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Radiation from a Nongray Scattering, Emitting,
and Absorbing Solid Rocket Motor Plume

D. K. Edwards* and D. S. Babikiant
University of California, Irvine, Irvine, California 92717

An engineering model of plume particulate radiation is extended to include nongray particles and gases. Optical
constants of alumina with impurities are used to fix spectral variations of the alumina particulates. Soot particulate
is similarly modeled. Parametric calculations are reported to show the influence of nongray behavior, gas-soot
radiation, nozzle wall radiation, afterburning, small-particle and large-particle loadings, and particle heat transfer
and optical property temperature variations. Gas and soot radiation are shown to have little influence upon solid
rocket motor (SRM) plume radiation. Nozzle wall radiation is significant near the SRM exit if the nozzle wall
temperature exceeds 1200 K. Afterburning has a large effect maintaining high-particle temperatures and high-
plume intensity downstream of the exit. When the scattering optical depth due to small particles is large, directional
variations in the plume boundary intensity are small, but not when the scattering optical depth is small. Particle
cooling calculations indicate lower values of plume radiosity than are often observed, thus continuing the need for
an engineering model based upon radiometic measurements. Suggestions are made for improving phenomenological

models of SRM plume radiation.

Nomenclature

= constants in Eq. (1)

= Planck’s function, W/m?cm™!

= constants in Eq. (1)

velocity of light, m/s

particle diameter, um

= characteristic size of particle populations, um

= fraction

= Planck’s constant, Js

= radiant intensity, W/m? sr

= Boltzmann constant, J/K

= extinction or (with subscript) absorption
coefficient, m ™!

= mass flow rate, kg/s

=molecular weight

= power law exponent; also Rosin-Rammler
exponent, Eq. (9)

= refractive index

= absorptive index

= pressure, atm

= radiant flux, W/m?

= efficiency factor based on geometric cross section

= distance along a line of sight; also particle radius,
um

= nozzle radius, m

= optical depth

= temperature, K

= defined by Eq. (7d)

= defined by Eq. (7e)

= zone volume, m°; also gas velocity, m/s

= defined by Eq. (7b)

= distance from the apex of the cone along its
surface, m

z* = nondimensional value, Z* = z/R,

o = integrated band intensity, cm~!/(g/m?)

So o
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B = cone angle; also the phase angle defined by Eq.
(7o)

Y = specific heat ratio

£ = electric constant, C?>/N m?; also (with subscript)
emissivity

0 = forward scattering angle, also angle from plume
normal

A = wavelength, um

v = wavenumber, cm !

T =3.14159...

p =real parameter defined by Eq. (7a)

o = electric conductivity of alumina, (Qm) !

¢ = azimuthal angle from upstream

w = exponential bandwidth, cm~!; also albedo of

alumina

Subscripts

a,abs = absorption

= cold particles; also center of a band
= exit reference conditions

= extinction

= gas

= large hot particles

= abs, ex, or pr

=g, h, or sp

= kth band

mass; also melting point

particles :

= radiation pressure

= soot

= throat, also thermal blackbody emission
= small hot particles

= volume

=wall

= spectral reference condition
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Introduction

ADIATION emitted by rocket motor plumes subjects
aft-end equipment to heating loads and provides means
for detection and diagnostics. The problem of modeling heat-
ing can be regarded as distinct from the problem of modeling
plume signature because the former is more restricted both
spatially and spectrally. Remote viewing of a plume’s “signa-
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ture” may take in a spatial range of say 10*m, and, for
detection and diagnostics, spectral features in selected wave-
length bands may be emphasized in the detection optics. The
signature problem takes in the far flow and any part of the
entire spectrum from the ultraviolet to the far infrared but
involves lines of sight that are essentially parallel in passing
through the plume and that have essentially equal values of
1/r% In contrast the aft-end equipment views the plume close
in. Lines of sight have an appreciable range of directions and
have greatly varying 1/r? values along them. The plume
immediately downstream of the thrust cone exit plane, ap-
proximately the first 10 m only, looms large in the heating
problem, and the far plume is of secondary importance.

