relation of the clearance jet velocity and the shroud- Pss = static pressure on suction surface
wall velocity in the relative reference frame Ppg = static pressure on pressure surface
740 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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Noting thatVjet andVwall in Eq. (1) are equal to/1/sin« and 100[ T
Utip (the blade spegdespectively, one can obtain the following
expression forVD involving only blade geometry and surface
loading parameters:

VD= (VI—-Utip sin(B8+ a)sina)/(Utip sina) )
wherep is the stagger angle. For incompressible flow the leakag
velocity can be computed ap (s density:

VI=(2(Pt e~ Ps9)/pss (4) 85

Equations(2)—(4) can be evaluated with information obtained
from the blade design process so that the value of the veloci
difference parameter is known prior to grid generation for &
Navier—Stokes simulation.

LDV, Euler eq
CFD, Energy eqn

95

CFD, Euler egn
90

% Span

Temperature survey

. 75 1 L L L 1 1 . |
Conclusions 0.00 0.02 0.04

Normalized temperature excess

o
(=]
&

The tip clearance flow field of NASA Rotor 35 was simulated
_using a Na\_/ier—Stokes turb_omachinery solver to de.term.ine. tEE} 14 Total temperature excess of the clearance flow at 92
impact of grid topology and tip gap treatment on solution f'de“typercent rotor chord along the survey line shown
Detailed laser anemometer measurements of the rotor tip clear-
ance flow field were used as a basis for comparison between the
measured and predicted clearance flow trajectory and radial
extent. The following conclusions are drawn from theseegion then were available for Rotor 37 and thus provide a unique
comparisons: opportunity to assess the accuracy of CFD predictions of tempera-

- . . . ture rise in the rotor tip region. To address this issue, the tangen-

_+ Gridding the tip gap does not yield any significant advantages ye|ocity measured by the LDV system is used to calculate the
in solution accuracy compared to using a simple tip clearangga| temperature within the tip clearance flow field using the Eu-
model. Accurate clearance flow predictions can be generaigdy rine equation. This derived fluid temperature is then used to
without gridding the gap and we recommend that the compuigride a more accurate assessment of the simulation fidelity than
tionally efficient tip clearance model of Kirtley et 0] be used g possible using temperature measured far downstream.

One normally obtains the temperature predicted by a CFD
) ; ” Eimulation from the energy equation. However, in order to pro-
and shroud is large, a wall-bounded shear layer is an importafe 4 hack-to-back comparison with the derived fluid temperature
component of the tip clearance flow. Because this shear lay&l' measured by the LDV system, we will obtain the CFD-
impacts the trajectory of the primary clearance flow, adequgleqgicted temperature using the predicted tangential velocity and
resolution of the wall- bounded shear layer is critical to achievinge gyjer turbine equation. This Euler-derived temperature will be
accurate clearance flow predictions. I lightly different near the shroud than that obtained from the en-

* The wall-bounded shear layer can have a major impact on tE y equation. This is due to the fact that the Euler turbine equa-
rotor stability depending on its strength. Therefore, accurate pigsy assumes that rothalpy is conserved, an assumption that is not
diction of stable operating range requires careful attention to grifjiq near the wall because of the shear work done on the fluid by
resolution near the casing. Increasing the relative velocity diffefjq moving shroud wall in the relative frame of reference.
ence between the leakage jet and shroud strengthens the shearq angitative comparison between the measured and predicted
layer and increases the stable operating range. Rotor designs fagﬂ temperature is obtained by displaying the results along a
enhance this velocity difference should demonstrate increasggiy| |ine that cuts through the center of the primary clearance
stability. flow at 92 percent blade chord. The Euler-derived measured tem-

. S . . perature distribution is compared to the predict€dnfiguration

Appendix: Total Temperature Distributions in the Tip  3) temperature distribution in Fig. 14. Predicted temperatures ob-

Region tained from the energy equation and derived through the Euler

CFD simulations of tip clearance flow generated during theduation are both shown. The survey line for these results is
ASME and AGARD CFD assessment exercises on NASA Rot§hown in the inset of Fig. 14. The local levels of the measured and
37 display a temperature excess in the blade tip region compaRégdicted temperatures are somewhat different over the outer 20
to temperatures measured downstream of the rotor with thernRrcent of the blade span. All temperatures are therefore shifted
couple probes, as summarized by Dunham and Med6ze Such that the Euler-derived measured and predicted temperatures
AGARD [6], and Dentor{4]. This overshoot has been attributednatch at 80 percent span. The abscissa in Fig. 14 is therefore the
to an inability to model the tip clearance flow correctly and resul@ormalized temperature excess:
in a significant underestimation pf the eﬁicigncy in the outer (T(r) = Teo) Tea (5)
10-20 percent of blade span. It is therefore important to deter-
mine whether the predicted temperature excess is “real” or rephereT(r) is the temperature at radiusalong the survey line,
resents a deficiency in the CFD modeling. The Rotor 37 tempefBg, is the temperature at 80 percent span along the survey line,
ture measurements were acquired far downstréalmost two andTg4=288.2 K.
chords of the blade trailing edge. While thermocouple measure- The comparison shown in Fig. 14 confirms for the first time that
ments of temperature can be acquired closer to the rotor trailingCFD simulation accurately predicts the local temperature excess
edge, conventional instrumentation often yields questionable @essociated with the increased turning in the clearance flow. The
sults within one chord of the rotor due to the highly unsteadydial penetration of the clearance flow is also reasonably pre-
flowfield. Additionally any measurement made downstream of thdicted. Other comparisons to simulations with nonuniform tip
rotor will be impacted by mixing, which is difficult to accuratelyclearance are shown in Van Zarnl]. The overall temperature
predict with CFD. rise of the rotor is 12 percent of the inlet total temperature for the

The LDV data acquired within the rotor during this investigaeperating condition considered here. The temperature excess
tion provide more detailed measurements in the tip clearance flavithin the clearance flow is therefore significant since its magni-
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tude corresponds to 25—35 percent of the overall temperature risé4l Denton, J. D., 1996, “Lessons Learned From Rotor 37,” lpresented at the 3rd

The results shown here suggest that temperature measurements!énational Symposium on Experimental and Computational Aerothermody-
! . . . namics of International FlowdSAIF), Beijing, China, Sept. 1-6.

derived from velocities measured within the rotor may provide theys) pynham. J., and Meauze, G., 1998, “An AGARD Working Group Study of

most reliable data for future assessments of CFD simulation = 3p Navier—Stokes Codes Applied to Single Turbomachinery Blade Rows,”

accuracy. ASME Paper No. 98-GT-50.

The results presented indicate that the choice of near-wall gridé] AGARD, 1998, “CFD Validation for Propulsion System Components,” J.
spacing has a significant impact on accurate prediction of the nory., gsng‘"l‘( ﬁ‘_d" Qﬁ%ﬁ?{;ﬁﬁfs& L.. 1696, “Experimental and Computational
uniform temperature distribution that exists in the rotor as a resul Investi'ga;[ior}y of the Tip Cle’areinc.é FIowY in a Transonic Axial Compressor
of the clearance flow. When the WBSL is not adequately resolved, Rotor,” ASME J. Turbomach.118, pp. 218-229.
the primary clearance flow accumulates on the adjacent bladgs] Chima, R. V., 1998, “Calculation of Tip Clearance Effects in a Transonic
pressure surface before reaching the rear of the blade passage, asCompressor Rotor,” ASME J. Turbomacii20 pp. 131-140.
shown in Fig. a). The low axial momentum fluid of the clear- [ ﬁeﬂgﬁmi é(')’n?“i;g're;;ibrlgigéMTéij'Ti?L%”mczd?;f Sec?gff%g'ows
ance flow is then worked on by the adjacent rotor blade, furth%ﬁo] Kirtley, K. R., Beachr? T. A, and Aaamczyk, J J., 1990, “Nufn%rical Anal);sis
increasing its total temperature. This results in overprediction of  of Secondary Flow in a Two-Stage Turbine,” Paper No. AIAA-90-2356.
the temperature rise in the tip region. Additionally, when the pri{11] Dawes, W. N., 1987, “A Numerical Analysis of the Three-Dimensional Vis-
mary clearance flow accumulates on the adjacent blade pressure cous ”:Iow in a Transonic Compressor Rotor and Comparison With Experi-
surface, the clearance flow merges with the pressure side of tlgs ment,) ASMIEJ. Turbomach109 pp. 83-90. Single-Stage Axial-Flow
blade wake and the total temperature excess in the clearance fl W] Transonic Compressor With Rotor and Stator Aspect Ratios of 1.19 and 1.26,
mixes very slowly downstream of the rotor. For axial blade spac- Respectively, and With Design Pressure Ratio of 1.82,” NASA TP 1338.
ings representative of those in modern multistage compressois3] Van Zante, D. E., Adamczyk, J. A., Strazisar, A. J., and Okiishi, T. H., 1997,
this results in a temperature excess entering the stator. These er- N"c\)’agg g?rcg‘s’gfy Benefit in a High-Speed Axial Compressor,” ASME Paper
rors res'ult from an mgccurat_e prediction of the prlr_na_ry ClearanCﬁA] Strazisar, A. J., Wood, J. R., Hathaway, M. D., and Suder, K. L., 1989, “Laser
flow trajectory and will contribute to an underprediction of rotor” ~ anemometer Measurements in a Transonic Axial-Flow Fan Rotor,” NASA TP
efficiency. In a multistage environment these errors can build in  2879.
successive stages possibly resulting in a large overprediction Bf] Adamczyk, J. J., Celestina, M. L., Beach, T. A., and Bamnett, M., 1990,

; ; : “Simulation of Three-Dimensional Viscous Flow Within a Multistage Tur-
temperature at the blade tip and casing at the exit of the bine,” ASME J. Turbomach.112 pp. 370376,

compressor. [16] Shabbir, A., Zhu, J., and Celestina, M. L., 1996, “Assessment of Three Tur-
bulence Models in a Compressor Rotor,” ASME Paper No. 96-GT-198.
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Experimental Investigation

of the Blade-to-Blade Flow
v.eazani § jn @ Compressor Rotor by Digital
~sura § particle Image Velocimetry

M. L. Riethmuller

F A.E. Breugelmans The purpose of this study is to investigate the blade-to-blade flow in an axial compressor,

providing a detailed description of the entire flow-field on multiple layers through the use
of Particle Image Velocimetry (PIV). Typical problems that relate to flow seeding, light-
sheet generation, and camera-laser timing control are successfully dealt with, bringing
additional knowledge in the domain. An extensive data set is analyzed to obtain statistical
flow information (mean and fluctuating quantities). Spatial data reconstruction proce-
dures allow the complete planar flow distributions to be determined. The multiplanar
mean velocity field constitutes the final result of a three-dimensional reconstruction of
the domain geometry and the proper introduction of the available planar measurements.
[S0889-504X%00)00304-4

Von Karman Institute for Fluid Dynamics,
Rhode-St.-Genese, Belgium

Introduction of a nonuniform seeding is the spatial loss of data and conse-

uently a low confidence level in the whole instantaneous mea-
Rotor performance depends strongly on the blade-to-blade flg . ; .
; I ; h - - urement, losing one of the most important advantages provided
behavior, which in turn is strictly connected with the efficiency o,

) . . . . the technique.
a turbomach!ne. A better un_derstandlng_ of this flow is r_equwed a,The technigue is not yet routinely applied in turbomachinery.
g(pg;;/rﬁe?ﬁ:;g dna;mijn ?Z?A)t/izﬁa(l:c;Irg\gluit:élr%r:;elhv?/itLe?#gedrzsgltoY\%j0r reasons include difficult setup installations and the flexibil-
P P o Ry needed for the environment encountered.
ment of advanced tools for numerical investigations.

. . The purpose of this work is to apply this technique for mea-
Currently the range of flow measurement techniques, which C@lrement on multiple layers, from the hub to the tip, in order to
be used for turbomachinery, can be classified as intrusive, p ' ’

r- P . . . .
. . . ) . . aet the flow distribution in the three-dimensional geometry de-
tially Intrusive, a}nd cqmpleltely nonintrusivé]. PIV Wprkg with fined by the blade-to-blade channel. It is therefore of fundamental
seeding, which is an intrusive component: The application of t

. . . ortance for this work to have a flexible setup, which provides
measurement technique in the study of rotating components o n%

turbomachine is very attractive because of all the difficulties en- roved performance of the PIV technique.
4 Ine 1S very a v au dirieutt The high velocities encountered in rotating parts of a turboma-
countered in these environmeritentrifugal force acting on mea-

t prob lex dat isiti dt ) chine and the request of highest spatial resolution image measure-
surement probes, complex data acquisition an ransmjssign ments has led in recent years to the use of the photographic tech-
Currently stereo viewing optical configurations and holograpr];(

present difficult implementations and constraints not suitable fgéqnuseegj eerlJ(I:IZ iospf/'g?; l;llf\f/l C%rltogrgz-?é?:;a:rs;\g/ecg?gggsrg%ognﬁo-trhe
turbomachinery environments.

. . . . suitable for extensive measurement sessions. Recent technology
Since the flow in the rotor of an axial compressor is mostlge

; . - . A . velopments have led to modern cross-correlation video cameras
axisymmetric and defining axisymmetric streamsurfaces, it can

investioated through the use of a two-dimensional techniaue. s t allow the use of a frame straddling technique. This technique
9 9 que, SUGibws the time interval between single exposures to be decreased,

aSPlzlr\t/i.cle Image Velocimetrv is a nonintrusive measuremei creasing the range of velocity that can be analyzed. This opens
techniaue whi(?h rovides thg simultaneous measurement of interesting possibility of applying electronic image acquisition
que, P tems to fast flow phenomena with an acceptable resolution and

;?éoggﬁ g&sttgtiﬁgofTo\?vVng iﬁLamnﬁ]ra?gén;'/ ?éest;?/ag Itir;rftihpeﬂlgr vith an improved robustness for whole-field velocimetry in turbo-
duced by a laser. The orientation of the light-sheet plane is Su%r}‘achlnery. Wwemnef4] applied a complete digital system success-

) . ) S h lly in a transonic compressor. This work proposes and tests a
that it contains the dominant flow direction. The light scattere, atup developed in order to make possible the acquisition of data

from the particles is collected at 90 deg and recorded either oy multiple layers and fast image processing

single frame or on two different frames. After processing the easurements have been carried out in the axial compressor
doub!e-exposed Image or the_two smgl_e-exposed Images recor flity (R2) at von Karman Institute for Fluid Dynamid¥Kl ).
the displacement of particles is determl.ned. From the tlmg inter e measurement planes investigated extend from the hub to tip
between the two exposures the magnitude of the velocity Vec‘i—?\fery 10 mm at a rotational speed of 4000 rpm. For each plane the
cagirt:e C(?[mpu:edhni m res the velocity of the tr eriodic blade-to-blade flow is deduced from the recorded set of
ce this technique measures the velocity of the trace pictures of different blade passages with a random blade po-
added to the flow, it is essential to achieve a uniform flow seedlgg[ion The optical periscope probe, proposed by Tisserant and
e et sy comescoeeuemand 2 and aresdy apiec by Sryansion Cross el
9 ) q fg] and Werne{4], is successfully applied in the current investi-
Comributed by the Intermational Gas Turbine Institute and od at the 4 ation to generate and introduce the light sheet at different
ontripute Yy the Internationa as lurbine Institute and presented al e H o : H H
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger-glghts'. A SpECIfIC solution IS. proposed for .the Seedlng §upp|y
many, May 8—11, 2000, Manuscript received by the International Gas Turbine InsgySt€m |n.0rder to meet the uniformity Consn’a'nt- A Qescrlpt|on of
tute February 2000. Paper No. 2000-GT-55. Review Chair: D. Ballal. the experimental setup and of the results obtained is presented.
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Experimental Setup

The compressor facility R2 at VKI is a semi-closed-loop sys-
tem for the testing of different axial-flow rotors. This experimen-
tal work is performed in a single-stage configuration and it con-
cerns a single stage axial-flow rotor characterized by a tif
diameter of 400 mm and a hub diameter of 200 mm. It consists 0 |
24 subsonic blades of the NACA 65 family. The tip chord is 49
mm while the hub chord is 40 mm. The inlet provides an almost
axial flow, while a stator mounted behind the rotor turns the exit
flow axial and allows increasing the pressure rise in the compres
sor. The total—total compressor ratio is 1.1. The facility is char-
acterized by a flat optical access window of 40 m#® mm in-
stalled in the casing. Its axis is inclined at 45 deg with respect tc
the horizontal plane, as shown in the sketch in Fig. 1 representin \
the cross section of the rotor.

The light sheet is introduced upstream of the optical access
using the periscope probe, shown in Fig. 2. The advantage of thig. 3 Optical port and insert location of the periscope probe
probe is the possibility to change and control the height of the
light-sheet plane independently of the laser optics placement. The
laser beam is deflected by two prisms, P, and meanwhile goes
through a cylindrical negative lerifocal length of—19 mm) that  is moved in the longitudinal direction along the casing with re-
generates the diverging light sheet from the incident beam.  SPect to the optical access port: This ensures that the probe wake

Prism supports are manufactured with nylon. Recessed hof@gs not interfere with the flow in the measurement plane.
have been made to avoid local accumulation of energy in glassFrom Fig. 2 it is also clear that with this kind of probe it is not
during the laser impact. One part is fixed on the casing; a rﬂ@SSib'E to CODtrO' the ||ght-Sheet thiCknesS. To overcome this
allows the translating of the part containing the lens and the s@oblem, a collimator is inserted in the optical path between the
ond prism with respect to the second part. As shown in Fig. 2, tieser outlet and the inlet prism of the probe. This collimator is
outer prism remains always at the same height from the casi§aracterized by a convergent lefiscal length 200 mmand a
while it is the inner one that goes up and down. Hence, there is fityergent one(focal length—100 mm as shown in Fig. 4. The
constraint affecting the location of the laser device: Moving thesulting light sheet is 40 mm wide2 mm thick. The laser beam
laser sheet at different locations in the blade channel, the las@nverges toward the focal poing Bf the first convergent lens.
device does not need to be moved. The periscope probe is insefté&Fing a divergent lens on the optical path just beforeitHis
through the compressor casing upstream the measurement |m5|b|e to have a straight beam of a smaller diameter. The second
tion. In Fig. 3 it can be noticed that the insert location of the probdivergent lens has to be placed upstream of the focal pqgiat &

distance from [Fequal to the focal lengtffi, of the second lens.

The laser used is a double cavity Nd:Yag laser. It produces short

duration (10 ng high-energy(200 mJ pulses of green coherent

FRONT VIEW light (532 nm. The pulses are fired at 10 Hz. Using the PIV

technique, a critical parameter for an accurate velocity measure-
ment is the flow seeding. A uniform concentration is the optimal
condition in order to achieve a high confidence level. Neverthe-
less, instantaneous and local loss of seeding can bring undesired
loss of data(intermittence. Within a rotating environment, it is
particularly difficult to achieve a uniform seeding with an optimal
concentration.

In the present experiment, glycerine oil vapor mixed with air is
used. The seed injection tube is located several tube diameters
upstream of the measurement plane and externally to the inlet,
adding a negligible disturbance to the test section. A smoke sup-
ply system(sketched in Fig. bprovides particles that are injected
into the flow through a diffuser placed on the front left side with
respect to the compressor inlet, in such a way the seeded flow
goes into the test section following inlet streamlines. The outflow

A
|
|
|
1
i
1

LASER BEAN T from the smoke generator is first mixed with air before entering
the diffuser. This solution allows the control of the smoke mass
flow to be maintained and a better condensation of the smoke
particles into droplets is observed. Since the seeded flow is not
visible at the outlet of the diffuseidue to the low concentration
for optimal PIV image} the correct placement of the smoke sup-

VIEWAA
e
Convargent Cwargant
lens M lens 12
II— Tow
R — "I :
\ SPREADING / Fi
LASER SHEET
Fig. 2 Light-sheet forming probe Fig. 4 Convergent—divergent lens system
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Fig. 5 Seeding system and laser pointer L

Fig. 6 Frame straddling approach

ply is particularly difficult. Thus a low power laser pointer is used
to visualize the smoke stream ensuring the exact location of thgposure, all the pixel charges are moved to a buffer array simul-
seeded flow. taneously in the camergshift registey. The time for complete

Moreover, the large contraction ratio of the facility induces @ansfer of the charge is between 100 ns to sqme Since the
significant reduction of the seeded stream tube, meaning that §2gnera is always light sensitive and the charge representing the
smoke outlet extent and the outlet concentration is not the samerage is transferred shortly after the exposure, it is possible to
in the measurement section. This makes the setting of partiglgtain two separate frames illuminated in quick succession by
concentration very difficult, underlying the necessity of workingxposing the camera a second time after the charge transfer is
with an “on-line” technique. This last consideration introducegompleted and during the read-out process. This can be achieved
the choice of the recording device. It can be either a photographiitough the use of the so-called “frame straddling” approach
or a video camera. The photographic film offers the highest spatjgg. 6).
resolution for image measurements, although one has to keep infter the start of a video frame, the first laser pulse is delayed
mind that the real particle image size does not correspond to il just before the end of the frame exposure time. The second
recorded one, due to the diffraction-limited lmaglng and to ﬂ'ﬁser pu|se happens just after the next frame exposure has
optics between the recording device and the measurement losgirted. When the time interval decreases to values comparable
tion. Considering this effect and the resolution of modern videgith the charge transfer time, the synchronization process be-
cameras, it is possible to obtain very similar performance wigbmes much more critical and a very accurate synchronizer is
both deviced6]. required. In this work the RS-170 cross-correlation camera is

In addition, the use of a video camera brings many other adsed. It is a camera having a CCD captor of 840 pixels. This
vantages compared with photographic film: namely, the imnmediamera has been equipped with a focusing lviiro Nikkor)
ate access to the recorded picture; this gives a real-time feedbggking a focal length equal to 55 mm. The F-number is adjusted
of the flow seeding conditions and, more generally, of the megy 3.5. The time interval is fixed to 2&s. This choice is imposed
surement qualityexposure, focusing Indeed, the photographic by the synchronizer.
film needs to be developed, rinsed, and dried. Only after this mayTo facilitate the camera positioning, it is mounted on a rigid rail
the film negatives be analyzed. Also, the analysis prot@s®- support fixed on the viewing port and centered on the window
correlation is quite long(Young's fringes approaghunless one axis. Since the camera belongs to a fixed reference frame, the
transfers the film into a digital form and processes it by autocomeasured velocity is the absolute one.
relation, introducing a further step before obtaining the velocity At 4000 rpm the smoke particles condense on the window of
field. The video mode directly provides an image in digital formghe optical access degrading it. To avoid this problem the shutter
ready for immediate processing. The video method also has a vegtem designed by Tisserant and Breugelmg8isis used
high sensitivity; usually it allows less laser energy to be used thapig. 7).
with the photographic one.

