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Abstract

The effects of periodic unsteady flow on heat transfer and aerodynamic characteristics, particularly on the boundary
layer transition along the suction and the pressure surfaces of a typical gas turbine blade, are experimentally and
theoretically investigated. Comprehensive aerodynamic and heat transfer experimental data are collected for different
unsteady passing frequencies that are typical of gas turbines. To predict the effect of the impinging periodic unsteady
flow on the heat transfer and the aerodynamics of turbine blades, a new unsteady boundary layer transition model is
developed. The model is based on a universal unsteady intermittency function and utilizes an inductive approach that
implements the results of comprehensive experimental and theoretical studies of unsteady wake development and the
boundary layer flow. Three distinct quantities are identified as primarily responsible for the transition of an unsteady
boundary layer: (1) the universal relative intermittency function, (2) maximum intermittency, and (3) minimum in-
termittency. The analysis of the experimental results and the comparison with the model prediction confirm the validity
of the model and its capability to accurately predict the unsteady boundary layer transition. © 2001 Published by
Elsevier Science Ltd.
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1. Introduction

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 generates unsteady
wakes. The unsteady wake exhibits mean velocity de-
fects 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 turbo-
machinery blades. Successful prediction of transition
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start and length would help in designing efficient 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 fo-
cuses on the transition process and its effect on the
boundary layer velocity profiles and heat transfer coef-
ficients under unsteady wake flow condition.

The transition process was first explained by Em-
mons [1] through the turbulent spot production theory.
This theory was later promoted by Dhawan and
Narasimha [2], who proposed a universal profile for
intermittency factor for natural transition. Studies by
Abu-Ghannam and Shaw [3], Gostelow and Blunden [4],
Dullenkopf and Mayle [5], Gostelow et al. [6] were
conducted to determine the effect of free-stream turbu-
lence 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
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Nomenclature

b intermittency wake width

¢ blade chord

C threshold level

Gy pressure coefficient, C, = (p — prer)/ 3 pU3,

h heat transfer coefficient

1(¢) step function (square wave)

Nu Nusselt number based on concave arc
length, Nu = hso/k

Pr Prandtl number, Pr = v/o

Dref test section inlet static pressure

Re, Reynolds number based on blade chord,
Une/v

Re, local Reynolds number based on
longitudinal distance, Re, = (Us)/v

Re, Reynolds number at the beginning of
transition

Re,, Reynolds number at the end of transition

s longitudinal distance from plate leading
edge (mm)

So streamwise distance from the leading edge
of the blade

SR rod spacing

S blade spacing, 160 mm

S(1) detector function

St Stanton number, St = h/(pC,U)

t time (s)

T time for one revolution of wake generator

Ty yellow line temperature of the liquid
crystals, 45°C

Ty air temperature at the inlet of test section

Tu reference turbulence intensity

(Tu) ensemble-averaged reference turbulence
intensity

U instantaneous velocity (m/s)

U time-averaged velocity (m/s)

U inlet velocity in streamwise direction (m/s)

U, circumferential velocity of the wake

generator, belt translational velocity (m/s)

v lateral distance from plate surface (mm)

Greek symbols

o thermal diffusivity (m?/s)

(1)) ey maximum ensemble-averaged
intermittency

(y(1)),;y, ~mMinimum ensemble-averaged
intermittency

7 time-averaged intermittency

(y(®)) ensemble-averaged intermittency

r relative turbulence intermittency

€ eddy diffusivity, emissivity

{ non-dimensional coordinate, &,/b

v kinematic viscosity of air (m?/s)

& transformed coordinate, &, = tsg /T

P density of air (kg/m’)

a blade chord spacing ratio ¢/Ss,

Stefan—Boltzmann constant (heat transfer)
one wake passing period

velocity ratio, Uy, /Uy
non-dimensionalized unsteady parameter,
Q= (0Sp)/(¢Sr)

Superscripts and subscripts

- time-averaged
eff effective

H, M heat, momentum

OIS

were conducted by Walker [7], Hodson [8], Paxson and
Mayle [9] and Orth [10]. Hodson developed a method
for calculating boundary layer parameters under un-
steady flow conditions using the strip calculation meth-
od and space-time diagrams. He compared the loss
coefficient for a turbine blade calculated using the strip
calculation method with time-averaged results. Paxson
and Mayle [9] investigated the effect of unsteady passing
wakes on the laminar boundary layer near the stagna-
tion region. Dullenkopf and Mayle [5] proposed a
time-averaged 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 boundary layer transition.

