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Abstract

Using numerical modeling, we studied the formation and propagation of a cloud
of finely dispersed aluminum particles generated by a special unit under the
action of high-temperature combustion products from solid propellant gas
generator, as well as the ignition conditions of these particles. We used the
Favre-averaged system of Navier-Stokes equations closed by the ¢ — w
turbulence model to simulate the formation and motion of the cloud of finely
dispersed particles. The motion of the polydisperse second phase was described
within a stochastic approach that takes into account the effect of the turbulent
character of the flow field of the carrier gas on the motion of particles. The finite
volume method using the second-order upwind LU difference scheme with
TVD-properties is applied for numerically solving this system of equations. The
results obtained are in a qualitative agreement with experiments carried out at the
Fraunhofer Institute for Chemical Technology (Pfinztal, Germany).

Keywords: mathematical modeling, two-phase flow, processes of ignition and
burning, solid propellant gas generators.

1 Introduction

The scheme of a unit for the fast dispersion of finely dispersed particles is
shown in fig. la. It is a cylinder whose central part (a gas generator) is filled with
solid monopropellant spherical-form granules with a diameter of a few
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millimeters. The remaining peripheral part of the cylinder contains bulk
pulverized finely dispersed aluminum powder that was simulated by a
polydisperse medium consisting of spherical particles. There is a metallic net
between the gas generator and the bulk material, which does not produce
appreciable hydrodynamic resistance to the motion of the gas generator
combustion products. The upper and the bottom lids of the cylinder were
assumed to be impermeable and fixed so that the particles in the cylinder after
the ignition of propellant granules under the effect of gaseous high-temperature
high-pressure combustion products moved in a radial direction only. The
compaction of particles by the nonstationary action of the combustion
products pressure is a rather complex process and an independent problem [1].
Therefore, at the given stage of simulation, the bulk medium between the
cylinder heads was supposed to move in the regime of ‘plug’ pneumatic
transport with the maximum permissible level of porosity for spherical
particles equal to 0.42 [1]. After the left boundary of the ‘plug’ left the
cylinder, the process of its destruction and the formation of a cloud of particles
under the effect of outflowing high-temperature combustion products started, as
well as their ignition and combustion.
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Figure 1: The scheme of the unit.

2 Description of model and basic equations

The pressure of the combustion products of propellant granules at the moment
the bulk material plug leaves the cylinder is 10—15 MPa, the efflux into the
ambient medium is supersonic and the turbulent character of the flow is to be
taken into account. Therefore, in this paper, we used the Favre-averaged system
of Navier-Stokes equations closed by the ¢ —@ turbulence model to simulate the

formation and motion of the cloud of finely dispersed particles [2]. The motion of
the polydisperse second phase was described within a stochastic approach [3] that
takes into account the effect of the turbulent character of the flow field of the

carrying gas on the motion of particles.
In describing the mathematical model of the processes studied, we adopted

the following assumptions.

e The flow is turbulent, two-phase, axisymmetric, and nonstationary. The
outflow occurs into the static atmosphere of the standard composition.
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The gas generator combustion products represent a nonreacting
mixture of an inert component and an oxidizer whose oxidation
potential was simulated by some weight fraction of oxygen £ .

e The second phase consists of polydisperse aluminium spherical particles
and comprises N fractions, inside each of them the size of the particles is
identical. The particle collisions at the given stage of simulation are
disregarded.

e The temperature distribution over a particle volume is assumed to be
homogeneous.

e The gas output from solid propellant granules was simulated by the
source terms in the mass and energy conservation equations.

Figure 2: The particle combustion model.

In order to describe the combustion of aluminum particles, we use the model
of a contractile metallic core of diameter d;, and an oxide shell of diameter d, ;.

The scheme of this model is shown in fig. 2.
The combustion of the i-th particle is supposed to be described by the one-
stage overall reaction A4/+3/40, =1/2A41,0;, its linear velocity is determined

by the formula in [4].

d(dl’k) 10—3 'Y02 (p'10_5)01T02
dt 0.00735-(d,, -10%)°%

where d;, is the initial particle diameter; Y, is the mass fraction of the

(1)

oxidizer; p,T are the pressure and the temperature. The decrease in the mass of
a particle nucleus in combustion is described by the dependence

dm“D , md(d;y)
: = d7, =7 2
il Paib > di 2

The oxide shell mass, on the one hand, increases due to the formation of the
oxide in the combustion process and, on the other hand, may decrease due to
the escape of A/,0; from the shell surface in the form of submicron particles.

