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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

8. J. MorrzumI* anp 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 eylindrical 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 = 2arp/\
E = photon (radiant energy) flux, Btu/ft2-sec
F = shape factor from unshaded portion of particle plume
to a surface element
1 = radiant intensity, Btu/ft*-sec-sr-p
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cosine distribution exponent, Eq. (7)

total length of path across a particle plume, ft

distance along view path from a surface element to
particle plume boundary, ft

length through a particle plume, ft

number of plume segments

particle concentration, particles/ft3

collision probability, Eq. (2)

Pn.k

rocket chamber pressure, psia

ambient pressure, psia

efficiency factor, Eq. (23)

radiant heat-transfer rate, Btu/ft?-sec

particle radius, ft or

absolute temperature, °R

distance along path from boundary of a particle
cloud, ft
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Fig.1 Sketch of nozzle with gaseous and particle plumes,
and surface element of base region.

absorptivity

neutron blackness (2)

angle of plane of view with respect to plume axis, deg

emissivity

temperature averaging factor

directional angle, deg, Fig. 3

wavelength, ft or u

cosf

infinite product symbol

reflectivity

cross section, ft?

Stefan-Boltzmann constant, Btu/ft®-sec-°R*

optical thickness

dummy variable in integroexponential function;
represents 7 as used herein
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Subscripts

a
7
m

apparent

dummy number
number of plume segments
maximum

one of five particle sizes
initial or incident
particle

scattering

total or extinction
transmitted

absorbed

function of wavelength
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Superscript

) = average or effective

Introduction

HEN aluminized composite propellant rockets are used
to boost suborbital payloads or to inject spacecraft into
final orbits, there is significant radiant heating from the ex-
haust to the rocket base and to the spacecraft. It is im-
portant to be able to predict these heating rates in order to
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COLLISION

~[ FOURTH
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Fig.2 Probability of photon absorption in a particle cloud.
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design thermal insulation and shielding and to evaluate
effects on solar cells, sensors, and other components. For
altitudes above about 100,000 ft, it can be shown that heat-
ing of surfaces located forward of the rocket nozzle exit due
to exhaust gas radiation is negligible compared to heating
from aluminum oxide particle radiation, because of the rela-
tively low temperature and emissivity of the expanded gases.
The problem, then, is reduced to that of predicting the
thermal radiation from the exhausted particle stream or
“plume.”

A technique sufficiently accurate for engineering design
purposes has been developed and is the subject of this paper.
The plume is treated as an equivalent surface radiator whose
shape is that of the plume. The plume is divided into a
number of segments by planes emanating from a surface ele-

ment (Fig. 1). The increment of radiation incident to the

surface element from each segment is determined by the
familiar relation

Aqi = AF{E!I@- Uz,T@"i (].)
A summation of radiation from all segments visible to the
surface element yields the value of the total radiation.

The shape factor AF; of each segment to the surface element
is a function of the surface shape of the particle plume.
Morizumi' has developed an analytical method for calculating
shape factors to cones, hyperboloids, and segments thereof,
which is used herein. The remaining two quantities, &, and
T, are functions of not only the surface shape of the plume,
but also the aluminum oxide particle concentrations and
temperatures. Techniques used to arrive at all three quan-
tities rely upon particle flow-field information (particle
trajectories, concentrations, and temperatures) obtained by
a two-phase-flow computer program.?

Analytical Method
Apparent Emissivity

In determining the apparent emissivity of a particle eloud,
an analogy with neutron blackness (probability of neutron ab-
sorption by a medium) is used. The neutron blackness
utilizing the probability approach is expressed by Stewart®*
and Anthony?® in their studies of the neutron scattering prob-
lem as

@ =1 7
=23 ("—) I Pioyx(r) @
Oy j=1 \Ot i=1
The collision probability P;_1, is defined as the probability
that a neutron that has experienced (7 — 1) collisions with
other particles in the medium will experience at least one
more collision therein. The collision probability increases
monotonically with optical thickness3—; the latter is a meas-
ure of capture probability and is defined in the following sec-
tion. A similar probability function can be used to define
the radiant energy absorbed by a cloud of particles. In this
case, the photons in the particle cloud are considered to re-
place the neutrons. As illustrated in Fig. 2, the radiant
energy absorbed in the first collision of photons with particles
is
AEq = Eo(Po — Popy) = EoPo(1 — py)

