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Experimental study of boundary-layer transition on an airfoil induced

by periodically passing wake

W.-P. Jeon, T.-C. Park, S.-H. Kang

Abstract Hot-wire measurements are performed in
boundary-layer flows developing on a NACA 0012 airfoil
over which wakes pass periodically. The periodic wakes
are generated by rotating circular cylinders clockwise or
counterclockwise around the airfoil. The time- and phase-
averaged mean streamwise velocities and turbulence
fluctuations are measured to investigate the phenomena of
wake-induced transition. Especially, the phase-averaged
wall shear stresses are evaluated using a computational
Preston tube method. The passing wakes significantly
change the pressure distribution on the airfoil, which has
influence on the transition process of the boundary layer.
The orientation of the passing wake alters the pressure
distribution in a different manner. Due to the passing
wake, the turbulent patches are generated inside the lam-
inar boundary layer on the airfoil, and the boundary layer
becomes temporarily transitional. The patches propagate
downstream at a speed smaller than the free-stream
velocity and merge together further downstream. Rela-
tively high values of phase-averaged turbulence fluctua-
tions in the outer part of the boundary layer indicate the
possibility that breakdown occurs in the outer layer away
from the wall. It is confirmed that the phase-averaged
mean velocity profile has two dips in the outer region of
the transitional boundary layer for each passing cycle.

1

Introduction

Unsteady boundary-layer flows over the blades in turbo-
machinery have received attention since they strongly
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affect fluid-dynamic performance, flow loss and heat
transfer on the blades. In a multi-stage axial compressor
and turbine, periodic passing-wakes from an upstream
blade impose a considerable influence on boundary-layer
development and especially on the transition process over
the downstream blade surface, in which it is known that
wake-induced transition occurs. Therefore, correct
understanding and accurate prediction of the wake-
induced transitional flow are important to design a highly
efficient blade.

A number of experiments on wake-induced transition
in turbomachinery were reported by Dong and Cumpsty
(1990a, b), Mayle and Dullenkopf (1991), Halstead
et al. (1997), Schulte and Hodson (1998), and Walker et al.
(1999) (see also the reviews by Mayle (1991) and
Walker (1993)). Although these compressor and turbine
experiments provided important aspects of unsteady
boundary-layer flows in practical environments, various
unsteady disturbances in complex turbomachine flows
made it difficult to investigate the effect of the passing
wakes on the boundary-layer development. Complex
geometries of conventional turbomachines also made it
difficult to obtain high quality data near the blade surface.
To overcome such technical limitations, a number of
investigators have performed hot-wire measurements for
wake-induced transition on a flat plate in a wind tunnel
(Pfeil et al. 1983; Liu and Rodi 1991; Orth 1993; Funazaki
and Koyabu 1999; Funazaki and Aoyama 2000). In their
experiments, the periodic unsteady blade-row distur-
bances were simplified as periodic passing-cylinder wakes,
which were generated upstream of the plate by a rotating
squirrel wheel. Liu and Rodi (1991) measured time- and
phase-averaged mean and fluctuating streamwise velocity
profiles in wake-affected boundary layers for four different
wake-passing frequencies. Funazaki and Koyabu (1999)
focused on the effects of periodic passing wakes on
boundary-layer transition on a flat plate under the
favorable and adverse pressure gradients. With the same
facilities and experimental conditions, Funazaki and
Aoyama (2000) measured two component velocities using
a split-film probe. On the other hand, numerical
simulations were also carried out to predict flow and heat-
transfer characteristics in wake-affected transitional
boundary layers (Cho et al. 1993; Fan and Lakshminara-
yana 1996; Chakka and Schobeiri 1999; Kim and Crawford
2000). Very recently, Wu et al. (1999) conducted a three-
dimensional, time-accurate direct numerical simulation of
wake-induced boundary-layer transition. They reported
detailed behavior such as generation, growth, and
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coalescence of wake-induced turbulent patches in the
boundary-layer flows, and provided many useful time- and
phase-averaged flow data.

As mentioned in previous work, the wake-affected
boundary-layer transition strongly depends upon the
characteristics of wake-induced turbulent patches. When
wakes pass over a laminar boundary-layer flow, turbulent
patches are generated inside the boundary layers and the
flow becomes temporarily transitional. When going
downstream, the patches grow and merge with each other
due to different propagation speeds of their leading and
trailing edges. When the patches coalesce sufficiently at the
far downstream station, the boundary-layer flow becomes
fully turbulent. Initial turbulent patches at the leading edge
of the test plate are mainly subjected to turbulence in-
tensities and mean velocity defects of passing wakes. On
the other hand, their growth is affected by various internal
and external flow conditions such as the characteristics of
the initial turbulent patch and traveling wake, the
streamwise pressure distribution, the free-stream turbu-
lence intensity. Hence, understanding the behavior of the
turbulent patch under certain external flow fields is re-
quired to predict the wake-induced transitional boundary-
layer flows.

