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The Effects of Inlet Guide
Vane-Wake Impingement on the
Boundary Layer and the
Near-Wake of a Rotor Blade
This paper examines the response of a rotor blade boundary layer and a rotor near-wake
to an impinging wake of an inlet guide vane (IGV) located upstream of the rotor blade.
Two-dimensional particle image velocimetry (PIV) measurements are performed in a
refractive index matched turbomachinery facility that provides unobstructed view of the
entire flow field. Data obtained at several rotor phases enable us to examine the IGV-
wake-induced changes to the structure of the boundary layer and how these changes
affect the flow and turbulence within the rotor near-wake. We focus on the suction surface
boundary layer, near the blade trailing edge, but analyze the evolution of both the pres-
sure and suction sides of the near-wake. During the IGV-wake impingement, the bound-
ary layer becomes significantly thinner, with lower momentum thickness and more stable
profile compared with other phases at the same location. Analysis of available terms in
the integral momentum equation indicates that the phase-averaged unsteady term is the
main contributor to the decrease in momentum thickness within the impinging wake.
Thinning of the boundary/shear layer extends into the rotor near-wake, making it nar-
rower and increasing the phase-averaged shear velocity gradients and associated turbu-
lent kinetic energy (TKE) production rate. Consequently, the TKE increases during wake
thinning, with as much as 75% phase-dependent variations in its peak magnitude. This
paper introduces a new way of looking at the PIV data by defining a wake-oriented
coordinate system, which enables to study the structure of turbulence around the trailing
edge in great detail. �DOI: 10.1115/1.3149282�
Introduction
In multistage turbomachines, the evolution of the rotor bound-

ry layer �BL� is affected by interactions with periodically im-
inging wakes shed by upstream blade rows. Flow inhomogene-
ties associated with these wakes inevitably alter the distributions
f pressure gradients and turbulence along the blade, and as a
esult are expected to modify the structure of the BL. A literature
eview on boundary layer-wake interactions reveals several stud-
es examining the response of boundary layers over stationary
alls to, e.g., time-dependent freestream conditions. For example,
atel �1� studied the response of a BL over a splitter plate sub-

ected to a freestream traveling wave, which was generated by
eriodic oscillations of a wind tunnel exit-nozzle. Dibelius and
hlers �2� placed an active grid of plates upstream of a flat plate
L. Other types of wake generators have been used to simulate

raveling wakes in a turbomachine. For example, Holland and
vans �3� modeled unsteady wake-BL interactions by traversing
ylinders in front of a flat plate, whereas Gete and Evans �4� used
assing airfoils. Extensive single-point hot wire measurements
erformed by Halstead et al. �5–8� investigated the effects of
oundary layer-wake interactions in multistage axial turboma-
hines. They concluded that the BL on both compressor and tur-
ine blades changed periodically from laminar to transitional, and
o turbulent along paths, which followed the wake trajectory.

ailach and Vogeler observed �9� similar trends and recognized
hat wake passing was also characterized by an increase in wall
hear stress fluctuations. One interesting aspect highlighted by
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Pfeil and Herbst �10� and Mayle and Dullenkopf �11� was that the
wake induced transitional and turbulent strips, which, once gener-
ated, propagated at a different speed than that of the generating
wake.

The effects of different wake passing frequencies on BL transi-
tion were addressed theoretically �11,12�, numerically �13,14�,
and experimentally �15,16�. Liu and Rodi �16� showed that the
streamwise location where a flat plate BL became fully turbulent
moved upstream with increasing wake-passing frequency. Several
experiments conducted in low pressure turbines �e.g., Refs.
�17–19�� indicated that wake-induced unsteadiness was also re-
sponsible for periodic changes in the size of separation bubbles
over the blade suction surfaces. Schobeiri and Öztürk �17� pro-
posed that turbulent fluctuations, introduced by sweeping wakes,
energized the separation bubble, causing it to partially disappear.
PIV measurements of wake-blade and wake-wake interactions in a
multistage turbomachine were also performed by Soranna et al.
�20�, Chow et al. �21�, and Soranna et al. �22�. The present paper
continues this effort.

In earlier analysis �23�, we showed that the inlet guide vane
�IGV� wake impingement indeed causes BL-thinning, but only in
the region impinged by the wake. The thinned region traveled
with the sweeping wake, and the BL thickened again behind the
impingement area. Furthermore, we showed that periodic varia-
tions in the pressure field at the edge of the BL were the primary
contributors to BL-thinning.

The present paper integrates a relevant brief summary of our
previous boundary layer work with new findings, in order to pro-
vide a complete description of causes and effects in turbulence
production in the rotor near-wake. We examine a region that ex-
tends from the blade trailing edge to about 0.1c, c being the chord
length, downstream of it �the terms “upstream” and “downstream”

are used while referring to the flow in the relative frame of refer-
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nce�. During the IGV-wake passage, turbulent kinetic energy in-
reases in the rotor near-wake region on both the suction and
ressure sides. To explain this phenomenon, we examine the
hase-dependent variations in production rate of TKE and identify
pecific contributors to it. The question of how changes in BL
cales affect trends of turbulence production is addressed and
ompared with trends of TKE. Before presenting the results, the
acility and experimental setup are described in Sec. 2.

