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Aerodynamic and heat transfer investigations were done on a constant curvature curved plate
in a subsonic wind tunnel facility for various wake passing frequencies and zero pressure
gradient conditions. Steady and unsteady boundary layer transition measurements were
taken on the concave surface ofthe curved plate at different wake passing frequencies where a
rotating squirrel-cage generated the unsteady wake flow. The data were analyzed using time-
averaged and ensemble-averaged techniques to provide insight into the growth of the bound-
ary layer and transition. Ensemble-averaged turbulence intensity contours in the temporal
spatial domain showed that transition was induced for increasing wake passing frequency and
structure. The local heat transfer coefficient distribution for the concave and convex surface
was determined at those wake passing frequencies using a liquid crystal heat transfer mea-
surement technique. Detailed aerodynamic and heat transfer investigations showed that
higher wake passing frequency caused transition to occur earlier on the concave surface.
Local Stanton numbers were also calculated on the concave surface and compared with
Stanton numbers predicted using a differential boundary layer and heat transfer calculation
method. On the convex side, no effect of wake passing frequency on heat transfer was ob-
served due to a separation bubble that induced transition.
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1. INTRODUCTION

The flow within a gas turbine component is char-
acterized as periodic unsteady wake flow due to
the interaction between the rotor and stator. The
unsteady wakes result from a velocity defect occur-
ring at the trailing edge of each turbine blade, pass

through the blade rows, and alter the natural
boundary layer development, the boundary layer
transition region, the efficiency of the blade rows,
and the heat transfer characteristics of each cas-
cade. From a thermal design stand point, knowl-
edge of the state of the boundary layer is crucial
in designing cooling schemes that effectively
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counteract the development of excessive tempera-
ture distributions. These schemes allow turbines to
operate reliably at higher temperatures and result
in increased thermal efficiency and higher specific
mechanical energy. Successful prediction of the
boundary layer transition allows designers to find
the turbine stage efficiency and heat transfer char-
acteristics. However, due to a lack ofunderstanding
of the interaction of the unsteady wakes, boundary
layer transition has not been predicted reliably.
This investigation focuses on the effect that periodic
unsteady wakes have upon boundary layer transi-
tion and the convective heat transfer characteristics
of a curved plate, which simulates the pressure sur-
face of a turbine blade. The results will be used to
assess and evaluate the validity of unsteady bound-
ary layer transition models.
Many studies have been done on the effect of

periodic unsteady wakes on boundary layer transi-
tion. Speidel (1957) was one researcher to investi-
gate unsteady flow. He found that the wakes
produced by oscillating cylinders affect the bound-
ary layer of a downstream airfoil and increase its
profile loss. Pfeil et al. performed the first signifi-
cant unsteady periodic research (1983). They used
a rotating squirrel-cage to produce periodic wakes
on a flat plate, and found that.the wake flow in-
duced transition earlier than steady flow and that
the end of forced transition did not depend on the
end of natural transition. The result was a wake-
induced transition model now generally accepted as
correct.
Hodson (1984) and Addison and Hodson

(1990a,b) studied the wake effect in a single stage
turbine. LaGraff et al. (1989), Ashworth et al.
(1989), Liu and Rodi (1992), and Schobeiri et al.
(1995b) studied the wake effect in a linear turbine
cascade facility. Boundary layer transition models
for wake-induced transition have been developed
by Walker (1974), Doorly (1988), Sharma et al.
(1988), Addison and Hodson (1990a,b), and Mayle
and Dullenkopf (1989, 1991). However, none are

applicable to an unsteady flow situation. Gaugler
(1985) and Schobeiri et al. (1991) proved that
existing correlations for external aerodynamic

applications cannot correctly predict the unsteady
transition behavior of gas turbine blades. Thus,
more research is needed to correct this situation.

Schobeiri and Pardivala (1992), Schobeiri and
Radke (1994), and Schobeiri et al. (1995a,b) per-
formed systematic experimental investigations on

the effect of periodic unsteady flow on a concave
surface. Schobeiri and Radke observed that the
wake flow affects the boundary layer transition
leading to the formation of a primary boundary
layer that possesses a quasi-steady characteristic
and a periodic unsteady, secondary boundary layer
resulting from the interaction of the wake strips
and the surface of the curved plate. The secondary
boundary layer was found to undergo a periodic
transition process and convect toward the primary
boundary layer leaving becalmed quasi-laminar
regions. It was also found that a favorable pressure
gradient retards transition. Schobeiri et al. (1995a)
continued this work and studied the effect of wake
passing frequency on boundary layer transition on
a curved plate with zero longitudinal pressure gra-
dient. Besides the aforementioned results, it was

found that an increase in wake passing frequency
results in a shift of the transition region toward the
leading edge due to increased turbulence activities.
Dunn (1986), Dring et al. (1986), Wittig et al.

(1988), Dullenkopf et al. (1991), Liu and Rodi

(1992), and Han et al. (1993) studied the effect that
periodic unsteady wakes have upon heat transfer.
Liu and Rodi used a rotating squirrel-cage-type
wake generator, while Wittig et al., Dullenk0pf
et al., and Han et al. used a spoked wheel-type
wake generator. Dunn (1986) and Doorly et al.
(1985) determined the heat transfer coefficient by
using quick response sensors to detect the real time
variation on the blade surface heat transfer induced
by unsteady wakes. However, Liu and Rodi, Wittig
et al. and Dullenkopf et al. used thermocouples
to measure the time-averaged heat transfer coeffi-
cient. The investigations have shown that periodic
unsteady wakes increase the mean heat transfer.
Dullenkopf et al. and Han et al. found that higher
wake passing frequency significantly enhances the
heat transfer on both the suction and pressure
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surface of a turbine blade due to increased back-
ground turbulence. They also found that the suc-
tion surface has a higher average heat transfer
coefficient than the pressure surface.
The present investigation includes aerodynamic

and heat transfer experiments detailed in the fol-
lowing sections. Systematic unsteady boundary
layer experiments on the concave surface give a

clear picture of the unsteady wake flow and its
impact on boundary layer transition. Likewise, de-
tailed liquid crystal measurements on the concave
and convex surfaces determine the heat transfer
behavior of both surfaces under steady and un-

steady flow conditions. A detailed analysis of the
influence of unsteady wakes on aerodynamics is
performed, followed by an analysis of unsteady
wakes on heat transfer. Finally, the paper concludes
with a comparison between the experimental results
and theory.

2. SIMULATION OF UNSTEADY
MULTISTAGE TURBINE FLOW
ENVIRONMENT

lu lu

Row 3

FIGURE Stator-rotor wake interaction in a multistage en-
vironment, 1. Absolute wake from row (stator), 2. relative
wake from row 2 (rotor), 3. absolute wake from row (stator),
4. relative wake from row 2 (rotor).

