546

J. SPACECRAFT

Evaluation of Rocket Plume Signature Uncertainties

H.F. Nelson*
University of Missouri—Rolla, Rolla, Missouri

A method is developed with which to evaluate the uncertainty in predictions of the infrared signature of -
metalized fuel, solid-propellalit rocket plumes. The method consists of 1) identifying parameters that represent
the major sources of uncertainty, 2) evaluating the infrared signature as each parameter is varied about its
nominal value, 3) determining the uncertainty interval of each parameter and 4) root sum squaring the uncertain-
ties to obtain the uncertainty factor for the infrared signature. Uncertainties in the index of refraction, particle
size, temperature and number density, gas mole fraction temperature, plume pressure and radius, and A1,0;
melting temperature, are considered. These uncertainties are combined to yield an overall uncertainty in the
plume infrared emission and a relative ranking of the importance of each uncertainty parameter. Numerical
results are generated using the standardized infrared radiation model (SIRRM) code for a solid-propeliant tac-
tical rocket plume. The most important parameters in the tactical rocket signature uncertainty are 1) Al,0; par-
ticle temperature, the real part of the refractive index and plume radius at 90 deg aspect angle and 2) the real part
of the A1;0; particle refractive index, the A1,0; particle temperature and size, and plume size at a nose-on
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aspect angle.

Nomenclature
= parameter f;/(nominal value of parameter f;)
=radiant intensity, W/cm?
=intensity/(nominal value of radiant intensity)
=imaginary part of particle index of refraction
= particle mass loading in plume, g/cm?
=real part of particle index of refraction
= particle number density, 1/cm?
=pressure, atm
=particle radius, pm
= plume radius, cm
= gas tempeérature, K
= particle melting temperature, K
=particle temperature, K
=gas mole fraction (component i)
= nondimcnsional uncertainty interval, df;/f;
= particle density, g/cm?
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Introduction

HE effectiveness of tactical missiles is largely dependent
on the magnitude of their exhaust plume signatures. Ex-
hausts from solid-propellant rockets contain substantial
amounts of particulate matter, which scatters photons and
thereby influences the radiation transport processes in the
plumes and the radiative emission from the plumes.!-* Radia-
tion scattering influences the plume flowfield properties and
shock wave structure® and the aspect angle dependence of
the signature, especially at near nose-on aspect angles.*
Because of base heating, radiation emitted from rocket
plumes also plays an. important role in missile design.**$
Plumes of aluminumized, composite solid-propellant
rocket motors contain liquid and solid aluminum oxide par-
ticles. The size, density, temperature, phase, and velocity of
these particles influence motor performance, nozzle design,
base heat transfer, plume infrared signature, and en-
vironmental fallout. Most of the effort to characterize
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aluminum oxide particles has involved measuring their size
distribution.”® Konopka et al.!° measured the imaginary
part of the réfractive index of aluminum oxide particles in
the temperature range of 1700-3000 K for particles captured
from the exhausts of two full-scale aluminized rocket
motors. The measured values for the captured particles dif-
fered widely from those of commercial grade pure A1,0,
particles. Differences as large as a factor of 10 were found
between the particles from the two rockets and differences of
factors of 10-100 between the commercial grade A1,0, par-
ticles and the rocket particles. Thus, there is considerable
uncertainty in the value of the A1l,0; reéfractive index.
Refractive index and particle size are very important proper-
ties for calculation of Mie scattering. Errors.in size distribu-
tion and refractive index lead to errors in radiative scattering
that, in turn, lead to errors in predicting radiative heating
and signature magnitude.

In this study, a method is developed that systematically ac-
counts for and evaluates the uncertainties involved in predic-
ting infrared radiation emitted from aluminized rocket
plumes. The approach consists of identifying the important
parameters for plume infrared radiation calculations and
then perturbing these parameters individually about a set of
nominal values to establish their influence on the emitted
radiation. Finally, all of the individual uncertainties are com-
bined using an appropriate statistical method to obtain the
uncertainty factor for the infrared plume signature. This
analysis represents the first comprehensive effort directed at
quantifying the level of uncertainty associated with rocket
plume radiation signatures. It is conducted for a typical
solid-propellant tactical rocket motor plume. The uncertain-
ties are analyzed for the plume as viewed at aspect angles of
0 and 90 deg or nose-on and broadside, respectively.

