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Particle Drag Coefficient in Solid
Rocket Plumes
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Nomenclature
A = particle cross-sectional area, 7d>/4
a = speed of sound in gas
Cp = particle drag coefficient, 2D/(pU?A)

(Cl))uvc = see Eq‘ 7

(Cp)osme = particle drag coefficient from direct
simulation Monte Carlo

drag force

particle diameter

Knudsen number

freestream Mach number

Reynolds number based on particle diameter
molecular speed ratio, MVy2

. T, = gas temperature, particle temperature
gas-particle relative velocity

mass fraction of gas i

ratio of gas specific heats

gas density
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Introduction

HE effect of drag on trajectories of particles in solid

rocket plumes can significantly influence convective and
radiative heat transfer to the base of the rocket and plume
radiation signatures. In this Note we present a comparison of
direct simulation Monte Carlo (DSMC) drag coefficients for
particles in solid rocket plumes with predictions of four em-
pirical drag correlations currently used in plume codes. Typ-
ically, the particles are composed of aluminum oxide and have
diameters from 1 to 10 um. Due to their small size they exist
in a rarefied flowfield at altitudes greater than about 40 km.
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Particle Kn vary from 0.5 to 1000, or larger. The plume gas
temperatures are of the order of 2500 K in the core and 200
K at the outer edge. Gas-particle relative velocity can vary
by up to +5000 m/s. Also, the composition of the plume is
a mixture of many gases including H,O, H,, N,, O,, OH,
NO, H, O, CO, CO,, Cl,, and Cl, as well as others.

DSMC Method

The DSMC method was developed by Bird!~* for appli-
cations to low density flow for Kr ranging from 0.025 to 100.
For Kn < 0.025 the flow is continuum, for Kn > 100 the flow
is free molecule. DSMC considers a number of simulated
molecules, each representing a large number of real mole-
cules. The motion of the molecules is computed in the region
surrounding the particle. Molecular paths between collisions
are calculated exactly, but collisions are treated statistically.
Molecular motion is stopped while collisions are computed
statistically throughout the entire flowfield. Next, the mole-
cules are allowed to move in their new directions with their
new velocities for a short time and then held motionless in
their new positions, while another collision cycle takes place.
The collisions are computed by statistical sampling. Accurate,
steady-state values of flowfield properties and body-forces are
obtained by continuing the calculations for a long period of
time while computing a cumulative average of instantaneous
samples taken at time intervals large enough to prevent cor-
relation between successive averages. The drag coefficient is
calculated from the DSMC normal and shear forces per unit
area on the particle assuming complete accommodation and
diffuse reflection.

Drag Correlation Equations

A brief description of each drag correlation considered in
this study is provided here for convenience. The correlations
are evaluated for specific individual gases in the calculations.

1) Hermsen: Hermsen® correlated C,, data for slip through
frec molccule flow at subsonic through supersonic velocities.
Hermsen’s equation is

Cp =2+ (Cpy — 2)exp[—3.07\/§(M/Re)§]

+ w/(M\/y)exp|— Re/(2M)] )

where Cp,, = 24[1 + 0.15Re"*¥")/Re, { = [1 + (12.278 +
0.584Re)Rel/[1 + 11.278Re], and w = 1.7VT,/T, + 5.6/(M
+ 1).

2) Henderson: Henderson® developed a drag correlation for
continuum, slip, transition, and free molecule flow, which
includes effects of gas-particle temperature differences. It
consists of three equations. One for subsonic flow, one for
supersonic flow (M > 1.75), and a bridging equation between
the subsonic and supersonic regimes, valid for 1.0 < M <
1.75. For subsonic flow, C,, is given by

24
"~ Re + S[4.33 + ® exp(—0.247Re/S)]

+ [¥ + 0.1M? + 0.2M*]exp] — M/(2\V/Re)]
+ 0.6S[1 — exp(— M/Re)] 2)

Co

where

_3.65 - 1.53T,/T,
© 1+ 0.3537,/T,

4.5 + 0.38(0.03Re + 0.48\/Re)
1 + 0.03Re + 0.48\/Re

l/f=
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For M > 1.75, the Henderson correlation is

C[)

0.9 + (0.34/M?) + 1L.86VMIRe[2 + (2182) + (LOS8IS)V/T, /T, — (1/5%)]

The equation for the linearly interpolated drag coefficient
for LO<M<1.75is

Cp(M) = Cp(1.0) + 4M — 1.0)[Cp(1.75) = Cp(1.0))/3
4

where C,,(1.0) is obtained from Eq. (2) using M = 1.0, and
Cp(1.75) is obtained using Eq. (3) with M = 1.75.

3) Crowe: Crowe’ developed an equation for C,, for spher-
ical particles in rocket nozzles that correlated well with ex-
isting experimental data and with theoretically predicted trends
for Re < 100 and M < 2. Both of these conditions are usually
satisfied within plumes. The Crowe drag correlation for a
sphere is

C, = (24/Re — 2)exp[—3.07\/y(M/Re)g(Re)]

+ h(M)exp|— Re/(2M)] + 2 (5)
where g(Re) is evaluated from log,, g(Re) = 1.25{1 + tanh[0.77
log,o(Re) — 1.92}} and h(M) = {2.3 + 1.7VT,/T, — 2.3
tanh[1.17 log,(M)}/{MV/y}.