Figure shows a schematic picture of the wake flow
within a multistage turbine in an absolute and
relative frame of reference. The structure of the un-
steady turbulent flow changes as it passes succes-

sively through the stator and rotor rows. Leaving
the first stator blade row, the wake flow generated
at the stator exit impinges on the second blade row
(rotor) with a spatial frequency that corresponds to
the spacing of the preceding stator blades. Due to
the frame of reference change, the second cascade is
exposed to a periodic unsteady turbulent flow that
affects the boundary layer flow pattern, velocity,
turbulence, normal and shear stress, and thus
the loss distribution. The third row (second stator)
is subjected to two sets of unsteady wakes that
originate from the first two rows. These sets of
wakes impinge on the third row and convect with
different velocities, phase displacements, and tur-
bulence structures. The mutual interaction, dissipa-
tion, and mixing of the involved individual wakes

already affect the latter. At the exit of the third row,
because of intensive interaction and mixing, the
deterministic character of the periodic unsteady
flow is, to some extent, degenerated into a highly
stochastic one. From this point on, the downstream
rows are subjected to a highly turbulent flow, with
an intensity distribution far above the inlet one.
This complex flow picture suggests that boundary
layer transition along the blade of each row within
a multistage arrangement is subjected to distinc-

tively different unsteady flow structures.

3. EXPERIMENTAL RESEARCH

The objective of this investigation is to get essential

experimental data to assess and validate unsteady
boundary layer transition models. Boundary layer
data are collected via a hot-wire anemometry
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system. A state of the art liquid crystal measure-
ment technique was used to obtain the heat trans-
fer distribution on the plate. The boundary layer
measurements are done on the concave surface of
a curved plate in the presence of wakes generated
by a wake generator (Fig. 2). Changing the number
of rods varies the wake spacing, which results in a
change in frequency of the impinging wakes and
freestream turbulence. This method simulates the
previously described multistage turbine flow envi-
ronment. Heat transfer measurements are done on
the concave and convex surfaces of a curved heat
transfer plate to find the time-averaged heat trans-
fer coefficient distribution for each surface.
The experimental data in this paper was acquired

using a subsonic wind tunnel test facility as shown
in Fig. 2. A complete design and performance de-
scription can be found in Schobeiri and Pardivala

(1992). As a result, only a brief description of the
facility is given in this section.
The facility consists of a large centrifugal fan,

settling chamber, nozzle, wake generator, and
curved test section. By using a throttle mechanism
at the exit of the fan, the velocity at the inlet of the
test section was set at 12 m/s. Table I gives the rest
of the inlet flow conditions. Just downstream of the
fan, a Prandtl probe in the straight pipe can sense

any velocity fluctuations that might arise due to

fluctuations in fan speed. Downstream of the dif-
fuser is the settling chamber constructed of three
rectangular ducts that are 750mm long, 1200mm
wide, and 820 mm high. Four stainless steel screens

and one honeycomb flow straightener are located
throughout the chamber to control the turbulence
and uniformity ofthe flow. A nozzle with a 4 area

ratio is attached to the exit of the settling chamber
to accelerate smoothly the flow to the wake gen-
erator. The four screens, honeycomb flow straight-
ener, and nozzle produce a freestream turbulence
intensity of approximately 1.2% at the inlet of the
test section.
The squirrel-cage-type wake generator generates

the unsteady flow condition present at the inlet of
the test section. The wake generator consists of two
parallel, rotating, circular disks in which circular
rods or cylinders can be arranged circumferentially.
Stationary disks cover the parallel disks to elimi-
nate the undesirable secondary shear flows gen-
erated by the rotating disks. Each rod generates a

primary and secondary wake per revolution. The
secondary wake serves as the background turbu-
lence generator, whereas the primary wake is re-

sponsible for generating the periodic unsteady flow.
To determine the effect of wake passing frequency

14.32 rn

FIGURE 2 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.
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Parameters Values Parameters Values

Curved plate arc length
Nozzle exit height
Curved plate Reynolds number
Steady reference (no rods)
Set rod spacing
Set 2 rod spacing
Set 3 rod spacing
Set 4 rod spacing
No. of rods in set
No. of rods in set 3
Distance between the rod and
the plate leading edge

so 690 mm Nozzle exit turbulent intensity Tu 1.20%

hn 420.00 mm Nozzle exit width w 593.00 mm

Res0 0.56 x 106 Rod diameter dR 2 mm

SR oc mm f-parameter steady case f 0.0

sR 314.0mm t-parameter for set f 1.033

sR 188.4 mm f-parameter for set 2 f 1.725

sa 94.2 mm 2-parameter for set 3 fZ 3.443

SR 62.8 mm f-parameter for set 4 ’ 5.166

nR 3 NO. of rods in set 2 nR 5

n 10 No. of rods in set 4 nR 15
Xpe 252.9 mm Distance/rod diameter ratio Xple/dR 126.5

FIGURE 3 Test Section: 1. Traversing system, 2. Nozzle,
3. Wake generator, 4. Electric motor, 5. Convex wall, 6. Con-
cave wall, 7. Hot-wire probe, 8. Plexiglas wall, 9. Curved plate
for aerodynamic measurements, 10. Small vernier, 11. Large
vernier.

on boundary layer transition, the wake generator
was run with five different rod sets (see Table I). The
wake generator rotates counterclockwise from the
point of view of Fig. 3 to simulate the rotor-stator
wake interaction within a turbomachinery stage. A
fiber-optic sensor measures the angular frequency
of the wake generator. The unsteady parameter f
appropriately characterizes the unsteady character
of the wake flow produced by the wake generator
defined as f (CDSo/SR)/Ch, where SO/SR is the ratio
of the arc length of the plate So and the spacing

between the rods SR, is the ratio of the inlet

velocity gin and the circumferential velocity of the
wake generator Uw, and CD is the drag coefficient
of the wake generating rod. Experimental investi-

gations by Schobeiri et al. (1996) show that the
wake drag coefficient is approximated as CD 1.0
for a distance/diameter ratio of Xple/dR 126.5 (see
Table I). The parameter f is related to the Strouhal
number introduced by Speidel (1957) and taken
over by several researchers. However, the Strouhal
number does not account for turbomachinery stage
characteristics and the wake decay process char-
acterized by the drag coefficient CD. The values off
cover a typical range of a turbomachine and are

specified in Table I.
The test section in Fig. 3 consists of a top con-

vex wall, a lower concave wall, and two vertical

Plexiglas side walls. The top convex wall supports a

linear traversing system and can rotate about its

center of curvature, which permits the streamwise
and radial positioning of the hot-wire probes and
thermocouple. The curved plate is mounted be-
tween the two Plexiglas side walls. A positioning
system, consisting of two angular verniers and a

disk with the curved plate mounted eccentric to the
center (Fig. 3), can precisely vary its axial and
angular position. This positioning system allows
variation of the pressure gradient and the fine ad-
justment of the leading edge position to avoid the
start of separation bubbles. The plate’s position is

accurately determined by two angular verniers

found on one Plexiglas wall.
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This investigation used two distinct curved plates
to simulate the pressure surface of a turbine blade.
The first was an aluminum curved plate and the
second a heat transfer curved plate with the same
concave dimensions as the aluminum plate. Bound-
ary layer measurements were taken on both the
aluminum curved and heat transfer plates (concave
surfaces only) and heat transfer measurement were
taken on both surfaces of the latter. The aluminum
curved plate (Fig. 3) was 593.0mm wide, with an
arc length of 690.0mm, a radius of curvature of
702.5 mm, a leading edge radius of 1.0 mm, and a

