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mainstream turbulence on leading edge film cooling and
heat transfer.

Consider pure heat transfer (without film
cooling) in the case of flow over a flat plate.
Simonich and Bradshaw (1978), Hancock and Bradshaw
(1983), and Blair (1983a, 1983b) reported that the
heat transfer coefficient increases with increasing
grid-generated turbulence intensity. Consider pure
heat transfer (without film cooling) in the case of
flow over a cylinder. 0’Brien and Vanfossen (1985)
studied the effect of turbulence produced by a grid
with jet injection (jet-grid) on heat transfer from
the leading edge of a circular cylinder. With this
jet-grid they were able to produce higher turbulence
intensity of up to 12%. At turbulence intensity of
10-12%, the heat transfer coefficient increased by
37-53% over the =zero turbulence intensity case for
Reynolds number of 48,000-180,000. Young and Han
(1988, 1989) studied the effect of jet-grid turbulence
on flat plate heat transfer and reported that for a
turbulence intensity of 15%, the heat transfer
coefficient increases by 45% as compared to the zero
turbulence correlation in the fully turbulent region.

There have been many investigations concerning
film cooling of flat or mildly curved surfaces with
varying blowing ratios and injection geometries, for a
low mainstream turbulence intensity of about 0.5%
(Goldstein, 1971; Ericksen and Goldstein, 1974; Mayle
et al., 1977; Ito, et al., 1977; Han and Mehendale,
1986). However, there are not many studies on film
cooling with injection around the leading edge region
of an airfoil. Luckey and L’Ecuyer (1981) and Bonnice
and L’Ecuyer (1983) used a circular cylinder with one
to five rows of spanwise injection holes to model the
leading edge region for various blowing ratios. For a
low mainstream turbulence intensity of about 0.5%,
they reported that the surface heat flux varied in
both spanwise and streamwise directions, depending
upon the injection geometry and blowing ratio. For a
low mainstream turbulence intensity of about 0.45%,
Karni and Goldstein (1989) used the naphthalene
sublimation technique to study the effect of surface
injection from a circular cylinder in crossflow with
one row of inclined holes on the local mass transfer.
They reported that, with spanwise injection, the mass
transfer distribution is extremely sensitive to small
changes in the injection hole location relative to
stagnation.

Mick and Mayle (1988) used a blunt body with a
circular leading edge and a flat afterbody to study
the detailed film effectiveness and surface heat
transfer for secondary air injection through two rows
of inclined holes into the stagnation region of an
incident mainstream flow. For a low mainstream
turbulence intensity of about 0.5%, they found large
spanvise variations exist in both film effectiveness
and heat transfer coefficient and that the highest
values of each do not correspond. The film
effectiveness is as high as 0.7-0.8 near the film
cooling holes, while the heat transfer coefficient
with film cooling is as high as three times those
without film cooling. The film effectiveness decays
to only 0.1 downstream, while the heat transfer
coefficient remains about 10% higher than that without
injection. They reported also that for typical
turbine temperatures, leading edge injection reduces
the surface heat load everywhere for all but the
highest blowing ratio of 0.97.

Some effort has been made to study the effect of
leading edge injection on the film effectiveness and
heat transfer coefficient around the film holes and
downstream. Most film cooling and heat transfer
results are based on very low mainstream turbulence
levels. However, the turbulence intensity at the
leading edge of the airfoil (after the combuster) can
be as high as 15-20% in engine operating conditions.
High mainstream turbulence has significant impact on
leading edge (cylinder) and flat plate heat transfer
without film cooling (0’Brien and Vanfossen, 1985;
Young and Han, 1988). It is of interest whether the
high mainstream turbulence has significant impact on
leading edge film effectiveness and leading edge heat
transfer coefficient with film injection.