Calculating the intermittency factor under the un-
steady 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/non-turbulent decisions from the

instantaneous signals measured under these unsteady
conditions is reviewed by Hedley and Keffer [11].
They proposed derivatives of velocity signals as the
detector function to identify the turbulent and non-
turbulent parts in the signals. This method was also
used by Kovasznay et al. [12], Antonia and Bradshaw
[13], and Bradshaw and Murlis [14]. Paxson and
Mayle [9] and Mayle [15] used a similar method for
unsteady flows.

Developing an accurate unsteady transition model is
essential to predict the unsteady boundary layer char-
acteristics such as skin friction and heat transfer coef-
ficients. With an appropriate transition model, it is
possible to solve the boundary layer equations numeri-
cally using the methods proposed by Launder and
Spalding [16], Crawford and Kays [17], and Schmidt and
Patankar [18]. Bearing this in mind, the current inves-
tigation focuses on calculating the intermittency factor
and developing an unsteady model that can be used in
Navier-Stokes and boundary layer codes to predict the
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parameters necessary for the efficient design of
turbomachinery stages.

The present investigation includes aerodynamic and
heat transfer experiments detailed in Section 2 to pro-
vide a comprehensive set of data. Instantaneous velocity
signals are used to determine the intermittency
throughout the boundary layer. Details on the calcula-
tion and analysis of intermittency for unsteady flows are
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.

2. Experimental investigations

To understand the effect of unsteady wakes on the
aerodynamic and heat transfer characteristics, detailed
experiments are performed on the suction and pressure
surfaces of a turbine blade. The experimental data are
collected using a high-subsonic wind tunnel test facility,
shown in Fig. 1. Since this facility was already described
by Schobeiri et al. [19] only a brief description will be
given below.

The facility consists of a large centrifugal fan, a settling
chamber, a nozzle, a wake generator, and a cascade 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 15 m/s. The rest of the inlet flow conditions
can be found in Table 1. The free-stream turbulence in-
tensity of steady flow into the test section is 1.0%. As
explained by Schobeiri et al. [19], the facility was designed
to generate a turbulence intensity of about 0.75% without
wakes. For unsteady flow cases, however, higher free-
stream turbulence intensities are established by wakes.

The cascade test section, shown in Fig. 1(b), is lo-
cated downstream of the wake generator. Using a nozzle
with a height of 1000 mm and a width of 200 mm, the
test section can include up to seven blades with a height
of 200 mm and the chord up to 250 mm. The blades are
inserted between two vertical plexiglass side walls. One
sidewall integrated the boundary layer, the inlet, and the
exit traversing slots. The turbine blades used for exper-
imentation are specially manufactured for specific
measurements. For boundary layer measurements, five
NASA turbine blades are implemented whose geometry
is described in the NASA Report by Schobeiri et al. [20].
One of these aerodynamic blades is specially manufac-
tured for static pressure measurements over the blade
surface. A separate blade is manufactured with a copper
internal core for heat transfer measurements. A sheet of
liquid crystal is glued onto the surface of the heat
transfer blade for temperature measurements.

Two-dimensional periodic unsteady flow is simulated
by the translational motion of a wake generator (see Fig.
1), with a series of cylindrical rods attached to two
parallel operating timing belts driven by an electric

motor. The distance between the wake generator rods
and the leading edge of the turbine blade is 108 mm. The
research facility allows measurements of up to four
frequency ranges in one revolution. This is done by at-
taching up to four clusters of rods with different spacings
to the two parallel timing belts with a circumference of
5000 mm moving with translational motion. One of the
four clusters has no rods, thus simulating the steady
case. The data acquisition and analysis system separates
and regroups the data before applying the unsteady
ensemble average technique. The special design of the
facility and the length of the belts enable considerable
reduction of the measurement time when performing the
boundary layer experiments. The unsteady flow pro-
duced by the wake generator is characterized by an
unsteady parameter Q. This parameter, similar to the
Strouhal number, is defined as Q = (6/¢)(Ss/sr ), where
o is the cascade solidity and ¢ is the flow coefficient. The
values of Q cover a broad range that are typical of a
turbomachine and are specified in Table 1.

