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strated for lower burnups. Tests are being conducted to
demonstrate full burnup at operating temperatures.

9) The aforementioned fuel concept when it incorporates
the feature of vapor transport within the pin may provide
for a simpler high-burnup reactor control.

10) Nuclear aircraft with gross weights in the range of 1
to 2 million pounds may be capable of payload qapacitles in
the range of 10 to 25% of the gross weight for altitudes up to
36,000 ft and Mach numbers of 0.8.

References

1 Wild, J. M., “Nuclear Propulsion for Aircraft,’” Astronautics
and Aeronautics, Vol. 6, No. 3, March 1968, pp. 24-30.

STATUS OF THE NUCLEAR POWERED AIRPLANE 33

?Rom, F. E. and Finnegan, P. M., “Will the Nuclear-
Powered Aircraft be Safe?”” Astronautics and Aeronautics, Vol. 6,
No. 3, March 1968, pp. 32-40.

¢ Rom, F. E., Finnegan, P. M., and McDonald, G. E., “Very-
High-Burnup Vapor-Transport Fuel-Pin Concept for Long-Life
Nuclear Reactors,”” TN D-4860, 1968, NASA.

4 Blake, L. R., “Achieving High Burn-up in Fast Reactors,”
Journal of Nuclear Energy, Part A and B, Reactor Science Tech-
nology, Vol. 14, April 1961, pp. 31-48.

5 Blake, L. R., “Irradiation of Uranium-Metal and Uranium-
Oxide Fuel Pins to High Burn-up at High Temperature,’’ Journal
of Nuclear Energy, Part A and B, Reactor Science Technology, Vol.
15, 1961, pp. 140-159.

6 Morris, R. E., “Creep-Rupture Data for Welded N-155
Tubes,” TN D-5195, 1969, NASA.

JANUARY 1971

J. AIRCRAFT

VOL. 8, NO. 1

Evaluation of Heat Transfer for
Film-Cooled Turbine Components

DarryL E. MerzaeEr*

Arizona State University, Tempe, Ariz.

DarreLL D. FLeTCHER |

AiResearch Manufacturing Company, Phoeniz, Ariz.

Film cooling has been shown to be an effective method for the cooling of a variely of gas tur-
bine engine components. In many of these applications, the region of primary interest, as
far as calculation of heat-transfer rates is concerned, is the region immediately downstream of
the injection location. Conventional methods for predicting heat-transfer rates, based on
adiabatic wall temperature data alone, are generally inadequate in these regions. An ex-
perimental apparatus that can be used to readily obtain the comparative film cooling per-
formance of different injection configurations, with surface heat transfer, is described. A con-
venient means of presenting comparative performance is used to present the results of an ex-
tensive series of tests with film injection through flush two-dimensional slots and through

single spanwise lines of flush ecircular holes.

Injection angles of 20° and 60° are covered for

both injection types over a range of injection rates and downstream distances of interest in
turbine cooling applications. In all cases the cooling protection provided by injection through
holes is much less than that available with spanwise continuous slot injection. The results
should provide the designer with a measure of the coolant penalty accrued when structural or
other constraints preclude continuous injection slots.

Nomenclature
A = heat-transfer area
¢sn = center-to-center distance between adjacent holes (Fig. 5)
C = surface block thermal capacity
d. = hole diameter (Fig. 5)
G = mass flow rate per unit area
G* = mass velocity ratio [Eq. (4)]
h = heat-transfer coefficient
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distance along the surface downstream from the injec-
tion opening (Fig. 2)

injection angle (Fig. 2)

temperature difference ratio [Eq. (5)]

adiabatic temperature difference ratio [Eq. (6)]
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Subscripts

adiabatic wall

film flow, identifies quantities evaluated at the injection
nozzle exit

main flow, identifies quantities evaluated upstream of
injection :

w = wall, identifies quantities evaluated at the cooled surface
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I. Introduction