This study focuses on the effect of high
mainstream turbulence on leading edge film cooling and
heat transfer. High mainstream turbulence is produced
by a passive grid with turbulence intensity of about
9.67% and a jet-grid (similar to that used by Young
and Han, 1988; 1989) with turbulence intensity of
about 12.9%. The mainstream Reynolds number based on
cylinder diameter is about 100,000. Spanwise and
streamvise distributions of 1local heat transfer
coefficient and local film cooling effectiveness are
obtained by secondary air injection through rows of
holes into the stagnation region of incident
mainstream flow. Experiments are performed using a
blunt body with a semi-cylinder leading edge with a
flat afterbody, similar to that used by Mick and Mayle
(1988). Rows of holes are located at + 15° and + 40°
from stagnation. The holes 1in each row are spaced
three hole-diameters apart and are angled 30° to the
surface in the spanwise direction. Additional
information on the present investigation is in
Mehendale (1990) and Mehendale, et al. (1990).

TEST APPARATUS AND INSTRUMENTATION

A schematic of the low-speed wind tunnel used is
shown in Fig. 1. The test apparatus was designed as a
suction type wind tunnel to avoid wuncontrolled
turbulence in the discharge of the 7.5 kW (10hp)
blower. A flow straightner was followed by a
contraction inlet nozzle which was followed by a
turbulence grid and then the test channel. The nozzle
had a contraction ratio of 3:1. The test channel was
25.4 cm x 76.2 cm  in cross section and 183 cm long.
The test model was placed in the test channel 47.6 cm
downstream of the grid for uniform flow and
turbulence.

Two turbulence grids were fabricated to generate
different values of turbulence intensities. The first
was a passive grid and the second a jet grid (Fig. 1).
The passive grid was made of hollow brass tubes 1.3 cm
square 1in cross section and 4.8 cm apart. This
passive grid also served as the jet grid as it had 96
holes, each 0.1 cm in diameter and drilled at points
4.8 cm apart. The holes coincided with the grid
nodes. Compressed air flowing inside the hollow tubes
was oriented to inject uniformly through these holes
in the coflow (downstream) direction with a 2.5%
injection ratio (injection mass flow rate/mainstream
mass flow rate). The jet grid produced a higher
turbulence level than the passive grid (Young and Han,
1988).

The test model shown in Fig. 2 simulates a
turbine vane. It had a semi-cylinder leading edge
with a radius of 7.6 em and a height of 25.4 em. At
+90°from the stagnation line, the leading edge profile
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Fig. 1. Schematic of the test rig

merged with 157.5 em long flat walls that ran parallel
to the end of the test section. The test model was
made of high quality laminated wood pieces. The wood
thickness wvas 2.8 com throughout. Four rows of
circular holes were located at + 15° and at + 40° from
the stagnation line. Each hole had a diameter of 1.1
cm and was angled at 30° and 90° to the surface in the
spanvise and streamvise directions, respectively.
There were five holes in each row which were spaced
three hole diameters apart. The hole to leading edge
diameter ratio (d/D) was 0.072 and the hole length to
hole diameter ratio (L/d) was 5.1.

The secondary system supplied hot air to the
leading edge film holes. The secondary hot air
temperature (.50°C) was measured by two thermocouples
centrally located in two of the film holes at + 15°
and + 40° from the stagnation line. The secondary hot
air mass flow rate was measured using a calibrated
orifice meter at the end of the heater section.

Forty-five strips of 0.005 cm thick stainless
steel foils were cemented vertically on the outer
surface of the test model. Each strip was 25.4 cm
long, 3.8 cm wide, and separated from each other by
0.08 cm. The foils were electrically connected by
copper bus bars in series, in a serpentine manner.
The gaps were filled and made flush with the foil
surface by silicone caulk to make the flow surface
smooth, and reduce the risk of accidental electrical
contact between foils. Holes were cut in the foils to
match the film cooling holes in the wood. This
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Pig. 2. Schematic of leading edge with film holes
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Fig. 3. Leading edge with detailed thermocouple
distributions

surface acted as a constant heat flux test surface
when heated (except near film hole region), and an
adiabatic surface when unheated. One hundred and six
calibrated, 36 gauge copper-constantan thermocouples
were cemented on the underside of the foils;
seventy-seven were distributed in the leading edge
region as shown in Fig. 3. Some thermocouples were
attached on the inner wall to estimate conduction heat
loss through the wood. The thermocouples were wired
to a Fluke 2280A dataloger which was interfaced with
an IBM PC. Vhen steady state was reached, five sets
of readings were taken at each thermocouple location
and averaged to eliminate the minor surface
temperature fluctuations.

