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Airfoil Row/Wake Interactions in a High-Speed Axial Compressor

Robert T. Johnston* and Sanford Fleeter"
Purdue University, West Lafayette, Indiana 47907

Experiments are performed to study and quantify the time-varying characteristics of inlet guide vane (IGV)
wakes interacting with the exit flowfield of a downstream high-speed rotor. Data define the IGV wake pressure and
velocity fields across two vane passages and time resolved over one rotor blade passing period. Results show that
the interaction of the rotor wake with the IGV wake has a significant effect on both the IGV and rotor wakes. When
the rotor wakes are in phase with the IGV wakes, the IGV wake velocity deficit, semiwake width, and total pressure
losses increase. The maximum and minimum velocity and total pressure envelopes over one rotor blade passing
period decrease with distance from the rotor due to the decay of the rotor wake. More importantly, the differences
between the velocity and total pressure maximum and minimum are smaller in the IGV wake regions; therefore,
the rotor wakes have reduced fluctuations. The position of the IGV wake centerline moves under the influence of the
rotor cutting action and exit flowfield. The IGV vortical and potential harmonic gust forcing functions downstream
of the rotor are determined by a vortical/potential gust splitting analysis. The first harmonic vortical and potential
gust magnitudes have two maximums over one rotor blade passing period that occur before and after the IGV
and rotor wakes are in phase. Also, the higher harmonics of the temporally averaged instantaneous vortical and
potential gusts decay at a very slow rate as they propagate.

Nomenclature

A, = potential disturbance nth harmonic constant

C = chord

D, = vortical disturbance nth harmonic constant

k = gust wave number vector

M = Mach number

p = static pressure perturbation

S = spacing

U = absolute velocity vector

U = mean absolute velocity vector

u = axial velocity perturbation

v = tangential velocity perturbation

w = mean inlet guide vane (IGV)-relative
velocity vector

Wi = wake streamwise centerline velocity defect

Wy = freestream streamwise velocity

w = perturbation velocity vector

Wpn, Wy = nth harmonic potential and vortical gusts

x = axial and tangential spatial coordinates, § &; + né,

z = axial distance from IGV trailing edge

o = absolute flow angle

) = semiwake width

&, & = axial distance upstream and downstream
of the rotor

¢ = potential function

Subscripts

1 = IGV

m = measured

p = potential
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R = rotor

v = vortical
Superscripts

— = mean

~ = unit

Introduction

URBOMACHINE design is based on models that assume

steady relative flow through isolated airfoil rows. However,
this is certainly not the case for multistage machines, wherein wakes
have significant effects on downstream airfoil rows. For example,
stationary airfoil wakes are cut by and convected through down-
stream rotating blade rows, which, in turn, have their wakes im-
pinge on downstream stators or structural struts. Such wake/airfoil
row interactions contribute to aerodynamic losses, pure tone noise,
and rotor blade vibrations.

Blade/row interactionshave been shown to have a significant im-
pact on the flow in an axial flow compressor. For example, rotor
wake passage through a downstream stator row results in total tem-
perature variations. This is a result of rotor wake rectification due
to their transportrelative to the inviscid flow while passing through
the stator row, with the stators collecting the rotor wakes on their
pressure surfaces.! This mechanism is similar for stationary airfoil
row wakes passing through a rotating blade row. Using computa-
tional fluid dynamics (CFD) and laser anemometer measurements,
Shang et al.2 showed that the circulationaboutrotor bladesis depen-
dent on rotor circumferential location due to the upstream potential
field of a stator row. This phenomenon was found to be a strong
function of rotor/stator spacing and relative blade counts.

‘Wake interactions in multistage turbomachines have been shown
to have potential benefits with regard to performance and flow-
induced vibrations. Turbine performance improvements were
achieved by circumferentially indexing successive stator rows.?
Peak efficiency occurred when the first vane row wake impinged on
the second vane row after passing through the rotor, and minimum
efficiency occurred when the first vane row wake passes between
second stage vanes. Preliminary calculationsindicated that the first
vane wake was bowed exiting the rotor, thereby explaining the span-
wise peak efficiency variation at different clocking positions.

