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Unsteady Viscous Flow Causing Rotor-Stator Interaction
in Turbines, Part 1: Data, Code Pressure
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A coupled experimental and computational study of the effects of the nozzle wake-rotor interaction is carried
out to understand the cause and effects of the unsteady � ow in turbine rotors. The paper is organized in two parts.
Part 1 deals with the experimental and numerical program and interpretation of the blade pressure � eld. The
experiment was carried out in a low-speed turbine at 22.6% of the nozzle chord spacing between the rotor and
the nozzle. The laser Doppler velocimetry (LDV) data, acquired earlier, is integrated with the dynamic pressure
measurements and numerical simulation to provide an integrated interpretation. A systematic study has been
carried out to evaluate the effect of the turbulence model and arti� cial dissipation on the accuracy of the numerical
prediction. The steady � ow� eld, unsteady pressure at design and off-design conditions on both blade surfaces,
and the hub are presented, interpreted, and compared with the predictions from the Navier–Stokes code. The
predictions are in a good agreement with the data. The second part deals with the integrated interpretation of
the unsteady velocity and pressure � eld, as well as the � ow physics associated with the nozzle wake transport and
decay.

Nomenclature
C f = skin-friction coef� cient, s w / ( q 1W̄ 2

1 )
C p = pressure coef� cient, ( p ¡ p̄1) / ( q 1W̄ 2

1 / 2)
C 0

p = pressure coef� cient, ( p ¡ p̄2) / ( q 1W̄ 2
x1 / 2)

C p I = i th harmonic of C p

C p0 = total pressure coef� cient, (P0 ¡ P̄01) / ( q 1W̄ 2
1 / 2)

Cx = rotor axial chord length
i = incidence angle
k = turbulent kinetic energy
k4 = coef� cient of the fourth-orderarti� cial dissipation
P = turbulent kinetic energy production
Ps = pressure surface
P0 = total pressure
p = static pressure
Re = Reynolds number based on chord
Ri j = rotation rate tensor
S = rotor blade spacing
Si j = strain rate tensor
Sn = vane spacing
S1 = local passage width (rotor)
T = period
Tu = turbulence intensity based on inlet total relative velocity
t = physical time
Um = rotational velocity at midspan
u s = friction velocity
V = absolute total velocity
W = total relative velocity
x = axial length measured from rotor leading edge
y = distance in pitchwise direction
y+ = inner variable, u s y / m
a = absolute � ow angle
b = relative � ow angle
D C p = C p ¡ Cpav
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l t = eddy viscosity coef� cient
m = kinematic viscosity
s = pseudotime
s w = wall shear stress
x = wake passing frequency
X = reduced frequency, x Cx / Vx0

Subscripts

av = time average
t = turbulent
x = axial
0 = inlet to the nozzle, freestream
1 = rotor inlet
2 = rotor outlet

Superscripts

» = ensemble average
0 = unresolved unsteadiness
– = time average

Introduction

T HE � ow� eld in a turbine rotor is unsteady. The unsteadiness,
caused by relative motion between a stator (or vane) blade and

a rotor blade,has a major in� uenceon the aerodynamic,mechanical,
and thermalperformanceas well as the coolingrequirementsfor tur-
bines. The mechanicalreliability,life, and cycleperformanceare all
substantiallyaltered becauseof these interactions.The unsteadiness
is caused by several phenomena;the potential (pressure) interaction
between a rotor and a stator, the viscous interaction caused by ve-
locity and pressure gradients in blade/vane wakes impinging on a
subsequent blade row, the random unsteadiness in the freestream,
and the unsteadiness caused by the interaction of endwall � ows
(secondary and leakage � ows) with the subsequent blade row.

There have been many attempts in recent years to investigate
such � ows computationally (e.g., Refs. 1 and 2). The Navier–
Stokes/Euler procedure will be used extensively in the future to
achieve high performance and a reduced number of stages through
accuratesimulationof the � ow� eld througha parametricvariationof
operatingconditions and variables.More importantly, these models
are based upon fundamental � uid mechanics allowing the designer
to investigate analytically component design features outside the
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empirical database. As component design tools, these models will
have a signi� cant impact on the design of future turbines.

