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Free-Flight Investigations of Subliming Ablators and
Transpiration Cooling at Hypersonic Velocities

THOMAS E. WALTON JR., * BERNARD RASHIS,! AND CLYDE W. WINTERS^
NASA Langley Research Center, Hampton, Va.

The results of several free-flight investigations, in which the thermal protection was pro-
vided either by a subliming ablator or by transpiration cooling, are discussed. The flight-
test regime covered an altitude band from about 177,000 to 25,000 ft and peak velocities ranged
from 3900 to 22,200 fps. The similarities between subliming ablators and transpiration cool-
ing are described, and it is shown how the effectiveness of ablation materials can be predicted
accurately from transpiration data. This analytical procedure permits direct comparison of
the two types of heat protection and allows extrapolation, based on low-speed transpiration
data, of ablation material effectiveness to supercircular velocities.

Nomenclature

cp = specific heat, Btu/lb-°F
F = ratio of coolant mass-flow rate to local air mass-flow

rate
F'% = nondimensional coolant flow rate, w/S(pV\
f = fraction of vaporization
H = enthalpy, Btu/lb
heff = effective heat of ablation, Btu/lb
hov = material intrinsic heat capacity, Btu/lb
m = ablation rate, psf-sec
n = temperature ratio exponent
Nst = Stanton number
q = heat-transfer rate, Btu/ft2-sec
*S = cooled area downstream of porous nose, ft2

T = temperature, °R
w = coolant flow rate, Ib/sec
V = velocity, fps
p = specific weight, lb/ft3

The investigations were conducted employing solid-fuel
rocket-propelled vehicle systems. The number of rocket
stages used varied from three to five depending on the per-
formance required for each individual experiment. One of
the vehicle systems utilized the NASA-developed Scout
booster.

The results of several free-flight investigations, covering an
altitude range from 177,000 to 25,000 ft and peak velocities
of 3900 to 22,200 fps, are discussed. Thermal protection in
these experiments was provided either by subliming ablators
or by transpiration cooling. Furthermore, it is shown how
the material effectiveness of subliming ablators may be de-
termined, simply and directly, from transpiration cooling
results. This permits direct comparison between the two
types of heat protection and, more significantly, allows
extrapolation, based on low-speed transpiration data, of
ablation material effectiveness to supercircular velocities.

Subscripts
aw = adiabatic wall
c = coolant
/ = local (just outside of boundary layer)
0 = zero injection or uncooled case
w = wall
w, air = air at wall temperature

Introduction

MASS injection, either by ablation or transpiration, can
reduce the net heat transfer from the hot-gas stream

in the boundary layer to the surface by an appreciable
amount. In addition, mass injection at a leading edge or
stagnation point offers protection to surfaces downstream
by the film-cooling process. In the past, numerous ground
tests have been conducted employing these cooling systems.
Since the simulation of actual flight conditions in ground
facilities is seldom achieved (e.g., duplicating the conditions
a spacecraft would encounter upon re-entering the earth's
atmosphere at supercircular velocities), the NASA Langley
Research Center initiated a flight-test research program that
would provide information in an actual flight environment.
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Models

A typical model design used to investigate both transpira-
tion and downstream cooling is shown in Fig. 1. The particu-
lar configuration shown is a solid conical body having a blunt
nose cap made of porous stainless steel. Nitrogen gas is re-
leased from the accumulator at a predetermined time during
the flight test. The nitrogen coolant flow rate is determined
from measurements of the pressure differential across the
porous nose and the pressure and temperature of the gas in
the nose chamber. Thermocouples are spot-welded to
the inner surface of the porous nose cap and of the conical
afterbody to measure the heat transfer with coolant injection
through the porous nose.

A typical Teflon ablation model, instrumented with vari-
able-capacitance ablation rate sensors,1 is shown in Fig. 2.
The variable-capacitance ablation rate sensor which con-
tinuously measures the ablation rate of Teflon was developed
by NASA; it is shown in Fig. 3.
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Fig. 1 Transpiration and downstream cooling model.
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Fig. 2 Typical ablation model.

Test Regime

Figure 4 shows that the flight-test regime covered alti-
tudes from 25 to 177 kft and peak velocities from 3.9 to
22.2 kft/sec. The corresponding enthalpy range was ap-
proximately 190 to 10,000 Btu/lb; dynamic pressure varied
from 100 to 7000 psf and freestream Reynolds number per
foot varied from 0.5 X 106 to 6 X 106. In addition, several
ground tests were conducted in a Mach 2.0, ethylene-heated
air jet, in which Re/'ft varied from about 12 X 106 at a stagna-
tion enthalpy of 250 Btu/lb to 2 X 106 at a stagnation en-
thalpy of 800 Btu/lb, and the dynamic pressure was ~5200
psf.