thickness of 15.0 mm. This plate was mounted mid-
height in the test section and positioned with the
angular verniers on the test section to achieve a zero
pressure gradient on the concave surface. Boundary
layer measurements were taken on the concave
surface for f =0.0, 1.033, 1.725, 3.443, and 5.166
using a TSI single-wire probe with a 4-1am tungsten
filament. The probe was mounted on a computer-
controlled linear traversing system. The traversing
system, shown in Fig. 3, traverses in increments of
2.5 lam, which is useful in measuring the laminar
sublayer. To capture most of the transition onset,
the plate was traversed in the longitudinal direction
in 2 steps until 50% of the plate was reached. The
next 25% ofthe plate was traversed in 3 increments
and the last quarter was traversed in 5 increments.
For each streamwise position, the boundary layer
measurements were started 0.1 mm above the sur-
face of the plate and terminated 10.0 mm above the
curved plate. The same procedure was used to take
aerodynamic measurements for the 0 and 3 rod
cases on the heat transfer plate. Measurements were
taken on the heat transfer plate to insure that the
new plate provided a similar response so that com-
parisons could be made between the boundary layer
and heat transfer measurements. This was accom-
plished with the steady case, and the 3 rod case was
performed to acquire more data on the effect of
wake passing frequency. Steady X-wire measure-
ments were also performed directly upstream of
the heat transfer plate to determine the character-
istics of the flow before contact with the plate.
The traverse started 50mm above the bottom

concave wall and stopped 50mm below the top
convex wall.

Like the aluminum curved plate, the heat transfer
plate was positioned mid-height in the test section
and angled so that the concave surface was exposed
to a zero pressure gradient. The heat transfer plate
has the same dimensions as the aluminum plate,
with the exception being the 5 mm leading edge
radius and the radius of curvature for the first 3%
of the convex surface. The heat transfer plate is
constructed of mm thick Bakelite sheets laid over
several Bakelite ribs. High resistant insulation fills
the air pockets between the ribs to reduce the heat
loss due to conduction. Two copper bus bars found
at the trailing edge ofthe curved plate are connected
to 10-gauge copper wire attached to a DC power
supply. Figure 4 shows the external surface of the
plate. As shown, a double-sided, acrylic based, high
temperature adhesive sheet with a 0.1 mm thickness
and 183 mm width is applied to the Bakelite surface
from the concave surface trailing edge to the convex
surface trailing edge. A 0.0254 mm thick sheet of
Inconel 600 foil is attached on top and tach welded
to the copper bus bars at the trailing edge. Applied
to the surface of the foil is a thin coat of black
paint to absorb the incoming radiation and reduce
its refraction. The final layer is a thin coat of
cholesteric liquid crystals mixed with a permanent
binder. The purpose of the permanent binder is to

protect the liquid crystals from ultraviolet light and
atmospheric contaminants so they do not deterio-
rate as rapidly. Grid lines in 10 mm increments start
at the leading edge and are found on top of the
liquid crystals on both surfaces to show the position
of the yellow band.

4. INSTRUMENTATION, DATA
ACQUISITION AND REDUCTION

4.1. Boundary Layer Measurements

Data acquisition is controlled by a 386, 40-MHz
personal computer connected to a 12 bit, 16 chan-
nel A/D board with simultaneous sample and hold.
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FIGURE 4 External view of the heat transfer curved plate showing grid lines, liquid crystals, and surface thermocouple.
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A constant temperature hot-wire anemometer
system (TSI-IFA 100)connected to the first channel
of the A/D board supplies the instantaneous veloc-
ity signal. Based on many spectral measurements
within the wake, the low pass filter of the signal
conditioner was set to 20 kHz. A custom designed
single-wire probe with a 4-1am tungsten filament
was the input to the flow analyzer for boundary
layer measurements. For inlet velocity information,
the data was collected with a specially designed
X-wire probe. These probes were calibrated with
the method described in John and Schobeiri (1993).
A T-type thermocouple mounted on the side of the
test section found the air temperature.
The root means square value of the turbulent

velocity fluctuation is obtained from the instanta-
neous and time-averaged velocity

(1)

Besides time-averaged results, the unsteady data
are ensemble-averaged with respect to the rotation
period of the wake generator. Thus, the ensemble-
averaged results calculated over the 300 revolutions

show primary wake passes equal to the number of
rods. The ensemble-averaged velocity is given by

N

<Ui(ti)) E Ui(ti). (2)
j=l

A triggering system that measures each revolution
and starts data collection simultaneously for each
revolution makes the ensemble-averaging possible.
The ensemble-averaged turbulence intensity is cal-
culated from

(Tui(ti))
(Ui(ti))
Uref

Urefl I1u (Uij(Ii) Ui(

where j--1,2,..., N, and N are the total number
of periods (N-300) and I= 1,2,...,M, where
M is the number of samples taken per period
(M 2048). Urer is the reference velocity, which is
the freestream velocity at a particular streamwise
position.
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4.2. Heat Transfer Measurements

Several researches (Simonich and Moffat, 1984;
Crane and Sabzvari, 1989; You et al., 1989, and
Schobeiri et al., 1991) have used the liquid crystal
measurement technique to determine the heat
transfer coefficient distribution along the surface
of a curved plate. However, none used the scheme
with unsteady wakes. Hippensteele et al. (1983)
applied liquid crystals to turbomachinery by devel-
oping a convenient method of using liquid crystals
with a composite heater sheet to determine the local
heat transfer coefficient distribution on both sides
of a turbine blade. The original heater sheet con-
sisted of a plastic with a carbon impregnated coat,

ing that gave a heat transfer coefficient error of
+/-6.2%. You et al. and Schobeiri et al. used Inconel
600 foil as the heater sheet. Russell et al. (1993)
proved that the Inconel 600 foil was a more
uniform heater sheet by determining that the error
for the heat transfer coefficient was approximately
+/-3.7%. Therefore, the heater sheet in this investi-
gation is Inconel 600.
A Sorenson DC 40-70 power supply, capable of

40 V at 70 A, heats the heat transfer plate. Due to
the panel meters in the power supply not having
sufficient resolution, the voltage is recorded using a

Fluke 87 multimeter connected to the terminals of
the power supply. The current is also measured with
a Fluke 87 multimeter, with the multimeter con-
nected to a 50mV-50mA shunt placed in series
with the heat transfer plate. The freestream air
temperature is recorded with a specially designed
E-type thermocouple that fits in the probe travers-
ing system. The thermocouple is positioned high
enough from the curved plate so that it is not
affected by the velocity or thermal boundary layer.
Another E-type thermocouple mounted on the sur-
face of the heat transfer plate calibrates the color
of the liquid crystals under no flow conditions. As
with the boundary layer investigation, the personal
computer controls the wake generator.
The yellow band of the liquid crystal is calibrated

for temperature at the beginning of each wake
passing frequency test. The yellow band is used for

measurements because it occurs over the nar-

rowest temperature band and has good uniformity
(Hippensteele et al., 1985). The calibration consists
of adjusting the power from the power supply
until the yellow band is directly on top of the
surface mounted thermocouple. The temperature
is recorded once steady state has been reached. This
calibration is done under no flow conditions and
repeated several times. The yellow band tempera-
ture was approximately 47.5C for each calibration
performed. Following calibration, the wind tunnel
is started, the wake generator set, and the power
supply adjusted so that the yellow band is at the
leading edge of the curved plate. In this configura-
tion, the facility runs for 2 h so that the temperature
inside the curved plate can reach equilibrium. This

helps reduce the losses due to conduction and
allows the location of the yellow band to be accu-

rately determined. To check whether steady state
has been reached, the surface thermocouple is con-
stantly monitored to ensure that the foil tempera-
ture is not fluctuating.

