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Rocket Plume Base Heating Methodology
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A review of radiative transport calculation methods for base heating is presented followed by a description
of the current methodology for the Space Shuttle plume radiation predictions and improvements for the advanced
solid rocket booster (ASRB). The calculation methods include empirical methods, the standardized infrared
radiation model code, and the forward and reverse Monte Carlo methods. Current plume radiation methods
include those used for the Space Shuttle main engines and the solid rocket booster (SRB). Methods being
developed for the ASRB include changes in plume property prediction methodology and application of the
reverse Monte Carlo method in predicting plume radiation models. Results of the prediction methods are
compared with experimental measurements on the current SRB and on 4 -scale motors using both SRB and
ASRB propellants. Examples are also presented demonstrating the statistical results available with the reverse
Monte Carlo method.

Introduction

T HIS article presents a review of the current methods used
to predict base heating of rockets caused by exhaust plume

radiation. Plume radiation prediction is also of interest in
defining signatures for target detection and tracking, but the
signature prediction is more restricted both spatially and spec-
trally. The plume signature typically is detected at distances
of the order of kilometers, and special features of the spectra
are important. The lines of sight between the detector and
the plume are essentially parallel and of the same length. In
contrast, the base of the rocket views the plume from close-
in, so lines of sight between the detector and the plume have
large ranges in angle and length. The near plume, just down-
stream of the exhaust nozzle exit, is most important in the
heating problem, while the far plume is of secondary impor-
tance.

Prediction of radiative base heating for the Space Shuttle
is currently of great interest because advanced solid rocket
motor (ASRM) boosters have a new propellant that has a
greatly increased radiation potential. The aluminum mass
fraction is being increased from 16% for the redesigned solid
rocket motors (RSRM) currently used on the Space Shuttle
to 19% for the ASRM. This increase, combined with a smaller
binder fraction, increases both the A12O3 concentration and
the plume temperature. The combined effects increase the
plume radiation base heating of the ASRM approximately
30% relative to the RSRM.

Gaseous combustion products in solid propellant plumes
radiate weakly compared to the plume particles, so the ra-
diation is strongly dependent upon the properties of the par-
ticles. Calculation of the radiation emitted by the plume re-
quires an accurate model of the plume flowfield, including
the flowfield physics, the radiation properties of the plume
gases, and the optical properties of the plume particulates.
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Currently, the Joint Army-Navy-NASA-Air Force (JAN-
NAF) standard plume flowfield (SPF-II) code is the most up-
to-date plume flowfield prediction code available.1

Engineering Methods
Radiative base heating of a rocket by its exhaust plume has

been actively investigated for several years. Reviews of the
state-of-the-art of the base heating problem prior to 1966 were
published by Rochelle2 and Carlson.3 Engineering models for
practical calculations of plume radiation have been developed
by Fontenot,4 Morizumi and Carpenter,5 Bartkey and Bauer,6

and Bobco and Edwards.7 The current baseline method for
base heating predictions8-9 of the Shuttle solid propellant mo-
tor plume radiation is based on work by Bobco,10*11 Ed-
wards,12 and Edwards and Bobco.13 It models plume emission
as being from effectively opaque conical surfaces. The radia-
tion is described in terms of radiosity, which varies axially
along the plume.

Edwards et al.14 formulated an improved engineering model
to predict the radiosity of conical-shaped plumes. The local
incident radiant flux is the effective plume radiance scaled by
the geometric view-factor from an opaque surface approxi-
mating the plume shape. Two free parameters in the model
are evaluated by matching data from space firings of solid
rocket motors. This approach is currently used with the ef-
fective plume radiance determined from flight measurements.
However, this is not a predictive methodology because no a
priori estimates can be given for the plume radiance. Rather,
it is a means of interpolating or extrapolating the measure-
ment at one base location to others, accounting for geometric
effects.

