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Abstract : This booklet provides practical information on the computational fluid dynamics of the

multiphase flows in solid rocket motors with descriptions of mathematical modeling, simulation

methods, computer codes, and many numerical experiments. Combustion flows of metallized

composite propellants in solid rocket motors are multiphase flows consisting of particles and gas. In

this booklet, descriptions are given concerning the mathematical modeling of the gas-particle

interaction and its sensitivity on various parameters, simulation methods of gas-particle multiphase

flows, such as, the Eulerian-Eulerian, the Eulerian-Lagrangian, and the Eulerian-hybrid methods, and

the modeling method of combustion and breakup of particles, and so on. Computer programs, SPECS

(Solid Propulsion Enhanced Code Series), coded along with these techniques are also introduced to

the readers. Moreover, many examples of numerical experiments are provided on the verification of

the mathematical modeling and numerical methods.
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Nomenclature

coefficients in phase-interaction term in Eulerian-Eulerian method
coefficients in phase-interaction term in Eulerian-Lagrangian method
Jacobian matrices of convection fluxes in i- and j-directions, respectively
Jacobian matrices

cell-projected area

throat area

burning surface area

characteristic discharge velocity

specific heat of gas at constant pressure

specific heat of gas at constant volume

slip coefficient of Cunningham

drag coefficient

incompressible drag coefficient
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specific heat of particle

diameter

mass-averaged particle diameter

particle diameter

throat diameter

convective flux vectors

total energy per unit volume, or base of natural logarithm
internal energy per unit volume

force vector acting on a particle

force vector acting on particles per unit volume

contact force between particles

fluid dynamic force

gravity and inertial force

heat transfer coefficient

total enthalpy

unit matrix

Boltzmann constant

Knudsen number

mean particle distance

reference length, characteristic length of flow

mass

mass flow rate, mass change rate due to combustion per particle per unit time
Mach number

mean molecular weight

molecular weight

total mass of particles in kth particle group

propellant mass

total mass of particle

normal vector

particle number density

number of particle phases in Eulerian-Eulerian method, or number of representative particles (groups) in
Eulerian-Lagrangian method

total number of real particles represented by the k-th representative particle
Nusselt number

computation space local coordinates

static pressture

Prandtl number

heat transfer to a single particle from gaseous phase
vector of conserved variables

energy amount received by the particle-phase per unit volume from gaseous phase
convective heating

non-uniformity contribution in convective heating
radiative heating

radial coordinate
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linear burning rate
radius of particle

gas constant, or initial distance between particle and vortex center
universal gas constant

effective gas constant of phase-equilibrium gas-particle flow
Reynolds number

surface area

source term vector

projected area of sphere

surface area of sphere

Stokes number

temperature

film temperature

time

residence time of particle in nozzle

velocity component in x direction

slip velocity

velocity vector

velocity component in y direction

volume

volume of cell

velocity component in z direction

mass generation of the Eulerian-phase alumina due to combustion of the Lagrangian-phase aluminum
droplet

Weber number

critical Weber number

molar fraction of chemical species

aluminum mass fraction

backward differences in i- and j-directions, respectively

volume fraction, or aluminum mass fraction in propellant

thermal diffusivity

mass fraction of alumina in initial large droplet

ratio of gas density to true density of particle

average particle distance, or shape factor of distribution function
forward differences in i- and j-directions, respectively

total energy per unit mass

total energy of particle phase per unit mass, or emissivity of particle
ratio of speed of particle to that of gas, or probability density function of particle diameter, or volume
fraction of alumina in a particle

specific heat ratio of gas

effective specific heat ratio of phase-equilibrium gas-particle flow
ratio of specific heat of particle to that of gas

thermal conductivity of gas
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density

aluminum bulk density in the Eulerian phase

Stefan-Boltzmann constant, or variance

true density of aluminum
true density of alumina
particle true density
propellant density
surface tension of droplet
gas viscosity coefficient

kinematic viscosity

spectral radii of A and B, respectively

spectral radius

the ratio of a circle's circumference to its diameter

angle

stress tensor

characteristic flow time
velocity-relaxation time
temperature-relaxation time
angular velocity

inspection volume

loading ratio (=ratio of particle bulk density to gaseous-phase density), or ratio of aluminum mass in

alumina cap which finally remains after combustion to all aluminum mass in propellant

rate of particle temperature to gas temperature

initial, or incompressible
burning surface
combustion chamber
particle material

gas

index for grid points
left-side at cell interface
normal direction

particle

right-side at cell interface
throat, or tangential direction

free stream

critical value

kth particle group

number of time step, or exponent of particle combustion model

transposed matrix
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1. Introduction

The understanding of flow phenomena of gases and particles inside solid-propellant rocket motors (SRM) is very
important in the design of SRM from various standpoints. It is essential to the understanding and the prediction of acoustic
instabilities and erosive burning in SRM that the burning rate responds to the pressure and the velocity of combustion gas
flow. The information on the internal flow properties is therefore required to assess these combustion characteristics.
Such information is also necessary as thermal and mechanical boundary conditions in the thermal stress analyses of the
propellant grain. Meanwhile, in order to estimate the ablating surface recession rate of thermal protection system (TPS)
materials, it is required to know diffusion velocities of mass and heat across the boundary layer, as well as impinging
particle influx. The propulsion performance is evaluated and optimization of nozzle contour is conducted putting together

the above-mentioned aspects.

