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External Heat-Transfer Distribution on Film Cooled Turbine
Vanes

RICHARD D. LANDER,* RoBERT W. FisH,} AND Mikio Suol
United Aircraft Corporation, East Hartford, Conn.

Experiments were performed to determine the heat transfer to the suction surface of two film cooled first
stage turbine vanes using two-row discrete hole cooling. Evaluation of the heat transfer to the film cooled vanes
was made in a turbulent environment downstream of an aircraft turbojet engine combustor at moderately high
primary gas stream temperatures and pressures. Results of these experiments provided quantitative data on the
adiabatic film effectiveness for a number of blowing rates, and show decreased effectiveness levels when compared
to measured values for a continuous slot in a wind tunnel environment. In addition the external heat transfer
coefficients were obtained based on the difference between the film cooled adiabatic wall temperature and the
wall temperature. The presence of film cooling holes increased the heat-transfer coefficients even without
blowing. Further increases in the heat-transfer coefficients were measured in the presence of blowing with the

largest increases in the region nearest the ejection.

Introduction

ODERN gas turbine engines, which use higher turbine

inlet temperatures to achieve new levels of efficiency and
power, utilize various techniques to cool the turbine vanes
and blades subjected to these adverse thermal environments.
Recent experience has demonstrated that film cooling is an
effective means for maintaining acceptable airfoil metal
temperatures and providing prolonged turbine life. Film
cooling of turbine vanes and blades utilizes relatively cold
compressor bleed air which is bypassed around the combustor
and is ejected through holes in the airfoil wall to cool the
surfaces downstream. Frequently, film cooling is combined
with internal convective cooling to provide a well-balanced,
effective, and efficient cooling design.

To achieve maximum cycle benefits, the design of film cooled
turbine airfoils can be accomplished only if the heat loads to
these airfoils can be accurately predicted for the actual turbine
environment. Previous investigators have considered the
hypothesis that the heat transfer to a film cooled surface can
be predicted by utilizing the heat-transfer coefficient of the
surface without injection in conjunction with the difference
between the adiabatic wall temperature with secondary
injection and the actual wall temperature. Scesa’s! measure-
ments of the local isothermal heat transfer to a flat plate at
large distances downstream of a slot with normal injection
agreed quite favorably with predicted turbulent heat transfer
for a solid wall when the thermal potential was based on the
difference between the film cooled adiabatic wall temperature
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and the primary gas stream temperature. Similar results
were obtained by Seban and Back? in the downstream region
beyond the mixing zone for tangential injection on a flat plate
while, in the mixing region, some dependence of the heat
transfer on the slot velocity was noted. Further experi-
mental verification that heat transfer far downstream of a
tangential slot can be adequately predicted by the uncooled
heat-transfer coefficient in combination with the previously
described temperature difference was obtained by Hartnett
et al.3»* At locations near the slot, however, significant
increases in Stanton number were noted, especially for the
higher blowing rates.

Metzger et al.® however, showed significant increases in
heat-transfer coefficients on the film cooled surface up to 70
slot widths downstream of slots at an injection angle of 60°
when the thermal driving potential was based on this same
temperature difference.

Although most experimental investigations have dealt with
heat-transfer and film effectiveness downstream of slots, a
limited number of experimentors have evaluated the effects
of injection from a single row of discrete holes. Metzger and
Fletcher® considered injection through holes angled at 20°
and 60° to thé primary stream and discovered that these
injection geometries gave poorer cooling protection than
slots. In addition, Metzger found little difference in the heat-
transfer coefficients between an uncooled wall and a wall
with 20° angle holes but large increases near the holes with the
60° angle. Poorer cooling effectiveness for a single row of
holes when compared to the continuous slot was also observed
by Goldstein et al.”