2.1. Boundary layer velocity measurements

A single hot-wire probe is used to measure instan-
taneous velocities inside the boundary layer. The probes
are calibrated in a separate facility exclusively designed
for this purpose, and the details of the calibration can be
found in John and Schobeiri [21]. Measurements are
taken at 14 and 10 axial locations on the suction and
pressure surfaces, respectively. A computer controlled
traversing system with encoder moves the probe in the
lateral direction (perpendicular to the blade surface) for
measurements inside the boundary layer and close to the
wall. The traversing system is designed to increment in
steps of 2.5 pum, which is necessary for critical boundary
layer data. The measurements are taken at 39 locations
in the lateral direction giving a comprehensive set of
data for critical analysis of the transition process. For
the present investigation, two clusters of rods with
constant diameter are attached to the belts. The cylin-
drical rods within each cluster have the same spacing.
This setup makes it possible to sequentially measure the
effect of two different spacings at a single boundary layer
point. To clearly define the influence domain of each
individual cluster with the other one, the clusters are
arranged with a certain distance between each other.
Three wake frequencies that correspond to Q values of 0,
0.755 and 1.51 are used to collect of aerodynamic data.
At each position, 16,384 samples were taken at a sam-
pling rate of 20 kHz for each of 50 revolutions of the
wake generator. The data were ensemble-averaged with
respect to the rotational period of the wake generator.
Before final data were taken, the number of samples per
revolution and the total number of revolutions were
varied to determine the optimum settings for the con-
vergence of the ensemble-average.
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(a) Test facility

(C) Pressure tap blade
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Fig. 1. Test facility: 1 — test section; 2 — nozzle; 3 — settling chamber; 4 — diffuser; 5 — motor; 6 — belt; 7 — traversing system; 8 — static
pressure taps; 9 — boundary layer probe; 10 — wake generating rods; 11 — slots for longitudinal traverse of the probe; 12 — surface
thermocouple; 13 — liquid crystal sheet.

2.2. Surface pressure distribution (2 =0.0) and unsteady (Q = 0.755) case. The pressure
distribution shows excellent repeatability under these
The pressure distribution shown in Fig. 2 was taken two conditions. The pressure signals inherently signify

by a multi-channel scannivalve for both the steady the time-averaged pressure because of the internal
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Table 1

Specifications of inlet flow and wake generator characteristics
Parameters Values
Inlet velocity Un =15m/s
Blade inlet flow angle o =0°
Blade height L =200.0 mm
Blade chord ¢ =281.8 mm
Cascade solidity g=1.76

Steady reference point (no rods)
Cluster 1 rod spacing

Cluster 2 rod spacing

No. of rods in cluster 1

SR = OO0 mm
sg = 160.0 mm
sg = 80.0 mm
nR = 14

Parameters Values

Blade exit metal angle o = 61.8°
Blade spacing Sg = 159.31 mm
Blade Re-number Re. = 264,187
Cascade flow coefficient ¢ =214

Rod diameter Dr = 5.0 mm
Q-parameter steady case Q2=0.0
Q-parameter for cluster 1 Q=0.755
Q-parameter for cluster 2 Q=151

No. of rods in cluster 2 ng =21

pneumatic damping effect of the connecting pipes to the
transducer. The time-averaged pressure coefficient along
the pressure and suction surfaces is plotted in this figure.
On the suction surface (lower portion of the plot) the
flow first accelerates sharply, reaches a minimum
pressure coefficient at s/sp ~ 0.25, and then continu-
ously decelerates at a moderate rate until the trailing
edge is reached. On the pressure surface, the flow ac-
celerates, reaches a local minimum pressure coefficient at
s/so~ 0.1, and is subjected to deceleration until
s/so = 0.25 is reached. Beyond this point, the pressure
gradient on the pressure surface remains at the acceler-
ating situation, while decelerating pressure gradient
prevails on the suction surface. This pressure gradient
situation has a very significant effect on the boundary
layer development, as seen later in the corresponding
section of this paper.

2.3. Heat transfer experiments

A specially manufactured blade with an internal
heater core is used for heat transfer experiments. A
liquid crystal sheet is glued on the center portion of the
blade for temperature measurements (see Fig. 1(e)). The
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Fig. 2. Static pressure distributon at Re. = 264187 under
steady (Q = 0.00) and unsteady (2 = 0.755) flow conditions.

power required for heating the heat transfer blade is
supplied by a Sytron 10 V-200 A (maximum) dc power
supply. The current passing through the test blade is
measured with a multimeter connected across a shunt
resistor. Two separate multimeters are used to measure
the voltages in the circuit. One multimeter is connected
across the output leads of the power supply to measure
the voltage output, and the other is connected across the
blade terminals. These two measurements are used to
calculate the power losses in the cable resistance. The
yellow band of the liquid crystal is used to record the
data. The location of the yellow band is controlled
through the power supply to the blade, and the voltage
and the current readings across the blade terminals are
recorded for different locations of the yellow band on
the turbine blade.

