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Film cooling has been studied on the rotor blade of a large scale (low speed) model of a.
high pressure turbine first stage. Film coolant was discharged from single holes on the
‘pressure and suction surfaces of the airfoil. For each blowing site the coolant to free
stream mass flux ratio and density ratio were varied from 0.5 to 1.5 and from 1.0 to 4.0 re-
spectively. Both surface flow visualization and local film cooling adiabatic effectiveness
data were obtained. The observation was made that although it can have a strong radial
component, the trajectory of the film coolant was very insensitive to coolant flow condi-
tions. The existence of the radial component of the film coolant trajectory was found to
have a strong impact on the nature of the effectiveness distribution. The data have been
compared with data taken by other investigators on flat surfaces and in plane cascades.
Agreement between the flat plate data and the suction surface data was reasonably good.
However, the pressure surface results showed a much faster decay of the effectiveness
than did the flat plate data due to effects thought to be related to both curvature and radi-
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al flow.

Introduction

With the evolution of gas turbine cycles with higher turbine inlet
temperatures has come the need for increasingly effective means of
cooling the turbine airfoils. One such cooling technique currently
receiving wide application is film cooling. During recent years, many
parameters affecting film cooling have been intensively studied. A
survey of work up to 1971 has been published by Goldstein [1]. Al-
though the bulk of the discussion is related to slot injection, there was
some discussion of isolated hole injection. Ericksen [2] investigated
film cooling behind a row of inclined holes, and among other things
found that the effect of Reynolds number was relatively small. A
simple analytical model of the effectiveness pattern produced by a
jet has been published by Ericksen, et al., [3]. Pedersen [4] also looked
at a row of inclined holes including mainstream to coolant density
ratio as a prime variable. This permitted him to vary the mass and
momentum flux ratios independently. He presented a correlation of
his results including the effects of all these variables. Liess, et al., [5]
examined the effects of free stream acceleration and Mach number
and found them to be small. Lander, et al., [6] measured film cooling
effectiveness on a first vane cascade in an attempt to include realistic
geometry and flow conditions (including free stream turbulence).
Finally, Muska, et al., [7] confirmed the additive nature of the effec-
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tiveness of multiple rows of film cooling holes. Although film cooling
has been applied to many turbine rotor blades, there is no background
at all on the impact of rotation and radial flow on the film coolant
trajectory or film effectiveness.

There are, however, numerous aerodynamic mechanisms present
in a turbine rotor blade passage which can give rise to radial flows.
Aside from end effects such as tip leakage and end wall boundary layer.
vortices there are the following: three-dimensional inviscid flow (both
irrotational and rotational) and three-dimensional boundary layer

flow on the airfoils. With film cooling the potential exists for an ad-

ditional effect due to rotation since the density of the coolant fluid
can be as high as three times that of the free stream fluid. In the ab-
sence of any information on these effects they are ignored in the
typical design system. Historically it has been assumed that the radial
velocity in the film is zero. Any shortcoming of this approach has been
compensated for by calibrating the design system on engine experi-
ence.

Description of Test Equipment and Technigques

Test Equipment. The experimental program was carried out in
a b ft dia rotating rig with a 1% stage turbine model having a 0.8
hub/tip ratio. This is a low speed facility which draws ambient air
(from out-of-doors) through a series of screens and flow straighteners
prior to reaching the inlet guide vanes. The axial chords of the airfoils
in each row of the turbine model are all approximately 6 in. (0.15 m)
or approximately five times engine scale. At a typical running con-
dition, the axial flow velocity in the test section is 75 ft/s (23 m/s) and
the shaft speed is 405 rpm. Airfoil Reynolds numbers are approxi-
mately 5.6 X 10° which is typical of high pressure turbine airfoils.
Because the rig also has velocity triangles typical of those of a high
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pressure turbine, it provides an excellent simulation of the centrifugal
and Coriolis effects as they would occur in the boundary layers of an
actual engine scale turbine airfoil. The two-dimensional aerodynamic
design of the rotor and its radial stacking are typical of current turbine
designs.

For these film cooling tests coolant to free stream density ratios
from 1.0 to 4.0 were produced using mixtures of air and sulfur hex-
afluoride, SFg (molecular weight = 146) as the coolant fluid. A trace
amount of ammonia was included in some tests for flow visualization
purposes. As previously mentioned, the turbine free stream fluid was
air at ambient conditions. The coolant mixtures were heated above
the free stream temperature and adiabatic effectiveness was deter-
mined by measuring the free stream and coolant temperatures and
the adiabatic recovery temperature distribution on the airfoil surface
with a matrix of thermocouples downstream of each blowing site.