1.1. Combustion of Metallized Composite Solid Propellant

In this study we deal with a type of composite solid propellant consisting of ammonium perchlorate (AP), aluminum,
and hydroxyl-terminated polybutadiene (HTPB). Such composite propellant is a complex material of which oxidizer
particles (AP) and metal fuel (aluminum) are cured with polymerization of fuel-binder material (HTPB). The most
fundamental portion of solid-propellant combustion is that of such an inhomogeneous system, and is very complicated
physico-chemical phenomenon. The combustion products of AP/HTPB/Al composite propellant typically make the mass
fraction structure shown in Fig. 1. The Al,O; shows the value exceeding 30% due to its large molecular weight and it is still
about 8% of a molar fraction.

The mechanism of combustion of metallized propellants has been studied widely.?? When the composite propellant
surface is heated by the hot gas from the igniter, thermal decomposition of the oxidizer (AP particles) and the binder is
promoted and the decomposition gas reacts to form a diffusion flame at the position apart from the combustion surface.
Furthermore, the heat of flame is fed back to the propellant surface, and combustion is maintained. As the burning surface
approaches to aluminum particles which are covered with aluminum oxide skin, they are heated and come to expose
themselves to the binder vapor soon.

Aluminum particles which come out to the surface do not fly away immediately, but adhere to the decomposing
binder surface. The melting point of aluminum is 933K, which is close to the burning-surface temperature. The aluminum,
therefore, reaches to the melting point on the burning surface. Simultaneously, the oxide skin is torn so that liquid
aluminum flows out and then particles collide to coalesce into larger one. Some particles coalesce further and agglomerate
to form droplets of 100 to 200 micrometers depending on combustion pressure, burning rate, and diameters of aluminum,
AP, etc.

If the temperature becomes as high as the boiling point (2750K @ latm) of aluminum and if the vapor is ignited,
aluminum droplets leave from the surface floating and burning in the combustion gas. Some fraction of the total aluminum
leaves as agglomerated droplets and the rest leaves as isolated particles. Burning droplets are enveloped in the detached
sparkling flame of the temperature of about 3800K, and generate the smoke of particulates (droplets) of Al,O; as a
combustion product. On the surface of an aluminum particle, the portion which aluminum oxides gather is formed and is
called an “alumina cap”. The aluminum droplets become smaller as the combustion proceeds. The remnants which finally
formed the alumina cap serve as alumina particles and are exhausted from a nozzle. Typically aluminum droplets are
thought to go through such a process in an SRM chamber.

Generally, it is supposed that the 80-90% of aluminum in the propellant become fine particles (alumina smoke) of
submicron order in size, and that the remainder will serve as alumina particles of which diameters varies from a few to

several tens of micrometers. A sketch of burning aluminum droplets in SRM chamber is shown in Fig. 2.
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Alumina Smoke Trail
About 2900K

18% Al, 14% HTPB, 68% AP @ p=5MPa 1um

Sparkling Flame Envelope
about 3800K

Aluminum Droplet, about 2500K
30 u m:isolated particles
100-200 1 m : agglomerated particles

Mass Fraction

Aluminum Oxide (Alumina Cap)
3-4 pm:isolated particles
Several 10s ¢ m:agglomerated particles

AA A A AR 778 27 o
ALOJL) CO HCL N, H,0 H, ALCL CO, CL ALCLALOCL OH H
Chemical Species Flow Direction
Fig. 1 Typical chemical equilibrium composition of Fig. 2 Sketch of a burning aluminum droplet in SRM

SRM combustion gas

1.2. Multiphase Flow in Solid Rocket Motors

It is a general feature of multiphase flow that micro-scale phenomena at phase interfaces affect fluid-dynamic
phenomena of macro scale. In the case of multiphase flow in SRM, particle combustion, particle-gas momentum and
energy exchanges, and particle-particle interaction are the former phenomena, and, on the other hand, the flow
phenomenon in SRM-scale multiphase flow is the latter.

Let us investigate some typical features of multiphase flow in SRM through a case study of the model motor with the
throat diameter of 0.19m, and the nozzle-exit area ratio 37 shown in Fig. 3. Here, a typical metallized composite propellant
of an AP/HTPB/aluminum system (aluminum 18%) is assumed. The velocity and the temperature of a particle which are
calculated in case of quasi-one-dimensional equilibrium flow are shown in Fig. 3. In this equilibrium flow, there are no lags
between two phases in both velocities and temperatures. The chemical composition of the gas is frozen throughout the
flow field by that of the chemical equilibrium state in the combustion chamber.

