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energy equation. It is shown in present numerical analysis
that the phase function and optical radii have significant effect
on heat flux distribution of the problem considered.
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Backward Monte Carlo Modeling for
Rocket Plume Base Heating
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Introduction

ADIATIVE base heating of a rocket due to its exhaust
plume has been investigated actively for several years.
Reviews of the analysis of base heating prior to 1966 are
available.!? Methods for making practical calculations have
been developed.>-¢
Radiation emitted from a participating medium with a con-
ical geometry is difficult to analyze compared to slab, or cy-
lindrical geometries. Gorshkova’ used a zonal method to solve
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for the radiation in a truncated cone with isotropic scattering
and constant properties. Kaminski® used both a Monte Carlo
and a P-1 approximation to investigate radiative heat transfer
from a nonscattering medium with uniform properties in a
truncated cone enclosure. Lin and Wang® calculated the ra-
diation from an absorbing, isotropic scattering, conical me-
dium. They investigated the influence of cone angle and cone
length on the radiation heating of the exterior base region.
Their geometry was similar to that for the plume radiation
heating of the base of a rocket.

Studies of plume radiation have been performed for conical
geometries. Bobco'*!'! and Edwards'? developed a plume model
to predict base heating. The radiation was described in terms
of radiosity that varied axially along the plume. Edwards and
Bobco!? and Edwards et al.'* also formulated an engineering
model to predict the radiosity of conical plumes. Watson and
Lee® used a Monte Carlo model to calculate the radiation
from solid rocket plumes. The model accounted for axial and
radial property variations of both the particles and the gases
in the plume. The scattering was allowed to be either isotropic
or anisotropic.

The purpose of this note is 1) to show that the backward
Monte Carlo method can be used to predict radiative heating
for geometries similar to those for rocket plume base heating,
and 2) to compare the backward Monte Carlo predictions
with previous work done by other methods. The motivation
for this research is to develop a computer code to calculate
the base heating of a rocket due to its plume radiation. The
backward Monte Carlo model seems to be the best way to
calculate the radiative base heating from realistic plumes.

Formulation

Figure 1 shows a schematic of the rocket plume and base
heating geometry. The origin of the coordinate system is at
the center of the rocket nozzle exit plane. The base of the
rocket is located at z = —z,, where z, is the length of the
rocket nozzle. The radiation flux from a point x, on the plume
to a point x, on the base is defined as

o) = [ e, 8, 6)I(Tudeos 040 (1)

where, £,(x,, 8', ¢') is the radiation emission coefficient, 6
is the angle between the vector n,, along the line connecting
points x, and x, and the outward normal vector n, at x, on
the rocket base, AQ is the solid angle of the plume as viewed
from the point x, and ' and ¢’ represent the polar and
azimuthal angular orientation of the radiation intensity ray
with respect to an outward normal vector n, at point x,. The
reference Planck intensity is I,,( T,), where T, is the ref-
erence temperature (normally the maximum temperature in
the plume). Note that the medium between points x, and x,
is noninteracting. In the Monte Carlo analysis it is assumed
that the photon does not lose any energy as it travels from
its point of emission in the plume, to the plume boundary;
hence, the emission at x,, is directly related to the temperature

Fig. 1 Schematic of the rocket plume geometry.
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at x. The incremental solid angle can be written as AQ} =
AA /(r?), where, AA, is the component of the differential
plume surface area at x, perpendicular to n,.

Backward Monte Carlo Method

Equation (1) is solved using the backward Monte Carlo .

method. This method uses less computer time than direct
Monte Carlo. It is applicable when one is interested in ra-
diation at a specific point, from a specific direction. In the
backward Monte Carlo method photons initially travel in a
direction opposite to that which they physically propagate in
the plume. A photon is incident at a point on the plume along
the ray in the direction in which one wants to calculate the
radiation emitted from the plume. The photon path is fol-
lowed through the plume from event to event as the photon
interacts with the gases and particles. Eventually, the photon
is either absorbed in the plume, or escapes through the plume
boundary. Photons that escape are assumed to be lost, unless
they escape into the rocket exhaust nozzle; consequently,
contributing to searchlight emission. Photons that are ab-
sorbed are assumed to be emitted at the point where they

were absorbed with power equal to I,,(T(x)), where T(x) is

the temperature at the point x where the absorption event
occurred. The emitted photon then retraces its incident path

forward in time and it eventually emerges from the plume at .

the point at which it was originally incident on the plume, but
in the opposite direction. In this case the integrand of Eq.

