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Introduction

AALTHOUGH CONSIDERABLE RESEARCH HAS

BEEN DEVOTED to experimental and analyt-
ical studies of gas-transpiration cooling, its use in
thermal protection of missile leading edges is
limited. Yet, porous-wall gas-transpiration cooling
ultimately has promise where system reusability
or surface-shape preservation are important con-
siderations. The gas-transpiration process is more
stable and controllable than liquid transpiration
with vaporization. When compared to ducted cool-
ing, gas-transpiration cooling makes more effec-
tive use of on-board coolant reserve because
aerodynamic heating is partially blocked. When
compared to ablation, porous-wall gas-transpira-
tion cooling systems offer externally cooled sur-
faces of nondeteriorating configuration.

Up to the present time, gas-transpiration sys-
tems used in research have employed amply-sized
plenum chambers coupled to coolant feeder lines
of size and number sufficient to virtually preclude
spatial variations in coolant pressure and tempera-
ture within the plenum chambers. However, be-
cause missile leading edge installations offer less
space for plenum chambers and feeder lines, it is
important to assess transpiration system perform-
ance under the influence of spatial distributions in
plenum coolant pressure and temperature.

May — June 1972

In the future, thermal protection of hypersonic flight
leading edges may require active transpiration cool-
ing systems. To meet the space restrictions placed

on such systems by low drag requirements, a compact-
plenum system has been proposed wherein the coolant
is delivered from a storage container via small tubing
to a porous channel where both radial and axial flow
exist. Efficient design of such systems requires
parametric studies to define the most desirable porous
matrix geometry, porosity, plenum length, and flow
control device. To conduct these studies, two complex
computer programs were written which are capable of
computing three-dimensional heat and mass flow.
Evaluation of the accuracy of one of these programs
was attempted by a series of free-jet tests on a cylin-
drical leading edge flat plate model. Various transpirant
coolant flow rates were used. Measurements were re-
corded of transpirant mass flow rate and temperature,
internal plenum pressures, and model surface tempera-
tures. The measured steady-state values are compared
with computed values.

The foregoing considerations led to the concept
of a compact gas-transpiration cooling system
which is characterized by small coolant feeder
line and small plenum. Computational procedures
were developed for handling time-varying pres-
sure and temperature distributions in coolant
feeder lines, in the compact plenum, and in the
porous wall. Finally, these procedures were
brought together in the following two computer
programs:

1. Compact Transpiration Cooling Program
(CLE)"

2. Three-Dimensional Transpiration Cooling
Program (TDTC).

CTC can handle three-dimensional thermal
analysis of in-flight transpiration system pressure,
temperature, and mass flow conditions as they
interact with in-flight aerodynamic heating, sur-
face radiation, and transient heat conduction proc-
esses within flight structures. To keep the compu-
tation times of CTC within reasonable bounds, it
was necessary to limit fluid flow within each
porous element of the transpiration system to one
direction. As a supplement to CTC, a second pro-
gram (TDTC) was written to cover computation
of three-dimensional heat and mass transfer in
those porous sections of the compact plenum sys-
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tem which CTC predicts to be of critical im-
portance. TDTC is capable of computing heat and
mass transfer rates in any aerodynamically-
heated three-dimensional porous section whose ex-
ternal surface pressure distribution is known.

For direct comparison with computed values
from the CTC programs, an experimental test
program was conducted to provide steady-state
model temperature, pressure, and mass flow data,
since no published test results were available for
compact transpiration cooling systems.

This paper describes the CTC computer pro-
gram, the TDTC three-dimensional flow computer
program, the leading edge experiments, and a
comparison of experimental and computed values.

The CTC Computer Program

A Compact Gas-Transpiration Cooling System
in Flight—The compact gas-transpiration cooling
system has a specific application to thermal pro-
tection of leading edges in high-speed flight. A
working system, shown in elemental form in Figs.
I and 2, utilizes a compact plenum and porous
segment running along the leading edge of the
flight structure. Initial thermal conditions of the
flight structure are specified, and it is assumed
to be launched into a particular trajectory where
it is subjected to prescribed aerodynamic condi-
tions denoted schematically by the shock wave

Fig. 1—Gas-transpiration cooling with a compact-
plenum installation on a leading edge.