In the calculation, the drag force and the heat transfer acting on four kinds of particles (Al: 50 #m, 200 zm, Al,Oy: 1 2 m,
4 . m) when they pass one piece at a time independently through the gas flow are considered. The particle diameters do
not change during the flight in the SRM. The aerodynamic drag coefficient and the Nusselt number for a sphere are
estimated with the compressibility and the rarefied gas effects added to the incompressible fluid dynamics estimates.

It is understood from Fig. 3 that the difference between the phases enlarges as the particle diameter D, increases.
Furthermore, in order to grasp the character of multiphase flow of in SRM, several quantities are evaluated. The average

particle distance ¢ is defined as
-1/3
S=n p/ , @
where the particle number density is denoted by n,, assuming that the mixture ratio (mass flux ratio) is constant and all
the particles are of the same size. The volume fraction «, of the particle phase is the volume which particle phase occupies
per unit volume of the multiphase mixture. Note that the values of n,, a,are dependent of the particle size.

The (momentum) Stokes number St is the ratio of the velocity-relaxation time between phases r, and a characteristic

flow time <,

St=1v @)
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Gas-Particle Equilibrium Flow
= = = ALO; particle 1 pm ==+ Al O, particle 4pm
e Al particle 50pm . Al particle 200pm

Temperature, K

Velocity, mis

0g B B | i ™
-1.0 -0.5 0.0 0.8 1.0 15 20

Nozzle contour, m
o
=
1

Axial location, m

Fig. 3 Velocity and temperature distribution in a quasi-one dimensional phase
equilibrium flow in SRM. Combustion pressure 5MPa, combustion temperature
3536K, the specific heat ratio 1.16, and average molecular weight 29.5.

The slip velocity is defined as the velocity difference of the two phases,
U,=0,-U,. ®

The slip temperature is defined as the temperature difference of the two phases,

T =T,-T,. @
The particle Reynolds number is defined by
Repins Dp/vg . (5)
The particle Mach number is defined by
M=|S ®)
p ;]
ag

where a, is the speed of sound of the gas.

The residence time in a nozzle after the temperature of an Al,O, particle decreases below the melting point (2303K) is
denoted by ¢,.

The Weber number of a droplet We is defined by the ratio of the inertial force and the surface tension acting of the

droplet,
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The diffusion coefficient due to Brownian motion Dy is evaluated by the Einstein’s formula
Dy = CokyT/(BauD,) ®

in which a slip coefficient C. of Cunningham is used.

Table 1 Characteristics of the muiltiphase flow in the model SRM

Al,O, 1z Al,0, 4um Al 50um Al200m
5 (m) 1x10°~6x10"° 4x10°~2x10™* 4x10*~2x10° 2x10°~9x107°
a, 3x10°~5x10"  3x10°~5x10" 5x10°~9x10* 6x10°~1x10"*
St 1x1074~0.5 2x107%~ 2 0.2 ~ 40 2 ~ 150
U | (m/s) 0~20 0~ 140 0 ~ 850 0 ~ 1400
T.(K) -10 ~2 -80 ~17 -850~ 80 -1600 ~ 110
Re, <0.5 <14 <830 <4900
M, <0.024 <0.14 <12 <2
t,(s) 5.7x107 5.6x10™ NA NA
We <0.001 <0.2 <45 <360

Dy(m2s) 5x108~5x10° 1x108~1x10° Bx10°~7x10® 1x109~1x10"°

The result is summarized in Table 1. From this result, it is understood that the multiphase flow in SRM usually has

the following features.

1) The volume of the particle can be ignored («, << 1).

2) The gas-particle flow is dilute and disperse since ¢ >> D, is realized. Particle motion, therefore, is controlled mainly
by the surface force imposed from the gaseous phase and by the volume force like the gravity and rocket
acceleration. Basically particle-particle collision can then be ignored or the binary collision is enough where it is
necessary to consider it. Since the diameter of a particle is distributed, it is a poly-dispersed system.

3) It is a non-equilibrium flow in which the velocities and the temperatures, respectively, are different between the two
phases and the interaction of the gaseous phase (continuous phase) and the particle phase (dispersed phase) is to
be taken into account. Since the Stokes number is around the unity from the throat to the nozzle exit, one must
usually consider non-equilibrium nature in SRM except for the case of a small particle in the combustion chamber
(St << 1) and a large particle at the nozzle exit (St >> 1). In case of St << 1, the flow is called “equilibrium flow” and
a particle follows the speed of the gaseous phase immediately. On the other hand, in case of St >> 1, the flow is
called “frozen flow” and a particle and the gaseous phase behave independently.

4) Since the characteristic length of a flow is much greater than the average particle distance, a description of a
continuum is possible for the particle phase. It is possible to define the amount of volume averages like dispersed
density of the particle phase, and to express governing equations for the conservation of the mass, the momentum,
and the energy of particle phase by the Eulerian description.

5) Diffusion of the particle by Brownian motion can be ignored.

6) The breakup of a droplet should be taken into account for a large particle. The surface tension of the droplet o, is
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0.7 N/m and 0.84 N/m for aluminum and alumina, respectively. It is thought that if the Weber number exceeds a
critical value We*, the breakup of the droplet occurs. The critical Weber number changes with the kind of droplet,
and the methods of acceleration, usually values of 15~30 are employed for alumina and aluminum.

