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MODELING UNSTEADY BOUNDARY LAYER TRANSITION ON A CURVED
PLATE UNDER PERIODIC UNSTEADY FLOW CONDITIONS:
AERODYNAMIC AND HEAT TRANSFER INVESTIGATIONS
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ABSTRACT

Re,

A boundary layer transition model is developed that
accounts for the effects of periodic unsteady wake flow on the
boundary layer transition. To establish the model,
comprehensive unsteady boundary layer and heat transfer
experimental investigations are conducted. The experiments
are performed on a curved plate at zero-streamwise pressure
gradient under periodic unsteady wake flow, where the
frequency of the periodic unsteady flow is varied. The
analysis of the time dependent velocities, turbulence
intensities, and turbulence intennittencies has identified three
distinct quantities as primarily responsible for the transition
of an unsteady boundary layer. These quantities, which
exhibit the basis of the transition model presented in this
paper, are: (I) relative intermittency, (2) maximum
intermittency, and (3) minimum intermittency. To validate
the developed transition model, it is implemented in an
existing boundary layer code, and the resulting velocity
profiles and the heat transfer coefficients are compared with
the experimental data.
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NOMENCLATURE
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1(0
Nu
Pr

intermittency wake width
threshold level
heat transfer coefficient (W/a)
step function(square wave)
Nusselt number based on concave arc length,
Nu - hso/lc
Prandd number, Pr - v/a
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Rex.,
so
so
S(t)
St

Tu
Cu>

U„
U.

local Reynolds number based on longitudinal
distance, Re, ( U s)/v
Reynolds number at the beginning of
transition
Reynolds number at the end of transition
longitudinal distance from plate leading
edge (mm)
arc length of concave surface of curved plate,
S0 - 690 mm
rod spacing
detector function
Stanton number, St – hApC 90)
time (s)
time for one revolution of wake generator
reference turbulence intensity
ensemble-averaged reference turbulence
intensity
instantaneous velocity (m/s)
time-averaged velocity (m/s)
inlet velocity in streamwise direction (m/s)
circumferential velocity of the wake
generator (m/s)
lateral distance from plate surface (ram)
thermal diffusivity (res)
maximum ensemble-averaged intermittency
minimum ensemble-averaged intermittency
time-averaged intermittency
ensemble averaged intermittency
relative turbulence intermittency
eddy diffusivity for heat
nondimensional coordinate, g2/b
kinematic viscosity of air (ths)
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transformed co-ordinate, 2 = t sR/r
density of air (kg/m')
length spacing ratio, s c/SR
one wake passing period
velocity ratio, U m/U,
non-dimensionalized unsteady parameter,
0— o/c1)

boundary layer transition.

lAntroduction
The flow in a turbomachine stage is highly turbulent and
unsteady due to the interactions between the stator and the
rotor. The trailing edge thickness, together with the boundary
layer thickness, in association with the rotational motion of the
rotor generate unsteady wakes. The unsteady wake exhibits
mean velocity defects with a high level of turbulence intensity
that passes through the blade rows affecting the natural
boundary layer transition. The effect of these wakes on
boundary layer transition is important to the design of
turbornachinery blades. Successful prediction of transition
start and length would help in efficient design of turbine or
compressor stages. However, the transition process under the
influence of periodic unsteady wakes is not predicted reliably
with the existing steady transition models. For this reason,
the current investigation focuses on the transition process and
its effect on the boundary layer velocity profiles and heat
transfer coefficients under unsteady wake flow condition.

Significant contributions to unsteady boundary layer
research were made by Pfeil and his co-researchers(Pache
1976, Eifkr 1975, Schobeiri 1979, Herbst 1980, Orth 1991).
Pfeil and Herbst(1979), using the squirrel cage type wake
generator and a flat plate, developed a wake-induced transition
model that is now generally accepted as correct. They also
showed that in between the induced transition regions by
wakes, the boundary layer grew naturally. Comprehensive
investigations on the effect of periodic unsteady flow on a
curved plate were performed by Schobeiri and Radlce(1994b),
and Schobeiri et al.(1995). They showed that an increase in
wake passing frequency as a result of reducing the wake
spacing results in changing the wake turbulence structure and
a shift of transition region towards the leading edge.

