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ABSTRACT

The present study investigates wake-induced bypass transition of boundary layers on a flat plate subjected to favorable
and adverse pressure gradients. The aim is to exploit unsteady effects in order to design an aft-loaded turbine blade
without increasing the profile loss, as has been achieved for low pressure turbine blades. First of all, this fundamental
study is to reveal the effect of the Strouhal number, which changed by using different numbers of wake generating bars.
Detailed boundary layer measurements were conducted using two hot-wire probes. A passage-contouring device was
employed to generate a pressure gradient on the test model, which was typical to that generated by an aft-loaded turbine
blade. A spoked-wheel-type wake generator was used to create periodic wakes in front of the flat plate. It was found
that the wake passage induces a significant change in the flow structure downstream of the flow acceleration region.
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1. Introduction

The flow field in turbomachines is characterized by com-
plicated flow that has three dimensional effects from
unsteady flow. Recently, owing to the demand for higher
gas turbine efficiency, there is an increased need to better
understand unsteady effects on the aerodynamics, heat
transfer, and noise in turbomachinery. Many researchers
have been studying the transition process of the boundary
layer on turbomachinery blades in a flow that is periodi-
cally disturbed by the rotor wakes [1-8]. It is essential to
quantitatively predict these effects at the design stage.
However, the effect of the unsteady flow on boundary
layer transition is not fully understood. Bypass transition
is defined as the direct production of turbulent spots in
the boundary layer by high free-stream turbulence levels
[1]. That is, the initial two-dimensional instability phase
of a natural transition is bypassed in this case. A natural
transition is a classical process that arises from the ap-
pearance of the two-dimensional Tollmien-Schlichting
instability waves in the laminar boundary layer. With that
in mind, this study investigates the effect of the Strouhal
number of wake on the transition onset of the boundary
layer on a flat plate, which is subjected to favorable and
adverse pressure gradients. Detailed boundary layer mea-
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surements are performed by hot-wire anemometry. A
passage-contouring device similar to that used by Ottavy
et al. [9] was employed to generate a pressure gradient
on the test model, which was typical to that generated by
an aft-loaded turbine blade. A spoked-wheel-type wake
generator is used to simulate the unsteady flow field over
the suction surface of a turbine rotor.

2. Experimental Setup

The wind tunnel is closed-circuit wind tunnel. Figure 1
shows the schematic of the test apparatus used in this
study: two honeycombs set in the settling chamber. The
cross-section area of each honeycomb is 1030 x 1030
mm and the diagonal size of honeycomb is about 10 mm.
The settling chamber and the contraction nozzle reduced
the free-stream turbulence to approximately 2% [10].
Periodic wakes were produced by a spoked-wheel-type
generator that consisted of a disk of 300 mm diameter
and cylindrical bars of 10 mm diameter. The revolution
number of the disk in the wake generator was counted by
an optical tachometer. The fluctuation in revolution was
observed to be less than 0.5%. The rotation direction of
the disk in the wake generator was the movement of the
wake generating bar relative to the test model in
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Figure 1. Test apparatus.

Figure 2. The flow field corresponds to the interaction
between the wake and boundary layer over the suction
surface. This fluid motion is the so-called “negative jet”,
which seemed to have some effects on the transitional
behavior of the wake-disturbed boundary layer. Figure 2
shows the test model, the wake generator and passage-
contouring devices attached on the top and bottom walls
of the test duct. The wake generator was set so that each
of the wake-generating bars became parallel with the
leading edge of the test model when it moved in front of
the model. A 0.6 m long test model made of acrylic resin
plates was used. It had a semi-elliptic leading edge with a
long axis of 75 mm and a short axis of 15 mm, followed
by a flat-plate afterbody. The width and thickness were
200 and 30 mm, respectively. Static pressure taps were
provided on one side of the test model to measure the
pressure distribution on the test surface. The passage-
contouring devices were shaved from styrofoam bricks
so as to assume a shape for establishing a pressure gra-
dient typical to that generated by an aft-loaded turbine
blade. Figure 2 also shows the system for the boundary
layer measurement based on hot-wire anemometry. The
passage-contouring device had two slots for inserting the
hot-wire probes into the main flow. Both slots were se-
curely plugged with several blocks to prevent the leakage
from the slot.

3. Instrumentation and Data Processing
3.1. Ensemble-Averaged Quantities

Two hot-wire probes used to measure the boundary layer
on the test model were placed at the measurement loca-
tion to a precision of £0.01 mm by a PC-controlled trav-
ersing unit. They were connected to a constant-tem-
perature anemometer. By monitoring the free-stream
temperature at the exit of the test section, the temperature
unit effectively compensated for the temperature fluctua-
tion of relatively low frequency, during a long-running
measurement. The linearized signals from the probes
were acquired and digitized by an A/D converter using a
once-per-revolution signal from the optical tachometer as
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Figure 2. Test model and the system for boundary layer
measurement.

the synchronization signal, which guaranteed the appli-
cation of the phase-locked averaging technique to the
sample data. The data-sampling rate was 20 kHz, and
each of the digitized records contained 2500 words. The
phase-locked or ensemble-averaged velocity, U, was
then calculated from the acquired instantaneous velocity
data, u (k=1, 2, ---, 100; N = 100) as per the following
equation:

- 1y
a(x,y,t)=—> u(xy.t) )

N (=1
where X, Y, t, and N are the longitudinal distance from the

leading edge, distance from the surface of the test model,
time, and number of sampled data, respectively. The en-

semble-averaged turbulence intensity Tu 1is also de-
fined by
Tu(x,y,t)
1 1 J 2 @)
= — u (X, y,t)=u(x,y.t
Ue(X)\/N—lg‘]{ k( ) ( )}

where Ug(x) was the local velocity determined from the
static pressure measurements with the Bernoulli’s equa-
tion.