Of particular interest herein is the potential beneficial effect of
multistage wake interactions on blade row forced response. Specif-
ically, airfoil/wake interactions are the most common and least un-
derstood source of unsteady aerodynamic excitation causing blade
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row vibrations in multistage machines. In this regard, a model has
been developed and utilized to demonstrate the feasibility of vane
row indexing as a passive vibration control technique* Correctly
indexing stationary vane rows significantly reduced the unsteady
aerodynamic forces, even for closely spaced airfoil rows.

To predict flow-induced vibrations of blade rows in a multistage
environmentaccurately, thereby also making passiverotor vibration
control techniques such as vane row indexing practical, a quanti-
tative understanding of the time-varying characteristics of wakes
interacting with downstream blade rows is required. Hence, this pa-
per is directed at investigating the time-varying characteristics of
inlet guide vane (IGV) wakes interacting with a downstream rotor
for application to turbomachine forced response design systems.
This is accomplished through a series of experiments performed in
a high-speed fan stage comprising an IGV row and a rotor. This fa-
cility is ideal for these wake forcing function experiments because
it is large enough for the necessary high-quality measurements, the
IGV/rotor axial spacingis variable, and the IGV row can be indexed
circumferentially,thereby enabling IGV wakes to be measured with
stationary probes. With an IGV inlet Mach number of 0.29, the
IGV wake unsteady pressure and velocity fields are measured with
hot-film anemometers and dynamic total pressure probes. Data ac-
quisition and analysis define the IGV wake pressure and velocity
fields across two vane passages and as time resolved over one rotor
blade passing period.

Axial Fan Facility

The Purdue Research Axial Fan facility features a 30.48-cm-
(12-in.-) diam, 2 hub/tip ratio design compressor rotor that is in-
tegral with the shaft. The drive system consists of a 400 hp ac motor
driving a magnetic clutch, with a variable speed output that drives a
gearbox (Fig. 1). There are 18 IGVs introducingswirlintoa 19-blade
axial flow rotor. Both the IGVs and rotor blades have NACA 65
series profiles on circular arc meanlines. Located approximately
3.5 rotor chords downstream of the rotor are eight aerodynamic
structural struts (22 % thick) that support the rotor bearing housing.
AdjustableIGVs haveanominal 10% thicknesswith a chord varying
from 35.5mm (1.401n.) at the hubto 53.3 mm (2.101in.) at the tip, to
yield a solidity of one. IGV twist distribution produces a free vortex
whirl into the rotor. Rotor blade sections have a 10-6% hub-to-tip
thicknesstaper, with a chord of 50.8 mm (2.001in.). For these exper-
iments, axial IGV-to-rotor spacing-to-chordratios of Z/Cr = 0.68,
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Fig. 1 Purdue high-speed axial compressor research facility.

0.93, and 1.18 are investigated. The IGV row is indexed circumfer-
entially, thereby enabling the IGV wake measurements to be made
without circumferential probe traverses upstream and downstream
of the rotor. Axial distance downstream of the IGV trailing edge at
midspan is denoted as &, with the axial distance upstream of the ro-
tor leading edge and downstream of the rotor trailing edge denoted
by &, and &,. The compressor is operated at 10,000 rpm for these
experiments, giving a total pressure ratio of 1.08 and at a flow rate
of 3.8 kg/s (8.4 1b/s) £2%.

Data Acquisition and Instrumentation

Downstream of the IGV row, the velocity and total pressure fields
are measured to determine the IGV steady and unsteady character-
istics. The midspan data are acquired in 1.0-deg increments in the
freestream and 0.1-deg increments in the wakes. The wake regions
are identified by first taking a traverse of two IGV passages with the
coarse circumferential increments. Wake regions, once identified,
are then resolved by taking measurements at smaller increments
across each of two IGV wakes. Time-mean signals at each IGV
azimuthal location are determined by taking the average of mea-
surements of 80 rotor revolutions sampled at 1900 points per revo-
lution for each data channel. At each of these azimuthal locations,
the time-varying velocity and total pressure are also measured. The
time-variantsignals are digitized over 10 rotor blade passagesusing
approximately 2000 samples per burst and are ensemble averaged
over 200 individual revolutions, triggered by a once-per-revolution
pulse from a photooptic sensor. These time-resolved velocity and
total pressure data are then used to calculate the static pressure,
assuming the flow is isentropic.

