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ABSTRACT
This study investigates wake-induced bypass transition of a
flat-plate boundary layer that experiences favorable and adverse
pressure gradients. The effect of free-stream turbulence is also
examined. This paper mainly focuses on how the pressure gradients
affect the transitional behavior of the wake-disturbed boundary layer
with and without the influence of free-stream turbulence. A
wall-contouring of the test duct generates the flow acceleration and
deceleration on the flat plate, emulating aft-loading or front-loading
pressure distributions of actual turbine blades. A spoked-wheel type
wake generator is used to produce wakes moving over the boundary
layer. Detailed boundary layer measurements are performed by use
of a hot-wire anemometer. In addition to velocity fluctuations,
which clearly indicate transition process, intermittency factors are
obtained and compared with the results given by a transition model.
Noticeable differences in transitional behavior are observed between
the cases with and without the enhanced free-stream turbulence. It is
also confirmed that the wake width as well as the direction of the
bar movement are influential factors to the bypass transition.

Superscripts
time-averaged value

ensemble-averaged value

INTRODUCTION
Boundary layers on blade surfaces of turbomachines are
characterized by the existence of incoming wakes as well as
free-stream turbulence. Boundary layer transition induced by these
disturbances can be categorized as bypass transition. So far, a
number of studies have been made on the bypass transition of blade
boundary layer experimentally (for example, Mayle[1], Walker[2],
Funazaki[3] [4], Funazaki et al.[5], Solomon[6], Halstead et al.[7, 8,
9, 10] or Anthony et al. [11] as recent work), or numerically. Great
progress has been made on the understanding of the bypass
transition through these studies, however, even the transition
process dominated by a single factor such as incident wake is far
from being fully understood. The flow field would become much
more complicated in case that the boundary layer is influenced by
multiple factors like incident wake, pressure gradient or free-stream.
Since such a situation is not uncommon in turbomachines, it is very
important to study combined effect of influencing factors upon
transitional behavior of the boundary layer.
Accordingly, the present study performed detailed experiments
using hot-wire anemometry to investigate wake-induced bypass
transition of a flat-plate boundary layer under the influence of
pressure gradient as well as free-stream turbulence. A spoked-wheel
type wake generator produced incident wakes moving over the
boundary layer. A wall-contouring device attached to the top and
the bottom of the test duct reproduced a pressure gradient on the test
model. Two types of the pressure gradients were applied to the
boundary layer. One type was a “front-loading” pressure gradient
in which an abrupt flow acceleration appeared, followed by a
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diameter of the wake-generating bar
diameter of the turbulence grid wire
length of the test model ( = 1 m)
rotation per minute
number of wake-generating bars
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Strouhal number
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ensemble-averaged turbulence intensity
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sampled instantaneous velocity data
ensemble-averaged velocity
surface length from the leading edge
transition onset point for no wake condition
wake-induced transition onset point
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gradual deceleration. The other one was a “aft-loading” type that
was first accompanied by a gradual flow deceleration, then by an
abrupt acceleration. Moreover, a turbulence grid was employed to
enhance free-stream turbulence level.

consisted of a disk with 400 mm diameter and cylindrical bars of 5
mm diameter. Revolution number of the disk in the wake generator
was counted by the optical tachometer. The fluctuation in revolution
was found to be less than 0.5%. 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.
Rotation direction of the disk of the wake generator was easily
altered, which changed the situation of the relative movement of the
wake-generating bars to the model. These bar movements are
designated normal rotation or reverse rotation, respectively in
Figures 1 and 2. Besides, free-stream turbulence intensity was
enhanced from 0.5% to 1.4% using a passive turbulence grid. The
grid consisted of cylindrical bars of 1.2 mm diameter, and its degree
of openness was 0.75. The turbulence grid, attached to the exit of
the contraction nozzle, was located about 350 mm upstream of the
test model leading edge.