Another very important factor should definitively influence th%)ata Processing and Averaging Velocity Vector Maps
choice of a video camera. Indeed, while a photographic camera ) 7
only allows the recording of multiple exposed pictures, a video The maximum expected velocity is evaluated around 95 m/s;
camera allows single exposures to be recorded. The first adviigse data are deduced from pressure measurements and con-
tage of this method of recording is that it enables a crosfitmed by previous measurements done in the same facility con-
correlation of successive corresponding interrogation cells to be
carried out. Using cross-correlation algorithms, unlike autocorre-
lation ones, the evaluation yields the direction of the tracer dis-
placements. It is also possible to cover a larger range of velocities,
since there is no longer the limitation for the tracers to move
sufficiently between two exposures in such a way that they do not
overlap. Moreover, the signal-to-noise ratio obtained is usually
higher than that obtained with autocorrelation algorithms.

At this point only one further question needs to be discussed.
The usual working frequency of video cameras is 30 Hz. If the
laser was pulsed once at the start of each video frame, the time
between pulses would be 33 ms. High-speed flows cannot be mea-
sured on the basis of this time interval, which should be of the
order of us.

The architecture and the read-out electronics of modern cross-
correlation camera$7] give peculiar characteristics that make
them useful for fast sequential acquisitions. At the end of the first Fig. 7 Shutter system
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figuration by Tisserant and Breugelmd@$. The inter-frame time both images, one obtains the profiles on the right sides of Figs.
and the maximum expected velocity would not respect the “on&a) and 8b). The peaks are in correspondence with the light
quarter rule” needed to apply cross-correlation successf@lly impingement on the blade suction surface. Then the offset can be

WIDIM (window displacement iterative multigpids used to simply found as:
process each image. It is a PIV evaluation method developed at Offset=Y P-—Y P
VKI by Scarano and Riethmullgd.0]. This software performs the SeET s 3
cross-correlation analysis of PIV pictures by means of an inwhereY P; andY Py are corresponding light impingement points
proved cross-correlation method that allows de-coupling spaasi the blade suction surface, respectively, in Figa) &@nd gb).
resolution and accuracy. It computes the two-dimensional afiis offset detection procedure has been automated and it enables
two-component velocity field distribution from pairs of pictureshe superposition of all measured grids and computation of the
appropriately stored in digital form. At the current state of devekverage of data points located in the same position.
opment, the program allows the cross-correlation technique to be
applied to a pair of images by the window displacement and Wiln-?esults
dow distortion technique. Using this program, all recorded images
have been processed successfully using interrogation areas of 38rom inlet pressure measureme(itgo chords before the lead-

X 32 pixels with 75 percent overlap. ing edge it is possible to evaluate the Reynolds number based on

The check for the validity of measured vectors is made evalthe chord and the inlet relative velocity. It is 1:660° at the hub
ating the signal-to-noise ratihighest correlation peak versus secand 2.4 10° at the tip for the rotational speed 4000 rpm.
ond highest peakfor each correlation map. Additionally, a local The camera is fixed on the carriage support in such a way that
median operator is appligd 1]; the deviation of the velocity from the field of view covers most of the blade passage in the circum-
the local median is compared with the local rms; if their ratiderential direction for all the measurement planes. An example of
exceeds the user threshold, the vector is considered erroneausingle exposed picture is shown in Fig. 9. In the following
[12]. pictures the flow direction is from right to left and the rotational

The application of PIV, with an electronic image acquisitiorspeed is from bottom to top. In Figs. 10 and 11 a processed in-
system, results in an extensive amount of data acquired for eathntaneous velocity vector map at 50 mm from the hub is shown.
radial station of interest. About 50 pairs of pictures are acquirgkbsolute velocity vectors are directed toward the blade suction
for each station. The optical access does not allow the completaface.
picture of the blade channel to be obtained: It is then necessary taAdding the rotor speed, the relative velocity field is obtained
superimpose all the different images acquired to obtain it. MoréFig. 11) and the relative velocity magnitude is color coded. Vec-
over, some information is lost in instantaneous pictures due tors are represented with different spacing between Figs. 10 and
seeding intermittence. The periodicity and steady flow conditiorld for a clear display. In particular, Fig. 11 shows the final grid
are the underlying hypotheses to superimpose different imagespécing achieved with WIDIM.

a given height.

Since the blade position is different from picture to picture, and
considering the large number of instantaneous pictures acquired
for each height, a fully automatic algorithm is needed to get the
average flow. The algorithm developed for this application uses
the flare light from the blade suction surface to calculate the offset
between images recorded at the same height. Let us suppose that
we are calculating the offset between the two images, recorded at
different times, reported in Figs(® and &b). Plotting the light
intensity profile along a vertical line at the same [§cation for

Pa P1 [

Fig. 9 Single exposed recorded plate
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Fig. 8 (a) Image taken at time t;; (b) image taken at time f, Fig. 10 Instantaneous absolute velocity field
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. o Fig. 14 Relative velocity field at 30 mm from the hub, averag-
Fig. 11 Instantaneous velocity field ing 65 pair images

The average velocity contour mdgig. 12 and the average
relative flow angle contoutFig. 13 are obtained averaging the
sets of the instantaneous velocity fields. The relative velocity fie
streamlines in the blade-to-blade channel visualizes the turni

tion is shown in Fig. 12, while the corresponding flow angle dis-
ribution is given in Fig. 13. The flow distribution exhibits a clear
ffusion occurring in the channel. In the region just after the

I%%ding edge on the suction side, the flow reaches the maximum

Analogous considerations can be deduced for other heights.

X - > by the flow angle spatial distribution.
It can be noticed from Figs. 12 and 13 that the periodicity”y j5 nossible to analyze in detail the blade-to-blade channel
condition is satisfied. The information found in neighbors’ cha

. ; . . . -Nalyoy, plotting the evolution of the relative Mach number and of
nels is obtained with the relative offset between pictures in the, (ajative flow angle along two streamlin@me nearer to the

data reduction procedure. The mean velocity magnitude distrifiys e syction surface and the other nearer to the blade pressure

surface (Figs. 15 and 16 Information along two vertical lines,
crossing the channel behind the leading edge and behind the trail-
ing edge respectively, is shown in Figs. 17 and 18.

The Mach number distribution versus the percentage of chord
(Fig. 15 highlights a strong acceleration located at about 15 per-
cent of the blade profile and a subsequent deceleration. This cor-
responds to a higher turning on the suction surface than on the
pressure surface, shown in the relative flow angle distribution ver-
sus the percentage of chofffig. 16. A smaller relative flow
angle is observed on the suction surface than on the pressure
surface where the blade suction surface starts to be tilted. This
explains the crossing point between the two profiles in Fig. 16.

The relative Mach number and relative flow angle evolution is
confirmed by profiles plotted along vertical lines crossing the
channelFigs. 17 and 1B Here the parameter is plotted versus the
percentage of the pitch. At the location measured behind the trail-
X mm ing edge, 20 percent chord from the trailing edge, it can be noticed

that the flow is not completely mixed.

Fig. 12 Relative velocity contours at 30 mm from the hub, av-
eraging 65 pair images
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Fig. 13 Relative flow angle contours at 30 mm from the hub, Fig. 15 Relative Mach number distribution from Fig. 12
averaging 65 pair images (suction /pressure side )
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Relative flow angle (deg)

Fig. 19 Uncertainty evaluation of the relative velocity at 30

Fig. 16 Relative flow angle distribution from Fig. 13 (suction /
mm from the hub

pressure side )

The uncertainty of the presented results is evaluated taking into/Vith @ 95 percent confidence interval, the uncertainty affecting
account the most important errors affecting the measuremett€ relative velocity measurement is less than 5 percent in most of
These errors arise mainly from the uncertainty related to the rofRe measurement domain. This result is obtained also in other
tional speed10 rpm, to the light-sheet positioning. mm) and to Measurement planes. However, an uncertainty increase near the
the camera field of view calibration. The statistical analysis Rlade suction side and from tip to hub is observed. This trend is
performed introducing these uncertainties directly into the averaggused mainly by light reflection phenomena and is larger on the
ing procedure. The standard deviation found also contains t&de suction surface than on the hub. As an example is presented
effect of flow turbulence, estimated from hot-wire measuremerifs Fig- 19, the uncertainty affecting the measurement at 30 mm

at around 1 percent, and the error related to the data shift-af@™ the hub as a two-dimensional distribution. _
Errors due to the three-dimensional flow motigadial shift

average. affecting streamlines and noncoincidence between the illumina-
tion plane and the stream surfa¢@] and due to the image pro-
cessing(0.1 pixe) [10] are found to be negligible with respect to
C e R the previous ones. Finally, there is an additional error from the
o8- e T, N0FS ctore froe e aching acige averaging procedure that calculates the relative offset between
- two blades. The relative displacement is considered to lie on a
i B plane. In reality, blades move in the circumferential direction.
E " This error increases going from the tip to the hub; however, it is
‘E negligible with respect to the main errors.
E sl
- E:
a1 g 55 4
: i!ﬂ E —a— Pressuns
B 55 o WA s
oSy < My T e e iw" g
Sustion skde 5 pitch Pty 45
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Fig. 17 Relative Mach number distribution from Fig. 12 !“'
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Fig. 18 Relative flow angle distribution from Fig. 13 (traverses
crossing the channel ) Fig. 21 Outlet relative flow angle magnitude
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Fig. 22 Multiplanar picture; planes from 10 to 60 mm from the hub

The comparison between PIV measurements and pressure nueamding allowed the use of an advanced image-processing algo-
surements is done behind the trailing edge. Outlet relative velocifiyhm yielding a significant improvement with respect to the
profile and outlet relative flow angle measured by means of PiMedecessor photographic-optical PIV technique.

(averaged valugsand by means of conventional pressure mea- The periscope probe has been demonstrated to be a suitable tool
surements are compardfigs. 20 and 2L The parameters are for such applications, making the setup implementation easy and
plotted versus the distance from the hub. Good agreement flexible. The main problem of controlling the light sheet thick-
tween the two techniques is observed. The little difference is jusess, related to the use of the available periscope probe, is solved
tified by the fact that the outlet probe is located at about one chdrgl adding a light beam collimator, consisting of a convergent and
downstream the leading edge, while PIV measurements are takedivergent lens, in the optical path.

at a distance equal to 20 percent chord from the trailing edge,As far as the seeding uniformity and concentration is con-
where incomplete flow-mixing is observed. Applying the wholeerned, the premixing chamber added to the smoke generator, the
processing procedure for the measurement planes investigatedsa of a laser pointer, and the “on-line” technique make it pos-
different heights and defining the three-dimensional domain gsible to achieve favorable seeding conditions.

ometry, each measurement plane can be placed correctly in thé\n extensive data set has been analyzed obtaining statistical
three-dimensional geometry. This allows the multiplanar flow diglow information (mean and fluctuating quantitiesSpatial data
tribution of the blade-to-blade channel to be obtained. In Fig. 22construction procedures allow complete planar flow distribu-
the relative velocity contours in the three-dimensional geomettipns to be obtained. The multiplanar mean velocity field consti-
are presented. Measurement planes from 10 mm to 60 mm fates the final result of a three-dimensional reconstruction of the
from the hub are shown. domain geometry and the proper introduction of the available pla-

The relative velocity magnitude increases going from hub tear measurements.
tip. The maximum relative velocity is reached in the region after These experiments have demonstrated that digital PIV is well
the leading edge between 15-20 percent of the blade chordstuited for turbomachinery applications; improvements expected in
extends from 65 m/s up to 90 m/s, meaning that the flow increagbs hardware domain will allow even better synchronization of the
its relative velocity by about 20 percent with respect to inlet reldaser, camera, and rotor. Moreover, the possibility of reducing the
tive velocity (detected by pressure measurements time interval between laser pulses will make it possible to analyze

the flow field at higher speeds.
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Nonuniform Flow in a Compressor
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seung Ho Cho This paper presents an analy;ica_l stl_de of flow r_edistribut?on in a compressor stage d_ue

to asymmetric tip clearance distribution. The entire stage is modeled as an actuator disk
and it is assumed that upstream and downstream flow fields are determined by the local
tip clearance. The flow is assumed to be inviscid and incompressible. First, an axisym-
metric flow model is used to connect upstream and downstream flows. Second, a linear
perturbation approximation is used for nonaxisymmetric analysis in which each flow
variable is assumed to consist of a mean (axisymmetric value) plus a small perturbation
(asymmetric value). Thus, the perturbations in velocity and pressure induced by the tip
clearance asymmetry are predicted. Furthermore, rotordynamic effects of such flow non-
uniformity are examined as we[IS0889-504X00)01404-3

School of Mechanical and Aerospace
Engineering,

Seoul National University,

Seoul 151-742, Korea

1 Introduction the flow through a compressor stage. First step is an axisymmet-

Nonaxisymmetric tip clearance degrades both aerodynamic and two_-dlme_nsmnal, _merldlorjal plane_ analy_5|s_, or_the blade scale
nalysis. This analysis examines radial redistribution of flow due

structural performance of turbomachinery, and the tip clearance” . h .
asymmetry can have many causes, such as rotor shaft bend axisymmetric rotor and stator tip clearances. The top part of
' 8’. 1 shows the blade scale view of the stage. Due to tip clear-

whirling, casing asymmetry, and deformation of components. T . 8 ; .
effects of rotor tip clearance asymmetry on turbine rotors wefEIc€ flows, the radially uniform upstream flow 1S assumed to split
into three streams-&,” “ b,” and * c”"—upon going through the

initially suggested by Thomd4] and Alford[2]. They suggested .

that the variation in efficiency with local clearance would lead tg‘nlet gwde_ vtar(;e(IG_t\h/),throtor,t and sJat(t)ri St;gamlsa and "¢
a destabilizing forward whirl-inducing force. This suggestion watgre assoclated with the rotor and stator tp clearances, respec-
ively. Stream ‘b” is the rest of the passage flow, which has

experimentally verified by Urlichs[3], Wohlrab [4], and
Maﬁtinez-Sanzhez et a5]. K/Iartinez-Sanchez et al. also identi-passed through the_bladed part of bOth. rotor an_d stator rows.
The second step is a honaxisymmetric, two-dimensional, radial

fied nonaxisymmetric pressure acting radially on the turbine hu ; . ; . ;
ane analysis. The tip clearance asymmetry is a nonuniformity

as a second source of forcing mechanism in addition to the nori .
axisymmetric torque initially hypothesized by Thomas and AWith a length scale on the order of the compressor radius. There-

ford. Analytically, Song and Martinez-SancHe;7] developed an fore, thi§ latter analysis is _ref(_arre_d to_as the ra(_:lius scale_ana_lysis.
actuator disk model that could accurately predict both nonaxisyri-€xa@mines the flow redistribution in the azimuthal direction
metric torque and pressure effects in turbines. _caused by nonaxisymmetric tip clearance dlst_rlbutlon._ This view
To examine the effects of compressor tip clearance asymmet §hown schematically in the bottom part of Fig. 1. This analysis
Horlock and Greitzef8] and Colding-Jorgensei®] formulated 'S @ Small perturbatioritip clearance asymmetnanalysis about
actuator disk models. Also, Ehridi0] and Graf et al[11] de- the m(_ean(aX|symmetr|¢ solution provided by the blade sca_lle
veloped parallel compressor models. All of these models requﬁgalysm. Therefore, the results from the blade scale analysis are
compressor performance data as inputs. Therefore, [Rafide- pferturbed to provide connecting conditions across the actuator
veloped an analytical model to predict the effects of nonaxisyrﬁ“Sk- o ) ) )
metric rotor tip clearance in a single-stage compressor without The actuator disk in this study consists of an inlet guide vane
empiricism. All the models predict a backward whirl-inducing!GV) row, arotor blade row, and a stator blade row. The IGV has
force due to torque asymmetry at the design point. In additioft!ll-span blades while rotor and stator have partial span blades.
Park [12] predicts a forward whirl-inducing cross force due td*Xial, tangential, and radial directions are denotedkby, andz,
pressure asymmetry. respectively. On the blade scateg refers to a Io_catlon far up-
Until now, attention has been focused only on the effects §fréam of the IGV. Near upstream of the IGV is referred to as
rotor tip clearance asymmetry. However, real machines oper&ttation O. Inlet to the rotor is referred to as Station 1, and the rotor
with tip clearances in both rotors and stators. Furthermore, tR¥it is called Station 2. Downstream of the stator row is called
results from a recent experiment conducted in the Low Spe&dation 3. Far downstream is referred to -ag. On the radius
Research CompressfirSRC) at GE[13] strongly suggest contri- scalex=0— andx=0+ are equivalent to-e and + at the
butions from the stator tip clearance asymmetry. blade scale, respectively. The compressor’s rotational speed, ab-
Therefore, this investigation aims to understand the flow fiel@®lute velocity, and relative velocity aftg, C, and W, respec-
and rotordynamic effects in compressors caused by nonaxisytively. « is the absolute flow angle, anl is the relative flow
metry in both rotor and stator tip clearances. The scope of curr@igle.
investigation is limited to the effects of static tip clearance asym- The model assumes an inviscid, incompressible flow. The com-
metry in a single stage compressor. An analytical actuator digkessor geometry is assumed to be two dimensional at the mean

approach is used in this investigation. radius values. Also, the flow is assumed to follow the blades per-
. fectly. Thus, effects such as blockage and deviation are not ac-
2 Analytical Model counted for in this model.

The modeling approach is similar to the approach of Song and

Martinez-Sanche£6,7]. A two-step process is used to solve l‘ora 2.1 Tip Scale Analysis. Martinez-Sanche14] developed

n inviscid tip clearance flow modéFig. 2 whose predictions
) ) ) ) agreed with the theory and data of CHdrb]. The tip clearance
Contributed by the International Gas Turbine Institute and presented at the 4

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ge .-W ( jet” in Fig. 2 ) is modeled as a Jet dT'Ve” .by the pregsure
many, May 8-11, 2000. Manuscript received by the International Gas Turbine In ifference between the pressure and suction sides. This jet then

tute February 2000. Paper No. 2000-GT-416. Review Chair: D. Ballal. collides with an equal amount of passd{jpass” in Fig. 2) flow
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A 4 Fig. 3 Geometry of compressor tip vortex roll up
X=0- X=0 X=0+ —
) . ) tan 26= % = CpPS—Cpss (4)
Fig. 1 Blade and radius scale views of a compressor stage Wps 1-C

whereC,= (p—p,)/(pW3/2). Notice thatC{ =C, —C,_, and it

before rolling up into a vortex. Finally, this tip vortex forms acan be shown that the degree of underturning of the vortex rela-
layer that is underturned relative to the passage flow. For exampige to the passage flow can be obtained as
at the rotor exit, Streamb” is the passage flow and Streama™
is the underturned flow due to the rotor tip clearance. I

The turbine tip clearance flow model has been modified for 9=cos 4+C/ ®)
compressor§l6], and the compressor tip clearance flow model is
shown schematically in Fig. 3. The flow velocities on suction an§fhere

pressure sides are obtained from the Bernoulli equation cosp |2
, 1
Pps— P “ :ZW( COSBz) ©
W= w2—g e ot (1) ) .
p andZW refers to the Zweifel coefficient
- , 509
W= W§_2¥ (2) ZW= (H/ )cos’- Bo(tanB,—tanp,) (7)

where the subscript 1 refers to the rotor inlet condition. Also, 2.2 Blade Scale Analysis. The azimuthal momentum equa-
o~ p tion for the flow is
_ ps ss .
We=\2=—— 3) ¢, -vC,=0 (®)
Since the flow is assumed to be inviscid, the two streéfjes” Whereéiz rCXJrIZCZ is the meridional velocity decoupled from
and “ss” in Fig. 3) that collide have same total pressure, temperdéie azimuthal velocity. The azimuthal component of vortici
ture, and also equal static pressures along their contact lire(dC,/dz)—(JC,/dx) can be described in terms of the stream
Therefore, these two streams must have equal velocity magfunction ¥ as
tudes, and the line OP bisects the angle made/\tpé{ and Wi
(Fig. 3. Then w (V)= V )

2 _
Vi BT ©)

The upstream flow is irrotationals(,=0). ThereforeV’ obeys

(92 {92 )

the Laplace equation. Downstream, is concentrated at the in-
terfaces between Streams,” “ b,” and “c¢” (Qg andQg in Fig.
1).
Defining the Bernoulli constant &, = P/p+(1/2)C?,
/ dBL
T (20)
From the definition oB, , with the continuity constraint and the
Y assumption of spanwise uniform blading,
P37 Pl
Bis—B.1= (11)
— Upstream of the stage B, , /dW =0 due to the flow’s irrotation-
w ality. Then, Eq.(10) becomes
Fig. 2 Schematic of the tip clearance flow model of Martinez- o :dBi3 _ d(B,s—B1) _ i Ps— Py (12)
Sanchez [14] 3 dw dw dv
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and w, can be determined from the static enthalpy additi®y ( ov
y i :
—P,)/p by the compressor. From Euler's equation, the static en- V(x=0—,2)=Cyoz W(X:O+’ z)=0 (26)
thalpy rise is given by
Ps—P; 1 B 9V (z) 9¥3(2)
( ):U(cyz—cyl)— z(cg—ci) (13) Wi(2)=W3(2) I
At the IGV exit, tangential velocity is given as From the definition ofB, and Egs.(17), (22), and (23), the
strengths of vorticityQg andQg, in the shear layeréig. 1) are
Cy1=Cyy tana, (14) g YR andQs b yersg
— a
At the rotor exit, the flow has split into two streams. For the QR_U(Cy27Cyl)7U(Cy2’Cy1)
bladed streanStream ‘b” ), the tangential velocities at the rotor 1 Sin(fg) | 2
exit (2) and stator exi{3) are ——|ca a~ %) _ch2
@ (b) b 5 ( cy3+(cxzco < ﬁm)) cys) (27)
Cy,=U—-Cy,tanp; (15) QemU(C— Cor)—U(CE,— Cua)
s= y2 “yl) T y2~ “yl
Ch3=Chstanas (16) ) G0 |2
i
. s _ | ,b2_ | ~c S| _ ~c2
Thus, the pressure rise for Strearb™is 5 ( Cys (CX3cos( am)) Cy3> (28)
P3— Py b_ b 1 b2, b2 2 2 - : . :
——| =U(Cy,—Cyy)— E[CX3+CY3—(CX1+Cy1)] Subsequently, the velocities at various axial locations can be
17 determined. At the rotor exit, axial velocities for Streanss’ ‘and
A7) <y are
For Stream ‘4,” the tip scale analysis predicts its rotor exit azi-
muthal velocity to be a—cal1t %(1—?\@) (29)
cog Og)si + 0,
a2=U—C§2 5{ R) n(IBm R) (18)
y cos By) , IR
. . Cxo=Cu| 1= 5 Ar (30)
where 8, is the mean flow angle through the rotor afiglis the 2
underturning of the Streamd” relative to the Stream b.” Also ) . . ) )
at the stator exit, whereqgr=Qgr/Cj; and\g is the nondimentional mass fraction of
Stream ‘a.” Tangential velocities are given in EqgL5) and(18).
y3=Ciatanas 19) At the stator exit, the axial velocities are
Similarly, for Stream ‘t,” the tangential velocities at the rotor Ur ds
exit (2) and stator exi{3) are given as 23=Cxa| 1+ 7(1—>\R)+ 57\3) (31)
52:(:52 (20) q q
R S
. . COsfssin(am+ 65) Cla= Cxl( 1- ?)\R'i' 7)\s> (32)
BT osar (21)
Thus, the pressure rises for Streans’‘and “ ¢’ are igzcxl( 1— %(1_)\5)_ %)\R> (33)
P;—P;\2 1 sin(dg) | 2
( ) =U(CJ,~Cy1) - §(C§§+C§a’§)— Ciz—cos(ﬂ ) and tangential velocities are given in E¢$6), (19), and(22).
m Far downstream of the stator, the axial velocities are
+(C2,+C2) (22)
and i g Cire=Cu(1+dr(1—\g)+0Qshs) (34)
b _
P.—P.\¢ 1 Sin( 6<) \ 2 Cx+o=Cx1(1=0rART Os\s) (35)
(L) =U(CJ,~Cy1)— §<C§§+C§§)—(Cisﬁ> .
p m Cxr=Cy1(1—0s(1—Ag) —OrAR) (36)

+(C§1+C>2/1) (23)  and tangential velocities are equivalent to those at the stator exit
The third terms on the right-hand side of E¢®2) and (23) are 9diven in Egs.(16), (19), and(21). .
the kinetic energy dissipated when the leakage through the tipSubstituting for velocities in Eq$27) and(28) yields two qua-
gaps collides with the passage flow before rolling up into vorticedratic equations foQg and Qs as functions of blade geometry
To focus on the tip clearance effects, the coordinate systemaRd mass fractions of Streams™and “c,” Ag andAs.
transformed to the streamline coordinate from theoordinate.

