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Experiments were performed to study the effect of film hole location on local heat transfer
coefficient distribution of a turbine blade model with air or CO2 film injection to simulate
coolant density effect. Tests were performed on a five blade linear cascade at the chord
Reynolds number of 3 105 at cascade inlet. The test blade had three rows of film holes in
the leading edge region and two rows each on the pressure and suction surfaces. Film hole
locations were varied by leaving the desired ones open and plugging the rest. A combination
of turbulence grid and unsteady wake was used to generate upstream high turbulence
condition. Results indicate that film injection by itself causes a substantial increase in
Nusselt numbers over a blade model without film holes. An increase in mainstream
turbulence intensity causes an increase in Nusselt numbers over most of the blade surface,
for both coolants, and at all blowing ratios. Film injection promotes an earlier boundary
layer transition on the suction surface and the onset of transition depends on the film
injection location; but at high turbulence levels, transition location is almost independent of
film injection location.
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INTRODUCTION

It is well known that gas turbine performance
improves with an increase in turbine inlet tempera-
ture. This has caused a continuing trend towards
higher gas turbine inlet temperatures and resulted
in higher heat loads on turbine components.
Hence, sophisticated turbine blade cooling techni-
ques must be employed in order to maintain the
engine performance requirements. Since any

compressor extracted air for cooling degrades
engine performance, the amount of coolant must
be minimized. Thus, it is important to understand
the effect of film hole location on local heat
transfer coefficient distribution on a gas turbine
blade. Mainstream turbulence generated by
combustor and unsteady wakes shed by upstream
nozzle vanes may have an adverse effect on film
coverage and hence on film cooling performance.
Also, the injectant to mainstream density ratio
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varies from 1.5-2.0. This study focuses on the
effect of film hole location on local heat transfer
coefficient distribution on a turbine blade model
with air or CO2 film injection, under high main-
stream turbulence conditions.
There have been many studies to investigate the

effect of upstream unsteady wake and mainstream
turbulence on heat transfer coefficients from a

turbine blade without film cooling. Dunn [1986],
Dunn et al. [1986,1989,1994], Blair et al. [1989a,
1989b], Abhari et al. [1992], and Blair [1994],
conducted experiments in rotor-stator blade rows;
whereas, Pfeil et al. [1983], Doorly and Oldfield

[1985], Wittig et al. I1987,1988], Priddy and Bayley
[1988], O’Brien and Capp [1989], Dullenkopf et al.
[1991 ], Dullenkopf and Mayle [1994], Liu and Rodi

[1992], and Han et al. [1993] did laboratory simula-
tions of upstream unsteady wake conditions. They
reported significant increases in heat transfer due
to unsteady wake as well as an earlier and longer
transition region on suction surface. The combined
effect ofmainstream turbulence and unsteady wake
on heat transfer coefficients from a turbine blade
without film cooling has been studied by Ashworth
et al. [1985] and Doorly [1988]. Ashworth reported
that in presence of unsteady wake, an increase in
mainstream turbulence from Tu < 1% to Tu 4%
moves transition on both pressure and suction
surfaces from 50-60% ofX/C to about 10-30% of

X/C. Doorly reported that the effect of unsteady
wake passing on an already turbulent boundary
layer heat transfer is fairly small.

There have been some studies to investigate the
effect of upstream unsteady wake and mainstream
turbulence on heat transfer coefficient from a
turbine blade with film injection. Nirmalan and
Hylton [1990] studied the effects of exit Mach
number, exit Reynolds number, and coolant-to-gas
pressure and temperature ratios on heat transfer
coefficient on a vane. They reported that at low
coolant-to-gas temperature ratio, the film cooling
effects are relatively insensitive to exit Mach
number but more sensitive to exit Reynolds
number, and vice-versa. Camci and Arts [1990]
studied the effects of coolant-to-gas temperature

ratio, and mainstream turbulence on heat transfer
coefficient. They reported heat transfer coefficient
strongly depended on coolant-to-gas temperature
ratio and mainstream turbulence did not have any
significant effect. Abhari and Epstein [1994]
studied heat transfer on a film cooled rotor blade
with time resolved measurements, under simulated
non-dimensional engine conditions in a blow down
facility. They reported that film cooling reduces
time-averaged heat transfer rate by as much as