The transition process was first explained by
Emmons(1950) through the turbulent spot production theory.
This theory was later promoted by Dhawan and
Narasimha(1958), who proposed a universal profile for
intermittency factor for natural transition. Studies by AbuGhannam and Shaw( 1980), Gostelow and Blunden(1989),
Gostelow et al.( 1995), Dullenkopf and Mayle(1994) were
conducted to determine the effect of free-stream turbulence
and pressure gradient on the spot production rate and the
intermittency factor. Experiments for the effect of unsteady
wake flow on the boundary layer transition were conducted by
Walker(1989), Hodson( 1990), Paxson and Mayle(1991) and
Orth(1992). Hodson developed a method for calculating
boundary layer parameters under unsteady flow conditions
using the strip calculation method and the space-time
diagrams. He compared the loss coefficient for a turbine blade
calculated using the strip calculation method with the timeaveraged results. Paxson and Mayle investigated the effect of
unsteady passing wakes on the laminar boundary layer near
the stagnation region. Dullenkopf and Mayle(1994) proposed
a time avenged transition model. Although this model
produces satisfactory results, it is not appropriate for the
unsteady flow situation. Few of these researchers have
addressed the effect of wake frequency and the structure on

Development of an accurate unsteady transition model is
essential in predicting the unsteady boundary layer
characteristics such as skin friction and heat transfer
coefficients. With an appropriate transition model, it is
possible to solve the boundary layer equations numerically
using the methods proposed by Launder and Spalding(1972),
Crawford and Kays(1976), and Schmidt and Patankar(1991).
Bearing this in mind, the current investigation focuses on the
calculation of the intermittency factor and development of an
unsteady model that can be used in Navier-Stokes and
boundary layer codes to predict the parameters necessary for
the efficient design of turbornachinery stages.
The present investigation includes aerodynamic and heat
transfer experiments detailed in section 2 to provide a
comprehensive set of data. Instantaneous velocity signals are
used to determine the intermittency throughout the boundary
layer. Details on the calculation and analysis of intermittency
for unsteady flows is discussed in section 3. The
implementation of the model in the boundary layer code is
explained in section 4, followed by the results and discussion.
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The calculation of intermittency factor under the unsteady
flow situation is a difficult task because of the free-stream,
which periodically changes from almost non-turbulent to high
turbulent intensity values. The process of turbulent/nonturbulent decisions from the instantaneous signals measured
under these unsteady conditions is reviewed by Hedley and
Keffer(1974). They proposed derivatives of velocity signals
as the detector function to identify the turbulent and nonturbulent parts in the signals. This method was also used by
Antonia and Bradshaw(1971), Kovasznay et al.(1970), and
Bradshaw and Murlis(1973). Mayle and Paxson(1991) and
Mayle(1991) used a similar method for unsteady flows.

Table 1: Specifications of inlet flow and wake generator characteristics
Parameters

Values

Nozzle exit Reynolds number

Re, — 0.43x106

Nozzle exit turbulence intensity

Tu - 1.20%

Nozzle exit height

h — 420.00 mm

Nozzle exit width

w in 593.00mm

Rod diameter

d, — 2 mm

Radius of curvature of curved plate

r — 702.5 mm

Steady reference (no rods)

Sit

r2 parameter steady case

0 -0.0

Set 1 rod spacing

s -314 0 mm

0 - parameter for set 1

0 - 1.033

Set 2 rod spacing

sR — 188.4 mm

0- parameter for set 2

0 .. 1.725

Set 3 rod spacing

sit — 94.2 mm

0 - parameter for set 3

0 - 3.443

Set 4 rod spacing

s„ - 62.8 mm

0 - parameter for set 4

0 - 5.166

No. of rods in set 1

n, - 3

No. of rods in set 2

No. of rods in set 3

nR - 10

No. of rods in set 4

03

min

Parameters

Values

nR .. 15

Downloaded from http://asmedigitalcollection.asme.org/GT/proceedings-pdf/GT1997/78682/V001T03A061/2408529/v001t03a061-97-gt-399.pdf by guest on 17 January 2022