This work is a fundamental study of wake-induced
transition employing a NACA 0012 airfoil with zero angle
of attack instead of a real turbomachine blade. The passing
wakes are generated by rotating circular cylinders clock-
wise (CW) or counterclockwise (CCW) around the airfoil,
so the wake passes consecutively over the airfoil at each
passing period. The time- and phase-averaged streamwise
mean velocities and turbulence fluctuations in the
boundary-layer flows are precisely measured using a single
hot-wire probe. The phase-averaged wall shear stresses are
evaluated using a computational Preston tube method
(Nitsche et al. 1983). From the measured data, we inves-
tigate the characteristics of the wake-affected turbulent
patch in connection to the phenomena of wake-induced
transition.

2
Experimental set-up and method

2.1

Apparatus and instrumentation

The experiments were conducted in a closed-type wind
tunnel. The test section was a rectangle of 0.6 m wide,
0.3 m high, and 2.0 m long. At the free-stream speed of
10 m/s, the uniformity of the streamwise mean velocity
and turbulence intensity at the test section was less than
0.4 and 0.5%, respectively. The zero streamwise static
pressure gradient in the test section without the airfoil was
obtained by adjusting the side walls.

Figure 1a shows a schematic of the airfoil, the wake-
generating wheel and the traverse unit for the hot-wire
probe in the test section. A rotating disk of the wheel was
at the bottom wall of the test section and was driven by a
continuously adjustable DC motor at the exterior of the
wind tunnel. Eight circular cylinders of 3 mm diameter
were vertically installed and equally spaced along the cir-
cumference of the rotating disk. The cylinders in the wheel

moved along the circular path with a radius of 0.27 m
perpendicular to the incoming flow in front of the airfoil,
so the periodic two-dimensional passing wakes were gen-
erated and affected the flow over the downstream airfoil.
As shown in Fig. 1b, the cylinders rotated CW or CCW
(when seeing the wheel over the test section) around the
airfoil at the same speed to the incoming flow velocity of
10 m/s. Therefore, the wake-generating frequency was
47.2 Hz and the Strouhal number based on airfoil chord
length (Stc = fC/U.,) was 1.416. When the cylinder was
positioned just in front of the airfoil, the distance between
the center of the cylinder and airfoil leading edge was 0.12
m. The test blade made of an aluminum alloy was a NACA
0012 airfoil and its chord length and width were 0.3 and
0.29 m, respectively. The Reynolds number based on the
chord length and the incoming free-stream velocity was
2 x 10°. Forty holes of 0.8 mm diameter were made on the
airfoil to measure static pressure. The airfoil was vertically
mounted with zero angle of attack at the center of the test
section and detached from the rotating disk with a gap of
5 mm. The height of the near-wall flow disturbed by the
rotating disk was found to be less than 10% of airfoil width
at 10 m/s. Therefore, this disturbance did not affect the
wake-induced boundary-layer flows over the mid-span of
the airfoil in real experiments.
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A single hot-wire probe was positioned in the flow by a
traverse (0.01 mm resolution) placed on the roof of the
test section and controlled automatically by a computer
via a stepping motor. The specially designed disk, which
was mounted on the upper wall of the test section, enabled
the probe to move perpendicularly to each streamwise
location of the airfoil.

Instantaneous streamwise velocities were measured in
the boundary layers with a single hot-wire probe (Dantec
55P15). To obtain phase information of the flow fields, the
hot-wire signal was synchronized with wake-passing time
using a photocell installed on the rotating disk. The signals
from the hot-wire anemometer and the photocell were all
recorded via 12-bit analog-to-digital converter (Data
Translation 2833) by the computer. At each x location, the
output from the hot-wire anemometer was sampled at a
rate of 8.75 kHz for 56 s.

The maximum deviation of calibrated velocity is 1.0%
when compared with the recalibrated velocity after the
measurement. Considering other uncertainty factors in the
hot-wire measurement, the uncertainty level of the mea-
sured velocity is less than 2%.

2.2

Analysis of velocity component

The instantaneous streamwise velocity in the periodic
unsteady flow is expressed in the form of

u=U)+u =U+u+u (1)

where (U) is the phase-averaged velocity, which is com-
posed of the time-averaged velocity U and the periodic
velocity fluctuation #, and u” is the stochastic turbulence
fluctuation. The phase-averaged rms value of the turbu-
lence fluctuation is determined from

(W) =\ | g 2 (= (V) (2)

i=1

where N is the sampled number of velocity traces for en-
semble-averaging process. At each measuring point, the
490,000 velocity data were obtained during the wake
passes over 2,600 times, which corresponds to N = 330.
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Estimation of wall skin friction

The local wall skin friction is an important and sensitive
parameter showing the characteristics of transitional
boundary layers. In the present study, a computational
Preston tube method (CPM), proposed by Nitsche et al.
(1983), was used to estimate the local wall skin friction. Jeon
and Kang (1995) demonstrated that the CPM was useful for
predicting wall skin frictions in transitional boundary layers
on a flat plate. Very recently, using previous DNS and
experimental databases, Jeon et al. (2000) showed that wall
skin friction in transition regions could be estimated via the
CPM with good accuracy regardless of free-stream condi-
tions (e.g., turbulence intensity, streamwise pressure gra-
dient). Also, Lee and Kang (2000) reasonably obtained wall
skin frictions in transitional boundary layers on an airfoil
subjected to a steady turbulent wake.