60% on suction surface; whereas, the effect on

pressure surface is relatively small. Ou et al. [1994]
studied the effects of incident unsteady wake
conditions and injectant density on blade heat
transfer coefficient from a linear turbine blade
cascade. They reported that an increase in unsteady
wake strength causes an increase in heat transfer
coefficient. Mehendale et al. [1994] studied the
effects of incident unsteady wake conditions and
injectant density on blade heat load for flow
through a linear turbine blade cascade. They
reported that higher density injectant at higher
blowing ratios causes a larger reduction in heat
loads to a blade. Ekkad et al. [1997] studied the
combined effects of incident wake and mainstream
turbulence on blade heat transfer coefficient and
film effectiveness for the same blade used by Ou
et al. [1994] and Mehendale et al. [1994].
Teekaram et al. [1989] studied the use of a

foreign gas (CO2) injection, to simulate density
ratio effect, on film cooled heat transfer coefficients
for flow over a flat plate. They compared data with

CO2 or air (the injectant air was cooled to produce
same density as CO2) as injectants. They did not
observe any difference in heat transfer coefficients
as long as the injectant density was maintained the
same.

This study is a continuation of Ou et al. [1994],
Mehendale et al. [1994], and Ekkad et al. [1997]
who employed full film coverage, and Ou and Hart
[1994] who employed film injection through only a

single row of film holes on pressure side and a

single row of film holes on suction side. This
investigation focuses on the effect of injection
through only a few select film hole locations (to
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minimize injectant requirements) as compared to
full film coverage, on local heat transfer coefficient
distribution on a turbine blade model under high
mainstream turbulence conditions for air or CO2
film injection. Jiang and Han [1996] presented the
effect of injection location on film effectiveness for
same blade geometry under same mainstream
turbulence conditions.
The objectives of this study are to determine the

changes in heat transfer coefficient distribution
for (1) film injection through three film hole
rows, only in the leading edge region, (2) film injec-
tion through only one film hole row each, at X/C
-0.13 and X/C 0.18, on the pressure and suction
surfaces, respectively, (3) film injection through
only one film hole row each, at X/C =-0.2 and X/
C=0.41, on the pressure and suction surfaces,
respectively, (4) film injection through all the above
mentioned film hole row locations (referred to as
full film coverage in this paper), and (5) the effect
of injectant to mainstream density ratio on blade
heat transfer coefficient distributions.

TEST APPARATUS AND
INSTRUMENTATION

The test apparatus consisted of a low speed, low
turbulence, suction type wind tunnel with an inlet
nozzle, a spokedJwheel type wake generator, a
turbulence grid, a linear turbine blade cascade with
an instrumented blade at its center, and a blower.
The wind tunnel was designed for a blade turning
angle of 107.49 The five blade cascade was
installed downstream of the turbulence grid and
the wake generator.
A detailed view of the test geometry is shown in

Fig. 1. The cascade was designed for use in our low
speed wind tunnel test facility. The blade and
cascade configurations were designed to produce
a similar velocity ratio distribution as in a typical
advanced high pressure turbine blade row. The
relative flow angles were 35 and -72.49 at the
blade inlet and exit, respectively. A five times scaled
up model was used to simulate the engine Reynolds

Instrumented Blade

Hot Wire Probe
Locations

Wake
Generator

Turbulence
Gdd

FIGURE Schematic of test geometry.

number. The cascade had five blades, each with
22.68 cm chord length and 25.2 cm radial span. The
blades were spaced 17.01 cm apart at the cascade
inlet. All blades were fabricated from high quality
model wood. Only the center blade was instru-
mented and had film holes.
A square mesh, square bar, biplaner turbulence

grid was used to generate mainstream turbulence to
simulate combustor turbulence. The turbulence
grid had 0.5cm square bars spaced 1.9cm apart
in both horizontal and vertical directions. The
turbulence grid was located 30cm (x/b=63)
upstream of the cascade leading edge.
The spoked wheel type wake generator had 32

rods, each 0.63 cm in diameter to simulate trailing
edge of an upstream blade. Its shaft was located
20cm below the bottom wall of the wind tunnel.
Wake Strouhal number was set by controlling
motor speed and measuring the wake generator
rotation speed with a digital photo tachometer. The
error caused by using non-linear rotating rods with
a linear blade cascade was small [Ou et al., 1994].