Transpiration Cooling Results and Analysis

The results of two flight tests and a number of ground
tests2-3 on transpiration cooling are summarized in Fig. 5,
in which the shielding effect ratio, Nst/Nst, o, is expressed
as a function of the nondimensional flow-rate parameter
( F / N s t , o ) ( c P > c / c p , i ) ( T l / T w ) n . The lower curve (dashed
region) shows free-flight results2 to a maximum velocity of
10,400 fps for large rates of nitrogen flow. Also shown is the
theoretical curve4 (solid) for relatively moderate rates of
mass injection into a three-dimensional laminar stagnation
boundary layer. The theoretical results of Ref. 4 were for
values of Ti/Tw ranging from J to 4; however, the results
were correlated by including the temperature ratio in the
nondimensional flow-rate parameter with n equal to 0.21.
This technique, introduced in Ref. 5, permits transpiration
data with values of Ti/Tw ^ 1 to be plotted on a single curve.
The flight data2 with large rates of mass injection correlate
well with the theory for relatively moderate rates when
(Ti/Tw)°-21, which varies from 1.45 to 1.66, is included in the
nondimensional flow-rate parameter. Examination of the
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Fig. 4 Test regime.

flight data shows a significant heat-transfer reduction because
of transpiration cooling.

The upper curve of Fig. 5 represents the theoretical results
for a turbulent boundary layer computed from the relation
(obtained from Ref. 6 for Ti/Tw = 1):

Nst = (F/Nst, Q)(CP, c/Cp, r)
Nst.Q exp[(F/Nst, O)(CP, c/Cp, i)] — I

Turbulent results3 for free flight to a maximum velocity of
3910 fps and for Mach 2.0 ground tests were correlated by
including the temperature ratio in the nondimensional flow-
rate parameter, with n = 1.3.

Figure 6 shows the downstream cooling temperature param-
eter (Tw - Tc)/(Taw - Te) as a function of the flow-rate
parameter F^cp, c/Nst, 0cP, i for two tests. The nondimen-
sional coolant flow rate F% was computed from F% — w/S(pV) i,
where w was the flow rate of coolant and S was the cooled
area downstream of the porous nose. The center curve
shows free-flight results2 to a maximum velocity of 6020 fps
for a laminar boundary layer with a zero pressure gradient.
The upper curve represents data7 for a turbulent, zero-
pressure-gradient boundary layer in a Mach 2.0 ground-test
facility. Comparison of the two curves indicates that, for
the same coolant flow rate, lower surface temperatures are
achieved in a laminar boundary layer with downstream cool-
ing. The lower theoretical curve shown in Fig. 6 shows that
a completely porous wall in a turbulent boundary layer6

would give still lower wall temperatures. Under certain
conditions, however, it is possible to maintain solid surfaces
at a safe temperature level and use less coolant with a down-
stream cooling system, since the maximum allowable tem-
peratures of porous materials are generally a great deal lower
than for solid materials. The accuracy of both the trans-
piration and downstream cooling test results was estimated
to be within 5%.
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Ablation sensor installed in Teflon ablation probe

Fig. 3 Details of ablation sensor.
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Fig. 5 Transpiration test results.
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Fig. 6 Downstream cooling test results compared with
porous wall cooling.

Ablation Results and Analysis
The effectiveness of subliming ablation materials can be

derived simply and directly from transpiration cooling re-
sults, since the cooling mechanism of this category of ablation
materials is analogous to transpiration cooling. Once the
relationship between

Nai

Ns
and

F
Nst, 0 Cp

is known from transpiration data, the effective heat of
ablation heff can be determined. The transformation rela-
tionships5 are

h eff Nst,0

/(H.
>r \CP,I / \-i w/

(Nst/N3t,»)

(i)

(2)

Hence, heff can be obtained in terms of the enthalpy differ-
ence across the boundary layer (Haw — Hw> air) and hov, the
intrinsic heat capacity of the material, which is defined as
the absorbing capacity of a material prior to ablation. The
factor/is the fraction of melt that vaporizes for a melting-
vaporizing ablation material. For the present results, /is equal
to 1.0, since this paper deals only with subliming ablators.
However, the foregoing relationships should also apply to
materials in the melting-vaporizing class upon inclusion
of the pertinent material property values. The inclusion of
CP, C/CP, i in Eq. (2) permits shielding results for any coolant
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Fig. 7 Effective heat of ablation as a function of enthalpy
parameter for several boundary-layer types.
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Fig. 8 Effective heat of ablation as a function of enthalpy
potential.

to be used in the transformation. Furthermore, the in-
clusion of (Ti/Tw)n permits shielding results with any tem-
perature ratio to be used, where n varies according to the
boundary-layer type. Figure 7 shows effective-heat-of-
ablation results obtained from theoretical transpiration data
of Refs. 4, 6, and 8 for several boundary-layer types.