In the present study, the phase-averaged wall skin
frictions are obtained using the measured phase-averaged
near-wall velocities via the CPM. These data are very
useful for understanding the behavior of wake-induced
turbulent patches and the unsteady transition process.

3
Results and discussion

3.1

Base flow

Figure 2 shows streamwise distributions of the time-av-
eraged pressure on the test surface of the airfoil without
and with the passing wakes. The pressure profiles in the
presence of passing wakes are discussed at Sect. 3.2.1 of
this paper. Without the passing wakes, the static pressure
distributions on the test and its opposite surface are in
good agreement with each other, indicating that the airfoil
is mounted with zero angle of attack at the center of the
test section and two-dimensional boundary layers develop
along the mid-span of the airfoil. The measured pressure
profile shifts down from an inviscid solution of the NACA
0012 airfoil in the infinite flow. This is due to the blockage
effect of the sidewall of the test section. However, the
measured profile agrees quite well with another inviscid
solution where the blockage effect is taken into account.
The large favorable pressure gradient exists near the
leading edge followed by the adverse pressure gradient
from x/C = 0.15 to the trailing edge.

The measured time-averaged velocities (not shown
here) exhibit laminar boundary-layer profiles dependent
on the local pressure gradients. The velocities subjected to
the favorable pressure gradients near the leading edge are
larger than Blasius solution in most y positions, however,
the flow is affected by the adverse pressure gradients at the
downstream stations. Turbulence intensity profile (not
shown here) at each x station has a peak near the wall. The
peak has the value of about 1% at x/C = 0.1 and increases
very slowly along the downstream station, but at the last
measuring station (x/C = 0.85), it jumps up suddenly to a
value of about 5%. This means that instability starts from
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at least x/C = 0.85 although the measured mean velocities
still show the laminar profile at this station.

3.2
Unsteady flow disturbed by passing wakes

3.2.1

Time-averaged pressure on the airfoil

The streamwise profile of time-averaged pressure on the
airfoil is greatly changed by the passing wakes as shown in
Fig. 2. It can be also seen that the passing-wake orientation
has different effects on the pressure distributions. In the
case of CW rotation, the pressure is larger than that
without passing wake up x/C = 0.5 and then slightly
smaller at x/C > 0.7. The minimum pressure coefficient
increases by 20% and its x location moves slightly down-
stream, i.e., from x/C = 0.11 to 0.15. Consequently, the
passing wakes for the CW case alleviate the pressure gra-
dients on the airfoil: the favorable pressure gradient region
near the leading edge becomes broader, and the adverse
pressure gradient downstream of x/C = 0.15 is reduced.
On the other hand, in the case of CCW rotation, the
pressure decreases on the whole x stations as compared to
the case without passing wake. The minimum pressure
coefficient decreases by 30% and its x location moves
slightly upstream (to x/C = 0.08). This indicates that for
the CCW case, the favorable pressure gradient region be-
comes narrow and the adverse pressure gradient increases
downstream of x/C = 0.08.

Hodson (1985) explained this change of the pressure
profile due to the passing wakes as a concept of “negative
jet”. Figure 1b shows a temporal velocity triangle near the
leading edge of the test surface for the CW case. When the
cylinder moves up with V,.q4, a velocity inside the wake is
denoted as W in the relative frame. As a result, in the
stationary frame, the inlet flow has a resultant velocity V.
The vertical velocity component of V causes a high-pres-
sure stagnation point near the leading edge and conse-
quently, alleviates the pressure gradient on the airfoil.
Hodson (1985) thought that this effect resulted from a
vertical component of the negative relative wake-velocity,
i.e., -W (negative jet). When V.4 moves down (CCW
case), the vertical velocity component of V results in re-
ducing static pressure near the leading edge, so the adverse
pressure gradient becomes larger, as shown in Fig. 2. Wu
et al. (1999) from a direct numerical simulation checked
the effect of the wake orientation on the streamwise
pressure distribution and reported similar results to those
of the current study.

3.2.2

Characteristics of a turbulent patch

Figure 3a, b present iso-surfaces of the phase-averaged
turbulence intensity of 8% in an x-y-t domain for the
cases of CW and CCW, respectively, where T denotes the
wake-passing period (21.2 ms). The turbulent patch is
periodically generated near the leading edge due to passing
wake. The patches grow gradually in the x and y directions
as they move downstream and merge together further
downstream. After merging, they grow more rapidly in the
y direction.