Midspan velocity and total pressure are measured downstream
of the IGV with hot-film anemometers and total pressure probes
designed to access the confined regions downstream of the rotor.
An Endevco piezoresistive pressure transducer with a sensitivity of
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59.85 mV/psi and a frequency response of 70 KHz is installedin a
stainless steel probe body. This design is capable of +17-deg mis-
alignment to the flow with less than £—1% error in total pressure.
The crossed hot film has a measurementarea of 50.8 um x 1.0 mm,
with absolute velocity magnitude and flow angle errors estimated to
be less than £2% and £0.5 deg, respectively. All probes are set to
minimize flow angle deviations from the probe axis.

The IGV ring is traversed relative to the measurement location,
as shown in Fig. 2. With the unsteady measurements initiated at the
same rotor blade position for all IGV positions, the data are shifted
in time to accountfor position of the rotor blades relative to /2. For
measurements behind the trailing edge of vane /1, data acquisition
is initiated when the leading edge of rotor blade R1 passes the
measuring point. When /2 is upstreamof the measurementlocation,
the unsteady data acquisitionis again initiated when R1 passes the
probe. Thus, all locations, with the exception of the last azimuthal
location, are time shifted by an amount proportional to the radial
location and angular positionrelative to the final pointand inversely
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Fig. 4 Sketch showing IGV wake a) out of phase and b) in phase for a
probe at position X.

proportional to the wheel speed. All Fig. 2 plots shown of the IGV
wake are viewed from the measurement location looking upstream.

Vortical/Potential Gust Splitting Analysis
The two-dimensionalinviscid flow is assumed to be compressible,
isentropic,and composedof an absolute mean velocity U with super-
imposed small velocity w and static pressure spatial perturbations
p. The linearized continuity and momentum equations are

LS 1)
o Dt p=
Vortical/Potential Splitting

The perturbation velocity field is split into vortical and potential
gust components w =w, =w,, which satisfy

Dw,
— =0, Vxw,=0 2)
Dt
Dw, 1 Dp
p—=-V,, ——=-Vxw,, Vxw,=0 (3)
Dt pc; Dt

Thus, the forcing function is analyzed harmonically as a Fourier
series of individual vortical and potential gusts,

WO D) = YW, () + W, () e

Vortical Gust

Spatial periodicityshows that the gust wave number vector k must
be perpendicularto the IGV mean flow exit velocity vector U:

kxU=0 “

where U = U (cos @é; + sinaé,).
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Periodicity requirements determine the tangential wave number
k,=2m/S;, with the axial wave number then determined from
Eq. (4), ks = —k, tana. The vortical gust convects with the mean
flow U. This and V x w, =0 relate the wave number vector and the
gust amplitude vector such that the gust is oriented in a direction
normal to w,,,. Combining this with Eq. (4) shows that the vortical
gust amplitude vector must be parallel to the mean velocity. De-
noting the complex constant of proportionality between these two
constant vectors by D leads to

Wop = DZ[](COS&@S + sinae,) exp(—ink x x) 5)

Thus, the vortical gust propagatesunattenuatedin the directionof
the gust wave number vectork. This defines the vortical gust velocity
perturbation with all parameters known from measurements, except
for D7, which must be calculated for each harmonic.

n’
Potential Gust
The potential gust w, must satisfy V x w, = 0; therefore, it can
be derived from a potential function, w, = V¢,,. The perturbation
potential is related to the pressure perturbation p through the un-

steady Bernoulli equation. Substituting these relations into Eq. (1)
yields the following perturbation velocity potential equation:

1 D (D¢, R
—— =) -V%,=0 6
o (52) - ©

Becausethe flow is steady, the potential gust solution,determined
from the steady form of this equation, is

¢pn = An eXP[”(X’%% - lkn )’])] (7)
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where
—iM?*sinacosa £ 1 — M2
1 —M?cos’a
is the axial decay factor and A, is a complex constant.