FILM cooling usually describes a situation in which a
secondary fluid is injected at discrete locations into a
boundary-layer flow of primary fluid along a surface. The
problems associated with air injection into a turbulent air
boundary layer have been under almost constant investiga-
tion*7 since the early work of Wieghart.# Much of the in-
centive for these studies has been provided by the prospects of
film cooling as a practical method for cooling gas turbine en-
gine components. A typical example, although by no means
the only one, is depicted in Fig. 1, which shows a schematic of
a gas turbine nozzle vane which is film cooled in the trailing-
edgeregion. The coolant is usually relatively cool compressor
discharge air which has bypassed the combustor. The
geometry of the thin trailing-edge region usually precludes
adequate cooling by internal convection alone, and some of the
coolant is injected into the hot gas boundary layer to reduce
the surface heat flux.

The amount of surface heat flux reduction obtainable with
different combinations of injection rates, geometries, and
temperatures must be known before a rational design result-
ing in minimum coolant expenditure is possible. Surface
heat-transfer rates in the presence of secondary injection are
commonly evaluated by using the temperature of an adiabatic
surface downstream of the injection site together with a heat-
- transfer coefficient associated with the primary flow alone

4/A = h(tew — tw) M

The heat-transfer coefficient % is determined from Eq. (1)
with measured values of heat flux and temperatures for the
case of no secondary injection. Thus, the heat-transfer rates
with injection are determined with a minimum of information
beyond the primary stream heat-transfer characteristics;
namely, adiabatic wall temperature distributions in the
presence of injection. For this reason, much of the film cool-
ing literature deals with the determination of adiabatic wall
temperatures, usually presented in terms of the film cooling
effectiveness »

1= (tow = tm)/(ts — tn) @

Correlations of effectiveness together with Eq. (1) are
adequate for predicting surface heat-transfer rates only far
downstream of the injection site (usually at least 40 injection
slot widths downstream), even when the injection geometry
is a continuous spanwise two-dimensional slot and the angle
between the primary and secondary velocities is small at in-
jection. This excludes the region immediately downstream
of the injection location, which is the region of interest in
many practical situations. In this near region the injection
of the secondary fluid, even if two-dimensional, can sig-
nificantly alter the flow pattern from that of the primary
flow alone, and the effective heat-transfer coefficients may be
either increased or decreased, depending on the amount and
nature of the injection.

The complexity of the flow pattern is obviously increased
with three-dimensional injection configurations such as hole
arrays and interrupted slots as shown in the vane of Fig. 1.
Unfortunately, the unique structural and aerodynamic con-
straints present in gas turbine components very often dictate

Fig. 1 Schematic of
film~-cooled vane.
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the use of some type of interrupted injection. The need for
more specific information on these types of injection geome-
tries is apparent, and a recent paper by Goldstein et al.?
treats the problem of adiabatic wall temperature distributions
downstream of a single circular injection hole.

An experimental program, designed for rapid assessment
of the relative characteristics of various film cooling schemes,
with surface heat transfer and in regions close to the injection
location, is deseribed. Initial results of this program have
been reported’® for the case of injection through flush, angled
slots into the turbulent boundary layer on a flat, uniform
temperature surface. The present paper presents results for
the case of injection through single spanwise lines of angled
circular injection holes and compares their heat-transfer
characteristics with expanded results for the flush angled slot
configuration. Figure 2 depicts the two injection types.