(1) can be written as
Nabs

Z [LoA(T(x))].
x,, 0, ¢') = o N

IbA( Tref)sA(
— [La(T(x)) + - + Ly (T(xn,))]
= N @
where N, is the number of photons absorbed in the plume
and N, is the total number of incident photons. The sum
in the numerator contains one term for each photon emitted
in the plume. Each absorbed photon is weighted by the Planck
intensity function evaluated at T'(x). Note that Eq. (2) reduces
to &,(x,, 8', ') = Ny./Npp,, for emission from an isothermal
plume. For the limting case of gray radiation, one has ¢,(x,
¢') = &(x,, 0', ¢'). Using this in Eq. (1) and integrating
over all wavelengths one obtains

F (xo)

ref

For an isothermal, gray plume a(x;,, 0, &) = No/Npax-

f e(x,, 8', ¢")cos 6 A} 3)

Searchlight Emission

Searchlight emission is an important aspect of plume ra-
diation and it may contribute significantly to plume signature
and to plume base heating. It is composed of the radiation
emitted in the rocket nozzle and combustion chamber. The
photons propagate axially out the nozzle and are scattered
out of the plume in a direction in such a way that they con-
tribute to the signature, or base heating. The searchlight emis-
sion is easily accounted for in the backward Monte Carlo
method. All the photons that enter the nozzle are absorbed,
either by the gas-particle mixture, or by the nozzle walls, and
reemitted in such a way that they all contribute to searchlight
emission.

Results and Discussion

Comparison to Previous Results

The backward Monte Carlo computer code was verified by
comparing its predictions to previously published results in
the literature for geometries similar to the rocket base heating
geometry. The first comparisons were with Tien and Abu-
Romia,® who predicted the radiation from simple plume-like
geometries. The plumes were assumed to be isothermal, to
have constant radiative properties, to be nonscattering (o =

0) and to have no emission from the nozzle exit plane. The
backward Monte Carlo predictions are shown to agree well
with those of Tien and Abu-Romia in Ref. 17.

Figure 2 shows a comparison of the backward Monte Carlo
calculations with the pure scattering (x = 0), cylindrical plume
(plume length = 10 r,) results of Stockham and Love.'® It
shows the nondimensional radiative flux F(x,)/(cT%,), as a
function of R,/r, on the baseplane. In this case, the nozzle
exit plane has a finite temperature T,.;, while the scattering
medium has zero absolute temperature. The scattering is as-
sumed to be isotropic. The radiation emitted from the nozzle
exit plane is scattered by the particles in the plume and even-
tually some of it strikes the baseplate at Ry/r,. This situation
models the searchlight problem. The agreement of the back-
ward Monte Carlo predictions with the Stockham and Love!®
calculations is very good for 7, = B, = 0.50. (8 = o + «,
is the extinction coefficient and @ = o/ is the albedo.)

These comparison cases are physically very different. One
is a pure absorbing, emitting plume, while the other is a pure
scattering, nonemitting plume. In both cases, the agreement
between the backward Monte Carlo and the published results
is good. The greatest difference occurs at large R,/r,, where
the plume emission reaching R,/r, is very low and the Monte
Carlo statistics deteriorate.

Effect of Plume Albedo and Cone Angle

Figures 3 and 4 show the radiation reaching point R,/r, on
the rocket base as a function of cone angle 3, for plumes with
= 0.50 and albedos of 0.90 and 0.99, respectively. The
calculations were done assuming an isothermal, constant
property plume with a length of 50 cm and , = 1 cm. The
total radiation at R,/r, is the sum of the plume emission and
the searchlight emission. The searchlight radiation is assumed
to be emitted with the same power as the plume radiation.
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Fig. 2 Heating of rocket base due to a cylindrical, isothermal, non-
absorbing, isotropic scattering, plume. Comparison of Stockham and
Love results, 0, and backward Monte Carlo results © for w = 1.0,
T, = 05and z, = 0,
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Fig. 3 Heating of rocket base due to a conical, isothermal, isotropic
scattering, w = 0.90 plume. Effect of searchlight emission and plume
cone angle for 7,, = 0.5 and z, = 0.
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Fig. 4 Heating of rocket base due to a conical, isothermal, isotropic

scattering, @ = 0.99 plume. Effect of searchlight emission and plume
cone angle for 7,, = 0.5 and z, = 0.

In other words, the temperature of the plume in the nozzle
is the same as the temperature of the exhaust plume. If the
temperature in the nozzle were twice the plume temperature,
the searchlight emission would increase by a factor of 16. The
figures show searchlight emission can be very important. The
percentage of heating due to searchlight emission decreases
as both 8, and R,/r, increase.

As the plume albedo increases toward one, the plume emis-
sion decreases and the searchlight emission increases. In the
limit of @ = 1, the radiation at Ry/r, will be entirely due to
searchlight effects (see Fig. 2). The general trends are that as
8. increases, radiative heating increases and as w increases
radiative heating decreases. Searchlight radiation can become
important for highly scattering, low emitting plumes at small
Ry/r,.

The computer run time varies with the number of photons
that are input per grid point on the plume surface and with
the number of grid points. A typical run time to calculate the
radiation at one R,/r, position is 20 s on an IBM 4381 com-
puter, for 200 photons/(grid point) and 200 grid points (40,000
photons) for the results presented herein.

Conclusions

Backward Monte Carlo calculations work well for radiation
base heating predictions and the predictions agree well with
previously published results for similar problems. For iso-
thermal, gray plumes the radiative base heating increases as
plume cone angles increase. As the plume albedo increases
from zero toward one, the radiative heating decreases.
Searchlight radiative heating becomes important as the plume
albedo increases. It is generally more important at small val-
ues of Ry/r, and decreases as R,/r, increases. In more realistic,
variable property plumes, the albedo is a local value, but the
same trends will occur. As the scattering becomes more sig-
nificant the average albedo increases and searchlight radiation
will become more important.
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