Likewise, the energy absorbed on each successive collision is

AE,, = EyPoPip,(1 — pp)

AEan = EoPoPl P Pn_lppn—l(l — pp)

The absorptivity or emissivity of the particle cloud is the
ratio of the total absorbed energy to the total incident energy,
which is defined as

© . © X J
Qg = €4 = <Z AI?;“”) = (1 - Pp) pr]—-l II Py (3)

=1 i=1 1=1
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Kquation (8) can be simplified by assuming that the particles
are opaque, i.e., pp = (1 — ¢,). Thus,

a=epz l—e]J_IHP¢_1 (4)
i=1
A comparison of (4) with (2) shows an analogy between neu-
tron blackness and apparent emissivity.

For both neutrons and photons, the change of intensity
due to absorption and scattering is a function of particle total
cross section and particle concentration. The total cross
section is a measure of the energy taken away by an indi-
vidual particle and consists of absorbing and scattering cross
sections (g, = o, + ¢.). It is seen from (2) and (4) that
the ratios of the neutron absorption and scattering cross
sections to the total cross section are equivalent to the ab-
sorptivity and reflectivity, respectively, of a particle. The
latter expression can be applied to any cloud geometry.
The effects of the cloud shape, the total cross section, and the
particle concentration are reflected in each of the probability
functions P;—1 k.

The determination of the first few probability functions is
shown below for an infinite slab of particles. Consider a
cylindrical beam of rays traversing a slab in the direction of
6 with respect to a line perpendicular to the slab (Fig. 3).
Take an element of this beam of length dz and cross section
A at x distance from the boundary. The total number of
particles in this element s NAdx and the total cross section is
¢ NAdz. Then the fraction of energy removed in the ele-
ment through absorption and scattering is

(NoAdx/A) = Nodx

Therefore,
I 4+ @I/3x)dx = I — (Nodx)I
(@I/oz) = —(Noyl (5)
Integrating once,
I = Jpe= Vo (6)

where [, is intensity at ¢ = 0.

If the usual cosine function distribution of the radiant
energy intensity is assumed for entrant distribution, then
the initial intensity I, may be defined in terms of a maximum
intensity as a function of the cosine of directional angle 6:

Io = ]M(C()Se)k = IMp,k

Substituting this expression into Eq. (6), and combining the
result with (5),

DI /dx = —N o ypte N )
The energy loss per unit length along a path may be defined as
dE/dx = —27(dI/dx)du
Combining this equation with (7),
ldE[ = —2n] yNowke Ve dy da

The total energy loss for a plane wave traversing across the
slab of thickness ¢ is then determined by integrating the pre-
ceding differential equation over the slab thickness and the
solid angle 21 sr as follows:

¢ 3 _
E, = 2xly fo No, j; pkt exp< mz)dudz (8)

The total energy incident to the slab can be determined as
1 1
27[' ] M
By = 2 I = 2wl *u = 9
A Wﬁod# ruﬁuﬂk+1 1)

The probability of photons colliding with particles on their
first flight in the slab is

——<k+1>f\a,f k‘exp( ~No )dd

(10)
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Fig. 3 Particle cloud geometry.

Thus, the probability function is dependent on the particle
concentration, total eross section, and the cloud geometry.
In order to determine the second collision probability, the
probability that photons reflected isotropically by a particle
at a distance z escape through the surface z = ¢ without suf-
fering further collision must be defined first. [This prob-
ability is denoted by P(z).] If the intensity of the radiant
energy reflected isotropieally at z = 2 is denoted by I., then
the intensity of the energy transmitted from z = 2z to the
surface z = ¢ in the direction of § may be expressed as

Io = I, exp[—No(t — 2)/u]

The total energy transmitted from z = 2 to z = ¢ is then de-
termined as

1
B = 2x [ T an
0
and the total energy scattered at z = z toward the surface
z=11s
1
B, = 27rf Tdu = 271, (12)
0
Thus,

N U N Y ~Nowt — 2) ,
](2)_2 <E3>- 2]; ex1>|: p ]u (13)

where the factor of 1 accounts for the half space. Similarly,
the probability that photons reflected isotropically at z = 2
escape through the surface z = 0 can be defined as

Y -
P'iz) = Ej; exp< Zigtz) du (14)