Figure 1. Overall layout of the test facility: 1. Fan, 2. Motor, 3. Transition duct, 4. Straight pipe, 5. Diffuser, 6. Settling
Chamber, 7. Nozzle, 8. Wake generator, 9. Test section, 10. Exit duct

2. EXPERIMENTAL INVESTIGATIONS
To understand the effect of wakes on the aerodynamic and
heat transfer characteristics, detailed experiments are
performed on the curved plates. The experimental data are
collected using a subsonic wind tunnel test facility, which is
shown in Fig. 1. Since this facility was already described by
Schobeiri and Radke (1994) and Schobeiri et al. (1995) only
a brief description will be given below.

Two distinct curved plates, which simulate the pressure
surface of a turbine blade, were utilized in this investigation.
The first was a curved plate for aerodynamic measurements
and the second a heat transfer curved plate with the same
concave dimensions as the aerodynamic plate. The test
section with the wake generator, curved plate, and the
instrumentation is shown in Fig. 2. Boundary layer
measurements were taken on the aerodynamic curved plate
and heat transfer plate(heater foil not energized) and
temperature measurements were taken on the heat transfer
plate with liquid crystal instrumentation. All measurements
were taken on the concave surface of the curved plate only.
For a detailed discussion of boundary layer measurements, we
refer to Schobeiri and Radke(1994) and Schobeiri et
al.(1995). The heat transfer measurements are discussed in
detail by Wright and Schobeiri(1996). Boundary layer
measurements were taken on the concave surface of the
aerodynamic plate for 0- 0, 1.033, 1.725, 3.443, and 5.116
using a TSI single-wire hot-wire probe with a 4pm tungsten
filament. The probe was mounted on a computer controlled
linear traversing system. This system is capable of traversing
in increments of 2.5 urn, which is essential in measuring the

Figure 2. Test Section: 1. Traversing system, 2. Nozzle, 3.
Wake generator, 4. Electric motor, 5. Convex wall, 6.
Concave wall, 7. Hot-wire probe, 8. Plexiglass wall, 9.
Curved plate, 10. Small vernier, 11. Large Vernier.
The facility consists of a large centrifugal fan, a settling
chamber, a nozzle, a wake generator, and a curved test
section. Through the use of a throttle mechanism located at
the exit of the fan, the velocity at the inlet of the test section is
set at 11 m/s. The rest of the inlet flow conditions can be
found in Table 1. The free-stream turbulence intensity of
steady flow into the test section is about 1.2 %. As explained
by Schobeiri and Radke(1994), the facility was designed to
generate a turbulence intensity about 1% without wakes. For
unsteady flow cases, however, higher free stream turbulence
intensities are established by secondary wakes.

14

cro
,r
1.0
6
4

The squirrel cage type wake generator shown in Fig. 2 is
used to generate the unsteady flow condition present at the
inlet of the test section. The wake generator consists of two
parallel rotating, circular disks in which rods can be arranged
circumferentially. To determine the effect of wake passing
frequency and structure on boundary layer transition, five
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Figure 3. Ensemble-averaged velocity distribution as a
function of non-dimensional time at different y-locations at
s/so —0.25 for 0 1.725(5-rods).
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different rod spacings are used(see Table 1). The unsteady
flow produced by the wake generator is characterized by an
unsteady parameter 0. This parameter is similar to the
Strouhal number and is defined as 0 o/0 where o is the
ratio of the arc length of the plate s o and the spacing between
the rods s„, and 4) is the ratio of the inlet velocity U, and the
circumferential velocity of the wake generator U.. Physically,
0 is the ratio of the transit time of the flow across the test
section to the wake passing period. The values of 0 cover a
broad range that are typical of a turbomachine and they are
specified in Table 1.

collected for the concave and the convex side of the curved
plate. Note that no effect of &Order vortices in the spanwise
direction is observed while taking the liquid crystal
measurements. We refer to Schobeiri and Radke(1994) for a
discussion of the effect of curvature and Corder vortices on
boundary layer transition.