14

Fig. 2—Compact gas-transpiration cooling system for
leading edge cooling.

and boundary layer in Fig. 1. Once the flight is
underway, transpiration cooling gas from an on-
board high-pressure reservoir (Fig. 2) is supplied
through piping to the compact plenum located
immediately behind the porous segment of the
leading edge. Coolant flow to the compact plenum
is controlled by an up-stream flow-control device
located in the supply line, Fig. 2. Upon entering
the compact plenum, coolant gas flows spanwise
while some coolant gas transpires outward into the
stagnation region. The action taking place when
the transpiring coolant emerges from the ex-
ternal porous surface, is called “blowing.” Since
this coolant is moving in a direction counter-cur-
rent to the inward-directed arcodynamic heat load,
the amount of heat reaching the surface is sig-
nificantly reduced. In addition, the emerging cool-
ant joins the external boundary layer and is swept
aft over nonporous surfaces of the flight body,
Fig. 1. This is called “film-cooling.” Also, one can
see that some coolant gas flowing spanwise in the
compact plenum, Fig. 2, may be bled off at the
downstream end through a downstream flow-con-
trol device. This provisional increase in total span-
wise coolant flow rate in the compact plenum can
reduce the spanwise variation in coolant tempera-
ture. Coolant from the downstream bleed may be
utilized elsewhere in the flight body or discharged
overboard.

Thermal Performance Assessment—As noted
earlier, CTC is designed for use in assessing the
thermal performance of a proposed compact
plenum system. This assessment involves the
determination of the coolant requirement, coolant
distribution, and coolant pressures, as well as the
temperature distribution in the structure as the
flight progresses. For a more complete assessment,
a proposed transpiration system may be subjected
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to a variety of anticipated flight conditions asso-
ciated with the flight vehicle mission. Also, the
effectiveness of different modes of coolant supply
control should be evaluated. Subsequently, new
designs incorporating new configurations of the
leading edge, compact plenum, and associated pip-
ing may be subjected to thermal analysis, in order
to find the system which performs optimally.

Capability of CTC—CTC consists of sub-
routines that are assembled into a MAIN program
by the user. CTC subroutines are based on finite-
difference numerical methods for computing cool-
ant pressures, coolant mass flow rates, coolant
temperatures, structure temperatures, and heat
flow rates. Conditions to be specified by the user
are (a) structural conditions, (b) cooling system
conditions, and (c) initial conditions and flight
conditions. When these conditions have been pre-
scribed numerically, the program can determine
the time-dependent temperatures in a three-
dimensional flight structure model fitted with trans-
piring porous-wall segments, compact cooling-
plenum passages, and coolant distribution piping.
A unique feature of the program is its capability
of handling finite difference calculations of the
longitudinal pressure and temperature distribu-
tions in the compact plenum, and calculation of
coolant discharge distribution over the external
porous surface. A limitation dictated by program
size and complexity is that coolant flow through
the matrix of the porous wall has been pro-
grammed for one-dimensional flow along direct
lines running from the compact plenum to the out-
side surface.

Figuratively speaking, CTC subroutines provide
a set of thermal network elements. The user
can specify elements of any desired physical
shape, size, and material, by introducing ap-
propriate numerical values in preparing the
MAIN program. These elements can be inter-
connected into a network representing a thermal
model of any given flight structure. The CTC
coolant-flow subroutine also provides a set of ele-
ments by means of which the nature of the com-
pact plenum and the porous matrix can be speci-
fied. These elements, known as flow elements, can
be of any desired shape and size. Interconnec-
tions are specified so as to represent the compact
transpiration cooling system under study and so
as to thermally connect the cooling system to the
structural network. CTC input flight history is
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user-specified in terms of (a) local flow conditions
versus Mach number, (b) Mach number and alti-
tude versus time, and (c) atmospheric properties
versus altitude. Optionally, the input flight his-
tory can take the form of the aerodynamic flow
conditions of a test facility. Overall, there is sub-
stantial generality in CTC. This is attributable to
the range of choices in system geometry, aero-
dynamic flow conditions, and coolant flow condi-
tions. Additional information on the contents and
use of CTC has been given by the authors.!