II. Basic Considerations and Definitions

For surfaces cooled as in Fig. 2, it is expected that the local
heat-transfer rates downstream of the injection location would
be influenced by the mainstream velocity and properties;
the secondary fluid velocity and properties; the temperatures
tmls, and t,; the injection geometry; and the downstream
distance z. For interrupted geometries, such as the present
hole injection, a spanwise variation in surface heat flux at a
given z station is also expected. In the present study,
average surface heat-transfer rates were measured over finite
z distances [, downstream of injection. These rates are com-
pared to the heat-transfer rate measured with the same sur-
face and mainstream conditions in the absence of any injec-
tion slots or holes. The ratio of average surface heat transfer
with injection to that without injection & is presented non-
dimensionally as

& = B(G*,6%1/s, geometry) 3)

where .
G* = G//Gn ' @
0% = (ty — tw)/ (v — tw) (5)

G; and @, are the mass flow rates per unit area of the film
and mainstreams, respectively, and s is the actual width of a
two-dimensional injection slot or the width of an equivalent
slot of equal discharge area for the case of hole injection.

The functional relationship implied in Eq. (3) can be ob-
tained® from a nondimensionalization of the governing
boundary-layer momentum and energy equations and ap-
propriate boundary. conditions for two-dimensional slot in-
jection, uniform surface temperature, and small temperature
differences. The assumption of small temperature differences
is consistent with a linear formulation of the energy problem
where film cooling ¢, > t; and film heating ¢; > £, are similar
problems governed by the same equations and boundary
conditions. Thus film heating experiments can be used to

tm Cm

Fig.2 Injection geom-
etries.

HOLE INJECTION
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model film cooling problems, as is the case in the present
study and in the majority of previous investigations.

Geometric modeling is explored in the present study by
conducting all tests at two different values of slot width or
equivalent slot width s. The geometry of the hole injection
configuration is characterized by the hole diameter d,, the
center-to-center hole spacing c., and the injection angle 8.
The geometry of the film-cooled surfaces on turbine vane sets
is modeled in this study with a plane heat-transfer surface in a
constant cross-sectional area flow passage. The relative sizes
of the tunnel cross section and injection slots and holes were
chosen to correspond to prototype values.

The absence of both Reynolds number and Prandtl number
in Eq. (3) does not indicate a lack of dependence of surface
heat-transfer rate on either of these parameters, but it does
imply that their effect on the normalized heat transfer @ is
much less important than those of the independent parameters
listed. In the present study, the mainstream Reynolds num-
ber G.l/p was varied by changing both the mainstream
velocity and surface length, but an extensive independent
variation was not made. For slot injection, the tests indicate
that the results can be adequately correlated independently of
Reynolds number, but in the case of hole injection more work
is needed to explore this effect. The effect of Prandtl number
was not investigated in the present study. All tests were
conducted with air as both the primary and secondary fluid
with temperatures within 25° F of ambient levels.

Typical values of ® obtained in the present study are
shown in Fig. 3 as functions of G* and 6* for injection through
a 0.1-in. slot at 8 = 20° over a surface length of 3.5 in.
When 6* = 0,t; = t,, and the value of ® at this point indi-
cates the hydrodynamic effect of the film on the downstream
surface heat transfer. Figure 3 demonstrates that for slot
injection at 20°, this effect, averaged over a surface length 35
slot widths long, is quite small for 0.25 < G* < 0.75.

When & = 0, the average surface heat-transfer rate is
zero, although in general the local rates on the surface will
not be zero. If the value of 8* when ® = 0 is denoted by
o*ad, then

e*ad = (tf - tm)/(taw - tm) (6)

Here ¢.., must be interpreted as the surface temperature cor-
responding to zero average surface heat flux. The inverse of
6*,4 has the form of film cooling effectiveness, although it
must be emphasized that the actual surface condition is not
locally adiabatic. Nevertheless, the value of §%,, for a given
configuration and flow is a measure, like the conventional ef-
fectiveness, of the mixing between the primary and secondary
streams.

Thus, the value of 0%,; conveys essentially effective in-
formation, whereas the value of ® at 6% = 0 indicates effects
of injection on heat transfer that dre not available from
adiabatic wall temperature distributions alone. A value of
® at 6* = 0,%,, equal to unity, indicates that the average
surface heat flux can be accurately predicted by Eq. (1), and
the percent increase or decrease in &, from unity is directly
proportional to the error incurred in predicting surface heat
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flux from Eq. (1) and measured adiabatic wall temperatures
alone.