3.2. Time-Averaged Quantities

Time-averaged quantities were obtained by the integrat-
ing the ensemble-averaged quantities over the wake-
passing period. For instance, the time-averaged turbu-
lence intensity TU was calculated by

fu(x,y)leIqu(x, y,t)dt 3)

where T is the wake-passing period.
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3.3. Uncertainty

Uncertainties of the inlet velocity and instantaneous vel-
ocity were respectively estimated to be about 2% and 3%
using the Kline and McClintock method [11].

3.4. Test Conditions

Wake-disturbed unsteady flow field around the test
model was characterized by two non-dimensional num-
bers, namely, Reynolds number Re, and Strouhal number
St which are respectively defined as:

Re = Unk 4)
14
gt b _m, L (5)
U, 60 U,

where Uj, is inlet velocity, L is the length of the test
model, f is wake-passing frequency and v is kine-
matic viscosity. Table 1 shows the test conditions in this
study. Test Case 1 was a baseline experiment with no
wake, where the inlet velocity U, was 6.2 m/s and the
Reynolds number Re based on the length of the test
model and the inlet velocity was 2.5 x 10°. The Strouhal
number was 0.97, 1.94, and 2.90, when the bar count n,
was 2, 4, and 6, respectively; f is the wake frequency; the
disk rotational speed n was 300 rpm; and the length of
the test model L was 0.6 m. The application of this study
is the low-pressure turbine. For real machines, the range
of the Strouhal number is from 0.3 to 1.2 [7,8], and in
this study it is from 0.97 to 2.90. To specially investigate
the effect of the Strouhal number on the transition of the
boundary layer, we chose a range of the Strouhal number
slightly larger than that of the real machine. The hori-
zontal distances between the center of the disk of the
wake generator and the extended lines of the slots of
probe 1 and probe 2 were 265 and 365 mm, respectively.
Therefore, the moving speeds of the bar on the extended
lines of the slots of probe 1 and probe 2 were 8.3 and
12.4 m/s, respectively. The measurement region extended
from x=0.10 m to X=0.59 m in the streamwise di-
rection and from y=02 mm to y=04 mm in the
vertical direction. Table 2 and Figure 3 provide detailed
information on the streamwise locations of boundary lay-
er measurements. Figure 4 shows the distributions of
measured surface velocity as well as the resultant ac-
celeration parameter K (x) over the test model which is
defined as:

du
K(X)=grxg O

The passage-contouring device produced a gradual
flow acceleration of over 0.35 m in the test model and
the averaged acceleration parameter was about 7.1 X 107°.
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Table 1. Text conditions.

Test Case p:?r0 :;iit;lourle wake-l\gl;grr:e?gii 2; bars St
1 0 0 0
2 300 2 0.97
3 300 4 1.94
4 300 6 2.90

Table 2. Measurement locations.
station X (m) station y (mm)

1 0.10 1 0.2
2 0.20 2 0.3
3 0.30 3 0.4
4 0.35 4 0.5
5 0.36 5 0.6
6 0.37 6 0.7
7 0.38 7 0.8
8 0.39 8 0.9
9 0.40 9 1.0
10 0.41 10 1.1
11 0.42 11 1.3
12 0.43 12 1.5
13 0.44 13 2.0
14 0.45 14 2.5
15 0.46 15 3.0
16 0.47 16 4.0
17 0.49

18 0.51

19 0.55

20 0.59

Traversing Unit
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Figure 3. Passage-contouring device and measurement loca-
tions.

The peak value of the acceleration became more than 3.0
x 107", Figures 5 and 6 show the ensemble-averaged
velocity and turbulence intensity distributions of the
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Figure 4. Measured surface velocity and acceleration para-
meter.
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Figure 6. Turbulence intensity distribution of the bar wake.

incoming wakes respectively, measured by the hot-wire
probes located 25mm upstream of the test model. These
data were normalized with the inlet velocity. The maxi-
mum wake turbulence intensity reached approximately
18%. The velocity deficit inside the wake was approxi-
mately 10% of the inlet velocity. In this study, the turbu-
lence intensity of the transition onset at 4% was set as a
criterion [12].