After 2 h, the voltage and current supplied to the
Inconel foil are obtained from the multimeters and
recorded. The location of the yellow band at the
centerline of the curved plate on the convex and
concave surfaces is read from the appropriate set
of grid lines. These values, along with freestream air
temperature, atmospheric pressure, rpm, number of
rods, and foil temperature are recorded. The power
is then reduced to move the yellow band away from
the leading edge in 10 mm increments, and a 30 min
period is allowed for steady state operation to be
achieved before these quantities are rerecorded.
This process continues until the full longitudinal
length of the plate for both surfaces is completely
mapped. Once all the data are taken, the informa-
tion is transferred to the computer for data reduc-
tion. This process is the same for all wake passing
frequencies.
The collected data are reduced based upon a

heat flux analysis that entails determining all the
energy losses on a flux basis and subtracting them
from the heat flux of the Inconel foil. This leaves
the convective portion of the energy equation and,
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from this, the heat transfer coefficient can be ob-
tained with the following equation:

Qconv
(Tyl- Toc) (4)

where Tyl is the temperature of the yellow band and

To is the freestream air temperature. Qconv is the
convective portion of the energy equation per unit
area and is defined by

Qconv Qfoil- Qrad Qcond (5)

where Qfoil is the heat flux of the Inconel foil and
Qrad is the radiation heat flux emitting from the
surface of the liquid crystals. These two,quantities
are given by

Qfoil (6)
Afoil

and

Qrad- ecr(Ty41- TL) (7)

where V and I are the voltage and current supplied
from the power supply, respectively, and Afoil is
equal to the total heat surface area of the Inconel
600 foil. For the radiation term, e is the emissivity
of the liquid crystals and has a value of 0.85 and
a is the Stefan-Boltzmann constant. The radiation
reflected back from the top aluminum wall was less

than 2% of the input power and was neglected as
a result. The third loss, the conduction losses, was
negligible based upon a two-dimensional finite
difference nodal analysis method on a slice of the
curved heat transfer plate.

5. RESULTS AND DISCUSSION

5.1. Aerodynamics

To describe the state of the flow immediately up-
stream of the curved plate, the results of the in-
let velocity measurements are presented first. Single
wire measurement results are then discussed to
describe the boundary layer transition process that
occurs due to unsteady periodic wakes. The heat
transfer results are presented last. To ensure that
the concave portion of the curved plate was
subjected to a zero pressure gradient, the freestream
velocity was measured. The measurement showed a
zero pressure gradient over the entire curved plate.

Time-averaged Non-dimensional Mean Velocity

Figure 5(a) and (b) present the non-dimensional
time-averaged velocity distributions at three differ-
ent longitudinal locations for f =0 and 3.443. A
wall correction scheme was implemented for all
cases for y+ < 6, which is necessary when measuring
with a hot-wire probe in the near wall region. The
steady case (f=0.0) appears first and serves as

(a)
.oo -""’$’** * " 8 8

_000
0 0

,o

0.25 C S/So
( 0.15

0.37
0 0.88

.oo o.s o.so o.s .oo
y/d

0.75

.= 0.50

(b)
1.00

0.75

0.25

0
0

S/S

0.15
0.37

0 0.88

’o.oo o. o.o o. i.oo

FIGURE 5 Non-dimensional mean velocity at three different S/So locations for (a) f 0.000 and (b) f 3.443.



402 M.T. SCHOBEIRI et al.

a reference for the unsteady cases. In Fig. 5(a), at

S/So 0.15 for 0.0, the non-dimensional veloc-
ity diagram shows the edge of the boundary layer
to be around y/d= 0.06. The high velocity gradient
and small boundary layer thickness suggest that
the state of the boundary layer is laminar. Farther
downstream at S/So--0.37, the velocity profile sug-
gests a transitional character. At this location, the
edge of the boundary layer is around y/d=0.25.
Finally, toward the trailing edge of the plate, S/So
0.88, the shape of the non-dimensional velocity
profile approaches almost a typical turbulent shape
with an increased turbulence activity inside the
boundary layer. At this point, the boundary layer
has grown considerably, indicating that the bound-
ary layer tends to become fully turbulent. These
profiles clearly show that the boundary layer is

undergoing a transition process. Although these
profiles give a good description of the boundary
layer development, they are not descriptive enough
to give the state of the boundary layer. Figure 5(b)
gives the non-dimensional velocity distributions for
3.443 (10 rods). This figure and the one for
1.033 (3 rods) show the same behavior as the steady
case. However, it was found that the boundary layer
thickness grows faster for higher values of, which
is an indication that transition occurs sooner for
increasing wake passing frequency. Besides show-
ing that the velocity distribution changes during
the transition process and that the location of the
transition region is dependent upon the wake pas-
sing frequency, the time-averaged velocity distri-
butions do not show any further details regarding
the effect of the wakes upon the boundary layer
flow. The following unsteady flow investigations
provide detailed insight into the boundary layer
transition process.

Instantaneous Velocity Traces

Instantaneous velocity, U, as a function of time
is plotted in Fig. 6(a)-(d) for 0.0, 1.033, 3.443,
and 5.166 at y 0.3 mm above the concave sur-
face of the curved plate for four streamwise loca-
tions. The total time of 200ms corresponds to

one revolution of the wake generator at 300 rpm.
Figure 6(a), which corresponds to 0.0 (no rods),
shows that the velocity at S/So 0.04 is smooth with
a magnitude of around 10m/s, which shows that
the boundary layer is thin since the velocity is close
to the potential flow velocity. Small disturbances
appear farther downstream as two-dimensional
Tollmien-Schlichting (TS) waves. These distur-
bances continue to amplify into large fluctuations
(S/So--0.48) and finally develop into turbulent
spots that can be seen in the profile at S/So 0.48.
The turbulent spots continue to grow and con-

vect downstream, where they coalesce into a fully
stochastic developed turbulent boundary layer
exhibited at S/So 0.88.
As this process is occurring, the velocity is con-

tinually decreasing as shown by the traces, which
is the result of the boundary layer growth. The
streamwise location where the turbulent spots start

to develop is taken as the start of boundary layer
transition. Figure 6(b) shows the instantaneous
velocity traces for 1.033 (3 rods). As shown,
three wakes are present due to 200 ms being equiv-
alent to one revolution of the wake generator. The
secondary wakes have already decayed to the point
where they are not distinguishable. In effect, they
have already mixed with the flow contributing to a

higher freestream turbulence level. At S/So =0.04,
the velocity is very smooth between the wakes,
which is characteristic of a laminar boundary layer.
As with the steady case, small disturbances in the
form of TS waves appear (S/So--0.26) and con-

tinue to grow to form turbulent spots downstream
(S/So 0.48). At S/So 0.88, the turbulent spots
have coalesced together generating a fully turbulent
boundary layer where no wakes are distinguish-
able. Figure 6(c) exhibits a similar trend for --3.443 (10 rods). However, this shows that the TS
waves observed between the wakes at lower S/So val-
ues for 2 1.033 (3 rods) are about to be bypassed.
This marks the beginning of bypass transition.
The 5.166 (15 rod) case reveals a different

flow picture than the lower wake passing frequen-
cies. The velocity traces for this case can be found
in Fig. 6(d). At S/So 0.04, the wakes are not visible
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FIGURE 6 Instantaneous velocity traces for four different S/So location for (a) f=0.000, (b) = 1.033, (c) f--3.443, and
(d) 5.166 at y 0.3 mm.