7) Solidification of alumina can be disregarded. It is thought to take several seconds or several minutes for even a
particle of 1 2 m to solidify because it takes finite time before a solidification core is generated in a droplet and heat
is released out of the surface. Since, on the other hand, t., is less than a millisecond, it is thought that a particle is in
supercooled liquid phase within a nozzle.

8) A large aluminum droplet may not complete combustion within the residence time. The possibility of
incompleteness becomes high as the size of SRM becomes smaller and the size of a droplet becomes larger.

In Chapter 2, mathematical models of multiphase flows in SRM and the sensitivity of various parameters on the phase
interaction are described. The fluid dynamic force acting on a particle in a steady uniform free stream with the effects of
compressibility and rarefied gas dynamics is discussed. Forces due to non uniform or unsteady free stream and their
important role in the multiphase flow in SRM are discussed. The convective heat transfer and the radiative heat transfer
between gas and a particle are also described.

In Chapter 3, as numerical simulation methods for the multiphase flow in SRM, the Eulerian-Eulerian method, the
Eulerian-Lagrangian method, and the Eulerian-hybrid method are explained. Especially, about the Eulerian-Eulerian
method, detailed description is given on the construction of a solution tool for axisymmetric multiphase flows. The effect
of the particle diameter distribution is described in the Eulerian-Lagrangian method. The Eulerian-hybrid method is
described towards the construction of a more realistic numerical simulation tool dealing with the effects of particle
combustion and breakup.

In Chapter 4, numerical experiments are conducted using the technique stated in Chapter 3, and the feature of each
technique is clarified. In Section 4.1, comparisons of the Eulerian-Eulerian method and the Eulerian-Lagrangian method
are performed about two-dimensional, axisymmetric, and three-dimensional cases. In Section 4.2, several flows, from zero
dimension to three dimensions, are computed using the Eulerian-hybrid method, and the effect of the combustion model

of a particle and the effect of the particle-breakup model are verified.

2. Parameter sensitivity on forces and heat transfer of gas-particle Flow in SRM

2.1. Forces acting on a particle

Equation of motion
The equation of motion of the particle in fluid is expressed with Eq.(9).

U, . . .
m, dtp =F,+F,+F, ©®

Here m, is the particle mass (=V," 5,,), &, the particle true density, V, the particle volume, Up the particle velocity vector,

FD the fluid dynamic force, FG the gravity and the inertial force, and ﬁ‘c the contact force between particles.

Fluid dynamic forces
When a particle has a spherical shape, the fluid dynamic force acting on the particle can be written in the following

form¢l,
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S . P DU dU
(U—Up> —vap +VPV'Z’ +7gVP[E— dtp

! D%t Y dt | g, o - Up)t“ a0

Here D, is the particle diameter, o, the gas density, p the gas pressure, U the gas velocity vector, 7 the stress tensor, H
the gas viscosity coefficient, and C, the drag coefficient.

In the right-hand side of Eq.(10), the first term is the fluid-dynamic drag in a steady and uniform flow, the second is
the force due to the pressure gradient in the main stream, the third is the force due to the shear stress gradient, the fourth
is the force required to accelerate additional mass (delay of the form drag change by acceleration) and sometimes called
apparent mass force, and the fifth is the force by the temporal delay in boundary layer development due to the relative
acceleration of unsteady motions of particle and fluid (Basset force).

In Eq.(10) D/Dt is the substantive derivative defined below.

D & 0 5, 0
— ==t UV —— W — 1mn
Dt ot ox oy Oz

Fluid-dynamic drag in a steady and uniform flow

The fluid-dynamic force in Eq.(10) depends largely on the evaluation of C,. There are several estimation formulae of

a fluid-dynamic drag of a sphere.

@ Stokes law
Cr =t (12)
@ Newton law
C,=0.45 13
® Schlichting®
C, :%(IJFSI]ZGJ (14)
@ Schiller and Naumann®!
C,p= %(1 +0.15Re*™)  (Re <800) 15
(® Wen and Yu®®
c, - %(1 +0.15Re®®")  (Re <1000) “

0.43 (Re >1000)
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® Putnam?®
24 Re”
C, - §[1 i ] (Re <1000) an
0.4392 (1000 < Re < 300000)
@ Clift and Gauvin™
c, = 24 (1+o 15RO 4 0.01754Re _ mj 1)
Re 1+4.25><10 Re™
Carlson and Hoglund®
0.427 3.0
1+exp| - 68 - Re88
Cp=Ch 19
1+ ]—W— 3.82+1.28 exp[— 1.25Rej
Re M
© Henderson!¥!
MmO 1.058 " 1
0.9+03;4+186( J 2+ Z, -——
M Re MZ 7/2 M f T, M 7/4
ifM>1.75,  Cp,= ©20)
1+ 1.86[%j
Re
-1
T
3.65 —1.53?" .
C, = 24| Re+ M,/% 433+ —————~ [exp ~0.247
/7
1+ 0.353FP M A
yM<, +exp[ 0.5MJ 4.5+0.38(0.03 Re+ 0.48vRe) 01 + 020 @1
vR 1+0.03Re+ 0.48yRe
+0. 6M,/ {1 exp(ﬁ —ﬂ
f1<M<175  C,(M,Re)=C,(1.0,Re) + 3 (M ~1.0)[C,(1.75,Re) - €, (1.0, Re)] @2)
Crowell0!
M ) 10.78) Re
C,=2+(Cp-2) exp(— 3.07fy %g(Re)j + N, exp(— 2—11?) 23)

log,, (g(Re)) = 1.25(1 + tanh(0.77 log,, Re—1.92))

