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The semiinverse marching characteristics scheme (SIMA) was extended to treat rotational flows; it is 
applied to computation of free plumes, starting out from nonuniform nozzle exit flow that reflects substantial 
viscous effects. Since measurements of exit flow in small nozzles (exit diameter of several millimeters) are 
typically unavailable, the exit plane flow is approximated by introducing a power-law interpolation (PLI) 
between the exit plane center and lip values. Exit plane flow variables thus approximated are Mach number, 
pressure, flow angle, and stagnation temperature. This choice is guided by gasdynamic considerations of 
exhaust flow from small nozzles into vacuum. The PLI is adjusted so as to obtain a match between 
computations and measurements at intermediate range from the nozzle. Computed plumes were found 
to be in good agreement with three different sets of small plume experiments. Comparative computations 
were performed using two alternate methods: the Boynton-Simons point-source approximation, and SIMA 
computation that started out from a uniform exit flow. It is demonstrated that for small nozzles having 
an exit flow dominated by viscous effects, the combined SLMAmLI computational method is reasonably 
accurate and is clearly superior to either of the two alternate methods. 

Nomenclature 
a 
C, 
C, 
M = Mach number 
P 
P, 
R = nozzle radius, rnrn 
T = temperature, K 
V = velocity, rnls 
V,, 
W = molecular weight, kglkrnole 
(X, Y) = Cartesian coordinates (Y is axis of symmetry), rnrn 
0 

p 
y = specific heats ratio 

p = density, kg/rn3 
(?,e) 

rnrn 
V 

= speed of sound, rnls 
= streamlines corresponding to 0 
= characteristic lines corresponding to (0 f p) 

= pressure, M P a 
= Pitot pressure, M P a 

= limiting (maximum) gas velocity, rnls 

= inclination of flow velocity vector relative to X 

= Mach angle, sin p = M-l 
axis 

r = [(y + i) /(y - i)iin 

= length coordinates along C, characteristic lines, 

= Prandtl-Meyer function u(M) = r arctan [r-l 
(Mz - 1 ) 9  - arctan [ (Mz  - l)lD] 

Indices 
S = stagnation property 
C = chamber conditions 
a 
e 
1 
t 
W 

= pertaining to nozzle axis (at exit plane) 
= pertaining to nozzle exit plane 
= pertaining to nozzle lip (at exit plane) 
= pertaining to nozzle throat 
= pertaining to nozzle wall (at exit plane) 
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I. Introduction 
KNOWLEDGE of the structure of rocket exhaust plumes A in space is necessary for the analysis of engineering prob- 

lems related to plume impingement such as heating, contamina- 
tion, plume induced forces, surface degradation, and charging.' 

Nozzle boundary layers influence those regions of the plume 
that are far from the axis, especially in small nozzles. It is an 
important factor for many applications, particularly since the 
boundary layer enhances plume spreading to large angles. 
Spacecraft surfaces may thus be subjected to undesirable forces, 
heat loads, or contamination which can reduce the lifetime of the 
spacecraft or impair the functioning of some vital subsystems. 

The purpose of this paper is to present a computational 
scheme for rocket exhaust plumes which yields good agreement 
with experimental data at the intermediate range of several 
times lOR, and large angles from the plume's axis, particularly 
in small thrusters where the nozzle boundary layer dominates 
the flow at the nozzle exit plane. 

An experimental way for analyzing spacecraft plume flow- 
fields and impingement effects is studying rocket exhaust 
plumes under laboratory conditions. However, since enormous 
pumping capabilities are necessary to maintain high vacuum 
during thruster firing, this approach is restricted to small 
thrusters.l 

Turning to theoretical analysis, an analytic approximation 
suggested by Boynton2 and Simons3 is often employed for esti- 
mating the far field in a plume flow. The basic idea of this 
nonisotropic point-source model is that the continuum flowfield 
outside of the nozzle is divided into an isentropic core expansion 
region and a boundary-layer expansion region. Far from the 
nozzle all streamlines are assumed to be straight and to emanate 
from a virtual origin at the center of the nozzle exit plane. 

A reasonable agreement between experimental data and the 
Boynton-Simons model was found."* However, the application 
of the analytical Boynton-Simons approximation to regions of 
large angles from the plume axis yielded densities smaller by 
as much as a factor of 10 relative to experiments:* Moreover, 
semiempirical expressions for transverse profiles of density for 
the isentropic core expansion agreed with the experimental 
results only at large distances from the nozzle of around SOR,: 
Thus, improved numerical computations are called for to enable 
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