3. INTERMITTENCY ANALYSIS
Intermittency distribution that identifies the flow being
laminar or turbulent inside the boundary layer is calculated
following the method of Hedley and Keffer (1974).
Instantaneous velocities are used to identify this intermittency
distribution. Representative plots of ensemble-averaged
velocity signal are given in Fig. 3 inside the boundary layer.
The instantaneous velocity is sensitized to increase its

0.6

lite power required for heating the heat transfer blade is
supplied by a Sorensen DCR40-7013 DC power supply. The
current passing through the test blade is measured with a
multimeter connected across a shunt resistor. A separate
multimeter is connected across the output leads of the power
supply to measure the voltage. The yellow band of the liquid
is used for recording the data. The location of the yellow band
is controlled through the power supply to the heater plate and
the voltage and the current reading are recorded for different
locations of the yellow band on the curved plate. The data are
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Figure 4. Calculation of ensemble averaged intermittency
function from instantaneous velocities for 0 - 1.725(5-rods)
and y - 0.1 mm.

Figure 5(a and b). Contour plots of intermittency factor as a
function of normalized axial distance s/s o for (a) 0- 1.033
(3-rods) and (b)
3.443(10-rods) at y 0.1 mm.
-
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laminar-sublayer. To capture the major portion of the
transition onset, the probe was traversed in the longitudinal
direction in steps of 2° until 50 percent of the plate was
reached. The next 25 percent of the plate was traversed in
increments of 3°, and the last quarter was traversed in
increments of 5°. For each streamwise position, the boundary
layer measurerresus were started 0.1 mm above the surface of
the plate and extended until 10.0 mm above the curved plate.
Starting with a high sampling frequency of 10,240 Hz, the
preliminary frequency variations showed that the same
velocity, turbulence intensity, and intermittency can be
reproduced with reduced sampling frequencies. Spectral
analysis revealed that the sampling frequency of 2560 Hz is
sufficient for boundary layer investigations. Thus, this
frequency was chosen for all 0 values. Aerodynamic
measurements were taken on the heat transfer plate to insure
that the new plate provided similar boundary layer result so
that a comparison could be made between the boundary layer
measurements and the heat transfer measurements.

discriminatory capabilities between turbulent and nonturbulent parts of the signal. For this purpose, the second
derivative of the velocity signal is used and squared for further
analysis, and is called the detector function, S(t). Several
other detector functions were used by Antonia and Bradshaw
(1971), Antonia (1972), and Kowasznay et al. (1970). A
threshold level C is then applied to this detector function to
distinguish between the true turbulence and the signal noise.

1.0
5150
0.8

0.6

0.4

I 1 when S(t)
C,
when S(t) < C.

At)= 1 0

(1)

0.2

After applying the threshold level to the detector function S(t),
the result is a random square wave with O's representing the
laminar case and 1s representing the turbulent behavior of the
boundary layer. This square wave is ensemble avenged to get
the ensemble averaged intermittency as follows

.0

1.0

0.8

<Y AO> = —2, 1;10
n

L-.

(2)

0.6

where n is the number of revolutions of the wake generator for
which the data are collected. For time avenged intermittency,
cy 1(0> is integrated with respect to time to give

-1 r

Y =—
TI

0.4

0.2

<11 ,0,)>dt

(3)
0.04

Figure 4 shows the processing of instantaneous velocities.
Ensemble-averaged intermittency distribution as a function of
non-dimensional time is shown in Figs. 5a and b for 3-rod and
10-rod cases Similar plots are seen for other rod cases. Only
the first two wakes are plotted for a better comparison of the
effects of impinging wake frequency on the transition process.
Intermittency is approximately equal to zero outside the wake
region near the leading edge . showing the non-turbulent
behavior of the flow. The wake is represented by a thin strip
with intermittency values near one, typical of a turbulent flow.
As these wakes pass through the channel, the boundary layer
periodically switches from laminar to turbulent depending on
the presence of the wakes. The natural transition of the
boundary layer is affected by periodic passing of wakes
resulting in wake induced transition. The intermittency
distributions in Figs. 5a and b show clearly the unsteady
nature of the boundary layer transition. However, in this form,
they cannot be used to quantitatively describe the complex
unsteady transition process. To establish the basic relations
essential for a quantitative description of the unsteady
boundary layer transition, we resort to the fundamental studies