Thus, the potential gust is spatially periodic in the tangential di-
rection,butdecaysexponentiallyin the axial direction. The direction
of this axial decay depends on whether an upstream or downstream
blade row is being analyzed. The potential static pressure perturba-
tion is found from the unsteady Bernoulli equation:

p,,,,/p[_/2 = A} (—xcosa +isina)exp[n(xk,& —ik,n)] (8)

X =

Experimental Determination of D), and A,

The potential gustw ,, is irrotational. Therefore, the vorticity v ,,
is zero, |, =1V xw,,| =0, and p,, is given in Eq. (8). Thus,
the potential gust manifests itself in both static pressure and veloc-
ity spatial perturbations, but not in the vorticity perturbation. The
vorticity of the vortical gust is

[Youl = IV X W, | = D} (ink,U/ cos @) exp(—ink x x)

and there is no correspondingstatic pressure perturbation. This vor-
tical gust component, therefore, manifests itself in a vorticity per-
turbation, but not in the static pressure perturbation.

The spatial static pressure perturbation is dependent only on the
potential gust. At the measurement location (&, ) = (0, 0), the po-
tential gust coefficient A”, computed explicitly from the calculated
static pressure, is

A} = P /[pU(—x cosa +i sin@)] )

where p,,, is the measured nth harmonic static pressure spatial
perturbation.
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The potential gust velocity perturbation is then calculated and
subtracted from the measured velocity perturbation to yield a dif-
ference velocity perturbation’ Because the vorticity of the potential
component is zero, the perturbation of the velocity difference has
the same vorticity as the measured gust. Thus, the linear theory
vortical gust coefficient is calculated from this difference velocity
perturbation as

Dy = (1/U)(ugy cosa + vay sina) (10)

Results

To provide a quantitative understanding of wake/blade row in-
teractions for application to forced response design, a series of ex-
periments is performed directed at investigating the time-varying
characteristics of IGV wakes interacting with the exit flow from a
downstream high-speed rotor. With an IGV inlet Mach number of
0.29 and a 0.6 rotor inlet relative Mach number at midspan, the
IGV wake unsteady pressure and velocity fields are measured with
hot-film anemometers and dynamic total pressure probes. Flow co-
efficient is calculated from these measurements to be 0.74. Data
acquisitionand analysis define the IGV wake pressure and velocity
fields across two vane passages and is time resolved over one rotor
blade passing period. The instantaneous IGV wake characteristics
are examined, with the interaction effects characterized by analysis
of velocity deficit and semiwake width data at critical rotor blade
positions. The position of the IGV wake centerline is measured to
determine the dependence on the rotor cutting action and the rotor
exit flowfield. Linear theory analysis is then used to split the time-
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varying IGV wake into vortical and potential components, and these
gustcomponentdata are then analyzed. Estimated uncertaintyin the
calculation for A* and D} are £2.6 and :2.9%, respectively.

1

Time-Resolved IGV Wake Characteristics

Figure 3 shows a time sequence of the instantaneousabsolute ve-
locity downstream of the rotor over two vane passages, with the data
presented from the IGV pressure to suction surface. This represents
the flowfield at the measurement point at several rotor positions as
the IGV is traversed. The rotor blade cuts the IGV wake at specific
rotor positions. As time progresses, the IGV wake passes between
the rotor blades and convects downstream. The wakes are said to be

0.16 - M =029 _

o

0.12 -

008 |- ®-. i

0.04 E

Velocity Defect, W dc/W

0 0.2 0.4 0.6 0.8 1 1.2
Axial Distance, Ed/SR

0.12 T T T T T

0.1 4

0.08 ]

0.06

0.04

Semiwake Width, 8/C;

0.02 -

0 0.2 04 0.6 0.8 1 1.2
Axial Distance, ﬁ‘j/SR

Fig. 9 IGV wake velocity deficit and semiwake width when in phase
0, and out of phase ®, with the rotor wake (Z/Cg = 0.93).

0.50 T T T T
Rotor Wake Approaching| | Rotor Wake Leaving
— —
¥ 045 | \ M
o | | Wakes
o d | In-Phase
8 S A
A~ 040 ! mE o
© M | |
& o-04 | [
Z L
= ;
g 035 |9 L
=
L —o— &/SI =01 | |
g S =022 | l
0.30 ! [ L1 1
0.0 02 0.4 0.6 0.8 1.0

Percent Blade Pass Period (X100% )

Fig. 10 IGV wake centerline position at two axial locations down-
stream of the rotor during one rotor blade passing period (Z/Cg = 0.93).