Approach
Formulation

The theoretical analysis is based on the functional relation-
ship for the radiation emitted from a rocket exhaust plume,

I=I(n;k:Mr; Tp’ Tm:Xi: Tg:R)P) (1)

The uncertainty in the value of I can be related to the
uncertainty in the value of each of the parameters in Eq. (1).
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Error Analysis

Statistical error analysis can be applied to Eq. (1) if 1) the
parameters are independent, 2) the uncertainties in the
parameters are Gaussian distributed, and 3) the partial
derivatives of the dependent variables with respect to the
parameters are linear over the uncertainty interval.!!-13
When these conditions are satisfied, the total uncertainty is
obtained by taking the square root of the sum of the squares
of the partial derivatives times the uncertainties of the in-
dependent parameters,

oI = [E (:—;i 6f,-) 2] * ()

This is sometimes referred to as the root-sum-square (RSS)
technique. Care must be taken when applying this technique
because the requirements for its application are seldom met;
however, RSS error estimates are known to yield acceptable
predictions when the random error sources do not meet all,
or even most, of the restrictions. %13

The mathematical expression for the plume signature

uncertainty becomes
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when the RSS method is applied to Eq. (1). The sum on j in
Eq. (3) accounts for the uncertainties in the mole fraction of
the j gases in the plume. If more than one particle size exists,
the terms involving N, 7, and T, must be summed over the
number of particle size groups.

Application of the RSS method requires that each
parameter is independent of all others, a situation that is not
true for all the parameters in afterburning exhaust plumes.
Some of the strongly coupled parameters are: particle
temperature and gas temperature; gaseous species and gas
temperature; and plume size, temperature, and pressure. In
the current analysis, one parameter is varied at a time, while
all other parameters are held constant at their nominal
values. Consequently, any change in the overall plume inten-
sity can be attributed to the parameter that was changed.
This yields a numerical approximation to the rate of change
of the plume intensity with respect to the variable parameter.
In a strict sense, this evaluation of the variation in plume in-
tensity is slightly in error; but if the parameter changes are
small and the intensity changes are small, this approach
yields an acceptable first-order evaluation of the plume
radiation sensitivity with respect to the parameter of interest.

Uncertainty Parameters

The plume radiation emission error that can be related to
a specific parameter is determined from numerical solutions
with the value of the parameter perturbed from its nominal
value. The individual terms in Eq. (3) represent the perfor-
mance errors for specific parameters. Each term is composed
of two parts: a weighting function and an uncertainty inter-
val. The value of the weighting function is determined by
evaluating the change in the nominal solution when a specific
parameter is changed from its nominal value.

Uncertainty Intervals

The uncertainty interval is defined by inspecting the scatter
in experimental data and theoretical results reported in the
literature. Some of the uncertainty interval values are subject
to interpretation. The uncertainty on n for Al,0; was
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assumed to be +0.30, while that of k was taken to be
+£0.50.1%1415 The uncertainty on the mass loading

m=4xr’pN/3 @

becomes a function of the uncertainty of particle radius, par-
ticle density, and particle number density as

-G @T e

The uncertainty in particle density and number density can
be large.!%!4!5 The density of liquid and solid particles can
differ by up to 20%. It can also change due to the type of
structure of the particle and due to impurities in the particle.
The number density is hard to predict and subject to errors
of +25%.!% The uncertainty in mass loading is directly
related to the uncertainty in number density, as shown in Eq.
(5) for constant particle radius and density. Consequently,
the value of N was changed to yield a change in mass
loading. However, when r was changed (to determine the
sensitivity to particle size), the value of N was also changed
to keep the particle mass loading constant.

A single size was used for the nominal particle size
distribution. It is well known that real exhaust plumes con-
tain a distribution of particle sizes.® Sensitivity to changes in
the complex index of refraction for a distribution of particle
sizes may be slightly different than the sensitivity obtained
from a single size. However, the use of a single particle size
is justified because the exact particle size distribution for
afterburning plumes is not well known.%1¢

The uncertainty interval for particle radius was taken to be
+0.50, based mainly on Refs. 9, 10, and 15. The uncertainty
interval of gas temperature!>'7-1* was taken as =+0.10 and
that for particle temperature?® as +0.20 (although in shock
tube tests, gas temperature error!> can be held to +0.05).
The heat transfer between the particles and the gases is very
hard to model and predict. The melt temperature uncertainty
interval was assumed to be +0.05.!° There is some question
as to what happens to the imaginary part of the index of
refraction of A1,0; at the melt temperature as the particles
change phase.!%% Also, the particles do not change phase in-
stantaneously.?? The melting and solidification process for
A1,0; particles in plumes is not well understood. The uncer-
tainty interval for the gas mole fractions was taken as +0.20
from turbulent flame studies.!”!® The uncertainty interval
for plume pressure was taken as +0.20, even though Ref. 16
shows much larger pressure uncertainties. The plume radius
uncertainty interval was assumed to be +0.10. The uncer-
tainty in the broadside plume radiating area is directly
related to the plume radius uncertainty.