Slots were machined in top wall of the wind
tunnel for inserting flow measurement probes. Hot
wire probe was inserted through slots near cascade
entrance to measure oncoming flow velocity, tur-
bulent fluctuations, and to check flow periodicity
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between adjacent flow passages. Exit flow velocity
was measured through slots near cascade exit.
Instantaneous velocity fluctuations at locations in
the flow passages were measured through
remaining slots. A calibrated single hot wire was
used to measure instantaneous velocity profiles. It
was connected to a 4-channel TSI IFA 100 hot wire
anemometer. The anemometer signal was con-
nected to a spectrum analyzer for displaying
instantaneous velocity profile and frequency distri-
bution. The signal was digitized by a 250 KHz A/D
board in a 386SX 20 MHz machine.
A schematic of the top view of the test blade is

shown in Fig. 2. Cavity supplied three rows of
film holes one near the leading edge, and one
each on pressure and suction surfaces. Cavity 2
supplied one row each on pressure and suction
surfaces. Cavities 3 and 4 supplied one row of film
holes on pressure and suction surfaces, respectively.
Depending on its location, each row had 8 to 10
film holes between 30% and 70% of blade span.

Cavity 2
Cavity 4

Stainless
Steel Foil

’-72.490
Film Hole Row P/D Axial Radial Tangential
Ltion Angle ngle Angle

Cavity 2: Pressure Side 6.79 32" 55"

Caity 2: Suction Side 4.13 90" 45"

Cavity 3! ,,,Pressure Side 5.00 35., 50"

Cavity 4: Suction Side 5.71 90 30

FIGURE 2 Schematic of test blade with film holes.

Some film holes had a compound angle (radial and
tangential) relative to blade surface as seen in the
figure. Radial angle is defined as the angle between
film hole axis and local radial (spanwise) direction.
Tangential angle is defined as the angle between
film hole axis and local streamwise tangential
direction. Details of film hole configuration
(streamwise location, diameter, length, spanwise
spacing, and compound angle) for this 5X model
blade are typical of a gas turbine blade. Each cavity
was connected with individually controllable injec-
tant (air or CO2) supplies. Stainless steel foil strips
(25.4cm long x 1.8 cm wide x 0.00378 cm thick)
were cemented vertically on the test blade except
in the film hole regions where there was no foil.
Instead, two layers of cellophane tape were used in
these film hole regions to make the surface level
with rest of the test surface. Holes were cut in the
tape to match holes in the blade. The foils were

separated by 0.8 mm gaps that were filled with
wood putty and made flush with the foil surface.
All foils were connected in series by copper bus
bars. The foils provided an almost constant wall
heat flux boundary condition, when heated elec-
trically. Thirty-six gage copper constantan thermo-
couples were cemented on the undersides of the
foils. There were 9 rows of thermocouples on the
pressure surface and 13 rows on the suction
surface. Each row had 4 thermocouples, two along
adjacent hole centerlines and two along centerlines
between adjacent holes, in the radial midspan
region. Thermocouples were mounted in the injec-
tion cavities to measure the injectant flow tempera-
tures just before injection. All thermocouples were
connected to a 100 channel FLUKE 2285B data-
logger interfaced with the 386SX machine. Input
voltage and line current for both test blades were
measured with a multimeter and a current clamp.

TEST CONDITIONS AND DATA
ANALYSIS

All tests were performed at the chord Reynolds
number (Re) of 3 x 105 at cascade inlet. The
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corresponding cascade inlet and outlet velocities
were 21 and 50 m/s, respectively.
The injectant mass flux rate for a given row of

injection holes was determined from the time-
averaged local mainstream velocity at that location
(as measured with a pressure tap instrumented
blade -Han et al. [1993]) and the desired blowing
ratio. Tests were conducted at the blowir/g ratios of
0.5, 1.0, and 1.5. Film injection through the desired
film hole rows was achieved by sealing film holes at
other locations and making the surface flush with
rest of the test surface.
Unsteady wake strength is given by wake