The signature problem with its obvious tactical value has
received considerable attention during the past 40 years.
Ludwig et al.! developed the standard infrared radiation
model (SIRRM) code, which has been improved by Malkmus
and colleagues>* and used by Nelson*® to examine the signa-
ture of plumes with . particles in the 2-5um (5000—
2000 cm ') spectral range. Nelson® concluded that alumina
“ijs a weak absorber/emitter in the 2000-5000 cm~! wave
number band; consequently the source of the plume radiation
is due to gas emission. Particle scattering influences the signa-
ture by changings its directional pattern.” Lyons et al.%’
concentrated on the visible and near-ultraviolet spectral range
with particular emphasis on near head-on angles of viewing.
They concluded *“..alumina particle radiation dominates
through most of the visible region.” They showed that after-
burning in an atmospheric plume was important.
- The heating problem, although of obvious engineering

value, has received relatively little atténtion. In the case of
metal-oxide-containing solid rocket motor (SRM) plumes, the
Bobco® model has been used for the past 20 years. The near
plume boundary is modeled as a solid, diffusely emitting
surface of conical shape with axially varying radiosity. In this
engineering model, three parameters—the cone half-angle,
exit radiosity, and radiosity deciy exponent—specify the
plume well enough to permit the -calculation of aft-end radi-
ant heating. A video or photographic frame to show the angle
and two narrow-angle radiometer readings, one a few cen-
timeters aft of the exit and the other a meter or two aft, often
are used to define the model. An dlternative engineering
model based upon volume emission and scattermg from a
vacuum-fired plume was proposed by Edwards et al.® In this
model (PARRAD), cight parameters had to be specified to
define the conicdl, axidl, and radially varying plume, but
parametric calculations showed that a wide choice of five of
them gave almost the same engineering results; the three
parameters that defined the Bobco model would often be
sufficiently definitive. This engineering model for predicting
heating neglected spectral variations and gas and soot radia-
tion. Only alumina paiticles, treated as gray isotropic scitter-
ers and emitters, were considered. The principal motivation
for proposing the new heating model was to calculate angular
variations of the plumé boundary intensity since the validity
of the diffuse radiosity assumption or some arbitrary angular
corrections'® was doubtful.

A number of quéstions about the base heating model
remains. Could gas and soot radiation play a mgmﬁcant role
in base heating radiation as Nelson® believes is the case in
signature radiation? Since the model was proposed new
knowledge of the optical properties of alumina with impuri-
ties has been reported by Konopka et al.!! with “...important
implicatiohs for plume particulate emission models, such as
that of Edwards and Bobco....” Do the new findings negate
the model or require new input parameters? Does the neglect
of spectral variations in the gray model require amendment?
Can afterburning be accommodated so that the vacuum-firing
SRM model can be applied to atmosphenc firing motors? The
objective of the present paper is to describe the basis for
extending the previous model to include nongray gas, soot,
and particulate radiation with three-dimensional spatial varia-
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tions of temperature, pressure, and composition and to use
the extended model to address these questions.

Alumina Particle Optics

Optical Constants

Malitson!? recomtierided values of refractive index for
alumina following the procedure of Sutton and Stavroudis'3:

A2 A0 4,02

2 — -
M -l=m gt gt o5 &
A, =1.023798, A, =1058264, A, =5280792
B, =0.00377588,  B,=00122544, B,=321.3616

This fit of n; for sohd alumina is used in the absence of
information pertainihg to liquid alumina. The fit indicatés a
drop in n, beyorid 6 um becoming quite steep near 10 ym.
However, the total spectrum-mtegrated values of radiation
from molten alumina dre little affected by wavelengths be-
yond 6 um and thus by uncertainty in any difference between
liquid and solid alumina properties beyond that wavelength.
Nevertheless, the thetmophysics community would be well
served by addmonz}l thermophysical property meastireinents
of liquid alumina with and without impurities that aré typical
of solid rocket métors. The absorptive index is calculated
according to Van de Hulst,'*

n3(i, T) = (e/2[(1 + 4024%/c%e) "2 — 1]
n3(4, T) = /(1 + A2[A5)12 ~1] (2a)
where by definition .l,, = ¢2%?/462, and the electric constant

is'? ¢ = 8.5. The value of 4,(T) was assigned based upon the
value of n;4(T) at 4 = iy = 1.77 um. Rearranging Eq. (2)

A,(T) = Ag{1 —[(2/e)ny (T) — 113} 12 (2b)

The value of r,(T) was taken to vary with partlcle tempera-
ture T, and molten fraction f,, in the manner. proposed by
Edwards and Bobco,!* adjusted for the findings of Ref. 11.