INSTRUMENTATION AND DATA PROCESSING
Ensemble-Averaged Quantities.
A single hot-wire probe was used to measure the boundary
layer on the test model. A PC-controlled traversing unit placed the
probe to the location to be measured with the precision of 0.01 mm.
The probe was connected to a constant-temperature anemometer
(Kanomax Co., Model 1011). By monitoring the free-stream
temperature at the exit of the test section, the temperature unit
effectively compensated temperature fluctuation of relatively low
frequency during the long-running measurement. An A/D converter
sampled signals from the linearizing unit to which the hot-wire
probe was connected. The sampling was synchronized with
once-per-revolution signal from the optical tachometer. The
data-sampling rate was 50kHz and each of the digitized records
contained 2500 words. Ensemble-averaged velocity, u , was then
calculated from the acquired instantaneous velocity data,
uk k = 1,2,..., N ; N = 100 as follows:
1 N
u (x, y, t ) =  uk (x, y, t )
(1)
N k =1

Figure 1 Test facility

Figure 2 Arrangements of the wall-contouring device

(

EXPERIMENTAL SETUP

)

Ensemble-averaged turbulence intensity was also defined by

Figure 1 shows a schematic layout of the test facility used in
this study. The settling chamber and the contraction nozzle reduced
free-stream turbulence down to about 0.5%. As shown in Figure 1,
the test duct contained the test model and wall-contouring device
attached to the top and bottom walls of the test duct. The
wall-contouring device was adopted to generate a pressure gradient
over the test model surface. The acrylic-resin test model was 1.0 m
long and had a semi-elliptic leading edge with the long axis of 150
mm and the short axis of 30 mm, followed by a flat-plate after body.
The span length of the model were 200 mm. Static pressure taps on
the upper side of the test model measured the pressure distribution
p ( x ) over the test surface. Flipping over the wall-contouring device
back to front, as shown in Figure 2, created two types of pressure
gradients on the surface of the model. The arrangement of the
device to create a “front-loading” type pressure gradient was called
Type A. The other type was called Type B, which resulted in
“aft-loading” type pressure gradient. The device had a long slot
along its centerline through which a hot-wire probe penetrated into
the main flow. The two types of the pressure gradients are shown in
Figure 3.
Wakes were produced by a spoken-wheel type generator that
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where U e was the local velocity determined from the static pressure
on the surface using the Bernoulli’s equation.
Intermittency factor.
Intermittency factor is an important index that describes
transitional process of the wake-affected boundary. Time-averaged
intermittency factor  was calculated as follows,
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where the turbulence detector function D (t ) defined by

()

D t = uk t

(5)

was used. The threshold level Tr was chosen in a trial-and-error
manner.
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Uncertainty.
Inlet velocity U in was measured with a Pitot tube that was
connected to a precise pressure transducer (Kyowa Co., PDL-40GB)
with ± 1.0 Pa accuracy. The uncertainty of the inlet velocity was
then estimated using Kline and McClintoch method, which turned
out to be ± 0.9%. The uncertainty of the unsteady velocity acquired
using the CTA system was mainly determined by the calibration
process that consisted of the measurement of inlet velocity with the
Pitot tube and curve fitting of the velocity-voltage data. The error
due to the curve fitting was less than 1%, therefore the uncertainty
associated with the measured unsteady velocity was ± 1.4%.

the study of Coton was set to be the place where the wake duration
was measured.

RESULTS AND DISCUSSION
Test Conditions.
Strouhal number St characterizes wake-affected unsteady
flow field around the test model and was defined in this study as
follows:
fL nnb L
St =
=
,            
(12)
U in 60 U in
where n was the rotation number of the wake generator (= 600
rpm) and nb was the number of the bars (= 2).
Table 1 shows the test conditions of this study. Test Case 1,
using Type A arrangement, was an experiment with no wake where
the inlet velocity U in was 10 m/s. Reynolds number based on the
length of the test model ( L = 1 m) and the inlet velocity was
6.7x105. Test Case 2 differed from Test Case 1 in Strouhal number.
Using the wake generating bars of 5 mm diameter, Test Case 2
aimed at clarification of effects of periodic wake passing. Test Case
3 was to examine the effects of free-stream turbulence upon the
wake-induced transition process. Test Case 4 was different from
Test case 1 with respect to the arrangement of the device. Test Case
5, using Type B arrangement, was the counterpart of Test Case 2,
and Test Case 6 were to see the difference in transition process due
to the alternation of the bar rotation direction. In the test cases 7 and
8, the inlet free-stream turbulence intensity was increased from
0.5% to 1.4%.
The measurement region extended from x L = 0.025 to 0.875
in the streamwise direction and from y L = 0.210-3 to 0.01
normal to the surface of the test model.

TRANSITION MODEL
This study adopted the following intermittency-based transition
model for wake-affected boundary layer.