Results and Discussion

The standard infrared radiation model (SIRRM) numerical
code was used to predict the infrared radiation from the
plume flowfields. The flowfields were generated using the
Standard Plume Flowfield (SPF-1) numerical code. Both of
those codes are current and involve the best available physics
in their calculations. The particle property data used was the
original SIRRM data with the unity albedos changed to
0.9998.

The SPF-1 code predicts rocket exhaust plume flowfield
structure at low (0-70 km) altitudes.?2-?5 It partially accounts
for two-phase plumes in that it calculates the mole fraction
of particle molecules at each axial and radial flowfield point,
which can be converted to a number density of particles of a
specific size. Because of this limitation, heat and mass
transfer between the particles and gases are not accounted
for. The SPF-1 code includes the effects of viscous/non-
viscous interactions, turbulent mixing, exhaust shock wave
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Table 1 Nominal conditions for tactical rocket plume

Nozzle Exit Composition

Temperature, Pressure,
Gas Mole fraction K atm
H,0 0.103 2070 1.069
CO, 0.0124 2070 1.069
CcO 0.169 2070 1.069
Number
density, Temperature, Radius,
Particle 1/cm3 K pm
AL 0, 1.173 x 108 2470 1.5
Plume Radiation
Aspect angle
90 deg 0 deg
Band, ym I, W/sr I, W/sr
2-3 7988 159.6
3-4 2412 18.2
4-5 8083 122.9
2-5 18,464 ) 300.7
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Fig. 1 Centerline gas mole fractions (left) and Al,0; number den-
sity (right) as a function of an axial distance from the nozzle exit for
the tactical rocket plume.
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Fig. 2 Centerline gas and particle temperature (left) and plume
radius (right) as a function of axial distance from the nozzle exit for
the tactical rocket plume.

structure, including total pressure losses and the Mach disk,
nonequilibrium chemistry, and gas/particle fluid dynamic
interactions.

The SIRRM code calculates the infrared radiation emitted
from exhaust plumes.!426 It considers multiple scattering and
emission/absorption processes in a rigorous, but computa-
tionably tractable approach as a function of radial and axial
position in the plume. The code contains options for dif-
ferent degrees of sophistication in treating particulate scat-
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Fig. 3 Broadside spectral intensity of the tacticai rocket plume as a
function of wavelength.

tering. The six-flux option was used in the present analysis.
SIRRM also contains an up-to-date data base for aluminum
oxide, carbon, magnesium oxide, and zirconium oxide par-
ticles, and 26 i.r. active gases in the 2-25 um spectral range.
The uncertainties were evaluated by running SIRRM code
for the nominal plume, then individually perturbing each
parameter of Eq. (3) above and below its nominal value, and
rerunning SIRRM. The radiation results were plotted vs the
perturbed parameter and the slope of the resulting curve was
obtained at the nominal value of the parameter. This ap-
proach yielded the value of the weighting function of the
emitted radiation with respect to each specific parameter.

Tactical Rocket Plume

The solid rocket motor propellant was assumed to be
similar to the propellant used in the Space Shuttle solid
rocket boosters (SRB-TP-H-1148). The combustion chamber
pressure was 53 atm. The rocket nozzle had an expansion
ratio (A/A*) of 7.5, a 15 deg half-angle, and an exit
diameter of 7.62 cm. The rocket was assumed to be flying at
4.6 km (15,000 ft) altitude at Mach 1. The exhaust plume
contained 28.6% A1,0; particles by weight. Table 1 gives
the nominal nozzle exit composition and plume radiation for
the tactical rocket motor.

Figures 1 and 2 give the rocket plume centerline values of
the gas mole fractions, particle number density, and particle
and gas temperatures as a function of axial distance behind
the rocket nozzle exit. The plume radius is also shown as a
function of distance behind the rocket. The plume undergoes
afterburning, as indicated by the strong temperature rise 3 m
downstream of the nozzle exit, the local maxima in the CO,
and H,O centerline mole fractions, and the rapid reduction
of the CO mole fraction as a function of axial position.