Strouhal number S-2-Ndn/(60V1) (O’Brien and
Capp, 1989). Two turbulence conditions at the
cascade inlet were studied, the low turbulence con-
dition (Tu 0.75%) where the turbulence grid and
all rods from the wake generator were removed,
and the high turbulence condition (Tu 16.4%).
The integral length scale at cascade inlet for the
turbulence grid was estimated to be about 1.1 cm.
Wake Strouhal number of S- 0.3 was achieved by
setting N 287 rpm which corresponds to a flow
coefficient V1/Ur--dn/(rmS) (O’Brien and Capp,
1989) of 1.9.
During heat transfer tests, the stainless steel foils

were electrically heated (Tw was in the 40-50C
range) and the injectant (air or CO2) temperature
was maintained the same as the ambient main-
stream temperature (Too was about 25C). As in Ou
et al. [1994], local heat transfer coefficient with or
without film injection was calculated from

q l, ll l, q II ,, ,,
qrad gen qrad

h- gen (qcond q- --(qcond -+-
Tw Too Tw Taw

Since Mach number << 1, Taw Too. Heat loss tests
were performed to estimate the total heat loss. The
measured total heat loss was about 10% of the foil
generated heat. On an average, the conduction and
radiation heat losses were 4% and 6%, respec-
tively, of the heat generated. Heat loss through the
tiny thermocouple wires was estimated to be very
small (less than 0.1%), and axial and lateral
conduction through the thin foil was also found
to be negligible.

Local Nusselt number (Nu) was calculated from
Nu=hC/k. Local Nusselt numbers at a given
streamwise location were averaged to obtain the
spanwise averaged Nusselt number (Nu) at that
location.
The above mentioned thin foil-thermocouple

technique and the related data analysis method to
calculate heat transfer coefficient are the same as in
Ou et al. [1994]. At steady state, five sets of data
were recorded at each location and averaged to
minimize random errors. Similarly, five sets of data
were recorded for the hot wire measurements.
Measurement and estimation accuracies in voltage,
current, wall temperature, and heat losses contrib-
uted to uncertainty in Nusselt number. An uncer-

tainty analysis as in Kline and McClintock [1953]
showed the uncertainty in Nusselt number to be
about +5% based on 20:1 odds. Uncertainty in
Nusselt number was a little higher at locations near
the film holes due to lower wall temperatures and
heat loss to injectant.

RESULTS AND DISCUSSION

Velocity profiles in the radial direction at the inlet
and outlet of the left and right flow paths adjacent
to the test blade are shown in Ou et al. [1994].
Results indicate that the inlet and outlet velocity
profiles in the flow paths are essentially uniform in
the midspan region. Also, the flow direction at the
inlet and outlet of both flow paths was uniform.
Thus, the Nusselt numbers are free from the top
and bottom wall boundary layer effects. An
identical profile blade with static pressure taps
was used to measure local mainstream velocity
around the blade. Local-to-exit velocity ratio

(V/V2) distributions for several turbulence condi-
tions are shown in Fig. 3. A pre-test prediction
based on Re 2 105 is also shown for compari-
son. Results indicate that mean (time averaged)
velocity distribution around the blade is almost
same irrespective of the upstream turbulence
condition. Flow over the suction surface experi-
ences a strong acceleration over two thirds of axial
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FIGURE 3 Effect of mainstream turbulence on local main-
stream velocity.

distance followed by a deceleration. On the
pressure surface, flow velocity remains almost
constant till about one third of axial distance and
then experiences an acceleration. Since the suction
surface of a gas turbine blade experiences much
higher mainstream velocities than its pressure
surface, the boundary layer on its suction surface
is much thinner and is more susceptible to main-
stream and boundary layer disturbances. Hence,
more attention is focussed on the effect of film hole
location on suction surface heat transfer coeffi-
cients in discussion of the figures.
A turbine blade model without any film holes

(smooth blade surface) was also fabricated and
tested, in order to understand the effect of main-
stream turbulence by itself. The effect of main-
stream turbulence (Tu=0.75% and 16.4%) on
spanwise averaged Nusselt number distribution for
the blade without film holes is shown in Fig. 4. Also
shown for comparison are the results at several
other turbulence intensities. Results for the low
mainstream turbulence base condition show that
Nusselt number on the suction surface decreases

2000
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" Tu-1B:4%
Tu=17’0% I0 T’.,

-1.2

No Film Hl
Re=3xl0S

-0.8 -0.4 0.0 0.4 0.8 1.2

Pressure 8urfloe X/C Suotlon Surfloe

FIGURE 4 Effect of mainstream turbulence on Nusselt
number distributions for the blade without film holes.