due to a strong wake interaction. Farther down- layer toward the leading edge of the curved plate.
stream at S/So--0.26, turbulent spots are present This means that the onset of transition has shifted
that coalesce to form a fully turbulent boundary toward the leading edge of the curved plate.
layer. The flow is completely turbulent at S/So=
0.48. Due to the small wake spacing and intense

Time-averaged Turbulent Intensity Contours
mixing of the wakes, it appears that the TS mode of
instability has been completely bypassed. It is evi- Further details on boundary layer transition and
dent from these traces that the combined effect of development can be obtained from the time-
increased wake passing frequency and wake mix- averaged turbulence intensity contours presented
ing increases the freestream turbulence. This causes in Fig. 7(a)-(e). For each wake passing frequency,
an intense turbulent activity within the boundary the turbulence intensity was time-averaged in the
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lateral direction, y/d where d= 10 mm, for differ-
ent streamwise positions. Figure 7(a) shows a high
turbulent intensity core (> 15%) for f =0.0 in the
near wall region for more than 75% of the plate
with its center located at S/So--0.51 and with a
lateral extension of y/d=0.25. At f= 1.033, the
core shifts toward the leading edge, indicating an
earlier beginning of the transition process, and the
lateral extension reduces to y/d=-0.17. This reduc-
tion is due to the calming effect caused by wake
impingement on the boundary layer flow. Schobeiri
and Radke (1994), Orth (1992), and Pfeil and
Herbst (1979) discussed this phenomenon exten-
sively. Figure 7(c and d) shows a further reducing of
the wake spacing and increasing the wake passing
frequency to f 3.443. This shifts the high turbu-
lent intensity core more toward the leading edge
and further extends the becalmed regions thus re-
ducing the lateral extension of the core to y/d=
0.12. For f--5.166, Fig. 7(e) shows the lateral
extension of the core has diminished to y/d-0.08
and the start of the turbulent core is at S/So 0.08
revealing the effect of unsteadiness as to cause
earlier transition. Liu and Rodi (1992) also ob-
served this trend. The shift in transition toward the
leading edge of the curved plate due to the increase
of unsteady wake parameter f has two causes. The
first is that a higher impinging frequency hastens
increased energy transfer to the boundary layer.
The second is that the earlier mixing of the
secondary wakes causes a rise in the freestream tur-
bulence intensity (see Schobeiri et al., 1995a). The
time-averaged data presented above gives a reason-
ably good picture of how the transition process
occurs under the influence of periodic unsteady
wakes.

Ensemble-averaged Turbulence Intensity

Figure 8(a)-(d) shows the ensemble-averaged
reference turbulence intensity contours in the
temporal-spatial domain at a wall distance of y
0.3 mm for each f case to obtain a detailed picture
that reflects the physics of the unsteady boundary
layer process. The reference velocity is equal to the

velocity at 10mm above the plate’s surface for
each streamwise position, with the data ensemble-
averaged for 300 revolutions of the wake generator.
Figure 8(a) (f 1.033, 3 rods) shows three wakes
that periodically disturb the boundary layer and
produce high turbulence intensity cores (up to 15%)
and extended becalmed regions (less than 1%).
Compared with the steady case shown in Fig. 7(a),
where the low turbulence intensity region extends
up to S/So =0.10, the becalmed regions extend to

S/So--0.23. Increasing f to 1.725 (5 rods, Fig. 8(b))
at y-0.3 mm causes the lateral extension of the
becalmed regions to diminish due to earlier mixing
between the wakes. However, the longitudinal ex-

tension is still preserved.
By increasing f to 3.443 (10 rods, Fig. 8(c)) the

becalmed regions become narrower and the slope
of the wakes increases further. In addition, the high
turbulent intensity core shifts forward indicating
earlier transition. The turbulent intensity of the last
50% of the plate is extremely high at around 13%
due to increased wake impingement and interac-
tion. At the final value of f (15 rods, Fig. 8(d)),
the becalmed regions become shorter and extend
to only S/So 0.15. The core also shifts toward the
leading edge and starts at around S/So=0.20.
Unlike the 10 rod case (f 3.443), the turbulent
intensity of the last 40% of the curved plate is
around only 8% instead of 13%. The reason for this
is that the wakes have thoroughly mixed leading
to finer turbulence distributions. Figure 8(a)-(d)
presents a clear picture on the effect of periodic
unsteady wakes on boundary layer transition. As
previously mentioned, two factors cause the shift-
ing ofthe transition process toward the leading edge
of the plate. The first is an increase in the imping-
ing frequency of the primary wakes. As the wakes
convect downstream, the individual wake widths
continually increase until they have reached ap-
proximately the size of the rod spacing. At this
location, a mixing of the wake and the flow causes
a highly turbulent flow with a turbulent intensity
around 15%. As the wake passing frequency in-
creases, the wake interaction occurs earlier and
introduces an excessive turbulent kinetic energy
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transport to the boundary layer causing a shift of
transition toward the leading edge (see Schobeiri
et al., 1995a). The second factor is an earlier

mixing of wakes due to the reduction of the wake
spacing that causes a higher freestream turbulent
intensity proven to contribute to the onset of
boundary layer transition. A combination of these
two factors determines the transition process as

presented above.

lntermittency Analysis

Intermittency distribution to identify whether the
flow is laminar or turbulent inside the boundary
layer is calculated following the method of Hedley
and Keffer (1974). Instantaneous velocities identify
this intermittency distribution. Figure 9 gives rep-
resentative plots of an ensemble-averaged veloc-
ity signal inside the boundary layer. Outside the

14
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E8
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6

4

0.1
2

0 ’t/
FIGURE 9 Ensemble-averaged velocity distribution as a
function of non-dimensional time at different y-locations and
S/So =0.25 for 1.725 (5 rods).