Three-Dimensional Computer
Program (TDTC)

In most high-speed leading edge applications
there is a strong circumferential static pressure
gradient present. This can cause significant trans-
pirant cross-flow within the porous matrix. How-
ever, the inclusion of three-dimensional cross-flow
in the CTC computer program would increase the
number of calculations per time step. It would
also increase the total number of time steps, since
accurate prediction of three-dimensional flow
usually requires that the elements be closely
spaced. To prevent excessive computer run times,
it appeared desirable to limit CTC to unidirec-
tional transpirant flow within each porous element
and to develop the separate TDTC program to
determine any perturbations which may occur due
to three-dimensional cross-flow within the porous
matrix.

Capability of TDTC—The TDTC computer
program predicts three-dimensional heat and mass
transfer in any arbitrary-shaped porous material
whose static pressure is known at all free surfaces.
TDTC is similar to CTC in that it uses finite
difference techniques to compute transient model
temperatures. However TDTC provides additional
calculations within each time step which compute
the quasi-steady-state three-dimensional mass flow
within the porous matrix.

TDTC consists of a set of subroutines which
are assembled into a MAIN program to specify
flight conditions, surface pressures, transpirant
properties, material properties, elemental flow
resistance coefficients, initial temperatures, and
geometry. By calling the appropriate subroutines,
the program first calculates pressure and trans-

1t R. W. Newman and R. W. Allen, A User’s Guide for a Com-
pact Transpiration Cooling (CTC) Computer Program, APL/JHU
TG 1179, to be published.
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pirant flow distributions within the porous matrix
and then calculates radiation, conduction, and
mass flow heating rates between elements. Other
subroutines in the program compute aerodynamic
heating rates to surface elements. These rates are
corrected for film-cooling and transpiration blow-
ing when appropriate and are then used to com-
pute new element temperatures at a subsequent
time.

The capability of calling subroutines as they are
required for each individual application provides
substantial generality to the TDTC program and
allows it to be used in analyzing a variety of
transpiration cooled systems other than the com-
pact plenum system for which it was orginally
written.

Transpiring Model Test Program
A free-jet test program was developed to pro-
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vide experimental data for comparison with
analytical values computed using CTC. Additional
information on the test program has been pub-
lished by Newman.*

The leading edge test model is shown in Fig. 3a
and schematically in Fig. 3b. It is made of stain-
less steel and has a Y2-inch-diameter leading edge
of 5V-inch span affixed to a Y2-inch-thick, hol-
low flat plate extending 334 inches aft. A V8-inch-
wide porous segment extends along the leading
edge in the manner shown in Fig. 2. The com-
pact plenum has a bore of 0.186 inch and runs
along the centerline of the leading edge.

The test model instrumention is also shown in
Figs. 3a and 3b. Model surface temperatures were
measured at the matrix centerline (7, T,, T),

2 R. W. Newman, Compact Transpiration Cooling Free-Jet Test
Results and Comparison with Theory, APL/JHU TG 1178,
Oct. 1972.

Fig. 3—(a) Porous leading
edge test model; (b) Test
model with temperature and
pressure instrumentation.
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aft of the centerline at 45° (T, T;, T<) and at
90° (T, Ty, T11). Also measured were tempera-
tures on the inside of the flat plate section (7,
and 7T,;) and the nitrogen gas temperature at the
entrance and exit of the test section (7', and T..).