gradually with increasing streamwise distance from
stagnation due to laminar boundary layer growth;
but past X/C=0.85 (i.e. 85% chord), Nusselt
number increases sharply due to boundary layer
transition. For the same no grid condition, Nusselt
number on the pressure surface decreases sharply
with increasing X/C (due to a much lower flow
velocity and hence a faster boundary layer growth),
but starts to increase from X/C=-0.2 due to a

strong acceleration. As mainstream turbulence
increases, the increased flow fluctuations disturb
the boundary layer and cause an increase in heat
transfer coefficient distribution over the entire
blade surface. This effect is more severe on the
suction surface than on the pressure surface. The
upstream flow fluctuations cause an earlier laminar
to turbulent boundary layer transition on the
suction surface (at only half the distance as for
the Tu=0.75% case) and the transition length
increases (due to a strong acceleration in the mid-
chord region which delays the production of
turbulence spots) with increasing mainstream
turbulence. The increases in heat transfer coeffi-
cients from Tu 0.75% to Tu 16.4% vary from
12% near the leading edge to as high as 230% at

X/C=0.85 on the suction surface; whereas, the
increases vary from 55% near the leading edge to
80% at X/C =-0.2 on the pressure surface.

Effect of blowing ratio and injectant density on

spanwise averaged Nusselt number distribution,
for film injection through holes in the leading edge
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FIGURE 5 Effect of air or CO2 injection from the leading
edge on Nusselt number distributions at Tu=0.75% and
Tu= 16.4%.

region (Cavity 1), at the turbulence intensities of
Tu=0.75% and 16.4% is shown in Fig. 5. Also
shown for comparison are the results from the no
film holes test model. For the case of Tu-0.75%,
increases in heat transfer coefficients over the no
film holes model are observed downstream of the
film hole row locations for both density ratio
injectants at all blowing ratios. Subsequently,
boundary layer growth and stabilization cause the
heat transfer coefficients to decrease; but, at about
X/C--0.5, the boundary layer disturbances due to
leading edge film injection amplify and produce an
earlier transition to turbulent boundary layer.
Since a lower mainstream velocity produces a
thicker boundary layer on the pressure surface,
increases in heat transfer coefficients by flow
disturbances due to film injection are less promi-
nent on the pressure surface. As seen, just film
injection by itself can significantly enhance heat

transfer coefficients over the no film holes case. An
increase in blowing ratio causes an increased
injectant-mainstream interaction and results in
an increase in heat transfer coefficients near film
holes for both density injectants. For a given
blowing ratio, as the injectant density increases
the momentum flux ratio decreases. Hence, at a

given blowing ratio, the lower density injectant jet
(air, D.R. 1.0) penetrates further than the higher
density injectant jet (CO2, D.R.=l.52). This
causes a higher jet-mainstream interaction for the
lower density injectant and results in higher heat
transfer coefficients. Effect of injectant density is
seen just downstream of most of the film holes
where heat transfer coefficients for air injection are
slightly higher than for CO2 injection. Downstream
of leading edge film holes (X/C0.5) on the
suction surface, this effect is reversed due to
injectant accumulation within the boundary layer.
The accumulation effect occurs because the higher
density injectant (CO2), with its lower momentum
flux ratio, tends to stay in the boundary layer
producing an even earlier transition and higher
heat transfer coefficients. On the pressure surface,
effect of blowing ratio or injectant density is not as

significant as on the suction surface since the
boundary layer is thicker and hence not as

susceptible to boundary layer disturbances. At
the higher turbulence intensity of Tu-- 16.4%, the
effect of film injection in increasing heat transfer
coefficients over the no film holes case remains the
same; but the effect of blowing ratio or injectant
density is not as significant as at the lower main-
stream turbulence level since the boundary layer is

already highly disturbed. Also, transition occurs
earlier at X/C=0.4 for both injectants and the
accumulation region effect is diminished.