Four groupshavemeasuredthe unsteady� ow� eld insidea turbine
rotor; the groups at UTRC,3 Cambridge,4 Calspan,5 and DFVLR.6

There is a furtherneed for � ow� eld measurements in a turbine rotor
with realisticnozzle-rotorspacingthatwill includeboth thepotential
� ow and wake interactions.One of the objectivesof this research is
to accomplish this task.

The coupled experimentaland computation study, which is more
comprehensive than hitherto attempted, should provide a detailed
understandingof the � ow physics. Almost all earlier experimental-
ists have concentrated their effort on blade surface measurements
(e.g., pressure, skin friction, and transition). The present approach
is to derive information on both the velocity � eld and the blade
surface properties caused by rotor-stator interaction. Likewise, the
computationalapproachinvolvesdevelopinga two-dimensionalun-
steady Navier–Stokes code, incorporating the transition and turbu-
lencemodels to predictthenozzlewake,unsteadyrotorbladebound-
ary layers, unsteady freestream � ow� eld, and the blade pressures
accurately, and carrying out a simulation study to understand the
sources of unsteady viscous � ow through turbomachinery stages,
including its effects on transition and aerothermodynamic losses.

Because this is an integrated computational-experimental study,
no attempt is made to segregate the two. The experimental study
in a low-speed turbine is combined with the computational results
to develop new insight into � ow physics. The � rst part of this pa-
per includes the computational and experimental techniques and
the pressure � eld. A detailed study of the � ow� eld and integrated
interpretationof the results are given in Part 2 of the paper.

Experimental Program
The AxialFlow TurbineResearchFacility (AFTRF)of The Penn-

sylvania State University is an open circuit facility 0.9166 m (3 ft)
in diameter and a hub-to-tip radius ratio of 0.73, with an advanced
axial turbine blading con� guration (Fig. 1). There are 23 nozzle
guide vanes and 29 rotor blades followed by outlet guide vanes. A
window for laser Doppler velocimetry (LDV) measurements cov-
ering the entire � ow � eld from upstream of the nozzle to down-
stream of the rotor passage is also incorporated. Detailed design
of the facility, performance, and geometric features are described
in Ref. 7. Blade coordinates can be downloaded from the Web site
(turbo S.aero.psu.edu). Some important performance and geomet-
ric parameters are as follows: hub/tip ratio = 0.7269; nozzle, axial
chord (midspan) = 11.23 cm, turning angle = 70 deg; rotor, axial
blade chord (midspan) = 9.294 cm, turning angle = 95.42 deg at
tip, and 125.69 deg at root; tip clearance = 0.97 mm; Reynolds
number of nozzle � ow (based on exit � ow) = 106; mass-� ow rate =

Fig. 1 LDV and Kulite measurement locations in rotor passage (ve-
locity triangle is based on design).

11.05 kg/s; loading coef� cient (2D P0 / q U 2
m ) =3.88; and rotational

speed = 1330 rpm. The vane-blade spacing is 22.6% of the nozzle
axial chord at the midspan. The design velocity triangles at the inlet
and exit of the rotor are shown in Fig. 1.

Comprehensive data were acquired within and downstream of
the nozzle during the earlier phase of the research program. A com-
plete � ve-hole probe survey was carried out at 2.5 and 9% nozzle
chord downstream of the nozzle trailing edge.8 Furthermore, LDV
measurementscarriedout at midspanof the rotor (upstreamto down-
stream) establish the details of distortion and nozzle wake pro� le
upstream of the rotor.9 Hence all of the rotor in� ow properties (time
dependent in rotor frame) are known and shown in Fig. 2.