 ( x ) = 1 (1  nw ( x )) (1  w ( x ))

(6)

In Equation (6),  nw ( x ) is the intermittence factor for the
steady-state flow condition with no incident wake, and  w ( x ) is the
wake-induced intermittency factor. The next expression for  nw ( x )
was used in this study [12],
3

 x  xt  
(7)
 nw ( x ) = 1 exp  0.1
,
 x75  x25  

where x25 and x75 represented the places where  nw ( x ) became
0.25 and 0.75, respectively. As for the wake-induced intermittency,
the following model was employed.

 w ( x ) = min (1,  ( x ))

(8)

w T

if x < xtw

 ( x) =  1
dx 
1 
      U ( x  ) +  w T
TE
LE xtw
e
x

if x  xtw

,

(9)

where  w was the wake duration,  LE , TE was the ratios of
propagation speeds of the turbulent patch to the free-stream velocity,
U e ( x ) was the local velocity at the edge of the boundary layer and
xtw was the wake-induced transition point. The above transition
model was first proposed and examined in detail through the
comparison with the measurement by Funazaki et al. [5]. It was
found that under strong flow acceleration this model was no longer
able to make an appropriate prediction of the wake-affected
intermittency. Coton [12] has made a comprehensive surveys
through a number of the models, eventually developing the ways to
modify existing transition models to cope with the effects of the
flow acceleration. Major modification there was made to the
expression of the wake duration so that the transition model was
able to account for the flow acceleration effects, that is,
K ( x)
 w 
if x < xtw
 
T ref K xref
 ( x) =
x
 1
K ( x)
1 
dx 
 

+ w
if x  xtw




 LE  xtw U e ( x  )
T ref K xref
TE

Table 1 Test Cases

Static Pressure Distribution.
Figure 3 shows the pressure
distribution over the test model. Static pressure coefficient, C p , was
calculated by
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(13)

where P0 was the inlet stagnation pressure.
In the case using Type A arrangement of the device, an abrupt
acceleration appeared just after the leading edge of the test model
and the acceleration parameter exceeded 3x10-6 there, which was
then followed by gradual deceleration. Type B arrangement
produced a gradual acceleration from the leading edge up to x L =
0.7, resulting in wider area of the test model surface covered with

(10)
In the above equations, K ( x ) is the acceleration parameter defined
by the following equation:
 dU e
K= 2
,              
(11)
U e dx
where  was the kinetic viscosity of air. The reference location in
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favorable pressure gradient. Averaged acceleration parameters over
the zone where the parameter became positive were about 2.3 x 10-6
and 1.0 x10-6 for Type A and Type B, respectively.
Wake Profile.
The inlet velocity field disturbed by the wakes from 5 mm
diameter bars was measured by the hot-wire probe located 200mm
upstream of the test model. It turned out from these experiments that
the wake velocity deficit was about 8% of the incoming velocity and
the maximum wake turbulence intensity became also about 8%.
Wake width (or wake duration) was estimated at about 10% of one
wake passing period according to the definition that the time length
for which more than 4% turbulent intensity lasts is a wake duration
[5].

Figure 5 Temporal velocity traces measured at several
streamwise locations over the test model (Type A
arrangement / left : no wake , right: with wake + with grid)

Instantaneous Velocity Data
TypeA Arrangement
Figure 4 shows a comparison between two series of
instantaneous velocity traces for Test Case 1 and Test Case 2 with
Type A arrangement of the wall contouring, where all data shown
here were measured at y = 0.3 mm for several streamwise locations.
The velocity data were normalized with the local velocity U e and
each of the fluctuating parts during one wake-passing frequency is
demonstrated in this figure. The interval between two adjacent
velocity traces is proportional to the actual interval between the
neighboring measurement locations. The instantaneous velocity for
Test Case 1 (left) started to fluctuate fiercely in rather an abrupt
manner from x L = 0.435, which almost corresponded to transition
onset point in this case. In Test Case 2, there first appeared
wake-disturbed zones of relatively moderate fluctuation in the
velocity traces acquired at x L = 0.105 and x L = 0.155. Then, as
indicated in the trace at x L = 0.205 or x L = 0.255, a highly
fluctuating portion emerged inside the wake-disturbed zone, which
evolved to wedge-shaped turbulent patch, gradually extending its
duration towards the downstream. Besides, as marked by a circle in
Figure 4, a calm region appeared just after the turbulent patch
arrived at x L = 0.435, from which the boundary layer would have
become fully turbulent without the wake passing. Figure 5 also
exhibits two sets of the velocity traces with no wake (left : Test
Case 1) and with wake (right : Test Case 3) conditions, the latter
including the effects of the enhanced free-stream turbulence.
Overall feature of the wake-affected transitional process shown on
the right of Figure 5 resembled the counterpart in Figure 4, except
for a finding that the velocity traces in Test Case 3 tended to be
sinuous, in particular after the free-stream velocity attained its
maximum around at x L = 0.260. Although detailed studies have
not been made on this issue, it can be imagined that coherent
structures such as streaks, which were induced inside the
laminar-like boundary layer and survived the intense flow
acceleration, abruptly grew again after the peak velocity of the
free-stream. The relevant experiment is now being prepared.