Experimental Setup and Procedures

2.1 Facility. The JHU axial turbomachine test facility enables
nobstructed PIV measurements within an entire stage of an axial
ump, achieved by matching the optical refractive index between
he blades and the fluid �24�. The blades are made of a transparent
crylic, whereas the fluid is a concentrated solution of NaI in
ater �62–64% by weight�, with a specific gravity of 1.8 and a
inematic viscosity of 1.1�10−6 m2 /s. In the present setup �Fig.
�a��, the two-stage axial turbomachine has four blade rows. A 25
P, rim-driven motor drives the first stage rotor, which is con-
ected by a common shaft to the second rotor. In the first stage, a
otor is followed by a stator, whereas in the second stage an IGV
recedes a rotor row �Fig. 1�b��. To minimize the effects of sec-
ndary structures generated by the first stage, a honeycomb is
nstalled in the gap between the first-stage stator and the IGV. In
he configuration shown in Fig. 1�a�, the honeycomb occupies this
ntire gap �it was later shortened �22��. Geometrical parameters of
he IGV and rotor blade rows are summarized in Table 1. The
esign concept of these blades aims at generating desired distri-
ution of swirl downstream of the rotor �25�. All the present mea-
urements are performed under conditions of stable swirl, close to
esign point, at a rotational speed of 52.3 rad/s. The correspond-
ng Reynolds number based on the rotor blade tip speed and the
otor blade chord is 370,000. Further details can be found in Ref.

ig. 1 „a… Schematic of the axial turbomachine test section.
b… Schematic of IGV blade and rotor blade. Also indicated are
he coordinate systems with rotor trailing edge located at
x /c ,y /c…= „1,1….
21�.
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2.2 PIV Setup and Experimental Procedure. Two-
dimensional PIV measurements are performed at 50% span, fo-
cusing on the rotor BL and its development into the rotor near-
wake. The phase-averaged flow and turbulence statistics are
investigated in four different rotor phases shifted in time by 1 ms,
i.e., 10% of the rotor blade passing period �TR=10 ms�. In order
to obtain accurate time derivative measurements, experiments
were also performed at two additional data sets �23�, correspond-
ing to 0.1 ms before and 0.1 ms after phase 2 of the original sets.

A 1-mm-thick light sheet is generated using a neodymium-
doped yttrium aluminum garnet �Nd-YAG� laser and images are
collected on a 2048�2048 pixel Kodak ES4.0 digital camera.
The flow is seeded by 20% silver coated, hollow glass spheres
with a mean diameter of 13 �m and a specific gravity of 1.6.
Converged turbulence statistics are obtained by recording 500 im-
age pairs at each rotor phase.

Data analysis includes image enhancement, blade signature re-
moval, and cross-correlation analysis using in-house developed
software and procedures �26,27,24�. The present 15�15 mm2

sample area is interrogated with 32�32 pixel windows, using
50% overlapping. Hence, each vector map contains 125�125
vectors, and the vector spacing is 117 �m, i.e., about 0.23% of c.
The entire domain of interest is covered by recording and com-
bining data at several neighboring sample areas. A conservative
estimate of the uncertainty in mean displacement in each interro-
gation window is 0.3 pixel, provided the window contains at least
five to ten particle pairs �26,27�. For the typical displacement
between exposures of 20 pixels, the resulting uncertainty in in-
stantaneous velocity is about 1.5%. Other contributors to uncer-
tainty are addressed in previous publications �24�.

From the instantaneous measurements, the phase-averaged ve-
locity components and turbulence statistics are calculated as fol-
lows:

Ūi�x,y,�� =
1

N�
k=1

N

�ui�k �1�

ui�uj��x,y,�� =
1

N�
k=1

N

��ui�k − Ūi���uj�k − Ūj� �2�

In the expressions above, N=500 is the total number of instanta-
neous vector maps for each phase, x and y represent the axial and
lateral coordinates, respectively, corresponding to subscripts 1 and
2, and � indicates the rotor phase angle. To calculate the turbulent

Table 1 Geometrical parameters of the second-stage inlet
guide vanes and the rotor blade rows

IGV Rotor

No. of blades 17 12
Chord c �mm� 50 50
Span h0 �mm� 44.45 43.25
Aspect ratio 0.89 0.86

Blade thickness
�mm�

8.28 7.37 �hub�, 5.62 �tip�

Tip clearance
�mm�

0 1.2 �2.4% of c�

Pitch to chord
ratio

0.97 1.34

Stagger anglea 70 deg �tip�, 61 deg �midspan�,
41 deg �hub�

168 deg

Solidityb 0.14
IGV-rotor gap

�mm�
40

Hub to tip ratio 0.708

aAngle measured from the positive x-axis.
bSolidity=span /diameter.
kinetic energy, we directly use its definition: k�x ,y ,��=0.5ui�ui�.
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owever, since we only measure two velocity components �mea-
urements are 2D�, we directly measure the contributions of these
erms to the kinetic energy and estimate the effect of the missing
omponent by assuming that it is an average of the available com-
onents, i.e., u3�u3�=0.5�u1�u1�+u2�u2��. Consequently, k=3 /4�u1�u1�
u2�u2��. We calculate k at each phase by ensemble averaging of
00 measurements at the same phase, at every point. Phase-
veraged velocity gradients are calculated by second order finite
ifferencing.