JOHNSTON AND FLEETER

outof phase when they appear as distinct features downstreamof the
rotor (Fig. 4a). When the rotor and IGV wakes are in phase (mean-
ing the rotor blade wake actually combines with the IGV wake), a
large, wide velocity deficit is evident at both IGV wake locations
(Fig. 4b). Note that there is minimal variation in the rotor wake
minimum velocities as they pass through the IGV wakes. Because
the ratio of the number of IGVs to the number of rotor blades is not
unity, Nyanes/ Notades = 0.947, the rotor/IGV wake interaction does
not occur simultaneously for both IGV wakes shown in Figs. 4.
Also, because the measurement spatial resolution is higher in the
IGV wake regions, the narrow rotor wakes are somewhat crudely
defined in the IGV exit flow freestream regions.

The IGV wake absolute velocity downstream of the rotor at axial
positions closest to and farthest from the rotor detail the in-phase
and out-of-phase rotor exit flowfield wake characteristics (Fig. 5).
The position of the IGV wake centerline in Fig. 5a is marked by a
dashed line. The IGV wake velocity deficit and semiwake width are
clearly smaller when the IGV and rotor wakes are out of phase. It
is again evident that the minimum rotor wake velocity is relatively
independentof whether it is in or out of the IGV wake.

Figures 6 and 7 present the level of the absolute velocity and total
pressurefluctuationsdownstreamof the rotor. Maximum, minimum,
and average absolute velocity for two vane passages over one rotor
bladepassingperiod are shown at two axial locations. The envelopes
of the maximum/minimum velocity and total pressureare largest for
the data closest to the rotor trailing edge and smallest farther down-
stream. This is expected because the rotor wake velocity deficit is
directly associated with the flow fluctuations, and it decays with
distance from the trailing edge. Note that the maximum velocity
curve is reduced in the IGV wake region, whereas the minimum
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velocity curve does not undergo similar reductionsin the IGV wake
region.

The differences between the maximum and minimum absolute
velocity and total pressure measured at a number of locations down-
stream of the rotor reveals that these fluctuations are reduced in the
region of the IGV wakes (Fig. 8). This indicates that the rotor wake
velocity deficit is reduced by the IGV/rotor wake interaction. Also,
the velocity difference decreases with distance from the rotor as a
result of the decay of the rotor wakes.

The features of the time-resolved IGV wakes are characterized
by the semiwake width 6 and IGV wake centerline velocity deficit
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Fig. 14 Decay of the harmonics of the time-averaged instantaneous
a) vortical (0,A}; 0, A5 ©,A3; X ,A}; and +, A7) and b) potential (O,

D}; U, D35 ¢, D35 X ,Dy;and +, D;‘) components of the IGV.

W,. when the IGV and rotor wakes are in phase and out of phase
(Fig. 9). The IGV wake velocity deficit is much larger when the
IGV and rotor wakes are in phase. Also, it decreases with distance
downstream of the rotor, but at a much higher rate when the IGV
and rotor wakes are in phase. This is because the rotor wake velocity
deficits are decreasing at a greater rate than the older, more slowly
decaying IGV wakes. The IGV semiwake width increases with dis-
tance downstream of the rotor when the IGV and rotor wakes are in
phase, a result of the increase of the rotor semiwake width. How-
ever, the IGV semiwake width remains relatively constant when the
IGV and rotor wakes are out of phase.

Careful inspection of Fig. 3 reveals that the IGV wake centerline
(point of minimum velocity) is not constant during one rotor blade
passing period. The IGV wake centerline position is measured at
a number of times over one rotor blade passing period when the
IGV/rotor wakes are not in phase, as is shown in Fig. 10. Measure-
ments are presented for the two locations closestto the rotor trailing
edge, £,/ Sk =0.1 and 0.22. As the rotor wake approachesthe IGV
wake, the IGV wake centerlinemovesin the directionof travel of the
advancing rotor blade. Once the wakes are no longer in phase, the
IGV wake centerline has moved to a position that is the minimum
over the rotor blade passing period. Physical mechanisms responsi-
ble for the motion of the IGV wake centerline are the cutting of the
IGV wake by the rotor blades and the effect of the rotor blade exit
flowfield on the IGV wake. Further study is needed to determine
which mechanismis dominant.