Although these investigations have yielded significant
insight into heat transfer in the presence of film cooling,
consideration must be given to geometric and environmental
conditions which are typical of high-temperature turbine
airfoils. Structural limitations generally preclude using
continuous slots. In addition, maintaining structural integ-
rity by minimizing thermal gradients and keeping temperature
levels below material limits frequently requires greater film
coverage than can be obtained with a single row of holes,
since placing the holes too close together results in interacting
stress fields surrounding the holes which cause unacceptable
stress concentrations. A solution to this problem has been
found in the frequently used double row geometry similar to
the one shown in Fig. 1. In this way, areawise film coverage
of 100% can be provided without violating the previously
mentioned limitations.

Heat transfer to the surface of an airfoil either with or with-
out ejection is also affected by the turbulence generated
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Fig. 1 . Film cooled turbine airfoil.

in modern gas turbine engines. Significant decreases in
film effectiveness were noted by Carlson and Talmore® when
the turbulence of the freestream was increased from 39 to
229%. Although few measurements of combustor turbulence
have been made in the adverse high temperature environment
of a modern gas turbine, the work of Kuroch and Epik®
indicates that turbulence levels are quite high. Quantitative
evaluation of the effects of this freestream turbulence has yet
to be made and previous wind-tunnel experiments have
provided little simulation of the actual combustor turbulence.

To help alleviate the lack of film cooling information avail-
able for these types of injection geometries in combustor
environments and to provide design criteria for predicting the
film cooling effectiveness and the heat-transfer coefficients
pertinent to realistic film cooled airfoils in the actual turbine
environment, an experimental facility was set up which
employed a shuttling cascade to determine airfoil heat transfer.
This paper describes this test facility and presents typical
results. ‘

Test Apparatus

The experimental apparatus was constructed to enable
determination of the adiabatic film effectiveness and the heat
transfer rate to test airfoils employing discrete hole film cooling
and to investigate heat-transfer characteristics in other cooled
and noncooled turbine airfoils.

Measurements were made on instrumented test airfoils

DISCHARGE SECTION
WITH BACK PRESSURE

CASCADE CONTROL VALVE

TEST SECTION

SECONDARY"

AIR SUPPLY TO AIR INLET

COLD SECTIONS,

SHUTTLE DRIVE
PISTON

PNEUMATICALLY-
ACTUATED
SHUTTLE ROD
PRIMARY
FLOW

Fig. 2 Test apparatus.

J. AIRCRAFT

Fig. 3 Test rig combustor.

installed in four-passage cascades using 1) a steady-state mode
of operation to measure the film effectiveness and 2) a tran-
sient mode to determine the heat-transfer rates. The test
apparatus is shown in Fig. 2. It consisted basically of a gas
turbine combustor which supplied hot exhaust to a three-
airfoil test section. For the steady-state tests, the instrument-
ed cascade was positioned in the high-temperature primary
gas. In the transient tests, the cascade was shuttled rapidly
between the bypass duct, where the air was at a relatively low
temperature, and the hot primary gas.

During the tests, high pressure primary air was ducted into
the test apparatus from a centrifugal compressor at a tempera-
ture of 100°F. Following metering of the primary flow with
a standard VDI orifice, air was bled from this flow to provide
cool bypass air. The remainder of the primary air continued
through the ducting to a combustor located immediately
upstream of the test section where the primary air temperature
was raised to 600°F. The 7-in. diam combustor shown in
Fig. 3 contained four fuel injection nozzles and, except for
minimal alterations to adapt it for use in the test apparatus,
is typical of those employed in many present day gas turbines.
JP5 jet engine fuel was used in the combustor during the
entire program.

Downstream of the combustor, a short transition duct is
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Fig.5 Suction surface static-to-total pressure ratio distribution,
airfoil 1.

utilized to mate with the inlet geometry of the cascade holder
as shown in Fig. 4. The cascade holder was enclosed in the
test section and the upstream face of the holder fitted flush
with the downstream face of its transition duct with only a
sliding fit permitted. The cascade holder was mounted on
rollers to permit free and easy lateral movement. Rapid
lateral shuttling of the cascade was performed with a large
diameter pneumatically driven piston. This driving piston
was located outside the test section and was connected to the
cascade holder by a rod which also served as a conduit for the
secondary film cooling air and the leads for the test airfoil
instrumentation. The secondary air was supplied from a
separate compressor source and entered the cascade holder
rod at 100°F after being metered by a standard VDI orifice.
Within the cascade holder, the secondary air to be used for
film cooling was fed to the test airfoil through flexible tubing.