Rao(T) = 3.56 x 10=3(1 ~ f,,,)e Tr ~Tm 12900

+ 141 x 1073 f,, eT» — Tm)/d2 3

Figure 1 shows calculated values of n,(4,T) resulting from
Egs. (2) and (3). Also shown are data from Ref. 11. A
statement from Ref. 11 is repeated verbatim, “Obviously
there can be no one ‘good’ set of Al,O,; rocket particle
properties, at least in the solid phase, and the application of
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Fig. 1 Absorptive index.
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Fig. 2 Radiation pressure coefficient.

data obtained fr_dm one rocket engine to a diﬁ'erent engine, or
even to a different region in the nozzle exhaust of the same
- engine, should be viewed with extreme caution.”

Efféctive Extinction and Albedo

Van de Hulst'® gives approximate relations for extinction,
absorption, scattering, and radiation pressure efficiencies as
follows:

Oex =2 + 4u? cos(2) — 4 exp( — p tanp)[u sin(p — p)

+ u? cos(p — 2B)] ©)
Qubs =1+ (2/v)e =" = (2/v*)(1 ~ ™) (5)
Qe = Qux — €088(Qer — ars) (6)
where
p=2x(n,—1) (7a) -
x = (2nr,)/A (7b)
tanf =n,/(n, — 1) (7¢)
u=cosf/p, (7d)
v=4xn, (7e)
and

cosf =0.07729x2 + 1.3334x> — 0.05322x%, x<2 (8a)
cosd =1—221919 exp( —0.78857x), x>2  (8b)

Equations (4—6) are valid and useful when n, < n, and n, < 1,
and these conditions hold for aluminum oxide. The accompa-
nying coefficient is obtained by integrating the efficiency over
an assumed particle size distribution times the particle cross
section. The dlstrlbutlon of Ref. 14 was employed for this
purpose:

ki@ = %%Ji ,[ °° (D£0>”—2 e~@120rg,(D,2) dD

n=25 Dy=52pum (lar'ge “hot™ particles) 9

Figure 2 shows K, () for Do— 5.2 um with T,=2320K
and f,, =0. Also shown are curves for D,=0. 5 pm with
= 1875 and 2875 K. Note the incredsing K, with iricreas-

mg A up to 6 um for the large particles. This behavior is Just
the opposite of that for the small particles. The difference in
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Fig. 3 Particle emissivity.

Fig. 4 Spatial grid.

behaviors is primarily an interference effect brought about
by the size:to-wavelength ratio multiplied by the refractive
index n;, which drops steeply in the vicinity of 10 um. The
absorptive index n, rises steadily over the waveléngth range
of concern.

Since the plumes of SRMs having a 10-cm or larger throat
are scattering thick, an effective isotropic scattering model is
appropriate.' For an effective isotropic scattering value of
extinction, radiation pressure efficiency is appropriate.!” The
effective value for albedo and the particle emissivity are then

Kpr (A) - Kabs ('1)
K (2)
ep(D) =1

() = (10a)

ey(d) =1 —w,(4), — 0y(4) (10b)
Figure 3 shows the particle emissivities corresponding to the
curves in Fig. 2. Note again how the large-particle wavelength
variation opposes those of the small particles. Again optical
interference for the large particles, the decrease in n, near
10 um, and the steady rise in n; explain the variation seen in
the figure.

Model Description

Spatial Grid

The PARRAD code®® originally provided for conical sides
and spherical caps. Provision was made for cylindrical sides
and planar ends beyond a conical section and for planes of
constant azimuth, called “webs.” A volume zone along the
centerline was bounded by a conical or cylindrical side and
two spherical end caps, or two planes of constant z, or one of
each. Annular zones were bounded by two such conical or
cylindrical sides and, not used heré, azimuthal webs. The
spatial domain was closed by an inner sphere, usually taken at
the throat, a maximum con¢ half-angle or cylinder radius, and
a maxifhum spherical radius or axial distance. The throat cap,
nozzle wall (modeled as a cotie), and “space” beyond the
outer side or maximum axial station were assigned zone
numbers and treated as blackbodies at appropriate tempera-
tures. Figure 4 illustrates the mesh.
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Particles