-3

-2

-1

0

1

2 c 3

4

Figure 6(a and b). Relative intermittency as a function of
non-dimensionalized lateral coordinate for (a) U — 1.033(3rods) and (b) — 3.443(10-rods) at y —0.1 mm.
by Schobeiri and his co-workers (Schobeiri et. al (1996a),
Schcbeiri et al (1996b), John and Schobeiri (1 996) that deal
with the physics of steady and unsteady wake development in
a curved environment. These studies clearly show that the
turbulence structure of the steady and unsteady wake flow is
determined by the wake defect, which is a Gaussian function.
Following the above studies, we define a dimensionless
parameter :
tU

b =

•••

tsR

=

with

b

1
=-1
FT

r

(4)

that relates the passing time t of a wake impinging on the plate
surfiace with the wake passing velocity in the lateral direction
U„ and the intermittency width b. The latter is directly related
to the wake width introduced by Schobeiri and his co-workers.
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exX-c)
0.11
0.18
0.22
0.25
0.29
0.33

In an analogous way to find the defect function, we define the
relative intermittency I' as:

r

-

0.)> — <y;(0>inin

"
cisoi>>. - cr,(0>mii,

(5)

ensemble-averaged intermittency function, which determines
the transitional nature of an unsteady boundary layer. The
maximum intermittency <yi(ti)>
exhibits the time
dependent ensemble avenged intermittency value inside the
wake vortical core. Finally, the minimum intermittency
ef f (0>s, represents the ensemble averaged intermittency

3.0E5

values outside the wake vortical core. The relative
intermittency function I' is shown in Figs. 6a and b, for
frequency values of 0 — 1.033(3-rods) and 3.443(10-rods)
respectively with the dimensionless longitudinal distance s/s e
as a parameter. Again, similar results are observed for other
rod frequencies listed in Table I. The symbols represent the
experimental data. For the reduced frequencies and
longitudinal positions presented in these plots, the measured
relative intermittency functions for wakes impinging on the
plate surface follow very closely a Gaussian distribution,
given by.

4.0E5

Re4 5.0E5

Figure 7. Intermittency as a function of Re, for no-rod or
steady case on the concave surface of the curved plate at y —
0.1 mm.
1.2
1.0
0.8
0.6

(5)

0.4

Here, ( is the non-dimensionalized lateral length scale. Using
this function as a generally valid intermittency relationship for
zero-pressure gradient cases, the intermittency function
<y i(Q> is completely determined if additional information
about the minintum and the maximum intermittency functions
<y 1(0>, and <-11()> are available. The distribution of
<y9> and <y‘t, in streamwise direction are plotted in
Fig. 8 for D 1.033(3-rods). The steady case (no-rod case)
shown in Fig. 7 serves as the basis of comparison for these
maximum and minimum values. In the steady case, the
intermittency starts to rise from zero at a streamwise
Reynolds number Re, 2x105 and gradually equals unity
corresponding to the fully turbulent state. This is typical of
natural transition and follows the intermittency function
introduced by Narasimha (1957). The distributions of
maximum and minimum turbulence intemilttencies
and <y i(t)> in the streamwise direction are shown in Fig. 8.
For each particular streamwise location on the blade surface
with a streamwise Reynolds number, for example Re„ ., —
I x10', two corresponding distinctively different intermittency
states are periodically present. At this location, <y,(t)>,

0.2

a)