T
h(M) = {2.3 +1.7 7#} ~2.3tanh(1.17log,, M)
g
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@ Hermsen!1!!

M h(M) Re
C,=2+(Cp,-2) exp(— 807\”%‘%’7(}{6)] + \/;M exp(— ZMJ 24
7 T
2(Ro) = 1+Re(12.278 +0.548 Re) s =86 1715
1+11.278 Re 1+ M T,

The Reynolds number and the Mach number in the above formulae are defined based on a particle diameter and

relative velocity.
P ’[7 NYZR ‘U s
Re=—"—+*— M=——— (25)
H yET,

Here, Re is the Reynolds number, M the Mach number, U, is the slip velocity, v the specific heat ratio, R the gas
constant, T, the gas temperature, and 7, the particle temperature.

The equations (12) to (18) are expressions of incompressible drag coefficients, whereas the compressibility and
rarefied-gas dynamic effects are taken into account in Egs. (19) to (24). The incompressible drag coefficient is denoted by
Cpo . In the following analyses, Cy, is estimated by Eq.(16).

The comparison of drag coefficients (D~@) for the case of incompressible free-stream is shown in Fig. 4. The drag
coefficient O and 3 are the expressions that should be originally applied to a low Reynolds number of about Re <1, and
behavior obviously different from another is shown on the high Reynolds number region. On the other hand, the drag
coefficient @ is the one to be applied to the high Reynolds number side of about Re >1000, and is obviously different from
other drag coefficients in the low Reynolds number region. It is understood that the empirical expressions, @~ @, which
are proposed to be applicable within a comparatively wide range of the Reynolds number, almost estimate a similar value.

On the other hand, the expressions @~ are made to deal with the effect of compressibility and rarefaction, and
they are compared in Fig. 5. When compressibility is weak (Mach 0.1), any formula gives the almost same result, but if
compressibility becomes strong, the gap between methods is conspicuous. Since the Knudsen number Kn is of the order
of M/Re, the degree of rarefaction becomes high as we go in Fig. 5 to the left, and the degree of rarefaction becomes low
as we go to the right. Although any formula gives a result resembled in high-rarefaction and low-rarefaction regions, the

variation among methods is large in the intermediate-rarefaction region.

Effect of a drag coefficient to the particle motion in SRM combustion gas

In order to see the effect of a drag coefficient to the particle motion in SRM combustion gas, traces of a particle
injected with a constant initial velocity in a uniform stream shown in Fig. 6 are calculated for the conditions described in
Table 2 and the difference in the particle locus is evaluated among drag coefficient expressions mentioned above. The
temperature ratio appearing in @, @, and @ is always set to unity.

In case that the initial velocity is so small that the compressibility is ineffective, a particle locus hardly depends on the
calculation method of drag. If initial velocity is large and the influence of compressibility becomes large, a particle locus
will vary with the drag calculation method. The particle loci computed for the case of the initial velocity of 500 m/s are
shown in Fig. 7. It is seen in Fig. 8 that, in the larger Reynolds number region, the gap in the drag coefficients is large,
whereas in the lower Reynolds number region, the same drag coefficient by any method is obtained. It is worth noticing
that, in this problem, the particle locus by Stokes drag shows a completely different trend from others.

As mentioned above, in the portion where the Reynolds number is large and the compressibility is comparatively
strong, it turns out that the formula considering of a compressibility effect (or a rarefaction effect) should be used.

Moreover, although the Stokes drag coefficient is often used in a simple calculation, cautions are required so that it is used
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in the very small range of the Reynolds number, unless a completely different solution may arise. The expressions taking

account of compressibility and rarefaction give a little different results.
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Fig. 5 Comparison of drag coefficient

Fig. 4 Comparison of drag coefficients

Uniform flow
(ug- pg- Tg)

Initial velocity v,

Particle \(éiameter 100 wm)

Fig. 6 Setup of numerical test of particle motion injected into a uniform stream

Table 2 Calculation conditions

Particle diameter 100 um
Particle density 2500 kg/m3
Free-stream pressure 10 MPa
Free-stream temperature 3000 K
Free-stream velocity 50 m/s
Specific heat ratio 1.2
Mean molecular weight 30 g/mol

Particle injection velocity 50 and 500 m/s
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Fig. 7 Comparison of a particle locus (initial velocity 500 m/s) Fig. 8 Comparison of a drag coefficient along particle loci

(initial velocity 500m/s)

Force due to a pressure gradient

A local pressure gradient exerts force on a particle. The force can be estimated by integrating the pressure over the

particle surface.
F,= |- pAdS = [-VpdV (26)

Here “cs” denotes the surface and “cv” denotes the volume of the sphere. The divergence theorem is used in the
above equation.
When a sphere is small compared with the scale of change of the pressure gradient, the pressure gradient is

considered to be constant all over the sphere. In this case Eq.(26) can be written as

F,=-VpV,. @7)

Let us check the amount of this force for a solid rocket motor. The pressure and the pressure gradient in the nozzle
shown in Fig. 9 are estimated by a quasi-one dimensional analysis. Here, the length and the pressure are non-
dimensionalized by the throat diameter D, and the chamber pressure. p,, respectively.