The LDV measurements at the rotor midspan are carried out at
the design condition (Table 1). The blade dynamic pressure data at
midspan and hub are acquired at design and three off-designcondi-
tions, and these are shown in Table 1. This was achieved by varying
the turbine speed and the mass � ow. The off-design data listed in
Table 1 are based on one-dimensionalconsideration.The upstream
� ow� eld was not acquired at the off-design conditions. The inlet

Table 1 Operating conditions

Design Off-design

Operating conditions A B C D

Mass � ow, kg/s 10.42 10.42 5.82 5.82
RPM 1330 1235 1100 800
Vx , ms 30.43 30.43 16.8 16.8
Um , ms 55.32 51.35 45.75 33.27
Rotor inlet � ow 41.44 45.76 ¡ 4.75 33.4

angle ( b 1 ) in degree
Incidence, deg ¡ 1.9 2.06 ¡ 44.9 ¡ 7.6
X = x Cx / Vx 4.89 4.54 7.32 5.82
Re 2.15 £ 105 2.15 £ 105 1.19 £ 105 1.19 £ 105

a) Midspan

b) Hub

c) Cp, Cp0

Fig. 2 Variation of rotor inlet static and stagnation pressure coef� -
cients, velocity and turbulence quantities at x/Cx = ¡ 0:244 and design
conditions (case A).
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� ow properties (x / Cx = ¡ 0.224) are shown in Fig. 2 at midspan
(H = 0.5) of the rotor and near the hub (H = 0.035). These are also
the inlet conditionsused for the computation.It is clear that substan-
tial velocity,� ow angle, stagnation,and static pressuregradientsex-
ist in the nozzlewake, both at the hub and the midspan regions.Most
of the earlier researchwas carried out at largernozzle-rotorspacing,
where the pressure wakes do not exist as they decay rapidly down-
stream. The presentmeasurement is carried out at practical spacing;
and hence, all of the features of modern turbines are present, in-
cluding both the pressure and velocity gusts because of the viscous
wakes.

The reduced frequency based on the upstream nozzle wake fre-
quency, rotor axial chord, and axial velocity upstream of nozzle
varies from 4.54 to 7.32. Because there are signi� cant differences
between the condition A (design) and C (off design), only the data
at these two conditions are presented and interpreted.

Laser Doppler Velocimeter Data
Detailed steady and unsteady � ow data were acquired at the

midspan of the rotor blade using a two-dimensionalLDV. The mea-
surements were carried out at 37 axial locations upstream of the
rotor (x / Cx = ¡ 0.088) to one chord downstream of the rotor.9 To
account for the nonuniformity of the rotor absolute inlet � ow� eld,
measurements were made at six tangential locations in the absolute
frame equally spaced over one nozzle pitch (Fig. 1). These six tan-
gential positions represent six different relative positions between
the nozzle and the rotor (labeled positions1 through 6) or if viewed
from the nozzle frame of reference, six different time-resolved po-
sitions of the rotor in relation to the nozzle.

At each survey point approximately 120,000 velocity measure-
ments were acquired. Because all of the velocity components were
spatiallyphase-lockaveraged,which results in a representativerotor
passage with 50 measurement windows, there were 2400 velocity
measurements on average in each measurement window. After all
instantaneous velocity measurements were acquired for each par-
ticular survey point, the velocity is then ensemble-averagedat each
measurement window.

The instantaneousvelocity Vi is decomposed as follows:

Vi = V̄ + Ṽ + V 0 (1)

where V̄ is the time-averaged velocity, Ṽ is the periodic velocity,
and V 0 is the unresolved velocity.

The variance is given by

(V 0 )2 = n
i = 1(Vi ¡ Ṽ V̄ )2 / (n ¡ 1) (2)

The level of unresolved unsteadiness in each measurement win-
dow is determined by the variance.

The cycle-averaged values are obtained by averaging the
ensemble-averaged (and phase-lock averaged) properties in each
rotor measurement window for one nozzle/rotor location over the
six nozzle/rotor locations (see Fig. 1).