Apart from the steady or no-rod case, three different
rod spacings are used for heat transfer experiments.
They are 160, 80 and 40 mm, which corresponds to Q
values of 0.755, 1.51 and 3.02, respectively, at a belt
speed of 6 m/s. The entire blade length is filled with rods
of uniform spacing and data are collected separately for
different wake passing frequencies. Time-averaged inlet
turbulence intensities are measured for the above four
frequencies. They are 1.0%, 3.16%, 5.234% and 9.93%,
respectively. As mentioned at the beginning of this sec-
tion, aerodynamic (boundary layer) data are taken
simultaneously for Q values of 0, 0.755 and 1.51. The
data are collected for both the pressure and suction sides
of the turbine blade.

3. Intermittency analysis

The intermittency distribution, which identifies
whether the flow is laminar or turbulent inside the
boundary layer, is calculated following the method of
Hedley and Keffer [11]. Instantaneous velocities are used
to identify this intermittency distribution. The instan-
taneous velocity is sensitized to increase its discrimina-
tory capabilities between turbulent and non-turbulent
parts of the signal. For this purpose, the second deriv-
ative of the velocity signal is used and squared for
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further analysis. This is called the detector function,
S(#). Several other detector functions were used by
Kowasznay et al. [12] and Antonia and Bradshaw [13].
A threshold level C is then applied to this detector
function to distinguish between true turbulence and the
signal noise.

_J 1, when S(t) = C,
1) = {O, when S(7) < C. M

After applying the threshold level to the detector func-
tion S(¢), the result is a random square wave with Os
representing the laminar case and Is representing the
turbulent behavior of the boundary layer. A threshold
level, C, of 1.2 is used for all the data on the suction
surface and a value of 0.5 is used on the pressure surface.
In the absence of length scales, these two values are
chosen from visual observations. Several other values of
C are tested and little qualitative difference is seen in the
intermittency distribution during transition. Though
the intermittency values vary with different values of C,
the important parameters like start and end of transition
are not effected by C. The resulting square wave after
applying the threshold is ensemble-averaged to get the
ensemble-averaged intermittency as follows:

(1:(8) = % Zj:/[j(t[), (2)

where 7 is the number of revolutions of the wake gen-
erator for which the data are collected. For time-aver-
aged intermittency, (y;(#)) is integrated with respect to
time to arrive at

=7 [ e ©

=0

Fig. 3 shows the processing of instantaneous velocities.
The ensemble-averaged intermittency distribution as a
function of non-dimensional time is shown in the time-
space diagrams shown in Figs. 4(a) and (b) for pressure
surface and in Figs. 5(a) and (b) for suction surface for Q
value of 0.755 (160 mm spacing). Similar plots are seen
for other rod spacing cases. Only the first three wakes
are plotted for a better comparison of the effects of
impinging wake frequency on the transition process. In
these figures, the wakes with the highly vortical cores
display intermittency values close to one indicating the
turbulent character of the boundary layer at the par-
ticular instant of time that the wake impinges on the
surface. Intermittency is approximately equal to zero
outside the wake region near the leading edge showing
the non-turbulent behavior of the flow. The wakes rep-
resented by thin strips pass through the turbine blade
channel and periodically switch the boundary layer from
laminar to turbulent and vice versa depending on the
presence of the wakes. The periodic switching process

—
=

U(t) (m/s)

(95
(=

S(t)

[y}
(=]

=
3
=

—_
W

1(t)

0 1 2 3 4 t/t

Fig. 3. Calculation of ensemble-averaged intermittency func-
tion from instantaneous velocities for Q@ = 1.725 at y = 0.1 mm.