From Fig. 9, it turns out that the absolute value of the pressure gradient becomes the maximum at the throat and its
amount is about the ratio of the chamber pressure to the throat diameter. This approximation is generally valid for usual

solid rocket motors.

28)

Numerical experiment to evaluate the influence of a pressure gradient

Next, in order to investigate how much this pressure gradient contributes to the motion of a particle, numerical
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analysis is performed for the case of putting a particle in the flow with the uniform velocity and pressure gradient as shown
in Fig. 10. In the analysis, the initial particle speed is the same as the gas speed, and it accelerates by the pressure-gradient
force to settle in a steady speed after a while. Beside the pressure-gradient force, only the fluid-dynamic drag in a steady
uniform flow is taken into account in Eq. (10). Therefore, the result shows contribution of the pressure-gradient term over

the steady fluid-dynamic drag. The formula of Henderson is used for a drag coefficient.
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Fig. 9 Pressure and pressure gradient in SRM (quasi-one dimensional analysis)

A flow in a throat region (throat diameter of 100mm) with p.=10MPa and T,=3000K is assumed as the mainstream.

The uniform flow velocity is set as a parameter ranging within 100~1500m/s. The flow velocity distribution near the
wall in the throat region obtained by a CFD analysis (M-25 motor axisymmetric analysis) is shown in Fig. 11. In this case,
boundary layer thickness is of the order of millimeter and the flow velocity changes between 100 m/s and 1000 m/s
roughly at the distance from the wall changing from the order of the particle diameter (micrometer) to the outer-edge of
the boundary layer (the order of millimeter). Since the pressure gradient is imposed inside the boundary layer as well as
the boundary layer exterior, the difference in the effect is checked by changing the flow velocity.

Here, since the particle is initially moving at the same speed as a uniform flow, it should flow at the same speed unless
a pressure gradient exists. Here, the ratio of the speed of the particle to that of the gas is denoted by ¢ and is considered

as the index of the pressure-gradient effect.

g=—2 29)
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Uniform pressure gradient: -

{ Particle (di

Uniform velocity: 100~1800 ms

Fig. 10 Numerical experiment of the effect of pressure gradient on particle motion
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Fig. 11 Flow velocity distribution near the wall at a throat Fig. 12 Change of particle speed by pressure gradient for
(a CFD result of M-25) various uniform flow velocity levels

In the case of the particle diameter of 100 . m, if a pressure gradient is taken into account to the initial velocity of 100
m/s (uniform flow velocity), the terminal speed of the particle turns out to become about 1.7 times of the gas speed as
shown in Fig. 12. The ratio of the terminal speed to the gas speed falls as the uniform flow velocity becomes large, and it is
about 5% of increase in the case of the uniform flow velocity of 1500 m/s. It turns out that, for the particle diameter of 10 2 m,
the increase in speed becomes about 5% even when the uniform flow velocity is 100 m/s as shown in Fig. 13.

Therefore, when a particle diameter is large (order of 100 ~m) and when a big pressure gradient is imposed to a

region of slow gas speed like in the boundary layer, the influence of a pressure gradient becomes comparable as the fluid-

dynamic drag and is not negligible.

Force due to a shear-stress gradient

Alocal shear-stress gradient exerts force on a particle. The force can be estimated by integrating the stress over the

particle surface similarly to the pressure-gradient force.
F, = [¢.5#dS = [V-#dV (30)

When a sphere is small compared with the scale of change of the shear-stress gradient, it can be considered that the

shear-stress gradient is constant all over the sphere. In this case Eq.(30) can be written as
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Stress gradient within a boundary layer
The flow in a boundary layer can be thought as an example in which a stress gradient participates greatly. In order to

investigate the influence of the force due to the stress gradient within a boundary layer, a model of a flow field shown in
Fig. 14 is considered. Here, the distributions of the x-direction component of the flow velocity, u, are modeled by
extracting, from the result of CFD analysis (M-25 axisymmetric heat flux analysis at the wall temperature of 2500K), the
portion where the outer-edge speed is about 100 m/s and the other portion of flow near the throat. The components (v, w)
in the y and z-directions, respectively, are always set to zero. Actually v # 0, but it is negligible because v<<u. The

distribution of the density and the viscous coefficient in the boundary layer are also set up based on the CFD analysis

result.
© Flow velocity
......... 9 sqpesssfToooeooon ot esce sz Boundary-layer edge
p
Xz
2] - S
s
—_—
% > Velocity distribution
Y = obtained by CFD analysis
= S
o
= Wall surface
T o
X m