. 2 Y
Then, the equation fo¥ becomes [(1—2\g)tar? as](% +2| 2+tarf as| 1+ qus) (%)
Upstrean(x<0) V?¥=0 (24)
2[singg\? 2 q
1+ Bang| (2% +—(1+—R(17>\ )| T
Downstreanix>0) 2 R cosp., ) 2 R
Vi\lf =Qro(W¥ — \I’rotortip) +Qso(W — \I}statorti[) (25) 2 OrAR
i i P ——(1—— tanB,|=0 (37)
whereQ= [lw,d¥ =B} ;— B ; is the strength of the, between P 2
streams andj, and § is Dirac’s delta function. )
The boundary conditions are where T=[cod 0g)Sin( By, + Or)]/cog Bm)
¥(x,0=0 W(x,H)=C,gH and for the stator
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[\(tar? ages)(lzxs)es](%s)z

+2|2+1- qRZ?\R){)\S(tar? az—Gg)+Gg} (%S)

+(1_ qRZAR Z(tar? a3—Gg)=0 (38) 5
e | szt .

Gap
Next, the mass fractiond,g and\g, can be determined from Y\
the given tip clearances as

4(tg/H)
)\Ri
( _qR_qS)\S+\/ Ok Gshs|®  dmte
2 22 2 22 2 H
(39) Fig. 4 Coordinate system for the model
and
4(tg/H) .
= whereK is the complex amplitude of axial velocity perturbation
0s Or AR Os Or AR 2 Qs ts as the flow approaches the disk. Therefore, the upstream pressure
2T )TN T ) Ty sdvenby
(40)
_ c K oXIR+i(y/
Thus, from the prescribed tip clearandggH and ts/H, Egs. P(X,y,t)=P(—)—Re p(Cy—.)Koe’*'VR]  (48)

(37)~(40) can be solved foQg, Qs, A, andis. ) 2.3.2 Downstream Flow. Downstream of the stage, the flow
Far downstream, after the completion of flow readjustment, ”?:%nsists of three regions: Streama,™ “ b,” and “c.” The con-

thicknesses of Streamsa" and “ ¢” can be determined as tinuity equation for each stream can be written as

ar ds
ARi)\ ) o . el Gshs 1+7(l—>\R)+7>\s %Jra(C‘;‘AR)JFa(C‘;‘AR)_O 49)
BT 2T 2] T 2 2 T i T ashs T 7y
(41
dAs I(C5As)  d(CiAg)
1_%(1_)\ )_%)\ —S+ xS + y—S =0 (50)
As_}\ 1+Qs 1 )\S)+qR)\R 2 S 2 7R at X %Y
H "7 2 2 2 2] 1-0g4(1—Ag)—QrAg
(42)  a(H—-Ar—Ay) N I(CYH—Ag—Ay)) N d(Cy(H—Ag—Ag))
Al_so, the pressure rise across the compressor stage can be de- dt Ix ady
termined as -0 (51)
PP oty o Ct, 2 2, 2t s ahy?
P =U(Cy,— y2)+§ Xt T o X +§ y3 whereH is annulus height andg andAg are given by Eqs41)

(43) and(42. The momentum equations for the three streams can be

) ) ) written as
2.3 Radius Scale Analysis. The rotor offset, e, is assumed

to be much smaller than the blade span. Therefore, the tip clear-

e S Haliet v gCabe . 1
ance distribution is given by - +(Gabe.yyGabey Zyp= (52)
t=t+Rgee VR (44) p
wheret is the mean rotor tip gap, andis the distance from the whereC is a two-dimensional velocity with axial and tangential
maximum tip gap in the azimuthal directigRig. 4). components. Now, each flow parameter can be expressed as
2.3.1 Upstream Flow. The irrotational upstream flow is _
given by C=C+C’ (53)
V2¢=0 45
é 45
where ¢ is the velocity potential. Far upstreant,(— )
=Cy,_.. Near upstream of the stage at0—, the axial and ) oo A aaxti(yIR)
tangential velocities are C'=RqCe ] (54)
C,(0—,y,t)=RdC,_..+Koe'VR] (46) is a small perturbation about the mean. A homogeneous set of
~ _ equations for eigenvalues is obtained by substituting for each flow
Cy(x,y,t) =ReiKe/R1V/R)] (47) variable and linearizing.
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aAgr iAgR/R O 0 0 0 A 0 017rF ga
0 0 alg iAg/R O O O C 0 |]¢e
0 0 0 0 D E -B -B 0]|| ¢
A 0 0 0 00 0 0 al|C
0 A 0 0 0 0 0 0 iR||lC|=0 (55)
0 0 C o 00 0 0 al|C
0 0 o ¢ o0 0 0 o0 iR||Ar
o o 0o 0 B O 0 0 al|is
) 0 0 o oB 0 o0 iRJLPP

where A=aC2+i(C¥R), B=aCl+i(CP/R), C=aC{ tr/H & ts/H, and flow coefficient®. For example,
+i(Cy/R), D=a(H-Ag=As), E=i(H-Agr—Ag)/R.
Then, the nontrivial homogeneous solution is a a
S s Cau_Cullr ts )
€262,60.80.60.6 A dg, | =D RE  (56) U UH'H
ploi=1 The downstream and upstream perturbation quantities are deter-
mined from the blade scale results as shown below. The axisym-
metric blade scale results on the right-hand side of (B8) are
perturbed to account for the given geometric nonaxisymmetry.
2.3.3 The UpstrearDownstream Coupling. To connect up- The perturbation solutions then become nonaxisymmetric radius
stream and downstream flows, the results from the blade scatmle results on the left-hand side of E§8). The local flow
analysis are used. According to the blade scale analysis, the flosefficient, @, is also determined from matching upstream and
variables depend on the local nondimensional tip clearanceswnstream flows.

(57)

where E's are eigenvectors, and the complex const&nis are to
be determined from matching.

Radius Scale Blade Scale
1 —

éa

~b Cx

CX Cb

N . X

ce Perturbation ce

Ca I 1 Ca 8
) y

Cy B O S A I Y B B Cy =21 Ki{Ei} (58)
~ - i=
€ i@ "R, M| " H sa(t_s) c

Ag H Ag

~ AS

As

N Plp

P/p x=0+

2.4 Calculation of Rotordynamic Coefficients. From the
perturbations in flow variables, rotordynamic excitation forces can  f’ :fRa(Eyl_Ea
be predicted. The tangential force exerted on the compressor by
the fluid per azimuthal length is defined as

_ ’ 1 _ ~br
Ag ¢ y1i—Cy2

1_IR a ayl_Egz

+(1_YR)E(6yl_E$2)

fy=XRA(Cy1—Cyo) +(1-AR)d(Cy—CP)  (59) (61)
The perturbation inf, is almost like the torque variation envi-
whereq is the local mass flux. The mean and the perturbation sfoned by Thomas and Alford. However, they assumed that the
f, are, respectively flow remains axisymmetric upstream and downstream of the com-
pressor, and, thus, ignored the effects of mass flux perturbation,
g'/q. However, as Eq(48) shows, rotor and stator tip clearances
- - = = - = do indeed induce azimuthal flow redistribution, and this flow re-
fy=ArA(Cy1—Cyp) +(1-Ar)A(Cy1—Cyp) (60) distribution results in a nonaxisymmetric pressure distribution.
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The pressure acting on the rotor hub is approximated as tR€ model of Parf12] shown in Figs. 7 and 8. Underturning is

average of pressures at the inlet and the exit of the r¢®r,

due to the effects of the tip leakage flow. The axial momentum
defect is caused by flow migration away from the tip clearance

(P)= Pyt PZZ - Pi—P, where the pressure rise across the compressor stage is sensed
2 2 more. Such effects increase with increasing tip clearance, and this
= ___[(C 2)2taf12,82 (U= Cyl)z]
1 1 1 I I I 1 I I 1 1 | 1 1 I
’ P ~ [ I
(P)'=P1=5[CC 3 tarf B+ (U—Cy1)Cy] [ [
Nonuniform tangential force and nonuniform pressure can thi®# [ 1 o[ 1 o[ ]

be obtained from Eqg61) and(63). Upon projection onto th,
Y axes, the total excitation force coefficients, or the rotordynam
stiffness coefficients, are

3 Model Predictions
This section presents the model predictions for the select

(ay+iay) iota)=

—f,+iL(P)
If,(e/H)|

The total coefficientsy ), are composed of contributions from
tangential force asymmetry,,,q), and pressure asymmetayp, . [ [
Forces along the rotor offset are called direct forces and are ¢ TR TS P r 1l
noted with a subscripX. Forces perpendicular to the rotor offset
are called cross forces and are denoted with a subs¢ript

IJN
©
Ll
1
E{IM
b
T
1
A
©

0.85 085 - 7 0.85

. 0.8
05 06 07 08 09 1 1.4 11 12 13 _14 15 16

c IC C4C,

0.8
-60 -50 -40 -30 -20 -10
B, (relative flow angle}

Fig. 5 Radial distributions of axial velocity, absolute tangen-
tia| velocity, and relative flow angle at rotor exit predicted by
new RSC model

baseline compressor and other compressors. Initially, the “base-

line” compressor chosen for this study is explained, and the pr= 1 —T 1
dictions for this compressor are given in the following order. Firs [ ] [
the radial flow redistribution induced by axisymmetric rotor an:
stator tip clearances is presented. Second, the azimuthal flow
distribution due to nonaxisymmetric tip clearances is shown. F
both, differences and similarities between the predictions of tt
new model with rotor and stator clearancg®SC model and
those of the model with only the rotor cleararl&C mode] [12]
are brought out. Third, rotordynamic coefficients at the desic
point and off-design points are discussed. Finally, the effects
various compressor designs on rotordynamic stiffness coefficiel s

are presented

The characteristics of the “baseline” compressor are given i
Table 1. The design flow coefficient, reaction, and work coeff
cient have all been set to 0.5 because they are representatiw 6 07 08 O : 2 0a_gs
modern compressors. The tip clearance values of 2 percent of ..
annulus height have been selected because such value is common
in research experiments. Fi

I' T T T 1T T T 17

095 4 ossf 4  ossf B
S0k 1 oo 1 0of ]

2 RN 2 e Z e
Hooof Hooof 1 Hooo} -
- 4 oosf 4  oosf E
o [ L Il 1 L i [ L L 1 i o [ 1 1 L L L Il ]
06 07 08 05 1 14 02 04_06 08 1 10 20 30 40 50 60 70 80
cic cic o (absolute flow angle)

AN V5 xo ,

ig. 6 Radial distributions of axial velocity, absolute tangen-
tial velocity, and absolute flow angle at stator exit predicted by

3.1 Blade Scale Predictions. Figure 5 shows the radial pro- the new RSC model
files of axial velocity, absolute tangential velocity, and relative

flow angle at the rotor exit after the flow has split into twe ‘[ "] " ' " | 1 e
streams. The hub and endwall are ziH=0.0 andz/H=1.0,
respectively. Stream &” is retarded in the axial direction and
underturned in the tangential direction relative to Stream 095
Figure 6 shows the absolute velocity and flow angle profiles at tl
stator exit. Now, the flow has split into three streams. Relative -
Stream ‘b,” which goes through both rotor and stator blades
Stream ‘c” shows characteristics similar to those of Stream
Such results agree with the corresponding predictions from tl

Table 1 Baseline compressor specifications at the design

point
Parameter Value
Py 0.50
L 0.50
_Rp 0.50
tg/H 0.02
to/H 0.02
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Fig. 7 Radial distributions of axial velocity, absolute tangen-
tial velocity, and relative flow angle at rotor exit predicted by
the RC model of Park [12]
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Fig. 8 Radial distributions of axial velocity, absolute tangen- max gap
tial velocity, and absolute flow angle at stator exit predicted by . . .
the RC model of Park [12] Fig. 10 Upstream pressure perturbation versus azimuthal

angle

trend agrees with the experimental findings of Hunter and Cum{)- i . N -
sty [17]. urbations increase significantly when the stator clearance is intro-
Comparing Figs. 6 and 8, the obvious difference between tg&iced. As Eq(58) shows, the clearance asymmetry acts as the
new RSC model and the RC model is Streaai™which does not  forcing term, which induces azimuthal flow redistribution. There-
exist in Fig. 8. Thus, the new model can incorporate the effects e, imposing stator tip clearance asymmetry in addition to the
stator gap on the flow field. Focusing on Streasy™the stream’s rotor tip clearance asymmetry strengthens the forcing effect. Thus,
mass fraction, degree of axial momentum defect, and underturnth§ flow becomes more nonuniform with rotor and stator tip
in Figs. 6 and 8 are virtually identical. This is because the dowflearances. _ o
stream stator tip clearance effect occurs over a length scale on thdlext, the rotordynamic consequences of such flow redistribu-
order of the tip clearance. However, the axial blade spacing is §an are presented. Tangential force perturbataiso referred to
the order of the blade chord, which is at least a couple of orders&¥ the torque asymmetry or blade loading varigtiznplotted
magnitude larger than the tip clearance. Thus, Streaaisahd Versuséin Fig. 11. Since the force on the compressor by the fluid

“¢” are practically decoupled from each other. acts in a direction opposite to the direction of rotation, the mean
) o value of tangential forcef., /mU, is negative. Therefore, accord-
3.2 Radius Scale Predictions ing to Fig. 11, the compressor rotor blade is loaded less near the

maximum gap. The unloading near the maximum gap occurs
yainly because the tip leakage flow rate is higher there. Such
diction has been verified by the experimental data from the GE
C[18]. Also, introducing stator clearance asymmetry hardly
changes the perturbation in blade loading because the rotor tip
leakage flow is practically decoupled from the stator tip clearance.

mum gap is aB=180 deg. Roughly, the mass flux is higher near The perturbation in the rotor region static pressure is plotted

the minimum gap in both cases. Again, the higher downstrea\f'f‘irsus'gin Fig. 12. The pressure has_its_ maXimum near the maxi-
pressure is “fgltP more near the m%ximum ga|gﬂ=€ 180 deg). mum gap @=180deg). Although a similar trend is suggested by

The result is a tangential flow migration away from the larger gap®< GE’s LSRC data, the corresponding experimental data do not

toward the smaller gap. Then from the Bernoulli relation, the pre xist yet to confl_rm this effect in COMPressors. Unlike the t_)l_ade
sure decreases as flow accelerates. The magnitudes of both Lq.(_jlng perturbation, the pressure perturbation is more sensitive to

3.2.1 Azimuthal Flow Redistribution.First, the upstream
azimuthal flow redistribution induced by tip clearance asymme
is discussed. Nondimensional velocity and pressure perturbati
upstream of the compressor predicted by the RC model and
new RSC model are plotted versus azimuthal locatiam Figs. 9
and 10, respectively. The minimum gap iséat 0 deg and maxi-

5 5 P [—wsc ; ; , [—rsC
; e ; : : e
17 SRR s SN R N 17 S drmmnonnnnees foommnoonnons foononnn e
Co ; i : / . ; ; i
UeH) " N U T mueH) | CoTTTTTTTTT T ~ ]
T - T - s 17— — R S—
1 = . = | s s |
0 90 13'3 270 360 0 a0 180 270 360
max gap max gap
Fig. 9 Upstream axial velocity perturbation versus azimuthal Fig. 11 Rotor blade loading perturbation versus azimuthal
angle angle
Journal of Turbomachinery OCTOBER 2000, Vol. 122 / 757

Downloaded 01 Jun 2010 to 171.66.16.63. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



'

'
Qa0
[y

05

<> o : :
AP s s
a s
05 : : —
E i E ' , 1 Cxgotan
1 : : : 0 : : :
0 90 180 270 360 049 05 0.51 0.52 0.53
max gap @

Fig. 13 Predicted total and pressure rotordynamic coefficients

Fig. 12 Perturbation in the average pressure on rotor hub ver- . LT
versus operating flow coefficient

sus azimuthal angle

3.2.3 Off-Design Point Rotordynamic Coefficient&igure

the addition of stator clearance asymme(fg. 10. In turbines, 13 shows a graph of excitation force coefficients versus the oper-

the pressure asymmetry, predicted by a similar actuator diging flow coefficient. In this case, to model an embedded stage,
model, matched well with experimental d4f. the IGV has been replaced with a stator row. If a compressor

) ] ] o operates below its design flow coefficient, excitation force coeffi-
3.2.2 Design Point Rotordynamic Coefficientdhe pre- cients increase in magnitude because the amplitudes of flow per-
dicted excitation coefficients from the new RSC model are listgfpations are magnified at lo®. These trends are similar to
in Table 2 and those from the RC model are given in Table 3. Thgose predicted and measured in turbifigls Figure 14 shows a
coefficients due to blade loading variation atg,q's and those granp of the cross force excitation coefficient due to blade loading
due to pressure variation arg,'s. Both models predict the fol- variation, aygg , plotted versusb. () remains negative but

lowing: The blade loading variation induces a negative cros “creases slightly in magnitude @s increases. This trend has

force, which promotes a backward whirl, and a negligible dire - . -
force. The pressure effect leads to a positive cross force, whi Fen verified experimentally in the LSRC at General Ele¢tré.

induces a forward whirl, and a positive direct force. However, the 3.3 Parametric Analysis Predictions. This section presents
models predict different total coefficients. The new model predictise predicted effects of compressor design parameters on the ex-
that theay oty » IS pOSitive becauserp, is bigger thanay,q .  citation force coefficients. The selected parameters are the design
Thus, a net positive cross force is predicted. However, the Rfgw coefficient, ®p, the design work coefficientjy, and the
model predicts a negligible cross force because the blade loadisign reactionR, . They determine compressor blade angles as
and pressure effects cancel each other ouY idirection. Both shown below.

models predict a positivery ) between 0.4 and 0.6.

In comparison, the parallel compressor model of Ehfit@] R :l_
can predict onlyay,q - The model uses the difference between P72 |
compressor characteristics at different axisymmetric tip clearances
to predict torque asymmetry, which is assumed to be in phase with Yp=1—Pp(tane,; +tanB,) (66)
the clearance distribution. However, no pressure information s, a change in the value of one of the parameters changes both

available for the parallel compressor model to predict pressuigior and stator blade shapé., angles and the effects of vari-
asymmetry. Nevertheless, like the new RSC model, the parallel

compressor model predicts a negative cross force due torque
asymmetry.

tana, —tang,
2

(OF) (65)

0.7

Table 2 Excitation force coefficients for the baseline com- R bl EE L L L T T
pressor (®,=0.50, ¥ ,=0.50, Rp=0.50) predicted from the new
model (RSC)

— Qv
Direction () @(p) Qotal 075F---s-cmcmo- demmmmemieeee FEEEEEEEE R et
X 0 +0.4 +0.4
Y -0.7 +2.1 +1.4 ' ' '
0775 mmmm - s L o eeneae]
Table 3 Excitation force coefficients for the baseline com-
pressor (®,=0.50, ¥,=0.50, R,=0.50) predicted from the ro- ! ! !
tor clearance-only (RC) model of Park [12] 08
— 0.49 0.5 0.51 0.52 0.53
Direction A (wa) a(p) Qtota) ®
X 0 +0.6 +0.6
Y -0.7 +0.6 -0.1 Fig. 14 Predicted cross rotordynamic coefficients due to
blade loading perturbation versus operating flow coefficient
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Fig. 15 Predicted total and pressure rotordynamic coefficients Fig. 17 Predicted total and pressure rotordynamic coefficients
versus design flow coefficient versus design reaction

ous compressor designs can be examined. For parametric analyhi§, to the decrease in the magnitude of azimuthal flow nonaxi-
one of the three variables is changed while the other two are hémmetry.a(,q) is relatively insensitive t&y . Thus, at low de-
constant at the “baseline” values. sign reactionsgy o) is increased.