Steady Flow IGV Wake Vortical/Potential Splitting

To clearly show the effects of the interaction of the IGV wakes
with the downstream rotor flowfield, steady flow IGV wake nondi-
mensional potential and vortical gust component data are consid-
ered. The effects of IGV/rotor axial spacing on the steady IGV wake
first harmonic potential and vortical gusts are shown in Fig. 11. The

0.040 - -

*
A
=)
P
S
W

0.030
0.025
0.020
0.015
0.010

Potential Component,

0.005 .
1 1 1 1 1

0.000
0.2 0.4 0.6 0.8 1.0 1.2
Axial Distance Downstream of Rotor, E’;,d/SR

0.024 T T T T T

L 0020 F .

&>

g
=}
=
=)

o
<
—_
(&)

o
o
=)
<o

Potential Component, A

e

=3

(=1

K
I
|

0.000 ! ! ! ] |
0.2 0.4 0.6 0.8 1.0 1.2
Axial Distance Downstream of Rotor, E_,d/S

b)

Fig. 15 Comparison of the time-averaged instantaneous potential
components a) O, A*, Z/Cg = 0.68 and [, A}, ZICg = 0.93 and b) o,
A;‘, Z/Cg =0.68 and L, A;‘, Z/Cg = 0.93 for two axial spacings.

magnitude of the IGV potential gust A} decays exponentially up-
stream of the rotor® However, it decays to a relatively constant,
but nonzero, value, which is still evident downstream of the rotor.
This is due to either the large total pressure gradients or propagating
acoustic modes that arise from rotor/stator interactions® The IGV
wake vortical gust magnitude D7 is significantly reduced by the in-
teraction with the rotor and is relatively constantdownstream of the
rotor as predicted by the theory. Also, the IGV/rotor axial spacing
has only a minimal effect on the magnitudes of A} and Dj.

The steady IGV wake vortical gust component has a significant
higherharmoniccontentthat mustbe considered(Fig. 12). Upstream
of the rotor, the magnitudes of the first three harmonics remain rel-
atively constant, whereas the magnitudes of the fourth and higher
components decay at a nearly uniform rate. The small increase in
the first harmonic magnitude as the rotor is approached is due to
energy being transferred from the higher harmonics to the lower
harmonics as the wakes decay. After the IGV wakes pass through
the rotor, the first five IGV vortical gust harmonics are still apparent
and remain constant with axial location. However, they are signif-
icantly reduced. Harmonics above the fifth are reduced to zero by
the interaction with the rotor.

Time-Resolved IGV Wake Vortical/Potential Gusts

The time-resolved IGV wake first harmonic potential A} and
vortical D} gust magnitudes over one rotor blade passing period
downstream of the rotor are shown in Fig. 13. The interaction with
the rotor has a significant effect on the magnitudes of A} and D7.
Namely, at all axial locations, A} and D are greater in magnitude
than the correspondingsteady flow values.

The magnitudes of A} and D} vary over one rotor blade passing
period at each axial location, with A} and D} generally decreas-
ing with downstream distance. Maximums in both the vortical and
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Fig. 16 Comparison of the time averaged instantaneous vortical
components a) O, D7, ZICg = 0.68 and L, D}, Z/Cg = 0.93 and b) o,
D;‘, Z/Cg =0.68 and [, D;‘, Z/Cg = 0.93 for two axial spacings.

potential gusts occur twice over one rotor blade passing period,
before and just after the IGV and rotor wakes are in phase. The
locations of these minimums and maximums vary in time for each
axial location due to the initial azimuthal location of the rotor wake
changing with axial position, that is, as the axial position is varied,
the IGV and rotor wakes are in phase at different times after the
trigger signal due to the change in the position of the rotor wake
relative to the IGV wake.

The relationship between the time-averaged instantaneous mag-
nitudes of A7 and D} and the proximity of the rotor is shown in
Fig. 14. Presented is the time-averaged instantaneous magnitude of
the first five harmonics of the IGV wake vortical and potential gust
averaged over one rotor blade passing period. The time-averaged
instantaneous values of both A and D; generally decrease with
increasing axial distance from the rotor, with the exception of AJ.
Figures 15 and 16 show the magnitudesof the first two harmonics of
the potential A and vortical D} gust components for two rotor/IGV
axial spacings. Evident is the good agreement in these first two har-
monics for both the vortical and potential gusts. The increase in
the first harmonic of the potential gust magnitude as the structural
struts are approachedis evidentat both IGV/rotor spacingsshownin
Fig. 15. This increase may be the result of acoustic modes generated
by the rotor wake/structural strut interaction.