The experimental procedure and data processing are designed to
obtainspatialand temporalmeasurements(i.e., rotor shaftpositions;
not real time)of thewake-rotorinteractiongeneratedunsteadinessin
the rotor.The laser is locatedat a � xed positionrelative to the nozzle
wake for each nozzle/rotor location. Hence, the averaging is based
on identical rotor-nozzle blade positions. These measurements are
similar to those reported by earlier investigators.10

A complete error analysis for these measurements is given by
Zaccaria.11 Based on this error analysis, the uncertainty for a 95%
con� dence level is as follows: outside the rotor wake 0.4 and
2.8%, respectively, for the ensemble-averagedvelocity and the un-
resolved component of velocity; inside the rotor wake, 4.0 and
14.8% for the ensemble-averagedand unresolved velocity, respec-
tively. The LDV data are presented and interpreted by Zaccaria and
Lakshminarayana.9 These data are used in Part 2 of this paper to
validate the code and to derive new insight on the nozzle-rotor vis-
cous interactionin viewof the additionalblade surfacedata acquired
recently and the comprehensive� ow simulation carried out with an
unsteady Navier–Stokes code.

Dynamic Pressure Measurements
The implementation of the dynamic pressure transducers in the

turbinerig was drivenby space limitations.The pressuretransducers
are insertedinto chambers,which in turn are connectedto the turbine
airfoil surfaces through 0.5–0.8-mm-diam holes. The design objec-
tive is to achieve a frequency response of 40 kHz. The miniature
sensors used are the Kulite model XCS-093 with a pressure range
of maximum 5 psia. They are capableof measuringpressure � uctu-
ations to an accuracyof 0.01 psia. A schematic showing the location
of dynamic pressure transducers on the blade at midspan (16) and
on the hub (endwall) surface (5) is shown in Fig. 1. The low-level
signals from the dynamic pressure transducers are ampli� ed in the
rotating frame by using miniature ampli� ers. The ampli� ers rotate
in the rotor frame and provide a high-level signal output before the
signal reaches the slip-ring unit. The transducerswere calibratedby
inserting the entire blade in a pressure chamber as well as using the
steady-state static pressures on the blade before the experiment.

The dynamic pressuredata from the rotor are transmitted through
the rotatingdrum to a slip-ringunit. The slip-ringunit is of the brush
type and has 150 channels.The slip-ring unit is housed in a cowling
in front of the facility. Each ring carries four brushes made of silver
graphite.The rings are made up of coin silver, which withstands up
to current levels of 5 A. The brushes are individuallyremovable and
replaceable. The contact resistance is about 5 m X maximum.

A completely automated data processing system is built around
a computer with a clock rate of 7 MHz. The data are triggered by
an encoderon the turbine shaft. Approximately167 (1 million sam-
ples at 6000 samples/rev.) revolutions of data are acquired. This
was ensemble-averagedto derive revolutionperiodic,which is then
decomposed into blade periodic (average-passage) and blade aperi-
odic pressures.The procedureused for data processing is similar to
that described in the last section. The latter represents the deviation
of the individual passage from the average passage. A typical set
of processed data for x / Cx =0.285 is shown in Fig. 3. The blade
aperiodic quantity is small for most passages and appreciable only
in three or four passages.Only the blade periodicdata are presented
and interpreted in this paper.

Numerical Procedure
Technique and Models

An explicit four-stage Runge–Kutta scheme is used for the time
integration of both averaged mean and turbulence equations. A
fourth-order arti� cial dissipation is included to damp high wave-
number errors, and a second-order dissipation is used to improve
the shock capturing.Eigenvalueand velocity scaling are used to op-
timize the amount of the arti� cial dissipation.Multigrid and implicit
residual smoothing are used to improve the convergence character-
istics of the steady solver.Nonre� ecting boundaryconditionsare in-
corporatedto minimize the re� ection at boundariesand to minimize
the computationaldomain.The steadyNavier–Stokes solver12,13 has
beenmodi� ed to enablea time-accuratesolution.The basic codehas
been extended to include the pseudo-time inner iteration. This ap-
proach resulted in a major accelerationof the unsteadycode. Details