The turbulent patch near the leading edge for the CCW
case is larger and convects more quickly than that for the
CW case. In addition, the patches for the CCW case grow
faster in the x and y directions, and merge earlier than for
the CW case. This fact implies that in the time-averaged
sense, transition onset for the CCW case arises further
upstream in comparison with that for the CW case. The
larger and stronger upstream turbulent patch for the CCW
case is attributed to the relatively higher turbulence
intensity inside the passing wake that impacts on the test
surface near the leading edge and then interacts with the
initial laminar boundary layer. The faster growth and
earlier merging of the patches for the CCW case seem to
result not only from the higher turbulence intensity inside
the upstream patch but also from larger streamwise ad-
verse pressure gradient (see Fig. 2). Funazaki and Koyabu
(1999) reported that turbulent patches expanded more
quickly in the streamwise and wall-normal directions
under the adverse pressure gradient than the favorable
pressure gradient. Gostelow et al. (1996) also revealed that
the propagation of the turbulent patch becomes faster with
larger adverse pressure gradient. Thus, the present result
that the growth rate of the turbulent patch for the CCW
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Fig. 3a, b. Iso-surface contour of the turbulence intensity,
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case is higher than that for the CW case, is one evidence to
support those previous results.

To investigate behaviors of the turbulent patch in more
detail, contours of the phase-averaged turbulence intensity
are plotted in an x-y plane as shown in Fig. 4a, b. This
figure represents six sequential snapshots during one
wake-passing period T for the cases of CW and CCW. The
t/T = 0 is the moment when the rotating cylinder aligns
with the leading edge of the airfoil. The passing wakes at
the map of each instant are identified as columns of con-
tour lines that are highly extended along the y direction. At
t/T = 4/6, the wake appears near the leading edge for both
CW and CCW cases and moves downstream at the free-
stream velocity. It is also seen that the wake-induced
turbulent patch appears beneath the traveling wake. As the
wake convects downward (see the map at /T = 5/6 and 0),

the leading edge of the turbulent patch moves almost at the
same speed of the wake, while the trailing edge propagates
at less speed than the wake-convecting speed. This causes
the patches to gradually expand in the streamwise direc-
tion and finally start merging with each other at a down-
stream station (see the map at #/T = 1/6). The features of
the turbulent patches observed in this study are very
similar to other experimental results (Pfeil et al. 1983; Liu
and Rodi 1991; Funazaki and Koyabu 1999).

It is also seen from these maps that the wake-induced
patch for the CCW case lags further behind the preceding
wake than that for the CW case, and it finally separates
from the wake after /T = 3/6. This means that the tur-
bulent patch for the CCW case grows more rapidly in the
streamwise direction than that for the CW case. The
separation between the wake and the turbulent patch in
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wake-affected boundary-layer flows was also reported by
Orth (1993). Funazaki and Aoyama (2000) also found this
separation only for the “the reverse rotation case”, i.e.,
when the wake-generating cylinder moved away from the
test surface, which is consistent with our result for the
CCW case.

Figure 5 presents contours of the phase-averaged tur-
bulence intensity in the x—t plane at y = 0.66 mm for the
CCW case. As shown in Fig. 4b, around this y position the
turbulent patches expand most rapidly in the streamwise
direction for the CCW case. The leading edge of the tur-
bulent patch propagates almost at the speed of the in-
coming flow U, whereas the trailing edge convects with a
speed smaller than U,. In addition, due to the streamwise
adverse pressure gradient, the trailing edge of the turbu-
lent patch is found to propagate more and more slowly
along the downstream station.

To estimate the magnitude of the local leading or
trailing edge propagation speed, a reasonable threshold
value of a certain flow quantity for the identification of the
turbulent patch must be chosen. Gostelow et al. (1996)
selected the value of 2% mean velocity perturbation and
4% turbulence intensity as the threshold values for the
determination of the leading and trailing edge of the patch,
respectively. In Fig. 5, the contour lines around the tur-
bulent patch are found to be almost parallel for the four
different levels of the turbulence intensity such as 4, 6, 8,
and 10%, indicating that the leading and trailing edge
velocities are not sensitive to the threshold value selected.
Therefore, in the present study, a turbulence intensity level
of 4% is regarded as a representative threshold value for
the determination of the leading and trailing edge of the
patch. Based on this threshold value, the local leading- and
trailing-edge convection velocities at y = 0.66 mm for the
CCW case are 0.81 ~0.86 U,, and 0.38 ~0.41 U, re-
spectively. The corresponding velocities at the same y
position for the CW case (x-t map is not shown here) are
0.87 ~0.91 Uy and 0.43 ~0.50 Uy, respectively. The tur-

t/ T

4,

x/C

Fig. 5. Contours of the phase-averaged turbulence intensity (%)
in the x-t plane near the wall (y = 0.66 mm) for the CCW case

bulent patches are found to merge with each other around
x/C = 0.6 and 0.5 for the CW and CCW cases, respectively.

3.23

Time-averaged boundary-layer properties

Figure 6 shows time-averaged wall skin frictions which are
estimated using the CPM. The characteristic velocity on
Re, and C is the boundary-layer edge velocity U,. For the
base flow, C¢ decreases monotonously along the down-
stream station and its profile shows a typical laminar
distribution subjected to streamwise adverse pressure
gradients. C at x/C = 0.1 (Re, = 24,800) is slightly larger
than the Blasius solution due to the local favorable pres-
sure gradient. However, downstream of x/C = 0.2, it be-
comes lower than Blasius solution due to the adverse
pressure gradient. C; for the base flow can also be esti-
mated from linear ﬁtting)of near-wall velocities with the