takes place within the transition zone. In case of a lower
reduced frequency Q = 0.755, shown in Fig. 4(a) (pres-
sure surface), the transition onset starts at s/sp = 0.0 and
extends to s/sp~ 0.9. The natural transition of the
boundary layer is affected by periodic passing of wakes
and their frequency resulting in wake induced transition.
The intermittency distributions in Figs. 4 and 5 clearly
show the unsteady nature of the boundary layer tran-
sition. In this form, however, they cannot 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 by Schobeiri and
co-workers [19,22,23] that deal with the physics of
steady and unsteady wake development in a curved en-
vironment. These studies clearly show that the turbu-
lence 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 di-
mensionless parameter

tUy,  tSr & . 1 /+oo
=" =—""=2withb=—+ rd 4
(=== W 7 & 4)

that relates the passing time, ¢, of a wake impinging on
the plate surface with the wake passing velocity in the
lateral direction, Uy, and the intermittency width, 5. The
latter is directly related to the wake width introduced by
Schobeiri and co-workers [23]. In an analogous way to
find the defect function, we define the relative intermit-
tency, I, as

(i(8)) = i) min

= ) — )

(5)
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(b)

0.6 0.85/s,

Fig. 4. Ensemble-averaged intermittency factor as a funtion of non-dimensional distance s/sy at y = 0.1 mm for (a) 2 = 0.755 on the
pressure surface of the turbine blade and (b) Q = 1.51 on the pressure surface of the turbine blade.

In the above equation, (y,(¢)) is the time-dependent
ensemble-averaged intermittency function, which deter-
mines the transitional nature of an unsteady boundary
layer. The maximum intermittency (};(#),,.,) exhibits the
time-dependent ensemble-averaged intermittency value
inside the wake vortical core. Finally, the minimum in-
termittency (y;(#),,;,) represents the ensemble-averaged
intermittency values outside the wake vortical core. The
relative intermittency function, I', is shown in Figs. 6(a)
and (b), and 7(a) and (b), for frequency values of
Q2 =0.755 and Q = 1.51 on the pressure and suction

surfaces, respectively, at a lateral distance from the blade
surface of y = 0.1 mm, with the dimensionless longi-
tudinal distance s/sy as a parameter. Similar results are
observed for the other rod frequencies listed in Table 1.
The symbols represent the experimental data. For the
reduced frequencies and longitudinal positions pre-
sented in these plots, the measured relative intermittency
functions for wakes impinging on plate surface follow
very closely a Gaussian distribution, given by

2

I'=e®. (6)



822 M.T. Schobeiri, P. Chakka | International Journal of Heat and Mass Transfer 45 (2002) 815-829

(b)

0.6 08 /s,

Fig. 5. Ensemble-average intermittency distribution as a funtion of s/sy at y = 0.1 mm for (a) Q = 0.755 on the suction surface of the
turbine blade and (b) @ = 1.51 on the suction surface of the turbine blade.

Here, { is the non-dimensionalized lateral length scale.
Using this function as a generally valid intermittency
relationship for unsteady wake flows, the intermittency
function (y;(#)) is completely determined if additional
information about the minimum and the maximum in-
termittency functions (;(#:)) i and (;(f),.,) are avail-
able. The distribution of (y;(%;),...) and (y;(#;),.;,) in the
streamwise direction are plotted in Figs. 8(a) and (b) for
Q values of 0.755 and 1.51 on the suction surface. For
each particular streamwise location on the blade surface
with a streamwise Reynolds number, for example

Re,, =1 x 10°, two corresponding distinctively different
intermittency states are periodically present. At this lo-
cation, (;(#;).x) 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;(#),,), Where no wake is present. As seen,
(7:(#) min) tends to follow the course of steady (no-wake)
intermittency distribution of Narasimha, with a gradual
increase from an initial non-turbulent state with a value of
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0.2
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(b)

Fig. 6. Relative intermittency as a funtion of non-dimensionalized lateral coordinate for (a) Q = 0.755 at y = 0.1 on the pressure

surface and (b) Q = 1.51 at y = 0.1 on the pressure surface.

zero approaching a final state of 0.5 in Fig. 8(b). The final
state does not approach the fully turbulent value of 1.0
due to the calming effect of the boundary layer. For a
lower wake frequency, Q of 0.755 shown in Fig. 8(a), the
minimum frequency raises to a value of 0.2 only. This is
due to the boundary layer transition developing near the
end of the blade. This is also seen in the contour plots in
Fig. 4. There is hardly any interaction between the wakes
for major portions of the blade, and the transition starts
at s/so value of about 0.8. This tendency is expected as

(7:(t:) iy 18 calculated outside the wake region where
turbulence intensity is relatively small. On the other
hand, (;(#),.) reveals a fundamentally different be-
havior that needs to be discussed further. As Fig. 8(a)
shows, the wake flow with an intermittency close to 1.0
impinges on the blade surface. By convecting down-
stream, 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
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Fig. 7. Relative intermittency as a function of non-dimensionalized lateral coordinate for (a) @ = 0.755 at y = 0.1 on the suction

surface and (b) Q = 1.51 at y = 0.1 on the suction surface.