Test model instrumentation included measure-
ments of static pressure inside the compact
plenum. Pressure transducer P, measured the
absolute static pressure at the entrance of the
porous plenum section. Pressure changes along
the compact plenum axis were measured by three
differential pressure transducers located between
stations P, and Py, P, P,., respectively.

The nitrogen coolant flow system consisted of a
sonic flow metering orifice placed upstream of the
model to provide a constant nitrogen flow rate to
the compact plenum test section. Constant nitro-
gen flow out of the test section was achieved via
a second orifice and a pressure regulator placed at
the exit of the plenum section. Water baths prior
to each orifice eliminated time-dependent tem-
perature variations in nitrogen gas entering each
orifice.

Before conducting free-jet tests, it was first
necessary to run several bench tests on the trans-
piration cooled model and its associated nitrogen
flow regulating system. These tests determined the
model porous matrix flow-resistance coefficients
for each of five axial sections. They also deter-
mined the average inner-wall roughness coefficient,
and the discharge coefficients of the flow regulat-
ing orifices.

The free-jet system consists of a hydrogen-
oxygen vitiated-air heater, baffle, mixing section,
and Mach 2 nozzle shown schematically in Fig. 4.
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Fig. 4—Schematic of free-jet
system.

A vitiated heater was chosen since it provides the
cleanest air of the heaters available. This was im-
portant since any particles present in the test
stream would impinge on the porous leading edge
and decrease its permeability. However, even
using the vitiated air heater, the airstream was
not entirely free of particles.

The baffle and mixing sections were placed
downstream of the heater to promote complete
mixing and burning of the hydrogen-oxygen mix-
ture. This was necessary to give a uniform tem-
perature airstream at the entrance to the nozzle.
A Mach 2 nozzle was attached directly to the
mixing section and the model was supported from
the nozzle. A movable shield was placed in front
of the test model to reduce model heating and
particle damage during start-up.

The free-jet system was instrumented as shown
in Fig. 4. The total temperature of the stream was
measured by total temperature probes T, and T,
located in the nozzle exit plane and additional
probes (T., Tp, Tp) located upstream of the
nozzle. A total-pressure probe P, was mounted at
the nozzle exit plane and a static pressure tap
(P.) was located in the mixing section.

Free Jet Test Results—Five runs were made
on the transpiring leading-edge model. Each of
these was conducted with nearly the same free-jet
stream conditions, but with significantly different
transpirant flow rates. Each test required nearly
three minutes for the model temperatures to come
to equilibrium. More than half of this time the
shield was in front of the model while the desired
steady free-jet stream conditions were being estab-
lished. Temperature and pressure histories for a
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typical run are presented in Fig. 5. The free-
stream total temperature (7,) reached a steady-
state value of S00°F at 60 seconds after rising
abruptly to nearly 600°F during heater start-up.
At 90 seconds, when the protective shield was
removed, the model surface temperature increased
as indicated. At this time, the plenum pressure
also increased slowly owing to the finite time re-
quired to increase the gas density in the plenum
and its associated transducer lead lines. The un-
expected decrease in nitrogen gas exit temperature
following shield removal and temperature increase
following free-jet shut down, were also related to
the density change in the associated nitrogen
lines.

L] //
"~ SHIELD

REMOVAL

Fig. 5—Transient temperature and pressure data for
free-jet run No. 2. i

During testing, the main-air total temperature
and inlet nitrogen gas temperatures varied some-
what from one run to the next. The variations
have been removed by using these temperatures
as reference values as noted on the ordinate of
Fig. 6. The normalized surface temperature dis-
tributions over the model leading edge presented
in Fig. 6 show Run 1 to have the highest surface
temperatures at all stations, corresponding to the
fact that there was no coolant flow (see Table 1).
On the other hand, Runs 4 and 5 had very large
axial through-flow which provided a large amount
of ordinary duct-cooling effect. This is seen by
the response of the nonporous outer surfaces at
§=0.2, S=04, and S= 1.0 in Fig. 6. The
importance of transpiration cooling becomes clear
when Runs 4 and 5 are compared. Run 5 had
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Fig. 6—Experimental normalized surface temperatures.