relation of C; = (zv /Ue" ) (dU/dy) because all boundary

layers over the airfoil are laminar. C; from the linear fitting
method is found to agree well with that from the CPM.
With the passing wakes, the occurrence of transition can
be identified from the abrupt rise in Cy. If the position of
transition onset is defined as the streamwise location of a
minimum skin friction, it can be seen that transition for
the CCW case (onset point: x/C = 0.38) starts earlier than
for the CW case (onset point: x/C = 0.48). For both CW
and CCW cases, transition is not completed even at the last
measuring streamwise location. For the CCW case, up-
stream of transition-onset point, i.e., in the laminar re-
gions, Cy is lower than that of the base flow as well as
Blasius solution because the streamwise adverse pressure
gradient is larger as explained in Sect. 3.2.1.
Time-averaged mean streamwise velocities at six x lo-
cations for the CCW case are plotted in wall coordinates as
shown in Fig. 7. Time-averaged mean friction velocities 7,
used for the calculation of wall variables, y™, T are
obtained from the CPM. Before transition starts, the mean
velocity distribution over the airfoil shows a typical
laminar profile although the turbulent patch passes
periodically through the boundary layer. As moving
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Fig. 6. Time-averaged mean skin-friction coefficients on the
airfoil without and with passing wakes
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sudden large increase of the peak at the transition-onset
locations, i.e., at x/C = 0.48 for the CW case and

x/C = 0.38 for the CCW case. For the CCW case, before
transition onset, high turbulence intensity profile within
0 < y/6" < 4 is slightly wider than that for the CW case.
This is because the wake-induced turbulent patch for the

CCW case propagates more quickly as explained above.
The peaks upstream of transition onset locate away from
the wall, e.g., y = 0.150" at x/C = 0.1 for the CCW case and
these approach the wall as flow goes downstream, which is
known to a typical behavior of the streamwise turbulence
intensity in transition process.
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Phase-averaged mean velocity and turbulence fluctuation
For the CW case, the normalized phase-averaged mean
velocity (U) /U, and turbulence intensity +/(u?)/U,, are
presented at five streamwise locations as a function of
normalized phase #/T in Fig. 9a-e and f-j, respectively. At
each streamwise location, profiles at five y positions are
selectively displayed. To exhibit y position relative to
boundary-layer thickness, time-averaged boundary-layer
thickness 0 is given at each x location. For the CCW case,
(U)/Uy and \/{(u?) /U, are also plotted at the same x and
y positions as shown in Fig. 10a-e and f-j.

3.2.4.1

Phase-averaged mean velocity and turbulence

fluctuation in passing wakes

The defect of the mean velocity and the rise of the tur-
bulence intensity due to the passing wake appear period-
ically in the free stream. The different characteristics of the
passing wake owing to the different wake orientation can
be clearly observed in Figs. 9 and 10. The variation of
(U)/Uy at x/C = 0.1 and y = 1.5 mm (see Figs. 9a, 10a)
indicates that for the CW case the width of the wake deficit
is larger (the defect is sustained for longer time) but the
magnitude of maximum defect is smaller than for the
CCW case. For the CW case, the rise of 1/(u?)/Uy in the
wake lasts longer but its peak is smaller than for the CCW
case.

As shown in Figs. 9a—e and 10a-e, the phase-averaged
mean velocity profiles of the passing wakes are not sym-
metric with respect to the phase of the maximum defect.
For the CW case, there is a slight excess of the mean
velocity followed by the velocity defect (the profile at
y = 6.60 mm in Fig. 9c is most clear). In contrast, for the
CCW case, an overshoot of the mean velocity is clearly
found just after the wake passes through (see the profile at
y = 1.50 mm in Fig. 10a). Dong and Cumpsty (1990a, b)
and Wu et al. (1999) obtained similar results from an
experiment and a numerical simulation, respectively.
Especially, Dong and Cumpsty (1990a, b) explained the
cause of this result graphically. Figure 11 exhibits four sets

of temporal velocity triangles near the leading edge of the
airfoil for the CW case. If W;, W,, W3 and W, are
velocities inside the wake in the relative frame, which is
moving up at cylinder velocity V,,4 the respective inlet
resultant velocities in the stationary frame can be drawn as
Vi, Vo, V3 and V... Here, V¢ is the absolute velocity when
no velocity deficit is supposed to exist. If all sets of velocity
triangles are exactly drawn, the magnitude of absolute
velocities is in the relation of V,>V;>V, due to velocity
defect in the wake. Because the single hot wire outside the
boundary layer detects the velocity signal in serial order of
Vet V1, Va, V3 and Vip, the temporal profile of phase-
averaged mean velocity in the wake looks like that at
y = 6.60 mm in Fig. 9c. The vertical component of V,
which results in local increasing of static pressure as dis-
cussed in Sect. 3.2.1, becomes maximum at V = V, as
Dong and Cumpsty (1990a, b) also reported. For the CCW
case, the magnitude of absolute velocities at the inlet is in
the relation of V3>V;>V,, which is also identified from the
profile at y = 1.50 mm in Fig. 10a.