Ci 0E0 I. E5 COE5 3.0E5 4.0E5

Re4 5.0E5

Figure 8. Maximum, minimum and time-averaged
intermittency distributions as a function of axial Reynolds
number for — 1.033(3-rods) at y - 0.1 mm.
corresponds to the condition when the wake with its high
turbulence intensity core impinges on the plate surface. Once
the wake has passed over the surface, the same streamwise
location is exposed to a low turbulence intensity flow regime
with an intermittency state of <y,(Q>, where no wake is
present As seen, cy 1(0> tends to follow the course of
steady (no-wake) intermittency distribution exhibited in Fig.
6, with a gradual increase from an initial non - turbulent state
with a value of zero approaching a final state of 0.8. The final
state does not approach to the fully turbulent value of 1.0 due
to the calming effect of the boundary layer. This tendency is ,
expected as <y 1(0>„,„, is calculated outside the wake region
where turbulence intensity is relatively small. On the other
hand, cy,(t)>„„, reveals a fundamentally different behavior
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In the above equation, <y i(ti )> is the time dependent

that needs to be discussed further. As Fig. 8 shows, the wake
flow with an intermittency close to 1 impinges on the blade
surface. By convecting downstream, its turbulent fluctuations
undergo a strong damping by the wall shear stress forces. The
process of damping continues until <y,(;)> reaches a
minimum. At this point the wall shear forces are not able to
further suppress the turbulent fluctuations. As a consequence,
the intermittency again increases to approach unity, showing
the combined effect of wake induced and natural transition
due to increased turbulence intensity level. Figure 8 also
shows the average intermittency that is a result of the integral
effect of periodic wakes with respect to time. The maximum
intermittency is described by

Table 2. Constants in the intermittency correlation
Reduced Frequency, 0

Const

1.725

3.443

5.166

c,

0.57

0.22

0.50

0.35

ei

0.80

0.85

0.86

0.88

c3

1.00

0.82

0.80

0.80

c.

0.85

0.92

0.92

0.94

Res-Rex, \2

= 1.0 - c1 e

1 Re

(7)

- Re

"/

"

6
5

where the constant c, is dependent on a The minimum
intermittency described by:
_CRes -Reas

cy(0>a,h, = c41.o
1.0 -

4

‘1

s, - Rem
e e

3
)

(8)
2

where the constant c2 is again dependent on 0. And the time
averaged intermittency is described by:

4

Y = C4(

0

Re-Re”)2

1.0 - c3 e Re

' s-Rem

)

0.0E0

(9)

I 0E5

2.0E5

3 '0E5

Re,

4.0E5

Figure 9. Effect of wake frequency 0 on start and end
Reynolds numbers Rex., and Re,„

The four constants for the frequencies under investigation are
given in Table 2. Constant c, represents the extent of wall
damping(the magnitude of trough in <ylt)>), whereas
constant c, is introduced as the asymptotic value of the
minimum intermittency. It can be seen from Table 2 that
constant c., shows an increase in trend as the wake frequency
is increased. Constants c 3 and c, give the combined effect of
c, and c2 for ry. It is also possible to derive c3 and c, from
3 by back-working cy,(Q> through Eqn. 5. For natural
transition, all the above constants approach unity. Also, the
Reynolds numbers at the start and end of transition, Re x., and
Re, differ for different wake frequencies. The values of Re x.,
and Rex., for the 0 values under investigation are shown in
Fig. 9. It will be seen from this figure that the transition starts
earlier as the wake frequency 0 is increased. Also, the wakeinduced transition length is higher when compared to the
steady or no-wake transition length, but shows a decrease in
length as the wake frequency is increased.

Freestream Turbulence Intensity: One major parameter
that affects the boundary layer transition onset is the
freestream turbulence intensity. Also, turbulence scales are
important as well. They are currently under investigation and
their treatment is beyond the scope of this paper. The
presence of wakes, particularly their spacing and interaction,
contributes significantly to an increase of the freestream
turbulence. Figure 10 shows the freestream time-averaged
turbulence intensity distribution as a function of inlet wake
frequency. For the investigated reduced frequency range, it is
observed to approach a maximum value of 4.2% as the wake
frequency is increased.
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1.033

heat, E H, the energy equation becomes

5

4

al .
I a
Pe ar
pU—
81 + pV r
+
ay
ax
ray
Pre. ay
—

J¼

U2

111

(13)

ayk 2 /I

Pr

where I' is the stagnation enthalpy and Pr ff is the effective
Prandtl number defined as
00

1

2

3

4

r2

Figure 10. Time-averaged inlet freestream turbulence
intensity as a function of 0.