A TSI IFA 100 constant temperature anemometer
(CTA) and a TSI IFA 200 high speed digitizer were
connected to an IBM PC through a TSI DMA connector for
recording hot wire data. A calibrated single hot wire
measured mainstream velocity and turbulence intensity
distributions. The single component streamvise rms
calculations were based on 1032 readings from the CTA.
The local streamwise turbulence intensity was based on
the average of five sets of rms values normalized by
the local streamwise velocity. The  maximum
uncertainty of the streamvise turbulence intensity
downstream of turbulence grid was about 10%.

TEST CONDITIONS AND DATA ANALYSIS

Tests were conducted in a low turbulence wind
tunnel for a Reynolds number of 100,000 based on the
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leading edge diameter and incident mainstream air
velocity. Higher turbulence could be generated by
inserting passive or jet grid. Tests were conducted
on two test sections - one without film holes in foil
for pure heat transfer tests, and one with film holes
in foil for film effectiveness and heat transfer with
film injection tests. Pure heat transfer tests were
performed for mainstream turbulence intensities of
0.75% (without grid), 9.67% (with passive grid), and
12.9% (with jet grid). Film effectiveness and heat
transfer with film injection tests were performed for
mainstream turbulence intensities of 0.75%, 9.67% and
12.9%; and for blowing ratios of 0.4, 0.8 and 1.2.
Turbulence intensity was based on hot wire measurement
30 grid diameters downstream of grid, i.e., about 10
cm  upstream of the leading edge. Blowing ratio was
based on the average mass flux coming out of all film
holes and mainstream mass flux. Pitot probe
measurements of the centerline velocity at the exit of
each film hole indicated that the flow through all
holes in a row was the same to within + 5% for the row
at 15° and + 4% for the row at 40°, The ratio of the
flow 1in the row at 40° to that at 15° was found to be
2.0, 1.5, and 1.2 for M = 0.4, 0.8, and 1.2,
respectively. WVith the single hot wire probe
perpendicular to the injection flow, the turbulence
intensity (the rms fluctuations normalized by the
incident mainstream velocity when mainstream flow was
on) at the exit of each hole was found to be 3-5%,
7-12%, and 25-30% for B = 0.4, 0.8, and 1.2,
respectively. Turbulence intensity was fairly uniform
at the exit of each film hole in the rows at 15° and
40°.

Secondary air temperature was maintained at 25°C
above the mainstream temperature for film cooling.
This resulted in a secondary to mainstream density
ratio of 0.9; the corresponding momentum flux ratios
vere 0.18, 0.71, and 1.6 for blowing ratios of 0.4,
0.8 and 1.2. The secondary air temperature for heat
transfer with film injection tests was about equal to
the mainstream temperature. The corresponding
momentum flux ratios weve 0.16, 0.64, and 1.44, Nnte
that the density ratio should have an important impact
on the film effectiveness and heat transfer for

intermediate and higher blowing ratios. This
investigation is focused on the high mainstream
turbulence effect at a constant density ratio. The

density ratio effect will be studied separately.
About 3% to 4 hours were required to reach steady
state for each test case. Data for each test case was
recorded after 4 hours.