Effect of blowing ratio and injectant density on

spanwise averaged Nusselt number distribution,
for film injection through second rows of film holes
on the pressure and suction surfaces (Cavity 2,
X/C -0.12 and X/C 0.19), at the turbulence
intensities of Tu=0.75% and 16.4% is shown in
Fig. 6. Also shown for comparison are the results
from the no film holes test model. Sharp increases



170 A.B. MEHENDALE et al.

in heat transfer coefficients are observed immedi-
ately downstream of the film hole row locations on
the pressure and suction surfaces. They are caused
by the highly disturbed boundary layer due to the
injectant-mainstream interaction. Following such
peaks, boundary layer growth and stabilization
cause the heat transfer coefficients to decrease. As
before (Fig. 5), increases in heat transfer coeffi-
cients over the no film holes model are observed
downstream of the film hole row locations for both
density ratio injectants at all blowing ratios and the
increases in heat transfer coefficients on the
pressure surface are less prominent. Unlike for
the case of Cavity injection (Fig. 5), transition
occurs at about X/C=0.4 for both mainstream
turbulence cases. This may be because the free-
stream acceleration is lower in this delayed injec-
tion region (X/C0.2) (as compared to leading
edge injection). Hence, the boundary layer distur-
bances are not suppressed as in the previous case
thus leading to an earlier transition even for low
mainstream turbulence. The effects of blowing

ratio and density ratio are similar to the case of
leading edge injection.
Mehendale et al. [1994] have shown that higher

density injectant at higher blowing ratio provides
best heat load reduction. Since density ratio and
blowing ratio in a gas turbine engine are on the
higher side, the performance of different film hole
injection locations will be compared at the highest
blowing ratio studied of 1.5.

Effect of film hole row location on spanwise
averaged Nusselt number distribution, for air
injection at the blowing ratio of 1.5, at the
turbulence intensities of Tu 0.75% and 16.4% is
shown in Fig. 7. Also shown for comparison are the
results from Ou and Han [1994] for air injection
(M 1.5) through third rows of film holes on the
pressure and suction surfaces (Cavities 3 and 4),
from Ekkad et al. [1997] for air injection (M 1.2)
through all rows of film holes (full coverage), and
from the no film holes smooth surface blade model.
For Tu 0.75%, it can be seen that for the case of
third rows injection, the data follows the no film
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FIGURE 6 Effect of air and CO injection from the 2nd
row on Nusselt number distributions at Tu=0.75% and
Tu= 16.4%.
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holes data till just before injection location, then
there is an increase in heat transfer coefficients
followed by transition because of low mainstream
acceleration. The data for leading edge injection is
initially higher than for the third row injection, but
it continues to decrease till transition (X/C 0.7).
The data for full coverage injection is higher than
all other data in spite of being at a lower blowing
ratio of only M 1.2. This is because, due to film
injection through several rows boundary layer is
disturbed repeatedly causing high heat transfer
coefficients. The transition location moves

upstream from smooth surface no film holes case-

to-leading edge injection case-to-third rows injec-
tion case-to-second rows injection case-to-full
coverage injection case. For Tu-- 16.4%, the heat
transfer coefficients at all locations are higher than
at Tu =0.75% for all film hole location cases. One
major difference over the low turbulence case is
that transition occurs at about X/C=0.6 for all
film hole location case. Another major difference
over the low turbulence case is that past X/C 0.4,
the leading edge, second rows, and third rows
injection cases produce almost similar levels of
heat transfer coefficients. This differences may be
attributed to high mainstream turbulence effect
dominating the boundary layer disturbance effects
produced by discrete film injection for the leading
edge, second rows, and third rows film injection
cases.

Effect of film hole row location on spanwise
averaged Nusselt number distribution, for CO2
injection at the blowing ratio of 1.5, at the
turbulence intensities of Tu =0.75% and 16.4% is
shown in Fig. 8. Also shown for comparison are the
results from Ou and Han [1994] for CO2 injection
(M 1.5) through third rows of film holes on the
pressure and suction surfaces (Cavities 3 and 4),
from Ekkad et al. [1997] for full coverage CO2
injection (M 1.2), and from the no film holes test
model. For Tu=0.75%, the third rows injection
data follows the no film holes data for air injection
as observed in Fig. 7; but, the accumulation effects
cause higher heat transfer coefficients than for air
injection. Also, unlike for air injection at
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FIGURE 8 Effect of CO film injection location on Nusselt
number distributions at Tu =0.75% and Tu 16.4%.

Tu 0.75%, transition occurs at about
X/C=0.5 due to the accumulation effect. As for
air injection, the full coverage injection case
produces highest heat transfer coefficients followed
by the second rows injection case followed by the
leading edge injection and the third rows injection
cases. As for the low turbulence case, transition
occurs at X/C=0.5 for all injection cases at
Tu 16.4%. Also, the differences in heat transfer
coefficients from case to case are considerably
reduced.