Figure 3 Pressure coefficients and acceleration parameters
for two contouring arrangements

Figure 4 Temporal velocity traces measured at several
streamwise locations over the test model (Type A
arrangement / left : no wake , right: with wake + no grid)
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Figure 6 shows intermittency factors for the three test cases
mentioned above. A sharp increase from zero to unity occurred at
x L = 0.435 for Test Case 1. Intermittency factors for Test Cases 2
and 3 were almost identical each other, probably because of the
moderate free-stream turbulence in Test Case 3. In both cases the
intermittency factors started to increase prior to the transition point
for Test Case 1, followed by abrupt rise. In contrast, the completion
of the wake-induced transition was delayed due to the calm region
effects.

free-stream velocity reached the maximum, there emerged turbulent
zones with intense fluctuation in the velocity traces acquired in the
area where in Figure 7 the calming effect of the wake-induced
turbulent zone prevented any fluctuations between two neighboring
wake-disturbed zones from emerging. It is rather surprising to
realize that even a moderate free-stream turbulence of 1.4% was
able to give rise to considerable change in the transition process.

Figure 7 Temporal velocity traces measured at several
streamwise locations over the test model (Type B
arrangement / left : no wake , right: with wake + no grid)
Figure 6 Intermittency factors for Test Cases 1, 2 and 3
TypeB Arrangement
Figure 7 demonstrates the process of wake-induced boundary
layer bypass transition for Type B arrangement in comparison with
the steady-state measurements. In this case the wake generator
operated in the normal rotation mode. It seems that the
wake-induced turbulent zone initiated its evolution from x L =
0.105, thereafter creating wedge-like turbulent area on the
time-space domain in Figure 7. While the steady-state boundary
layer started to experience transition around at x L = 0.8, the
wake-affected boundary layer was also characterized by relatively
long-lasting non-turbulent time zones appearing even after x L =
0.8. These could be attributed to the calm region effect.
Effects of wake-generating bar movement are displayed in
Figure 8. As frequently reported by the present authors[5], a distinct
difference in duration of turbulent zones was observed, at the same
time, the effective time length of the calm region appeared to be a
little shortened in the reverse rotation case in comparison with that
in the normal rotation case.
Figure 9 is for examining effects of the enhanced free-stream
turbulence upon the transitional behavior of the boundary layer. It
follows from the no wake condition experiment (left diagram) that
the velocity traces underwent noticeable fluctuation even on the
flow-accelerating area of the test model, sometimes being
accompanied by the appearance of turbulent spots. Similar velocity
fluctuations were observed in the traces between two neighboring
wake-disturbed zones (right diagram). In addition, after the

Figure 8 Temporal velocity traces measured at several
streamwise locations over the test model (Type B
arrangement / left : normal , right: reverse)
Figure 10 indicates intermittency factor distributions calculated
from the data of from Test Case 4 to Test Case 8. Intermittency
factors associated with wake-induced transition (Test Cases 5 and 8)
increased with x L almost in a linear manner up to x L = 0.7,
which corresponded to the place where the free-stream velocity
reached its maximum. Downstream of x L = 0.7, the intermittency
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estimated at about 10% of the wake passing period T . Meanwhile,
the Mayle’s correlation [1] was used to determine the value of xtw ,
that is,

factor for Test Case 8 sharply increased due to the influence of the
free-stream turbulence. As for the reverse rotation case (Test Case
6), the intermittency factor was virtually unchanged over the
flow-accelerating area.