The heat transfer tests were conducted by
injecting air through the film holes while powver was
being supplied to the surface foils. The temperature
of the injection air was the same as the mainstream
flow. The 1local heat transfer coefficient was
calculated as

h = q"/(T-T) = (¢", -q"

gen condﬁq"rad)/(vaTw) S

wvhere q" is the convective heat flux from the foil
surface, q" is the measured generated surface heat
flux, q" g and q" are surface conduction through
the wood“Rodel and "Blirface radiation to the chgnnel
walls. The generated heat flux was about 400 w/m“ and
the measured foil temperatures (T ) ranged from 45 to
50°C. A constant heat flux boundary condition existed
everyvhere except on the foils with film holes. The
conduction heat loss through the wood model was about
3% of the generated heat flux, while the radiation
heat loss to the channel walls was about 10% of q"gen

Heat 1loss through thermocouple wires was estimated to
be very small when compared to the generated heat flux
(less than 0.1%); axial and lateral conduction effect
betwveen thermocouples through thin foils was also
found to be negligible (less than 0.1%).

The generated heat flux for foils with film holes
was highly non-uniform in both spanwise and streamwise
directions. The variation of the generated heat flux,
in the foils with £film holes, was determined by
comparing the data with film holes to that obtained

without film holes. The heat transfer coefficients
without film holes were determined by accurate
measurement of d -q' )/(T -T ) as
presented in Mehendalge et COT (f@g The heat
transfer coefficients with film holeq could be
calculated by measuring (q" -q" d -q" )/(T -T)
if q" were known. Slﬁce it hea% transfer

coeffic¥Eits near the stagnation line (before film
holes) have got to be the same for both with and
without film holes cases, the local heat flux
generated q" with film holes could be determined by
equating (q”gen—q"cond—q"rad)/(Tw-Tw) for without film
holes case to that for with film holes case. This
method is the same as used by Mick and Mayle (1988).
These calculated values of q" wvere used in equation
(1) for determining the he8¥" transfer coefficients
with film injection. Another method used to estimate
the 1local q" wvas by foil resistance. Comparing
foil resistafi€e without film holes to that with film
holes by knowing hole shape and distribution, the
local q" with film holes was determined. It was
found tha%®these two methods give about the same q"
for the equation (1) calculation. gen

The film effectiveness tests were conducted by
injecting heated air through the film holes without
pover being supplied to the surface foils. The
temperature of the injected heated air was about 25°C

higher than that of the mainstream flow. The local
film effectiveness was calculated as
T,  -T T -T q" -q"
avy @ v @ rad cond
n-= = + (2)

T-T, Tg-T, h(T-T))

vhere T is the adiabatic wall temperature, T_ is the
secondary (heated) air temperature, and T, is the
mainstream temperature. Since the test surface was
not perfectly adiabatic, some corrections were applied
to the measured wall temperature (T.) in order to
obtain the adiabatic film effectiveness. These
corrections included the effect of heat transfer by
conduction through the wood model (q" ) and heat
loss by radiation to the channel walls qd ). his
the local heat transfer coefficient "§ith film
injection as calculated from equation (1).

Note that the secondary air heated the inside of
the leading edge model. Heat was actually transferred
to the surface by conduction as seen from equation
(2). This caused a conduction gain for the locations
on the leading edge region. Conduction gain from
inside the leading edge to the surface was found using
a one-dimensional conduction model. lLocations near
the film holes also had an additional conduction gain
from the hot film passing the injection holes. To
estimate this additional conduction gain from the film
holes, a model was used based on the assumption that
the film effectiveness near the stagnation line is
very small (.0.05). Using this film effectiveness
near the stagnation line, the value of local
conduction gain per unit distance from film hole was
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found. These values were then used to estimate the
conduction gain for the locations near film holes.
The local film effectiveness was therefore, determined
using equation (2).

An uncertainty analysis was carried out for both
the film effectiveness and heat transfer coefficients
with film injection. The uncertainty around the film
holes is up to 15% (primarily due to q" estimation)
wvhereas the uncertainty downstream of tHé leading edge
is less than 5% (due to Tw measurement).