boundary layer (y 10 mm) are separated periodic
wake regions in the freestream flow region. By
moving the probe inside the boundary layer, the
velocity is subjected to an increasing wall shear
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stress effect that causes deceleration of the undis-
turbed velocity and the wake flow. Furthermore,
the damping effects of shear stress causes a phase
lag between the undisturbed portion of the veloc-
ity and the wake. Moving farther toward the wall,
the undisturbed velocity portion decelerates more

rapidly than the vortical core of the wake. As a re-

sult, the flow pattern reverses. This phenomenon
is due to the strong turbulence activities inside the
boundary layer, which is magnified by the presence
ofthe high turbulence vortical core ofthe wake. The
instantaneous velocity is sensitized to increase its
discriminatory capabilities between turbulent and
non-turbulent parts of the signal. For this purpose,
the second derivative of the velocity signal is used
and squared for further analysis and called the
detector function. The detector function I(t) is a
derivative of the velocity signal and will have zeros

within fully turbulent flow. To avoid the influence
of legitimate zeros, the signal is integrated over a

short interval resulting in criterion function, S(t).
A threshold level C is then applied to this criterion
function to distinguish between the true turbulence
and the signal noise:

when S(t) >_ C,I(t) 0 when S(t) < C. (8)

After applying the threshold level to the criterion
function S(t), the result is a random square wave
with O’s representing the laminar case and l’s repre-
senting the turbulent behavior of the boundary
layer. This square wave is ensemble-averaged to get
the ensemble-averaged intermittency as follows:

{/i(ti))
1

Igi(ti) (9)
rl

where n is the number of revolutions of the wake
generator, for which the data is collected. For time-

averaged intermittency, /-y.(ti)) is integrated with
respect to time to give

/- - o
(/i(ti)} dt. (10)

Figure 10(a) and (b) shows the intermittency distri-
bution as a function of non-dimensional time for
both the 3 and 10 rod cases. Similar plots are shown
for other rod cases. Only the first two wakes are

plotted for a better comparison of the effects of im-
pinging wake frequency on the transition process.
Intermittency is approximately equal to zero out-
side 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 to one, typical of a turbulent flow. As these
wakes pass through the channel, the boundary layer
periodically switches from laminar to turbulent
depending on their presence. Periodic passing of
wakes affects the natural transition of the bound-
ary layer resulting in wake-induced transition. The
intermittency distributions in Fig. 10(a) and (b)
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FIGURE 10 Contour plots of intermittency factor as a func-
tion of normalized axial distance S/So for (a) f 1.033 (3 rods)
and (b) f= 3.443 (10 rods).
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clearly show the unsteady nature of the boundary
layer transition. In this form, however, they cannot
describe the complex unsteady transition process
quantitatively. To establish the basic relations es-

sential for a quantitative description of the un-

steady boundary layer transition, we resort to the
fundamental studies by Schobeiri et al. (1996) that
deal with the physics of steady and unsteady wake
development in a curved environment. These stud-
ies clearly show that the wake defect determines
the turbulence structure of the steady and unsteady
wake flow, which is a Gaussian function. Follow-
ing the above studies, we define a dimensionless
parameter

Uwt_y withb- f+ob - rdy (11)

that relates the passing time of a wake impinging
on the plate surface with the wake passing velocity
in the lateral direction Uw and the intermittency
width b. The latter directly relates to the wake width
introduced by Schobeiri and his co-workers (1996).
In an analogous way to find the defect function, we
define the relative intermittency function Fas:

r- (’Yi(li)) (’yi(ti))min (12)
(i(//))max (’yi(ti))min

In the above equation, (7i(tO} is the time depen-
dent ensemble-averaged intermittency function,
which determines the transitional nature of an

unsteady boundary layer. The maximum inter-

mittency (’)’i(ti))max exhibits the time dependent
ensemble-averaged maximum intermittency value
inside the wake vortical core. Finally, the minimum
intermittency (7i(tO)min represents the ensemble-
averaged minimum intermittency values outside the
wake vortical core. Figure 11 (a) and (b) shows the
relative intermittency function I’ for frequency
values of gt= 1.033 (3 rods) and 3.443 (10 rods),
respectively, with the dimensionless longitudinal
distance S/So as the parameter. Similar results are

obtained for other rod frequencies. 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
closely follow a Gaussian distribution, given by

2r-e- (13)

Here, is the non-dimensionalized lateral length
scale. Using this function as a valid intermittency
relationship for zero-pressure gradient cases, the in-
termittency function (Ti(ti)) is determined if addi-
tional information is available on the minimum
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FIGURE 11 Relative intermittency as a function of non-dimensionalized lateral coordinate for (a) f= 1.033 (3 rods) and
(b) f= 3.443 (10 rods).
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and maximum intermittency functions (’i(ti))min
and (3’i(t/))max. Figure 13 shows the distribution of
(’)’i(ti))min and (’)’/(t0)ma plotted in the streamwise
direction for Ft 1.033 (3 rods). The steady case (no
rod case) in Fig. 12 serves as the basis ofcomparison
for these maximum and minimum values. In the
steady case, the intermittency starts to rise from
zero at a streamwise Reynolds number Rex,s-= 2 x
105 and gradually equals the unity corresponding to
the fully turbulent state. This is typical of natural
transition and follows the intermittency function
introduced by Narasimha (1957). Figure 13 shows
the distributions ofmaximum and minimum turbu-
lence intermittencies (7i(ti))min and (7i(t/))max in the
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FIGURE 12 Intermittency as a function of Rex for no-rod
or steady case on the concave surface of the curved plate.
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FIGURE 13 Maximum, minimum and time-averaged inter-
mittency distributions as a function of streamwise Reynolds
number for [2 1.033 (3 rods).

streamwise direction. For each particular stream-
wise location on the blade surface with a streamwise
Reynolds number, for example Rex,s 105, two
corresponding distinctively different intermittency
states are periodically present. At this location,
(/i(ti))max corresponds to the condition when the
wake with a high turbulence intensity core impinges
on the plate surface at a particular instant of time.
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 (’’i(li))min, where no wake is present. As seen,
(3’i(t0)min tends to follow the steady (no-wake) in-
termittency distribution shown in Fig. 12, with a

gradual increase from an initial non-turbulent, state
with a value of zero to a final state of 0.8. This
was expected, as (’i(li))min is calculated outside the
wake region where turbulence intensity is small.
On the other hand, ("//(t0)max reveals a different
behavior that needs to be further discussed. As
Fig. 13 shows, the wake flow with an intermittency
close to impinges on the blade surface. By con-
vecting downstream, its turbulent fluctuations
undergo a strong damping by the wall shear stress
forces. The process of damping continues until

(’)/i(ti))max reaches a minimum. At this point, the
wall shear forces are not able to suppress the tur-
bulent fluctuations further. Consequently, the in-
termittency again increases to approach unity,
showing the combined effect of wake-induced and
natural transition due to an increased turbulence
intensity level. The damping process of the high
turbulence intensity wake flow discussed above
explains the phenomena of the becalming effect, a

wake induced transition observed by several re-
searchers (Pfeil and Herbst, 1979; Orth, 1992;
Schobeiri et al., 1995). Figure 13 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

(’T(t))max 1.0 1 exp -\Rex,s Rex,e
(14)
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where the constant C depends on f. The minimum
intermittency is described by

(")/(/))rain C2 1.0- exp --\Rex,s- Rex,e,,/

(15)

where the constants c2 are again dependent on f,
and the time-averaged intermittency is described
by

")/- c4 1.0 c3 exp \R--,- -ex,e,] (16)

The combined effect of (i(li))max and (7i(t0)min can
be seen in the expression for - through the constants

c3 and c4. Table II gives the four constants for the
frequencies under investigation. For natural transi-
tion, the above constants approach unity.