Hence, the probability that once scattered photons escape
through the surfaces z = 0 and z = ¢ is

t
Pa (1 = Py, dpn = ol +71) f No(P@) +
0

1
P'@)] f w1 exp< N "‘Z>dud5
0 L

The second collision probability, therefore, is

k 1
Pry=1— [( Pj:)]fo NedPG) + P'e)] X

1 —
fisl
0

””Z)d,ldz (15)
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By successive generations of the probability functions, the
third collision probability can be similarly determined as

Ppr=1— {(Nm/2)2[(k + D/ PoxPri)] X

f [P(z) + P'(2)]- ff k- 1exp( No >d,u. X
~1 NO'[(Z 2 ) ’
j; expl.————~—~—— ]d dz dz} (16)

The equations for the collision probability can be simplified
by using the integroexponential functions, the values of which
are readily available. The function is

1
&:(9) =f w2 dp
0

Thus, (10, 15, and 16) become

¢
Pow=((k+ 1) f No&pa(Naz)dz an
1]
Pir=1-— I:(k + 1)] ft Nowgr+1(Noz) [ee(Nag) +
2P, » 0
&(Nod — Nog)ldz (18)
_, _ [No\2 k+1 t
Pow = < 2 ) I:(Po. v P, k)]ﬁ [&:(Nowz) +

) t
&(Naoit — Naz)] f Srr1(Noz")e(Noz — No2')dz'dz (19)
0

It is apparent from these equations that the collision prob-
ability is a function of (Ne£) and k. The parameter (N o)
is called “optical thickness.” The parameter & is the ex-
ponent of the cosine function which represents the entrant
distribution of radiant energy & = -0-for isotropic emission.

Variation of apparent emissivity with optical thickness
and particle emissivity

Using the foregoing approach, Anthony and Stuart, respec-
tively, developed the neutron blackness curves for the infinite
slab and cylinder. The optical equivalent of these curves
is presented in Fig. 4. The apparent emissivity for a con-
stant particle emissivity is a monotonically increasing func-
tion of optical thickness 7. For large values of v (optically
thick cloud), the emissivity curves approach asymptotically
a limiting value, regardless of the cloud geometry. For very
small values of 7, however, the apparent emissivity differs
for different geometry. For example a linearization of the
apparent emissivity function results in the following ap-
proximations: e, = le,7 for a cylinder and ¢, = 2¢,7 for a
slab.

Although the configuration of a rocket exhaust particle
plume resembles a cone, the emissivity for the eylindrical
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Fig. 4 Apparent emissivity for a cloud of particles in the
form of a slab or a cylinder.
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Fig. 5 Radiant intensity spectral distribution.

configuration is used here because the values of the prob-
ability functions for a cone are analytically intractable and
because the axial symmetry of the cylinder approximates
reasonably well the rocket plume geometry.

The optical thickness for a cloud of particles of uniform size
and uniform concentration is defined as

= Nold (20)

Inasmuch as the particle plume for a typical aluminized pro-
pellant rocket consists of varying size particles and, further-
more, the particle concentration is not uniform in the flow
field, the optical thickness cannot be determined directly by
use of the preceding expression. In computation of the
particle plume flow field by the computer program,? five dis-
tinct particle sizes were used to simulate the actual flow field.
Consequently, a superposition technique that sums up the
thicknesses for all particle sizes has been adopted. The
equation is

In

5
Z‘nn—
0

n=1

N.(z)dz (21)

where o; may be expressed in terms of the particle geometrical
cross section as

oy = Qﬂrrpz (22)

The coefficient Q. is called the “extinction efficiency factor.”® 7
It is a function of the particle size and shape, the refractive
indices of the materials involved, and the radiation wave-
length. The values of the total cross section for small car-
bon particles® and sapphiret spheres® have been determined
by the Mie theory. According to the Mie theory, the ex-
tinction efficiency factor of a particie can be expressed as a
funetion of ¢ = 2mr,/\. As this value increases, the value
of Q. also increases for small values of @. If the imaginary
part of the refractive index is small (small absorption co-
efficient), @, oscillates for intermediate values of . How-
ever, for large values of a, the oscillation damps out and the
value of @, becomes equal to 2.5

Based on Mie theory calculations for sapphire spheres,®
Q. oscillates about a mean value of 2 (or slightly greater) for
2 < a < 40 with the amplitude relatively well damped above
¢ = 10. The damping should be more rapid for aluminum
oxide particles in a rocket exhaust because of their higher
absorptive properties. From the continuous variation of
both spectral radiant intensity (Fig. 5) and particle size in a
rocket exhaust, it can be shown that a mean value of @, = 2
may be used. For 0 < a < 2, Q, varies between 0 and 2;
however, since only a small part of the total radiation falls
in this region for the particle plumes under consideration, its
contribution to the mean value of @, is insignificant. Thus,
o, in (21) is taken as twice the geometric cross section of the
spherical particles.