To the two sizes of alumina particles allowed by PARRAD
was added soot. The submicron alumina particles were spread
uniformly to the outer side boundaries and were taken to be
“cold,” i.e., at the local, axially varying gas temperature T,.
The larger alumina particles were confined, if desired, to an
inner core and taken as “hot,” i.e., possibly hotter than the
local gas temperature. The hot particle téemperature was either
arbitrarily assigned or calculated from a spherical droplet
cooling model with allowance for change of phase and Knud-
sen number effects. The soot was assumed to be “spread” and
cold at the local gas temperature.

Spectral variations of the alumina particles were modeled in
one of two ways. In one case an approximate expression was
used for the spectral variations of the effective extinction
coefficient and the particle albedo w or emissivity ¢ =1 — w.
In the other case, the spectral variations were calculated using
the Van de Hulst!® approximations and the 7, of Ref. 11 as
explained in the preceding section.

The approximate expressions were taken in accord with
Figs. 2 and 3. For hot large particles, the extinction coefficient
and particle emissivity are

Ky(d) = Kyo(4/4e) ** (1)
en(A) = ero(A/Ao) ~O (12)

For hot small particles, when there is afterburning,
K (D) = Kpo(A/do) ™1 (13)
Esp(A) = p0(A/40) 71 (14)

For cold, small particles
K. () =Ko(Afd)™",  &=0 (15)

For soot, based 1ipon the calculations of Tien and Lee!® and
measurements of Babikian et al.,?°

K (D) =Ko(A%) "% & =1 (16)

Gas Radiation

The exponeritial band model was employed.2! For an upper
limit to gas radiation, the lines were assumed to be over-
lapped on the basis that hot bands (with upper vibrational
states) fill in the vibrational-rotational line structure. This
upper limit is a good approximation except perhaps for the
HCI fundamental. For the one-sided kth band

ng(") = (o /ooy) exp( — |"ck - V|/wk) (17a)

or, if two-sided,
ng(") = (0 /) exp( — 2|Vck - V|/wk) (17b)

where a, is the integrated intensity and w, is the bandwidth
parameter related to the rotational constant. For the gas
mixture

K, () =§ng(v) (18)

The base-heated equipment was assumed to be sufficiently
close so that atmospheric attenuation would be neglected.
Again this assumption gives an upper limit,

Mixture Rules v

At a given wave number, the total extinction coefficient is
the sum of that from the small particles, large particles, soot,
and gas. The total absorption coefficient is similarly summed.
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The mean effective blackbody emissive power is the absorp-
tion coefficient weighted sum

§=ZKaiB,-/ZKa,- (19

where B, is the Planck function for the particle or gas temper-
ature

2nhc?y?
Bj = efevikT; _ (20)

Source Function

Extinction coefficient, albedo, and B are volume-averaged
for convenience

R») =(1/V) K dV 1)
(1—®)K =(1/V) [ K(1 —w) AV (22)
(1—@)KB =(1/V) [ K(1 —w) BdV (23)

Then the fast-running hybrid Monte Carlo technique®? is
applied. The volume-to-volume shape factors are thus found

‘using a 1000 or more Monte Carlo samplings that are rapidly

computed accounting only for extinction. The 1000 Monte
Carlo samplings give more accuracy than a two or six flux
approximation. The plating algorithm?® is applied to deter-
mine transfer factors, and the scattering/emitting source func-
tion is found by summing them. Multiple scatterings and
inter-reflections are accounted for in converting the volume-
to-volume shape factors into transfer factors via this tech-
nique. For example, the nozzle wall treated as black could
easily be taken to be diffusely reflecting or reradiating. It is
not necessary to store the spectral transfer factor matrix; only
the spectral source function vector need be stored.

Once the spectral source function has been deterinined,
fast-running line-of-sight calculations can be made to predict
radiometer readings and heating rates.