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. It is
apparent from Figs. 8(a) and (b) that there is an increase
in the value of minimum intermittency (y,(#;),,;,) as the
wake passing frequency is increased. Also, the viscous
wall effect/damping has a more pronounced effect on
(7:(#)max) for a higher wake passing frequency. The

overall effect is an increase in the average intermittency
value, which is shown in Figs. 8(a) and (b). The maxi-
mum intermittency is described by

Rey—Rey ¢
<’y(t)>max =1.0- cie <RBN_RBN> 3 (7)

where ¢ is dependent on Q2 and represents the extent of
the wall damping effect on (y;(#),,.,)- The minimum in-
termittency described by
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Fig. 8. (a) Maximum, minimum, and time-averaged intermittency as a function of longitudinal Reynolds number for Q = (0.755 at
y = 0.1 mm on the suction surface of the turbine blade. (b) Maximum, minimum, and time-averaged intermittency as a function of
longitudinal Reynolds number 0 for Q = 1.51 at y = 0.1 mm on the suction surface of the turbine blade.

B ( Rex—Reys )
<y(t)>min = C2 10 —¢ Rexs—Rexe ? (8)

where ¢, is again dependent on @ and is introduced as
the asymptotic value of the minimum intermittency. The
time-averaged intermittency is described by

_( Re—Re, ¢ )
7 = C4 1.0 — c3€ Rexs—Rexe . (9)

Constants c3 and ¢4 give the combined effect of ¢; and ¢,
for the time-averaged intermittency 7. These constants
are not universal constants and differ for different wake
passing frequencies. Also, the Reynolds numbers at the
start and end of transition, Re,; and Re,,, differ for
different wake frequencies.

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 simulta-
neously solves differential equations of continuity,
momentum, and energy. All these equations are time-
averaged and written to describe the flow over an
axisymmetric body. The time-averaged continuity
equation is given by
0 0 B 1
a(VPU)‘Fa(VPV)*O (10)
The time-averaged momentum equation in the x-direc-
tion is

oU  dU  dp 10 G —
(11)

In this momentum equation, the turbulent shear stress is
modeled by the eddy diffusivity for momentum and is
defined

WU = ey = (12)

where g, is the turbulent viscosity, which combines with
the laminar viscosity to give

Hep = (14 1) = p(v + €m). (13)
Similarly, after introducing the concept of eddy diffu-
sivity for heat, ey, the energy equation becomes

or- or-

U— V—
P ®x+p dy

_lgrﬂeff@+ﬂeff 1— 1 E ZZ
N r ay Pi”eff ay J Pl’eff ay 2 ’

(14)

where I* is the stagnation enthalpy and Prgr is the ef-
fective Prandtl number defined as

Hefp 1+ (em/v)
Prer = = 15
" e (7P T (e /W (1) )
and Pr; is the turbulent Prandtl number given by
pro=M (16)
€H

with ey and ey as the eddy diffusivities for momentum
and heat transfer. The eddy viscosity term is modeled
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through the mixing length theory and the above inter-
mittency model is implemented by

ou
&) (17)

eM = “/12

where / is the mixing length and y is the intermittency.
The solution process uses Patankar—Spalding’s [24]
omega (non-dimensional stream function) transforma-
tion. In stream function coordinates, the momentum
equation without the body forces becomes

ou 0 oUu 1dp
U4 U Uy | = —— —. 18

o ' al//{ V“fal//} b dx (18)
The boundary layer equations are integrated after non-
dimensionalizing the stream function and solved nu-
merically.

5. Results and discussions, aerodynamic study
5.1. Experimental results, velocity distribution

Fig. 9 is a representative diagram of ensemble-aver-
aged velocity profiles inside the boundary layer on the
suction surface of the turbine blade at a constant
streamwise location and different y-locations. For the
clarity, only the first five wakes are shown in the figure.
Outside the boundary layer (y =10 mm), wakes are
characterized by relatively high random fluctuations
compared to the flow regime outside the wake. Velocity
outside the wakes is free of disturbances, which is typical
of laminar flow in the free-stream. The random fluctu-
ations inside the wake vortical core are amplified inside
the boundary layer close to the wall. A closer look at the
wake propagation is shown in Figs. 10(a) and (b) for two
different wake passing frequencies of 2 = 0.755 and 1.51
at a lateral distance of y =2.5 mm above the plate

w2
(=)

y (mm)