less total mass flow than Run 4 and yet better
cooling was provided at the stagnation line. The
effectiveness of transpiration cooling is even more
noticeable when Runs 3 and 4 are compared. In
the critical stagnation region, Run 3 actually pro-
vided better thermal protection with less than 1/6
the mass flow of Run 4. In summary, the non-
porous outer surface temperatures were dependent
primarily on the amount of ordinary duct-cooling
effect and the porous stagnation surface tempera-
tures were strongly dependent on the transpira-
tion mass flow rate. A comparison of Runs 4 and
5 shows no significant film-cooling effect.

Comparison of Computed and
Experimental Values

The primary purpose of the free-jet test pro-
gram was to provide data for use in evaluating
the CTC computer program. Therefore, experi-
mental and analytical results in the following four
areas were compared:
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TABLE 1

TRANSPIRATION MODEL TEST CONDITIONS, EXPERIMENTAL RESULTS, AND COMPUTED RESULTS

Nitrogen Mass Flow Conditions
(Ib/s X 1073) Test-Jet Conditions Results
Gas Temp.
Plenum at Plenum
Pressure Outlet
Flow Into Total Total (psia) (°F)
Plenum Plenum Stagnation | Temp. Pressure | Experimental/ | Experimental/
Run Inlet Flow | Exit Flow Region (°F) (psia) Computed Computed
1 0.0 0.0 0.0 510 11 78/78 452/-
2 1.26 0.054 1.20 487 112 197.4/208 346/273
3 2.06 0.10 1.96 527 118 269.2/274 362/258
4 13.94 13.50 0.44 512 113 139.2/139.3 113/129
5 12.36 10.86 1.50 517 120 234.6/237 126/138

1. Surface temperature (7', through T,,, Fig.
3b).

2. Nitrogen gas temperature rise along plenum
axis (T, Fig. 3b).

3. Static pressure in compact plenum (P,
Fig. 3b).

4. Static pressure distribution along compact
plenum (P;, P, P,, P., Fig. 3b).

Analytical Model—The analytical model used
in the CTC computer program is shown in Fig. 7.
Only half the test model was analyzed since flow
conditions are symmetric for both the top and
bottom halves. The analytical model is divided

Fig. 7—Analytical model of transpiring leading edge
free-jet test model.
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into six axial sections, four radial sections, and
six sections in the external flow direction. The
nitrogen flow rate entering and leaving the com-
pact plenum sections are specified from measured
experimental values. The CTC program uses these
values and the matrix flow-resistance coefficients
to compute the plenum pressure required to force
the given transpirant mass flow through the por-
ous matrix. In this calculation the nitrogen flow
through the porous matrix is assumed to be uni-
directional with no circumferential cross-flow
within the matrix.

Aerodynamic heating rates to the porous sur-
face elements in the stagnation region were com-
puted in CTC using the Sibulkin equation® and
the experimentally measured stream total-tem-
perature and total-pressure. Heat transfer coeffi-
cients for solid surface elements adjacent to the
porous matrix employed the stagnation heating
equation with a cos # correction factor. Heating
rates to the remaining solid surface elements were
computed from flat plate theory and were re-
duced by radiation to room temperature assum-
ing a surface emissivity of 0.9. CTC corrected
cach local heating rate for transpiration blowing
or film cooling according to correction techniques
that have been presented.*?

Correlation of Surface Temperatures—Of pri-
mary importance in checking the computer pro-
gram is the correlation of computed model sur-

3 M. Sibulkin, ‘‘Heat Transfer Near the Forward Stagnation
Point of a Body of Revolution,” J. Aero. Sci. 19, Aug. 1952,
570-571.

+E. R. G. Eckert and R. M. Drake, Jr., Analysis of Heat and
Mass Transfer, McGraw-Hill, New York, 1972.