The linearity of the measured ® — 6* values apparent in
Fig. 3 is a consequence of the linear governing energy equa-
tion and is expected for the small temperature differences of
this study.

III. Apparatus and Procedure

The experimental data were acquired with a novel transient
test facility which substantially reduces the testing time
compared to more conventional steady-state experiments
and makes feasible the evaluation of the relative performance
of a wide variety of possible alternative injection designs.

The experiments were conducted with a small, constant
cross-sectional area, open cycle wind tunnel as shown in the
schematic of Fig. 4. The main-stream air is induced from
ambient laboratory conditions through the 2 in.-by-0.5-in.
test section by means of a downstream axial blower. The
blower passes both the mainstream (100-150 lbm/hr) and
film stream (2.5-27 Tbm/hr), and the combined flows are me-
tered with a standard orifice located upstream of the blower.
The secondary air is supplied from the laboratory com-
pressed air system through an electrical heater and another
standard orifice to the injection section, built into the tunnel
floor. The injection section consists of a plenum chamber
with baffles and screens topped by removable nozzle plates
that provide the different injection configurations. The
nozzle plates are all 0.250 in. thick and 4.15 in. long, machined
from acrylic plastic.

A total of eleven nozzle plates were used: four slot nozzles
with s = 0.050 in. and 0.100 in. at 20° and 60° injection angles;
four hole nozazles at ¢,/d, = 1.71 with s = 0.050 in. and 0.100
in. at 20° and 60° injection angles; and three hole nozzles at
¢a/d, = 1.55 with s = 0.050 in. and 0.100 in. at 20° and 60°
injection angles.

The nozzle plates mount flush against the interchangeable
heat-transfer surfaces, which are aluminum blocks of various
lengths in the flow direction, 1.5 in. wide and 1.0 in. deep.
Seven surfaces were used ranging in equal 0.5-in. increments
from 0.5 in. to 3.5 in. long. This provides for average heat-
transfer rate measurements over downstream distances
5 < I/s < 35 for the 0.100-in. nozzles and 10 < I/s < 70 for
the 0.050-in. nozzles.

The relationship between the nozzle plates and heat-trans-
fer surfaces is illustrated by the top view of the tunnel floor
shown in Fig. 5. The holes in the hole nozzles were spaced
so that the edges of the heat-transfer surface were directly
downstream of a hole centerline in order to minimize end ef-
fects. The hole nozzles corresponding to the 0.050-in.
equivalent slot width have a total of 9 and 11 holes; those
with the 0.100-in. width have 5 and 6 holes. A sandpaper
trip is used on the tunnel floor upstream of the nozzle plates.
The heat-transfer rates measured on all of the test surfaces
without film injection (nozzle plate without openings used)
correspond to those expected for a turbulent boundary layer.

The heat-transfer rates both with and without heated in-
jection are determined by establishing the flow(s) at steady
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Fig. 5 Top view of test surface
and nozzle plate.
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values of velocity and temperature while heating the alumi-
num test surface block to a temperature in excess of the de-
sired maximum test value. Heating is stopped, and the
transient cooling of the block in the presence of the film is
recorded on a self-balancing potentiometric recorder.

The aluminum blocks that form the test surfaces have
negligible internal thermal resistance in comparison with the
convective thermal resistance at the upper surface of the
block. This establishes a spatially uniform temperature dis-
tribution throughout the block at all times during the cooling
transient. Equating the heat loss through the block sur-
faces to the loss in internal energy of the lumped block ther-
mal capacity C results in the following expression for the
average convective heat-transfer rate ¢ on the test surface:

¢ = —C{dtw/dr) — correction term )

where the correction term accounts for the finite conductance
of the insulation surrounding the block on five sides. This
undesired heat leakage is determined by auxiliary testing
with the top surface of the block insulated. Additional de-
tails of the experimental apparatus, including the determina-
tion of the correction term in Eq. (7) have been previously
reported.1-1t

During a transient test with secondary injection, all the
flow variables, including ¢; and ¢., are maintained constant;
$0, at any given time during the transient, the value of {, mea-
sured and the value of ¢ calculated from Eq. (7) correspond
to a single value of 6*. This calculated heat-transfer rate is
normalized with the rate observed for the same mainstream
conditions and surface temperature in the absence of injec-
tion, and the results are presented as in Fig. 3. The data
points shown in this figure correspond to values of ¢, during
the transient at which the t, — r derivative is evaluated from
the recorded block temperature response. The appearance
of the expected linear & — 6* relationship serves as a check
on the experimental and numerical data reduction procedures
used.

The value of ® at 8* = 0,P,, can be obtained by extrapola-
tion or by conducting a separate transient test with the film
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temperature equal to the mainstream temperature. In the
present study both methods were used, and in all cases the
extrapolated 8% = 0 results were found to be in excellent
agreement with the actual 8* = 0 tests. To further verify
the validity of this transient evaluation procedure, com-
parative steady-state tests have been conducted and re-
ported.’® The two sets of results are in excellent agreement.

IV. Resu]ts and Discussion
Slot Injection

Throughout the test program, the cooling transients were
evaluated as described in the previous section at from 5 to 7
values of ¢, between 8* = 0 and 0*,, to establish the charac-
teristic lines as shown in Fig. 3. In all of the following
presentation, the film-cooling performance at various com-
binations of the independent parameters will be specified in
terms of the intercepts of these lines, ®; and 6*.q.

Figure 6 shows the effects of G* and I/s on 6*., for the con-
tinuous slot injection at 8 = 20°. The agreement between
the 0.050-in. slot and 0.100-in. slot results is, in general, quite
good. Experimental uncertainties have been estimated by
the methods of Kline and McClintock,!? and uncertainties of
+69, in the determination of heat flux lead to estimated un-
certainties of =87, in the value of ®, and 7% to £10% in
the value of 8%.,5. The indication of a 8%,4 intercept of unity
for I/s = 0 is to be expected, since with continuous slot injec-
tion the initial surface edge is completely covered by the un-
mixed film.

Similar results were obtained with the 60° slot injection
except that high G* performance in this case is not as good as
before, as indicated in Fig. 7 for G* = 0.50 and 0.75 results.
The relatively linear *.; vs I/s behavior suggests a simple
correlation of these results. Figure 8 shows this correlation
for the 8 = 20° results of Fig. 6. The best-fit line through
the data is given as

%0 = 1.0 + 0.00619G*-1.3(1/s) ®)

for the ranges 0.25 < G* < 0.75,0 < I/s £ 70, and 8 = 20°.
A similar correlation has been obtained for the § = 60°
results of Fig. 7, and has about the same appearance as Fig. 8.

4
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The graph is omitted here for brevity, but the best-fit line is
given as

0%, = 1.0 + 0.01155G*~0.75(/s) ©)

for the ranges 0.25 < G* < 0.75,0 < I/s £ 70, and 8 = 60°.

The differences between 20° and 60° injection apparent in
Figs, 6 and 7 are those differences that would be revealed by
adiabatic wall results with high values of 8*.4 corresponding to
low values of effectiveness and visa-versa. Additional insight
into the effects of injection is provided by the presentation of
the influence of G* on @, over various surface lengths I/s.
Figure 9 shows this influence for 8 = 60°. Again there is
good correspondence between the results for the two different
widths at similar values of I/s. The effect of the film in rais-
ing the average effective heat-transfer rate is small for G* =
0.25 except very close to the slot; however, for the larger
values of G* the effect is significant over at least the first
thirty slot widths downstream.