Two coolant hole locations were chosen for this study, one at mid-
span and ten percent axial chord on the suction surface and one at
midspan and 16 percent axial chord on the pressure surface. These
holes are sufficiently far aft so as to be relatively uninfluenced by the
details of the leading edge flow, and yet far enough forward so as to
be uninfluenced by the suction surface endwall vortices and by the
strong acceleration toward the trailing edge on the pressure surface.
At the suction surface location the local flow velocity is roughly five
times that at the pressure surface location. It was expected that at the
low free stream velocity locations, such as on the pressure surface, that
the radial flow effects would be much more strongly felt than on the
high velocity locations, such as on the suction surface.

A flow metering system consisting of four calibrated glass rotam-
eters was assembled to provide precise flows of the film coolant mix-
ture to the blowing sites at various coolant blowing rates, M, and
various coolant to free stream fluid density ratios, R. The error ex-
pected from these meters is £1% percent on the average and +3
percent maximum,

Blade Pressure Distribution Measurements. In order to set
the coolant flow rate, it was necessary to know the free stream velocity
at each blowing site. For this purpose the rotor blade midspan pres-
sure distribution was measured at a nominal (design) value of (C,/Up,)
of 0.78. The data taken included (1) airfoil midspan surface pressures
at twenty-two locations around the perimeter of the blade, (2) rotor
inlet relative total pressure at midspan (from a rotor mounted Kiel
probe) and (3) rotor exit tip static pressure measured on the rotor
casing. The rotating frame pressures were measured using a rotor-
mounted scanivalve and transducer.

When comparing measured pressures to computed pressure dis-
tributions, it is convenient to use a pressure coefficient based on the
blade exit midspan static pressure (P2) as a reference pressure and
the difference between the inlet total pressure and the midspan exit
static pressure as a normalizing pressure difference (PT'1-P2). It was
found in all cases that the measured pressure surface maximum
pressures were slightly lower than one would expect from the mea-
sured rotor inlet total pressures. This difference, however, is only
about one percent of the rotor exit relative dynamic pressure. This
effect is probably related to radial flows in the rotor channel shifting
the location of the high and the low total pressure fluid between the
inlet total pressure probe (which is at the rotor leading edge plane)
and the 30 percent chord location where the pressure surface pressure
is near its maximum. In all cases the total pressure that was inferred
from the pressure surface was used in evaluating the airfoil distri-
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Fig. 1 Rotor midspan pressure distribution

butions. The midspan exit static pressure was determined by applying
a correction to the static pressure measured on the rotor exit tip cas-
ing. This correction was based on the assumption of free-vortex flow.
This is a very small correction (roughly one percent of the rotor exit
relative dynamic pressure) and hence the slight inaccuracy associated
with the assumption of free-vortex flow is negligible. The results are
shown as data points in Fig. 1.

The computed curve in Fig. 1 is based on an inviscid potential flow
calculation [8). The inlet and exit flow angles («; and as measured
from tangential) were adjusted to give best agreement with the
measurements. The predicted trailing edge stagnation point singu-
larity has been eliminated in favor of the more physically realistic
trailing edge condition of a base pressure equal to the downstream
static pressure (C, = 0). This affects the pressure distribution over
less than the aft-most ten percent of the airfoil, i.e., X/BX from 0.9
to 1.0. )

In general the measured and computed pressure distributions are
in excellent agreement. The agreement is especially good in the
leading edge region where the film coolant blowing sites are located.
The suction and pressure surface blowing sites are 10 and 16 percent
axial chord respectively from the leading edge as indicated in Fig. 1.
From these results it has been determined that the local surface flow
velocities at the suction and pressure surface blowing sites are (as a
fraction of rotor midspan wheel speed) 2.05 and 0.40 respectively at
the design point value of (C./Uy,). This corresponds to 196 and 38 ft/s
at a typical running condition of 405 rpm. The error expected in these
velocities is +1 percent for the suction surface and +5 percent for the
pressure surface. These results were used to compute the various film
coolant mass flow rates required to achieve the desired values of the
coolant to free stream mass flux ratio, M and the coolant to free
stream density ratio, R.