Figure 4 shows that the particle emissivity can be equally
important as 7 in determining the apparent emissivity of a

1 Aluminum oxide of single or few crystals.
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particle cloud. A theoretical approach to the determination
of particle emissivity is to apply the Mie theory to a sphere
of appropriate size and observe the values of

ey = Ta/ 0ty = Qay/Qry

from which a total emissivity €, can be obtained. The values
of Qa, and Qi calculated for aluminum oxide (sapphire)

spheres? result in a value of €, considerably less than 0.1.
Higher values of particle emissivity determined grossly from
measurements of rocket exhausts are in conflict with this
result. It is suspected that the optical properties for sapphire
are not representative of those for aluminum oxide particles
in rocket exhausts. One argument that has been advanced
is that the absorptive properties of the particles are higher
than those of sapphire, due to a polyerystalline-porous struc-
ture of the former.?® The high experimental values of par-
ticle emissivity seem to justify the assumption of opaqueness
in (4).

For application to the present problem, a single value of
€, = 0.25 was chosen from the extrapolation of bulk alumi-
num oxide emissivity measurements. The single value is
justified beeause of the small sensitivity of particle emissivity
to temperature in the range of the temperature of the particles.
Experimental data presented later tend to confirm the choice
of e, = 0.25.

The mechanics used to arrive at the particle emissivity
from rocket plume measurements were as follows: Narrow
angle radiometer measurements yielding ¢ were made view-
ing across the exhaust plume near the nozzle exit. An aver-
age particle temperature along the line of view was deter-
mined as described below. The equation

§ = &aT* (23)

was then solved for &. The value of 7 along the line of view
was determined as described previously. The effective
particle emissivity was then determined by use of the cylinder
curves of Fig. 4.

With the value of 7 determined for any desired view through
the axis of the particle plume, and with the value of ¢, deter-
mined as described previously, Fig. 4 can be used to obtain
&, for the plume segment encompassing that view. Kach
segment is treated as a cylindrical particle cloud whose axis
is normal to the view line from the surface element through
the center of that segment. The value of 7; is computed
based on the length of that view line 7, per Eq. (21). Then
7, and €, are used, with the curves given in Fig. 4, for a
cylindrical cloud to obtain a value of ¢, for the plume segment.
The value of ¢,; so derived is taken to be &, for the segment
surface, since the value of €, taken through the diameter of
a cloud cylinder represents a mean value for that cylinder.!!

Effective Plume Temperature

The particle temperature of an exhaust plume varies with
particle size and particle location. Hence, an average tem-
perature of particles along a given path is required to deter-
mine the heat rate from these particles. Since heat rates
measured by narrow-angle radiometers are restricted to a
small field of view of a cone about the instrument axis, an
average temperature of particles along this axis will suffice
to determine the heat rate to the instrument. However,
for calorimeter (surface element) measurements, the field of
view is hemispherical. Therefore, to determine a heat rate
to a calorimeter, the temperature variations of the plume in
lateral as well as longitudinal directions should be considered.
The longitudinal variation is accounted for by segmenting
the plume into a number of slices. However, the lateral
variation is accounted for by applying an averaging correction
factor to the average temperature of particles along a pencil
view through the centerline.

Since a heat rate from a particle cloud to a given point is
proportional to particle temperature to the fourth power, to

particle concentration, particle cross section, and cloud thick-
ness, and inversely proportional to the square of distance
between the point of interest and an individual particle, the
following averaging technique accounting for all these effects
has been used to determine the effective temperature

Lo+L 5 d
r\ U4
f Z NnTZPnTIJn4;2

Lo n=1

Lo+L 5 d

X

f Z Nnrgpn_2
T

Lo n=1

~
it

n (24)

The correction factor 7 is determined by taking the tempera-
ture variation in a lateral plane of view and averaging it over
all view lines contained in that plane weighted by lateral
variation of shape factor.