Downstream of the cascade was a large expansion duct
whose exit flow area was controlled remotely with a butterfly
valve, permitting back pressuring the system in order to set
the cascade flow at the correct exit Mach number.

Since film cooling of two differently shaped turbine airfoils
was investigated, two cascade holders were required. Each
cascade hclder contained two duplicate cascades of three
airfoils and four passages adjacent to each other.

When operating the test apparatus in the transient mode,
the primary gas flow conditions were set with the cascade
containing the test airfoil in the cool by-pass air and the
adjacent “dummy” cascade in the primary flow. Shuttling
the instrumented cascade into the primary flow required
approximately 0.050 sec, and except for a short time perturb-
ation, little change in the primary flow was noted. Measure-
ment of the heat-transfer rate was made shortly after the test
airfoil was introduced into the hot primary flow and deviation
of the test airfoil from the essentially isothermal state attained
in the cool by-pass air was minimized.
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Fig. 6 Suction surface static-to-total pressure ratio distribution,
airfoil 2.

Fig. 7 Airfoil cross section, airfoil 1.

When running tests in the steady-state mode of operation,
the instrumented airfoil remained in the hot primary flow
stream and measurements were taken following attainment of
equilibrium.

Test Airfoils

Two airfoil shapes containing different external static
pressure distributions were studied. Both airfoils are typical’
of first stage vanes used in present day turbojet engines.
Airfoil 1 is a high solidity subsonic vane and was tested in a
two-dimensional plane cascade holder representative of the
midspan section. Its suction surface external static-to-total
pressure ratio distribution is shown in Fig. 5. Airfoil 2 was
a low solidity subsonic vane and its midspan suction surface
static-to-total pressure ratio distribution is shown in Fig. 6.
The two airfoils are shown in cross section in Figs. 7 and 8.

Two methods of manufacturing the thin walled test airfoils
were used to provide airfoils with the desired external contour.
The first method, used for airfoil 1, was to cast the airfoil
using an inner core to provide the cavity and thin wall. This
method yielded a test airfoil with a nominal wall thickness of
0.048 in. and an excellent reproduction of the desired external
contour but with small variations in the suction surface wall
thickness. Airfoil 2 was made by forming nominal 0.030 in.
thick sheet stock on an external mandrel to the desired airfoil
shape. This latter method also provided excellent reproduc-
tion of the desired external contour in addition to a thinner
wall, with little variation in wall thickness. Accurate
measurements of the wall thickness at each thermocouple
installation location were made for both test airfoils.

For the airfoils which were to be tested with film cooling,
the inside cavity was partitioned to segregate the instrumented
section from the coolant feed section. In all cases, the
instrumented section was isolated into a “dead air space” to
minimize forced convective losses from the back surface of
the instrumented wall and to realize only the lower heat losses
associated with free convection.

The 0.045-in. diameter film cooling holes were drilled into
the suction surfaces of both airfoil shapes as indicated in
Table 1. Locating the film cooling holes at a 2.78-in. di-
ameter centerline-to-centerline spacing within each row pro-
vided 729 area-wise film coverage.
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Fig. 8 Airfoil cross section, airfoil 2.
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Table 1 Hole characteristics of test airfoils

Airfoil 1 Airfoil 2
Upstream Downstream Upstream Downstream
row row row row
Angle of hole 35 45 32 42
to the surface,
deg
Leading-edge- 0.484 0.584 0.796 0.921

to-hole surface
distance, in.