The solid tactical rocket infrared signature was obtained
for wavelength bands of 2-3, 3-4, 4-5, and 2-5 um. The
SIRRM code was run with a wavenumber step size of 10
1/cm at aspect angles of 90 and 0 deg (broadside and nose-
on). It was run using the 6 flux option; the grid size was 18
axial positions, 10 layers, and 4 radial positions. The rocket
was assumed to have a radius of 8 cm. The effect of the at-
mosphere between the plume and the detector was not
considered.

Broadside

Figure 3 shows the broadside spectral intensity from the
nominal tactical rocket plume. The projected side area is
19.42 m?. The CO fundamental band at 4.6 um, the H,0 2.7
pm band, and the CO, 2.7 and 4.3 um bands are the most
important radiation emission mechanisms. The A1,0, par-
ticles emit a low-level continuum across the entire spectral in-
terval. The magnitude of the intensity is large because it in-
cludes emission from the entire broadside area of the plume.

Figure 4 shows the nominal plume broadside station radia-
tion for each of the four spectral bands as a function of axial
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Table 2 Rocket uncertainty parameters at an aspect angle of 90 deg
2-3 ym 3-4 pm 4-5 pm 2-5 ym

Parameter al o 2 a7 al 2 ar 3 2 aT ar 12

T vy B B a3 (3]

af; ; : af; af; af; af; of; af;

n 0.30 0.15 0.0020 1.77 0.2820 1.10 0.1089 0.75 0.0506
k 0.50 0.11 0.0030 0.43 0.0462. 0.12 0.0036 0.14 0.0049
N 0.25 0.17 0.0018 0.29 0.0053 0.35 0.0077 0.27 0.0046
r 0.50 -0.12 0.0036 -0.12 0.0036 0.06 0.0009 —0.085 0.0018
Tp 0.20 2.65 0.2809 2.40 0.2304 1.08 0.0467 1.78 0.1267
T, 0.05 -0.21 0.0001 -2.27 0.0129 —0.66 0.0011 —0.65 0.0011
Xco, 0.20 0.12 0.0006 0.012 0.0000 0.10 0.0004 0.10 0.0004
Xu,0 0.20 0.55 0.0121 0.50 0.0100 0.022 0.0000 0.30 0.0036
Xco 0.20 0 0.0000 0 0.0000 0.009 0.0000 0.004 0.0000
T, 0.10 0.11 0.0001 0.80 0.0064 1.20 0.0144 0.66 0.0044
R 0.10 1.90 0.0361 1.80 0.0324 1.50 0.0225 1.65 0.0272
P 0.20 0.70 0.0196 0.50 0.0100 0.18 0.0013 0.40 0.0064
Sum — 0.3594 — 0.6392 — 0.2075 — 0.2323
8T=(sum)” — 0.5999 — 0.7995 -~ " 0.4555 — 0.4820

18 2-3 Table 3 Ranking of uncertainty parameters for broadside view of

pm solid rocket motor plume

12 1 ' Spectral interval, pm

2-3 , 3-4 4-5 2-5
6
Rank  f; % fi % fi % f %

0 1 T, 78.1 n 44.1 n 52.5 T, 54.5

7 3-4um 2 R 10.0 T, 36.1 T, 225 n 21.8

6 » 3 P 55 £ 72 K 108 R 117

4 Xm0 34 R 5.1 Tg 6.9 P 2.8

4 5 r 1.0 T, 2.0 N 3.7 k 2.1

'?T 6 k 0.8 P 1.6 k 1.7 N 2.0
E

£ 2

B

2 3 emission from the tail part of the plume (10-18 m) is
2 4-5um negligible.

2 s Table 2 summarizes the results of the uncertainty
z parameter analysis for the broadside plume signature of the

10 1 tactical rocket. It contains the uncertainty parameters f;, the
certainty interval &f;, and the uncertainty weighting function

5 a1/0f;. The uncertainty weighting function has a different
value for each spectral band, because it represents the change

42 in the band emission with respect to the change in a specific

2-5um parameter. Table 2 also contains the value of the squared
product of the uncertainty interval times the weighting func-

30 1 tion. This column is summed in the RSS method to obtain
the plume signature uncertainty for each spectral band.

s Table 2 gives the predicted nondimensional uncertainty in
the plume signature in each of the four spectral bands con-
sidered. The uncertainty in plume signature is highest in the

o - " 3-4 pm band, where most of the radiation is due to aluminum

) 5 10 15 )

