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Abstract: The three-dimensional numerical simulation of two-phase plume flow of solid propellant micro-

thrusters was developed. Then it was used to investigate the plume interference effect by combining the direct

simulation Monte Carlo (DSMC) method for multi-component gas flow with the two-way coupling model for

two-phase rarefied flow. At different space between the two micro-thrusters and different wall temperature, the

plume interference effect was analyzed specifically. The results show that under the plume interference effect

the gas is compressed and the flow direction is changed, which resulted in the increasing of gas pressure and

temperature; solid phase made no significant effect on the flow parameters of gas phasé; with the rising of the

space between the two micro-thrusters, the maximum pressure decreased and the maximum temperature in-

creased in the domain under the plume interference effect; the wall temperature could influence the temperature

of the gas which is extremely close to the wall,but not the gas pressute.
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Solid propellant- micro-thrusteriis-a submini-
ature solid rocket motor, which has\ a range-of
thrusts from a few micronewtons\to several hun-
dred millinewtons and is usually applied in-daccu-
rate pointing and altitude control of miniature
satellite. Over the past several years, lots of re-
search have been focused on this field around the
world"*,

pellant micro-thruster mainly depends on micro-

Because the manufacture of solid pro-

electromechanical systems (MEMS) technology.,
micro-thrusters always appear in the form of an
array. And two or more micro-thrusters are ac-
quired to ignite simultaneously in order to a-
chieve a special mission, so the plume interfer-
ence effect will occur at the same time. Research
on plume interference effect could support us to
understand the plume erosion and plume adher-
ence to the wall of micro-thrusters and provide
some scientific ideas for the design of the array

of micro-thrusters.
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The plume of micro-thruster is a typical mi-
cro=scale rarefied flow, which always contains a
few solid particles. There are few reports on ex-
perimental research in this field around the
world and even on numerical simulation. In the
correlative field, HUANG, et al'” investigated
the plume interference effect of attitude-control
thruster. And the results show the plume inter-
ference effect could not be neglected. Moreover
the values of physical quantities in plume inter-
ference field could not be calculated by the sim-
ple addition of the values obtained from a normal
plume field.

This paper presents a three-dimensional nu-
merical simulation of micro-thrusters’ plume in
which direct simulation Monte Carlo (DSMC)
method for multi-component gas flow is com-
bined with the two-way coupling model for two-
phase rarefied flow. At different space between

the two micro-thrusters and different wall tem-
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perature, the plume interference effect is studied.
1 Numerical methods

1.1 DSMC method for multi-component

rarefied gas flow

DSMC method proposed by Bird™ is a well-
established method for obtaining solutions of Bo-
ltzmann equation, which has been successfully
developed to simulate rarefied gas flow. In
DSMC method for multi-component rarefied gas
flow, movements and collisions of the computa-
tional molecules of each gas component must be
taken into account. In the part of collision simu-
lation, in addition of collision simulation for the
same kind of computational gas molecules, the
collision simulation for the different kind of com-
putational gas molecules should also be consid-
ered, which is governed by the Boltzman equa-

tion of gas mixture.
1.2 Description for particle movement

Just as the process of simulating the_ compu-
tational gas molecules in DSMC method, the
properties of particles should\also be-character=
ized by its mass, diametér, position, velocity
and internal energy. However, unlike ‘the simus
lation of gas molecules, the changes of velocity
and internal energy of particles are principally
depended on collision"betweén particles and sur-
rounding gas moleculés rather than the collision

between particles™’.

1.3 Two-way coupling model for gas-solid

two-phase rarefied flow

In the rarefied flow, the force and heat flux
between gas molecules and particles are deter-
mined from the rates of delivery and removal of
momentum and energy by incident molecules,
specularly reflected molecules, isothermally re-
flects molecules and adiabatically reflected mole-
On the other hand, the

force and heat flux exerts by surrounding gas

cules, respectively.

molecules on each particle could be calculated as
the sum over individual force and heat flux con-
tributions of all surrounding molecules in the

same cell. Base on the above theory, the force

and heat flux to a particle due to the presence of
a single computational gas molecule in the same

cell is showed in Eq. (1) and Eq. (2)M",
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Here mis the mass of a actual gas molecule, F
is the number of actual gas molecules represen-
ted by the computational molecule, cis the rela-
tive velocity of the gas molecule with respect to
the particle, V. is the cell volume, g= | c‘ . T, is
the particle temperature, 1S the number of ro-
tational degrees\of freedom, a, is the momentum
accommodation coefficient, & is\thé translational
energy accommodation coefficient, « is the rota-
tional energy accommodation coefficient, a, is
the~vibrational jenergy accommodation coeffi-
cient, ~E..is the-molecular rotational energy,
E.y, is-the-molecular vibrational energy.

The effect on the molecule exerts by the
particle embodied in the change of velocity vec-
tor after a collision. This effect could be ex-
plained by the principle of phenomenology. The
number n, of computational gas molecules that
are selected as potential collision partners for
particles is showed in Eq. (3)M1,

ne = NpynRE Comax At/ Vea (3
Here N, is the number of actual solid particles
represented by the computational particle, n, is
the number of computational gas molecules in
the same grid cell, ¢y 18 the maximum pre-col-
lision relative velocity.