Total Radiation from Particle Plume

The total heat rate to a surface element is determined by
integrating the heat rate from an infinitesimal slice of plume
surface over the visible region of the plume. The equation
is

" _ dF
¢ = f [r(v) o T4(v) <¢T> dy (25)
Yy Y
The integration may be performed numerically by segment-
ing the unshaded portion of the plume with a number of path
planes extending from the surface element to the plume
(Fig. 1.) For each of these segments, the mean values of
Tiy &a;, and T, can be determined. Shape factors AF; from
the surface element to these segments can also be determined.!
Then, the total heat flux from the plume is determined as

¢g= o Z éa,-(Ti)Ti4AFi (26)
t=1

Analytical Predictions and Experiments

Descriplion of Experimental Tests

Experimental data were taken during the firing of two
aluminized propellant rockets under simulated pressure alti-
tude conditions. One rocket, the smaller (4), exhausted
through a contoured nozzle of expansion ratio 19:1, which
had an exit diameter of approximately 12 in. The second
rocket (B) exhausted from a somewhat similar nozzle of ex-
pansion ratio 23.5:1 and exit diameter about 26 in. The
chamber temperatures and the percentages of aluminum
oxide in the exhausts were representative of those for typical
aluminized propellants.
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RADIOMETER '\ [GIFFUSER -~

xS

CALORIMETER
p LOCATION
. WITH (TS
ORIENTATION

INTERSTAGE Siamr

DIFFUSER

SPECTROMETER

Fig. 6 Test arrangement and instrument locations:
Rocket B.
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The firings were made in a test cell arrangement that em-
ployed a diffuser and an auxiliary pumping system (Fig. 6.)

30 T T M T
R ~ RADIAL DISTANCE

X ~ AXIAL DISTANCE FROM NOZZLE THROAT

RT~ NOZZLE THROAT RADIUS

N ~ PARTICLE CONCENTRATION (FT_S)

(NUMBER OF PARTICLES PER UNIT VOLUME)

===~ CONCENTRATION FOR PARTICLE NO.!
= ===~ CONCENTRATION FOR PARTICLE NO.5

20— mm——— P — —

( R/RY)

2 20 30 40 50
( X/RT)

Fig. 7 Particle concentration distribution.

Average pressure altitudes of 110,000 and 130,000 ft were
maintained during rocket 4 and rocket B firings, respectively.
These altitudes were sufficiently high to permit expansion of
the particle plume into as large a plume immediately down-
stream of the nozzle exits as would oceur in a near vacuum.
The recirculatory gas flow from the boundary of the exhaust
gas plume was scavenged by the auxiliary pump, permitting
only a small amount of convective heating in the area at and
upstream of the nozzle exit.

A particle flow field was developed by the computer pro-
gran? for the condition of each of the two rockets exhausting
into a near vacuum (p./p. = 10%. In each case the particle
size distribution was taken to be that given in Table 1. This
distribution,!? based on samples collected on glass slides dur-
ing simulated firings of rockets containing similar propellant,
results in a mean particle radius of 2.04 y. Sample flow field
information for the two extreme particle sizes are shown for
rocket B in Figs. 7 and 8.

Instrumentation for measurement of thermal radiation was
of three types: 1) narrow angle (5° solid angle) radiometers;
2) black surfaced asymptotic calorimeters; and 3) spec-
trometers that scanned the wavelength range 0.3 to 4.5 u.
Data used from the rocket . firing were taken by narrow-
angle radiometers, which viewed across the particle piume 3
in. downstream of the nozzle exit and normal to the plume
axial centerline. Data taken from the rocket B firing em-
ployed all three types of instruments. Figure 6 indicates
the instrument locations for rocket B.

Experimental Results and Comparison
with Analytical Predictions

The aluminum oxide particle emissivity was determined as
described in the previous section from five radiometer meas-
urements from the rocket A plume and from seven similar
measurements from rocket B. Values are plotted in Fig. 9
along with emissivity measurements made on bulk alumina.t?

Table 1 Particle size distribution

Particle 9 total,
number Radius, u ALO;

1 0.79 20

2 1.28 20

3 1.76 20

4 2.44 20

5 3.95 20

J. SPACECRAFT
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Fig. 8 Particle temperature distribution.

The reasonably good agreement between the two suggests
that the particle emissivity approachs that of the bulk ma-
terial rather than the low values of sapphire. This seems
to corroborate the explanations given by others.1% 14

A value of particle emissivity was also determined by in-
tegrating the measured spectral intensities (Fig. 5) over
wavelength and dividing by the integrated blackbody in-
tensity. This value, ¢, = 0.3, tends to confirm the radiom-
eter measurements. The spectral data (Fig. 5) indicate
that the plume radiation intensity decreases on either side
of the peak wavelength at a rate faster than that of a black
(or gray) body.