RESULTS AND DISCUSSION

Flow Field Measurements. Velocity and turbulence
intensity distributions in the test channel were
measured to check the mainstream flow conditions. The
velocity profiles at position 1.5 leading edge
diameter wupstream of leading edge model were measured
by traveling a pitot tube probe across the Y-Z
mid-plane. At this location the results showed that
the oncoming mainstream flows were fairly uniform over
the entire Y-Z mid-plane (Mehendale, 1990). The local
velocity and turbulence intensity distributions along
the centerline and right-side-line of the test channel
for three upstream turbulence conditions are shown in
Fig. 4. The ratio of local mainstream velocity to
incident mainstream velocity (U/U) along the
centerline and right-side-line is approximately at a
constant value of 1.0 upto 20 grid diameter downstream
of grid (i.e. X/b = 20, or 1.5 leading edge diameter
upstream of leading edge model). The incident
mainstream velocity (U_) is 10 m/s at X/b = 20 with no

15 I . . . . A . .
1.4- -
RS @55ﬁ@__————;58222;;:::@ I
Dlg 12 ////o//// B
\.:/3 1.1+ IN @/ Rep = 100,000 L
E S0 .
;5: 1.0 .\'g! 'S —O— | No Grid (Rightside) L
> 0.9 ‘:7‘ \’X\Y\ —A— | Passive Grid (Rightside) ||
_g 0.8 X —CO— | Jet Grid (Rightside)
0} - \ -
> 07 \\“ - @ No Grid (Cesterline)
J \ L
z — A- Passive Grid (Centerline)
0.6+
- - Jet Grid (Centerline)
0.5 T T v T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110
L Il H L 1 L L 1 1 |
. ‘ / Test Duct Wal
0.3 ! W/ Grid -

/ Test Model

1

! 1

®  Centerline —
v

el

Ll

-~

2

K]

]

Y {

_§ Rightside —» |

Y ; 37

g 02 % |

[ b

K

=

E

o

§ 0.1+ o -

o

g \A\

& A

A 8:::::::q¢:::::::g

0ee—-0-0-8_ —0
0.0 1 T T T T T T 1! T
0 10 20 30 40 SO 60 70 80 90 100 110

X
b

Fig. 4. Streamwise distributions of normalized
mainstream velocity and turbulence intensity
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Fig. 5. Spanwise averaged Nusselt number
distributions for low mainstream turbulence

grid condition. The local mainstream velocity along
the centerline decreases sharply after X/b = 20
because of approaching leading edge. The local
mainstream velocity along the right-side-line
increases gradually because of the leading edge
blockage effect, and then reaches a constant value
tovards the end of the test model.

Although the mainstream velocity distributions
are about the same regardless of upstream turbulence
conditions, the mainstream turbulence distributions
are quite different as shown in Fig. 4. The
streamwise single-component turbulence intensity
distribution (local streamwise rms fluctuation divided
by local mainstream velocity) for the case without
turbulence grid is included for comparison. The
results show that, for the cases of passive and jet
grids, the streamwise turbulence intensity along the
right-side-line decreases monotonically with
increasing distance from the grids. The streamwise
turbulence intensity along the centerline decreases.
It then increases due to reduced velocity when the
flow approaches the leading edge. At X/b = 30 (i.e.
0.65 leading edge diameter upstream of leading edge
model), the centerline turbulence intensity reaches
its minimum of 12.9% for the jet grid and 9.67% for
the passive grid. The corresponding dissipation
length scales at the same location are estimated to be
about 1.7 ecm and 1.2 cm, respectively (Mehendale,

1990). The objective of this investigation is to
study the influence of these oncoming minimum
mainstream turbulences (T = 9.67% and T = 12.9%
based on measurements at X/b = 30) on the leading edge

film effectiveness and heat transfer with film
injection.