Instrumentation

The inner suction surface of each test airfoil was instrument-
ed at the midspan section with chromel-alumel thermocouples
containing 0.003-in. diam leads. Each of the thermocouple
wires was condenser welded to the surface approximately
0.00S in. apart to insure that the junction was in the wall of
the test airfoil. Additional instrumentation was provided
in the secondary film cooling passage to measure the coolant
injection temperature. The primary gas stream total pressure
and temperature were measured immediately upstream of the
cascade. Thermocouple voltages were recorded on magnetic
tape using a Transient Digital Data Acquisition System with
“off line” computer conversion to engineering units. This
system was designed to record large amounts of data during
both transient and steady state operation of the test facility.
In the tests with film cooling, it was possible to record the
output from each thermocouple at intervals of approximately
0.005 sec, thus enabling a “continuous” time-wise measure-
ment of the test airfoil’s thermal response during transient
operation.

Data Reduction

From the experiments, it was desired to obtain both the
adiabatic film effectiveness and the heat transfer rate down-
stream of the film ejection locations. The adiabatic film
effectiveness was defined as

nr = (Tr _ Taw)/(Tr - Tc) (1)

where 7, = adiabatic film effectiveness; 7, =local primary
gas adiabatic recovery temperature; 7., =local adiabatic
wall temperature with secondary ejection (commomly called
the adiabatic film temperature); 7, = coolant temperature at
ejection.

In expressing the heat transfer rate to the film cooled wall,
the local external heat transfer coefficient, 4, was used in
conjunction with the difference between the adiabatic wall
temperature and the actual wall temperature, i.c.,

hf :qc/(Taw - TWa) (2)

where g. = heat convected to the wall from the primary stream
per unit surface area; T,,=1local wall external surface
temperature.

When evaluating the test airfoils without blowing, the
primary gas adiabatic recovery temperature was used as the
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driving potential. The heat-transfer rate was determined by
performing a heat balance on the instrumented airfoil wall
as shown schematically in Fig. 9 and algebraically in Eq. (3)

=plc,(T.)dT,/dr 3)

where: ¢,. = net radiation to the surface per unit area
g = net lateral conduction within the wall per unit
surface area
¢. = conduction through the thermocouple leads per
unit surface area
q.; = convection between the wall and inner air cavity
per unit surface area
p = density of the wall element
T,, = average wall temperature
¢,(T,,) = specific heat of wall element
I = thickness of instrumented wall
dT,/dr = time rate change of average wall temperature.

ge+ Gra — G — ge; — G

With the methods of airfoil construction and instrumenta-
tion employed, it was possible to neglect many of the terms
in the heat balance when determining the external convective
heat transfer rate. Radiation to the test airfoils from the
surrounding vanes and ducting was estimated for the transient
period and was found to be less than 19 of the external
convective heat transfer. Conduction in the spanwise and
chordal directions within the airfoil wall were also found to be
negligible due to the thin wall of the test airfoil and very low
thermal gradients in the spanwise and chordwise directions
during the initial portion of the transient. In regions away
from the thermocouples, the heat loss by free convection to the
inner cavity was small.

The largest error in determining the external heat transfer
was found to be heat conducted away from the area of the
thermocouple junction through the chromel-alumel leads.
In evaluating these losses, a three-dimensional finite element
computer program for determining transient temperature
distributions in irregularly shaped bodies was utilized.
Results of this evaluation showed that, using the transient
thermal response of the node simulating the thermocouple
junction and assuming it to be indicative of the average metal
temperature of the wall, yielded a result which differed from
the actual external heat-transfer coefficient imposed upon
the wall by approximately five percent. It should be noted
that this error is in the absolute level of the external heat
transfer coefficient. When heat-transfer coefficients are
compared for various coolant flow rates, the thermocouple
conduction errors would be similar provided heat-transfer
rates were comparable in magnitude.

The heat balance was then simplified to

e = pleTw)dT,|dr @)

Using the definition of the external heat transfer coefficient
and replacing T, with T\, Eq. (4) was written as

hf = PlcP(Tw)d(Taw - Tw)/(an - Tw)d’r (5)
or

hy =— ple,[In(Taw — Twz) — In(Tar — Tw1)/(72 — 71)] (6)

where T, and T, are the wall temperatures at time 7, and 7,
respectively.