Standard Infrared Radiation Model
The standardized infrared radiation model (SIRRM) was

developed by JANNAF to provide a state-of-the-art computer
code to calculate the infrared radiation signature of tactical
and strategic rocket plume flowfields. The plume flowfield
serves as input to SIRRM. The accuracy of the SIRRM cal-
culations depends entirely on the accuracy of the plume flow-
field. SIRRM accounts for anisotropic scattering, coupled
emission, absorption and scattering by an inhomogeneous
mixture, and contains a very large particle and gas data base.
Some assumptions in SIRRM make it inappropriate for base
heating calculations. A few of these assumptions are 1) ra-
diation calculations are along parallel lines-of-sight, 2) plume
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axial property variations are only partially accounted for, and
3) radiation emitted at forward aspect angles (between 0-30
deg) is weighted trigonometrically. Even so, SIRRM has been
used to predict base heating, with some success.15

SIRRM includes both gas-band modeling and particulate
emission and scattering. This was done in a fairly rigorous
manner for the simplified case of "two-flux" scattering (scat-
tering in the forward and rear hemispheres). An extension of
this development was made to include the "six-flux" scattering
(scattering in the six orthogonal directions surrounding the
particle: forward, backward, and four side directions). The
six-flux model accounts for situations in which the spectral
radiance along a line-of-sight is affected by the properties of
the entire volume, not just the properties along the line-of-
sight.

Pearce et al.15 made predictions and measurements of ra-
diative base heating from a solid propellant rocket motor
plume. The predictions were based on the SPF-II and SIRRM-
II codes. Experimental measurements of spectrally resolved
radiation were obtained using a subscale test motor and they
showed that most of the radiative base heating was due to
the A12O3 condensed phase particles in the 1-2-^cm spectral
range. The SIRRM-II predictions were least accurate in this
range and underpredicted the plume radiance by about a fac-
tor of 2, but better agreement might be expected with more
recent optical properties.

Radiation Transport Calculation Methods

Monte Carlo
Monte Carlo analysis of plume radiative heating consists of

following photons, or bundles of energy, from their point of
emission in the plume until they leave the plume and hit or
miss the surface area where the heat transfer is being Calcu-
lated. The place of birth of the photon and the outcome of
each event along its trajectory is determined using an appro-
priate probability distribution function. When the photon leaves
the plume, it is traveling in a specific direction and it either
hits or misses the base area of interest. This process is repeated
a large number of times until statistically relevant data are
obtained. Monte Carlo simulation will provide solutions to
any radiative transfer problem if given enough computer time.
However, the accuracy is dependent upon the accuracy of the
flowfield property predictions and the optical properties of
the particles.

Stockham and Love16 used a Monte Carlo method to de-
termine the radiation heat transfer to the exterior base region
of a finite cylindrical volume of absorbing, emitting, and an-
isotropically scattering particles. They showed that the dif-
ference between anisotropic and isotropic scattering was im-
portant for cylinder optical diameters (optical thickness based
on cylinder diameter) less than about .2. They also showed
that searchlight effects can play an important role in radiative
base heating.

Watson and Lee17 used a Monte Carlo method to model
the thermal radiation field for 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 al-
lowed to be either isotropic or anisotropic.

Reverse Monte Carlo
Nelson18-19 used a reverse Monte Carlo method to predict

the radiation from conical-shaped emitting, scattering media.
This method 1) is more computationally efficient than forward
Monte Carlo because all the rays are counted, 2) is easily
applied to rocket plume base heating, and 3) readily accounts
for searchlight radiative heating.

The reverse Monte Carlo method is used to predict radia-
tion to a specific point. In reverse Monte Carlo, rays initially
travel in a direction opposite to the direction in which they
physically propagate. Mathematically, a ray is originated from
a point on the receiver in the opposite direction from which
the radiation emitted from the plume travels. The ray is fol-
lowed through the plume, from event to event as it interacts
with the gases and particles. Eventually, it is either absorbed
in the plume, or escapes through the plume boundary. Rays
that escape are assumed to be lost, unless they escape into
the rocket exhaust nozzle, consequently contributing to
searchlight emission. Rays that are absorbed in the plume are
assumed to represent emission at the point, x, where they are
absorbed. The radiance of the ray is equal to Ihx[T(x)], where
lb\ is the Planck function, T(x\ is the temperature of the
absorber at point x, and A is the wavelength. The emitted
energy then retraces its incident path forward in time until it
emerges from the plume at the point where it was originally
incident on the plume, but in the opposite direction. This
method considers only rays that are incident on the point at
which the radiation heat transfer is being calculated; conse-
quently, it is more computationally efficient than direct Monte
Carlo.