5 R. J. Goldstein, G. Shavit, and T. S. Chen, “Film Cooling
Effectiveness with Injection through a Porous Section,” J. Heat
Transfer 87, Aug. 1965, 353-361.
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Fig. 8—Summary of computed surface temperatures
at the center.

face temperatures with experiment. A summary
of computed values for all five runs is presented
in Fig. 8. The results show a striking similarity
with the plot of experimental values (Fig. 6).
The computed results follow the same general
contours of the experimental data.

However, the computed values are somewhat
lower than measured especially at the stagnation
line where the experimental temperatures lie ap-
proximately half way between the analytically
determined temperatures and the temperatures for
zero transpiration cooling.

The relatively large temperature difference at
the stagnation line is likely due to the effect of free-
stream turbulence in the nozzle. Experimental data
previously presented® indicate that for a cylinder in
subsonic crossflow the stagnation line heat trans-
fer coefficient is nearly doubled at turbulence
levels as low as 2.3% . This increase in stagnation
line heating could account for the differences in
Figs. 6 and 8.

Correlation of Nitrogen Temperature Rise
Along Plenum and Correlation of Plenum Static
Pressure—Measured and computed steady-state
values of nitrogen plenum gas pressure (P;) and
temperature at plenum outlet (7,) are presented

6 J. Kestin, P, F. Maeder, and H. H. Sogin, “The Influence of
Turbulence on the Transfer of Heat to Cylinders Near the Stag-
nation Point,” Z. Angew. Math. u Phys. (ZAMP) 12, 1961,
115-131.
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in Table 1. The pressures computed from the
CTC program were all in general agreement with
experimental values, indicating that this portion
of the computer program was performing satis-
factorily. In contrast to the pressure results, ex-
perimental and analytical results for nitrogen gas
temperature at the plenum outlet were not in as
good agreement. In Runs 2 and 3 (Table 1)
measured exit gas temperatures were significantly
higher than calculated values, and in Runs 4 and
S they were lower. It is possible that the combined
effect of inlet temperature prediction and thermal
conduction of the thermocouple may be respons-
ible for the lack of agreement between measured
and computed coolant exit temperature.
Two-Dimensional Crossflow Results—An anal-
ysis of the central section of the model was
undertaken using the TDTC computer program.
The analytical model is presented in Fig. 9 along
with the results. In the analysis, temperatures of
the solid elements and the total transpirant flow
rate were held constant at values previously pre-
determined in the CTC program. Aerodynamic
heating rates at the outer surface were adjusted
for local blowing. The steady-state results indicate

Fig. 9—Temperature and mass flow in porous matrix
as computed from two-dimensional transpiration cool-
ing program (TDTC).
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that at the outer surface the transpirant flow rate in-
creases away from the stagnation line and that
there is very little temperature gradient at the
outer surface of the porous matrix. This indicates
that two-dimensional internal crossflow of the
coolant had relatively little influence on the meas-
ured surface temperature.

Summary

A computer program has been written to pre-
dict temperature, pressure, and mass flow in a
compact transpiration cooling system. It is a com-
plex program including: conduction, radiation,
aerodynamic heating, material properties as func-
tions of temperature, friction losses, conduction to
the plenum gas, suction effects, blowing effects,
and transpiration cooling.

To verify results obtained from this program, a
completely instrumented compact transpiration-
cooled leading-edge model was constructed. The
data from these tests were compared with analyti-
cal values and showed good agreement for abso-
lute pressure in the compact plenum. Measured
and computed surface temperatures had the same

general trends and were in good agreement every
place except in the stagnation region, where it
was felt that free-stream turbulence may have
caused experimental temperatures to be higher
than predicted.

A second computer program has been written
to predict three-dimensional temperature, pres-
sure, and mass flow in a porous matrix of gen-
cral geometry. The program accounts for three-
dimensional mass flow of transpirant within a
matrix of spatially varying porosity. It is of gen-
eral form and can be used in other transpiration
cooling applications besides the compact plenum
application.
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