Figure 15 shows variation @f i) and ey as the design flow
coefficient is increasedy,q is the difference bgatweamma,)_ and 4 conclusions
a(p) - For the cross forcegy i decreases with increasinbp ) ) )
primarily becausery, decreases as the magnitude of azimuthal The new conclusions of this study can be summarized as
flow nonuniformity is decreased. Alsay g remains negative follows: ) )
and its magnitude increases withy, . For the direct forceqyy 1 A new analytlcal modgl has been develo.ped to examine the
dominates over,q and changes sign as the phase of pressupéfects of nonaxisymmetry in rotor and stator tip clearances on the
non-uniformity relative to tip clearance distribution shifts. Thesgompressor flow field. . _ .
trends are similar to those predicted for turbines in Song and2 The new model has reconfirmed the following previously
Martinez-Sancheg7]. found trends:(a) radial flow migration away from the tip clear-

Figure 16 shows variation of excitation force coefficients as tréc€;(b) azimuthal flow migration towards smaller gap area; and
design work coefficient is increased. In tNedirection, ay () (c) direction of rotordynamic forces that arise due to pressure and
increases primarily becaus,, increases in magnitude. In the  torque(i.e., blade loadingasymmetry. .
direction, ey does not change much whiley,q increases. In addition, for the baseline compressor, the following conclu-
Overall, increasing the work coefficient is equivalent to strengt/§ions can be drawn. _
ening the intensity of discontinuity across the actuator disk. Thus,3 Direct force is mostly due to the pressure asymmetry and is
for a given imposed tip clearance asymmetry, the perturbationsRASItIVE. _ ) )
the flow field increase. In addition, the phases of the flow pertur-4 Torque asymmetry results in a negative cross force that, with-
bations relative to the clearance distribution also shift. out damping, would promote a backward whirl. However, pres-

Figure 17 shows the variation of excitation force coefficientgure asymmetry results in a positive cross force, which would
versus the design reaction. ARy increases,ax, does not Promote a forward whirl. The net result is a positive cross force.
change much, buiy, is reduced significantly. This change is S The dominance of pressure asymmetry effects over those of

blade loading asymmetry is due to the introduction of stator clear-
ance asymmetry.

6 The flow associated with the rotor tip clearance is hardly
affected by the existence of the downstream stator tip clearance.

7 The pressure asymmetry induced by azimuthal flow redistri-
bution increases significantly in magnitude with the addition of
stator tip clearance asymmetry.

8 Operating at below the design flow coefficient increases the
magnitude of excitation force coefficients.

Finally, from the results of parametric variation about the base-
line compressor, the following conclusions can be drawn.

9 High design flow coefficient and high design reaction de-
crease the magnitudes of excitation force coefficients.

10 High design work coefficient increase the excitation force
coefficients’ magnitudes.
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Nomenclature

B
C
c

0

NS <X XS CapTalOT3Ir

N
R =2
I

R
x

< > o DRE

p
w

b

Bernoulli constant, fis?

absolute flow velocity, m/s

axial blade chord, m

lift coefficient per unit span

pressure coefficient

magnitude of rotor offset, m

eigenvector for downstream perturbations
lateral force in the direction of the offset, N

lateral force perpendicular to the direction of the offse

N

annulus height, m

rotor blade span, m

complex amplitude of flow perturbations
axial rotor hub thickness, m

mass flux, kg/s

pressure, Pa

strength of shear layer, s’
nondimensional vorticity strength; local mass flux
mean compressor radius, m

blade pitch, m

radial tip clearance, m

wR = compressor rotational speed at the mean radius,

m/s

relative velocity, m/s

direction along the rotor offset

axial direction

direction perpendicular to rotor offset

tangential direction

radial direction

Zweifel coefficient

absolute flow angle, deg; eigenvalue

direct excitation force coefficient

cross excitation force coefficient

relative flow angle, deg

thickness of underturned layer downstream of actuator
disk, m

upstream velocity potential

C,/U = flow coefficient

nondimensional mass fraction of underturned flow
azimuthal angle measured in the direction of rotation
from the minimum gap location, deg; angle of under-
turning relative to passage flow, deg

density, kg/m

angular velocity of rotor shaft rotation;, $

meridional stream function; work coefficient

Subscripts

design value

gap

mean

indicates effect due to nonuniform pressure
pressure side

rotor

stator

suction side

stagnation condition

indicates effect due to variation of torque or tangen-
tial force

0+ = near downstream of the actuator disk on the radius
scale
—o = far upstream on the blade scale
0 = IGV inlet on the blade scale
1 = rotor inlet on the blade scale
2 = stator inlet on the blade scale
3 = stator outlet on the blade scale
+o = far downstream on the blade scale
1 = meridional component

t, Superscripts

a = the part of downstream flow associated with the rotor
tip gap

b = the part of downstream flow that has crossed the
bladed part of compressor

¢ = the part of downstream flow associated with the sta-

tor tip gap

= nonaxisymmetric perturbation

azimuthal mean, or axisymmetric value

complex amplitude
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Analysis of Aerodynamically
Induced Whirling Forces in Axial
Flow Compressors

Z. S. Spakovszky

Gas Turbine Laboratory, A new analytical model to predict the aerodynamic forces in axial flow compressors due
Department of Aeronautics and Astronautics, to asymmetric tip-clearance is introduced. The model captures the effects of tip-clearance
Massachusetts Institute of Technalogy, induced distortion (i.e.., forced shaft whirl), unsteady momentum-induced tangential blade
Cambridge, MA 02139 forces, and pressure-induced forces on the spool. Pressure forces are shown to lag the

tip-clearance asymmetry, resulting in a tangential (i.e., whirl-inducing) force due to spool
pressure. This force can be of comparable magnitude to the classical Alford force. Pre-
diction and elucidation of the Alford force is also presented. In particular, a new param-
eter denoted as the blade loading indicator is deduced. This parameter depends only on
stage geometry and mean flow and determines the direction of whirl tendency due to
tangential blade loading forces in both compressors and turbines. All findings are suit-
able for incorporation into an overall dynamic system analysis and integration into ex-
isting engine design tool$S0889-504X00)01604-4

1 Introduction tion forces in axial compressors have led to an experimental and
alytical program in the GE Aircraft Engines Low-Speed Re-
arch Compress8,9]. Two important effects, which could not
evaluated in the experimental program and have not yet been

Nonuniform engine tip-clearance distributions, due for example,
to a compressor shaft offset from its casing centerline or whirli

in its bearing journal, can induce destabilizing rotordynami . .
forces. These forces stem from the strong influence of the ti odeled in compressors, motivated the work presented here. In

clearance on the local performance of the compressor. As fi aF actual case of a whirling shaonly static shaft deflections

. - . ould be simulated in the experimgrthe unstable rotor would be
_reported by Smitt{1], reduced compressor tip clearance y|e|d§ irling at the offset radius at the natural frequency of the system.
increased compressor pressure rise. In the case of an offset cﬁ' -

pressor shaft, the blades passing through regions of small tip- as been suggested that this whirling might_ have some signifi-
clearance will experience higher blade loading and generate m %]t effect on the value og_the_bAlforgw coeftf:ments. Secolnd,
lift than the blades operating in the large tip-clearance regiononamsymmetrlc pressure distributions on the rotor spool were

This results in a net tangential force acting perpendicular to t entified as a separate forcing source in turbines and its effects

direction of the shaft offset and is referred to as the aerodynar?(l)Ee ;i;nsaslytﬁidntzzu?gnzfngnnc:aMﬁirtt:ﬂjeez-osfannoﬁ;ilst I;:TTeF:ﬁ(r:tar:tessure
cally induced cross-coupled force. 9 Y P

- : effects in compressors as well. More specifically, the followin
fl Early s_,tudles_ condu_cted by Thom# and Alford [3]_on axial research questFi)ons are of interest and a?e addre)s/sed in this pa%er:
ow turbines with statically deflected rotors resulted in the postu-
lation of a purely tangential destabilizing reaction force. The so- « What level of modeling detail is needed to capture the experi-
called Alford or Thomas force model is based on a cross-coupled mental observations in axial flow compressors?
stiffness coefficienK,, (tangential force, induced on the rotor  « How are compressors different from turbines regarding rotor

per unit radial deflectiore) of the form whirl tendency?
= BT » Can one construct a simple analytical model from first prin-
0:_” = (1) ciples to determine the whirl tendency in compressorgin
" Ae DI’ turbines?

whereT denotes the stage torque the mean wheel diameter and * What drives the destabilizing spool pressure loading and how
| the blade span. The Alford parameter was originally conceived ~ important is this effect compared to the Alford force?
as the change in thermodynamic efficiency per unit change in® How does rotor whirl frequency affect the aerodynamically

normalized clearance. In practigehas become an empirical fac-  induced destabilizing forces?

tor to match computational predictions to experimental dat@. If The new model presented here was developed under these thrusts
is positive, the net ta_ngen_tlal force on th(_a rofoyis in the dlrec-_ and applied in the GE Aircraft Engines LSRC test progf&inIn
tion of shaft rotation inducing forward whirl. Similarly, a negative;qgition a simple, analytical model from first principles is pre-

B indicates backward whirl tendency. It is recognized that axi@knted, which predicts the cross-coupled whirl tendency in com-
flow turbines tend to generate forward rotor whirl. The earlyressors and turbines.

analysis for turbines set the foundation for new research and cre-
ated an important empirical factor that is considered in the design -
of modern jet engines and gas turbines. 2" Model Derivation

Several modeling efforts have been undertaken by many re-The new approach consists of two parts: a modified version of
searcher$4—7] to address the issues of whirl-inducing forces imn existing two-dimensional, incompressible tip-clearance com-
both compressors and turbines. The disparity between the findinggssor stability model reported by Gordft0] and an aerody-
and the lack of definitive measurements of cross-coupled excitgmically induced force model.

Commibuted by the Intermational Gas Turbine Insitute and od at the 4 2.1 Unsteady Compressor Tip-Clearance Model. Hynes
ontripute Yy the Internationa as lurbine Institute and presented al e B HH

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gs%]hd Greltzer_[llj preser]t a Qompressor Stab!“ty model to assess
many, May 8—11, 2000. Manuscript received by the International Gas Turbine Instf1€ effect of inlet flow distortion. Based on this conceptual frame-
tute February 2000. Paper No. 2000-GT-418. Review Chair: D. Ballal. work Graf et al.[12] extended this model to account for steady
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nonaxisymmetric tip-clearances. Gord$h0] further modified . i i " i i

this approach to investigate the effect of rotatingsteady clear- ===+ experiment (axisym. TC) |
ance asymmetries on compressor performance and stability. 1
unsteady reduced order force model presented in this paper us'@
modified version of Gordon’s model. The derivation of the conit

—— model input {axisym. TC)

€= 1.4%

pressor model equations is omitted here and a short descriptior® 12 ¢ £= 2.8%
the modified model is given instead. §

The overall analysis consists of models of the inlet and ex@
ducts, the blade rows, the downstream plenum and throttle. T% 1.1 F 4+ mean operating point 1

hub-to-tip ratio is assumed high enough to neglect radial varig | .. foci of operating points (6)
tions of the flow quantities. Thus the model is two-dimensioni
with axial and circumferential unsteady flow field variations. Ef2 4 |
fects of viscosity and heat transfer outside of the blade rows &g
also neglected. The rotor and stator blade rows are modeledd
semi-actuator disks with unsteady inertia and loss terms. Unste:

deviation effects are not modeled and the relevant Mach numb %2 | ]

are assumed to be low enough that compressibility effects can . : : . . :

neglected. 032 034 036 038 04 042 044 046
The inputs to the model are the compressor geometry, an a Flow Coefficient

symmetric compressor characteristic, and its sensitivity to changes
in axisymmetric rotor tip-clearance. Assuming linear sensitivity, gig. 1 Compressor performance prediction for a steady shaft
family of compressor characteristics can be generated thatoffset of As=0.7 percent in the four repeating stage compres-
bounded by the maximum and minimum rotor tip clearance chaser reported in [5]
acteristics. In addition, any steady or unsteady tip-clearance dis-
tribution can be prescribed, e.g., shaft offsets, whirling shafts, etc.
The compressor operating point is set by the throttle area. the wavelength of the circumferential pressure distribution and
The model assumes that the background flow is steady in tiiakes use of the high hub-to-tip ratio assumption.
reference frame locked to theotating tip-clearance asymmetry. To determine the local, unsteady tangential blade loading
Hence the steady, nonlinear flow field equations are solved in thg ¢’,t), an unsteadycontrol volume analysis is conducted lo-
asymmetry framesee Fig. 3 to obtain the nonuniform back- cally in the rotor frame. The advantage of this approach is that any
ground flow. The model outputs the two-dimensional, nonuniformmsteady flow regiméwhirling shaft, rotating stall, etg.can be
distribution of flow coefficient, which is steady in the referenceonsidered. A control volume is defined in the rotor frame bound-
frame locked to the tip-clearance asymmetry. In the modified veing one blade along the steady streamlines as sketched in Fig. 2,
sion of the model the entire distorted flow figlakial and tangen- where the relative velocity vectors are labeled withThe blade
tial velocity and static pressure distributions through the compregsitch, blade span, blade chord, mean wheel radius and the stagger
sion systenis reconstructed and transformed back to the absolui@gle are denoted kg |, ¢, R, and y, respectively. Generally the
frame. This flow field(now unsteadywill be used to determine vector momentum equation in integral form is written for inviscid
the aerodynamically induced forces on the rotor. flows as
In this paper, the model will be demonstrated using dafa
fron_1 a low-speed compressor with four repeating stages. Figure 1ﬁ é pvdV+ 3g (pv-ndSjv=— \(ﬁ pnds+ é pfpdV,
depicts the experimentally measured axisymmetric compressowt J,, Y Py v
characteristics foe=1.4 and 2.8 percent, along with the charac- (3)
teristics used as inputs to the modsblid). It also shows the
computed mean operating poifit) and the corresponding locus
of local operating points around the circumferendaghtly
dashedl for a steady shaft offset ohe=0.7 percent. The mea-

wherev is the velocity field vectorp the static pressure field, and
fy, the elemental body force vector per unit mass. Assuming in-
compressible flow through a constant height annulus, applying Eq.

surement of mean operating points for a steady shaft offset in tﬁ’g to the control volume in Fig. 2 in the tangential direction, and

same compressor and comparison to the tip-clearance model pf&/acing the body force integral by thetal blade loading, , of
dictions is reported in Ehrich et d19]. opposite sign(the body force acting on the fluid is equal to the

negative of the fluid force on the bodfy=—F,,) yields
2.2 Aerodynamically Induced Force Model. Once the un- 3
steady, two-dimensional flow field has been computed as de- TV W _ _
scribed above, the aerodynamically induced forces can be com- pSI COSYC 5t Wyra+ pSI-Wo: (Woy = W) + Afss=Apsst Fiy .
puted. These forces consist of a spool pressure loading and a (4)
tangential force due to asymmetric turning. Simplified expressioR$ie contributions of the net momentum flux and net pressure
for these quantities are derived here, and integrated to get the #¢te across the streamwise surface boundaries are denoted by
forces acting on the rotor. _ . Afe and Apg, respectively. Note that the only pressure terms
_The spool pressure loading in the_ rotor frame is readily oByise from the streamwise surface boundaries since the pitchwise
tained from the flow field solutlon.. Since the ccompressor blade,tace normah is perpendicular to the tangential directiéh It
rows have been modeled as semi-actuator disks, only the stqdiG,qqmed for the unsteady term that the velocity inside the con-
pressure distribution between the blade rows can be directly cofs; volume is equal to the average of the velocities at stations 1
puted. The unsteady spool pressure loadmg(6',t) (where anq 21 The projection of this average velocity in téelirection is
6'=(6—Ot) is the tangential coordinate in the rotor franie  denoted byw,,.
estimated by averaging the static pressures upstream and dowrrhe expression obtained is fairly complicated and needs to be
stream of the rotor: simplified. Intuitively one can argue that if the wavelength of the
. , flow nonuniformity is large compared to the blade pighthen
sy P07 D+ py(6,1) Afss and Apgg across the streamwise surfaces should vanish in
Popoof 8/ 1) = . @

. . . Using this particular tip-clearance compressor model the flow fieditle the
This approach assumes that the blade pitch is much smaller thaide rows cannot be reconstructedtuator disk approagh
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STA1

wx(B',t) Fig. 3 Definition of reference frames: rotor frame (x',y"), ro-

tating asymmetry frame (x,y), and absolute frame (X,y)

Note that, since the model assumed steady flow in the reference
frame of rotating tip-clearances, the aerodynamically induced
forces are steady in the asymmetry frame.
The magnitude and direction of the four aerodynamically in-
s s b b P
Fig. 2 Unsteady momentum control volume analysis locked to duc_ed rotor fgrcefx, Fy’ F_X andey aslre dlscuss.ed next.'The
rotor frame main focus will be on the sign df,, Fy, and their sum, since
they determine the tendency of shaft whirl. Two parameters will
be used in the analysis, the Alfog parameternondimensional
Fif) and a new parameter denoted as the spool loading parameter
magnitude compared to the unsteady and tangential momentgn  (nondimensionaFs).
flux terms. In fact, if the control volume width set by blade pitch Spoo y
sis taken to the limitR- d#@, it can be shown that the streamwise
syrface terms are negligible to first orQer. Theal (p'er unit 3 Analysis and Modeling Results
circumferential angle unsteady, tangential blade loadihg can

W, (6 1)

then be written as The model is implemented in a sample analysis for the second
stage of the four repeating stage axial compressor reported in
. pRlcosyc ¢ Ehrich[5].
fo(0',1)=pRI-W,- (Wg—Wgp) — B — E{W61+W92}-

) 3.1 Importance of the Alford g Parameter. In the case of
a steady shaft offset, the tip-clearance asymmetry frame is identi-
The next step is to integrate the spool pressure loading apal to the absolute frame. The aerodynamic force model is imple-
tangential blade loading distributions defined in E@.and(5) mented for the example compressor with a shaft offset ef
around the circumference. This is done in the rotor refereneep.7 percent. To analyze the destabilizing effect of a net tangen-
frame x’,y") shown in Fig. 3 to obtain the unsteady forces on thgal blade loading, only:)li is considered here. The Alford pa-
rotor: rameter(Eg. (1)) is computed using the same mean stage tofique
2m as in Ehrich[5] in order to compare the model predictions to the
fi,(t)=—f Pspool 0 :1)-COKL ") - CsR-d 6’ experimentally driven results of Ehrich. The direction of whirl
0 depends on the direction of the net tangential de@ewith re-
27 spect to shaft rotation. IF5 is positive(in the direction of rota-
f;,(t)= —f Pspool €' ,1)-sIN(8") - CsR-d 6’ (6) tion) Bis positive and the rotor will tend to forward whirl. Simi-
0 larly, a negativeg indicates backward whirl tendency. The Alford
o B parameter is plotted for different flow coefficients in Fig. 4
f:,(t):+J' f,(0',t)-sin(0')-de’ (solid ling). The magnitude of the Alforg3 parameter and the
0 dependence of the whirl direction on the flow coefficient agrees
o well with the experimentally based predictions by Ehridi
b ey _ L N.odp (dashed ling For low flow coefficients a strong backward whirl
fy'(t) fo fo(07,1)-cod9")-dO tendency is predicted whereas forward whirl is induced for high
. . flow coefficients. It should be mentioned that three-dimensional
where the superscripts and b denotespool loading andblade ,henomena such as stator hub clearance and seal leakage effects
loading, respectively. The spool pressure load acts on the Spggh alter the Alford3 parameter and are not accounted for in the
surface of axial lengtrts,, which includes the interblade row 4 gimensional approach. A comparison of the modeling results
gaps upstream and downstream of the rotor. Finally, these Yg-eyperimental blade force data obtained in the GE Aircraft En-
steady forces are transformed back to the reference frame loc s LSRC facility and a discussion of the stator clearance and
to the tip-clearance asymmetry using the transformation given da, leakage effects are given in Ehrich ef@].
Eq. (7) to get the aerodynamically induced forde$, F3, Fand  The two-dimensional unsteady modeling approach seems to
F?: capture the observed compressor phenomena well. The following
questions arise from the result given above: What determines the

[Fx} _|cot(@=-w)t)  —sin(Q-w)t) [fx,(t)} (7 direction of whirl tendency in compressors and how do compres-
Fyl |sin(Q—w)t) cog(Q—w)t) | [Ty (D] sors differ from turbines in this regard?
Journal of Turbomachinery OCTOBER 2000, Vol. 122 / 763

Downloaded 01 Jun 2010 to 171.66.16.63. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Bekwd Whil =———  Fwd Whirl

2r— | ' - !
4 | © Model Prediction E
--- Ehrich (1993) '
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- 27 1 !
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< 5| ] ' tana+tanB=1.16
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4+ |
N l l l 0.46
0.38 0.4 0.42 . Ab<o Abs 0 _
Flow Coefficient | -
1 ~ ¢
Fig. 4 Alford B parameter for four stage compressor reported (h,= 0.431 (AP =0)

in [5] and model prediction
Fig. 6 Simplified whirl analysis of four-stage compressor

3.2 Blade Loading Indicator Parameter. In order to as-
sess the difference between the whirl tendency in compressors %ﬂﬂ:ient (Se~ — 8¢). Combining this with Eq(9), the following
EahrZIWsr;lrg ptleengﬁgl% (l)r;ltrl:]rlganeelsf} Oomneﬁ:g?glr?ngli(; et(s) (g)lr?]s;lrllfﬁtng gEZr%'imple relation holds between the tip-clearan(;e distribution and
(5) by neglecting unsteady effects and again assuming constg]n? distribution of the local tangential blade loading:
axial velocity through the stage, the tangential momentum balance 5f,~ AP Se. (10)

can be written for both compressors and turbines as shown ngt us assume that the variation in flow coefficient is purely sinu-
Figs. Ha, b), wheref$°™P andf‘aurb denote compressor and turbine purely

tangential blade loading is the flow coefficient, aniV=w/U is ;smiorl]al ?]r;igovv\)’it'r?iﬁf Eff?;fa?;icnee%lgﬁfbdlﬁg :]s paonsc'jt'\i’ﬁt’gf ?ation
the nondimensional relative velocity. Using kinematic relationg P P ' g

and the velocity triangles the tangential blade loading can be wr round the annulus yields a positive net tangential blade loading

ten in general as 3 (in the direction of rotation The opposite holds for a negative

| blade loading indicator inducin§§ in the negative direction as
fo~¢-[1—(tana+tanB)- ¢pl=¢- . (8) sketched in Fig. 6 at the top. Hence the blade loading indicator is

Note thatf, points in the negatived direction in Fig. 5. This conj.ectured to determine the whirl direction for compressors and

expression holds for both compressors and turbines meris tur_:_);lnes?_ | del i lied to the f N

the ideal static enthalpy rise for compressors or the ideal stati(c)rtelg iﬂnéﬁﬁcgg] ?H:Se ﬁﬁgtlzin doexitesveitllr:nalgees ;?gﬁgiﬁgra;e-

enthalpy drop for turbinesy is the absolute inlet swirl angle and® id d : dtob tant thg t-