Table 1 Definition of the nominal case

Exit radius, R, 0.41 m

Nozzle
Throat radius, R, 0.22m
Cone angle; § 10 deg
Wall temperature, T, 1600 K
Plume Minimum z 2.34m
geometry Cone-cylinder transition z 434m
Maximum z 711 m
Exit Gas temperature, T,, 1875 K
conditions’ Gas pressure, P, 1.7 atm
Gas velocity, V,, 2400 m/s
Particle temperature, T, 2320K
Total mass flow rate, m, 361 kg/s
Exit mole H, 0.38
fractions’ CcO 0.29
HCl 0.12
N, 0.064
CO, 0.044
H,0 0.033
AL O, 0.069
Mixture Molecular weight, M 18.608
properties Specific heat ratio, y - 1152
Dynamic viscosity, u, Ns/m? 5.992 x 10—3
Thermal conductivity, k 0.285 W/mK
Particle optics  Equations (11-15)
Radiative Soot optical depth, ¢, 0.35
properties Small-particle optical depth, ¢, 10
Large-particle optical depth, #,, 1
Large-particle emissivity, &, 04
Small-particle emissivity, ¢,,,
Emissivity decay exponent, n, 1
Source decay exponent, n, 1
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Table 2 Apparent radiosity viewed across the plume at two axial stations
2
Variations from nominal case, T [W/em?]
Run ) nominal case in Table 1 Z*=5.76 Z*=9.44
1 Nominal case — 62.6 20
2 Giay particles Gray 62.6 224
3 No soot T,.=0 64.4 21.0
4 No soot or gas t, =0, no gas 61.5 17.4
5 No alumina thpe =0, 1, =0 19.6 10.8
6 Gas only L, =0,1,=01,=0 11.6 54
7 Much cooler wall T, =800K 55.4 21.9
8 Cooler wall T,=1200K 572 219
9 Hotter wall T, =2000K 74.8 2.1
10 Much hotter wall T, =2400K 97.7 224
11  After burning 8pe = 0.1 112.0 81.3
12 Lower scattering Tope = 65.9 22.8
13 Much lower scattering Lipe = 69.4 23.1
14  Less hot alumina Lype =0.5 49.7 17.2
15 Calculated particle Particle optics Egs. (4-10) 35.6 12.0
optics and temperature Tp calculated, esp>0
16  As run 15 with As above with &) 88.8 75.8
afterburning calculated
R . . 8,
nADmMETEn[l] - o =
| PLUME a—— NONGRAY 30
) INTENSITY === GRAY
THROAT . P =
- HALF ANGLE 8 $=0 ¢=180 o
o = EXIT PLANE z AXIS
2) 1 .
4l al Z=5.76
el 51 20.44 p .
BASE ! ! 90
RECEIVERS © 10 20 30 40 50
' . . INTENSITY, W/em?sr
Fig. 5 Base receiver locations. »
Fig. 6 Gray vs nongray behavior (see Tables 1 and 2 for conditions).
Results - == GAS ONLY
Base Case : = == GAS AND SOOT

Table 1 defines the base-case nominal values of large-parti-
cle optical depth, small-particle optical depth, gas composi-
tion, soot loading, nozzle and plume geometry, axial
variations of optical depth, and large-particle emissivity and
emissive power that were chosen. Calculations were made
using 1024 Monte Carlo samplings per zone and 56 wave
numbers. After the source functions were found, calculations
were made to obtain directional distributions at two locations
on the plume boundary (Z* = 5.76 and 9.44 exit radii from
the apex of an assumed 10-deg cone) and at six aft-facing
receiver locations, as shown in Fig. 5.

Nongray Particle Radiation

Gray particle calculations using the properties at Ag=1.77
um as constant values throughout the spectrum were made for
comparison with nongray particle radiation. The results of
runs 1 and 2 in Table 2 show only a small difference, probably
because the variations in K}, and ¢, give a constant product of
the two, and the base-case small-particle optical depth is large.
Shown in Table 2 are values of w7 (Z* =5.76) and 3.68 radii
down from it (Z* =9.44). The values are seen to be 62.6 and
22.0 W/cm? for the nongray case vs 62.6 and 22.4 W/cm? for
the gray case. Figure 6 shows the intensity variation with polar
angle 8 for ¢ =0 (directed upstream) and ¢ = 180 deg (directed
downstream).

