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ABSTRACT.  This paper presents a method based on the separation of non-scattered and scattered 
radiance to compute the infrared signature at moderate spectral resolution of rocket exhaust plumes 
containing liquid or solid alumina particles. The method is first described and tested on simple 
configurations in order to evaluate both non-scattered and scattered contributions. It is then used on a 
plane parallel media with a vertical profile similar to a rocket plume. Spectrally averaged radiance 
computed by this approach is compared to a reference line by line method only applicable in simplified 
media. 
. 
 

INTRODUCTION 
 
Solid rocket motors (SRM) with aluminized propellants produce exhaust gases like H2O, CO2, CO, 
H2 and HCl, and also liquid or solid alumina (Al2O3) particles. Aluminum in propellants has two 
assets: first, the micron-size particles stabilize the combustion chamber process. Second, aluminum 
increases the combustion chamber temperature, and thus heightens the rocket specific impulse [1]. 
As a consequence, civil SRM composite propellants are generally enriched with 20% of aluminum 
in mass. However, the large amount of hot alumina particles in the exhaust plume tends to overheat 
the rocket base. Besides, as far as military rockets are concerned, the alumina particles contribute 
largely to the infrared signature: this has a negative effect on the missile discretion. 
Detection performance of an aluminized SRM requires the computation of the infrared signature 
emitted by the exhaust plume and received by a distant sensor. First, the rocket plume aero-thermo-
chemical properties are evaluated through equations of mass, momentum and enthalpy. Then the 
radiative transfer equation (RTE) is solved in the exhaust plume and throughout the atmosphere up 
to the optronic sensor. The spectral resolution must be as small as 5 cm-1 in order to select the 
optimal spectral band to maximize the detection probability. Therefore, the RTE must be solved in a 
medium that may be heterogeneous in terms of temperature, pressure and composition, and must 
deal with scattering due to alumina particles.  
Computing the RTE solution with scattering along a given line of sight (LOS) involves the 
computation of multiple other LOS whose contribution is scattered into the first LOS direction. As a 
consequence, there is no simple analytical solution to the RTE that can be spectrally averaged. The 
inadequacy between scattering and spectrally-averaged gas absorption description has been 
underlined by several authors since decades [2,3,4]. Some methods have been developed to 
overcome this problem. Malkmus and Reed [5] considered a scattering medium where the phase 
function can be modeled with two Dirac pulses: one for the forward scattering, one for the 
backward. This simplification enables to derive an analytical expression of the intensity computed 
on a homogeneous segment and averaged on a small spectral interval, which extends the band 
models to scattering media. One can then use Curtis-Godson approximation to get the spectrally-
averaged intensity on a heterogeneous path. However, this method is restricted to a poor scattering 
phase function description: it cannot describe the radiation angular dependence, which is crucial to 
predict the SRM plume infrared signature. A second method uses the correlated-K (CK) approach 
[6]. In that case, the monochromatic RTE is solved on several points in the spectral interval where 
the absorption coefficient is computed, and then the spectrally-averaged intensity is obtained by 
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