Freestream Turbulence Intensity

One major parameter affecting the boundary layer
transition onset is the freestream turbulence inten-
sity. The presence of wakes, particularly their spac-
ing and interaction, contribute significantly to an
increase of the freestream turbulence. Experimen-
tal investigations showed that the freestream time-
averaged turbulence intensity is dependent upon
the inlet wake frequency. For the investigated re-
duced frequency range, it is observed to approach a
maximum value of 4.2% as the wake frequency is
increased.

TABLE II Constants in the intermittency correlation

Const Reduced frequency, f

1.033 1.725 3.443 5.166

c 0.57 0.22 0.50 0.35
c2 0.80 0.85 0.86 0.88
C 1.00 0.82 0.80 0.80
c4 0.85 0.92 0.92 0.94

5.2. Heat Transfer

Local Heat Transfer Coefficient Distribution
on Concave Surface

Figure 14 shows the local heat transfer coefficient
distribution on the concave and convex surfaces
along the longitudinal length of the plate for f
0.0 (0 rods), 1.033 (3 rods), 1.725 (5 rods), 3.443
(10 rods), and 5.166 (15 rods). The effect of the
wakes on the heat transfer coefficient can be clearly
seen for the concave side of the curved plate. As
shown in the figure, the start and end of transition
shifts toward the leading edge as the wake passing
frequency increases. The beginning of transition
occurs for f=0.0, 1.033, 1.725, 3.443, and 5.166
around S/So=0.35, 0.27, 0.26, 0.21, and 0.17,
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FIGURE 14 Heat transfer coefficient distribution on the
concave and convex surface for f=0.0, 1.033 (3 rods), 1.725
(5 rods), 3.443 (10 rods), 5.166 (15 rods).
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respectively. For these values of Ft, the end of
transition occurs around S/So=0.63, 0.60, 0.58,
0.38, and 0.34, respectively. Elevated average heat
transfer coefficients occur for higher values of Ft
due to a larger freestream turbulence level gener-
ated by stronger wake mixing and turbulent ac-
tivities inside the boundary layer. In full accord
with the aerodynamic picture of the boundary layer
transition discussed previously, freestream turbu-
lence predominantly dictates the heat transfer. This
agrees with Han et al. (1993), Liu and Rodi (1989),
and Wang and Simon (1987). This data also seems
to support the work of Simonich and Moffat (1984)
and Kestoras and Simon (1993). These researchers
found that the time-averaged overall heat trans-
fer coefficient was larger for a concave surface
than a flat plate under zero pressure gradient. By
comparing the f 5.166 case to Liu and Rodi’s flat
plate investigation, which was run under similar
flow conditions, it was found that the heat transfer
coefficient is about 10% greater for the curved
plate. This increase may be attributed to the
G6rtler vortices. However, note that the compre-
hensive aerodynamic measurements by Schobeiri
and Radke (1994), and the present heat transfer
investigations, do not show the existence of these
vortices. Figure 15 shows the local Nusselt number
distribution along the longitudinal length of the

plate for the concave surface. With this figure, the
distributions can be easily compared with one

another, so that the extent of the effect that an in-
crease in wake passing frequency has upon bound-
ary layer transition can clearly be seen.

Local Heat Transfer Coefficient Distribution
on Convex Surface

For the convex side, the shape of the heat trans-
fer coefficient distribution remains constant for all
values of f (positive and negative, i.e., counter-
clockwise and clockwise rotation of the wake gen-
erator). The reason for this is a separation bubble
that occurs just downstream of the leading edge
of the curved plate. As previously discussed, a flow
separation on the convex side of the plate was
expected to occur due to an incidence angle of

/3 =-8 relative to the convex surface. This caused
a separation bubble that extended from S/So=
0.075 to 0.125. Once the flow finally reattaches, it
is fully turbulent, which is evident by the increased
heat transfer after reattachment. Thus, the mode
of transition is separated flow where a laminar sep-
aration/turbulent reattachment bubble is formed
as described by Mayle (1991). Figure 16 shows
the local Nusselt number distribution along the
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FIGURE 15 Nusselt number distribution on the concave sur-
face of the heat transfer plate for f 0.000, 1.033, 1.725, 3.443,
and 5.166.
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FIGURE 16 Nusselt number distribution on the convex sur-
face of the heat transfer plate for f=0.000, 1.033, 1.725,
3.443, and 5.166.
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convex surface of the plate with f as parameter.
As shown, the unsteadiness associated with higher
freestream turbulence intensity does not affect the
heat transfer to the convex surface with a separation
bubble manifestation.

Comparison between Experimental
Results and TEXSTAN

To help corroborate the results of the liquid crystal
technique, the experimental results were compared
with numerical results generated by the code
TEXSTAN, a program written by Crawford
and Kays (1976), which solves steady flow bound-
ary layer equations that govern two-dimensional
boundary layer flows. The flows can be laminar,
transitional, and turbulent and have either constant
or variable properties. TEXSTAN also can handle
heat flux and constant temperature boundary
conditions. The equations solved by TEXSTAN
are the equations of motion, energy, and sufficient
auxiliary equations.
The intermittency correlation previously devel-

oped is necessary to calculate the unsteady bound-
ary layer transition and heat transfer. However,
the liquid crystal technique automatically time-
averages the heat transfer responses. As a result,
a time-averaged intermittency correlation imple-
mented into the above code would be more suitable.
Crawford recently implemented Mayle’s (1991)
intermittency model into TEXSTAN, which is a
model that incorporates unsteady wake flow into
a steady-flow analysis by introducing a time-
averaged intermittency function. Mayle showed
that the time-averaged heat transfer distribution
on an airfoil surface can be obtained using the time-
averaged turbulence intermittency function. Since
unsteady flow was an integral part of the heat
transfer investigation, this model was chosen to
calculate the start and end of transition. The neces-
sary input for this model is inlet freestream turbu-
lence intensity and inlet velocity taken from the
boundary layer data of the heat transfer and alu-
minum curved plates. However, to achieve the best

results with TEXSTAN, the freestream turbulence
intensity for each boundary layer traverse had to be
averaged. This value was substituted for the inlet
turbulence intensity. Mayle’s intermittency model
defines intermittency (,),) as:

",/- exp[-fier(Rex Rext) 2] (7)

where ri- nu2/r3 is a dimensionless spot produc-
tion parameter, n is the turbulent spot production
rate, er is Emmon’s dimensionless spot propaga-
tion parameter, Rex Ux/u is the local Reynolds
number, and Rext is the local Reynolds number
at transition. This equation is used to find the
turbulence in the transition region. When 7-0.0,
the flow is completely laminar, but when --1.0,
the flow is fully turbulent. The value of the spot
production rate (her) is given as:

her- 1.25(10)- TU7/4 (18)

which is based on a curve fit of intermittency data
provided by Kuan and Wang (1989), Gostelow and
Ramachandran (1983), and Acharya (1985). The
start of transition is determined from Mayle’s mo-
mentum thickness Reynolds number correlation
that is