Wang20 and Everson and Nelson21 used reverse Monte Carlo
to predict rocket plume base heating. Both papers show good
agreement with experimental measurements. The largest source
of error in the method is due to uncertainties in flowfield
predictions and particle optical properties.

Reed and Calia22-23 reviewed rocket particle properties with
an aim toward prediction of visible, ultraviolet, and infrared
radiation from aluminized solid propellant rocket plumes. Their
work provides a summary of the research previously per-
formed and an extensive set of references on the thermo-
physical properties of A12O3.

Current Predictions
Reardon et al.24 recently reviewed the status of base heating

predictions for the Space Shuttle. They also discussed ex-
pected changes for the ASRM in heating magnitudes and
calculation models. Table 1 presents general parameters for
several current rocket motors. Particle radiation is very im-
portant for ASRM; however, it is difficult to calculate because
of scattering. Monte Carlo methods are advantageous for ra-
diation calculations involving scattering, because they easily
model radiation scattering and allow insight into the sensitivity
of the radiation to parameters in the calculations.

Base thermal environments are critical for the Space Shuttle
because of the large surface area to be protected. Design
specifications currently being prepared require radiation pre-
dictions at approximately 1700 locations. Additional predic-
tions at many of these locations will also be required for two
Space Shuttle main engine (SSME) failure conditions. The

Table 1 Motor/propellant comparison

Nozzle Propellant fractions

Area Radius, cm Ammonium
Motor Type ratio Throat Exit Al perchlorate Binder
ORSRM
SRM/RSRM
ASRM
MNASA 2 and
MNASA 3 and

4/RSRM
6/ASRM

Contour
Contour
Contour
Conical
Contour

7.16
7.73
7.73
5.85
7.59

69.1
68.3
68.3
12.6
12.6

184.9
190.0
190.0
30.6
34.8

0.16
0.
0.
0.
0.

16
19
16
19

0.
0.
0.
0.
0.

70
,70
69
,70
.69

0.
0.
d.
0.
0.

14 PBAN
14 PBAN
12 HTPB
14 PBAN
12 HTPB
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Fig. 1 SSME plume radiation heating rate characteristics.
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Fig. 2 OSRB plume radiation heating rate characteristics.

base thermal environments must also include factors repre-
senting the sensitivity of predicted nominal heating rate to
nozzle gimbal angle for six control patterns (plus and minus
pitch, yaw and roll) using the design envelope of gimbal an-
gles.

Radiation from the SSME is from the H2O bands. It is
significant at sea level because of the very hot compression
region behind the Mach disks and afterburning at the plume
boundaries. The radiation heating rates diminish rapidly with
altitude and are generally low above 15 km. Typical flight
measurements for a radiometer attached to an SSME nozzle
are illustrated in Fig. 1. SSME plume radiation is predicted
using gas band-model methods with axisymmetric plume models
at 0-, 6.1-, 12.2-, and 48.8-km altitudes. These predictions are
used to define a sea-level heating rate and to select 1 of 10
adjustment functions to predict the radiative heating for the
0-12.2-km range. Between 12.2-48.8 km the radiation heat-
ing rate is assumed to vary linearly with altitude. The radiative
heating rate at 48.8 km is predicted using a three-dimensional
plume model and this rate remains valid above 48.8 km be-
cause the base pressure remains nearly constant.