AXIAL POSITION , m

Fig. 4 Broadside station radiation of the tactical rocket plume as a
function of axial position in the plume for four wavelength bands.

position behind the rocket nozzle exit. The most intense
radiation is emitted in the afterburning region of the plume.
The strongest emission comes from the 4-5 um band, which
is composed mainly of CO, and CO emissions. The 2 to 3
um band produces significant broadside radiation, while the
3-4 pym band, which is mainly A1,0; particle emission, is
the weakest of the three bands shown. The overall broadside
station radiation is shown in the lower graph for the entire
2-5 pym band. It is the sum of the three upper graphs. The

oxide particles. The spectral region from 2-3 pm has the se-
cond highest infrared radiation signature uncertainty. The ma-
jority of the radiation in this spectral interval is due to CO and
H,O emissions. The spectral interval from 4-5 um has the
smallest radiation signature uncertainty. The CO, is a strong
radiator in this spectral band (almost like a blackbody), so
small changes in the uncertainty parameters do not influence
the 4-5um band emission very much. )

The uncertainty of the plume infrared signature over the
entire 2-5 um wavelength band is predicted to be +0.48 or
the plume intensity is 18,464 8865 W/sr.

The information contained in Table 2 allows the uncer-
tainty parameters to be rated in order of importance. The
plume infrared signature is most sensitive to the uncertainty
parameters with the largest value of (91/3f;) &f;. Table 3 lists
the six most important uncertainty parameters for each spec-
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Table 4 Rocket uncertainty parameters at an aspect angle =0 deg

J. SPACECRAFT

2-3 um 3-4 pm 4-5 pym 2-5 pm

Parameter ar aI 2 aT " [ oI 2 oI aI 2 aT o7 2

"ty 1B 2 [ 5 [ 5 (3

g 7, af; afi /i af; af; Vi af; L af; Vi afi af; /i

n 0.30 -2.20 0.4356 —2.55 0.5852 —2.05 0.3782 —~2.30 0.4761
k 0.50 0 0.0000 0 0.0000 0 0.0000 0 0.0000
N 0.25 ~1.28 0.1024 ~1.60 0.1600 —0.60 0.0225 ~1.00 0.0625
r 0.50 0.92 0.2116 0.49 0.0600 —0.27 0.0182 0.38 0.0361
T, 0.20 2.00 0.1600 2.53 0.2560 0.95 0.0361 1.60 0.1024
T, 0.05 0 0.0000 —0.65 0.0000 -0.12 0.0000 —-0.08 0.0000
Xco, 0.20 0.03 0.0000 0 0.0000 0 0.0000 0.02 0.0000
Xm0 0.20 0.51 0.0104 0.80 0.0256 0.10 0.0004 0.30 0.0036
Xco 0.20 0 0.0000 0 0.0000 0.08 0.0003 0.03 0.0000
T, 0.10 1.75 0.0306 2.90 0.0841 2.90 0.0841 2.40 0.0576
R 0.10 2.80 0.0784 3.50 0.1225 3.20 0.1024 3.10 0.0961
P 0.20 0.43 0.0074 0.80 0.0256 0.10 0.0004 0.30 0.0036
Sum — 1.0364 — 1.3190 — 10.6426 — 0.8380
l=(sum)”  — 1.0180 — 1.1485 — 0.8016 — 0.9154

tral interval in their order of importance and gives their
percentage contribution to the total uncertainty. The plume
broadside infrared radiation is most sensitive to the particle
temperature and the real part of the particle refractive index.
The plume radiation is also very sensitive to the plume
radius. The imaginary part of the particle refractive index
becomes very important in the 3-4 pum spectral interval,
where most of the radiation is due to the particles. Other im-
portant parameters are the plume pressure and gas
temperature.

Nose-on

Figure 5 shows the predicted nose-on spectral intensity as a
function of wavelength for the nominal tactical rocket
plume. The projected frontal area is 3.02 m2. The signature
has similar spectral characteristics to the broadside plume
signature, except that the magnitude is much smaller. Recall
that the rocket has a radius of 8 cm, so it blocks the radia-
tion from the center of the plume. However, scattering in the
plume allows some of the radiation from the center of the
plume to eventually be directed in the nose-on direction.