Gas and Soot Radiation

Comparisons of runs 1 and 3-6 show the effects of soot
and gas radiation. Figure 7 shows the intensity directed fore

/'g-\\

e PARTICLES ONLY

w=een GAS AND PARTICLES

omme GAS, SOOT, PAPTICLES
-

Fig. 7 Effect of radiating species (see Tables 1 and 2 for conditions).

and aft. If the gas contained no particulates, values of =7 at
the two locations are 11.6 and 5.4 W/cm?. If soot is added in
the amount assumed, the values bécome 19.6 and 10.8. Alu-
mina alone contributes 61.5 and. 17.4 W/cm?. Alumina parti-
cles plus gas gives 64.4 and 21.0, whereas aliitnina plus soot
plus gas gives 62.6 and 22.0.W/cm?2,

The values show that, unlike Nelson’s® SIRRM calculations
of signature, the gas and assumed soot have little effect upon
the near-field radiation determining base heating. The bulk of
the radiation is alumina particle radiation, and soot, if
present, subtracts a little from it, partially offsetting what
little the gas radiation adds.

Nozzle Wall Radiation

Nozzle wall radiation, as shown in runs 1 and 7-10 and in
Fig. 8, shows a dramatic effect upon the exit radiosity but
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very little effect upon the downstream radiosity at Z* =9.44.
As the wall temperature is varied from 800 to 2400 K, the exit
radiosity climbs from 55.4 to 97.7 W/cm?2, nearly a factor of
two. The downstream value of =l climbs only from 21.9 to
22.4 W/cm?. The exit radiosity and apparent axial decay are
affected greatly by a nozzle wall temperature above 1200 K.

Afterburning

As a crude indication of what effects plume boundary
mixing and afterburning at sea level might have, the outer
conical zones (zones 22-25 in Fig. 4) were assumed to be at
core gas temperature plus 1000 K. The effects are dramatic.

RADIATION FROM SOLID ROCKET MOTOR PLUME

Not only does the exit radiosity in run 11 shoot up from 62.6 -

to 112.0 but the downstream radiosity leaps from 22.0 to 81.3
W/cm2, Thus the calculated exit radiosity and the axial decay
are profoundly affected.

Small-Particle Population

Depending upon the number of small particles in the
plume, the scattering optical depth can be larger or smaller.
The nominal case was f,,, = 10. Runs 12 and 13 show results
for t,. =5 and 2, respectively. The plume radiosity climbs
somewhat as ¢, drops. More dramatic, however, is the
change in directional distribution of the plume intensity
shown in Fig. 9. As 7, drops, the intensity emerging from
lines of sight penetrating upstream into the flow rises. The
radiation directed upstream to the base region changes only
3.5% in the calculations shown in Table 3.

-—

4] 10 20 30 40
INTENSITY W/cm?sr

Fig. 8 Nozzle wall temperature effect (see Tables 1 and 2 for condi-
tions).
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Large-Particle Population

Varying the large-particle population has a significant im-
pact, but the result is less than linear when the product of
&40 K. is 0.4. Runs 1 and 14 show that, as ¢, K, drops from
0.4 to 0.2, the exit radiosity drops from 62.6 to 49.7 W/cm?.
Figure 10 shows the corresponding intensity plots.

Particle Cooling

Rather than employ the fits in Eqs. (11-15) and the
assumed &, and B, axial decays, the spectral optics were
calculated via Eqs. (4-10), and the particle temperature was
calculated from heat-transfer considerations. Comparisons of

- 0,\
tepe [}

— — 2

—— 5

0 10 20 30 40
INTENSITY, W/cmZsr

Fig. 9 Effect of small-particle optical depth (see Tables 1 and 2 for
conditions).

- 0“\
t [}
hpe

0 10 20 30 40
INTENSITY, W/cm?sr

Fig. 10 Effect of hot particle optical depth (see Tables 1 and 2 for

conditions).

Table 3 Irradiation of plume upon different receiver locations

Irradiation, W/cm?