The SRM plume radiation heating rate is very high at sea
level and increases up to 30% for the 3-9-km altitude range.
From 9 to 25 km, the radiation heating rate decreases with
altitude, but between 25-35 km, flow separation and flow
reversal bring plume boundary gases into the base region
which increases the heating rate. Above 35 km the SRM
radiation heating rate decreases until SRM shutdown, where
a significant spike in radiation heating rate occurs. This be-
havior is shown in Fig. 2 for an instrument on the external
tank (ET)/orbiter attachment structure. The variation with
altitude is due to flow phenomena which are not currently
modeled by theoretical methods. Consequently, adjustment
functions for the altitude based on flight experience are used.
These adjustments are a function of flight trajectory param-
eters, and they are applied to the radiation rates derived from
a sea-level plume radiation model. The existing Space Shuttle
solid rocket motor (SRM) methodology uses a single, con-
servative, sea-level plume radiation model and two adjust-
ment functions: one based on altitude and one based on time
to separation (for the shutdown spike). The sea-level plume
radiation model is a 15-deg cone consisting of 10 axial nodes.
Each node is approximately one nozzle-exit-radius in length,

and its emissive power is determined by a combination of
measurements and Monte Carlo predictions to give an axial
distribution for emissive powers which varies from 79 to 24
W/cm2. The emissive powers of nodes near the nozzle are
adjusted to agree with ground-test measurements of radiance
normal to the plume which are blended with predictions made
with a Monte Carlo code17-25-26 for downstream nodes.

Advanced Solid Rocket Motor Radiant
Heating Methodology

The current radiative heating methodology follows the de-
velopment of the advanced solid rocket booster (ASRB) plume
radiation models from the cycle 1 model in 1990-91 (for
selected critical heating points), to the cycle 1.5 model in
1991-92 (for the ET), to the cycle 2 model (for the ASRM,
orbiter, and SSME nozzles) just being completed. For each
cycle, the goal is to produce a plume property model which
can be used with Monte Carlo predictions to certify that the
predictions match ground tests and flight results at sea level.
These methods are then used to predict a view-factor model
for the original Space Shuttle solid rocket motor/booster
(OSRB), and the results are compared with flight measure-
ments to define factors to compensate for surface reflections
and functions to adjust for altitude effects. The same meth-
odology is then used to derive a similar ASRB radiation model
which is used with the adjustments derived for the OSRB to
predict the base heating environments.

In this process, the reverse Monte Carlo code is normally
used with the "rocket" particle index of refraction data base
from SIRRM. Most of the spectra from 400 to 10,000 cm-1

are integrated using 400-cmr1 intervals. However, some re-
gions with strongly varying absorption, such as the CO2-CO
band near 4800 cm"1, use a 200-cm~1 interval. In the range
from 10,000 to 17,000 cm"1, where there is no significant gas
radiation, two intervals of 2000 and one of 3000 cm"1 are
used.

During cycle 1, plume models did not match the radiation
heating levels of available OSRB ground and flight test data,
so the ratio of ASRB-to-OSRB predictions was used to adjust
the OSRB plume model heating rates to those appropriate
for the ASRB plume.27 Also, the current altitude function
was modified slightly to reflect the changes in trajectory.

Modified Plume Models
In the period between cycle 1 and cycle 1.5, several radia-

tion measurements were made in the solid propellant test
article (SPTA) (same as MNASA) test series at NASA Mar-
shall Space Flight Center (MSFC) and on two test and eval-
uation motor (TEM) firings. (TEM firings use SRMs equiv-
alent to the current RSRM, but without the latest case design.)
Evaluation of the test results and prediction methods indi-
cated that the gas-particle heat transfer coefficient and the
particle size had a large effect on the predictions and a large
uncertainty in the parameters being used, and prudent ad-
justments in these parameters produced good agreement with
the measurement results. The cycle 1.5 plume model used a
heat-transfer coefficient of one-half the normal value, and the
mean particle size was adjusted to 1.5 times the Hermsen
correlation value.24 Five particle-size bins were used in the
plume. An average particle density of 3.5 g/cm3 was used
because the codes did not consider particle size changes with
density as the particles solidify. Comparisons of ground tests
and predictions using these changes will be described later.