Flow Visualization Tests. The first phase of the film cooling test
program consisted of a series of flow visualization tests employing
ammonia and Ozalid paper. The objective of these tests was to qual-
itatively determine the nature of the film coolant footprint on the
airfoil surface downstream of each blowing site for the full range of
density ratios, R, and blowing rates, M, to be studied in the program.
These flow visualization film cooling patterns could then be employed
to determine the effectiveness instrumentation arrays.

Both the flow visualization and effectiveness test airfoils were

-fabricated by casting duplicates of machined aluminum rotor blades

(B = 6.34 in., 16.6 cm) with rigid urethane foam. This particular foam
material was selected for its extremely low thermal conductivity (0.02

B, = airfoil axial chord

C, = axial component of flow velocity

D = discharge hole diameter

I = momentum flux ratio: (pV?)./(pV2);

M = mass flux ratio: (pV)./(pV)s

R = density ratio: (pc/py)

Rep = blowing site Reynolds number:
(o/ViD/u)

S = surface arc length

T = temperature

V = flow velocity
X = axial distance

ness

U, = wheel speed at midspan

Ty) '
p = fluid density
u = fluid absolute viscosity

8 = angle between the discharge hole axis and Subscripts
a plane tangent to the airfoil surface ¢ = coolant
8* = boundary layer displacement thick- [ = free stream
s = surface

7 = cooling effectiveness: (T; — Tf)/ (T, —
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to 0.03 Btu/hr £t °F), While this property is unimportant to the flow
visualization tests it is important in the measurement of local film
effectiveness [9].

The foam airfoils were fabricated using the following procedure.
First holes (Y5 in. dia, 3.2 mm) were drilled into the aluminum rotor
blade. The hole locations are known to within 0.3 percent of axial
chord which is a relatively small fraction of the hole diameter. Each
hole is inclined at an angle of 30 deg to the surface. The plane of each

+hole was set such that the axis of the hole is tangent to a cylindrical

surface intersecting the airfoil at the location. The result is that all
of the holes are oriented in the streamwise direction with no radial
component. Next a hydrocalic cement mold was cast around the metal
blade with drill rods inserted in the coolant holes. Finally the rigid
foam was cast in the concrete mold producing a precise copy of the
original metal blade.

With the flow visualization airfoils mounted on the rotor and a piece
of Ozalid paper mounted on the airfoil surface behind the blowing site
the rig was brought up to the desired running conditions of through
flow velocity (C,) and midspan wheel speed (U,,) such that the
nominal design point velocity triangles (i.e., C,/U,,) were obtained.
The flow metering device was then conhiected to one of the blowing
sites and the air and sulfur hexafluoride (SFg) flow rates were adjusted
until the desired coolant to free stream density ratio R, and coolant
to mainstream mass flux ratio, M, were obtained. When the flow was
established, a trace amount of ammonia was introduced into the film
coolant flow. The amount of ammonia was always less than one per-
cent of the total coolant mass flow so it had a negligible effect on both
the R and M ratios. A strobe light triggered with a once per revolution
pulse from the rotor shaft was used to observe the flow trace on the
ozalid paper. After a trace of suitable darkness had been achieved,
the ammonia was turned off and the lines were flushed with ammonia
free flow. The flow metering device was then connected to the rotary
union channel leading to the other blowing site and the process was
repeated.

Figure 2 is a typical example of the flow visualization results. Traces
are shown for a low M ratio and for both the suction and pressure
surface blowing sites at nominal density ratios, R of 1 and 4. In all
cases the suction surface film coolant trajectory is narrow, straight
and has only a slight radial displacement. The pressure surface tra-
jectory on the other hand is much wider, displays noticeable curvature,
and has a strong radial displacement (roughly 30 deg radially out-
ward). In comparing the various traces, it must be kept in mind that
the relative darkness of each trace is primarily a function of how long
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Fig. 2 Film coolant trajectories at M = 0.5
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the ammonia was allowed to flow. It should not be related directly to
film coolant effectiveness. The trace width is also a function of the
ammonia flow time but to a much lesser degree.