We present data in two coordinate systems. As shown in Fig.
�b�, the �x ,y� coordinate system is fixed in the relative frame of
eference. Part of the data analysis is presented in a streamwise
s�-normal �n� coordinate system, which has an origin �s=0� lo-
ated at the blade trailing edge �TE�. Upstream of the latter �s
0�, the streamwise axis follows the blade suction surface and

elocity components are identified by the superscript b �blade�.
ownstream of the TE �s�0�, s is aligned with the rotor wake

enterline defined by the points of minimum phase-averaged vor-
icity, least squared fitted with a first order polynomial. Thus, ori-
ntation of �s ,n� varies with phase. The superscript w �wake�
dentifies velocity components in the rotor wake region. For sim-
licity, we do not attempt to use body fitted coordinates around
he trailing edge, due to large wall curvature there. Variations in

Fig. 2 Distributions of phase-avera
axes are normalized with c. Contou
phases.
ow angle with phase are discussed later.

ournal of Turbomachinery
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3 Results

3.1 Location and Characteristics of the IGV Wake. A pre-
liminary step in the analysis of IGV-wake-BL interactions is to
identify the approximate boundaries and the center of the imping-
ing IGV wake. To this aim, Fig. 2 presents distributions of �̄z, for
the same rotor blade but at different four rotor phases. We focus
on the trailing edge region. Additional rotor phases analyzing
IGV-wake propagation near the leading edge and further down-
stream of the trailing edge are presented in Refs. �20,21�. To ob-
tain data at a magnification that resolves the outer part of the
boundary layer, we have recorded multiple PIV images with par-
tial overlap, each covering 15�15 mm2. To show the location
and impact of IGV-wake impingement on the rotor blade, we have
selected and displayed a few of those frames, only those that
contain the IGV-wake signature. Consequently, for each phase we
show a different number of PIV sample areas, depending on the
portion of the rotor blade being impinged by the IGV-wake. In
phase 1, we display four adjacent areas, covering more than half
of the blade, at a low magnification. In phases 2 and 3, two sample
PIV areas are enough to show the region of interest, and in phase
4 only one. As expected, the IGV-wake consists of two distinct �̄z
layers of opposite signs. At each rotor phase, the solid lines indi-
cate the upper and lower edges of the IGV wake, estimated based

vorticity at four phases. The „x ,y…
cale is maintained the same at all
ged
r s
OCTOBER 2010, Vol. 132 / 041016-3

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



o
p
w
t
p
t
p
o

c

i

o
d

�
d
v
r
u
s

U

v
e
i
w

U
t
r
�
w
a
t
t
t
=
a
b
d

H
o
i

fi
a

t
w
t
s

0

Downlo
n �̄z, and the dashed line marks its center. These lines should
rovide only qualitative guidance for the location of the IGV
ake, except for the points where the IGV-wake intersects with

he boundary layer. The IGV-wake segment intersects with the aft
art of rotor blade at phase 1 and propagates downwards toward
he trailing edge �actually the rotor blade moves upward� in
hases 2 and 3. In phase 4, the IGV wake is located downstream
f the trailing edge, thus intersecting the rotor wake.

Modifications to the flow field associated with the IGV-wake
an be isolated by defining an average velocity as

�Ūi��x,y� = 1/4�
�

Ūi�x,y,�� �3�

.e., by taking the average of the phase-averaged velocity field

ver the available four rotor phases. Then, Ũi= Ūi�x ,y ,��− �Ūi�
efines wake-induced perturbation of the velocity field. When Eq.

3� is applied to all phases within one rotor blade passage, �Ūi�
efines the average-passage field, and Ũi defines the deterministic
elocity fluctuation. For the four rotor phases, the overlapping
egion between the available sample areas extends from 0.02c
pstream of the TE to about 0.12c downstream of it. Figure 3
hows distributions of the axial velocity-perturbation component
˜

x�x ,y ,��, within the overlap region at all four rotor phases. The

elocity-perturbation vectors �Ũx , Ũy� are also shown. The first
ffect induced by IGV-wake passage is modification to the veloc-
ty field outside of the BL. Let us focus first on trends of phase 3,
hen the wake centerline intersects the trailing edge. In this case

˜
x is minimum near the center of the IGV wake, as expected, and

he streamlines of the perturbation velocity vector point from the
otor toward the IGVs. Hence, the latter acts as negative jet
28,29�, consistent with trends seen in previous studies of, e.g.,
ake propagation through low pressure turbine cascades �19� and
compressor stage �30�. Before wake impingement, in phase 2,

he streamlines of the perturbation velocity point upstream, since
he IGV-wake center is located at s /c�−0.125 �see Fig. 2�, above
he overlap region. In phase 1 the streamlines split near s /c
0.014, pointing toward different IGV-wake segments upstream
nd downstream of this region. When the IGV-wake center moves
elow the overlap region, in phase 4, all the streamlines point
ownstream, consistent with the location of the IGV-wake center.

ere, the values of Ũx are particularly high since the orientation
f wake-induced velocity is in the same direction as the flow
nduced by the blade.