B denotes the relative exit swirl angle. Since only variations ijidspan and assumed 1o be constant over thé compressor opera

tangential blade loading distribution contribute to the net tangeW—g. range,byleldmg tan-+tanf=1.16. Setting the blade Iqaﬂng
) b ' ndicator A® to zero one can solve for the mean flow coefficignt
tial rotor forceFy, Eq. (8) can be expanded to first order an

written as or which the net tangential force should vanish. For this particu-
lar compressor ith=0.431 the net tangential rotor force is zero, if
5f0~7[2(tana+tanﬁ).$7 1] 8¢. (9) ¢>0.431 thenA® is positive, inducing forward whirl, and i$%
. - <0.431 the compressor tends to backward whirl due to a negative
Ic‘ft the bLaCkf]t.eﬁ ex?re;smn (tjae denﬁted asbthde loading |n(; blade loading indicatoAP. This situation is sketched in Fig. 6
icator A°, which only E€penas on the stage geometry_aq tr%Sgether with the ideal compressor characteriﬂjc Comparison
mean value of the rov_v coefficienp. If _the tip-clearance 1SN Gt this result to the experimentally based Alfggdoredictions by
creased the blockage increases and yields a decrease in flowé?ﬁch[S] in Fig. 4 shows that th@ curve crosses zero at a flow
coefficient of 0.435. This agrees well with the simple model result
of $=0.431 and the predictions of whirl direction tendency. In
order to give more generality to the assessment, two other com-
pressors reported in Ehridlb] are analyzed. The predictions by
£, £, the simple, first principles approach and experimentally based re-
B B We2  sults by Ehrich[5] are summarized for all three compressors in
=31 Ve C\ 7% Table 1.
\ The simple model can also be applied to turbines. Turbines
. me inherently exhibit much higher flow turning than compressors,
ﬂ 6,0 e\l ﬂ 8,0

a) Compressor b} Turbine

especially if they are of impulse type with a degree of reaction
close to zero. Hence, the absolute inlet and relative exit swirl

£°°M ~ & (Wgy - Wyo) £ ~ b ((Wgy - Wgp) angles will be much higher than in a compressor rotor. Therefore,
Fig. 5 Simplified blade loading analysis for compressors and 2This analysis is limited to the sign of the Alfogglonly and does not include the
turbines effect of spool pressure loading.
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Table 1 Experimentally based predictions [5] and A? ap- by the asymmetric tip-clearance. Regions with tight tip-clearance
proach for three axial flow compressors reported in [5]: back- yield high total-to-static pressure rise, less blockage, and therefore
ward whirl tendency for  ¢<d,, forward whirl tendency for ¢ a higher flow coefficient. Conserving total pressure in the up-
>dbn stream duct(potential flow and matching the uniform pressure
distribution at the compressor exit yields a lower spool pressure in
the tight tip-clearance region. The opposite holds for regions of
AP =0 ¢_>o = 0.464 J;o = 0.506 (Z;o = 0.431 large tip-clearance. The variation in total-to-static pressure rise
: = T T _ s, the variation in flow coefficieng, and the variation in
Ehrich | ¢, = 0457 %o = 0.490 $o = 0.435 non-dimensional spool pressudps,qo/ pU? are plotted in Fig. 8
as dashed lines for the given shaft offiste tip-clearance distri-
bution is shown as the dotted line in the top pldvaluation of
the blade loading indicatoA” is always positive and its sign is the first two integrals in Eq6) and transformation to the frame of
independent of the mean flow coefficient, unlesss very small the shaft offset using Eq7) yields F;>0 andFy=0 for this
or the degree of reaction is relatively higless turning. This sinusoidal spool pressure distribution. In other words, the aerody-
leads to the conjecture that, in turbines, the net tangential blag@mically induced rotor force due to spool loading is a purely
loading induces forward whirl over the entire operating rangéadial destabilizing force, as sketched in Fida)9 The purely
This is in agreement with Alford’s hypothesis and observatiorginusoidal spool pressure loading distribution does not induce
reported in literature. whirl since the aerodynamic rotor force has no tangential compo-
nent F;=0).
Now let us consider the family of compressor characteristics
own in Fig. 1 and assume that unsteady losses and unsteady
w inertia effects are present. The total-to-static pressure rise
stribution 8¢, is now distorted due to the curvature of the com-
Br'gssor characteristics as depicted in the top plot of Figo8d
To quaniiy the destablzing effect of spool pressure 10ading, &1cL cr-ion of the fiid in the piade.row passages. Assuming
parameter similar to the Alforg coefficient is defined: quasi-steady flow and no exit swirl, it can be shown that the
FjDI following pressure balance across the compressor must hold:

IBSpooI= m . (11)

The Bspo0 Parameter is computed for different flow coefficients
and plotted in Fig. 7. Forward whirldsp.0> 0) is induced, with a
maximum value o3y, near compressor stall. This is mostly due
to the fact that the flow field is more distorted for flow coefficient:
less than 0.41the family of compressor characteristics are furthe
apart at low flows in Fig. L The magnitude 0By, iS about half
the magnitude of the Alforg@ parameter for low-flow coefficients.
Note that the forward whirl induced by spool pressure loadin 5
mitigates the backward whirl tendency due to the net tangent
blade loading(Fig. 4). The nature of the forward whirl tendency 8¢ ©
due to spool pressure effects is discussed next.

First let us consider a family of axisymmetric tip-clearanc -5 . . . . .
compressor characteristics with no curvature and neglect unste: 5 x10°
losses and flow inertia effects in the blade rows and ducts. In tt
case the flow instantaneously responds to the distortion induc_PU'fz_W'O

P!

Method | Compressor 1 l Compressor 2 R}ompressor 3 |

3.3 Effects of Spool Pressure Loading. Nonaxisymmetric
pressure distributions on the rotor spool were identified as a se Y
rate forcing source in turbines, and its effects were analyzed %x
Song and Martinez-SanchgZ]. It is suggested that this effect isdi
also important in compressors and its nature and magnitude
assessed in this section.

Wi o F

-5

-5

0 60 120 . 180 240 300 360
Circumferential Angle

Fig. 8 Compressor flow field with inertia effects included
(solid ) and inertia effects neglected (dashed) for a given tip-
clearance distribution e (dotted )

KRS 4
a) flow inertia neglected b) flow inertia included

~ Bspoot Parameter

-4 + & Model Prediction

-5 : s i )
0.38 0.4 0.42 0.44 0.46
Flow Coefficient
Fig. 7 Spool loading parameter B, for four repeating stage Fig. 9 Effect of flow inertia on rotor forces due to spool pres-
compressor reported in  [5] sure loading
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pdn— puP metry can be related to the phase of the flow coefficisae Eq.
07 (5)). Notice thaty, never exceeds 90 deg so thaF;’ does not
P change sign. This yields a whirl frequency independence of the

where\ denotes the nondimensional fluid inertia in the rotor bladgign of the Alfordg parameter as shown in the top plot of Fig. 10.
rows[13] The enhanced flow field distortion and the zero phag@ear the

d¢

=hs— A %r (12)

¢, /R
rotors cos Y

(13)

In steady flow, the compressor upstream total presgiifeand
compressor downstream static presspf@ are uniform, so cir-
cumferential variations i) must be directly balanced by varia-
tions in the gradient of flow coefficient

0=4¢ A 506 14
=0is W ( )
This explains why the flow coefficient variation lags the clearance
distribution in Fig. 8. Including flow inertia in the compressor
model results in a relative phase shift in the flow coefficient and
spool pressure distributions, denotgg and y,, in Fig. 8. Due to
this positive phase shift, the spool pressure loading now alsc
yields a force component in the tangential direcﬂé)?ﬂ and in-

duces forward whirl as shown in Fig(l9.

3.4 Effects of Forced Shaft Whirl. In the case of a whirl-
ing shaft, the rotor would be whirling at the offset radius at the
natural frequency of the system. It is therefore important to asses
the effects of this whirling on th@ parameters.

The following parameter study is conducted to assess the ef
fects of forced shaft whirl on the destabilizing rotor forces. The
whirl frequency w is varied from synchronous backward whirl
(w=—Q) to synchronous forward whirl¢= ) for a shaft off-
set of Ae=0.7 percent. The aerodynamically induced forces act-
ing in the rotating asymmetry frame are computed using Ejs.
and(7). In order to examine the whirl tendency due to unbalanced
blade and spool loading effects, the Alfoflparameter and the
spool loading parametess,., are determined. Figure 10 depicts
the B parameters for different flow coefficients and nondimen-
sional whirl frequencies/(). The tip-clearance compressor model
can also be used to determine compressor stability. Due to th
flow distortion, which is affected by the shaft whirl, the rotating
stall frequency varies slightly with the forced whirl frequency. For
the four-stage compressor discussed here, rotating stall is pre
dicted to occur between 22 and 46 percent of rotor frequencly.
This rotating stall frequency range is indicated ®ys. '9

Notice that for low flow coefficients, the Alfor@ parameter is for
amplified and the spool loadings,., changes sign close to zero
forced whirl frequency. A detailed analysis of the flow field showe
that the rotating tip-clearance asymmetry induces an enhanc
distortion of the flow near rotating stall. Consider an observeg
sitting on the rotating asymmetry frame at the location of th
smallest tip-clearance. The observer will then perceive a stea(_;_y
nonuniform flow field, which will have a certain orientation rela-,
tive to the observer’s location. The phase and the magnitude of t&
fundamental wave forna single lobed sinusoid indicated by sub-
script 1) of the flow coefficient and the nondimensional spoo
pressure are analyzed for different forced whirl frequencies. Tt
results for a compressor operating point close to stall are shown
Fig. 11 and the rotating stall frequency range is again indicated I'—'
Qps. 2

If shaft motion occurs at negative whirl frequencies, the flov g
field lags the clearance asymmetry and the relative phase betw«:
the clearance asymmetry and the spool pressure distribytias
positive. This translates to a spool loading induced forward whir
as described in Fig. 9. The opposite holds for positive whirl fre
quencies higher than 0.1 and yields backward whirling forces, as
shown in the bottom plot of Fig. 10. Similar arguments hold fo,gI

the blade loading distribution since the relative phase between tm\, coefficient
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rotating stall frequencysee Fig. 11are felt in the net tangential frequency coincidence between shaft whirl and rotating stall

blade loading and reflected in an amplification®hearQgs. suggests nonlinear coupling effects between the aerodynamics
It is important to note the following results from Fig. 1&) and the rotordynamics.

The spool loading parametgd,,, acts in the direction against An important element in the design of rotordynamically stable

whirl for both large positive and negative forced whirl frequenjet engines is the accurate prediction of the aerodynamically in-

cies. (2) Bspool is Of comparable magnitude to the Alfogél (3) duced forces. The reported results are compared to experimental

BspootOPPOsESs the effects of the Alfogglfor two cases: for nega- blade force data obtained from the GE Aircraft Engines LSRC test

tive whirl frequencies and low flow coefficients and for positivdacility in Ehrich et al.[9]. The presented aerodynamically in-

whirl frequencies and high flow coefficienigl) The net effect of duced force model forms an important basis for an overall dy-

Bspool @nd the Alford 8 yields backward whirl for forced whirl namic system analysis and is suggested as an integral part of

frequencies ranging from-0.5 to +1. To the author’'s knowledge engine design tools.

no rotor whirl experiment has been reported in literature in order

to compare the modeling results to data. Spakovszky €tl4].

report a feasibility study of a magnetic bearing servo-actuator f&cknowledgments

a high-speed compressor stall control experiment. The described’he author would like to thank A. Al-Nahwi and Dr. F. Ehrich

experiment could be used to whirl and precess the compresgarthe very useful comments and insightful discussions. This re-

shaft actively to investigate rotordynamic—aerodynamic couplirggarch was conducted under NASA grant No. NAG3-2052.

effects.

Note also that the frequency coincidence between enhan(ﬁgmenclature

whirl tendency and rotating stall leads to the conjecture that in an

engine, where the rotordynamics and compressor aerodynamics a =

form one dynamic system, shaft whirl can interact and reso- g

nate with flow instability patterns such as rotating stall. The cur- ¢ =

rent uncoupled modeling results are an important piece of an D
overall dynamic system analysis since they separate the basic &fF,f
fects of whirl inducing forces. A nonlinear, coupled system ¢
analysis is suggested to investigate the dynamic behavior ofAe
the compressor—rotor system. Current research on rotordynamic— y
aerodynamic interaction in axial compression systems is reported, 4
by Al-Nahwi [15]. |

A
. AP
4 Conclusions and Summary N

This paper reports a new unsteady low-order model to predictp p
aerodynamically induced whirling forces in axial flow compres-y; 4,
sors. The model consists of two parts: a tip-clearance inducedr p
distortion model and an aerodynamically induced force model. g
The distortion model predicts the flow response to giretating t,T
tip-clearance asymmetries. The force model then uses this disg ¢’
torted unsteady flow field to deduce the forces on the rotor. The y

force model is not limited to this particular compressor model; , v =

any prediction of the compressor flow field can be uged, CFD,  w,w
experimental data, ejc.The model computes destabilizing rotor ¢, ()
forces due to nonuniform tangential blade loading and nonuniformy y
spool pressure loading effects for steadily deflected and whirlir;g,yr
shafts. XV

absolute inlet swirl angle

relative exit swirl angle, Alford parameter
chord

mean wheel diameter

loading, force, momentum flux

flow coefficient

tip-clearance/span, shaft offset/span
stagger angle, phase angle
cross-coupled stiffness coefficient
blade span

rotor blade row inertia

blade loading indicator

surface normal

static pressure, pressure force
pressure rise, enthalpy rise

mean wheel radius, density

blade pitch

time, stage torque

circumferential angléabsolute and rotor frame
mean wheel speed

absolute velocity(vecton

relative velocity(vectop

whirl frequency, rotor frequency
coordinates in asymmetry frame

= coordinates in rotor frame

coordinates in absolute frame

L . . X,y

The model is implemented in a sample analysis for the four
repeating stage axial compressor reported in EHB¢hA steady
shaft offset ofA e=0.7 percent tip-clearance over span is consideferences
ered first and the computed Alfoygl parameter is in good agree- [1] Smith, L., 1958, “The Effect of Tip Clearance on the Peak Pressure Rise of
ment with the results reported in Ehri¢h5]. /;:i;\'-ggw Fans and CompressorsProc. ASME Symposium on Staftp.

I.n addltlc.m’ a S|mple mOdel from fIrS_t prmuples IS presented'ézs] Thomas,.H., 1958, “Unstable Natural Vibration of Turbine Rotors Induced by
This analytlcall approgch introduces a S|mple p.ara.-meter denoted the Clearance Flow in Glands and Blading,” Bull. de I'A.l.M1, No. 11/12,
the blade loading indicatar The blade loading indicator depends pp. 1039-1063.
on|y on the Stage geometry and the mean flow coefficient and3l] Alford, J., 1965, “Protecting Turbomachinery From Self-Excited Rotor
determines the direction of whirl tendency due to tangential blade Whirl,” ASME J. Eng. Power87, pp. 333344, . o

. . . 4] Colding-Jorgensen, J., 1992, “Prediction of Rotor Dynamic Destabilizing
loading forces In both compressors and turbines. Forces in Axial Flow Compressors,” ASME J. Fluids Entjl4, pp. 621-625.

A spool loading parameteBs,,,, analogous to the Alforgs [5] Ehrich, F., 1993, “Rotor Whirl Forces Induced by the Tip Clearance Effect in
parameter, is introduced and predicts forward whirl for steady _Axial Flow Compressors,” ASME J. Vibr. Acoustl15 pp. 509-515. )
shaft offsets. The effect of flow inertia on the spool pressure load!®l Yam L., Hong, J., Li, Q., Zhu, Z, and Zhao, F, 1995, "Blade Tip Destabi-

: o . . lizing Force and Instability Analysis for Axial Rotors of Compressors,” Bei-

ing is investigated and the modeling results show that the flow jing University of Aeronautics and Astronautics Report.

field lags the clearance distribution due to the fluid inertia. This[7] Song, S., and Martinez-Sanchez, M., 1997, “Rotordynamic Forces Due to

phase shift induces destabilizing rotor forces, due to spool pres- I;.Jébme g;psLsgl;age: Part |—Blade Scale Effects,” ASME J. Turbomach.,
; ; f pp. —703.

sure Ioadlng eﬁeCts.’ Whlc.h add to the forces predlcted by Alford]',{S] Storace, A., Wisler, D., Shin, H. W., Beacher, B., Ehrich, F., Spakovszky, Z.,

Fprced shaft whirl |S__S_|mU|ated to assess the effects of sha Martinez-Sanchez, M., and Song, S., 2000, “Unsteady Flow and Whirl Induc-
motion on the destabilizing rotor forces. Th&,,q parameter ing Forces in Axial-Flow Compressors; Part —Experiment,” ASME Paper
acts in the direction against whirl and is of comparable magni- _ No. 2000-GT-565. ) _
tude to the Alford ,3 It opposes the effects of the Alforﬂ [9] Ehrich, F., Spakovszky, Z., Martinez-Sanchez, M., Song, S., Wisler, D.,
for negative whirl frequencies and low flow coefficients and for

Storace, A., Shin H. W., and Beacher, B., 2000, “Unsteady Flow and Whirl
o g ! ' = Inducing Forces in Axial-Flow Compressors; Part Il—Analysis,” ASME Pa-
positive whirl frequencies and high flow coefficients. Also, the

per No. 2000-GT-566.
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Rotating Tip Clearance Asymmetry in Axial Compressors,” Ph.D. thesis, De- Compressors: Part I—Development of the Equations,” ASME J. Eng. Gas
partment of Aeronautics and Astronautics, MIT. Turbines Power108 pp. 68—76.

[11] Hynes, T., and Greitzer, E., 1987, “A Method for Assessing Effects of Cir- [14] Spakovszky, Z., Paduano, J., Larsonneur, R., Traxler, A., and Bright, M.,

cumferential Flow Distortion on Compressor Stability,” ASME J. Turbo- Wi . . : . .
mach.,109, pp. 371-379. 2000, “Tip-Clearance Actuation with Magnetic Bearings for High-Speed

[12] Graf, M., Wong, T., Greitzer, E., Marble, F., Tan, C., Shin, H. W., and Wisler, Compres?sor Stall C‘intr°|"’ ASM!E Paper No. ZQOO'GT'SZS' . .
D., 1998, “Effects of Nonaxisymmetric Tip Clearance on Axial Compressor[15] Al-Nahwi, A., 2000, “Aerodynamic-Rotordynamic Interaction in Axial Com-

Performance and Stability,” ASME J. Turbomach20, pp. 648—661. pression Systems,” Ph.D. thesis, Dept. of Mechanical Engineering, MIT.
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A Navier—Stokes Analysis of the
Stall Flutter Characteristics of the
Buffum Cascade

Stefan Weber
Post-Doctoral Research Associate, Numerical stall flutter prediction methods are much needed, as modern jet engines re-
Deutsche Forschungsgemeinschaft, quire blade designs close to the stability boundaries of the performance map. A Quasi-3D
Navier—Stokes code is used to analyze the flow over the oscillating cascade designed and
Max F. Platzer manufactured by Pratt & Whitney, and studied at the NASA Glenn Research Center by
Professor, Buffum et al. The numerical method solves for the governing equations with a fully
Fellow ASME implicit time-marching technique in a single passage by making use of a direct-store,
i . periodic boundary condition. For turbulence modeling, the Baldviomax model is
Department of Aeronautics and Astronautics, used. To account for transition, the criterion to predict the onset location suggested by
Naval Postgraduate School, Baldwin and Lomax is incorporated. Buffum et al. investigated two incidence cases for
Monterey, CA 93943-5000 three different Mach numbers. The low-incidence case at a Mach number of 0.5 exhibited
the formation of small separation bubbles at reduced oscillation frequencies of 0.8 and
1.2. For this case the present approach yielded good agreement with the steady and
oscillatory measurements. At high incidence at the same Mach number of 0.5 the mea-
sured steady-state pressure distribution and the separation bubble on the upper surface
was also found in good agreement with the experiment. But computations for oscillations
at high incidence failed to predict the negative damping contribution caused by the
leading edge separatiofiS0889-504X00)01304-Q
Introduction nonlinearized unsteady Navier—Stokes equations. Furthermore,

A review of aeroelastic prediction methods for axial-flow tur-recent steady and dynamic stall computations for single airfoils
P have yielded markedly improved agreement with measured hys-

bomachlnery[;] _showed that_the C(_)mmo_nly u_sed unsteady fI0“49’eresis loops if the Baldwin and Lomd#®] algebraic turbulence
models were limited to two-dimensional linearized methods. DUz 4| \vas replaced by the one-equation Baldwin and Biith
Ing dthgt past _tt\)/:/el\t/e ye?rs, tremend;)Ltjs advancéesl Irl]a CFDl.h Spalart and Allmard8] models and the laminar-to-turbulent
made 1t possibie 1o replace some of these models by nonlinggl,sition onset and length was incorporated into computations, as
three-dimensional flow models. However, the simulation of strong, o wn by Ekaterinaris and Platd@], Sanz and Platzé10], We-
viscous flow effects is still fraught with many uncertainties, maksar and Platzef11], Weber et al[lé] and Eulitz[13)]. '
ing it difficult to predict some important aeroelastic phenomena. T approach presented in this paper is based on the reasoning
One of these phenomena is stall flutter, where the currently usgden apove. Although three-dimensional flutter computations are
empirical correlations for the stall flutter boundary prediction resently being developed, for example by BaK!4] and Chew
compressor and fan blades have yet to be replaced by “rationalt 4| 115], we believe that such an approach is still premature for
computational methods based on the solution of the Naviefne analysis of stall flutter. Therefore, the present analysis is based
Stokes equations. These uncertainties are caused by the Wgli-the Quasi-3D Navier—Stokes equations without any further
recognized difficulties to model laminar-to-turbulent flow transifinearization assumptions. Such an approach was also adopted by
tion and turbulent flow in the presence of strong flow oscillationgye [16], Eguchi and Wiedermanfil7], Abhari and Gileq18],
Furthermore, it is likely that stall flutter cannot be modeled by;riper and Carstenl9], Weber et al[20,21], Kato et al.[22],
purely two-dimensional methods because separated flows tendrighcer et al[23], Carstens and Schmft24], Fourmaux 25], and
be three-dimensional. This situation is complicated even furthefy and Murthy[26]. The turbulence modeling still relies on the
for the case of high subsonic/transonic stall flutter due to the fagimple algebraic Baldwin—Lomax model, but the transition onset
mation of shock waves. _ _ . criterion introduced by Baldwin—Lomax is incorporated. The re-
In this situation the computational fluid dynamicist has nguits are evaluated by comparison with the oscillating cascade
choice but to proceed to increasingly more demanding flow moghreasurements of Buffum et 427] which appear to be the most
eling and to evaluate the validity of the model against welkeliable data for such a comparison at the present time.
controlled experiments. Most investigators are agreed that the
modeling has to be based on the Navier—Stokes equations. HaWathematical Model

ever, great savings in CPU times can be achieved if the flow is ) ) o .
_The present algorithm solves the nondimensinalized time-

decomposed into a steady nonlinear flow upon which small ha ¢ . . .
monic perturbations are superimposed. The most recent exaw@?&endem Quasi-3D Navier—Stokes equations. The equations are
erived for anm, ¢-coordinate system witim in axial and¢ in

for this type of approach was presented by Clark and HAll ™ L
following the work of Hall and Crawley3], Kahl and Klose[4], circumferential direction. It represents S1-stream surfaces of revo-

and Montgomery and Verddis]. On the other hand, time linear- Ution atfa rar(]jiusr (‘j".’ith a yariallt;:e str%am sulgfahce t.hiclgneBsm hik
ization imposes limits on the oscillation amplitudes and hence it fgcount for three-dimensional flow effects. Following Benetschi

prudent to evaluate time-linearized results against solutions of #f) the Favre-averaged governing equations in strong conserva-
ion law-form transformed to curvilinear coordinatgs ») can be

gh/en in a rotating frame of reference as follows:

Contributed by the International Gas Turbine Institute and presented at the 4

International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Ger- 1 1

many, May 8—11, 2000. Manuscript received by the International Gas Turbine Insti- 30+4 ( E-—E,|+d,|F-=—F,|=0 (1)
tute February 2000. Paper No. 2000-GT-385. Review Chair: D. Ballal. ‘C'\ Re ™ K Re v
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in whichJ=d(m, ¢)/d(&, ) is the Jacobian matrix of transforma-with « the ratio of the specific heats, afiin case of a rotor flow

tion, and wherdJ is the vector of conservative variables as the angular velocity. To model the turbulent stresses, a turbu-
lent eddy viscosity is computed following the turbulence model of

p Baldwin and Lomax6]. The laminar viscosity is predicted by

. PUm Sutherland’s law. The onset of laminar/turbulent transition is
U=JrB prog [ () found with the criterion suggested by Baldwin and Lon{&%

Oror using_ Crutm o_f 14. Furthern_"lore, an _effective thermal transport
~ . coefficient is introduced, using a laminar and a turbulent Prandtl
E andF are the Euler fluxes number.