Pre -

(14)

(Ide)05,

4. Implementation of the Transition Model Into
Calculation Procedures
The developed transition model can be implemented into
any Navier-Stokes or differential boundary layer code. We
have chosen TEXSTAN, which simultaneously solves
differential equations of continuity, momentum, and energy.
All these equations are time-averaged and are written to
describe the flow over an axisymmetric body. The time
averaged momentum equation in the x-direction is:

pU

and Pr, is the turbulent Prandt1 number. A constant value of
0.85 is used for Pr, in the solution process.
The eddy viscosity term is modeled through the mixing
length theory and the intermittency model developed in the
current investigation is implemented through
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where 1 is the mixing length and y is the intermittency. The
expressions developed in Eqns. 7, 8 and 9 are used in the
above equation in place of y. The solution process uses
Patankar-Spalding's(1970) omega (non-dimensional stream
function) transformation. In stream function coordinates the
momentum equation without the body forces becomes
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In this momentum equation, the turbulent shear stress is
modeled by the eddy diffusivity for momentum and is defined
as
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The boundary layer equations are integrated after nondimensionalizing the stream function and solved numerically
through mixing length model. Here, Eqn. 12 and Eqn. 15 are
used for solving momentum equation, Eqn. 16. Similarly,
Eqn. 14 and Eqn. 15 are used for solving the energy equation,
Eqn. 13.

where p, is the turbulent viscosity which combines with the
laminar viscosity to give
pe =

au

—

(12)

Similarly, after introducing the concept of eddy diffusivity for
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5. Results and Discussions, Aerodynamic Study
(a)

Si Experimental Results, Intermittency Distribution

The entire set of ensemble-averaged data was utilized to
generate the temporal-spatial distribution of the ensembleaveraged turbulence intermittency. Figures 5a and 5b show a
few cases as representative examples at y - 0.1 mm. As
shown in Fig. 5 (a) ( - 1.033, 3 rods), the boundary layer
is periodically disturbed by the wakes that cause periodically
high turbulence strips and wended becalmed regions. These
extended becalmed regions were produced by strong damping
of turbulence fluctuations in the wall region that leads to an
exponential decrease of the maximum intermittency
<y,(t)>„.. These regions are observed between the leading
edge and the streamwise position of sts. > 0.4. As seen, the
wake strips are separated from the becalmed regions
indicating the absence of any visible interaction near the
leading edge. Increasing the frequency 0 of the wake by
reducing the rod spacing (Fig. 5b with 0 a 3.443, 10 rods)
results in an earlier transition start compared to the above 3
rod case. Two mechanisms are considered instrumental in
affecting the above transition start. The first one is an earlier
mixing of the wakes due to the reduction of their spacing that
leads to higher freestream turbulence, which inherently affects
the onset of the transition. The second mechanism is the
increased impinging frequency of the primary wake strips that
introduce an excessive turbulent kinetic energy transport to the
boundary layer causing a shift of transition start toward the
leading edge. It is conceivable that the combination of these
two mechanisms would make additional contribution to the
shift of the transition start Further increase of 0 results in a
higher freestream turbulence and increased impinging
frequency and thus a significant shift of the transition toward
the leading edge as the consequence of the mechanisms
discussed above. A similar turbulence intermittency pattern
is observed for other y - positions.
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Figure 11(a and b). Velocity profiles as a function of lateral
coordinate for three axial locations for (a) 0 a 0.0(No-rods)
and (b) 0= 1.725(5-rods).
6. Results and Discussions, Heat Transfer Study

5.2 Calculation Results, Velocity Distributions
6.1 Heat Transfer Coefficient Calculation

The implementation of the intermittency model into the
calculation procedure enables the prediction of time-averaged
velocity distribution. As representative examples, the time
averaged velocity profiles for - 0 and 1.725 are plotted in
Figs. 11(a,b) for the laminar, transitional, and turbulent flow
regions. These are obtained by using the expression for timeaveraged intermittency developed in Eqn. 9 in the solution
process. The solid lines exhibit the calculation results, which
are in good agreement with the experimental results
represented by symbols. It can be seen from Fig. Ilb that the
transition starts much earlier for CI 1325(5-rods) when
compared to 0 a 0.0(No-rods) case shown in Fig. lla.