The second effect associated with IGV-wake passage is modi-
cation of the flow field within the suction and pressure sides BL
nd near-wake. In phase 1, before wake impingement, the BL on

he suction side is characterized by a thick layer of negative Ũx,
hich extends to the near-wake region. The BL is clearly thicker

han in subsequent phases and develops into a relatively thick

Fig. 3 Contours of axial velocity perturbation at phases
magnitude of the perturbation velocity
hear layer in the region just downstream of the trailing edge. In

41016-4 / Vol. 132, OCTOBER 2010
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phase 2, but especially in phase 3, as the IGV wake enters the
overlap region, the flow within the BL and the near-wake accel-
erates, and the boundary/shear layer becomes substantially thinner
compared with phase 1. These trends are consistent with the posi-

tive values of Ũx. In the last phase, as the IGV-wake-induced flow
is aligned with the rotor blade orientation �unlike phases 2 and 3�,
the flow within the boundary/shear layer is further accelerated. As
will be shown in Secs. 3.2–3.6, these phase-dependent changes in
the structure of the flow near the trailing edge have a profound
impact on the distribution of velocity gradients in this region and,
ultimately, on the production rate of TKE.

We have also calculated and examined the distribution of per-
turbation vorticity, �̃z= �̄z�x ,y ,��− ��̄z�. Consistent with Wheeler
et al. �30�, and with Fig. 2, the distribution of �̃z outside of the BL
but within the IGV wake �not shown� is characterized by a two
layer structure, with a �̃z�0 layer preceding a �̃z�0 layer. This
distribution points at the same locations of the edges and center of
the IGV-wake as those identified by vorticity distribution �Fig. 2�
and axial velocity perturbation �Fig. 3�. Unlike in the results of
Wheeler et al. �30�, the two layer structure is overwhelmed within
the boundary layer by high �̃z levels resulting from phase-
dependent variations to the BL structure.

3.2 Modifications to the Velocity Gradients in the
Near-Wake. To understand turbulence production trends, it is im-
portant to analyze first the effects of IGV-wake impingement on
the phase-averaged velocity gradients in the near-wake. The
analysis is performed in the streamwise-normal coordinate system
but data are presented on the �x ,y� mesh. To avoid body fitting of
the trailing edge, for the purpose of analyzing the near-wake, the
s-axis defined by the wake centerline is also employed in the
region upstream of the TE.

Figure 4 shows the distributions of Ūs
w and �Ūs

w /�n at phases
1–4. The edges of the impinging IGV wake are marked by solid
lines labeled as ‘Upper Edge’ or ‘Lower Edge’ when these edges
are located within the field of view. The center of the IGV wake is
identified by the dashed-dotted line labeled as ‘Center.’ The white
line shown in each plot identifies the rotor wake centerline, as
defined by least squares fitting the �̄z=0 points along the rotor
wake. The latter is characterized by a low streamwise velocity
region �in the relative reference frame�, which is dissected by the
�̄z=0 line. As discussed and explained in Secs. 3.3 and 3.4, during
IGV-wake passage near the trailing edge of the suction side, the
BL-thickness decreases. Consequently, the widths of the rotor

near-wake, i.e., the region with very low Ūs
w, also decrease. Phase

1 represents conditions prior to wake passage, when the IGV-wake
center is located well upstream of the trailing edge, whereas phase
3 shows the near-wake during IGV-wake impingement on the
trailing edge. These scale changes and their effects are clearly
evident on the suction side of the rotor near-wake, but not on the

and perturbation velocity vectors locally scaled with the
1–4
pressure side, as discussed in more detail in Sec. 3.3. The values
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f �Ūs
w /�n on the suction side increase from phase 1 to phase 4,

hile the peaks move closer to the rotor wake centerline. The

evels of �Ūs
w /�n are consistently higher on the pressure side but

re less susceptible to phase variations. To the right of the trailing
dge, at y /c�1, in phases 1, 3, and 4, there is a narrow region of

ow �Ūs
w /�n along the suction side wall. The streamlines of the

hase-averaged velocity, shown in Fig. 5 for phase 4, indicate that

Fig. 4 First row: distributions of Ūs
w in the „s ,n… coordinat

phases 1–4. Second row: distribution of cross stream gradi

Fig. 5 Distributions of Ūs
w and Ūn

w at phase 4 near the roto

phase-averaged velocity vector.

ournal of Turbomachinery
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local flow separation occurs in this region. Indeed Ūn is positive
and Ūs has a local peak here �Fig. 5�, causing a reduction in
�Ūs

w /�n and an inflection in the Ūs
w profile �not shown�. Conse-

quences of this phenomenon on turbulence production will be
addressed later.

Of the velocity gradients, which are not shown here, �Ūs
w /�s is

characterized by positive peak values along the wake centerline,

ystem defined by the rotor wake centerline „white lines… at
of Ūs

w.

railing edge. The arrowed lines indicate streamlines of the
e s
ent
r t
OCTOBER 2010, Vol. 132 / 041016-5
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s expected. The �Ūn
w /�n gradients show similar trends to those of

Ūs
w /�s, but with opposite sign. Their magnitudes are comparable

n the near-wake �continuity at midspan�, but in regions of flow

eparation ��Ūn
w /�n�� ��Ūs

w /�s�. Finally, �Ūn
w /�s is small com-

ared with �Ūs
w /�n.

Before concluding, it is worthwhile to mention that just down-
tream of the trailing edge, large changes in flow angle ��� occur
long the wake centerline. For example, at s /c=0.014, �
36 deg before wake impingement �phase 1� and increases by as
uch as 66%, to 60 deg, during wake impingement �phase 3�.