Summary
This paper was directed at investigating the time-varying charac-
teristics of IGV wakes interacting with the flowfield from a down-
stream rotor for applicationto turbomachine forced response design

systems. This was accomplished through a series of experiments
performed in a high-speed fan stage comprising an IGV row and
a downstream rotor. With an IGV inlet Mach number of 0.29, the
IGV wake unsteady pressure and velocity fields were measured with
hot-film anemometers and dynamic total pressure probes. Data ac-
quisition and analysis defined the IGV wake pressure and velocity
fields across two vane passages and as time resolved over one rotor
blade passing period.

The rotor wake was observed to move tangentially toward and
then slowly engulf the IGV wake. As time progressed, the rotor
wakes moved outofthe IGV wake and into the out-of-phaseposition.
There was minimal variation in the minimum velocity in the rotor
wake as it traversed the IGV wakes. Data also defined the IGV wake
semiwake width and centerline velocity deficit with the IGV and ro-
tor wakes both in phase and out of phase. When the IGV and rotor
wakes were in phase, the velocity deficit was much larger and de-
creased with distance downstream of the rotor at a much higherrate
than the out-of-phase condition. The IGV wake width increased as
the distance from the rotor increased when the wakes were in phase
due to the growth of the rotor wake. When the IGV and rotor wakes
were out of phase, the IGV wake width remainedrelatively constant.
The position of the IGV wake centerline was observed to move due
to the effect of the rotor cutting action and the rotor exit flowfield.

The fluctuations of the absolute velocity and total pressure down-
stream of the rotor were reduced in the region of the IGV wakes,
indicating that the rotor wake velocity deficit was reduced by the
IGV/rotor wake interaction. Also, the velocity difference decreased
with distance from the rotor as a result of the decay of the rotor
wakes.

Steady flow IGV wake potential gust A} decays exponentially
upstream of the rotor to a relatively constant, but nonzero, value,
which is still evident downstream of the rotor. This is due to either
the large total pressure gradients or propagating acoustic modes
that arise from rotor/stator interactions. The IGV wake vortical gust
magnitude Dy is significantly reduced by the interaction with the
rotor and is relatively constant downstream of the rotor as predicted
by the theory. Also, the IGV/rotor axial spacing has only a minimal
effecton the magnitudesof A} and D} downstreamof the rotor. That
is, this upstreamblade row spacing will not be a major consideration
when placing stators downstream of the rotor.

Time-varyingIGV wake first harmonic potential and vortical gust
magnitudes over one rotor blade passing period generally decreased
in magnitude with distance downstream of the rotor due to the decay
of the rotor wakes. The magnitudes of A} and D7 at all axial loca-
tions downstream of the rotor were greater than the corresponding
steady flow values because of the unsteady interaction with the rotor
wake. Values of A} and D7 at each axial location varied over one
rotor blade passing period, and maximums in both the vortical and
potential gusts occurred twice over one rotor blade passing period,
before and just after the IGV and rotor wakes being in phase. The
instantaneous magnitudes of the first five harmonics of the vortical
and potential gusts averaged over one rotor blade passing period
generally decreased with increasing axial distance from the rotor.
Also, comparisonsof data for the two smallestrotor/IGV axial spac-
ings were in agreement. Values of A} time averaged over one rotor
blade passing period increased in magnitude as the structural struts
are approached.

The results from this experimentcould be used to help predict the
optimum vane indexing position for a statorrow placed downstream
of the rotor in future tests. The best indexing location would depend
on the number of stators selected for that row; however, if the blade
count were identical to the IGV count, then the velocity and pressure
fluctuations experienced by the stator row would be minimized at
midspan if indexing were done to place the stator vanes in the wakes
of the upstream IGV.

This fundamental series of experiments indicates that airfoil
wake/rotor interactions, which occur in multistage machines, can
resultin rotor exit flowfields that are potentially more harmful with
regard to the fatigue life of downstream blade rows than is pre-
dicted by current design practice, which ignores wake interactions
and assumes steady flow through isolated airfoil rows.
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