Re2tr = 400Tu 5 8 ,

(14)

where Re2tr is the Reynolds number based on the momentum
thickness at the transition point. Using 8% as the value of Tu , Eq.
(14) yielded that Re2tr could be 109, which corresponded to xtw L
= 0.171 in this case. When using Eq. (10), the reference location had
to be specified. This study adoped as a trial the streamwise location
at which the acceleration parameter K became less than 3.5  10 6 .
It seems that Eqs. (6) and (9) worked nicely to predict the measured
intermittency factor distribution for Test Case 2. The application of
Eqs. (6) and (10) provided a better agreement with the experiment
around x / L = 0.2, indicating the importance of incorporating the
effect of the flow acceleration onto the transitional behavior.

Performance Evaluation of the Transition Models

Type B arrangement Figure 12 is the comparison of the measured
intermittency factor distributions for Test Case 5 and Test Case 8
with the predictions using Eq. (9) only for Test Case 5 and using
Eqs. (6) and (9) for Test Case 8. Almost the same parameters were
used in the models as in the investigation for Type A arrangement,
including the wake-induced transition onset point. The transition
onset points for the steady-state condition with low free-stream
turbulence (Test Case 5) and with enhanced free-stream turbulence
(Test Case 7) were about x / L = 0.8 and x / L = 0.68, respectively.
The prediction using only the wake-induced transition model
(Eq. (9)) obtained a reasonable agreement with the experimental
data for Test Case 5. Some discrepancies were observed, for
example around x / L = 0.5, which was probably due to the effect
of the flow acceleration. Several attempts to apply the transition
model of Eqs. (6) and (10) to Test Case 5 eventually failed to
achieve an overall agreement with the measured data, while a
promising result was also confirmed, indicating a possibility of the
model as well as the necessity for improvement of the model. The
other point that should be mentioned is that the prediction matched
the experiment after x / L = 0.8 from which the steady-state
boundary experienced the transition onset.
Eq. (6) with Eq. (9) also provided a good prediction of the
intermittency factor of the wake-affected boundary layer under the
influence of the enhanced free-stream turbulence intensity. However,
poor agreement between the calculation and the experiment was
identified near the leading edge of the model as well as around the
region where the transition model other than the wake-induced
transition mode began to play a dominant role. The latter
discrepancy could be attributed to a poor capability of the model for
predicting the transitional behavior of the mixed modes, and the
model improvement remains to be a future challenge.

Type A arrangement Figure 11 shows the intermittency factor
distributions for Test Case 2 calculated from the transition model of
Eq. (6) with Eq. (9) or Eq. (10), both of which were compared with
the experiment. The transition onset point for no wake condition
was found to be x / L = 0.39. In the model of Eq. (9) or Eq. (10) the
following values were used;  LE = 1.0 TE = 0.5. Wake duration
 w and transition onset point xtw were the parameters closely
related to wake characteristics. As mentioned above,  w was

It follows from the above-mentioned comparisons that the
prediction method adopted in this study works in a reasonable
manner to reproduce the measured intermittency factors, provided
that some important information is available on wake characteristics
such as incoming wake duration and wake maximum turbulence
intensity, in addition to the steady-state transition onset point and
transition length. Moreover, this study has revealed that the

Figure 9 Temporal velocity traces measured at several
streamwise locations over the test model
(Type B arrangement / left : no wake + with grid , right: with
wake + with grid)

Figure 10 Intermittency factors for Test Cases 4 - 8
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(2) It was found from the intermittency factors that a moderate
free-stream turbulence had a capability to promote the
boundary layer transition even when the boundary layer was
covered with favorable pressure gradient. Sinuous velocity
fluctuations, sometimes accompanied with spiky events, were
observed between two neighboring wake-affected traces,
mainly after the flow started to decelerate. These phenomena
were probably related to streaks and its break down, resulting
in emergence of turbulent spots.
(3) Remarkable difference in the wake-induced transition was
confirmed between in the normal and reverse rotation cases.
(4) Intermittency factor distributions measured in this study were
reasonably reproduced by the prediction method (Eqs.(6) and
(9) or (10)) for the two arrangements of the flow
accelerating/decelerating device.

wake-induced transition point can be specified by use of Mayle’s
correlation (Eq. (14)) using the maximum turbulence intensity in the
wake instead of the free-stream turbulence intensity.
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