3.3 Phase-Averaged Velocity Profiles. To analyze phase-
ependent changes in velocity within the boundary layer and in
he near-wake, we extract sample profiles of the phase-averaged

Fig. 6 Profiles of Ū

¯ w
Fig. 7 Profiles of Us at s /c=0.014 indicated in Fig. 2

41016-6 / Vol. 132, OCTOBER 2010

aded 28 May 2010 to 128.113.26.88. Redistribution subject to ASME
streamwise velocity component, in the relative frame of reference.
Results for the suction side boundary layer are presented in Fig. 6
and for the rotor near-wake in Figs. 7 and 8. The first two stations,
�s /c=−0.125 and s /c=−0.025� are located within the suction side
boundary layer �see locations Fig. 2�. Here, the location of the
n /c=0 point coincides with the intersection of the local n-plane
with the blade suction surface. The near-wake stations �s /c
=0.014 and s /c=0.064� are located across the rotor near-wake,
with n /c=0 at the wake centerline. In this section, during bound-

ary layer analysis, Ūs
b is the velocity parallel to the blade surface,

while Ūs
w, as before, is the velocity component parallel to the rotor

wake centerline.
To highlight trends within the boundary layer, the profiles are

normalized with local streamwise velocity measured at the maxi-

s /c=−0.125,−0.025

¯ w
b

Fig. 8 Profiles of Us at s /c=0.064 indicated in Fig. 2
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um n /c value shown for each profile. For example at s /c=

0.125, profiles are normalized with respect to Ūs
b �n/c=0.03. When

his station is located outside of the IGV-wake, as in phase 4, the

oundary layer is clearly thicker than other phases, and the Ūs
b

rofile develops an inflection point �Fig. 6�. At phases 1–3, the
ame station is located within the impinging IGV wake and the
L is thinner. Furthermore, disappearance of the inflection point

ndicates that the BL is less likely to separate compared with
onditions outside of the wake. At s /c=−0.025, all the profiles,
xcept for the one corresponding to phase 2, show inflection
oints, indicating that elevated adverse pressure gradients strongly
ffect the boundary layer stability at all phases. Recall that in this
egion, the streamlines tend to separate. Nevertheless, the bound-
ry layer impinged by the wake, i.e., in phases 2 and 3, is thinner
ompared with profiles at the edge of the wake. Specific causes
or this phenomenon are discussed in Sec. 3.4.

Before describing phase-dependent changes to rotor wake pro-
les, we introduce suitable estimates of length and velocity scales
f the near-wake. As described in Ref. �21�, for a wake exposed to
nonuniform flow, one cannot uniquely define the wake-width

nd the velocity deficit based on the external velocity. Instead, at
ach streamwise plane, we identify the wake length scale, �	, as

he distance from the center of the wake to a point where �Ūs /�n
s one-half of the average shear strain rate, i.e.,

�Ūs/�n�n=�	
= 0.5�Ūs�n=�	

− Ūs�n=0�/�	 �4�

n place of using the external velocity to define a deficit, we use
¯

	, i.e., the velocity at a distance �	 from the rotor wake-center.
ue to the asymmetry of the rotor wake, each side of the wake has

ts own length and velocity scales, and is calculated separately.
¯ ¯

Fig. 9 Streamwise variation of „„a… and „b…… wa
†Ū�„s…− Ūs„s ,0…‡ along the suction and pressure
istributions of �	 and �U	�s�−Us�s ,0��, i.e., the “velocity defi-

ournal of Turbomachinery

aded 28 May 2010 to 128.113.26.88. Redistribution subject to ASME
cit,” are presented in Fig. 9. Additional information on variations
of wake scales is presented in Refs. �21,22� for the same wake,
but at different phases and greater distances from the trailing edge.

Downstream of the rotor trailing edge, at s /c=0.014 �Fig. 7�,
the wake thickness decreases at phases 2–4, when this station is
located within the IGV-wake. On the suction side, �	�0.032c at
phase 1 and decreases by as much as 60% at phase 3. The reduc-
tion in the velocity deficit between these phases is 22%. These
trends persist over the entire near-wake �Fig. 9�. On the pressure
side, the largest changes to wake scales occur between phases 1
and 4, but they are smaller than those on the suction side.

Similar trends persist further downstream, at s /c=0.064 �Figs.
8 and 9�, i.e., as the IGV wake arrives, the rotor wake thickness
progressively decreases, and the flow within the rotor wake accel-
erates. Notice that on the pressure side the profiles collapse onto
two different sets, depending on weather this station is located
within the IGV-wake or outside of it.

3.4 Contributors to the Evolution of Boundary Layer
Thickness. As previously shown, the process of thinning of the
rotor wake has its origin in the changes that occur in the BL. The
question is what is the underlying mechanism leading to reduction
in BL-thickness in regions impinged by the IGV wake. In this
section, we address this question, following boundary layer �only�
analysis already presented in previous conference papers �23�.

We have selected one of the phases, phase 2, and recorded data
for an additional phase, denoted as 2�, in order to achieve a higher
time-resolution �of 0.1 ms� that is similar to the dimensionless
spatial resolutions, which is essential for analyzing the evolution
of momentum thickness in the boundary layer. We focus on the
BL-suction side, where phase-dependent variations in scales are
more pronounced. In this additional data set, the IGV-wake center

length scale �� and „„c… and „d…… wake deficit
es at four rotor phases
ke
is located very close to the trailing edge, and its location is also
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dentified from vorticity distributions �not shown here�. Distribu-
ions of phase-averaged velocity, vorticity, turbulent kinetic en-
rgy, and Reynolds stresses can be found in Ref. �23�. A sample
oundary layer profile at a location close to the upper edge of the
mpinging wake is shown in Fig. 10. Downstream of this location,
oundary layer thinning and penetration of high momentum flow
loser to the wall accelerate the flow in the streamwise direction.