Pure Heat Transfer (without Film Injection).
Pure heat transfer tests on the smooth model (without
film holes) were conducted to calibrate the leading
edge, and then compared to the published data for low
mainstream turbulence level (i.e. without turbulence
grid). Detailed results for three Reynolds numbers
and four turbulence levels are in Mehendale et al.
(1990). Some of these results are shown in Fig. 5 as
a spanvise averaged Nusselt number Nu (based on the
leading edge diameter), scaled by the square root of
the Reynolds number vs the ratio of the streamwise
distance to the film hole diameter (x/d). Even though
there were no film holes the abscissa is x/d for
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distributions for high mainstream turbulence

uniform comparisons. As seen from Fig. 5, the smooth
model heat transfer data follows that obtained by Mick
and Mayle (1988). Bellows and Mayle (1986) measured
detailed velocity profiles in the region where the
semi-cylinder leading edge merges with the flat
afterbody and found the existance of a separation
bubble. As discussed in Mick and Mayle (1988), the
decrease and rapid rise in heat transfer around x/d =
10 1is the result of a separating leading edge laminar
boundary layer followed by a turbulent reattachment.
The present data is slightly higher in the leading
edge region and lower on the flat portion of the test
model. The wind tunnel in the present study has an
inherent turbulence intensity of about 0.75% which is
higher than, 0.4%, in Mick and Mayle's. This is why
our data in the leading edge region appears slightly
higher. Also, for the same approaching Reynolds
number flow, the mainstream velocity on the flat
sidewall portion in the present study is 20% lower
than in Mick and Mayle’s case. Thus the boundary
layer is thicker which results in lower heat transfer.

Heat Transfer with Film Injection. Also shown in
Fig. 5 is the spanvise averaged heat transfer with
film injection for three blowing ratios at low
mainstream turbulence level (no grid). Note that from
Fig. 3 thermocouple row numbers 2, 3 and 4 have 4, 5
and 4 thermocouples respectively as against for row
numbers 5, 6, 7, 8, 9 which have 9 thermocouples each
representing strategic spanvise locations. As seen
from PFig. 5, the present data for blowing ratio B =
0.4 follows that by Mick and Mayle (1988) for B =
0.38. Both showv a peak in heat transfer after the
first row of injection holes. The second peak of Mick
and Mayle’s data is delayed because the second row of
injection holes is located at 44° instead of 40° as in
our case. The present data is higher on the leading
edge region but lower on the flat sidewall. The
sidevall values are lower because of thicker boundary
layer. The film hole spacing in the present study is
3d as compared to 4d in Mick and Mayle’s and the film
hole diameter is 1.1 cm as compared to 1.52 cm in
their case. For the same blowing ratio there is more
flow interaction around and downstream of the
injection holes because the film holes are closer and
smaller, thus causing higher heat transfer in the
leading edge region. As indicated earlier, the
turbulence intensities at the exit of the film holes
are 3-5%, 7-12%, and 25-30% for B = 0.4, 0.8, and 1.2,
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Pig. 7. Effect of mainstream turbulence on spanwise
averaged Nusselt number distributions for

B=0.8
respectively. It is seen that the heat transfer
between the first and the second row increases as the
blowing ratio increases. But B = 0.8 has the lowvest

heat transfer after the second row. For all blowving
ratios there is a lower heat transfer region between
the two rows of injection holes. The effect of
separation bubble, as discussed by Bellow and Mayle
(1986) and Mick and Mayle (1988), is shown by the
small bump in the curves after the second row of
holes.

Data for passive grid (Tu = 9.67%) and for Jjet
grid (Tu = 12.9%) is shown in Fig. 6 for B = 0.4, 0.8,
and 1.2. For comparison, pure heat transfer data
(without film injection) for Tu = 9.67% and Tu = 12.9%
is also shown. The trend of two peaks and a

separation bubble effect is apparent. As before, the
heat transfer is higher with increasing blowing ratio.
All the curves merge far downstream of the injection
holes.