Fig. 3 Decomposition of the revolution periodic data into blade peri-
odic (average passage) and blade aperiodic.
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Fig. 4 Turbulence intensity at midpitch inside the rotor passage.

of the pseudotime scheme and the validationof the unsteady solver
can be found in Ref. 14. A set of low-Reynolds-numberk– e turbu-
lence models are utilized for turbulence closure. Based on the pre-
ceding assessment of the turbulence models suitable for the transi-
tional � ow, the Fan–Lakshminarayana–Barnett turbulence model15

has been chosen for the current research.
A comparisonof the predicted turbulence� eld with experimental

results (Fig. 4) shows that the simulation based on the original k– e
model overpredicts the level of the freestream turbulence beyond
x / Cx =20%. The turbulenceproductioncaused by a large strain in
this region is not compensated by an increase in the turbulence dis-
sipation rate. Replacement of the turbulenceproduction term based
on the rate of the deformation tensor, P =2 m t

p
[(Si j )2¢ (Si j )2] [de-

noted as (SS)] with P = 2m t
p

[(Si j )2¢ (Ri j )2] (denoted as SR), led to
the improved prediction of the freestream turbulence � eld (Fig. 4).
This modi� cation does not affect the nozzlewake region. In the noz-
zle wake (Si j )2 is approximatelyequal to the (Ri j )2. Therefore, this
modi� cation does not affect the nozzle wake propagation through
the cascade.

To simulate rotor unsteady � ow, time-dependent boundary con-
ditions were imposed at rotor inlet. Velocity and the pressure distri-
butions were based on the experimental data at 24.59% of the rotor
chordupstreamof the leadingedge.Data were obtainedusinga � ve-
hole probe in a stationaryframe of reference.To impose an accurate
unsteady boundary condition, the measured pressure and velocity
� elds (moving in rotor frame of reference) were superposed with
the rotor potential � eld based on a steady prediction (steady in the
rotor frame of reference).

To apply periodicboundaryconditions, the � ow in � ve rotor pas-
sages was calculated. This provides a vane-to-blade ratio equal to
4:5, close to the actual ratio of 23:29. All computationalresults pre-
sented in this paper and in Part 2 are based on a two-dimensional
simulation.

Sensitivity Studies

This code has been validated for a wide variety of steady and
unsteady � ows.14 Hence, only the sensitivity study is reported for
this particular case.

To analyze the grid sensitivity, numerical simulations were car-
ried out using three grids: 101 £ 61, 181 £ 91, and 211 £ 181 (a
� gure with the grid topologycan be downloadedfrom the Web site).
The distance between the � rst grid point and the wall varied from
y+ =0.9 for the coarsegrid to y+ =0.3 for the � ne grid. Steady � ow
predictions based on 181 £ 91 and 211 £ 181 grids were identical.
A numerical simulation of the unsteady � ow imposes an additional
requirement on the grid density outside the boundary layer. An ear-
lier analysisof the in� uence of arti� cial dissipation14 has been used
to estimate the required mesh distribution in the middle of the pas-

sage. The axial gap in the turbine stage is equal to 27.6% of the
rotor chord. Hence, the nozzle wake defects are substantial.At least
10 Fourier harmonics are needed for an accurate representation of
the inlet velocity � eld. The amplitude of the tenth harmonic is 2%
of the wake defect. According to the preceding analysis, the � nest
grid (211 £ 181) provides enough spatial resolution to model the
whole spectrum of the inlet wake. A numerical simulation based on
181 £ 91 grid may lead to excessive decay of the eighth and higher
harmonics because of the arti� cial dissipation. A comparison of
the numerical prediction of the unsteady � ow based on these two
grids indicates that utilizationof the coarser grid (181 £ 91) results
in a 3% smaller local wake defect because of the arti� cial dissipa-
tion. No other signi� cant differences were observed. To minimize
CPU time, most of the simulation studies were carried out using a
181 £ 91 grid.