An interesting feature is that for the CW case, the mean
velocity profile in the wake seems to be absent of any

Virod

NACAQO12 Airfoil

Hot—wire probe

Fig. 11. Example of velocity triangles near the leading edge of the
airfoil for the CW case



spreading and decay along the downstream station,
whereas the turbulence intensity decays and spreads. For
the CCW case, however, both the mean velocity and the
turbulence intensity spread and decay in the wake. The
absence of wake spreading was also found by Addison and
Hodson (1990a, b) in their axial-type-turbine measure-
ments. Liu and Rodi (1991) also observed the same
behavior over the wake-induced transitional boundary
layer when the cylinder moves downward to the test
surface. They supposed that this feature results from the
interaction between the wake and the boundary layer or
the second passing wakes that are produced by upward
cylinder motion at the far end of their rotating wheel.
Recently, Funazaki and Aoyama (2000) found that the
passing wakes for the reverse rotation case (corresponding
to the CCW case) decay more rapidly along the down-
stream station than for the normal rotation case, which
agrees with the present result. From the above previous
and present results, it is supposed that the different wake
spreading between the CW and CCW cases may be also
due to the different streamwise pressure gradients shown
in Fig. 2. More detailed studies, however, are required to
understand this absence of wake spreading in a wake-af-
fected boundary-layer flow.

3.24.2

Phase-averaged turbulence fluctuation inside

the boundary layer

As shown in Figs. 9a, f and 10a, f, the turbulence intensity
and the mean velocity inside the boundary layer are
temporarily disturbed by the passing wake. This explains
that the wake-induced turbulent patch passes through the
boundary layer and at the almost same time, the flow
becomes instantly transitional. After the wake passes over,
the mean velocity and the turbulence intensity return to
the corresponding initial values of the laminar flow.

A notable feature in Figs. 9f and 10f is that a temporal
peak in the turbulence intensity profile becomes maximum
at the central part of the boundary layer, i.e., at
y=0.5 mm (y/0 ~ 0.5) away from the wall for both the
CW and CCW cases. Recently, Wu et al. (1999) found that
the shape of a wake-induced turbulent spot looks like the
arrowhead pointing upstream which was the reverse di-
rection to many previous fundamental studies on natural
boundary-layer transition. Zhong et al. (1997) and
Kittichaikarn et al. (1999) detected the similar shape of the
turbulent patch on the liquid crystal experiments.
According to Wu et al. (1999), this phenomenon is
observed because the breakdown in wake-induced bypass
transition occurs in the outer region of the boundary layer,
whereas the breakdown in natural transition takes place
near the wall. We found in Figs. 9f-h and 10f-h that when
the wake passed over, the peak of the turbulence intensity
in the outer region of the boundary layer became higher
than that near the wall. This feature seems to be an evi-
dence that breakdown occurs in the outer layer not near
the wall.

Before the flow reaches the transition-onset location
(Figs. 9f-h and 10f-h), the peaks and widths of the tem-
poral rises in the turbulence intensity profiles increase
along the downstream station, indicating the growth of the

turbulent patches. However, after transition takes place in
the time-averaged sense, these temporal peaks decay along
the downstream station as shown in Figs. 9i, j and 10i, j. In
particular, at the last measuring x station of the CCW case,
the periodic variation of the turbulence intensity mostly
disappears near the wall although it still exists in the outer
region of the boundary layer. This implies that after
merging of the turbulent patches, near-wall turbulence is
not sensitive to turbulence characteristics of the traveling
wake above the boundary layer, but is mainly affected by
instability at the transition onset location and the local
streamwise pressure gradients.

3.243

Phase-averaged mean velocity inside the boundary layer
The phase-averaged mean velocity inside the boundary
layer is perturbed by the velocity defect in the passing
wake and the wake-induced turbulent patch. At Figs. 9 and
10, solid arrows indicate representative (U) or \/(u'?)
which are temporarily changed by the external wake def-
icits. On the other hand, open ones present representative
(U) or \/(u’?) perturbed instantly by wake-induced tur-
bulent patch inside the boundary layer.

Figures 9a and 10a (x/C = 0.1) show that the mean
velocity profiles in the boundary layer have a periodic dip
due to the influence of the wake deficit. When approaching
the wall, the magnitude of this dip becomes smaller and its
phase is gradually delayed because of the high viscous
diffusion in near-wall flows. For the CCW case, this ve-
locity dip is still alive even at the most inner y location
(y = 0.22 mm), while, for the CW case, the mean velocity
peak appears at the same y location instead of the velocity
dip. This means that due to the turbulent patch, the
boundary layer becomes temporarily transitional, having
larger velocity gradient near the wall but a lower value of
the mean velocity in the outer region than the laminar
boundary layer. For the CCW case, the small peak also
appears following the velocity dip at y = 0.22 mm.