4) Carlson: The Carlson and Hoglund® drag equation is

intended to correlate experimental data for particle drag in
rocket nozzles. It is given as

24
Cl) = (Eg)

(1 + 0.15Re"*7)(1 + exp[—0.427/M** — 3.0/Re"*))
1+ M[3.82 + 1.28 exp(—1.25Re/lM)}/Re

(6)

It is important to recall that each of these correlations is
empirical and based on curve fits of experimental data. As
such, they are only as accurate as the experiments upon which
they were based.

5) Average drag: It is useful to define a single, average drag
correlation to use for comparison purposes as

(CI))uw:
— (Cl))llwrmscn + (CI))chdcrson + (Cl))(‘rowc + (CI))CaﬂMm

4
(7)

Figure 1 shows C,, from each drag correlation as a function
of relative velocity for a particle in CO, or H,O at Kn = 0.5
for T, = T, = 2000 K. (C,),.. is shown as solid squares on
a solid line. (C,)... agrees well with diffuse reflection free
molecule calculations of C,.? Each correlation predicts ap-
proximately the same value for C,, (within 15-20%) for each
gas. Moreover, since the drag correlations are empirical cor-
relations based on experimental data (as opposed to theo-
retical calculations), (C},)... should be viewed as an accurate
predictor of particle drag coefficient.

Sensitivity to Particle Temperature

DSMC results for C,;, were obtained for 7, = 1500, 2000,
and 2500 K. They are averaged and compared to the corre-
lations for 7,, = 2000 K. To ensure that erroneous conclusions
would not be reached, each drag equation was examined to
determine the effect of changing 7,,. The effect of 7, on the
drag correlation predictions was found to be very small for
1500 < T, < 2500 K. The variation in C;, was less than =2%

1 + 1.86\VM/Re Q)

from C, at T, = 2000 K. Full details on this analysis are
given in Appendix D of Ref. 9.

Drag Coefficient

Each drag correlation yields similar values for C, at con-
ditions typically encountered in rocket plume environments
as shown in Fig. 1. Therefore, (C,),.. is used as the basis for
C), comparisons.

Figures 2 and 3 show C/, vs U for 4-um-diam particles for
four gases (CO, N,, CO, and H,0) for Krn = 0.5, 1, 2, and
10. Figure 2 shows C,, for CO and N,. Figure 3 shows C,, for
CO, and H,O. The lines are (C,),.., and the symbols are
(Ch)psme results averaged over 3—-6 cases (different values of
T, from 1500 to 2500 K) at each Kn and U. The largest
standard deviation in (Cj)psme [a$ percent of the average
(Ch)psmc] was 2.29% for CO, 1.52% for N,, 5.46% for CO,,
and 1.89% for H,0O, all occurring at U = 100 m/s, Kn = 0.5.
Note that (Cp),.. is the same for N, and CO because they
have the same molecular weight and their other properties
are similar (i.e., diameter, viscosity, vy, etc.). (C,),... varies
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Fig. 1 Comparison of individual drag correlations and (Cp),,. vs U
for CO, and H,O atKn = 0.5and 7, = T, = 2000 K.
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Fig. 2 (C,)... and (Cp)ysme Vs U for several values of Kn. The symbols
are DSMC results: solid = N,, open = CO.
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Fig.3 (Cp),,. and (Cp)psmc Vs U for several values of Kr. The symbols
are DSMC results: solid = H,0, open = CO,.

as the inverse of molecular weight, at a given U; hence, CO,
has the lowest C,,, and H,O the highest.

Figures 2 and 3 show that the agreement between (Cp)psmc
and (Cp),,. is quite good at velocities of 500 and 1000 m/s;
however, at 100 m/s the agreement degrades slightly. (Cp)...
underpredicts (Cp)psme by up to 15% at U = 100 m/s, Kn
= 0.5.

Drag in Multicomponent Gas Mixtures

The drag on a particle in a mixture of gases can be written
as

R
D= 2 ) pU?AC, (8)

where i represents the gas. The drag can be written in terms
of mass fraction as

_1

D
2

pU°A Z XiCD, )

to give the total drag on the particle in a mixture of gases.
Thus, since the drag correlations represent the C, of the
individual plume gases, they can also be used in situations
involving gas mixtures.

Conclusions

(Ch)uve gives good overall agreement with the (Cp)psmc for
CO, N,, CO,, and H,O gases at representative solid rocket
plume temperatures. Hence, (Cp),,. can be used in engi-
neering applications to plumes. In applications in which it
might not be feasible to use (Cj),,., the Hermsen drag cor-
relation can be used since it is the most accurate of the four
empirical correlations.
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Two-Parameter Wideband Spectral
Model for the Absorption Coefficients
of Molecular Gases
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Oita University, Oita 870-11, Japan

Introduction

OW-RESOLUTION spectral models for the absorption
coefficients of IR gases are needed to perform efficient
spectral computations of radiative transfer in real gases' or
in gas-particle composite media.>
The Edwards model' and modified Edwards model® derived
from the Elsasser regular band model with the exponential
band-envelope have been utilized for this purpose. These
models can be generally represented in the following form:

k, = (&/K,w)exp[ —Av/K wltanh K,7 @)

Here, « is the integrated band intensity (cm~!/gm~2), o is
the bandwidth parameter (cm~'), % is the line-overlap pa-
rameter, and K, and K, are the parameters. Furthermore, Av
is defined as follows: Av = v, — v, for an asymmetric band
with upper limit »,, Av = v — v, for an asymmetric band
with lower limit v, and Av = 2|v — v.|, for a symmetric band
with center v.. In the expression for Av, v is the wave number
of radiation (cm™!).
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