Similar trends were observed at the two lower
blowing ratios studied of M=0.5 and 1.0, but
increases in heat transfer coefficient due to main-
stream turbulence were more prominent at the
lowest blowing ratio studied of M--0.5.

Note: This study compares the effect of film hole
row location on heat transfer coefficients. It should
be kept in mind that heat transfer coefficient data
forms a part of the ultimate goal to optimize film
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injection. When combined with the film effective-
ness data (Jiang and Han, 1996), it provides the
heat load (heat transfer) results. Thus, even though
some film hole location case may produce high heat
transfer coefficients, it may also provide high film
effectiveness. This may result in lower heat loads
than for some other film hole location cases which
may produce lower heat transfer coefficients and
lower film effectiveness.

CONCLUDING REMARKS

Effect of film hole row location on.heat transfer
coefficient distributions of a model turbine blade,
with air (D.R.= 1.0) or CO2 (D.R.= 1.52) film
injection, in a linear cascade was investigated. Tests
were performed at the chord Reynolds number of
3 105 at cascade inlet, at the mainstream turbu-
lence intensities of 0.75% and 16.4% at cascade
inlet, and at the blowing ratios of 0.5, 1.0, and 1.5.
The main findings are:

1. For smooth surface (no film holes) blade, high
mainstream turbulence promotes an earlier
boundary layer transition and increases the
transition length on the suction surface. Heat
transfer coefficients on both pressure and
suction surfaces increase with an increase in
mainstream turbulence. These increases over
the low turbulence data are much higher on
the suction surface than on the pressure
surface;

2. For film cooled blade, film injection by itself,
i.e., for the low mainstream turbulence case,
produces much higher heat transfer coefficients
downstream of the injection locations;

3. Film injection promotes an earlier boundary
layer transition. The onset of transition depends
on film hole row location and also depends on
the density of injectant, with higher density
injectant causing an earlier transition;

4. Under high mainstream turbulence conditions,
the onset of transition is independent of film
hole row location;

5. The full coverage film injection case produces
the highest heat transfer coefficients, followed
by second rows film injection, followed by the
leading edge and third rows film injections;

6. As mainstream turbulence increases, film cooled
heat transfer coefficients over most of the blade
surface increase;

7. As blowing ratio increases, heat transfer coeffi-
cients downstream of film injection locations
increase;

8. Apart from causing an earlier transition, higher
density injectant (CO2) produces higher heat
transfer coefficients in the transition region.

The effects of several important parameters (film
injection location, mainstream turbulence, density
ratio, and blowing ratio) on heat transfer coeffi-
cient distributions over a turbine blade model have
been presented in this paper. The paper highlights
the differences in effects of film hole locations on

heat transfer coefficients. These results can be used
in gas turbine blade design.
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NOMENCLATURE

b
C

d
D
D.R.

k
M

turbulence grid bar width
blade chord length, straight distance
between leading and trailing edge
wake generator ro.d diameter
film hole diameter
density ratio (injectant to mainstream),
Ps/Po

local heat transfer coefficient
momentum flux ratio (injectant to

mainstream), (pVZ)s/(pV2)oc
local air thermal conductivity
blowing ratio (injectant to mainstream
mass flux ratio), (pV)s/(pV)o
number of rods in the wake generator



EFFECT OF FILM INJECTION 173

N
Nu

Nu

qcond

q gen

q rad

rm

Re

S

Yw
T
Ur
V
V1
V2

X

wake generator rotation speed (rpm)
local Nusselt number based on blade
chord, hC/k

spanwise averaged Nusselt number
film hole pitch
local conduction heat loss flux
foil generated wall heat flux
local radiation heat loss flux
distance between the wake generator shaft
center and the cascade midspan
Reynolds number based on the blade
chord, V1C/u
wake Strouhal number, 27rNdn/(60V1)
local adiabatic wall temperature
injectant flow temperature within injection
cavity

local wall temperature
mainstream temperature at cascade inlet
rotational velocity at the cascade midspan
local mainstream velocity
mean mainstream velocity at cascade inlet
mean mainstream velocity at the
cascade exit

distance between turbulence grid and
cascade leading edge

streamwise distance from stagnation
along blade surface

kinematic viscosity
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