Determination of the external heat transfer was made by
evaluating the slope of a logarithmic representation of the
difference between the adiabatic wall temperature and the
actual wall temperature.

Measurement of the adiabatic wall temperature was made
after equilibrium was reached with the film cooled test airfoil
in the primary flow. Because of the thin wall, the low inner
cavity heat-transfer coefficient and the linearity of the chord-
~wise wall temperature distribution, the inside wall temperature
was calculated to closely approximate the airfoil film temper-
ature.
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Table 2 Primary gas stream test conditions

Nominal gas stream Axial chordal

Average exit

conditions Reynolds number ‘Mach number
Total Total Airfoil Airfoil Airfoil - Airfoil
temperature pressure 1 2 1 2
600°F 40 psia  2.96 x 10° 244 x 10° 0.85 0.82
600°F 80 psia  5.92 x 10° 4.87 x 10° 0.85 0.82

The experimental uncertainties in the calculated adlabatlc
film effectiveness and the heat-transfer coefficients near the
ejection holes due to expected random errors in the measured
temperatures were determined by the methods of Kline and
McClintock.'® Results yielded uncertainties of -+ 59 in the
calculated values of the film effectiveness and - 8% in the
values of the heat-transfer coefficients with secondary ejection.
Uncertainties in the calculated value of the heat-transfer
coefficient without blowing were determined to be -+ 3%.

Results and Discussion

Evaluation of the test airfoils was acomplished at the two
primary gas stream conditions shown in Table 2. Both the
adiabatic film effectiveness and the external heat-transfer
coefficient were determined at the midspan section of the
suction surface for these conditions and the results are
presented and discussed in the following sections.

Adiabatic Film Effectiveness

The adiabatic film effectiveness for airfoil 1 at the lower
axial chordal Reynolds number (Re. = 2.96 X 10%) is shown
in Fig. 10. These results are presented for various blowing
parameters as a function of the distance downstream of the
film ejection locations, normalized by the equivalent slot
thickness S. eq, which was defined as the thickness of a slot
equivalent in area to the total flow area of the film ejection
holes. The blowing parameter M was calculated as the
ratio of the secondary mass flux based on the total
ejection area and total measured coolant flow to . the
primary stream mass flux at the ejection location.
As expected, decreasing effectiveness levels were noted
with increasing distances from the ejection holes. At
surface locations near the holes, the effectiveness values
maximized with increased blowing parameter while further
downstream the effectiveness levels increased continuously
with increasing blowing rates. This is shown more emphati-
cally in Fig: 11 where the effectiveness values are plotted as a
function of blowing parameter for various surface locations
downstream of ejection. Maximum values of the film
effectiveness occurred at a blowing parameter of approxi-
mately 0.6 at the thermocouple location nearest the ejection
holes while further downstream the blowing parameter at
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Fig. 11 Variation of film effectiveness with blowing for airfoil 1,
Re, = 2.96 x 105,

which maximum effectiveness occurred was larger. At far
downstream surface locations, the effectiveness was still not
maximized even with blowing parameters above 1.0.

The results at the high Reynolds number (Re, = 5.92 x 10%)
gas stream condition are presented in Fig. 12. Similar
variations in film effectiveness values were noted as in the
low Reynolds number environment. Comparison of the
levels of effectiveness between the low and high Reynolds
npumber gas stream conditions show almost identical results.
Thus, doubling the Reynolds number had no apparent effect
on the adiabatic film effectiveness of this test airfoil.. ,

Since. the length-to-diameter ratio of the film cooled holes
was quite small, smoke tests were conducted in a free air
environment to compare the angle of smoke ejection to the
drilled angle of the holes. Results of these tests on airfoil 1
indicated the smoke ejection arigle to be within five degrees
of the drilled ejection angles.