To quantify effects of BL-thinning, we calculate values of dis-
lacement and momentum thicknesses given by �31�

�� �	
0


 
1 −
Ūs

b

Ūps
b
�dn, � �	

0



Ūs

b

Ūps
b

1 −

Ūs
b

Ūps
b
�dn �5�

here Ūps
b is the potential velocity, assumed to be prevalent out-

ide of the boundary layer. It is obtained from a condition of
rrotationality outside of the boundary layer, i.e., by setting

�̄z = − �Ūps
b /�n − �Ūps

b = 0 �6�

here �=1 /R is the suction surface curvature. Solving for Ūps
b ,

his equation yields

Ūps
b � Upwe−�n  Upw��1 − �n� + O�kn�2� as n → 0 �7�

here Upw is the potential velocity at the blade surface, i.e., the
elocity that would exist there in the absence of a boundary layer.

he distribution of Ūps
b , estimated from Eq. �7�, is included in Fig.

0, and indeed matches the linear trends of velocity profiles out-
ide of the boundary layer.

Distributions of �� and � within the wake impingement region
s /c�−0.25� for phase 2� are presented in Fig. 11. Clearly, both
oundary layer length scales decrease within the impinging wake,
trend unexpected in a diffusion-dominated region. Wheeler et al.

30� recently reported similar trends in a compressor blade where
oundary layer thickening lags behind regions of wake
mpingement.

To examine how IGV-wake impingement causes reduction in
L-scales, we calculate available terms in the evolution equation

ig. 10 Phase-averaged boundary layer profile at phase 2�.
he solid line represents the distribution of the potential veloc-

ty Ūps
b .
f the momentum thickness, given by
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d�

ds
= −

1

Upw
2

�

�t	0




�Ūps
b − Ūs

b�dn − �H + 2�
�

Upw

dUpw

ds
+

u
2

Upw
2 + q

d�

ds

−
2

Upw
2 	

0




�nŪrdn �8�

where

q =	
0




n
1 −
Ūs

b

Ūps
b
�dn + 2	

0




n
Ūs

b

Ūps
b

1 −

Ūs
b

Ūps
b
�dn �9�

Equation �8� was derived from the steady, two-dimensional mo-
mentum equations in curvilinear coordinates given by So and
Mellor �31�, and adding unsteady and Coriolis terms �23�. In this
equation, �n is the n-component of the angular velocity vector of

the turbomachine, and Ūr is the radial phase-averaged velocity.
The first two terms on the right hand side represent, in order, the
impact on d� /ds of the unsteady and convective acceleration at
the edge of the BL, which inherently dominate the local pressure
gradients. The last three terms are the wall shear stress term, the
contribution due to surface curvature, and the contribution of the
Coriolis force, respectively. The latter must be considered when
analysis is performed in a rotating �i.e., noninertial� frame of ref-
erence. Since in the present case the relative velocity vector is
obtained by subtracting a constant blade speed at every point, the
reference frame is inertial and the Coriolis force should not be
included. Nevertheless, its magnitude, roughly estimated from ste-
reo PIV data that has a lower spatial resolution �22� is only about,
e.g., 12% of the unsteady term at s /c=−0.18.

The available terms in the integral momentum equation are pre-
sented in Fig. 12. The values of d� /ds have the highest negative
magnitude between s /c=−0.2 and s /c=−0.12, i.e., within the im-
pinging IGV-wake. It is also evident that trends of the unsteady
term �first term, right hand side of Eq. �8�� are consistent with
those of d� /ds, whereas the convective �second� term of Eq. �8�,
being positive and substantial, clearly cannot cause a reduction in
�. Of the remaining terms, the one containing d� /ds, i.e., the
streamwise variations in curvature, is negligible for the present
geometry. The wall shear stress term is always positive, i.e., it
cannot reduce the boundary layer thickness. Its magnitude �not
shown�, estimated using the maximum Reynolds shear stress
value within the boundary layer, is at least two order of magnitude
smaller than the unsteady term.

Thus, of the terms presented here, the unsteady term seems to
be the only contributor to boundary layer thinning within the im-
pinging IGV wake. Note, however, that combining all the avail-
able terms on the right hand side of Eq. �8� results in values that

Fig. 11 Distribution of ��, and � at phase 2�
are higher than d� /ds, i.e., the two-dimensional integral momen-
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um equation is not satisfied. Thus, contribution of out-of-plane
erms, which are not available from the planar PIV data, must be
lso included in order to balance the integral momentum equation.

brief discussion on missing terms is provided in Ref. �23�. Yet,
he agreement between trends of d� /ds and the unsteady term
uggests that they are closely related. Thus, variations in this term
mply that boundary layer thinning is caused by phase-dependent
hanges to the pressure distribution, i.e., to blade loading.