Run R, R; R3 Ry Rs Rg
1 Nominal case 2.55 0.53 1.35 0.54 0.81 0.52
2 Gray particles 2.54 0.41 1.34 0.53 0.81 0.51

| 3 No soot 2.55 0.41 1.32 0.53 0.78 0.51
4 No soot or gas 2.27 0.36 1.14 0.46 0.66 0.44
5 No alumina 1.14 0.25 0.64 0.29 0.39 0.26
6 Gas only 0.59 0.11 0.33 0.14 0.20 0.13
7  Much cooler wall 242 0.39 1.31 0.51 0.79 0.50
8 Cooler wall 2.46 0.40 1.32 0.52 0.79 0.50
9 Hotter wall 2.77 0.45 1.42 0.58 0.84 0.55

10 Much hotter wall 3.14 0.51 1.53 0.65 0.89 0.61

11  Afterburning 8.11 1.46 485 1.88 3.05 1.82

12 Lower scattering 2.60 0.42 1.38 0.54 0.82 0.53

13 Much lower 2.64 043 1.40 0.56 0.83 0.54

scattering

14  Less hot alumina 1.97 0.32 1.04 0.42 0.63 0.40

15 Calculated particle 1.30 0.21 0.69 0.28 0.42 027

optics and temperature

16 As run 15 with 8.06 1.46 472 1.84 2.86 1.74

afterburning
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Fig. 11 Effect of afterburning according to the particle cooling model
(see Tables 1 and 2 for conditions).

runs 1 and 15 show that the calculated exit radiosity drops to
a low value not seen in test data for low expansion ratio
boosters.2* With afterburning, however, the results of the run
16 did not change in any essential qualitative manner from
the calculated run 11 and did not greatly change quantita-
tively. Detailed examination showed that g, was 0.08 rather
than the assumed 0.4 baseline value, and the optical depth ¢,,
was greater since the product of ¢, ¢, had been kept constant
in the comparison. The assumed values of large and small
alumina particles required an 80-20 mass split, with 80%
having a 5.2-um mean diam in accord with Eq. (9) and 20%
having a 0.5-um diam. Figure 11 shows the intensity variation
with and without afterburning.

Figure 9 does show that, if optical depth of the small
alumina particles were to fall to as low as 2, marked changes
in the directional distribution of the radiosity result.

Base Heating

Table 3 shows the base heating values for the runs tabu-
lated in Table 2. Afterburning is indicated again as having a
large effect on base heating. However, a vacuum-fired SRM
may show a greater half-angle § than an atmospheric-fired
SRM.

Discussion

The addition of nongray gas and soot radiation to PAR-
RAD has little impact on base heating predictions as long as
the alumina content of the SRM plume is appreciable. As
long as the plume is scattering thick at the nozzle exit, base
heating predictions are little affected by the nongrayness of
the particle populations.

Prior to the findings of Konopka et al.!l that frozen
alumina containing impurities does have an appreciable ab-
sorptive index, n,, it was difficult to conceive that a rational
model could explain the exit radiosity values of order 10> W/
cm? observed.?* One was tempted to speculate® that large
particles pass through the throat and break up gradually in
the supersonic section of the nozzle only just upstream of the
exit and/or that they contained a fraction of unburned alu-
minum that would react with oxygen-bearing combustion
products. With the n, data of Ref. 11, the uncoupled particle
cooling calculation reported here indicates values of 36 W/
cm? without afterburning and 89 W/cm? with it. It is now
clear that a coupled two-dimensional particle cooling code
(with heat from the cooling particles reheating the expanding
gas and with the heavier particles remaining centrally concen-
trated due to their greater inertia against radial expansion)
will predict even greater values, thus, approaching observa-
tions. A phenomenological model including afterburning
needs to consider atmospheric entrainment and the resulting
change in adiabatic flame temperature in the mixing layer.
Such a model appears to be within reach.

Even if a realistic phenomenological model is achieved, a
fast-running model such as PARRAD may continue to be of
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Table 4 Recommended starting point parameters for predicting

base heating
Particle Large-particle optical depth 0.0125m, /R,
optics Large-particle emissivity 0.15
Small-particle optical depth 0.125n1,R,
Small-particle emissivity 0.01
Small-particle emissivity in
the atmospheric mixing layer 0.02
Emissivity decay exponent 1.0
Source decay exponent 1.0
Geometry decay exponent 1.0
Exit Large-particle temperature 2320K
conditions Small-particle temperature in

the atmospheric mixing layer 2900 K

engineering use for predicting base heating. In view of the
variability of SRM impurities drastically affecting particle
optics (recall the quotation from Ref. 11), calculational mod-
els for base heating will continue to require empirical data for
fine tuning. Table 4 lists a set of parameters to be used as a
starting point in such tuning.
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