Cycle 1.5 Predictions
The 15-deg cone model was retained for the cycle 1.5 sea-

level radiation model to facilitate predictions. Emissive pow-
ers at the nodes were predicted using the modified plume
models and a Monte Carlo prediction at the center of each
node. In performing the integration at the center of each
node, a hemisphere was placed on the interior of the cone at
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-Radiation from this 1/2 hemisphere
predicted by integration to the
interior node over

his 1/2 hemisphere

Emissive Power (W/cm2)
Node 1 2 3 4 5 6 7 8 9
OSRB 58.1 54.8 49.9 44.3 40.0 37.1 34.4 32.2 29.1
ASRB 84.8 74.0 61.9 55.5 52.4 49.9 46.5 41.3 36.3
Ratio 1.46 1.35 1.24J.35 1.31 1.35 1.35 1.28 1.25

Fig. 3 Sea-level plume model for cycle 1.5 and the node emissive
power.

20 40 60 80 100 120 140 160 180
Azimuth Angle <j> (degrees)

Fig. 4 Typical angular variations of radiance for the first node of
the cycle 1.5 ASRM (Fig. 3). The angle </> is in the XY plane.

the center of the node, and the angular limits on the integra-
tion were set to include only the downstream half of the
hemisphere on the interior as illustrated in Fig. 3. This was
considered to be the best estimate of the average emissive
power of the cone exterior as seen from the ET base region.
The radiative heating rate predicted for the OSRB agreed
with sea-level flight data for three sensors on the aft portion
of the ET base. However, predictions for sensors at more
forward locations on the ET base were too low. An estimate
of reflections from the SRB and Orbiter body flap surfaces
indicated that they produce radiative heating increases which
were consistent with the relative magnitude of the differences
between the predictions and flight results. As a result, the
ET base region was divided into zones, each represented by
a sensor. A "ratio" was assigned to each zone to adjust the
heating prediction for reflections.28 These ratios were then
used to adjust similar predictions for the ET surfaces using
the ASRB plume model. Altitude and shutdown spike func-
tions were fitted to the flight data in each zone using functions
of chamber-to-altitude pressure ratio, chamber pressure, and
time to separation.29 Gimbal adjustments were made on the
normal (nonfailure) predictions, and the final results were
published by Reardon30 and Bender et al.31

Cycle 2 Prediction
As this article is being prepared, plume radiative heating

models have not been finalized for cycle 2 predictions, but
the modeling procedure has been selected. The plume models
will use an improved gas-particle heat transfer correlation32

which produces the same trends as the cycle 1.5 assumption
of one-half the normal correlation. The mean particle size is
uncertain at this time, but the particle distribution function

will be modified to match the distribution function measured
in the downstream portions of plumes during the MNASA
test series at MSFC.33 The sea-level radiation model will be
based on Monte Carlo predictions of radiance at each plume
node as a function of elevation and azimuth angle supplied
as tables in 10-deg increments in each angle. Figure 4 illus-
trates typical variations using the cycle 1.5 plume mode, and
the variation at 0 = 0-10 is primarily an indication of statis-
tical errors in the Monte Carlo results for the number of rays
used. The refinement from integrated radiance to an angle
function was made to produce the increased precision needed
to predict both forward aspects toward the base region and
near-normal aspects toward the adjacent ASRB. It is antic-
ipated that reflection factors will continue to be required to
match the sea-level predictions with flight results for some
regions of the base region.

Comparisons with Experiments
In order to certify the cycle 1.5 prediction methodology,

comparisons were made with a large number of measurements
on the MNASA 2-6 and TEM motor firings. The geometry
used to describe the measurement is illustrated in Fig. 5. An
instrument position is specified by the aspect angle and the
aim point.