Table 1 shows the effect of high mainstream
turbulence (Tu = 12.9% as compared to Tu = 0.75%) on

the local heat transfer distributions for an
intermediate blowing ratio B = 0.8. The effect of
high mainstream turbulence is to generally increase
heat transfer at all Jlocations. The 1local heat

transfer variation in the spanwise direction is not so
significant as that in the streamwise direction for
both high and 1low turbulence cases. The effect of
mainstream turbulence on the spanwise averaged heat
transfer results for a given blowing ratio B = 0.8 is
seen in Fig. 7. The corresponding pure heat transfer
data (without film injection) 1is also included.
Before the first row of injection holes, there is an
increase of 36% and 61% respectively in heat transfer
for Tu = 9.67% and 12.9% compared to that for Tu =
0.75%. The increases are 20% and 42% after the first
row of film holes, and after the second row of film
holes, the corresponding increases are 17% and 327%.
The effect of mainstream turbulence on the spanvise
averaged heat transfer for B = 0.4 and 1.2 are also
shown for reference in Fig. 8, but the effects for
these cases are not so systematic as that for B = 0.8.

Film Cooling Effectiveness. Spanwise-averaged

film effectiveness N distributions for ReD = 100,000
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and B = 0.4, 0.8, 1.2 at Tu = 0.75% are shown in Fig.
9. Data by Mick and Mayle (1988) for ReD = 100,000
and B = 0.38 at Tu = 0.4% 1is also shown for
comparison. It can be seen from Mick and Mayle’'s data
that the effectiveness downstream of film holes
reaches a peak after the film comes out. A similar
trend is seen in the present study. The values of
film effectiveness are higher for the present study
than the published results. This is because the pitch
between the holes is 3d as compared to 4d in the
published results. This provides better film
coverage. As indicated earlier, the ratio of the flow
in the row at 40° to that at 15° was measured to be 2
for B = 0.4, Because of this, for B = 0.4, film
effectiveness prior to the second rov of film holes
are the 1lowest while film effectiveness after the
second row of film holes are the highest. The
effectiveness for B = 1.2 is the lowest because of the
highest penetration of jet in the mainstream. In
spite of having highest mass injection, too much
penetration and subsequent wmixing cause dilution of
the secondary air. The trend remains the same for Tu
= 9.67% and Tu = 12.9% for all blowing ratios as in
the case of Tu = 0.75% as seen from Fig. 10.

The effect of high mainstream turbulence (Tu =
12.9% as compared to Tu = 0.75%) on the local f£film
effectiveness distributions for blowing ratio B = 0.8
is listed in Table 2 for reference. The local film
effectiveness variation in the spanwise direction is
as significant as that in the streamwise direction for
both high and low turbulence cases. The spanvise
variation is due to the 30° spanwise film injection.
Fig. 11 shows the effect of turbulence intensity on
the film effectiveness distributions for a given
blowing ratio of 0.8 and 1.2. A study of Tu = 0.75%,
9.67%, and 12.9% indicates that the higher mainstream
turbulence flows do not significantly affect film
effectiveness for most of leading edge. For B = 0.8
and 1.2, as indicated earlier, the secondary air
penetrates the mainstream flow and produces high
turbulence intensity at the exit of the film holes (Tu
= 7-12% for B = 0.8, Tu = 25-30% for B = 12). This
implies that the film injection already creates high
enough turbulence near film holes and hence higher
mainstream turbulence flows cannot disturb the film
layer in the Jleading edge region. Once the film
generated turbulence has started reducing toward the
end of leading edge and on the flat sidewall (as shown
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Fig. 9. Spanwvise averaged film effectiveness
distributions for low mainstream turbulence
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in Fig. 11, but not 1listed in Table 2), higher
mainstream turbulence flows end up reducing the film
effectiveness by disturbing the film layer. However,
as indicated before, for B = 0.4, the film generated
turbulence near film holes is much lower (Tu = 3-5%).
The effects of high mainstream turbulence are
detrimental to the film layer and cause significantly
lover film effectiveness. This can be clearly seen
from Fig. 12.