It is interesting to note from Fig. 10a that for the CCW
case, the mean velocity profile at outer boundary layer
(y = 0.5 mm) has two small dips within one passing pe-
riod. The dual dips at the outer region of boundary layer
are more clearly found downstream of transition-onset
location (Fig. 10d, e). These two dips correspond to the
two peaks in the turbulence intensity profile at the same y
location and at the almost same phase as shown in Fig. 10i,
j. The early dip of the mean velocity is from wake deficit
and its late dip results from temporal thickening of
boundary layer due to the turbulent patch. For the CW
case, two dips in mean velocity profiles also appear clearly
at outer parts of the boundary layer as shown in Fig. 9d, e,
whereas the corresponding two peaks in turbulence in-
tensity profiles are not observed in Fig. 9i, j. Liu and Rodi
(1991) and Wu et al. (1999) also observed similar mean
velocity dual dips in the outer parts of boundary layers.
Liu and Rodi (1991) supposed two possibilities as the
reason of these two dips. The first was from secondary
wake generated inevitably in their rotating wheel and the
second was from the wake-induced turbulent patches.
Wu et al. (1999) demonstrated that the latter was the
major cause of two velocity dips, which was also confirmed
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Fig. 12a-j. Distributions of rms values of periodic fluctuating velocity at five streamwise locations for a—e the CW case and f-j the

CCW case

in the present experiment. Downstream of x/C = 0.28
(Figs. 9b-e and 10b-e), the mean velocity dip due to the
wake deficit is not found near the wall, while that due to
the wake-induced turbulent patch is observed in most
parts of the boundary layer.

The behavior for the periodic velocity component # in
the boundary layer can be seen explicitly in Fig. 12, which
shows y-profiles of the rms value (u;,) of # for the CW
(Fig. 12a-e) and CCW (Fig. 12fj) at the same x locations
as in Figs. 9 and 10. The horizontal dashed line in these
figures indicates the time-averaged edge of the boundary
layer. For the CW case, the periodic velocity fluctuation at
the free stream remains almost constant along the down-
stream station because the wake seems to be in the absence
of any decay as discussed in Sect. 3.2.4.1. For both the CW
and CCW cases, the profile of u, has two distinguished
peaks in the boundary layer at most x locations. The peak
of u, in the outer layer is from the periodic decrease/
recovery of the mean velocity due to the passing of the
turbulent patch. In contrast, the near-wall peak results
from the periodic increase/recovery of the mean velocity
due to the patch. Therefore, owing to the switching-over of
this different behavior, a local minimum of u;, appears
between the y positions of the two peaks. The peak of uj, in
the outer layer increases continuously as the flow goes
downstream. In contrast, the near-wall peak attains a
maximum at x/C = 0.68 for the CW case and at x/C = 0.48
for the CCW case, and then decreases along the down-
stream station.

3.25

Phase-averaged wall skin friction

Figure 13 shows the x-f plane distributions of the nor-
malized phase-averaged friction velocity (u;)/U, (line
contour) on the airfoil surface and phase-averaged
turbulence intensity +/(u?) /Uy (color contour) at

y = 0.34 mm for the CCW case. The location y = 0.34 mm
is where the near-wall peak of u, appears as shown in
Figs. 12f-j for the CCW case. The profile of (u.) is very
similar to that of the near-wall \/(u?) except that the

former lags entirely behind the latter, showing that the
characteristic of wall skin friction is noticeably concerned
with that of near-wall turbulence, i.e., the wake-induced
turbulent patch. Upstream of the transition-onset location,
(u.) rises right after the high turbulence intensity passes
through, illustrating again that the boundary layer
becomes temporarily transitional due to the passing of the
turbulent patch. The streamwise expansion of high friction
velocity regions along the downstream station is caused by
the growth of turbulent patch. The phase-lag between the
fairly large friction velocity and the corresponding high
turbulence intensity increases gradually as flow goes
downstream. For the CCW case, the (u.)/U larger than
4.5% appears first at about x/C = 0.4, while for the CW
case (not shown here), it is found at about x/C = 0.55. This
confirms again that the onset of transition occurs further
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Fig. 13. Contours of the normalized phase-averaged friction
velocity (u.)/Us (line contour) and turbulence intensity

V(%) /Uy (%, color contour) at y = 0.34 mm in the x-¢ plane
for the CCW case
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Fig. 14. Streamwise profiles of the phase-averaged skin-friction
coefficient at four different phases during one passing period for
the CCW case

upstream for the CCW case than for the CW case. Prop-
agation velocities for the center of the friction velocity
contours are about 0.72U,, and 0.63U,, for the CW and
CCW cases, respectively. These are less than the corres-
ponding propagation rates for the center of the turbulent
patch at y = 0.34 mm, i.e., 0.78 ~ 0.86U, for the CW case
and 0.72 ~ 0.78U,, for the CCW case.

Figure 14 shows streamwise variations of the phase-
averaged skin-friction coefficient for the CCW case at four
phases, i.e., 0, 1/4T, 2/4T, and 3/4T, which are indicated as
the horizontal dashed lines in Fig. 13. A local small rise of
(C¢) in the laminar region is caused by the passing of
turbulent patch. Its large rise downstream of the transition
onset location results from the growth and merging of the
patches. Downstream of transition onset, an interesting
feature in the (C¢) variation can be found. In the profile at
the 2/4T phase line, a local minimum at about
Re, = 1.4 x 10° following a local peak at about
Re, = 1.2 x 10’ is somewhat lower than the Blasius solu-
tion, implying that the boundary-layer flow recovers to the
initial laminar state after the passing of the turbulent
patch. In contrast, in the profile at the 3/4T phase line, a
local minimum at about Re, = 1.7 x 10° following a local
peak at about Re, = 1.4 x 10° does not recover to the
laminar value and is sustained to the transitional value.
Therefore, it is supposed that the self-sustained turbulence
evolves from at least Re, = 1.7 x 10° due to the merging of
the turbulent patches. A similar behavior of (C¢) can be
seen in the DNS result of Wu et al. (1999).