¢ Equation(1) is nondimensionalized referring to the free-stream
pW total density, the free-stream total velocity of sound, the free-
E—JB pvmWEHTDER 3) stream total viscosity, and the chord length.
pro We+rpé, [
eroWE + pwé Numerical Method
W7 A finite volume technique is applied for the numerical solution
W74 1 of Eg. (1), which is discretized in a node-centered form. Central
E—jg{ PUm P 77m (4) and antisymmetric differences are used to compute the viscous
pro W7+rpz, | fluxes. The inviscid fluxes are computed with an upwind FDS
€W+ pw” scheme by Ro¢29]. At each volume cell face it solves for an

approximative Riemann problem by computing a numerical flux

andE, andF, the viscous fluxes function. For example in thé direction, the definition of the flux

0 function for a cell face located at{ 1/2j) is:
2 P TmmémmT Tmcp‘f<p A o~ 1 . . ~ A
E,=J [ (1P Tmp€mmt Topte) [ ®) E(W)i+112) =5 [E(UD)i+ 12+ E(UR)i+ 12
rEeyémtFeséy A
0 = (REALE(UR=UL))i+ 122l (14)
X fpre m 7o n with the initial state vector§),_at the left andJ at the right side
F,=J (pTr e 47 ¢ 7;’) , (6) of the cell facel ¢ the left andR¢ the right matrices of the left and
rEm“’ mJTF eetle the right eigenvectors, respectively aAd the diagonal matrix of
ev Im™ Few o eigenvalues with respect 2 The components of the matrices are
where obtained using the Roe average.
With Eq. (14), a characteristic wave decomposition is achieved,
Eeo =WmTmm+ WeTme+ dm, ) resulting in two acoustic waves, one shear, and one entropy wave.
F oy =W Tt WoTo, ®) H_erei_n the eigenvalues desc_ribe thg characteristic s_pt_eed and the
ev Tmime - e tee t Her direction of the waves. Consistent with the characteristic compat-
and the source vectd due to the coordinate transformation foribility relations, the change of the characteristic variable across
the S1-system the cell face can be computed due to the particular eigenvalue
formulation.
0 To assure a minimum amount of artificial viscosity in the whole
1 ar p orB computational domain, a method suggested by Haf8fj is
R pvi— _— implemented, as well as a correction of the eigenvalues to over-
Q,=JrB rom rBom,. (9) come a nonphysical negative entropy change across expansion
0 fans. The spatial discretization of the inviscid fluxes is extended to
third-order accuracy by applying the MUSCL technidi34d] to-
0 gether with the TVD scheme by Hart¢80] and the van Albada

The transformed components of the heat fyxand the stress limiter function to avoid stability problems. _

tensor 7 are given in more detail in Weber et 420]. In these ~ The fully implicit time-integration of Eq.(1) is performed
equation$ denotes the density armthe pressure. The abso|utesecond'0rder aCCUr.ate in time fOl_lOV.an the SChem_e of Rai and
and relative velocity components arg,,v,,, andwy,,w,, re- Chakravarthy[32]. Time accuracy is improved by using Newton

spectively. The contravariant velociti®é andW?” are given by: subiterations to minimize Ii_neari_zation_ errors at_each_ time step
while the system of equations itself is solved iteratively by a

Weé= M Em(Wm—Cem) + €,(W,— Cg,) (10) Gauss—Seidel relaxation method. For unsteady computations best
performance in terms of accuracy and convergence was found by
using three Newton subiterations at each time step.

W7=T 77m(Wm = Cym) + 7,(W, = C) (11) Boundary Conditions and Unsteady Grid Generation. The
numerical treatment of the far field boundary conditions follows a
mgethod of characteristics proposed by Chakravar®3}. For the
up- and downstream boundaries, the number of physical boundary
conditions depends on the number of characteristics entering the
computational domain neglecting all viscous terms. At the inflow
boundary the total pressure, the total temperature, and the inflow

and

with the components of the contravariant cell face velocitfes”
which have to be introduced due to the time-dependent defor
tion of the grid. The volume specific total energy, and the
rothalpyH,,; assuming perfect gas are defined as:

p p

Co= gt E(vﬁ# v2)—Qrpuv, (12)  angle are imposed. At the outflow boundary only the exit pressure

is prescribed. For viscous flows Stokes’ nonslip condition is ap-

and plied on the surface of the blade, assuming an adiabatic wall and
a vanishing normal pressure gradient. The assumption of a zero

:erotJr p 13) normal pressure gradient for unsteady flows is still correct if the

ot p reduced frequency of the blade oscillation is small.
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At the periodic boundary use is made of the direct store methasidchord point with an amplitudé of 1.2 deg at an interblade
introduced by Erdos et al34]. This boundary condition allows phase angleb of 180 deg. The reduced frequenky27fc/U.,
the simulation of harmonically oscillating blades for any interwas varied between 0.4 and 1.2. The stagger apgi€the low-
blade phase angle with only one passage. Convergenceaspect-ratio fan blade tip section was 60 deg, the chord lemgth
achieved if the difference between the flow quantities compareds 0.0889 m, and the soliditys was 1.52.
with the flow quantities of the previous cycle are below a certain In this paper we analyze only the steady and oscillatory data for
limit. To avoid large storage requirements, the flow variables atfree-stream Mach number of 0.5 and a Reynolds number Re of
the periodic boundaries are not stored at each time step, makingx 10°. The corresponding experimental results as well as the
use of a technique introduced by Peitsch e{3#]. details of the test facility were discussed and given in detail by
The simulation of the blade motion requires an unsteady regeBuffum et al.[27].
eration of the C- or O-type grid. Therefore, the grid is divided into All steady-state and unsteady computations for the Buffum cas-
three zones. The first zone includes the blade surface and the gade were performed on an O-type 24a1 point Navier—Stokes
lines inside the boundary layer preserving the orthogonality of tlgid. Several grids were tested and the initial wall spacing de-
grid on the surface. This zone moves as a solid body accordingd@ased until the solution became independent of the grig for
the chosen mode of oscillation. Wrapped around the first zoneds1.5. The grid is shown in Fig. 1, including a magnification of

the second zone, which is surrounded by a stationary nondeforiiie leading edgétop left) and the trailing edgébottom righy.
ing third zone. The second zone is deformed at each time step and

the grid is regenerated by solving the Laplace equation. Experi-Steady-State Low-Incidence Flow. Before running an un-
ence shows that it is not necessary to run the grid regeneratior®ady computation, a steady-state solution was computed. In Buf-
each time step. Instead, it is sufficient to use a linear interpolatié#n €t al.[27], the in-flow anglea corresponding to low inci-
between newly regenerated grids. The third zone is kept fixed 4§nce was given to be 60 deg at a pressure mgig/p.. of 0.93.
save the orthogonality of the grid at the outer boundaries. I order to obtain good agreement with the experimental data, the
The Navier—Stokes code has been tested extensively for a PaESsure ratio for the numerical simulation had to be changed to

riety of steady and unsteady subsonic and transonic test ca$e836, resulting in an averaged inflow angle of 61.1 deg. The
such ag20,21,28. computed data were compared with the measured chordwise pres-

sure coefficient distributions with a definition of the steady pres-

sure coefficient as follows:
Computations were performed to investigate the flutter charac- (f) _
teristics of the Buffum cascade. This cascade was developed to X P c P
improve the understanding of the unsteady flow phenomena which C ( ) - pT
cause stall flutter. The measurements were taken in the wind tun- o
nel of the NASA Glenn Research Center, where this linear nine- Two steady-state computations, one fully turbulent and one in-
blade cascade was installed. A series of steady and oscillateiyding transition, were performed. In Fig. 2 the predicted pres-
measurements were taken for free-stream Mach numbers of G@res are seen to compare well with the experimental data.
0.5, and 0.8 at low and high incidence. In the experiment all Figure 2 also includes experimental data on the neighboring
blades were executing a harmonic pitching motion around tiéades to indicate the degree of periodicity in the test cascade. The
difference between the development of the boundary layer without
and with transition is seen to be small. A re-laminarization was
predicted at the trailing edge while the strongest influence of tran-
sition could be seen close to the leading edge. In Fig. 3 the pres-
sure distribution at the leading edge is given in more detail. Both
computations predicted the stagnation point slightly on the lower
surface, reaching &p of 0.5. Starting from the stagnation point,
the flow was accelerated on both surfaces of the blade, as can be
seen from the two suction peaks. The higher acceleration was

Computational Results and Discussion

- (15)

0.5

O Exp. upper surface blade 0
M Exp. lower surface blade 0
0.4 H OExp. upper surface blade -1 J
4 Exp. lower surface blade -1
AN Exp. upper surface blade +1

0.3 A Exp. lower surface blade +1
Q.
m Q o2}
H I
ERESEELE 0.1
0
——— turbulent computation
—— - computation with transition
—0.1 . . . L
/// i N 0 0.2 0.4 X/C 0.6 0.8 1
i
Fig. 2 Steady-state pressure distribution, M=0.5, a
Fig. 1 O-type 241 X 61 point grid for the Buffum cascade =61.1deg, Re=0.9X10°
Journal of Turbomachinery OCTOBER 2000, Vol. 122 / 771

Downloaded 01 Jun 2010 to 171.66.16.63. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



1 T T T T T 10 T T T T
09 1 O Exp. upper surface blade 0 ] sl m u Exp. lower surface 4
08 | HExp. lower surface blade 0 1 O Exp. upper surface
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gecause the passage-to-passage periodicity was too poor. For
analysis of the unsteady data a first harmonic unsteady pressure
r%oefficient is defined as follows:

found on the upper surface, e.g., the fully turbulent flow predi
tion reached aCp of —1 (Fig. 3. The transition criterion of
Baldwin—Lomax predicted a laminar region for 11 percent cho

length on the lower surface. On the upper surface the turbulent X

flow started at 1 percent chord length. Furthermore, a separation | Past c

bubble was found on the upper surface. The bubble length was Cpist 7) =0 (16)
c ap,Us,

approximately 5.5 percent of chord length independent of transi-
_tion, whil_e_the bubble si_ze was bigger for the cor_nputation, i_ncl_ud- In Figs. 5 and 6 the real or in-phase part Re() and the imagi-
ing transition. The predicted steady-state velocity vector distribyyry or out-of-phase part Im() of the first harmonic unsteady pres-
tion including transition is given in Fig. 4. One can see that thg,re coefficient are compared with the experimental data for a
separation occurs on the upper surface of the blade at the pQifiyced frequency of 1.2.

where the curvature of the blade surface changes sign. The real part is seen to agree well with the measured data.

Flutter at Low Incidence. At low incidence oscillatory mea- Again, the fully turbulent computation differed only slightly from
surements were taken for reduced frequencies of 0.4, 0.8, and i€ computation, including transition. The biggest difference was

However, fork=0.4, the measured data have not been publish&nd on the upper surface of the blade between the leading edge
and 16 percent chord length. Although the trend of the measured

out-of-phase part of the unsteady pressure is predicted well, the
quantitative agreement is worse than for the in-phase part. The
7 7%, influence of transition is again strongest on the upper surface be-

/0/4 /{’ tween the leading edge and 16 percent chord length. Similar re-

%
f / i /%
e B e

7%,
At i
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Fig. 4 Steady-state velocity vectors at leading edge, M=0.5, Fig. 6 Imaginary part of unsteady pressure distribution at low
a=61.1deg, Re=0.9%10° incidence, k=1.2, ®=180deg, M=0.5, Re=0.9X10°
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cm(t)= (17)

sults were found for a reduced frequency of 0.8. Since the out- f_Figure 9 shows a counterclockwise variation of the pitching
q y L O oment during one oscillation cycle thus indicating positive
pha_se_part of the unstead_y pressure det(_ermmes th_e dampin llﬁping As expected, the aerodynamic damping increased with
excitation of the blade motion, it is convenient to define the aerln'creased reduced frelquency In this figure the time-dependent
ggnzwé%gtamgg]gnffggﬁeég;__ Im(Cm) with Cmas the time- development of the moment coefficient is plotted versus the non-
P ' dimensional pitching angler’ =[ a(t)— y]/a. As already seen
F X\ dx from Fig. 7, including transition slightly increased the damping.
- EX p E’t Ten It is of special interest to study the behavior of the separation
— bubble as a function of the oscillation frequency. Therefore, com-
apsU:, putations for a reduced frequencylof 0.2 were also performed.
e e B o e B oo o A e et of chord length, independent of the reduced redency. For a
oint on the surface and, the unit vector normal to the blade ) .
gurface. A positive value corresponds to a damped oscillation, reduced frequency of 0.2, the largest bubble size occurred shortly
2T o presened 2 sl sablly arars by g e St ot ot
5= x/c)Im(Cpys—Cpsd1st- The numerically predicted local sta- . . \ [ r
bility in comparison with the experimental data is given in Figs. gycle later. Furthermore, a separation bubble of a maximum size
and 8 for reduced frequencies of 1.2 and 0.8, respectively. Fr3 percent chord length was predicted on the lower surface. The
bhoth rﬁduced freqéjenctiﬁl_s thbe compuéed Igcdf%l stability V\;]as 3|re%?b\l/2r?i(;chlgc;egosmhglrgéIt;/ef:rgursggrlggcﬁgelg\évres,zgltg%ne% t%r:jglz
than the measured stability between 0 an percent chord len . -
and smaller thereafter. The incorporation of transition for a réurther decrease of the reduced frequency decreased the damping
duced frequency of 1.2 slightly increased the stability. parameter even more. It is also interesting to note that the blade is
subjected to a pitching moment fluctuating between positive and
negative values for all reduced frequencies.
At low-incidence convergence of the unsteady computations
was reached after 6 to 8 cycles using 1000 time steps per cycle
and three Newton subiterations for each time step.

1+ unstable .

Steady-State High-Incidence Flow. Contrary to the experi-
mentally determined inflow angle of 70 deg at a pressure ratio of
1.03, the best agreement between the measured and computed
pressure distribution was obtained for a pressure ratio of 0.97
resulting in an inflow angle of 67.2 deg; see Fig. 10.

At this angle, the predicted pressure distribution on the lower
surface agreed well with the measured data up to 70 percent chord
length and was slightly too high thereafter. On the upper surface
good agreement was found between the leading edge and 20 per-
1 cent chord length. Starting at 20 percent chord length the pre-
dicted pressure was slightly higher until 45 percent chord length
and again between 75 percent chord length and the trailing edge.

A study of the influence of three-dimensional effects due to the
formation of corner vortices was performed by varying the
Sl-stream surface thickness of the grid shown in Fig. 1. The
two-dimensional numerical results with and without transition
shown in Fig. 10 could not be improved by this Quasi-3D com-
putation. Transition onset was found at 0.6 percent chord length
on the upper surface while laminar flow to 13 percent chord

stable

(0.5-X/C) Im(Cp,,-Cp,,),..
|
N

o&-@ Experiment
turbulent computation

_5 1 L 1 L
0 0.2 04 0.6 0.8 1
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Fig. 8 Local stability analysis at low incidence,
=180deg, M=0.5, Re=0.9X10°

k=0.8, ®
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2967 2](-1(()3 S;eeai)(l)-ztitioe pressure  distribution, M=05, a Fig. 12 Real part of unsteady pressure distribution at high in-
< deg, : cidence, k=1.2, ®=180deg, M=0.5, Re=0.9%X10°

length was predicted on the lower surface. The turbulent boundafyieaqy Jow incidence computations, the predicted imaginary
layer was re-laminarized at the trailing edge. Including transitiogh 4t high incidence is in better agreement with the experimental
improved the predicted pressure distribution on the upper surfge& it than the real part. A similar behavior was found for the
between the leading edge and 20 percent chord length. In Fig. L{ ,ceq frequencies of 0.4 and 0.8. The overall agreement became
the steady-state Mach number contours show the separated figiiiy \yorse with decreasing reduced frequency. The opposite
region on the upper surface. A bubble of almost 50 percent chqg avior was found for the low-incidence computations.
length was found that was 10 percent longer than the measure Fig. 14 snapshots of the unsteady Mach number contours at
bubble. a reduced frequency of 1.2 are shown. The snapshots were taken
Flutter at High Incidence. Measurements for reduced fre-at four different times during one cycle Here the development
quencies of 0.4, 0.8, and 1.2 were taken at high incidence. In Fi§é.the separation bubble from a small bubble to a bubble extend-
12 and 13 the computed real and imaginary parts of the first hdtg to 64 percent chord length can be seen.
monic unsteady pressure coefficient at a reduced frequency of 1.2\ comparison of the low- and high-incidence measurements of
are compared with the experimental results. Although the mee local stability, Figs. 7, 8, 15, 16, 17, shows that the leading
sured trend of the real part, especially on the upper surface, vRslge region makes a decisive cont_rlbutlon to the tqtal stablllty_._ln
predicted by the computation, the agreement is less accurate tHih low-incidence case the leading edge contributes positive

for the low incidence case; see Fig. 5. However, in contrast to tH@mping, whereas in the high-incidence case the flow separation
near the leading edge on the upper surface causes a destabilizing

pitching moment. As seen in Figs. 15, 16, 17, the computations
fail to capture this destabilizing leading edge moment, but the
local moment contribution from about 15 percent chord to the

6 T T T T

0 Exp. upper surface
B Exp. lower surface ]
turbulent computation

2
-
2
o
o 0
S’
E
~2
-4} 4
_6 1 1 - Fl
0 0.2 0.4 0.6 0.8 1
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. Fig. 13 Imaginary part of unsteady pressure distribution at
Fig. 11 Steady-state Mach number contours, M=0.5, « high incidence, k=1.2, ®=180deg, M=0.5, Re=0.9% 10°
=67.2 deg, Re=0.9%X10° ' ’ ’ ’
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Fig. 14 Predicted unsteady Mach number contours at high in- oy
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trailing edge are predicted quite well fee=1.2, while significant & _4 r\ \ stable ]
differences are apparent up to midchord for the0.8 andk o \
=0.4 cases. A separation bubble is found to exist on the Uprse \\
surface during the complete oscillation cycle. ¥t 0.14T the i X e .
bubble reaches its smallest length of 34 percent chord Iengg -2t o .tEx:-'l)::T::::mputaﬁon 7
which is 16 percent less than in the steady-state solution. T~ ——~ computation with transition
largest bubble is seen &t 0.9T, where it reaches a length of 65

percent chord. On the lower surface the flow remained attach _3 " . L !

during the complete oscillation cycle. 0 0.2 04 0.6 0.8 1
The pitching moment hysteresis loops and the damping para... X/ic

eter in dependency of the reduced frequency are given in Fig. :Hig. 17 Local stability analysis at high incidence, k=04, ®

=180deg, M=0.5, Re=0.9X10°
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Fig. 15 Local stability analysis at high incidence, k=12, ® Fig. 18 Predicted unsteady aerodynamic moment coefficient
=180deg, M=0.5, Re=0.9X10° at high incidence, ®=180deg, M=0.5, Re=0.9%X10°
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The almost elliptical shape of the hysteresis loops indicate a line&¥2] Weber, S., Jones, K. D., Ekaterinaris, J. A., and Platzer, M. F., 1999, “Tran-
response of the flow field to the prescribed motion. Furthermore, Sonic Flutter Computations for a 2D Supercritical Wing,” AIAA Paper No.

. L s . 99-0798.
in contrast to the low-incidence case, the pitching moment is 36%93] Eulitz, F., 1999, “Unsteady Turbomachinery: Numerical Simulation and Mod-

to be positive for all reduced frequencies. . . elling,” Proc. ODAS 99ONERA-DLR Aerospace Symposium.
Convergence of the computations for the different high{14] Bakhle, M. A., Srivastava, R., Stefko, G. L., and Janus, J. M., 1996, “Devel-
incidence cases was obtained after 8 to 12 cycles. As for the opment of an Aeroelastic Code Based on an Euler/Navier—Stokes-
low-incidence case, 1000 time steps per cycle in combination with _ Aerodynamic Solver,” ASME Paper No. 96-GT-311. )
three Newton subiterations for each time step were used. All conyt® €hew, J. W., Marshall, J. G., Vahdati, M., and Imegrum, M., 1998, “Part

. Speed Flutter Analysis of a Wide-Chord Fan Blad®ybc. 8th Int. Symp. on
putations were performed on SGI Octane 250 MHz, R10000 Unsteady Aerodynamics and Aeroelasticity of Turbomachissckholm,

workstations, and Pentium 11-400 Linux PCs. Kluwer Academic Publishers.
. [16] He, L., 1993, “New Two Grid Acceleration Method for Unsteady Navier—
Concludlng Remarks Stokes Calculations,” J. Propul. Powé;, pp. 272.