Film Cooling Heat Transfer Performance. It is
important to study the combined effect of film
effectiveness and heat transfer to determine the
performance of a film-cooled airfoil for a given
condition. As shown by Mick and Mayle (1988), the
effect of film cooling on the surface heat load can be
given by

q" in (x,2) n(x,z)
LB o
", n i=1 h, $

wvhere q" is the heat flux for pure heat transfer
(without "film injection) at any streamvise location;
q" is the spanwise-averaged heat flux for heat
transfer with film injection at the same streamvise
location; n is the number of thermocouples in a row to
obtain the spanwise-averaged film effectiveness and
heat transfer coefficient; and ¢ 1is the overall
cooling effectiveness given by ¢ = (Tw-T“)/TS—Tm).

¢ is usually 0.5-0.6 for gas turbines. Using ¢ =
0.6, comparison of overall performance due to film
cooling is made. As seen from Fig. 13 for Tu = 0.75%,
the heat load has the minimum for B = 0.4 from second
rov of film holes to the end of leading edge. B = 0.8
shows best performance before the second rov of film
holes. This is because for B = 0.4, as observed
before, a very small amount of film comes out through
the first row of film holes as compared to the second
rowv of film holes. There is an increase in heat load
for B =0.8 and B = 1.2 towards the end of leading
edge, more so for B = 1.2 thus reducing the
performance. The effect of film cooling is to reduce
the heat load for all blowing ratios (except B = 1.2
near separation region). This confirms the results
observed by Mick and Mayle (1988). It is also
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Fig. 13. Effect of film cooling on the surface heat
load for ¢ = 0.6 and low mainstream

turbulence
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Fig. 14. Effect of film cooling on the surface heat
load for ¢ = 0.6 and high mainstream
turbulence.

observed that there is a negative heat load for B =
0.4 and 0.8 just after the second row of film holes,
which means there is heat flow from the surface to the
film. It can be concluded from this that B = 0.4 has
the best performance downstream of the second rov of
film holes, B = 0.8 does better from the first row up
to the second row of film holes, and B = 1.2 is not as
good as B = 0.8. Heat load results for Tu = 9.67% and
Tu = 12.9% flows can be seen 1in Fig. 14. The trends
remain similar as the Tu = 0.75% flow case except, in
these cases, the spreads are considerably less, due to
the blowing ratio.

CONCLUDING REMARKS

The influence of high mainstream turbulence on
leading edge film effectiveness and heat transfer with
film injection has been investigated. The main
findings of the study are:

1. The surface heat 1load is significantly
reduced with leading edge film cooling.
Surface heat load for 1low mainstream
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turbulence flow (Tu = 0.75%) increases with
increasing blowing ratio except between row
one and row two of the film holes, where the
heat load is lowest for B = 0.8. Surface
heat load for high mainstream turbulence
flows (Tu = 9.67% and Tu = 12.9%) remain the
same trends, but in these cases the spreads
are considerably less, due to the blowving
ratio.

2. The film effectiveness decreases with
increasing blowving ratio, except between row
one and row two of film holes where film
effectiveness is highest for B = 0.8 and
lowest for B = 0.4. Film effectiveness for
low blowing ratio (B = 0.4) in the leading
edge region decreases drastically with
increasing mainstream turbulence. The film
effectiveness for high blowing ratios (B =
0.8 and B = 1.2) on the leading edge region
is not significantly affected by higher
mainstream turbulence, but the film
effectiveness on the flat sidewall region
decreases with increasing higher mainstream
turbulence.

3. The leading edge heat transfer with film
injection generally increases with increasing
blowing ratio, but the effect dimishes at the
end of the flat sidewall.

For B = 0.8, the leading edge heat transfer
increases wvith increasing mainstream
turbulence. For B = 0.4 and 1.2, howvever,
the mainstream turbulence effect 1is not so
systematic as for B = 0.8.

4. Heat transfer 1in the 1leading edge region
without film injection increases
significantly with increasing mainstream
turbulence level. The effect diminishes at
the end of the flat sidewall due to the decay
of mainstream turbulence.
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