Figure 15a,b presents the streamwise variation of rms
periodic skin-friction fluctuation coefficient y defined as

1/2

o ={(e -0} /T (3)

for the CW and CCW cases. As presented and discussed in
Wu et al. (1999), ¢, is a good indicator for the transitional
state of the boundary-layer flow. As also included in

Fig. 15, other possible indicators for the transitional state
are the near-wall peak (up peax) of u, and the difference
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Fig. 15a, b. Streamwise profiles of y,, Up peak/ Uss (%) and

VAU?) 0/ Use (%) at y = 0.34 mm for a the CW case and b the
p

CCW case

(V/(?),p) between maximum and minimum of \/(u?)
at y = 0.34 mm obtained from of Figs. 9f-j and 10f-j. Near
the leading edge of the airfoil, y¢. and u;, peax have small
values close to zero, whereas / (), ~ maintains a
relatively large value. 7 has maximum value of about 0.30
at x/C = 0.68 for the CW case and about 0.34 at x/C = 0.48
for the CCW, meaning that at these x locations, the
corresponding boundary-layer flow is in the most transi-
tional state. Wu et al. (1999) also obtained a similar value
of 0.33 as the global maximum of )., . This may be because
the Strouhal number of 0.57, which is based on the closest
distance between the cylinder and airfoil (St, = fb/U.) in
the present experiment, is very similar to the corres-
ponding value of 0.6 in their numerical simulation. An
interesting feature in Fig. 15 is that the x location of
maximum up peqk i coincident with that of maximum yc,
indicating that the phase-averaged mean velocity near the
wall oscillates with the largest amplitude when the
boundary-layer flow becomes most transitional, which is
also reported by Wu et al. (1999). However, the maximum
(u’2>amp appears slightly further upstream of the x
location of maximum )¢, and up pear. This means that the
near-wall turbulence responds to the passing wake more
quickly than the wall skin friction and the near-wall mean
velocity. Downstream of the location of the maximum
value, 7., decreases together with u;, pea and /(u'?) If

the airfoil were sufficiently long, all of Ve Uppeak a;gp
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v/ (u’2>amp would approach zero after the transition is
completed in the time-averaged sense.

4

Conclusions

Wake-induced transition in boundary-layer flows devel-
oping on a NACA 0012 airfoil was experimentally inves-
tigated. The wakes were periodically generated by rotating
circular cylinders clockwise and counterclockwise around
the airfoil. The phase-averaged technique for the stream-
wise velocity was employed to investigate the phenomena
of wake-induced transition in detail, and particularly, the
phase-averaged wall shear stress was reasonably estimated
using the computational Preston tube method. Several
conclusions are listed below:

(1) The streamwise distribution of time-averaged pressure
on the airfoil was significantly changed due to the
passing wakes. The pressure profile on the airfoil
changed significantly depending on the orientation of
the passing wakes. In the case of CW rotation, the
whole pressure gradient was reduced, whereas in the
case of CCW rotation, it was increased. This alteration
of the pressure profile greatly affected the transition
process of the boundary layer.

(2) The wake-induced turbulent patches inside the lami-
nar boundary layer for the CCW case grew more
quickly and merged with each other further upstream
than those for the CW case. In other words, transition
onset in the time-averaged sense occurred further
upstream for the CCW case, which could be also
confirmed in the profiles of time-averaged wall skin
friction. This is because the initial patch generated
near the leading edge had higher turbulence intensity
and the local streamwise adverse pressure gradient
became larger for the CCW case. In addition, because
of the same reasons, the separation between the tur-
bulent patch and the wake occurred for the CCW case.

(3) Before the onset of transition, the peak of the phase-
averaged turbulence intensity was found to attain
maximum in the outer part of the boundary layer not
near the wall. This was evidence that breakdown in
wake-induced transition occurred in the outer region
of the boundary layer as recently proposed by Wu
et al. (1999).

(4) After the turbulent patches started merging with each
other, near-wall turbulence was not sensitive to the
turbulence property of traveling wakes over the
boundary layer. They were mainly affected by insta-
bility at the transition-onset location and streamwise
pressure distribution downstream of the transition-
onset location.

(5) The phase-averaged streamwise velocity had two dips
in the outer boundary layer for each wake-passing
period. One was caused by the wake deficit and the
other caused by temporal thickening of the boundary
layer due to the passing of the wake-induced turbulent
patch.

(6) The x location of maximum u;, pe. Was coincident with
that of maximum Ve whereas that of maximum
Vi <u’2>amp appeared slightly further upstream. This

implies that near-wall turbulence responds to the
passing wake more quickly than the wall skin friction
and the near-wall mean velocity.
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