The accuracy of the numerical simulation depends on the appro-
priate choice of the number of physical time steps as well as the
number of inner pseudotime steps. Current simulations were car-
ried out with 1000 physical time steps per period. Even though it
was found that 500 time stepswere enoughfor the accurate temporal
resolution, the solution had features of numerical instability. This
problem was eliminated when the number of physical time steps
was increased to 1000. An investigation of the dependency of the
solution on the number of inner iterations indicated that accurate
prediction of the unsteady pressure � eld required about seven in-
ner iterations.An accurate resolutionof the velocity and turbulence
� eld required 15 inner iterations.

One of the objectivesof thecurrentresearchis to evaluatethe abil-
ity of the code to predict unsteady transitional � ows in a turbine.
Current computationsare carried out without the incorporationof a
transitionalmodel. The k– e model representsthe complexnonlinear
physics of the transitional process in the boundary layer through a
combination of the diffusion of the freestream turbulence and the
local balance between the turbulence production and the dissipa-
tion. The k– e � eld is transformed from one semistable condition
(laminar) to another semistable condition (turbulent). The � ow in
the transitional region is most sensitive to the numerical aspect of
the solver. In addition to the quality of the particular low Re tur-
bulence model, the level of the arti� cial dissipation plays a crucial
role in the prediction of the transition region. Arti� cial dissipation
dependson the local propertiesof the grid and the coef� cient k4 . As
just stated, prediction is grid independent for both � ne grids. The
location of the transition and the skin-friction coef� cient beyond
transitionstrongly dependson the value of k4 (presented in the orig-
inal paper16). An excessive level of the arti� cial dissipation leads
to laminarization of the boundary layer. An increase in k4 results in
the transition onset shifting from x / Cx =0.65 to the trailing edge
on the suction surface. The essential feature of the current solver is
that for the calculationswith k4 < 0.015; the transition prediction is
found to be independent of the level of the arti� cial dissipation co-
ef� cient. This value of the k4 coef� cient is found to be universal for
other con� gurations (� at plate, compressor cascade, low-pressure
turbine), under the condition that the solution is grid independent.

Time-Averaged Flow� eld
A comparison between the predicted (steady) and measured sur-

face pressuredistributionis shown in Fig. 5 for the designcondition.
The comparisonfor off-designconditionsare shown in Ref. 16. The
comparison is done for four cases (summarized in Table 1). Very
good agreementbetween the predicted and the experimental data is
achieved for the design point (Fig. 5) as well as for the � ows with
moderate incidence angle. A comparison of the blade surface pres-
sure distribution at different operating conditions indicates that the
� ow is not sensitive to the moderate variation in the incidence an-
gle and the predictionis excellentat these conditions.The predicted
(time-averaged) and measured (cycle-averaged) relative total veloc-
ity distributionat several axial locations at design condition (A) are
shown in Fig. 6. The predictionis excellentat all locationsexcept at
x / Cx =110%. One of the severest tests on the code is the ability to
capture a large gradient in velocity. Near the leading edge, the ex-
cellent agreement at x / Cx = ¡ 5% provides con� dence in the code.
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Fig. 5 Average blade pressure and unsteady pressure envelope at de-
sign conditions (midspan).

Fig. 6 Blade-to-blade distribution of relative velocity.

The wake depth is capturedat x / Cx = 110%, but the predictedwake
width is smaller than the measured one. This may be attributed to
the three-dimensionaleffects or the cycle-averagingprocedure.The
predicted passage average angle at the exit is 67.4 deg. This com-
pares well with the measured and design values of 64.3 and 67 deg,
respectively.These results indicate that the time-averaged � ow� eld
is predictedaccuratelyespeciallyin the passageand upstreamof the
passage.