Table 4 presents a tabulated summary of the RSS method
applied to the nose-on plume signature. The same uncertainty
parameters that were used for the broadside study are used
here. Again, four spectral bands are considered. The uncer-
tainty in the plume nose-on signature is greatest in the 3-4 ym
band, where the A1,0; particles are the most important
radiators. Radiation scattered by the A1,0; particles plays an
important role in the nose-on signature because it allows
radiation from the center of the plume to circumvent the

WA sr-um)
g
L

200 A
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Fig. 5 Nose-on spectral intensity of the tactical rocket plume as a
function of wavelength.

blockage due to the rocket. The radiation emitted in the 4-5
pm band has the smallest uncertainty, but it still has over a
80% uncertainty. The uncertainty in the entire 2-5 pm
wavelength band is predicted to be +0.92 or the plume inten-
sity is 300.7 £275.3 W/sr.

Table S lists the six most important uncertainty parameters
and their percentage contribution to the total uncertainty for
each spectral interval for the nose-on plume signature. The
2-3 um spectral region is most sensitive to four uncertainty
parameters related to the A1,0; particles and the real part
of the particle index of refraction, their size, temperature,
and number density. Even though the particle emission is
relatively small in this spectral interval, the radiation is very
sensitive to the presence of the particles. In addition, the
signature is quite sensitive to the uncertainty in the plume
radius. For nose-on situations, one expects the plume
signature to be sensitive to the plume radius because of par-
tial blockage of the plume by the rocket.

In the 3-4 pm spectral interval, most of the radiation is
emitted by the particles. Hence, the signature is most sen-
sitive to the real part of the particle refractive index, particle
temperature, and number density, as well as the plume
radius. In addition, the plume signature is somewhat sen-
sitive to the gas temperature and particle size. The imaginary
part of the refractive index, which controls particle emission,
does not contribute to the uncertainty because its weighting
function is zero.

The plume signature in the 4-5 pm spectral interval is
dominated by CO, and CO gas emissions; consequently, the
plume radius and gas temperature are important uncertainty
parameters. The real part of the particle refractive index is
the most important uncertainty parameter, largely because it
controls the radiation scattering. The four particle-related

Table 5 Ranking of uncertainty parameters for nose-on view of solid
rocket motor plume

Spectral interval, um

2-3 3-4 4-5 2-5
Rank fi % fi % fi % fi %
1 n 42.0 n 44.4 n 58.9 n 56.8
2 r 204 T,” 194 R 159 1, 122
3 7, 15.4 N 121 7, 131 R 11.5
4 N 9.9 R 93 T, 56 N 7.5
5 R 7.6 T, 64 N 35 T, 6.9
6 T, 3.0 r 4.6 r 2.8 r 4.3
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parameters (refractive index, temperature, number density,
and size) are still relatively important.

The overall signature in the 2-5 um spectral interval is
most sensitive to the real part of the particle refractive index,
particle temperature, and the plume radius. These
parameters are followed by particle number density and gas
temperature It is interesting to note that the nose-on plume
signature is not very sensitive to the imaginary part of the
particle index of refraction. This occurs because the particle
emission is very small relative to that of the gases. However,
the real part of the particle index of refraction, which is
closely related to scattering, is extremely important in
signature evaluation. ,

In comparing the broadside and nose-on results, one
should note that the nose-on plume signature is more uncer-
tain than is the broadside signature. In general, the plume
signature is most sensitive to the real part of the Al,0,
refractive index, particle temperature, and plume radius for
both nose-on and broadside cases.

Conclusions

The objective of this study was to determine the influence
of the uncertainty in each of the parameters that contributes
to the uncertainty in the infrared radiation emnission from
rocket motor plumes, results were obtained for a tactical
rocket plume for both broadside and nose-on aspect angles.
The uncertainties for each parameter were combined by the
root-sum-square method to yield overall plume emission
uncertainties in four wavelength bands: 2-3, 3-4, 4-5, and
2-5 pm. The uncertainty in broadside emission from the tac-
tical rocket plume was most sensitive to the uncertainty in
the real part of the particle refractive index, particle
temperature, plume radius, and particle melt temperature.

The uncertainty in the tactical rocket nose-on infrared
plume signature was most sensitive to the uncertainty in the
real part of the particle refractive index, particle radius, par-
ticle temperature, plume radius, particle mass loading, and
gas temperature. In neither case was one uncertainty
parameter most important for all the bands.

Based on the relative ranking of the uncertainty
parameters investigated herein, it is recommended that
future research activities be directed toward improving the
predictability of the A1,0; particle properties in the plume.
The major cause of the uncertainty in the plume signature is
strongly coupled to the uncertainties associated with the
A1,0; properties.
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