W\aﬁm 10.0

0.65

<UN> (m/.\s)ec)

0.10

|

Fig. 9. Ensemble-average velocity distribution as a function of
non-dimensional time at different y-locations at s/sy = 0.274 for
Q=0.755.

surface. The velocity is normalized with respect to the
velocity of corresponding steady case (2 = 0) aty = 2.5
mm. For the first half of the profile length on the
pressure surface, s/sp = 0.295 and 0.489, the velocity
distributions in Fig. 10(a) exhibit an asymmetric be-
havior reflecting the effect of a strong curvature on the
velocity distribution. The wake development and decay
as it convects downstream is also seen in this figure. The
process of wake development and decay observed in this
investigation is very similar to the one investigated
theoretically and experimentally by Schobeiri et al. [23].

5.2. Experimental results, intermittency distribution

The entire set of ensemble-averaged data was utilized
to generate the temporal-spatial distribution of the en-
semble-averaged turbulence intermittency. Figs. 4 and 5
show a few cases as representative examples at y = 0.1
mm for Q values of 0.755 and 1.51, respectively. As
shown in Fig. 4, for the pressure surface (2 = 0.755, 160
mm spacing), the boundary layer is periodically dis-
turbed by the wakes that periodically produce high
turbulence strips and extended becalmed regions. These
extended becalmed regions were produced by strong
damping of turbulence fluctuations in the wall region
that lead to an exponential decrease of the maximum
intermittency (y;(#)),... As seen in Fig. 4(a), the wake
strips with their characteristic vortical cores are sep-
arated from the non-vortical regions outside the wakes
indicating the absence of any visible interaction of wakes
throughout the pressure surface of the turbine blade for
the reduced frequency of Q = 0.755 (160 mm spacing).
Increasing the frequency Q of the wake by reducing the
rod spacing (Fig. 5(b) with @ = 1.51, 80 mm spacing)
results in an earlier transition start compared to the
above 160 mm rod spacing. In the case of the suction
surface shown in Fig. 5(a) for Q = 0.755, the transition
seems to start at about s/sy value of 0.75. Similar to the
pressure surface cases, increasing the frequency Q of the
wake by reducing the rod spacing (Fig. 5(b) with
Q = 1.51, 80 mm spacing) results in an earlier transition
start compared to the above 160 mm rod spacing. 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, which
leads to higher free-stream turbulence and inherently
affects the onset of the transition. The second mech-
anism is the increased impinging frequency of the
primary wake strips that introduce an excessive turbu-
lent kinetic energy transport to the boundary layer,
causing a shift of transition start towards the leading
edge. It is conceivable that the combination of these two
mechanisms would contribute to the shift of the transi-
tion start. A further increase of Q results in a higher free-
stream turbulence and increased impinging frequency
and, thus, a significant shift of the transition toward the
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Fig. 10. Ensemble-average velocity on pressure surface at y = 2.5 mm for (a) Q = 0.755 and (b) Q = 1.51.

leading edge as the consequence of the mechanisms
discussed above. A similar turbulence intermittency
pattern is observed for other y-positions.

6. Results and discussions, heat transfer study
6.1. Heat transfer coefficient calculation

The heat transfer coefficient is calculated from the

following expression:

Qfoil - Qrad
h==r_=" 19

(Tyl -T 00) ( )
where Q.4 is the radiation heat loss from the surface of
the turbine blade, QO is the heat flux of the inconel foil,
Ty is the yellow line temperature and T, is the free-
stream temperature. Opy and Qg are given by

Vi
Oroit = m (20)
and
Oraa = €a(Ty — T) (21)

with 7 as the voltage across blade terminals, / as the
current supplied from the power supply, € as the emis-
sivity, and ¢ as the Stefan—Boltzmann constant. Ag, is
equal to the total heat transfer surface area of the blade
surface. Finally, the Stanton number is defined by

St = . (22)