4. Results
4.1. Raw Signals of Velocity

In this study, although two hot-wire probes were used,
there was no definite difference in the turbulence inten-
sity behavior between probe 1 and probe 2. Thus, only
the data from probe 1 is shown. Figure 7 shows the raw
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signals of the velocity acquired at y=0.2 mm for sev-
eral measurement locations in the case of Test Case 2.
The raw velocity signal measured at X=0.10m illus-
trates the wake-passing by the fluctuation. Thereafter
spike-like events occurred at locations 14, indicating the
initiation of the transition, followed by the abrupt com-
pletion of the transition. On the other hand, the raw signal
of velocity measured at X =0.59 m exhibits a fluctuating
intensity regardless of time, indicating a turbulent flow.

4.2. Contours of Time-Averaged Turbulence
Intensity for No Wake Condition

Figure 8 shows the contours of the time-averaged turbu-
lence intensity for the no wake condition, Test Case 1.
The position of Tu =4% at y =0.2 mm was X =0.45 m,
and the turbulence intensity increased as the flow pro-
gressed downstream from there. This cause is considered,
as raw signals of velocity show in Figure 7(c), the effect
of an adverse pressure gradient changed the turbulent
flow.
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Figure 7. Raw velocity signals measured aty = 2 x 10 m
for several locations over the test model with influence of

the wake passing on the test surface (S = 0.97). (a) x = 0.10
m; (b) x=0.30 m; (¢) x =0.45 m; (d) x = 0.59 m.
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Figure 8. Contours of time-averaged turbulence intensity
for no wake condition for Test Case 1.

4.3. Contours of Instantaneous Turbulence
Intensity for Wake-Induced Condition

For further investigation of the wake-disturbed boundary
layer, ensemble-averaged turbulence intensity contours
that represent bar-wakes interacting with boundary layer
are shown Figure 9. This figure represents some of the
sequential snapshots during one wake-passing period T
for the case with S =0.97 . At the instant when one bar-
wake, which was identifiable from its high turbulence
intensity, reached the most upstream measuring position
at t/T =0.1, there was a clear evidence showing the
appearance of wake-induced turbulence zone (turbulence
patch) beneath the incoming wake. As the wake was
convected downward, the leading edge of the induced
turbulence patch moved almost along with the wake
while the trailing edge of the patch lagged behind the
wake, resulting in gradual expansion of the turbulence
patch in the streamwise direction. Due to the effect of the
flow acceleration, however, the height of the patch
remained almost unchanged. In the instant when the
leading edge of the patch reached the trailing edge of the
foregoing turbulence patch (t/T =0.2), another high
turbulence region occurred at x/L = 0.43 - 0.47 (from
location 12 to 16) designated “A”, exhibiting quick
growth in the y direction (normal to the wall) due to the
effect of adverse pressure gradient. A plausible explana-
tion on this event was a high rate of turbulence spot ge-
neration at the decelerating flow regime [1].

4.4. Contours of Time-Averaged Turbulence
Intensity for Wake-Induced Condition

Figure 10 shows the contours of the time-averaged
turbulence intensity for wake-induced flow. They were
obtained by averaging the turbulence intensity in a
wake-passing period. For Test Case 2 shown in Figure
10(a), the position of Tu=4% at y=02 mm was
X=0.43 m. For Test Case 3 show in Figure 10(b), the
positions of Tu = 4% at y=0.2 mm were X=0.39 m
and X=0.20 m in the adverse and favorable pressure
gradient regions, respectively. For Test Case 4 show in
Figure 10(c), the positions of Tu=4% at y=0.2 mm

Copyright © 2013 SciRes.

were X=0.37 m and x=0.27 m in the adverse and
favorable pressure gradient regions, respectively. For
Test Cases 3 and 4, in the favorable pressure gradient
region, we confirmed that the turbulence intensity in-
creased as it went upstream.

4.5. Contours of Tu = 4% of Time-Averaged
Turbulence Intensity for Wake-Induced
Condition

Figures 11 and 12 show the contours of Tu=4% of
time-averaged turbulence intensity for a wake-induced
flow on both the inner side and the outer side. In the ad-
verse pressure gradient region, the contour of Tu =4%
of the time-averaged turbulence intensity moved upstream

X[m]

Y [mm]

Figure 9. Contours of instantaneous turbulence intensity of
the wake-disturbed boundary layer (S = 0.97). (a) t* = 0.00,
(b) t* =0.10, (c) t* = 0.20, (d) t* = 0.30, and (e) t* = 0.40.
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Figure 10. Contours of time-averaged turbulence intensity
for wake-induced flow. (a) Test Case 2 (St = 0.97), (b) Test
Case 3 (St =1.94), (c) Test Case 4 (St = 2.90).
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Figure 11. Contours of Tu = 4% of time-averaged turbu-
lence intensity for wake-induced flow (inner side).

5. Conclusions

This study experimentally investigated the wake-induced
transition of flat plate boundary layers. The important
findings are as follows:

1) Time-averaged turbulence intensity in the favorable
gradient region increased with the Strouhal number.

2) The transition onset in the adverse pressure gradient
region moved upstream as the Strouhal number increased.

3) For the wake-induced flow, in the favorable gra-
dient region, the turbulence intensity of the wake was
suppressed since the flow accelerated.
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