3.5 Turbulence Distribution Around the Trailing Edge. In
his section, we analyze the phase-dependent evolution of Rey-
olds stresses and turbulent kinetic energy in the near-wake. Fig-
re 13 shows distributions of the available Reynolds stress tensor
omponents, calculated in the �s ,n� coordinate system defined by
he wake centerline, and plotted in the �x ,y� grid. To highlight the
evel of anisotropy between normal Reynolds stresses, we inten-
ionally maintain the same contour scales in their corresponding
ontour plots �but not in the contour plots of shear stress�. Indeed,
n the near-wake, us�

2 is much larger than un�
2, i.e., us�

2 is the
ominant stress term contributing to k. This trend is consistent
ith previous measurements of streamwise and normal turbulent

ntensities in the wake of, e.g., airfoil at incidence �32�. Notice
hat magnitudes of un�

2 and us�
2 are comparable only to the right of

he trailing edge at phases 1, 3, and 4. In this region, flow sepa-
ation causes misalignment between the s coordinate and the local
treamline orientation �Fig. 5�, resulting in redistributions of the
elocity fluctuations between the s and n directions and change of
ign in us�un�. Furthermore, in Sec. 3.6 we show that associated

ompression in the normal direction, i.e., �Ūn
b /�n�0, contributes

ubstantially to turbulence production in this region. In phases 1
nd 2, distinct layers of high streamwise fluctuations develop
long the suction and pressure sides of the near-wake. The suction
ide layer is relatively thick and characterized by nonmonotonic
ecay with streamwise distance. On the pressure side, peaks of us�

2

ccur in close proximity of the trailing edge. These trends change
ubstantially at phases 3 and 4. As the rotor wake becomes thin-
er, there is a substantial increase in streamwise fluctuations
round the trailing edge, followed by monotonic decay down-
tream of it. Wake thinning also brings peaks of us�

2 closer to the
otor wake centerline, especially on the suction side. Distributions
f TKE whose trends and nonuniformities are inherently very
imilar to those of us�

2 are also presented in Fig. 13. Clearly, as the
GV wake sweeps past the trailing edge, the TKE-levels become
ncreasingly higher in the pressure and suction side boundary
ayer and in the near-wake region, peaking in phase 4. Further

ig. 12 Available terms in the evolution equation of momen-
um thickness „8…
etails on TKE-trends are discussed and compared with those of
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TKE production rate in the next section.
The values of un�

2 generally peak close to the rotor wake cen-
terline. Thinning of the rotor wake, as a result of IGV-wake pas-
sage, reduces un�

2 in the outer regions. The shear stress, us�un�,
changes sign across the rotor wake centerline, as expected, with
negative values located on the suction side of the wake. As the
width of the wake decreases, the largest �in magnitude� values of
us�un� move upstream, toward the trailing edge.

3.6 Effects of Production Rate on the Distribution of Tur-
bulent Kinetic Energy. A useful method for understanding the
phase-dependent evolution of turbulence around the trailing edge
involves studying the effects of the source term in the transport
equation for TKE �33�:

D̄k

D̄t
+ � = P − �̃ + ��2k �10�

In this equation, P=−ui�uj�� Ūi /�xj, the production rate of TKE, is
the only term that generates new turbulence. Of the other terms, �
is a transport term involving turbulence and pressure, i.e., it does
not produce new turbulence, and �̃ is the pseudodissipation. In
general, one should expect to observe an increase in k in regions
of high P and a decrease in TKE when P is small or even nega-
tive. It would be useful to calculate P and compare it to trends of
turbulent kinetic energy. For a two-dimensional streamwise-
normal coordinate system,

P = − us�
2�Ūs

�s
− un�

2�Ūn

�n
− us�un�

�Ūs

�n
− us�un�

�Ūn

�s
�11�

This equation does not include out-of-plane terms that cannot be
calculated from 2D data. However, as shown in Ref. �22� using
�lower resolution� stereoscopic PIV data obtained in multiple,
closely spaced planes, these terms are small in the near-wake
region.

Figure 14 shows distributions of production rate along with
dominant terms contributing to it. At phase 1, i.e., prior to IGV-
wake impingement, production is high over the entire rotor near-
wake, consistent with trends of k. On the suction side, high values
of k and P extend to large n /c. The shear production term domi-
nates everywhere, consistent with distributions of −us�un� and

�Ūs
w /�n, overcoming mostly negative values of −us�

2� Ūs
w /�s.

Thinning of boundary/shear layer due to IGV-wake impingement

in phase 2 increases �Ūs
w /�n, further enhancing the shear produc-

tion term, but along a narrower region. In phase 3, the wake is
very thin, but the rapid decay of shear stress along the suction side
confines the high production region to the very near-wake. The
effects of IGV-wake-induced thinning starts reversing during
phase 4, as the boundary layer upstream of the trailing edge starts
widening when the IGV wake clears the trailing edge �see velocity
profiles in Fig. 6�. This trend is particularly evident in the distri-

butions of −us�un�� Ūs
w /�n.

For most of the near-wake, −us�
2� Ūs

w /�s is negative due to an
increase in streamwise velocity along the wake. The only excep-
tion is the region surrounding the trailing edge, in part due to the
selected coordinate system, and in part due to flow separation, as

discussed before. The values of −un�
2� Ūn

w /�n are significantly
smaller than other terms except for the trailing edge region along
the suction side, and in the center of the wake at phase 4. Notice
that this term appears as a source in the evolution equations for
both k and un�

2 �the latter is not shown, see Ref. �33��, consistent
with the elevated un�

2 along the suction side boundary layer. This

term is a result of high −�Ūn
w /�n as the boundary layer starts

separating near the trailing edge �Fig. 5�.
Figure 15 compares profiles of P and k in the near-wake in two
streamwise planes. Agreements for the most part are clearly evi-
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ent. At s /c=0.014 �Figs. 15�a� and 15�b�� and along the suction
ide, both profiles show effect of boundary layer and near-wake
hinning between phases 1 and 3, as well as the reversal, i.e.,
eginning of wake broadening in phase 4. There are small varia-
ions in peak magnitudes of either P or k at phases 1–3, but both
re clearly larger during phase 4, where k increases by as much as
75%. On the pressure side, there are little phase-dependent

ariations in width of profiles, but again, both P and k peak at
hase 4. At s /c=0.064 �Figs. 15�c� and 15�d��, trends of thinning

Fig. 13 First three rows: distributions of us�
2, un�

2, and
etween phases 1–3 and reversal in phase 4 persist. However, here

41016-10 / Vol. 132, OCTOBER 2010

aded 28 May 2010 to 128.113.26.88. Redistribution subject to ASME
the lowest P and k occur during phase 3, a trend associated with
fast decay of the shear stress in the near-wake, and corresponding
reduction in production rate.

We cannot explain, at least based on the present data, why
differences in production rate between the pressure and suction
sides of the near-wake sometimes do not cause similar differences
in distributions of TKE. For example, at phase 4 and s /c=0.014,
the suction side production is significantly lower than that in the
pressure side, yet values of TKE are not significantly different.

un� at four rotor phases. Last row: distribution of TKE.
u�
The same applies to phases 1, 3, and 4 at s /c=0.064. To explain
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hese discrepancies, one has to follow the time evolution of TKE,
ccounting also for mean advection and transport term. For ex-
mple, TKE production in the boundary layers upstream of the
otor wake may be �most likely� different, feeding different turbu-
ence into the near-wake. Unfortunately, the resolution of the
resent measurements is not sufficient for determining the TKE
nd its production rate in peak regions in the inner parts of the
oundary layer. Future studies will address this issue. Trends of
he advection terms �not shown� are also different. For example, at
hase 4, advection by the phase-averaged flow on the suction side

Fig. 14 Top to bottom rows, distributions of production rat
−us�un� � Ūs

w /�n „second row…, −us�
2� Ūs

w /�s, and −un�
2� Ūn

w /�s „

nate system defined by the wake centerline and plotted in t
s of the same sign as the production term, both increasing,
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whereas on the pressure side the advection term is negative. When
combined, the differences between suction and pressure sides di-
minish.

4 Conclusions
Impingement of an IGV wake on a downstream rotor blade

alters the structure of the boundary layer, especially on the suction
side, by changing periodically its scales and profiles. Reduction in
boundary layer thickness is observed in regions impinged by the

f TKE „first row… and the terms contributing to it „Eq. „11……:
d and fourth rows…. Data are presented in the „s ,n… coordi-
„x ,y… grid.
e o
thir
he
wake, along with more stable profiles, whereas BL-growth occurs
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s the wake clears the same regions. This phenomenon, associated
ith IGV-wake-induced changes of the free stream pressure gra-
ients, has a direct impact on the flow and turbulence structure
ithin the near rotor wake. Analysis performed in a newly defined
ake-oriented coordinate system shows that thinning of the
oundary/shear layer extends into the near-wake, making it nar-
ower, and increasing magnitudes of shear velocity gradients and
he shear production term. The latter is the dominant source of
urbulence generation, and is constantly larger on the pressure
ide, where the shear layer is always thinner and the effects of
GV-wake-induced perturbations are small. As the IGV-wake
lears the trailing edge, the boundary layer grows, the near-wake
ecomes thicker, and production in it decreases. Turbulent kinetic
nergy also increases during the process of thinning, with peak
alues moving closer to the wake centerline and upstream, toward
he trailing edge, as the near-wake narrows down. Although peaks
f TKE and production profiles occur in the same planes, asym-
etries in production do not always correspond to similar asym-
etries in TKE. Some of the differences are diminished by the

ffects of advection by the phase-averaged flow. Addressing in
ore detail these discrepancies requires �1� higher resolution data
ithin the boundary layer, since the latter may feed different tur-
ulence in the near-wake, and �2� data over many rotor phases, to
ollow the evolution of TKE accounting also for mean advection,
ransport terms, and dissipation rates.
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omenclature
c � chord length �mm�

H � shape factor ��� /��
k � turbulent kinetic energy �m2 /s2�
P � production rate of TKE �m2 /s3�
R � radius of curvature �m�

s , n � streamwise �normal axis�
t � time �s�

ui � instantaneous velocity �m/s�
Utip � rotor blade tip speed �m/s�
Ū	 � velocity at a distance �	 from the wake-center

Fig. 15 Profiles of turbulent kinetic energy and its produc
�m/s�
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u � friction velocity �m/s�
x ,y ,z � axial, lateral, and radial coordinates �mm�

� � flow angle ��=tan−1�Ūy,r / Ūx��
�� � boundary layer displacement thickness �mm�
�	 � wake length scale �mm�
�̃ � pseudodissipation �m2 /s3�
� � boundary layer momentum thickness �mm�

� � transport term �m2 /s3�
� � kinematic viscosity �m2 /s�
� � rotor phase angle �deg�

�z � vorticity component along z �1/s�
� � rotor angular velocity �rad/s�

Superscripts
w � wake
b � blade

� �overbar� phase-averaged properties
� � fluctuating property

� � � average of phase-averaged velocity over four
rotor phases

� � velocity perturbation �Ūi− �Ūi��

Subscripts
p � potential
w � at the wall
r � relative frame of reference
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