In order to gain additional insight into the flow mechanisms oc-
curring in the experiment, a very small amount of pure ammonia was
passed through both blowing sites. It was expected that this would
indicate the nature of the flow over the blade in the absence of film
coolant discharge. The results were virtually identical to those of Fig.
2. This indicates that it is unlikely that the pressure surface radial flow
is due to a three-dimensional boundary layer since if this were the case
the flow visualization trace direction would be expected to change
somewhat when going from very low to very high blowing rates as the
coolant jet penetrated the free stream. Such a change in direction was
not observed to occur. The suction and pressure surface film coolant
trajectories appear to be simply following the three-dimensional in-
viscid flow over the airfoil. Without a fully three-dimensional rotating
frame cascade flow analysis, it is difficult to say with certainty what
aspects of the rotor design have produced the radial flows,

Effectiveness Measurement. Upon completion of the flow vi-
sualization tests, the fabrication of two instrumented effectiveness
airfoils was initiated. The two airfoils were cast using the previously
discussed low thermal conductivity urethane foam. One airfoil had
the suction surface blowing site (at ten percent chord) and the other
airfoil had the pressure surface blowing site (at 16 percent chord).
These airfoils were cast with thermocouples (TC’s) mounted inter-
nally in the film coolant supply lines so that the coolant temperature
could be measured immediately prior to ejection at the airfoil surface.
Airfoil surface TC arrays located downstream of each blowing site
were determined on the basis of the flow visualization results. The
streamwise positioning, the radial extent and the locations where TC’s
were concentrated were all based on the flow visualization results.
Figure 3 shows the array on the airfoil with the pressure surface
blowing site. Six rows of hole pairs (two for each T'C) can he seen with
8 to 12 thermocouples mounted in each row. The T'C rows have been
shown in relation to the airfoil pressure distribution in Fig. 1. One mil
(0.025 mm) dia chromel-alumel thermocouples were welded to three
mil (0.075 mm) dia chromel-alumel wires in internal chambers on each
airfoil. These heavier leads then passed out of the airfoils through the
hub attachment buttons. When all the 7C’s were mounted, a thin coat
of varnish was applied to the test surfaces to hold the TC’s firmly in
position and to restore the surface smoothness.

For the effectiveness tests the “coolant” fluid passed from the
calibrated metering system through the rotary union, through an
electrical heater, and into each airfoil. The heater was used to bring
the coolant gas flow to a temperature approximately 50°F above that

Fig.3 Thermocouple array locations on the pressure surface
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of the mainstream fluid. The T'C lead wires from both airfoils were
connected to a 144 channel T'C scanning system mounted on the rotor
(near the rig axis). The T'C scanner communicated digitally with the
rig data acquisition system computer. This digital communication
eliminated all difficulties associated with slip-ring noise on analog
signals.

The coolant supply system was designed to provide a coolant

mixture to one blade at a time. For each flow condition, one blade was
film cooled and the other blade provided a convenient and accurate
station to measure the free stream adiabatic wall recovery tempera-
ture. Individual thermocouples on the film-cooled blades were cali-
brated by recording indicated temperatures with no cooling air
flowing. All TC calibration corrections were less than or equal to
0.5°F.

Discussion of the Results

Typical results of the testing on the suction and pressure surfaces
for twelve combinations of M and R ratios on each surface are shown
in Figs. 4-7. A complete presentation of all the results is available in
[10}]. The figures illustrate the profiles across the film coolant footprint
at-each array of T'C’s. Sketched below them are iso-effectiveness
contours that have been inferred from the profiles. Several thermo-
couples became inoperative during the final stages of model fabrica-
tion, during installation in the rig and during testing. In total, six out
of the total of 130 T'C’s were inoperative. All of the bad TC’s were on
the suction surface, and they have been indicated in Figs. 4 and 5. Due
to this loss of instrumentation, some interpolation had to be employed
in constructing the effectiveness profiles on the suction surface. In
areas where this was done, the profiles have been drawn with dashed
lines. The uncertainty in all measured temperatures is estimated to
be 0.7°F. This can be shown by the method of [11] to result in an un-
certainty in the effectiveness of at most 0.02. As a result of this the
locations of the 0.02 contours, and also, but to a lesser degree, the 0.05
contours, are not considered precise. For this reason, they have been
drawn in as dashed lines in all of the figures. The degree to which most
of the effectiveness profiles return to zero on either side of the foot-
prints is indicative of the uncertainty in the results.