Therefore, the change in the mass of the oxide shell was written as
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dm41203) dm D 3 Mo,

=- 1+
dt dt 4M,

where « is an empirical coefficient taking into account the process of the oxide
escape from the shell surface. The submicron particles are assumed to be in a
local equilibrium with the carrying gas. Therefore, their mass is added to the
inert component of the gas generator combustion products and their energy to the
total energy of the carrying gas. Further, an aluminum particle is supposed to start
burning when the particle temperature reaches a certain value, i.e., the ignition
temperature T

-a) €)

ig
The system of equations describing this flow has the form:
op 0 10 3 M, N dm
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dpg 0 10
—~+—(pug+t_)+——r(pug+rz.)=35 11
o ax(pqr ) o (pug+rt,,)=S5, (11
opw 0 10
—+—(puw+rt. Y+——r(puw+t. )=S 12
o ax(p ) e (p r0) =S, (12)
Y, Y
p=pTR(—2 s 22y Ju ) (13)
My, My, M,y

The equations of the motion of the i-th particle along its path are written as

dmi' o7 107 Y, (P-107) 702 14
=—Pa ik~ Vi 6~ n—1 ( )
di 2 A-(d;,10°)
a2 — Mo dm” (15)
t . t
di 2-My d
. Cph; Re .
ﬂ:i—ﬂ Di zp" (u-i—u’—ul-) (16)
dt 4 p[,pdi,s
) Cp; Re
ﬁ:i—ﬂ Di zp'l (v+v'—vl-) (17)
dt 4 pi,pdi,s
D 8 2N ) (18)
dt Ci ppidizs
dx;
Dy, 19
L (19)
dy;
2y, 20
P (20)

where ¢ = JE , 0= g/k are ‘turbulent’ variables related to the turbulent kinetic
energy k and its dissipation rate &;E =C,T +(u* +v2)/2 is the total specific
energy; H = E+ p/ p is the specific enthalpy; p and p, are the molecular and

turbulent viscosity, respectively; p, T are the static pressure and temperature; R is
the gas constant; Yy, ,Yy,.Y),Mo,,My, and My are the mass fractions and

molecular weights of oxygen, nitrogen, and the inert component, respectively. The
values M, and Q,,, are the mass and energy sources simulating the inflow of

high-temperature combustion products from the gas generator.

n gen

S, =C,(C,S/w* -2D/(3w)-1)pay ,
S, =[C,\(C,S/@* —C,3sD/®)-C,,]pa’
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The constants in the description of the turbulence model have the following

values: C,,; =0.55,C,, =0.833,C,3 =0.666,C, =0.09, C,; =0.5,
R e

¢r:—zeg—z,ye=y+yt,/1€=/1+/1t,,1t:ytcp/Prt,D:‘2—z iaa’;v
S=(u; ; +uj;)u; ;- 2/3ukk9qu— —=(pPDy + Sc,)aﬁxk’

Y,
4psp =—(pD, +21 )_a k. k=0,,N,, M
’ Sc,” or

and Pr, is the turbulent Prandtl number.

The terms in the angular brackets indicate averaging over the volume of the
cell in a difference grid; n; is the concentration of particles of the i-th fraction in

the cell at the given instant

Re 2_/3
24 [] + i . 3
pi 6 s lf Re pi <10 ’ Repi =

0.44, if Re , >10°

di,spI;_Vi|

7

where u',v' are the random vector components of the disturbed gas velocity
V= ' V)V =2k/3erfc (N, W /|V |, V is the averaged velocity vector;
N,

function; C;

, 1s a random number from the range [-1, +1]; erfc’l() is the inverse error

is the specific heat of the i-th particle, x;and y; are its
coordinates.
The diameter of the aluminium oxide shell d;; of each i-th particle was

determined from the equality

m + m; A[203 = [di%k P + (dz?:s - di?jk )pA1203 ] (21)
The mean particle density is
6(mAl + mA1203 ) -
iLp T-d- 3 ( )
i,s

The domain of the solution to the system of eqns (4) - (20) and its size in meters
are shown in fig. 1 b, where the OY-axis is horizontally directed, the OX-axis is
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vertically directed. The domain was bounded from below either by an underlying
surface (pulverization near the Earth surface) or was not bounded at all
(pulverization in an infinite space). The boundary conditions for the carrying gas
were given as follows. The flow symmetry condition was given along the OX-
axis, the impermeability condition on the surfaces of the cylinder lids and on
the underlying surface, and the nonreflective boundary condition on the other
boundaries. The inelastic reflection condition was given for the particles on the
underlying surface