Using the analytical method developed in the previous
section, the particle flow' field for rocket B, and a particle
emissivity of 0.25, predictions were made of heat-transfer rates
to the calorimeters (surface elements) located as shown in
Fig. 6. The effect of the presence of the diffuser was taken
into account approximately in the following manner. The
particle concentrations were assumed to remain constant
downstream of the point at which the theoretical particle
limiting trajectories intersect the diffuser wall, at values
equal to those in the plane of that intersection. For pur-
poses of determining 7 and T for those segments that extend
downstream along the length of the diffuser, the particle
plume (constrained by the diffuser) was cut off at three nozzle
exit diameters downstream of the nozzle exit, since down-
stream of this point, the values of T and 7 (and therefore
€,) would increase such a small amount that their effect on
the contribution to ¢ to the surface element from that seg-
ment is negligible.

Table 2 compares the predictions with experimental values
measured during the firing of rocket B. The agreement is
considered quite good for engineering predictions of heat
rates. However, the rather large differences between pre-
dictions and experiment experienced on calorimeters 11 and
12 deserve further comment. Tt is believed that convective
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Fig.9 Experimental values of aluminum oxide emissivity.
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heating due to recirculation of hot gas inside the test cell,
aluminum oxide slag protruding from the nozzle wall at its
exit, and reflection from the supporting bracketry combined
to increase the measured values. These effects have not
been accounted for in the analytical predictions. Including
these two measurements, the average difference between pre-

Table 2 Comparison of predictions
with experimental results®

( qpred iccion‘q-t,est )

Calorimeter Gorediction Gtest Gtest
C-1 0.67 0.54 +0.241
C-2 7.00 5.78 —+0.211
C-3 1.10 1.03 —+0.068
C-4 1.05 0.83 +0.265
C-5 1.05 1.13 —0.071
C-6 1.12 1.03 +0.087
C-7 1.36 1.39 —0.022
C-8 1.76 2.12 —0.170
C-9 0.35 0.32 -+0.094
C-10 2.50 3.10 —0.194
C-11 9.40 12.07 ~0.221
C-12 5.00 8.35 —0.401

@ Arithmetic mean of absolute values of deviation between test data ana
prediction: Ag/q = 0.17.
dictions and experimental values is 179, of the latter. If
these two measurements are ignored, the difference is re-
duced to 14.29.

Application of Analytical Method

It is the opinion of the authors that the method developed
here can be used to predict radiant heat rates incident to
surfaces located in the region surrounding the plume of a wide
range of particle-laden rocket exhausts. Examples are
temperature-sensitive spacecraft surfaces and rocket aft
closures and components located near the exhaust. Re-
quirements are that the particle radiation level be so large
compared to that of the gas that the latter is negligible and
that the particle material and size distribution be known
with sufficient accuracy to permit development of the flow
field by means of a two-phase flow computer program. The
particle emissivity must also be known.

Predictions should be suitably accurate for design purposes,
except possibly for cases in which the surface elements are
oriented such that they view only a small sector of the ex-
haust plume along its outer edge. An example of these sur-
face elements is the outer surface of the nozzle wall (Fig. 1).
It seems clear that, in this instance, the approximation of a
plume segment by a cylindrical particle cloud is not valid.
Fortunately the heat rates from the plume to surface elements
0 located are small and are usually not of major concern.

Conclusions

An approximate method has been developed which an-
alytically predicts radiant heat rates incident to adjacent
surfaces produced by a rocket exhaust containing a large
percentage of its mass flow as aluminum oxide particles and
operating in a rarefied atmosphere. Predictions can be
made with accuracies suitable for engineering design.

The emissivity of aluminum oxide particles in a rocket
exhaust appears to be between 0.1 and 0.3 at temperatures
around 3500°R; this is not inconsistent with extrapolated
data for bulk alumina.

An aluminum oxide particle plume at low ambient pressure
radiates in & manner somewhat similar to a graybody. For
wavelengths on either side of that at which the intensity
peaks, the rate of intensity decay is considerably greater than
that of a graybody.
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