The MNASA motors are fired vertically, so instruments
with an unrestricted view (wide angle) were used to evaluate
the overall prediction, while measurements were made with
a narrow-view instrument to aid in diagnostics. The TEM
motors are fired horizontally, and the resulting disturbance
of the plume and radiation reflections off of the ground make
interpretation of wide-angle measurements difficult. As a re-
sult, TEM tests include off-axis, narrow-view measurements
to evaluate plume boundary predictions. However, gimballing
of the nozzle during the tests and difficulty in aiming these
instruments increase the uncertainty in evaluating the test
results.

Comparisons of the MNASA and TEM measurements with
cycle 1.5 predictions are shown in Figs. 6 and 7. The on-axis,
narrow-view measurements and predictions for both the
MNASA and TEM motors compare well, except for the mea-
surements aimed into the nozzle at the 120-deg aspect. How-
ever, the wide-angle comparisons for the MNASA motors
and the off-axis comparisons for the TEM motors are mar-
ginal. These results indicate a possible problem in flowfield
or radiation predictions near the plume boundary. A lack of
absorption in the boundary is consistent with inadequate pre-
dicted attenuation of the radiation from the nozzle at the 120-
deg aspect.

Plume models have been improved in preparation for cycle
2 predictions, but the apparent inadequate emission/absorp-
tion problem in the plume boundary remains. Analytical ef-
forts to remedy this problem are directed at evaluating the
methods used by the SPF-II code to treat particles near the
boundary. Experimental efforts are directed at evaluating ef-
fects of gas species on the optical properties of the particles
which might indicate a change in optical properties depending
upon composition variations in the plume. Some recent com-
parisons of spectral results from MNASA tests indicate good
agreement with the cycle 2 methodology, but comparisons
between sea-level predictions and flight measurements are
currently uncertain because of effects of radiometer window

Sensor Location

NOZZLE

Normal to Sensor
Fig. 5 Sensor geometry parameters.
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RSRM Propellant (MNASA 2/4) Measurements

Cycle 1.5 Predictions I
10 --

8 -

RSRM Propellant

60 60 ASPECT 90 90 90 90 120
66 198 X-AIM 33 66 52 78 0 144

Z-AIM = 0 144_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

ASRM Propellant (MNASA 3/6)

fl

i

0 0 ASPECT 90 90 90
Y- Y- LOCATION X- X- X-
99 198 Z-AIM = 0 0 66 165

8 -

6 -

ASRM Propellant

30 30 60 60 ASPECT 90 90 90 90 120
132 198 66 198 X-AIMT 33 66 52 78 0

Z-AIM = 0
NARROW-VIEW INSTRUMENTS (4 DEG)

0 0 ASPECT 90 90 90
Y- Y- LOCATION X- X- X-
99 198 Z-AIM = 0 0 66 165
WIDE-ANGLE (180 DEG)

Fig. 6 Comparison of measurements and predictions for MNASA 2/4 (RSRM) and 3/6 (ASRM). Note the 120-deg aspect predictions extend to
119 and 144 W/cm2. Aim points are in cm.

100

80

±6Q

ALL MEASUREMENTS ARE NARROW-VIEW
RADIOMETERS (4 AND 6 DEGREES)

On Axis (Z-AIM = 0)

I
.
.§100
m 80

I60

8:40

28 30 23
572 1143

762

57 57
1143

572

90 90 90 90 90
97 572 1143
287 762

123 ASPECT
0 X-AIM

Off Axis (Z-AIM > 0) CHTEM-7
HlTEM-8
• Cycle 1.5

J Prediction

U28 30 23 57
572 762 1143 572
35 45 90 45

90 90 90 90
97 287 5721143
63 45 45 96

ASPECT
X-AIM
Z-AIM

Fig. 7 Comparison of measurements and predictions for TEM 7 and
8. Aim points are in cm.

Spectral
Regions

• 2200-2400 Cm (4.17-4.45 \un)
- 6000-6400 cm -1 (1.55-1.67 fim)

240

-240 0 240 480 720 960 1200 1440
Distance from the Nozzle Exit (cm)

500- 1500- 2000- 2500-
1500 2000 2500 2800

Gas Temperatures (K)

>2800

Fig. 8 Examples of Monte Carlo statistical results on regions of im-
portance for CO2 and particulate emission bands for two different
sized motors.

on the calibration results and the methods used for flight data
reduction. It appears that the cycle 1.5 predictions might
overpredict flight results that are correctly interpreted for
spectral effects of the radiometer window, while cycle 2 pre-
dictions, which are slightly lower, are more realistic.