Figure 8 shows theoretical curves for the effective heat
of ablation vs the enthalpy parameter for a three-dimen-
sional laminar stagnation boundary layer and for a turbulent
zero-pressure-gradient boundary layer, shown previously in
Fig. 5, together with results from four ablation flight tests.
The ablation flight test data in Fig. 8 are from Ref . 9 and un-
published experiments conducted at the NASA Langley Re-
search Center. The velocity variation covered by the flight
tests was from approximately 5000 to 22,200 fps. The values
of heff for the ablation tests were computed from the relation

where q0 is the heat transfer to a nonablating surface having
the same temperature as the ablating surface. The value of
hov used was 900 Btu/lb for Teflon. All of the experimental
ablation results are seen to correlate with theory for a three-
dimensional laminar stagnation boundary layer; for pur-
poses of clarity, however, some of the ablation test data have
been displaced from the theory curve. The accuracy of the
ablation test results was estimated to be within 5%.

Figure 9 shows the extension of ablation cooling effective-
ness to high speeds from low-speed transpiration data.2 Also
shown are the ablation flight tests, along with theory for a
three-dimensional laminar stagnation boundary layer. Since
the value of the enthalpy parameter from transformed trans-
piration data is proportional to the mass injection rate, large
rates of mass injection for a transpiration test would simulate
a high flight velocity for an ablation test wherein the mass
injection rates are relatively low. Although the maximum
velocity for the transpiration flight test2 was only 10,400
fps, since large rates of mass injection were used, the trans-
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Fig. 9 Extension of ablation cooling effectiveness to high
speeds from low-speed transpiration test.
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formed results permit an extension of theory to supercircular
velocities. The ablation flight-test results at velocities up
to 22,200 fps are in good agreement with the technique of
predicting the cooling effectiveness of subliming ablators.
However, further testing in the higher velocity regime is
required to verify further the predictions.

Conclusions

The following conclusions are based on the results of several
free-flight investigations wherein the thermal protection was
provided by either a subliming ablator or by transpiration
cooling: 1) The analogous behavior of subliming ablators
to transpiration cooling permits direct comparison of these
two types of heat protection; and 2) since the effectiveness
of ablating materials is proportional to the mass injection rate
and the vehicle velocity, extrapolation of the transpiration
cooling effect based on relatively low-speed transpiration
data, wherein high mass ejection rates were used, permits
the prediction of material effectiveness to supercircular
speeds.
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Thermal Radiation from the Exhaust Plume
of an Aluminized Composite Propellant Rocket

S. J. MORIZUMI* AND H. J. CARPENTER*
TRW Space Technology Laboratories, Redondo Beach, Calif.

A technique is developed for calculating rocket base heating and spacecraft heating environ-
ments due to particle radiation from a single nozzle exhaust plume. It has successfully pre-
dicted experimental results. The analysis treats radiation from a cloud of particles as that
from an equivalent radiating surface. Thus, the problem is reduced to the determination
of the proper values of the apparent surface emissivity and the effective temperature. In
defining the apparent emissivity, an analogy with neutron scattering for a cylindrical cloud is
adopted which shows the apparent emissivity to be dependent on particle emissivity and
cloud optical thickness. Since the plume is nonuniform in particle size, concentration, and
temperature, certain averaging techniques are used to define mean values of optical thick-
ness and temperature. The particle flow-field information (particle concentrations, tem-
peratures, and trajectories) necessary to determine these two quantities is provided by a two-
phase flow-field computer program.

Nomenclature

a = 27rrp/X
E = photon (radiant energy) flux, Btu/ft2-sec
F = shape factor from unshaded portion of particle plume

to a surface element
/ = radiant intensity, Btu/ft2-sec-sr-/i
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k — cosine distribution exponent, Eq. (7)
L = total length of path across a particle plume, ft
LQ = distance along view path from a surface element to

particle plume boundaiy, ft
I = length through a particle plume, ft
ra = number of plume segments
N = particle concentration, particles/ft3

-Pi-ik = collision probability, Eq. (2)
Pn = Pn,k
pc = rocket chamber pressure, psia
pe = ambient pressure, psia
Q = efficiency factor, Eq. (23)
q = radiant heat-transfer rate, Btu/ft2-sec
r = particle radius, ft or p
T = absolute temperature, °R
x = distance along path from boundary of a particle

cloud, ft