The implication of a value of &, equal to 1.5 is best demon-
strated as follows. For a prototype application where sur-
face heat flux reduction but not reversal is required (net heat
transfer into the surface, ® > 0 and 6* < 6%,,), the actual
heat-transfer rate into the surface is 509 greater than that
predicted from measured values of effectiveness and use of
primary flow heat-transfer coefficients. For a similar appli-
cation where heat flux reversal is required (net heat transfer
out of the surface despite tn > ., ® < 0, and 6* > 6%,,) the
actual heat-transfer rate out of the surface is 509, greater
than the value predicted similarly.

The corresponding values of @, determined from the slot
injection tests at 8 = 20° are omitted here because of their
relatively uninteresting behavior. With few exceptions, the
values of ®, obtained with 8 = 20°, at all values of G* and
l/s, were equal to unity within the experimental uncertainty.
This is true not only with slot injection but was observed for
the hole injection results of the present study as well.

Hole Injection

The behavior of 8*,; for hole injection for both values of
¢a/dn tested differs considerably from that observed for the
continuous slot results. First, the values do not extrapolate
to 8%, = 1.0 at l/s = 0 as is the case for the slots. Instead,
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they extrapolate back to from approximately 1.5 to 2.6,
depending on the particular nozzle and injection rate. Sec-
ondly, at small values of [/s, the larger injection rates result
in higher values of 8%,4. At larger values of /s, the opposite
effect persists with larger injection rates resulting in lower
values of 8%,,. The crossover distance is in the vicinity of
20 equivalent slot widths. These trends are illustrated for
B8 = 20° in Figs. 10 and 11 for ¢,/d. = 1.55 and 1.71, respec-
tively. The agreement between the 0.050-in. equivalent slot
results and the 0.100-in. results is not as good in these tests
as it was with the slots; the difference is as large as 209, in
some cases. This scatter in the data, coupled with the afore-
mentioned reversing effect of G**, serve to make a graphical
presentation of results confusing, Figures 10 and 11 and sub-
sequent figures for the hole injection results show, instead,
faired lines that represent the individual data points to
within =10%, in all cases.

Again, values of ®, are not presented for these 20° results
because of their proximity to unity in all cases.

Figures 12 and 13 present the hole injection results for
B = 60°. The 0*,, results in Fig. 12 are very little different
than the corresponding 20° results for G* = 0.25. However,
the film performance is considerably poorer for 8 = 60° for
the higher values of G*. For 8 = 60° only one nozzle with
¢n/dn, = 1.55 was constructed and used in the tests, and the
results for this one as well as those from the two ¢,/d, = 1.71
nozzles are equally well represented by the faired lines of both
Figs. 12 and 13. The &, results of Fig. 13 are very similar
to those of the 60° slot injection shown in Fig. 9, and the
implications of large values of &, are the same except that one
must remember that the hole results are spanwise-averaged
values of quantities that undoubtedly have large spanwise
variations.

A final interesting comparison is shown in Fig. 14 for the
practically important case of injection through holes at G*
= 0.25. The data points are from all the hole injection tests
at G* = 0.25 for B = 20° and 60°, ¢,/d, = 1.55 and 1.71,
and s = 0.050 in. and 0.100 in. The values and trends of
these results are all very similar and considerably higher than
what could be expected from continuous slot injection, repre-
sented by the solid line.

4 ) 1
G*=0.25
Y
3075 /
x // 0.50
e
R
Fig. 12 6%, for 2
cn/dn = 1.55 and Cn/dp=1.71 .
1.71, 60°. $=050,0.100
! fdn=155
5=0.100
0 L |
] 20 40 60 80

Als



38 D. E. METZGER AND D. D. FLETCHER J. AIRCRAFT
20 they deserve and will undoubtedly receive much more atten-
tion in the future. In the interim period, it is hoped that the
results of this study will aid the designer in evaluating alter-
1517 075 native film injection configurations.
6 .
* | oBo—l
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