Fig. 14 Velocity distribution model in a boundary layer

In the model shown in Fig. 14, the dominant component in the stress tensor is

du
Tyg = ﬂE- (32)
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The distributions of the flow velocity and the viscous coefficient (eddy viscosity is included) and the shearing force

used for this model are shown in Fig. 15 and Fig. 16, respectively.
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Fig. 15 Distributions of velocity, viscosity coefficient, Fig. 16 Distributions of velocity, viscosity coefficient,
and shear stress (where the speed at the boundary layer and shear stress (near the throat)

edge is about 100 m/s)

Numerical experiment to evaluate the influence of a shear-stress gradient

It can be seen from these figures that the shear stress grows suddenly in the adjacent region within the distance of
0.5mm to about Imm from the wall. Since the diameter of an agglomerate droplet is the order of 100 2 m, this steep-
gradient domain is as thick as the diameter of the large droplet.

In order to see the influence of a stress gradient, a particle is placed in a flow field and the deceleration process is
investigated as shown in Fig. 17. As shown previously, since a stress gradient becomes large rapidly near the wall surface,

a situation where a particle is nearly touching the wall surface is considered.

Flow velocity

................................................... Boundary-layer edge

Wall surface

Fig. 17 Numerical experiment to see the influence by the stress gradient
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The result of the analysis is shown in Fig. 18 and Fig. 19. The ratio ¢ of the flow velocity in the steady state to that at
the center of the particle is plotted in these figures.
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Fig. 18 Change of the particle speed by the stress Fig. 19 Change of the particle speed by the stress
gradient (where the speed at the boundary layer edge is gradient (near the throat)

about 100 m/s)

It is shown in Fig. 18 that, when the boundary-layer-edge speed is about 100 m/s, the influence of a stress gradient
becomes most strong for particle diameter of near 20 x m and the influence appears as about 10% of a speed decrease.
Within the boundary layer, as the particle diameter becomes smaller, the particle will be located closer to the wall surface
and be imposed by a stronger stress gradient, whereas the volume of the particle becomes smaller. For this reason, the
amount of the right-hand side of Eq. (31) is determined by the balance of those two effects, and the influence is coming
out most greatly for particle diameter about 20 # m in the present model. The particle diameter in which the influence of a
stress gradient appears most greatly varies with amounts of quantities of a boundary layer (thickness, outer-edge speed).
In case of the throat region, the particle diameter is about 3 to 4 ~ m as shown in Fig. 19.

As mentioned above, it turns out that it is required to take the effect of a stress gradient into account, since the

influence becomes large depending on particle diameter in a boundary layer near the wall surface.

Force due to the additional mass

When a particle accelerates in fluid, the inertia increases because the surrounding fluid is dragged with the particle
motion. The increased inertia is called the additional mass. This term appears in connection with the unsteadiness of the
slip velocity.

In order to understand the effect of the additional mass term, only the steady fluid-dynamic drag term and the

additional mass term are taken out from Eq. (10) and substituted into the equation of motion as follows.

dU, r
Vp Om dtp = —S—CngDpz

= =) P DU dU
i kg | o
o-0,): 2 '*| D dt

U-U, 33)

Let us transform Eq. (33) into a non-dimensioned form with the length normalized by the particle diameter, D,, the

time by the relaxation time, ry, and the velocity by the free-stream speed, U... The relaxation time can be written as
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o D?
7, =——~2, (34)
18

The non-dimensioned equation can be written as

dU
v _Ren
dE 24

(T T) x 0[7 d[jp
+_ - —
Y) 2| Dt dt

@35

where () designates a dimensionless quantity. Dimensionless parameters Re and y are defined by the following

equations.
U.D
Re=fe="r z=2c (36)
H Om

Equation (35) shows that the additional mass term is proportional to the density ratio y and a difference of the

acceleration between the gas and the particle. On the other hand, the density ratio is not contained in the steady fluid-

dynamic drag term. In the SRM internal flow, since the density ratio is a very small value of about 1/1000, it is usually the

case that the additional mass term can be ignored compared with the steady fluid-dynamic drag. However, when the

difference of the acceleration between the phases is very large, even if the density ratio is small, the additional mass term

can become significant.

Numerical experiment to evaluate the influence of an additional mass
As a situation in which the influence of an additional mass term appears greatly, the motion of the particle placed in

the vortex is considered as shown in Fig. 20.

Here, the flow shall be in steady state and have a constant velocity component u in the x-direction, and shall carry out

Y
Y

] )

0
®
¥
zZ
Fig. 20 Numerical experiment for the effect of an additional mass on particle motion
rigid-body rotation with an angular velocity « in the y-z plane.
U =(u, - rwsin 0, ro cos 6) @37
The substantive derivative of U is calculated as

DU (-~ ,. \= .