Reot 400 Tu-s/8. (19)

This correlation was also obtained from a curve
fit of the data collected by the aforementioned
authors. For a more detailed description of Mayle’s
intermittency model, refer to Mayle (1991). Besides
Mayle’s model, the geometry of the heat transfer
plate, the heat flux boundary condition, the air
properties, and the mode of transition were other
major inputs. For the TEXSTAN comparison, tur-
bulent intensities of 1.4%, 2.5%, 2.7%, 3.8%, and
4.5% that correspond to f=0.0, 1.033 (3 rods),
1.725 (5 rods), 3.443 (10 rods), and 5.166 (15 rods),
respectively, were used in the constant heat flux
simulation. Figure 17 shows good agreement be-
tween the experimental data and TEXSTAN for
f= 1.033, 1.725, 3.443, and 5.166. Mixed results
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concave surface. The magnitude of the Stanton
number in the turbulent region compares favorably
with the results of Mayle et al. (1979) where the
heat transfer of a turbulent boundary layer on a
concave surface was investigated. Both the transi-
tion and turbulent regions of the steady case com-

pare well in magnitude and trend to the results of
Kestoras and Simon (1993). Kestoras and Simon
had a similar inlet velocity, but a lower turbulence
intensity (Tu =0.68%) as opposed to the 1.2% for
the steady case in this investigation. The curved
plate, however, was different. Kestoras and Simon
had a longer curved plate with less curvature.
Due to the lower turbulence intensity, the rise in
Stanton number in the transition region was

greater but peaked at the same magnitude as in
this investigation. Simonich and Moffat (1984)
also studied the effects of concave curvature on

turbulent boundary layers. They found Stanton
numbers in the turbulent region to be about 50%
less than those in this investigation. The discrep-
ancy is most likely due to their radius of curva-
ture being twice that of the radius of curvature of
the heat transfer plate and their different inlet

conditions.

FIGURE 17 Stanton number vs local Reynolds number on the
concave surface of the heat transfer plate for all values of f.

6. UNCERTAINTY ANALYSIS

were found for the steady case. Good agreement
was observed for the steady case up to Res=
1.75 x 105, which is the start of transition mea-

sured experimentally, then the numerical result de-
viates from the experimental results. For this case,
TEXSTAN over predicts the start of transition.
This disagreement is primarily due to the curve-fit
correlations of rkr and Reot where both have a
larger curve-fit error at low turbulent intensities

(< 1.5%) due to the non-linearity in the curve-fit
data at low turbulent intensities (see Mayle, 1991).

There is generally good agreement when the
Stanton number distribution is compared with
other heat transfer investigations involving a

The Kline and McClintock (1953) uncertainty
analysis method was used to determine the uncer-

tainty in the velocity after calibration and data re-

duction for the single-wire probe. In addition, the
uncertainty in the heat transfer measurements was

also determined. Note that the determined uncer-

tainty may not be the actual uncertainty of the
results because the Kline and McClintock method
determines the worst possible uncertainty. The un-
certainty in velocity for the single-wire probe after
data reduction is given in Table III.
As shown, the uncertainty in velocity increases

as the flow velocity decreases. This is due to the
pneumatic pressure transducer having a large un-

certainty during calibration. The maximum uncer-

tainty in the local heat transfer coefficient for all
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TABLE III Uncertainty in velocity measure-
ment for hot-wire probe

v (m/s) 3 5 12
q-Ave (m/S)red 5.78 2.41 1.40

the rod cases was approximately +2.87W/m2K.
Regarding position, there is a 4-1.0 mm uncertainty
in the determination of the yellow band region.

7. CONCLUSIONS

The effect of periodic unsteady wakes on boundary
layer transition on the concave side of a constant
curvature curved plate under zero pressure gradient
was experimentally investigated in a subsonic wind
tunnel test facility. In addition, the effect that these
wakes have on the heat transfer on the concave and
convex surfaces was experimentally investigated
in the same test facility. For both experiments, the
same wake passing frequency was used so a com-

parison could be made between the aerodynamic
and heat transfer data. From this investigation, the
following conclusions were drawn:

(1) The intermittency analysis showed that the
relative intermittency function is seen to fol-
low a Gaussian distribution. The minimum
intermittency factor, (min), represents the
boundary layer behavior between the turbu-
lent wake strips. It is shown to follow the
natural transition process as the free-stream
is almost non-turbulent. On the other hand,
(")/max) 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 bound-
ary layer.

(2) Increasing wake passing frequency results
in earlier transition and approximately equal
transition zones. At [2= 1.033 (3 rods) and
[2-- 1.725 (5 rods), the isolated unsteady wakes
showed no visible interaction with each other.

Visible wake interaction is present at f2 3.443
(10 rods) and f 5.166 (15 rods) simulating
the flow through the third and fourth rows of
a multistage turbine. This shows that the re-

search is applicable to actual turbomachines.
(3) Higher turbulence intensity occurs when in-

creasing the unsteady parameter f2 due to the
intense mixing of the primary and secondary
wakes at higher values of f. At higher turbu-
lence levels, the start oftransition is closer to the
leading edge of the curved plate.

(4) On the concave surface of the heat transfer
plate, increasing the unsteady parameter f re-
sults in earlier transition and a higher average
heat transfer coefficient.

(5) Increasing the unsteady parameter f has
no effect upon a laminar separation/turbulent
reattachment bubble on the convex surface
at turbulent intensities (x-component) less
than 5%.

(6) Considering the transition onset, the hot-wire
and heat transfer data were in good agreement
with each other, which says that the liquid crys-
tal technique delivers accurate and depend-
able results. In addition, the time-averaged
heat transfer results are predicted well by
TEXSTAN using Mayle’s time-averaged inter-

mittency correlations.
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NOMENCLATURE

b

Ca
d

h
I
Nu
Q
s

So

SR

Ttlref
TUloc

Uref

<u>
U

Uref

H

Y

o-

o-

7-

Intermittency width
Drag coefficient
Lateral distance above the plate surface,
d-- 10mm
Rod diameter
Heat transfer coefficient
Current
Nusselt number
Heat added
Streamwise position
Arc length of concave surface of curved
plate, So 690 mm

Rod spacing
Stanton number
Reference turbulence intensity
Local turbulence intensity
Ensemble-averaged reference turbulence
intensity
Reference local velocity at a distance of
d-- 10mm
Ensemble-averaged velocity
Instantaneous velocity
Time-averaged velocity
Circumferential velocity of wake
generator
Reference local velocity at a distance of
d= 10mm
Turbulent fluctuation component
Shear stress velocity
Voltage
Ensemble-averaged fluctuation velocity
(m/s)
Lateral distance from plate surface
Non-dimensional wall distance, y+ u,y/v
Kinematic viscosity of air
Emissivity
Stefan-Boltzmann constant in Eq. (7)
Spot propagation parameter in Eq. (16)
One wake passing period
Flow coefficient b Uin/U
Unsteady parameter f (CDSOUw)/
(SR Uin)
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