6.2. Heat transfer coefficient distribution

As indicated previously, we used liquid crystal tech-
nique developed by Hippensteele et al. [25] for heat

transfer measurement. This is being routinely applied by
numerous researchers because 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, only time-
averaged response can be acquired in unsteady cases.
Stanton number distributions on the suction and pres-
sure surfaces of the turbine blade for four different wake
passing frequencies of Q =0, 0.755, 1.51, and 3.02 that
correspond to the spacings of, 40, 80, 160 mm and oo are
shown in Fig. 11. The uncertainties with the heat
transfer coefficients are 6.8%. These results confirm the
recent investigations on the effect of unsteady flows on
heat transfer distribution of turbine blade by Han et al.
[26]. The enhancement of the heat transfer coefficient
with increase in the wake passing frequency is clearly
apparent from these results. For the steady case on the
suction surface, the transition starts near the trailing
edge and the beginning of the transition point moves
toward the leading edge as wake passing frequency is
increased. There is also a consistent increase in the heat
transfer coefficient with increase in wake passing fre-
quency, but there is no apparent transition phenomena
occurring on the pressure surface of the turbine blade,
which is also evident from the aerodynamic measure-
ments shown in Figs. 4(a) and (b).

The expressions from the intermittency analysis of
the aerodynamic data are implemented in the boundary
layer code, TEXSTAN, and the results are compared
with the experimental data. Figs. 11(a) and (b) show the
heat transfer distribution on the suction surface for Q
values of 0.755 and 1.51. Three lines that predict the
heat transfer coefficient corresponding to the maximum,
minimum, and average intermittency functions are
plotted in these figures along with the experimental data
shown by symbols. Again, the three lines that corre-
spond to the maximum, minimum, and average inter-
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Fig. 11. Stanton number distribution on the suction surface of the turbine blade as a function of axial distance for (a) 2 = 0.755 and

(b) Q= 1.51.

mittency distributions are shown in these figures. The
upper dashed curve represents the streamwise Stanton
number distribution when the plate is subjected to an
inlet flow intermittency state of (y(¢)),,.. On the other
hand, when the plate is subjected to (y(¢)),,,, the lower
point-dashed curve depicts its Stanton number distri-
bution. However, because of the periodic character of
the inlet flow associated with unsteady wakes, the plate
would experience a periodic change of heat transfer
represented by upper and lower Stanton number curves
(dashed and point-dashed line) as an envelope. The
liquid crystal responds to this periodic event with time-
averaged signals. This time-averaged result is reflected
by the solid line, which is given by corresponding time-
averaged intermittency. As seen, a reasonably good
agreement is found for the entire laminar and tran-
sitional portions on the suction side of the turbine blade.

0.006 [}

0.004

0.002

000% I I I I

Fig. 12. Stanton number distributions on the pressure surface
of the turbine blade as a function of axial distance for Q = 0.75.

Good agreement is seen between the average predicted
heat transfer coefficient and the experimental data. Fig.
12 shows the heat transfer distribution on the pressure
surface for Q value of 0.755. Three lines that predict the
heat transfer coefficient corresponding to the maximum,
minimum, and average intermittency functions are
plotted on this figure along with the experimental data
that is shown in symbols. There is good agreement of the
average predicted heat transfer coefficient with the ex-
perimental data, except in the leading edge region where
the experimental values are higher than the predicted
values.

7. Conclusions

A comprehensive investigation into the effect of
periodic unsteady wakes on the boundary layer and heat
transfer characteristics of a turbine blade is made for
different wake passing frequencies. Both aerodynamic
and heat transfer measurements were conducted that
give an insight into wake induced boundary layer tran-
sition. The analysis of the boundary layer experimental
data revealed the universal character of the relative
intermittency function which is described by a Gausssian
function. Based on the intermittency function, an un-
steady transition model was developed and implemented
into an existing boundary layer code, and the results
were compared with the measurement. The following
conclusions were drawn:

1. The periodic unsteady flow changed the boundary
layer transition from natural transition to wake in-
duced transition depending on the presence of a tur-
bulent core inside the wake region.

2. The relative intermittency factor followed a Gaussian
distribution. The minimum intermittency factor,
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(Ymin)» Tepresented the boundary layer behavior be-
tween the turbulent wake strips. It was shown to fol-
low the natural transition process as the free-stream
was almost non-turbulent. On the other hand,
(Ymax)» being the value inside the turbulent core,
started with a value of ~1.0 and went through a min-
imum. This was due to the viscous damping of the
turbulent core by the boundary layer.

3. The transition model implemented into a boundary
layer code resulted in an accurate prediction of aero-
dynamics and heat transfer along the curved plate
and the turbine blade.

4. Based on these results, the implementation of the
model into a Navier-Stokes code is expected to de-
liver the results with high accuracy.
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