Unsteady Pressure Field on the Blade Surface
Before commenting on the nature and magnitude of unsteady

pressure, we note that the blading for the Penn State high-pressure
turbine was designed to limit overacceleration on the suction sur-
face just off of the leading edge.7 On any turbine blade the � ow
is subject to high acceleration around the leading-edge region on
both the suction and the pressure sides. In both cases there may
be a subsequent undesirable diffusion, although a local diffusion,
however small, is of more concern on the suction side, where it may
constitute a signi� cant disturbance to the (laminar) boundary layer.
In the present blading design it was possible to trade one off against

Fig. 7 Measured and predicted time history of unsteady pressures on
the suction surface (design condition).

the other by precise tailoring of the leading-edgegeometry and ad-
justment to the leading-edgeinclination (i.e., incidence). Generally,
only a very slight tendency to overspeed was tolerated on the suc-
tion surface because a very minor increase in the pressure surface
diffusion would not signi� cantly affect the blade performance.The
suction peak is located near the midchord location.

The measured and predicted steady pressure and unsteady enve-
lope at the design conditionas well as steady pressuresare plotted in
Fig. 5. The predicted amplitude of unsteady pressures agrees quite
well with the measured values. The amplitudes are small near the
leading edge on both surfaces because the blading is not very sensi-
tive to incidencechangesbecauseof inherentdesign.The incidence
angle changes (Table 1) from 2.06 to ¡ 7.6 deg had no signi� cant
impact on the steady pressures. The maximum amplitude occurs
near 28% chord on the suction surfaces and decreases gradually to
insigni� cantvalues as the trailingedge is approached(Fig. 5). There
is a signi� cant difference between these data and those of Ref. 3,
who observed maximum values at the leading edge. This may be
caused by large � ow acceleration near the leading edge and closer
rotor-statorspacingemployedby Dring and Joslyn.3 The amplitudes
(Fig. 5) are small on the pressure surface and once again decrease
gradually to small values as the trailing edge is approached.

The periodic variation of blade pressures on the suction surface
at selected rotor chord locations are shown and compared with the
predictionsin Fig. 7. As mentionedearlier, the amplitudesare high-
est near the x / Cx = 0.28 and decreases to insigni� cant values near
the trailing edge. The prediction is very accurate at x / Cx =0.071
and 0.28. Discrepanciesare observed aft of the midchord.The mea-
surement shows larger decay in the amplitude than the prediction.

The space-timedistributionof unsteady pressures ( D Cp ) on both
surfaces along all measurement locations are shown in Fig. 8. Such
plots can provide a valuable overview of the � ow physics associ-
ated with the wake-rotor interactions. On the suction surface the
measurement shows a maximum value at about 28% of the chord.
The phase angle of the peak values (marked HS) on the suction
side changes rapidly as the � ow progressesdownstream because of
largechangesin the convectionvelocityof the nozzlewake.The � rst
low value on the suction side (LS1) also moves at about the same
phase as the peak (HS). But the second minimum (LS2) is nearly at
constant phase. This is much clearer in the contour plots shown in
Part 2 of the paper. On the other hand, the peak values on the pres-
sure side occur near the leading edge. One of the unusual features
is the presence of two peaks (HP1, HP2) on the pressure side. As
indicated earlier and in Fig. 2, the in� ow has both the pressure gust
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Fig. 8 Measured space-time distribution of blade unsteady pressure,
case A (design).

Fig. 9 Measured and predicted harmonics of blade unsteady pressure
suction surface.

and the velocity gust. As the two approach the leading edge, the
phase angle between the two distortions change, and the pressure
gust seems to have a more profound effect on the pressure surface
than on the suction side. More details on these features are given
in Part 2. Another interesting feature is that, except for the leading
edge, the peaksmove at nearlyconstantphaseas the � ow progresses
downstream along the pressure surface. Some of these features are
similar to those observed by Dring et al.,3 but major differencesare
in the locationof peakson the suctionside becauseof the differences
in the blading design.