After the collision between a computational
gas molecule and a computational particle, the
post-collision relative speed could be written as

Eq. (4)~ Eq. (6).
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; o ; / sions within the gas phase are considered usin
v = [ vcosd/(f + wi)"? + gas p g
v the variable hard sphere model.
sin 8C ¢ w,cos e — w v sine) /(of + wf)V?] i .
(5 :
. ¢ , s E ' F
w, = ——[— wcosd/ (v + wi)'? — Hoo
Cr E Lo '
o
sin 8C¢, vcos e+ w,wesine) /(o + wi)?] ; D, :
(6) A i
Here ., v, and w, are the relative velocity Sp T T
component before a collision, §is the deflection 4 : e

angle and could be closely approximated by the
following polynomial,
f(8) =0.020428° —0.25158° +1.1048"—
1.9036°+0.493808°4 1. 2486
eis direction angle of a reflection velocity vector
and subjected to an uniform distribution in the
range of 0 to 2w, ¢ and ¢ are the pre-collision
relative velocity and the post-collision relative
velocity respectively, ¢ could be sampled by ap-
plying the acceptance-rejection method from the
distribution function of
fCei) = 28" ¢ Pexp(— F P
B=[m/Cky TT"".

2 Computational conditions

The micro-nozzlels cross section \is-square
and the side length at the exit is 6. 0 X 10~ m.
The parameters of gas phase and solid phase at
the entrance are obtairied by solving the Navier-
Stokes (N-S) equationis of internal flow field.
The gas in this simulation is a mixture of CO,
H, and CO,, with a molar ratio of 0.5 ¢ 0. 3 :
0. 2. The solid phase is spherical alumina parti-
cles, of diameter 1. 0X10 ° m, with a mass flow
rate of 2. 5X 10" kg/(s » m?). The particle ma-
terial density is 3970kg/m’, with a specific heat
of 765]/(kg *« K) .
showed in Fig. 1. The side A, D, H, E, is the en-
trance of flow and the rest of domain in side
ADHE is the wall with the boundary type of dif-
fuse reflection. The side ABFE and EFGH are

symmetric plane. The others are absorption

The computational domain is

boundary. In the calculation, the wall boundary
is assigned a temperature of 373K, the space be-

tween the nozzles is 1. 0X10* m, and the colli-

Fig. 1 Schematic drawing of the computational domain

3 Results and discussion

3.1 Distributions of plume parameters

The distributions of x-veloeity._component,
pressure and temperature in gas phase are
showed in Fig. 2~FEig. 4 respectively. In the do-
main under the\ plume interference” effect, the
plume did not expand ‘sufficiently and the direc-
tion of gas flow had ‘an obvious change, as
showed in Fig..2, Also the gaspressure and tem-
perature in this’domain increased obviously be-
cause the gas is“compressed to a certain extent
and the molecular chaos went up due to the vio-
lent collision of the two gas flows, as showed in
Fig. 3 and Fig. 4 respectively. The plume inter-
ference effect of micro-thrusters mainly appeared
in the domain which is between the two micro-
nozzles with a distance of 0. 003 mm away from

the wall, and the gas near the wall had a high

temperature.
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Fig. 4 Temperature contours of gas phase

The distributions of solid temperature and
x-velocity component are showed in Fig. 5.
There is no significant effect to gas phase due to
a small amount of solid phase in the plume field.
And the degree of the effect to solid phase exer-
ted by gas phase gradually weakened with the
decreasing of gas density because of the rapid ex-
pansion of gas. The transmission of momentum
and energy between gas phase and solid phase
result in the increasing of solid speed and the de-
creasing of solid temperature along the flow di-
rection.
3.2 Plume interference effect at different space

between the two micro-thrusters

The distributions of gas pressure and tem-
perature along line EF at different space be-

tween the two micro-thrusters are showed in

Fig. 5 Temperature and x-velocity component

contours of solid phase
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Fig. 6 Distributions of gas pressure and

temperature along line EF

Fig. 6(a) and Fig. 6(b). With the increasing of
the space, the molecular number of gas phase in
the domain under the plume interference effect
decreased, which resulted in the decreasing of
maximum pressure along line EF. Because the
decline of molecular number in this domain in-

tensified the degree of molecular chaos, the
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maximum temperature along line EF increased.
Moreover, the domain under the plume interfer-
ence effect shifted outward with the increasing of

the space.

3.3 Plume interference effect at different wall

temperature

The distributions of gas pressure and tem-
perature along line EF at different wall tempera-
ture are showed in Fig. 7(a) and Fig. 7(b). The
wall temperature does not effect the distribution
of gas pressure along line EF, as showed in
Fig. 7(a). But because of the low pressure and
low molecular number density near the wall
(x<<0.0005m), the high wall temperature could
easily make the gas temperature increase in this

domain, as showed in Fig. 7 (b).
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Fig. 7 Distributions of gas pressure and

temperature along line EF

4 Conclusions

The plume interference effect could greatly
influence the gas pressure and temperature and
make them increase. The transmission of mo-

mentum and energy between gas phase and solid

phase resulted in a major change in solid temper-
ature and x-velocity component, but no such in-
fluence on gas phase. With the increasing of the
space between the two micro-thrusters, the
maximum pressure decreases and the maximum
temperature increases in the domain under the
plume interference effect. The wall temperature
does not effect the distribution of gas pressure in
the domain under the plume interference effect,
but it could partly increase the gas temperature

near the wall.
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