It should also be noted that, as in most engine applications
of double row discrete hole film cooling, both rows of suction
surface secondary flow eJectlon holes were fed from the same
coolant cavity and each row had approximately the same
secondary flow driving pressure. Because of the slightly
accelerating primary flow at the ejection locations (see Fig. 5)
on the suction surface of airfoil 1, the downstieam row of
holes had a lower exit static pressuré and thus a slightly
greater portion of the total secondary fluid was ejected from
this row. However, for airfoil 1 the pressure gradient was
small in the region of ejection and each row of holes flowed
close to the average of the two rows.

The adiabatic film effectiveness results for airfoil 2 at an
axial chordal Reynolds number of 2.44 x 10°, shown in Flg
13, and the higher gas stream Reynolds number shown in
Fig. 14, depict similar trends as with airfoil 1. At the low
Reynolds number maximizing of the film effectiveness near
the holes occurred at blowing parameters slightly lower than
0.6. while further downstream the maximum occurrred at
higher blowing rates. At the higher Reynolds number,
however, maximum effectiveness was obtained at a blowing
parameter of 0.5-0.6 even at large downstream distances.
When comparison of the effectiveness levels of airfoil 1 and
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Fig. 12 Variation of film effectiveness with blowing for airfoil 1,
Re.=5.92 x 105,

airfoil 2 is made at the same distances from the holes and for
similar blowing rates, it appears that film cooling on airfoil 2
was slightly less effective.

Measurement of the gas gjection angle with airfoil 2 in a
free environment using smoke to compare the ejection angle
to the drilling angle yielded larger deviations than airfoil 1 due
to the smaller length-to-diameter ratio of the drilled ejection
holes of airfoil 2. In general, the smoke ejection angles were
approximately 27° further from the surface tangent than the
drilled angles and, in part, might have contributed to the
slightly lower levels of effectiveness. )

Estimates were also made of the coolant flow splits for
airfoil 2 and due to the significant acceleration of the primary
stream in the area of the ejection, large differences in coolant
flow were found between the rows. The results of these
estimates for airfoil 2 are shown in Table 3.

The large differences in blowing parameters between the
upstream and downstream rows could also be a reason for
the lower effectiveness levels measured with airfoil 2. Because
of these differences, it is difficult to discern whether the
pressure distribution affected the film effectiveness levels.

The film effectiveness results for airfoil 1 are presented on
an x/MS., basis in Fig. 15. Also shown are the results of
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Fig. 13 Variation of film effectiveness with blowing for airfoil 2,
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Fig. 14 Variation of film effectiveness with blowing for airfoil 2,
Re, = 4.87 x 105,

Hartnett et al.,® obtained for a tangential slot in a low tem-
perature wind tunnel environment, which indicate significantly
higher levels of effectiveness than were obtained on the test
airfoil. Also presented are the results of Metzger and
Fletcher® obtained downstream of a single row of holes
oriented at 60° to the surface with a 1.71 spacing-to-diameter
ratio.

External Heat-Transfer Coeflicients

The suction surface external heat-transfer coefficients on
airfoil 1, based on the adiabatic wall temperature when
secondary flow is ejected and on the adiabatic recovery
temperature without ejection, were determined for the blank
airfoil and for the drilled airfoil. A comparison of the heat
transfer coeflicients as a function of distance from the airfoil
leading edge at a blowing parameter of 0.56 is shown in
Fig. 16 for the low gas stream Reynolds number. Also shown
are predictions of the heat transfer coeflicients on the suction
surface assuming laminar and turbulent flat plate boundary
layers. The predictions utilize empirical results of cylinder-
in-crossflow tests for the leading edge region.
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Fig. 15 Effectiveness of airfoil 1 on x/MS basis, Re, = 2.96 x 10°.