5

Voim =—(0.993-1.760 +1.560> —0.490° W . ., V. =7V+

pi,n> " pi,r pi, T

where V.V piwiV pieoV pie
particle before (+) its drop and after ( -) its reflection; ® is the angle of
incidence. The initial condition for the gas and the particles was a stationary

state. The mass increase M, of the gas generator combustion products in eqns

(5), (7), (10) was determined from the solution of the equation

are the normal and tangential velocities of the i-th

M

gen

dt

=Py TNy (23)

4

where p,,,S and r,, are the density of a propellant granule, its current

surface and the combustion rate, respectively; Ngg is the number of

granules in the unit volume of a solid propellant charge, which remains
constant in combustion and is determined from the initial conditions.

3 Numerical method

The finite volume method using the second-order upwind LU difference
scheme with TVD-properties [8] is applied for solving numerically the system (4) —
(13) for carrier gas. The scheme is close to the scheme from [5]. As well know
the stiffness of this system is main difficult by numerical solution of it at low
Max numbers. To circumvent this problem we used the preconditioned matrix
much as in [5]. We calculated the particle motion by the A-stable difference
scheme of the second-order of accuracy [6]. The iterative process is organized to
take into account effect of the second phase on movement of carrier gas.

4 Some computational results

The calculations were carried out for the following initial conditions: the mass of
finely dispersed aluminum particles is 2 kg; the solid propellant charge of the gas

generator is 0.2 kg; the combustion rate of granules r,, =5(p/ po)o'6 [mm/s];
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the heat output of the propellant Q,,, = 1780 [KJ/kg]. The number of the

fractions of particles was five, the ignition temperature of an aluminium particle
T, = 1300 K. Fig. 3 shows the time variations in the total heat generation of

burning aluminium particles Q[J].
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Figure 3: The heat generation of Figure4: Flow field isotherms
burning particles. for particles with
d,; =0.8 um.
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Figure 5: Flow field isotherms Figure 6: Flow field isotherms
for  particles  with for particles with

d;=13 pum. d,; =28 pm.

The digits refer to the mean mass sizes of particles of d,;, =0.8 um, 1.3 pm,
and 28 um , respectively. The solid lines indicate the computational results in the
presence of an oxidizer in the gas generator combustion products ( S = 0.2), the
dotted lines give results in its absence ( f = 0). As can be seen, the presence of

an oxidizer contributes to an earlier ignition of aluminium particles and increases
the completeness of its combustion. For the particles withd,; = 0.8 um the

completeness of combustion amounted to 24.5% and 9.2%, for d,; =1.3 pm to
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2.9% and 2.3%, and for d,;, = 28 um to 0.25% and 0.23%, respectively. The

calculations showed that the structure of the flow, with a forming particle cloud
streamlined by the carrying gas, is rather complex and to a large degree specified
by the interphase reaction intensity and the heat generation of burning particles.
Figs. 4-6 depict the flow field isotherms at time + = 5 ms for the above three
mean mass sizes of particles. The positions of instant paths of gas particles,
which give an idea of the eddy structure of the flow are also shown.
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Figure 7: Parameters for particles Figure 8: Parameters for particles
with dy3 =0.8um . with d; =1.3 pm.
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Figure 9:  Parameters for particles with d,; =28 um.

As can be seen, for small-sized particles with rather high completeness of
combustion (fig. 4) the temperature of the front part of an outflowing jet is rather
high. At the same time in the case of coarse particles, the ‘breakdown’ of the jet
occurs faster and its penetration into the environment is less intense.
Figures 7-9 give the distributions of temperature T [K] and pressure P [MPa]
along the OY-axis for x = 1.1 m for the same versions of the flow, which can be
used to judge the wave pattern of the outflow process.
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For small-sized particles (see figs. 7 and 8), we observe a strong increase in
pressure behind the rarefaction wave due to the strong retardation of the gas by the
particles and its subsequent intense oscillations, which induces reverse eddy
flows.

The maximum pressure peak even at a distance of one meter remains relatively
safe for a human organism. In the case of coarse particles, whose force
interaction with the carrying gas is weak, the pressure peak is lower.

The computational results were compared with physical experiments carried
out for a segment (a quarter of the cylinder) of this unit. Quantitative comparisons
are impossible in view of the lateral interaction of the outflowing jet with the
environment in this experiment. However, as to the dynamics of the formation and
propagation of the particle cloud, the qualitative agreement proved sufficiently
satisfactory [7].
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