The heat transfer coefficient is calculated from the
following expression
Ii

-

--Q

fra

nu`

(T41 -71)

(17)

where Q.d is the radiation beat loss from the surface of the
curved plate. Q., is the heat flux of the inconel foil, T s is the
yellow line tempera= and T. is the free-stream temperature.
Q.il and Q,.. are given by.

-
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between the experiment and theory. However, it should be
pointed out that Mayle's correlation gives reasonably good
results for time-averaged unsteady cases.

VI
Qfoll =

(18)

A(oil

6.3 Heat Transfer, Unsteady Inlet Flow Cases

and
Qrad ea gyt_714)

(19)

where V and I are the voltage and current supplied from the
power supply respectively, and A equal to the total heat
transfer surface area of the Inconel 600 foil. Finally, the
Stanton number is defined by:
St -

(20)

r./

pCp

0.015

6.2 Heat Transfer, Steady Inlet Row Reference Case
As indicated previously, we used liquid crystal technique
for heat transfer measurement, which is developed by
Hippensteele (1981), and is being applied by numerous
researchers. It has the advantage of not affecting the
turbulence structure at the surface, as thermocouples or
surface mounted hot wire/film probes do. However, its slow
response does not allow extracting valuable unsteady
information. As a result, in unsteady cases, only timeaveraged response can be acquired. Using this technique, first
for comparison purposes, the steady state case 0 -0 (no-rod)
is presented in Fig. 12, where the above model is applied.
Good agreement between calculation and experiment is
shown in Fig. 12 for a wide range of Re x from leading edge
via transition portion to trailing edge. For comparison
purposes, Mayle's model(1991) shows some discrepancies
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Figure 13(a and b). Heat transfer coefficients as a function
of axial Reynolds number for (a) 0- 1.033(3-rods) and (b)
O - 5.166(15-rods).

Figure 12. Heat transfer coefficients as a function of axial
Reynolds number for no-rod or steady case.
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For unsteady flow cases with a reduced frequency(see
Table 1) values of 0 - 1.033 and 5.166, calculated Stanton
numbers are compared with the experimental results and
shown in Figs. 13a and b, where the experimental results are
represented by symbols. Furthermore, three curves are plotted
in each diagram representing the calculation results. Starting
with a reduced frequency of 0 - 1.033 (3 rods), the upper
solid curve represents the streamwise Stanton number
distribution when the plate is subjected to an inlet flow
intermittency state of c-y(t)>. On the other hand, if the plate

ensemble averaged intermittency. Based on the results from
these investigations, the following conclusions are drawn.
1.) The unsteady wake flow periodically changes the
boundary layer transition from natural transition to wake
induced transition depending on the presence of turbulent core
inside the wake region.
2.) A transition model has been developed that includes
the effects of periodic unsteady flow on the boundary layer
transition on a curved plate.
3.) The relative intermittency factor is seen to follow a
gaussian distribution. The minimum intermittency factor,
cy...>, represents the boundary layer behavior in between the
turbulent wake strips. It is shown to follow the natural
transition process as the free-stream is almost non-turbulent.
On the other hand, <y om> being the value inside the turbulent
core, starts with a value of 1.0 and goes through a minimum.
This is due to the viscous damping of the turbulent core by the
boundary layer.
4.) The transition process starts earlier as the wake
frequency is increased. The length of wake-induced transition
is higher when compared to the steady case. However, wakeinduced transition length decreases as the wake frequency is
increased.
5.) The heat transfer coefficients and the velocity
distribution by the numerical solution using the developed
transition model compare well with the experimental data and
the maximum and the minimum limits of heat transfer
coefficients are predicted.
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