The film cooling patterns obtained from the separate flow visual-
ization and film effectiveness tests were consistent for all tests on both
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Fig. 4 Suction surface film cooling
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the suction and pressure surfaces. As an example, the effectiveness
patterns (Figs. 4-7) can be seen to bear close resemblance to the flow
visualization patterns (Fig. 2). The suction surface effectiveness
footprint is narrow and has only a slight radially outward deflection.
Even though the maximum effectiveness and the footprint width vary’
markedly over the range of M and R tested, the location of the cen-
terline of the footprint appeared to be insensitive to these variables.
As in the flow visualization tests, the pressure surface effectiveness
footprint was wide and exhibited a large radial deflection. The max-
imum effectiveness and the footprint width on the pressure surface,
however, both appear to be far less sensitive to M and R than on the
suction surface.

The different widths of the suction and pressure surface coolant
patterns are somewhat analogous to the differences in film coolant
coverage that can be achieved through the use of compound angled
blowing holes as opposed to simple streamwise blowing. Generally
speaking, compound blowing can result in a much wider film coolant
effectiveness footprint than simple streamwise blowing [12, 13]. On
the suction surface the major axis of the cooling hole is parallel to the
film coolant trace, and the result is a relatively narrow trace which
is typical of simple streamwise blowing. In contrast to this, the major
axis of the pressure surface hole is at an angle of approximately 30 deg
to the film coolant trace, and this has produced the much wider film
coolant footprint characteristic of compound blowing. As mentioned
in the discussion of the flow visualization tests, it appears that the film
coolant trajectory is governed primarily by the nature of the undis-
turbed flow over the airfoil, i.e., in the absence of film cooling. Cen-
trifugal and Coriolis forces may be important in determining the
nature of the undisturbed flow, but beyond that, they appear to have
no significant impact on film coolant trajectory.

The basic conclusions of the experiment are that there is a strong
radial component to the pressure surface film coolant trajectory and
that both the suction and pressure surface trajectories are very in-
sensitive to both the density ratio, R, which was varied over a range
from 1 to 4 and the mass flux ratio, M, which was varied over a range
from 0.5 to 1.5.

The fact that film coolant trajectory is insensitive to coolant flow
conditions eliminates one of the concerns of the turbine designer.
However, one must keep in mind that the pressure surface coolant
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Fig. 8 Decay of maximum effectiveness

trajectory represents a wide departure from typical design system
assumptions. This can give rise to two problems. First, large portions
of the airfoil surface downstream (axially) of the coolant discharge
hole will be starved of film coolant since this air will have moved ra-
dially outward toward the tip of the airfoil. The second problem arises
in that compound angled holes are frequently used to achieve im-
proved film cooling coverage on turbiné airfoil surfaces, These holes
are generally oriented under the assumption of purely axial flow on
the airfoil surface. If the radial flow occurring on the blade pressure

surface was aligned with the compound hole angle, the enhanced film

coverage would not be achieved. The result of both of these possible
problems would be burning near the airfoil pressure surface trailing
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(§/0}

Fig. 9 Decay of maximum effectiveness

edge in the region downstream of the blowing sites experiencing
maximum radial flow.

The effectiveness data taken during the present program have been
compared to flat plate wind tunnel data reported by Goldstein, et al.
[12}. There were, however, some differences between the present film
cooling test conditions and those of [12]. For the present program, the
suction and pressure surface holes are at 30 deg to the surface, but in
the tests of [12}, the holes were at 35 deg to the surface. For the present
program, the pressure and suction surface blowing site Reynolds
numbers (Rep) are 0.24 X 104 and 1.27 X 104, respectively, whereas
for the tests of {12] values of 2.2 X 104 and 4.4 X 10 were employed.
This difference is not believed to be important since the data of {1,
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Fig. 10 Decay of maximum effectiveness

5] indicate that film effectiveness is insensitive to Reynolds number.
Most of the data reported in [12] are for a normalized displacement
thickness (§*/D) of 0.116. For the present tests, (6*/D) is 0.036 and
0.059 on the suction and pressure surfaces respectively. The reduced
coolant injection angle and (6*/D) ratio of the present tests would both
be expected to produce effectivenesses slightly higher than those of
[12]. This generally did not turn out to be the case as shall become
apparent in the following paragraphs.