L . HJ] Eguchi, T., and Wiedermann, A., 1995, “Numerical Analysis of Unstalled and
At low incidence the Steady and oscnlatory flow cases showe Stalled Flutter Using a Navier—Stokes-Code with Deforming MeshEsgdt.

encouraging agreement with the experiment. As expected, the 7th int. Symp. on Unsteady Aerodynamics and Aeroelasticity of Turbomach-

computed aerodynamic damping increased with increasing oscil- ines Elsevier Science b.v. Amsterdam.

lation frequency. These results are consistent with the timda8] Abhari, R. S., and Giles, M., 1997, “A Navier—Stokes Analysis of Airfoils in

linearized Navier—Stokes computations of Clark and HE@” Oscillating Transonic Cascades for the Prediction of Aerodynamic Damping,”
On the other hand, at high incidence the numerical model failed;, ASVE J. Turbomach.119, pp. 77-84.

. o . | &IQ] Gruber, B., and Carstens, V., 1998, “Computation of the Unsteady Transonic
to predict the negative damping close to the leading edge although™ rio in Harmonically Oscillating Turbine Cascades Taking Into Account Vis-
the steady-state solution was in good agreement with the mea- cous Effects,” ASME J. Turbomach120, pp. 104—111.
sured data. [20] Weber, S., Benetschik, H., Peitsch, D., and Gallus, H. E., 1997, “A Numerical

This failure suggests to explore the use of more Sophisticated Ap(;j)roach to Unstalled and Stalled Flutter Phenomena in Turbomachinery Cas-
i : cades,” ASME Paper No. 97-GT-102.
.tranSItlon and turbmence. mOdehng' SU(.:h models .Were e_llre_ach/l] Weber, S., Gallus, H. E., and Peitsch, D., 1998, “Numerical Solution of the
incorporated for the prediction of dynamic stall on single airfoils

o ) - . Navier—Stokes Equations for Unsteady Unstalled and Stalled Flow in Turbo-
and led to significantly improved agreement with the available  machinery Cascades With Oscillating Blade®Foc. 8th Int. Symp. on Un-

experimental data, as summarized by Ekaterinaris and P[&kzer steady Aerodynamics and Aeroelasticity of TurbomachiBesckholm, Klu-
Therefore, it is planned to apply these models in the next series of Wwer Academic Publishers.
computations for the Buffum cascade [22] Kato, D., Outa, E., and Chiba, K., 1998, “On Sub-Cell Structure of Deep

Rotating Stall in an Axial Compressor,Proc. 8th Int. Symp. on Unsteady
Aerodynamics and Aeroelasticity of Turbomachjr&wckholm, Kluwer Aca-
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Impeller—Diffuser Interaction
in a Centrifugal Compressor

A study has been conducted, using an unsteady three-dimensional Reynolds-averaged
Navier—-Stokes simulation, to define the effect of impeliifuser interaction on the

Y. K. P. Shum performance of a centrifugal compressor stage. The principal finding from the study was
that the most influential aspect of this unsteady interaction was the effect on impeller tip
C.S. Tan leakage flow. In particular, the unsteadiness due to the upstream potential effect of the
diffuser vanes led to larger viscous losses associated with the impeller tip leakage flow.
Gas Turbine Laboratory, The consequent changes at the impeller exit with increasing interaction were identified as
Massachusetts Institute of Technology, reduced slip, reduced blockage, and increased loss. The first two were beneficial to
Cambridge, MA 02139 pressure rise, while the third was detrimental. The magnitudes of the effects were exam-
ined using different impellediffuser spacings and it was shown that there was an opti-
N. A. Cumpsty mal radial gap size for maximum impeller pressure rise. The physical mechanism was
Whittle Laboratory, also determined: When the diffuser was placed closer to the impeller than the optimum,
University of Cambridge, increased loss overcame the benefits of reduced slip and blockage. The findings provide a
Cambridge, England CB3 0DY rigorous explanation for experimental observations made on centrifugal compressors.

The success of a simple flow model in capturing the pressure rise trend indicated that
although the changes in loss, blockage, and slip were due largely to unsteadiness, the
consequent impacts on performance were mainly one-dimensional. The influence of flow
unsteadiness on diffuser performance was found to be less important than the upstream
effect, by a factor of seven in terms of stage pressure rise in the present geometry. It is
thus concluded that the beneficial effects of impelififuser interaction on overall stage
performance come mainly from the reduced blockage and reduced slip associated with the
unsteady tip leakage flow in the impell¢§0889-504X00)01704-9

1 Introduction upstream of the diffuser vanes. They also found that the impeller
FLQW field in the stage calculation had less shroud separation com-

The interaction between impeller and vaned diffuser is far mopared 0 the isolated impeller flow field.

difficult to model than configurations with vaneless diffuge®2].
Matching a vaned diffuser to an impeller is a nontrivial task due to Recently, Daweg8] and Domercq and Thomg$] reported

the complicated flow mechanics involved and the absence _r@,sults from time-accurate _S|mulat|on of unst(_ead_y flow in an
quantitative understanding. Satisfactory performance in an indfPeller—diffuser stage. Their computed results indicated that up-
vidual component does not guarantee that the integrated desiigam influence of the vaned diffuser on the impeller flow can be
will also have satisfactory flow range and overall stage efficienc§'dnificant. All these previous efforts have not however explained
In fact, Cumpsty[3] states that mismatching is far more commoe caus@s) for an |_nterac_t|on-related phenomenon: The e>_<|stence
as a cause of poor performance with high pressure ratio machifégn optimum radius ratio between the diffuser vane leading edge
than details of impeller or diffuser vane shape. and the impeller blade trailing edge(/r,) for the maximum

So far most of the attention to impeller—diffuser interaction hasfage total-to-static pressure ratio. The existence has been con-
been focused on understanding the effect of upstream conditidiigied experimentally by various workers including Rodgér@]
on the diffuser performance. Results reported by Filipenco et and Clements and Arftl1], and their results strongly indicate that
[4] and Deniz et al[5] showed that the time-averaged flow align-optimal radial gap size is geometry-dependent.
ment with the diffuser vanes, i.e., incidence, expressed as thelhis paper will describe the implementation of time-accurate
momentum averaged swirl angle, was the single most importagimulations of flow fields in an impeller—diffuser stage, an iso-
parameter in setting diffuser performance. Computations by Philkted impeller, and an isolated diffuser. The computed results will
ips [6] also showed that diffuser pressure recovery is largely imstablish an understanding of the impact of unsteady impeller—
dependent of diffuser inlet flow axial distortions. The only rediffuser interaction on the performance of a centrifugal compres-
maining question is whether unsteadiness at the diffuser inlgbr stage. The key objectives for the investigation &tgto as-
induced by interaction, can affect diffuser performance. sess the importance of interaction on the impeller and diffuser

No attempt has been made to understand the effect of doww field (in terms of time-averaged pressure rise capability, loss,
stream conditions on the impeller flow field with the gxception dblockage, etd, and its consequence on the stage performaiage;
the work reported by Kirtley and Bea¢fi]. They investigated the to determine the flow mechanisms by which interaction influences
influence of impeller—diffuser interaction on upstream flow byhese figures of merit for performance, especially the optimum
applying CFD to a configuration with tip Mach number of abou, ap size for total pressure rise as observed by Rodgéisand

0.5. Body force modeling and deterministic stresses were usedd@ments and Artf11]; (3) to develop a simple low-order flow
avoid the then very expensive time-accurate calculation. By cmgxl-

: : e odel that describes the observed phenomenon for preliminary
paring the divergence of deterministic stress to that of Reynol §sign evaluation.

stress, they came to a conclusion that vane-induced unsteadines§o accomplish these objectives, the following three fluid dy-
was more important than turbulence in affecting the flow ﬁelﬂamic questions need to be addréss(&ai'How do downstream
conditions, in the form of an unsteady pressure field, affect the

Contributed by the International Gas Turbine Institute and presented at the 4 i _
International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Gﬁﬁqpeller performance?Z) How do upstream conditions, charac

r-. . K .
many, May 8-11, 2000. Manuscript received by the International Gas Turbine In:;?@rIzed by the rOta'Fmg jet-and-wake strucFure, affect the diffuser
tute February 2000. Paper No. 2000-GT-428. Review Chair: D. Ballal. performance?3) With all the factors considered, can flow cou-
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pling between the impeller and the diffuser benefit stage perfor
mance, and under what conditions can this occur?

This paper is arranged as follows: The technical approach i
first described; the influence of interaction on impeller flow and
the influence of interaction on diffuser flow are then delineated.
They are followed by a synthesis of computed results. Finally, the
main conclusions are stated.

2 Technical Approach Unstructured Mesh

2.1 The Stage Geometry. The centrifugal compressor stage with:9.2% reidial gap

selected for this investigation is representative of current industn 68538 nodes

design. It was designed for a stage total-to-static pressure ratio ( 364320 tetrahedral cells
5.4. The impeller is backswept with an outlet angle of 52 deg. At
design speedJ,/\/C,oTo;=1.13, the diffuser inlet angle is 68
deg.

2.2 The Solution Algorithm and Grid. The code devel-
oped by Daweg8] is used in the present investigation. It simu-
lates the real impeller motion by using a sliding plane to transfel
axial and circumferential distortions between impeller and dif-
fuser flow field at each time step, thus preserving the flow details
in the interaction region. A volume weighted interpolation proce-
dure is adopted to ensure conservation.

The equations being solved are the five fully three-dimensional
unsteady, compressible, Reynolds-averaged Navier—Stokes eqt
tions expressed in strong conservation form, coupled to two addi
tional equations for thé&—¢ turbulence model. The seven equa-
tions are discretized in finite volume form on each of the tetra-
hedral control volumes with vertex variable storage, and time-
marched to convergence using a four-step Runge—Kautta residu
smoothing procedure.

At the inflow boundaries the total pressupg{), total tempera-  giffuser
ture (Toy), turbulent kinetic energyk(;), turbulent dissipation rate exit
(e41), and the two flow angles are prescribed, while at the outflow
boundaries the static pressunes] is specified. Thus, the time- kg 1 yUnstructured mesh used for the  r, /r,=1.092 configu-
averaged mass flow of the stage is actually computed, insteadgifon with the casings of both impeller and diffuser removed
being specified. Wall function is employed to avoid the need of
simulating the laminar sublayer, allowing coarser grid at the vis-

cous surface. . . ' . .

With a resolution of about 70,000 nodes, the unstructured me5e Major difference between these three configurations is the
generated for the present numerical simulation is shown in Figﬂ.zz.Of th(;e radle}l gaﬁ’ exprlt?ssedd as t?e radius ratio of diffuser
The stage modeled has 17 full blades and 17 splitters in the i}ﬁac 'TQ'F ge t‘f _|mfpe er tral 'lng'ed%?Z( ra). o
peller, together with 19 vanes and 19 splitters in the diffuser. For alculation 1 s for a vaneless diffuser W'tb.’ Fp=c°, corre-
the numerical simulation, the blade-to-vane ratio has been gponding to the absence of impeller—diffuser interaction. Calcula-
justed to 1:1 to avoid the necessity of modeling the entire annulq?.n 21s forda (\j/_f;\fned d'ﬁ”f‘rer \;Vlﬂlzrl/%zszl-_092- é:e(ljlculatlpn 3 r']s
In the process, the thickness of the impeller blade is reduced'§§ & vaned diffuser wit 2 rzh_ U0, ;pten ed to g“;]e k eh
preserve the original solidity of the passage. It has also been veffongest interaction in the three configurations. Other than

fied that the impeller flow is not choked, so the small modificatiof?’ Ir,, all geometric parameters, such as the vane stagger angle
should have little influence on the flow. and the channel area distributidx{r), are kept the same for all

For tip region modeling, Storer and Cump§t2] have shown three diffusers. The performances, from these three configurations
that the tip-leakage flow is controlled by primarily inviscid@® 9enerated using the same impeller spégdnd are compared

mechanism, thus even with relatively coarse mesh the static présne _ts)ar(?e tllme-averattgedd_rfr;ass flmz_\{[Some iterations on the
sure field and the magnitude of leakage flow rate can be predicﬁ%@scr' ed value op, the diffuser exit pressure, are necessary

satisfactorily. Recently Van Zante et fl3] have pointed out that P€'0T® the computed mass flow can match the same target mass
a substantially finer grid can be required to resolve the importafllffW for each of the f[hree ponflguratlons._ .

details of the wall-bounded shear layer, which impacts the trajec- | © S&Vé computational time, the stage is calculated over a wide
tory of the primary clearance flow, and was shown to be importaFﬂnge of flow rates only for the,, /r,=1.092 configuratioriCal-

for quantifying the stall inception point. The focus of the prese%mion 2, and it is treated as the reference case. Calculation 4 is

impeller
< < < rotation

interaction
region

investigation, however, is on understanding how the blockage en performed for the diffuser with steady inlet flow prescribed at

sociated with leakage flow reacts to downstream unsteadines interaction plane location. The steady inlet conditions
an operating point well away from stall. The use of three grifPoz+  Toz+ @2+ are the time-average of the results from Calcu-

i - . X .
points in the tip clearance gap is deemed adequate. ation 2. They retain both the axial distortiorffom hub to

shroud and the circumferential variations due to the downstream
2.3 The Numerical Experiments. As the main goal is to diffuser vanes.

quantify the stage performance change with different degree ofAttempts at prescribing uniform boundary conditions at the
impeller—diffuser interaction, it is necessary to use a control egriginal diffuser inlet boundaryinteraction plangfailed because
periment environment to isolate the underlying factors and mectthe distance between the inlet boundary and the vane entrance is
nisms. To assess the effect of downstream vanes on the impelt@ close for the flow to align with the vanes, resulting in unrea-
performance, an identical impeller is coupled to three differesbnably high loss. Some of the flow adjustment in response to the
diffuser configurations to simulate different degrees of interactiodownstream vanes in fact takes place inside the impeller. Thus,

778 /| Vol. 122, OCTOBER 2000 Transactions of the ASME

Downloaded 01 Jun 2010 to 171.66.16.63. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 1 Comparison of boundary conditions at the diffuser 7.0

grid inlet for Calculations 2, 4, and 5, with vane leading edge
located at r,,/r,=1.092
6.9
No. 2 4 5 N
2638 ™ -
g AN
Location Interaction Same as  Moved 67 \
plane no. 2 upstream 4 9.2% N
& .2% gap \
= ref. case
Unsteadiness Present Absent Absent, 266 ( ) 2N
$ N
1 ]
A}.(la'l . ®65 5.4% gap » \

non-uniformity Present Present Absent e \ °

8
. = vaneless \

Circumferential 264

non-uniformity Present Absent Absent E N

from upstream \

6.3 N
Circumferential Present Present  Present
non-uniformity (negli- 6.2
from downstream gible) 96 97 98 99 100 101 102 103 104 105
mass flow (% of reference case)

Fig. 2 Impeller total-to-total pressure ratio for the three differ-
ent radial gap sizes, with the compete characteristic of roilr,

. . =1.092 case shown
the inlet boundary for Calculation 5 was moved upstream by

about one pitch where a set of uniform boundary conditions
(po,Tg,a) could be applied. Some iteration on the inlet bounda
conditions was required to match the integrated quantitiesss
flow, angular momentum, and impujsto the time-average o
those of Calculation 2 at the original inlet boundary. Once the : . . ' .
integrated quantities are matched, the resulting flow field of c&hange, with the moderate radius ratio configuration /r
culation 5 resembles that of Calculation 2 except that both up-+-092 in the current |nvest|gat|b@|y|ng Igrger pressure ratios
steadiness and inlet axial nonuniformity are absent. Table 1 off2n the vaneless or small gap configurations.
lines the difference between the three calculations in terms of inle
diffuser boundary location. ; : .

As designed, the difference between Calculations 2 and 4 idgtel-to-static pressure ratios are highest figr/r,=1.092. The
lates out the effect of unsteadiness, while the difference bet\Né%(Hytmp'C efficiency oy, evaluated using
Calculations 4 and 5 isolates out the effect of axial distortion. It Poz ViU,
should be emphasized that both factors are representative of those — =[ C T
from a typical impeller exit flow, as they are derived directly from Po1 poto1
the results of Calculation 2. Moreover, all three calculations allow

the presence of downstream-induced circumferential nonunifor-
mity in the interaction region. Table 2 Comparison of computed impeller performance
parameters from different radial gap size

TpolyY! ¥—1

1)

3 Influence of Interaction on Impeller Flow

This section presents qualitative and quantitative description
of the flow in the impeller with different degree of impeller—
diffuser interaction. Calculations 1, 2, and 3 are obtained by vary

Interaction | no  medium strong

ing the radius ratia, /r,, the only control variable in this nu- radius ratio rar /1y | 00 1.092  1.054
merical experiment. The same approach has been take
experimentally by Rodgerfl0] and by Clements and Arftl 1], mass flow 7n | 100.8  100.0 99.8
both of whom show that stage total-to-static pressure ratio peak (% of reference value)
for an impeller—diffuser radius ratio greater than unity.

3.1 Overall Impeller Performance. The impeller pressure impeller total-to-total | 6.43  6.63 6.51
ratio pg,/pg1 from Calculations 1, 2, and 3 are plotted versus masg pressure ratio poz2/po1
flow rate in Fig. 2. The characteristic line is determined by apply-
ing least-squares best-fit to the computed pressure ratios at vario impeller total-to-static | 3.49 3.54 3.46
flow rate in Calculation 2 for the, /r,=1.092 configuration. pressure ratio p2/po1

The values ofm in Calculations 1, 2, and 3 vary by about 1
percent of the reference value, reflecting the difficulty and time| ¢apgential velocity Via/Us | 0.618  0.629 0.628
involved in achieving a desired mass flow rate by back pressur
adjustment. The difference im is small enough that the associ- polytropic efficiency | 90.6 90.9 90.2
ated changes in performance may be neglected. The pressure (in %)

tios for both the vaneless build and the /r,=1.054 configura- Mlpoty A1 70
tion are well away from ther,4/r,=1.092 characteristic,
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(\,/onflrmlng that the radial gap size can indeed influence the impel-
¢ ler total pressure ratio. Thus, the degree of impeller—diffuser in-
& raction is identified as a major contributor to the performance

The performance parameters from the three calculations are
tabulated in Table 2 for comparison. Both the total-to-total and



7 However,V,, is not the most fundamentally independent variable
. — for this consideration because it in turn dependshdn the exit
nteraction /| 2 velocity in the relative framew, itself also depends on the chan-
region( nel effective area and densitthus on pressure and entrgpy

6 7\_/ The actual tangential velocity,, lags behind the ideal coun-

terpart Vi, by a slip velocity, which depends largely on the

circumferential spacing of the impeller blades and is predomi-
"""""" vaneless / nantly a result of inviscid effect. Since the impeller geometry has
/ not been changed in this numerical experiment, any change in the
slip velocity can only be attributed to the presence of the down-
stream vanes. It is, however, simpler to expiégsn terms ofW,
and 6, the angle between the radial direction and the average exit
flow direction in the relative frame:

/’ Vt2:U2_W2 sin@ (4)

/ where 6 is related to the slip velocity. Equatiad) can then be
Y linearized as

// AVtZ_[_(UZ_VtZ) AW,
Viz Viz W,
A

P The negative sign precedingin Eq. (5) implies that a smallep
L1 implies reduced slip, which increases absolute whirl velogity.
1 0 20 20 60 | 30 100 The response dfV, to changes in the local flow condition can
% meridional distance from impeller leading edge D€ derived following Shapirfl4], by using one-dimensional flow
) conservation equations expressed in incremental form. The result-
ing relationship is as follows:

I

— 9.2% gap

—— 5.4% gap

(7]

total-to-total pressure ratio
-
N

1
tana

(—40) ®)

N

1
1 pitch

upstream of AW [ —1 [ AAg ( Y ) 1 As, ©)
diffuser LE W, | 1-Mp | Aet y=1/11-M%,,/ | Cpo
Fig. 3 Mass and time-averaged total pressure distribution where Mg, » is the relative Mach number of impeller passage flow
along the impeller passage for the three different radial gas evaluated in the frame of the impeller, aAdy is the effective
sizes flow passage area, which is the geometric passage area minus the
flow blockage. The nondimensional blockage term is defined by
1_po et @)
also shows a small peak with moderate strength of interactign. Asctual
is the mass and time-averaged tangential velocity at the |mpellﬁj1'e step-by-step procedures to evaluate blockage using stream-

exit flow. wise velocity distribution can be found in Khalid et f15].

3.2 The Origin of Performance Changes. Figure 3 shows  With some algebraic manipulation, E¢8), (5), and(6) can be
the variation in total pressung, /po, in the flow direction for the consolidated into a single expression to eliminate the dependence
three calculations. The quantify, /po; has been mass and time-on AW, and AVy,, and establish the relationship between the
averaged at each meridional station. It is only in the last 10 pgrerturbed impeller total pressure ratio and the three independent
cent of the impeller passage, near the blade trailing edge, tfgremental changedA.4,As,, —A6. These three changes com-
significant difference arises. This region is within a one pitchletely represent the influence of impeller-diffuser interaction.
distance upstream of the diffuser vane leading edge, and is &he expressions for this relationship are:
pected to be under significant influence of the potential field posed

Apo ( AAeﬁ) ( As,
=Cp +Cy| = | +Cy(—A0) (8)

by the diffuser vanes.
. . . Po2 At Cpo
3.2.1 One-dimensional Model on Impeller Pressure Ratio. ] o
To explain why impeller total pressure rafg,/po; changes with WhereCy, Cs, andC, are the influence coefficients of the three
the addition of diffuser vanes downstream, it is more convenietitdependent incremental changes. The area coefficient is given by

from here on to express the average pressure ratio and loss rela- (U, V) 1 V.U
tionship in terms of entropg. Equation(1) is thus rewritten as, Ca= N2 Ve } . )( 122 )>0, 9)
(y=DVi2 N 1=M7 5/ | CpoTortViaUs
Po2 ViU, |77 ANt i
e+ == e (s27s)/R (2) the entropy coefficient is given by
Po1 CooToz y
The advantage of Eq2) is that entropys, is an extensive prop- Cs= _(1+CA)( 7_1) <0, (10)

erty, which can be mass-averaged and obtained directly from the

computed flow dataV,, is the mass and time-average of the aband the relative swirl angle coefficient is given by

solute whirl velocity at the impeller exit. 1 \ VooU
Linearization of Eq(2) thus gives an expression for the incre- Y )( 12~ 2 )>0_ (11)

mental change in impeller total pressure ratio due to the presence tana )\ y=1/\ CpoTor+Vi2Us

of downstream vanes, with respect to that of the vaneless configu-l-he sign convention of the influence coefficients in E@—

ration, (11) is determined by assuming both quantitié$, (- V,,) and #
are positive, which is true for any impeller with backsweep. After

0=

Apoz_“ Y )( VU2 ” AVe { Y ﬁ 3) substituting Eqs(9)—(11) into Eg.(8), it can be seen that a posi-
Po2 Y=1)\CpoTortViUs/ | Viz | y—1]Cpo tive influence coefficient€,,C,) implies contribution to impel-
780 / Vol. 122, OCTOBER 2000 Transactions of the ASME
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Fig. 4 Effect of radial gap size on impeller total pressure ratio
and static pressure ratio, expressed in incremental change
from vaneless configuration

ler pressure ratio, while the negative coefficie@t) implies the
opposite. In summary, higher impeller total-to-total pressure ratio

can be achieved by any of the following:
1 reduced blockage
2 reduced loss
3 reduced slip.
The comparison between this one-dimensional estirtiage (8))

and the computed value dfpgy,/pg,, obtained directly from the
three-dimensional unsteady flow data after mass and time avergag
ing, is shown in Fig. &). It can be seen that the agreeme
between the one-dimensional estimate and the three-dimensi
results is good, and the trend for the total pressure ratio wi

reducing radial gap size is captured.