The � rst three harmonics of the unsteady pressure on the suction
surface are plotted and comparedwith the predictionsin Fig. 9. The
experimental data indicate that the � rst harmonic is the dominant
component, and this component is predicted quite well by the code.
The predictions reveal two maxima, one near the leading edge and
the other near 28% chord downstream. Because there are no data
available at the leading edge, the presence of the � rst peak cannot
be con� rmed. But the minima observed near the 5% chord location
is predicted accurately.The second harmonic shows a peak close to
the 50% chord, but the predicted peak is further downstream. The
occurrence of the peak in second harmonic can be attributed to the
transfer of energy from the � rst harmonic to the second harmonic
in the freestream unsteadiness,which is clear from the fact that the
� rst harmonic decreases rapidly near the midchord and the peak
in the second harmonic appears at this location. This is due to the
dominant effect of two counter-rotating vortices (see Part 2) that
are developed on either side of the wake and the weaker nozzle
wake effect. This effect is overpredicted by the code. During the
numerical simulations,the observationwas made that the amplitude
of the secondharmonic is sensitive to the localwake velocitydefect.
The measured values of the third harmonic are negligibly small.

Fig. 10 Measured and predicted time history of unsteady pressure,
case C (off design).

Fig. 11 Maximum variation of surface unsteady pressure, cases A–D.

The measured values at off-design conditions are compared with
predictions at selected chordwise locations in Fig. 10. Here again,
the agreement is very good near the leading edge, especially on
the suction surface. The numerical simulation predicts extended
� ow separation on the pressure side near the leading edge, which
may not be very accurate and may account for the discrepancy in
the unsteady pressure distribution at x / Cx =0.3 on the pressure
surface.

The chordwisedistributionsof the unsteadypressureamplitudeat
all operating conditions (Table 1, cases A, B, C, and D) are shown
in Fig. 11. There are two major effects involved here: the time-
averaged incidence changes and the reduced frequency changes.
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Cases A and B are carried out at the same speed, with case B being
at a highermean incidence.The data on the suctionsurfaceshow that
the amplitudes are slightly higher for case B at most locations.The
dominant effect is downstream of the leading edge (x / Cx =0.28
on suction surface, 0.14 on the pressure surface). Cases C and D
have the same mass � ow and Reynolds number, with case C at more
severe off-design condition.The data for case D follow trends very
similar to those of cases A and B. As indicated earlier, because of
large negative incidencefor case C, the peak unsteady pressures are
similar on both the suction and the pressure surfaces and have the
fastest decay on the pressure side. The amplitudes are highest for
this case on the pressure side. One of the interesting features of all
of this data is that the peak pressure for all operating conditions
(cases A, B, C, and D) occurs downstream of the leading edge on
both surfaces. This has a signi� cant impact on the leading-edge
cooling. The present design seems to have reduced the unsteady
wake-interactioneffects near the leadingedge throughaerodynamic
design.

The unsteady pressure on the hub surface is presented and inter-
preted in the original paper.16

Conclusions
The results of an integratedexperimental/numerical investigation

of the unsteady � ow caused by nozzle wake-rotor interaction are
presented in this paper. Measured unsteady � ow� eld and pressure
at the midspan and the pressure � eld on the hub are evaluated and
comparedwith the predictionat the design and off-designcondition.

The modi� cation of the production term in the k– e model is es-
sential for the accurate prediction of the � ow� eld near the leading
edge and in the freestream. The arti� cial dissipation is found to
have a major in� uence on the accuracy of the predicted inception
of transition.

Analysis of the blade unsteady pressure at the design condi-
tion reveals the location of the maximum unsteady pressure at
x / Cx =0.28. The developmentof the unsteadypressureon the suc-
tion surface is predominantlyconvectivein nature, i.e., the propaga-
tion of the pressure spots depends on the local velocity. In contrast,
phase pressurevariationon the pressure surface indicatesan elliptic
nature of the wake-blade interaction on the pressure surface.

The high negative incidence angle at off-design condition leads
to a signi� cant increase in the unsteady pressure within 15% of the
chord downstream of the leading edge on the pressure surface. At
the suction surface the peak of the unsteady pressure decays more
rapidly in comparison to the design condition.

Good agreement between the predicted and measured data vali-
dates the ability of the code to capture the unsteady � ow physics.
This led to an additional in-depth study of this phenomenon de-
scribed in Part 2 of the paper.
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