The suction surface data are compared with the data of [12] in Fig.
8. For a density ratio, R, of 1.0 the decay of the maximum effectiveness
is shown as a function of normalized distance aft of the center of the
blowing site. For blowing rates, M, of 1.0 and 1.5, the present data are
in reasonably good agreement with the data of [12]. At M = 0.5, there
is a significant difference. The reason for this difference is unclear at
present, but it may be due to the effects of curvature as shall be dis-
cussed below. The pressure surface data are compared with the same
flat plate data of [12] in Fig. 9. As can be seen, significant differences
exist between the two sets of data for all conditions. The effectiveness
data of the present program are, in general, much lower and less
sensitive to M than those of [12]. The pressure surface data, however,
show a greater similarity to other data of [12] which were obtained
with the hole oriented at right angles to the flow direction (Fig. 10).
The lower level of maximum effectiveness and its relative insensitivity
to M appear to be partially a result of the radial flow over the blowing
site causing the hole to behave as a compound angled hole. A final
comparison with the data of [12] is given in Fig. 11, where the maxi-
mum effectiveness is plotted as a function of the momentum flux ratio
(I = M2/R) at a normalized distance downstream of the hole center
(S/D) of 6.6. Although the suction surface results are in reasonably
good agreement with those of [12], the pressure surface results are
distinctly different. The conclusion drawn from these comparisons
is that although the suction surface film coolant behavior is similar
in many respects to what one would have expected from the flat plate
results of [12], the pressure surface results are both qualitatively
different (i.e., a strong radial component to the coolant trajectory)
as well as quantitatively different (i.e., the effectiveness levels are,
in general, much lower than one would have expected from flat plate
results). :

The difference between the data presented here and those of
Goldstein, et al. [12] may partially result from the effects of surface
curvature. In a recent paper, Ito, et al. [L4] have reported film cooling
data taken on a turbine blade in a plane cascade with rows of blowing
sites on both the suction and pressure surfaces. Their holes were at
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35 deg to the surface and had a center-to-center distance of three di-
ameters. In all other respects, their configuration was very similar to
that of the present program. Their facility being a plane cascade,
however, had no radial flow effects. Most of the data they present is
laterally averaged, but some local effectiveness data is reported for
a density ratio of 0.95 and a mass flux ratio of 0.5, for the pressure and
suction surfaces. These data, on the hole centerlines, ([14], Figs. 4 and
5) are almost identical with those of the present program on the suc-
tion surface, and they are also quite close on the pressure surface (Fig.

12). The pressure surface effectiveness data of [14] are higher by 0.05

to 0.10 than those of the present program. This difference is probably
due to both the effects of the row of holes as opposed to the single hole

employed in the present program and also the effect of the radial flow.

Ito, et al. [14] attribute most of the difference between suction and

pressure surface film cooling behavior to the effects of surface cur-
vature. The effects of high and low blowing rate and concave and
convex surface curvature are summarized by Ito et al., in Fig. 10 of

that work. This figure is for laterally averaged effectiveness, but the
results it illustrates are similar in many respects to those of Fig. 11

of the present work. The high effectiveness on the suction surface at
low momentum flux ratios, I, is attributed by Ito et al., to the effect
of curvature causing the coolant jet to be close to the wall. At higher
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values of I, the curvature effects cause the jet to lift off the surface
resulting in lower effectiveness. On the pressure surface, the effects
were shown in [14] to be reversed. Low values of I caused low effec-
tivenesss, but the effectiveness increased gradually as I increased. It
was suggested by Ito et al., and indeed it is confirmed by their data
as well as by that of the present work (Fig. 11), that the suction
(convex) and pressure (concave) surface data should cross at a value
of I equal to or somewhat greater than unity.

Conclusions

Both qualitative and quantitative differences were seen to exist
between the behavior of film coolant on the suction and pressure
surfaces of a turbine rotor blade. On the suction surface, the film
coolant had only a small radial displacement and was in many respects
similar to existing data taken on flat surfaces with streamwise oriented
holes. Where comparisons were possible, the suction surface data was
also nearly identical with film cooling data taken by other investiga-
tors on a plane cascade airfoil of very similar geometry.

On the pressure surface, the film coolant had a large radial dis-
placement and, in general, very low levels of effectiveness were mea-
sured. The radial displacement was a result of the radial component
of the free stream flow over the blowing site. The low level of effec-
tiveness appears to be due both to the effectively compound orien-
tation of the hole, due to the radial flow, and surface curvature effects
which tend to reduce coolant effectiveness on concave surfaces at
momentum flux ratios, I, less than approximately unity.

Finally, the film coolant trajectories for each blowing site are vir-
tually uninfluenced by the coolant blowing rate, M, and by the coolant
to free stream density ratio, R.
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