Evaluated using E(q8), the individual contribution to impeller
total pressure ratigg,/pgy; due to blockage, loss and slip are,

summarized in Table 3. The results show that reductiquyjfipg,

as the radius ratio is decreased to 1.054 is caused by the
nounced effect of the increase in loss, which surpasses the e

of reduced blockage and slip.

Similar to the development foApg,, the perturbed impeller
static pressure ris&p, due to the interaction-induced incrementa
changes can also be evaluated using the one-dimensional %)
proach of Shapiro. As static pressure is a frame-independent the

n
0]

vaneless configuration

T e — V

main splitr

Fig. 5 Contours of entropy production
for the vaneless configuration

pDs/ Dt at impeller exit

YWVel,2
Ci= - 0 (13)

A l_MrzeIZ
C:=—(1+Cp) m)<0 (14)

The sign convention in Eq$13) and (14) assumes the impeller
passage is subsonic at exit (@ 1).

The comparison between the one-dimensional estinfate
(12)) and the computed value dfp,/p, is shown in Fig. 4b).
Again, the trend of the static pressure ratio with reducing radial
size is in agreement with the one-dimensional model.
igures 4a) and 4b) also show extra data points generated
{ﬁ%rln ar, /r,=1.075 configuration. Although both static and total
piessure ratios are marginally higher than those from the reference
configuration withr,, /r,=1.092, it is apparent that both pressure
ratios are leveling off at this particular range of radial gap size.
The results are in accord with the suggestion of Clements and Artt
[11], based on experiments, that the optimum values for the vane-

dp&_s space radius ratio is in the range/r,=1.06 to 1.10.
ffe

clln summary, the one-dimensional model for estimatixg,
andA p, helps identify the effect of interaction-induced change in
three independent factoflslockage, loss, and slipn the impeller
pressure ratio. The simple model is in agreement with the com-
ted and measured trend of impeller pressure ratio when radial
p size is varied.

modynamic variable, the resulting relationship can be obtained by3.2.2 Computed Impeller Flow Field.This section investi-
selecting the corresponding terms in Shapiro’s influence coeffjates why impeller—diffuser interaction can cause the observed

cient table. The complete expression is
A AA As
ﬁzcl(_‘aﬁ) +C§(—2)
p2 Aet Cpo
whereCj3 and Cx are the influence coefficients defined as

(12)

Table 3 Relative importance of independent factors for impel-
ler total pressure ratio

radius ratio 1.092 1.054
T [T2
reduced blockage | +1.80% +2.21%
increased loss +0.53% -3.32%
reduced slip +1.08% +1.67%
p +3.41% +0.56%

Journal of Turbomachinery

change in blockage, loss, and slip by examining the computed
unsteady three-dimensional flow field. The first quantity being
looked at is the local volumetric entropy production rafes/Dt

(unit: J/K.s.n¥), which provides immediate identification of the
high loss generation region. Theds/Dt contours on the trans-
verse plane at the impeller trailing edge for the vaneless configu-
ration are shown in Fig. 5; it clearly shows that high entropy is
being generated near the shroud, especially at the tip leakage exit
region. Figure 6 shows foupDs/Dt contour snapshots at the
impeller exit(as in Fig. 5 for the r,, /r,=1.092 configuration.
Each of the results in Fig. 6 is obtained at an instant with equal
time interval of one-fourth of a blade passingtE 1/4T). Be-
sides showing that loss again originates mostly in the tip leakage
flow region, this set of results also demonstrate the unsteady na-
ture of the loss generation.

A more important practical question is whether this unsteady
phenomenon can cause a change in the time-averaged loss at the
impeller exit and this can be answered by examining the incre-
mental change of entropy production from the vaneless configu-
ration. A(pDs/Dt), for ther, /r,=1.054 and 1.092 configura-
tions. In Fig. 7, the A(pDs/Dt) contours have been
nondimensionalized against the entropy production in the vaneless
configuration, a spatially invariant constant, to quantify the effect
of downstream vanes. It shows that significantly higher incremen-
tal loss, more than 100 times greater than elsewhere, is generated
at the exit of the tip leakage flow when comparing the two vaned
cases to the vaneless configuration. In addition, the smaller the
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9.2% gap configuration: time = 0 T/8 h incremental increase in entropy production
= e P —————— ShI. . .
——— i @ of 5.4% gap configuration from vaneless case
shr.
‘ . N =
= _b ub
main splitter malj;'1 p-S.
- . ub
main splitter ma#n
9.2% gap configuration: time =2 T/8 ehr incremental increase in entropy production
=1 ) of 9.2% gap configuration from vaneless case
——— = shr.
S.S. max. ax.
“ +120 +105
= — ub
main splitter ma|j|1f| S.S. p.s.| \s.s. p-s.
: - ub
main splitter ma#n
9.2% gap configuration: time =4 T/8 Fig. 7 Incremental entropy production A(pDs/Dt) for the
- shr. two vaned configurations when compared to the vaneless
configuration
I, /r,=1.092 configuration is 0.198. The time-averaged value of
main splitter mamm pW;,/p,U, at this location ranges from 0.231 to 0.244 for all
three cases.
For both the vanelesd=ig. 5 and the vanedFig. 6) configu-
rations, the high viscous dissipation observed near the shroud re-
9.2% . ion: ti - gion is caused by_hlgh-velouty gradients as_soaated with the
> gap configuration: time = 6 T/8 shr. crossflow between tip leakage flow and the main stream flow. For
the unsteady vaned cases, the time variation in tip leakage mass
flux pWy, comes mostly from the variation in jet velociwy,
.S. because the tip leakage flow can be considered as almost incom-
J pressible since the corresponding Mach number is about 0.5.
- vy - ub
main splitter ma|l|11
o - .
Fig. 6 Contours of instantaneous entropy production pDs/Dt O.GQOA meridional distance
at impeller exit collected at 0.25 T time interval for the 1,/ /r, 05
=1.092 configuration X 04
E 0.3 — T
radial gap size, the higher the loss is, implying that the loss gen- g 0.2 T
eration at the tip leakage exit is related to impeller—diffuser inter- o 01
action. E’ .
Th_e tip leakage mass flupWy,, is a measure of the velocity g 95% meridional distance vaneless
gradients of the clearance flow, which in turn determines the local o 06 9.2% gap gap
viscous dissipation. Figure 8 compares the tip leakage mass flux, 'f; 05 —.Z“}_ -
which has been nondimensionalized by the quanpfty,, for the T 04 5.4% gap
main blade clearance of the three different radial gap sizes at 90, 3 0.3
95, and 99 percent meridional stations. At the 90 percent meridi- % 0'2 P e S
onal station, only minor unsteadiness can be observed for the g <[~ y
vaned cases, but the periodicity of the tip leakage has become 3 041
very apparent by the time the flow reaches the 95 percent meridi- % 0.0
qnal station. Farther downstream at the 99 percent r_nerldlonal sta- g 99% meridional distance
tion, the tip leakage mass flux for the vaned cases is so unsteady <5 0.6
that its peak-to-peak amplitude of the mass flux is roughly equal S 05
to its time-averaged value. The behavior of the splitter tip leakage £ ¢.4
flow is very similar to that of the main blade. All the qualitative T o3 R B s
description on main blade tip leakage can be applied to that of the § 02b 2ot oq- - b
splitter, except that the peak and trough are shifted by half a blade 0'1 R S gy
passing. 0'0

It is expected that a closer radial gap introduces more unsteadi-
ness to the flow field near the impeller exit, and the tip leakage
flow is no exception. As seen in Fig. 8, at the 99 percent meridi-

0.0 0.2 0.4 0.6 0.8 1.0
time, non-dimensionalized by one blade pass

onal station ther,, /r,=1.054 configuration has a peak-to-pealfig. 8 Comparison of main blade clearance periodic tip leak-
variation of 0.247 for the quantityW,/p,U,, while that of the age mass flux at 90, 95, and 99 percent meridional stations
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time, non-dimensionalized by one blade pass
Fig. 10 Comparisons of pressure recovery  C, and loss Ciges
Fig. 9 Comparison of periodic main blade tip loading (pps for calculations 2, 4, and 5
—pss) (Po—p>2) at 90, 95, and 99 percent meridional stations

recognized that flow separation can also significantly change the
Therefore, the substantial unsteadinessilfy, seen in Fig. 8 impeller exit flow angle; however, the mass flux contours for all
should lead to an additional instantaneous tangential velocity gthree configurations indicate that little separation occurs near the
dient at the tip leakage region. The result is an increased ratesbioud at the impeller exit, thus leaving the inviscid effect from
viscous dissipation, evident as the increased entropy productite vanes as the primary factor for the incremental change in slip
rate shown in Fig. 7. (A6).

The blade loading, expressed as the static pressure difference
across the tip s Ps9/(Po2— P2), is plotted for the main blade 4 |nfluence of Interaction on Diffuser Flow
in Fig. 9. The comparison of the three configuratigmaneless,
r,Ir,=1.092 and 1.054are conducted at the same meridional 4.1 Background and Numerical Results. This section pre-
stations as above0, 95, 99 perceint It can be seen that the tip sents qualitative and quantitative descriptions of the flow in the
leakage mass flux in Fig. 8 are synchronized with the correspordiffuser with different combination of upstream parameters pre-
ing blade tip loading in terms of the occurrence of the peak amdribed at the interaction plane. The main objective is to investi-
trough. As expected, the closer the vanes are placed to the imgglte the role of inlet unsteadiness on the diffuser performance; or
ler trailing edge, the more unsteady the flow field is. The agremore specifically, to quantify its importance compared to the other
ment between the loading and the mass flux confirms that ttveo upstream factorg1) axial, hub-to-shroud distortion: an@)
unsteady pressure gradient set up by the downstream vanes isntioenentum-averaged inlet swirl anglé]. The influence of the
driving force of the unsteady variation in tip leakage flow. axial distortion has been investigated by Phillid, who con-
Besides increasing loss, the higher viscous dissipation in tbieided that its effect on diffuser pressure recovely=(p

vaned cases can reduce flow blockage, as seen in Table 3. M®,)/(pg.— P2) iS minimal compared to that from the inlet swirl
Dougall and Dawe$16] have demonstrated, by using both nuangle, which has been identified by Filipenco and Deniz €t54l.
merical and experimental approaches, that the presence of dipthe single most important parameter in determiGpg
leakage jet can counteract separation and thus reduce blockage. litis recognized that interaction can change the impeller outflow
is likely that the same unsteady mechanism that increases #rgle, but a designer can always match the diffuser geometry to
entropy production in the tip region is also responsible for ththe time mean impeller outflow angle by adjusting the diffuser
reduction of blockage. The following summarizes the cause amene alignment. Unsteadiness thus remains a factor that cannot be
effect of the increased viscous dissipation for a reduction in radidssigned out.

ratior,: /ry,: Again, the approach is to set up three numerical experiments, so
* Increased loading unsteadiness that the two inlet factors stated above can be isolated out as the
* Increased instantaneous pressure gradient across tip clearancely difference. The time-accurate calculation for the /r,

* Increased tip leakage mass flux unsteadiness =1.092 configuration is chosen as the reference case, which also
* Increased instantaneous velocity gradient provides the boundary conditions for the two subsequent diffuser-
* Increased time-averaged viscous dissipation alone steady calculationdable 1. The effects of unsteadiness

« Increased time-averaged loss and axial distortion so determined are representative of those
» Decreased time-averaged flow blockage found in the impeller exit flow as they are all derived from the full

With the effect of unsteadiness on losAs,) and blockage unsteady calculation of the stage.
(AA¢x) addressed, the only remaining factor is slip, which is ex- The results of the three calculations are summarized in Fig. 10
pressed in terms of the swirl angle incremental chaidg®. Itis  in terms of the development of pressure recovggand 10SsCiggs
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5 10% from shroud only over part of the sparie.g., near hub or shroudThis is

because the flow is subject to some predominantly two-
304 RN dimensional pressure gradiefdfter time-averaging whose es-
75 =] tablishment depends on the average flow incidence, based on
70 momentum-averaged inlet swirl angle. The evidence here suggests
65 that nonuniformity due to unsteadiness from the upstream rotor is
60 largely irrelevant to the pressure recovery in the diffuser, but this
55 may not be true for all ratios of impeller blades to vane numbers.
X _— Also, the diffuser is operating at design condition in Calculations
85 mid-span 2. full interaction 2, 4, 5, and upstream unsteadiness may have a larger influence on
g‘, 80 2. unsteadiness eliminated performance if the diffuser is operating at near-stall condition.
k=]
2 ;z 5 Effect of Interaction on Overall Stage Pressure
£ gsF=i— > b=l - Ratio
= P I ) ) . . .
‘;‘ 60 So far the discussion on the two aspects of interaction remains
» 55 separate, the effect of downstream flow field on impeller perfor-
. mance and the effect of upstream flow field on diffuser perfor-
g1 0% from hub mance. To establish a quantitative description of interaction effect
80 on the stage total-to-static pressure ratio, it is necessary to resort
75 to the definition of diffuser pressure recovery, which has been
rearranged as,
70
] — e P3 Poz P2
= 11 2 _c % — 2
60 Po1 Cra Po1 T(17Co) Po1 (13)
58.0 0.2 0.4 06 0.8 1.0 Of the three independent variabl@g, andp, are the contribution
time, non-dimensionalized by one blade pass from the impeller, whileC 5 is the contribution from the diffuser.
The relative importance of each of the factors can be studied by
Fig. 11 Effect of unsteadiness on the swirl angle at midpitch linearizing Eq.(15) into the following:
of the diffuser inlet plane A A R N
=P poz(_po2 +Kp2(£) +K¢ ( pS) (16)
P3 Po2 P2 Pl Cps

along the diffuser channel. It can be seen that the radial distriynerea’ signifies the change due to the reductiorr of/r, and

tion of the pressure recovery is virtually the same for all threg Kp2, andKc_are the corresponding influence coefficients.
cases. More than half of the pressure recovery is obtained in sir definitions a?e

throat region, which extends fromir,=1.092 (leading edggto

r/r,=1.18, demonstrating the capability of the vaned diffuser in Cp3Po2

reducing the angular momentum of the incoming flow. Kp02:p— 0 7
Elimination of upstream unsteadinegkfference between Cal- 3

culations 2 and ¥only increase<C; at diffuser exit by 0.008 (1-Cp3)p2

while further elimination of upstream axial distortigdifference Kp2=p—>0 (18)

between Calculations 4 and) Sncreases exitC,; by another 3

0.005. The 0.008 reduction i@,; due to unsteadiness is equiva- (Po2—P2)Cps

lent to mismatching the vane orientation by a mere 0.3 deg, as c,~ p—3>0 (19)

demonstrated in the experiments of Deniz et{8]. experiments
with straight-vaned diffusers. Such change is an order of magfihe performance changes associated with the reduction of radial
tude smaller than the operating rangfeom choke to sta)l of gap size fromr,, /r,=1.092 (Calculation 2 to r, /r,=1.054
those diffusers, confirming again that the flow angle alignmef€alculation 3 can then be substituted into H4.6) for evaluation
with the diffuser vane is the single most important factor thaf their effect on the stage total-to-total pressure ratidpo; .
determines diffuser performance. The changes are summarized in Table 4.

) ] As seen in Table 4, the gap size reductiamcreased interac-
4.2 Effect of Interaction on Diffuser Performance. The tion) has more influence on the impeller performance, for which
time variation _of swirl angle at mld_pltch at the leading edge radiysytn Poz/Po1 and p,/po; have rought a 2 percent reduction. In
is shown in Fig. 11. These are given at 10 percent from shroughmparison, the diffuser performance is relatively insensitive to
midspan, and 10 percent from hub from the full interaction calcghe gap size reduction, a3, increases by less than 1 percent.
lation. Also shown for comparison is the swirl angle at the Samgpstituting these changes into Eg6), A’ ps/ps is found to be

locations for the steady calculatioiNo. 4) with upstream un- —1.65 percent. Of this-1.65 percent change: 1.32 percent is

steadiness eliminated. The data at locations away from both SdH ie to theA’p, term and 0.60 percent is due to thép, term

faces are selected to ensure that the observation is not marre C . ’

the boundary layer developmen on the surfaces. For the stedit S0 2 057 RECEENC SR 0 B8 AR R B e

case, it can be seen that variation of swirl angle ,(x) from ftl ! p 9
o

- . ow is responsible for the change in blockage and loss in the
hub 1o shroud is more than 12 deg. The unsteadiness adds an |rtﬁ eller exit flow. Both factors are major contributors to both

8 deg from the periodic peak-to-peak angle fluctuation, so ﬂi}%peller pressure ratiopoy/Po; and p,/po, (Table 3. In other

g;ta(ler\i/;réaﬁt'glrl' ct%réwtez io ?cba?lusttrza? ﬂ(te—?/ér?eedméif?ljsﬂr Rg\éé Shov\\/'vr?)rds, impeller performance is more susceptible to interaction
p Y yp 9 B influence because of tip-leakage flow.

reduced by about 0.1 for every 4 deg changejn from the stall

point, so on this reasoning a 20 deg variation should have rg- . Lo L
moved the diffuser pressure rise. 6~ Discussion: Implications of Computed Results

It is found that the flow can enter the diffuser channel without It is found that diffuser performance depends primarily on the
triggering massive separation when the angle misalignmentabgnment of the diffuser vanes with the spatially averaged and
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Table 4 Change of stage total-to-total pressure ratio and other
performance parameters due to a reduction of radial gap size

ry'Ir, from 1.092 to 1.054

time-averaged impeller exit flow angle. The implication is that
reasonably accurate prediction of diffuser performaficgerms

1 Impeller—diffuser interaction has a pronounced effect on im-
peller tip leakage flow and a consequent impact on loss, blockage,
slip and, ultimately. on stage pressure rise.

2 The effect of impeller outlet unsteadiness on diffuser pressure
recovery and loss is similar in magnitude to that from diffuser
inlet axial distortion. Both have little influence when compared to
the dominant factor: incidence of the spatially averaged and time-
averaged flow onto the diffuser vanes.

3 The optimum radial gap size to achieve the highest total pres-
sure ratio in an impeller occurs because the penalty of increased
loss overtakes the benefits from reduced blockage and slip when
diffuser vanes are moved very close to the impeller blades. The
computed results agree both qualitatively and quantitatively with
measurements of some stages with varied tip gap radius ratio.

4 Most of the interaction effects on impeller pressure rise could
be captured with a one-dimensional model, although the factors
involved (loss, blockage, and slighad to be obtained here from
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Interaction | medium strong A'
T2 [T 1.092 1.054
impeller influence
Po2 /p01 3.542 3.456 -244%
p2/Do1 6.625 6.509 | -1.75%
time-accurate calculation.
diffuser influence Acknowledgments
Cp 0.622 0.627 | +0.77%
Q2 67.4° 66.9°
3. stage performance
(from Equation 16)
ps/por | 5461 5371 | -1.65%

Nomenclature

A =
At =

actual channel geometric area
effective passage area at impeller exit

of C, and C,,¢9 can be obtained from quasi-steady calculation
because the upstream impeller merely determines the mean inlgt, c_ c,
flow. However, to improve further the prediction accuracy of dif-

fuser pressure recovery and loss, modeling of upstream unsteadi- Ca.Cs
ness is necessary.
However, simulating impeller performance with a calculation Closs =

based on the replacement of the downstream diffuser vanes with C,

asymmetric boundary conditions will have substantially more ad- Coo
verse effect on prediction accuracy because of tip leakage ﬂow'oz,K zﬁc
As seen above, the unsteadiness in the tip leakage flow substah- P K P

tially alters the blockage and loss associated with tip leakage, M
which in turn causes a significant change in impeller performance.

Since stage performance depends on both impeller performance m
and diffuser performance, and impeller performance can be sig- p,pﬁ
nificantly affected by interaction, the time-accurate calculation for r
stage performance prediction is desirable, provided computational s
resources are available. However, design engineers can still find T

> ) . > To
guidance of the one-dimensional model developed in the current T
investigation, because it clearly shows the trade-off between loss, t
blockage, and slip which leads to an optimuim /r, value be- U
tween 1.05 and 1.09. Thus, this model provides an effective plat- v
form to present flow datavhether they are from CFD or experi- W
men) for engineers to evaluate and make design decisions. X

o

7 Summary and Conclusions

A computational investigation has been undertaken to elucidate
the effects of impeller—diffuser interaction on the performance of

a centrifugal compressor stage, especially on stage total-to-static A’
pressure ratio. The following conclusions were deduced from
computed results: e

Journal of Turbomachinery

blockage

influence coefficients for impeller total pres-
sure

influence coefficients for impeller static pres-
sure

diffuser loss coefficient

diffuser pressure recovery coefficient
specific heat capacity at constant pressure

influence coefficients for stage pressure ratio
turbulent kinetic energy

Mach number

mass flow

static, total pressure

gas constant

radial coordinate

entropy

static, total temperature

period, blade passing

time

impeller speed

absolute velocity

relative velocity

axial coordinatgfrom diffuser hub to shroud
absolute swirl angle referenced to the meridi-
onal direction

specific heat ratio

incremental change from vaneless configura-
tion

incremental change due to reduction of radial
gap size

turbulent dissipation rate
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Mooy = impeller polytropic efficiency
0 = relative flow angle
p = density
Subscripts and Superscripts

1 = at impeller inlet
2 = at impeller exit or same as vaneless space inlet
2+ = interaction plane location where impeller grid and
diffuser grid meets
2' = at diffuser inlet or same as vaneless space exit
3 = at diffuser exit
i = ideal
mp = midpitch, midway between the diffuser leading edges
ps = pressure side
rel = in relative (impellen frame
ss = suction side
t = tangential
tip = tip leakage
() = time-averaged quantities, for expression with both
time-averaged and instantaneous quantities present
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