Table 3 Coolant flow splits for airfoil 2

Gas stream Over-all Coolant flow split Blowing parameter
Reynolds blowing (percent of total)
number parameter Upstream row Downstream row Upstream row Downstream row

2.44 x 10° 0.38 32.0 68.0 0.26 0.48
0.55 40.4 59.6 0.48 0.61
0.73 43.9 56.1 0.69 0.76
0.90 455 54.5 0.88 . 0.91

4.87 x 10° 0.42 34.5 65.5 0.31 0.51
0.48 377 62.3 0.39 0.50
0.56 40.6 59.4 0.49 0.62
0.66 427 57.3 0.60 0.70
0.76 44.3 55.7 0.73 0.79
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Fig. 16 Heat-transfer coefficients for airfoil 1 at M =0.56,
Re, =296 x 10°.

As shown in Fig. 16, the data for the blank airfoil indicates a
laminar boundary layer in the upstream portion of the airfoil
but showed increased heat transfer in the midchord region.
Drilling the film cooling holes in the airfoil increased the
heat-transfer coefficients downstream of the holes to values
typical of a turbulent boundary layer. When the coolant
was turned on, further increases in the heat-transfer coefficients
were measured, with the greatest increases immediately
downstream of the holes.

_ Similar results were obtained at the other blowing rates as
shown in Fig. 17, which presents the ratio of the heat-transfer
coefficients on the drilled airfoil in the presence of blowing to
those measured with the secondary flow shut off. Large
increases of over 309 were recorded near the holes with the
amount of increase in the heat transfer coefficients being
greatest for the highest blowing rates. Further downstream,
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however, the largest increases were obtained at the lower
blowing rates.

The results of testing airfoil 1 in the high Reynolds number
(Re-5.92 x 10°) environment are shown in Fig. 18. Again,
relatively large increases in heat transfer coefficients were
measured near the holes with blowing. Increases of 509
over the nonblowing case were found near the hole pattern,
decreasing to approximately 10 / far downstream. As with
the lower Reynolds number test, the greatest increases were
found at the higher blowing rates near the holes and at the
lower blowing rates further downstream.

For airfoil 2 the heat-transfer coefficients are presented for
the case with no film cooling holes in the airfoil and for the
case of secondary ejection. Because of the favorable pressure
gradient in the area of the secondary ejection holes, aspiration
into the upstream row of holes when the external coolant
supply was shut off precluded presenting heat-transfer
coefficients for this no blowing case. The results are shown
in Figs. 19 and 20 for blowing rates of 0.55 and 0.56 at each
of the two gas stream Reynolds numbers, respectively, together
with the laminar and turbulent flat plate boundary layer
predictions. For the blank airfoil, higher values of heat
transfer than the laminar prediction were obtained at the
lower Reynolds numbers in the upstream position of the air-
foil. Further downstream, the data indicates transition has
occurred, with the results agreeing fairly well with the turb-
ulent boundary-layer prediction. When secondary flow was
introduced, there were significant increases in the external
heat-transfer coefficient near the holes, while downstream
the values tended toward the level obtained near the trailing
edge for the blank airfoil.

Conclusions

1) A cascade facility has been developed which permits
evaluating the adiabatic film effectiveness and heat transfer to
turbine airfoils employing practical secondary ejection
configurations in a realistic turbine environment.

Fig. 17 Heat-transfer co-

efficient ratio for airfoil 1
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Fig. 19 Heat-transfer coefficients for airfoil 2 at M =0.55,
Re.=2.44 x 105,

2) Film cooling on turbine airfoils with discrete hole
ejection downstream of an engine type combustor yields
film effectiveness levels significantly lower than those values
obtained for slots in a wind tunnel environment, when compar-
ed at similar values of X/Ms.,. Near the holes, highest
effectiveness levels are obtained at blowing parameters of
0.5-0.6 while further downstream the levels generally increase
with increasing blowing.

3) The presence of film cooling holes on turbine airfoils
can increase the heat transfer even without blowing, while
even higher heat-transfer coefficients can be expected-in the
presence of blowing. Greater increases can be expected
immediately downstream of ‘ejection with smaller increases
occurring at larger distances from the cooling holes.
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