Monte Carlo Statistical Data
The reverse Monte Carlo method provides statistical in-

formation on the source and location of emission for each ray
and these data have been used to improve understanding of
the plume structure and the sources of radiation from the
plume. Some examples, which have been shown previously,21

include the regions of significant particle and gas radiation in
plumes of various scale and the source of spectral radiation—
gas, particle, or nozzle wall.

An example showing regions of relative importance for the
MNASA and full-scale ASRM plumes is illustrated in Fig. 8.
The data are from predictions for narrow-view (4-6 deg)
radiometers viewing normal to the plume across its diameter
at similar locations. The centers of the regions represent the
average distance from the sensor to the emission location.
The length of each region represents the standard deviation
of the distance to the emission location, while the width rep-
resents the average radius of the emission location from the
center of the conical view into the plume. The illustration
indicates that the emission for the strong CO-CO2 band (4.17-
4.45 jLtm) occurs primarily in the plume boundary, and the
relative size of the region is much smaller on the larger plume.
In contrast, emission in the 1.56-1.67-/mi region, where par-
ticle emission is most significant, occurs near the center of
the plume. In this spectral band, in the reverse Monte Carlo
sense, many of the rays entering the small plume scatter back
out without being absorbed, while in the larger plume a smaller
fraction of the rays escapes. The result is a much larger region
for emission for the full-scale motor, even though it appears
to be about the same size on a relative scale. In the forward
Monte Carlo sense, these regions represent the location of
the radiation sources which are the primary contributors to
the radiation as seen from locations outside the plume. These
regions for particle radiation tend to be near the plume center
where the temperatures and densities are the highest.

The example of spectral contributions in Fig. 9 is for the
narrow-view (4-deg) radiometer location nearest to the
MNASA/ASRM nozzle exit shown in Fig. 8. The total ra-
diation predicted to the sensor was 0.1075 W/cm2, neglecting
window absorption. Here, particles are the primary radiators
except in the stronger gas bands, and the importance of the
nozzle wall is relatively small. The overall searchlight radia-
tion for the case illustrated in Fig. 9 is shown in Fig. 10. The
searchlight radiation consists of contributions from both the
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Fig. 9 Gas, particle, and nozzle-wall contributions to total radiation
predicted for the MNASA/ASRM plume at a 90-deg aspect, 1-nozzle
exit radius downstream of the nozzle. The integrated radiance from
the plume is 28.1 W/cm2.
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Fig. 10 Predicted SRM searchlight spectra and emission sources for
the same condition as Fig. 9. Searchlight is 16.3% of the total radiation.

nozzle wall and the gas and particles in the nozzle. (Note that
the wider bands, above 10,000 cm"1, appear to be relatively
strong because the results are in percent of total radiation
rather than spectral radiance.)

Future Goals
Current project-oriented funding is not sufficient for full

development of the new numerical and theoretical concepts
needed for future radiative base heating applications. Plans
should be pursued to integrate the current improvements into
future thermal models of vehicle structure which will be fea-
sible as computer power increases. CFD improvements will
allow calculation of three-dimensional flowfield models with
both gaseous and two-phase plumes. These flowfield models
would be used as input to a reverse Monte Carlo code to
predict angular distribution of radiation for a convenient net-
work of nodes surrounding the plumes. Ray-traced three-
dimensional displays could give thermal designers a visual
picture of the radiation field which could help them to take
advantage of surface coatings and structural shading in op-
timizing the thermal protection system. Realization of these
improvements will require a coordinated program to define
and develop the component analytical tools. Experiments are
also necessary to continue to improve the understanding of
particle properties, turbulence, and particle-gas heat transfer
processes in plumes.
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