S (U : d1vﬁl =(0,- rw® cos O, — rw® sin 0) 38)
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Suppose that a particle flows in from the upstream near the center of this vortex. Since the very center becomes a
singular point, an initial position of r= R # 0, 6 =0 is assumed.

The loci of the particle for cases with and without an additional mass taken into account are compared and shown in
Fig. 21 ~ Fig. 26. The flow is assumed to have u=1m/s and the vortex of 50Hz of number of rotations. The initial locations
of a particle shall be =0.1, 10, and 1000 . m and the particle diameters 100 and 500 z m.
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Fig. 21 Effect of additional mass: Comparison Fig. 22 Effect of additional mass: Comparison
of particle locus (R = 0.1 um, D,=100 pm) of particle locus (R =10pm, D,=100 um)
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Fig. 23 Effect of additional mass: Comparison Fig. 24 Effect of additional mass: Comparison
of particle locus (R = 1000 pm, D,= 10 pm) of particle locus (R =0.1 pm, D,=500 ym)

The effect of additional mass shows up greatly as the particle diameter becomes large and the initial position becomes
close to the vortex center as well. This is due to the fact that the acceleration term becomes large in comparison to the
steady fluid-dynamic drag near the vortex center. It turns out that, when a particle is placed near the center, the difference
in a position arises to a 10mm order by the inclusion of an additional mass while moving in 50mmX50mm region in the
y-zplane. In the case of 500 ;. m of particle diameter, even when the gap from the vortex center of the initial position is as
large as about 2 times of particle diameter, particle loci differ considerably depending on whether or not the additional

mass is taken into account.
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Therefore, when acceleration is large, e.g., in case that a particle flows into the center of a vortex with big angular

velocity, the additional mass term cannot be neglected.
The nozzle liner, in SRM, placed downstream of the throat insert may sometimes form concave surface by the
ablation phenomena. In such a situation, Gértler-type vortices as shown in Fig. 27 may occur from the hydrodynamic

instability due to centrifugal force. When a particle is involved in such vortices, situation mentioned above may grow up.

Voo

Fig. 27 Gortler vortex (Ref.3)

2.2. Heat exchange between a particle and the gaseous phase
Energy equation

Equation which describes the temporal change of the internal energy of a particle can be written as

d(C,, T
mp(—;;p—):QR +@Qc, 39)

where m, denotes particle mass, Cp, specific heat of particle, T, particle temperature, Qg radiative heating, and Q.

convective heating. It is assumed that the temperature inside a particle is uniform here.
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Convective heating
The convection heating term can be written as

[DTg dij

D A A Dt dr

—aD T -7 )+ ety ap [N g (40)
Qc 7 ya (é’ P)+ 12 g+7z- P jo ﬂ'ag(t_f) v

where h denotes heat transfer coefficient, 7, surrounding gas temperature, A thermal conductivity of gas, «, thermal
diffusivity, and D, particle diameter.
The first term in Eq. (40) represents the steady-state term, the second does the non-uniformity term, and the third

does the unsteadiness term. Here the effect due to particle combustion is not taken into account.

Steady-state term
Convective heating to the surface of a sphere from a steady uniform flow is expressed as

Q, =D’ W, -T,). 41

Since the heat transfer coefficient can be written with the Nusselt number by definition as

B Nui ’ “2)
DP
Eq. (41) can be rewritten as
Q, = NuazD, (T, -T,). (43)

The thermal conductivity of gas A is estimated by the film temperature 7; in consideration of physical-properties

change within the thermal boundary layer on the surface of a particle. The definition of 7} is
T, =051, +7,). (44)

Various formulae are proposed for the Nusselt number. Some of them are summarized below.

@[121
Nu=25Re’®+0.04Re (45)
@[121
Nu =2+ 0.370Re’® Py'/? (46)
@[121
Nu =2+ 0.459Re%% Pr!'® A7
@Ranz-Marshalll13!
Nu =2+ 0.6Re% Pr'® (48)
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(®Kavanau-Drake!'4!

0.55 0.33
N — 2+ 0.459Re™ Pr (49)

1+ 3.42( )(2 +0.459 Re"® Pr#)

err

®n2

Nu = {(2 +0.654Re"?Pr'?)" +3.42 5 (50)

In the above equations the Prandtl number is denoted by Pr.

The Eqgs.(45) ~ (48) (D~®) are the formulae for an incompressible flow and Egs.(49) and (50) (®~®) are those in
which the compressibility and rarefaction effects are taken into account.

In Fig. 28 comparison of the Nusselt number for the incompressible flow and in Fig. 29 for the compressible flow is
shown. The Prandtl number is set to 0.42 for a combustion gas.

In Fig. 28, the values of the Nusselt number are in general alike, except for that of . They produce some difference
in the Re~10 neighborhood and in the high Reynolds number side of Re>10%. The formula @ and @ make a difference of
about 1.5 times at Re=10% On the other hand, when compressibility is taken into account, the differences between
methods are small. It turns out that the influence of compressibility is remarkable as shown in Fig. 29.

Next, the configuration of a motor of Fig. 30 is considered, and temperature change of the particle is analyzed for a
quasi-one dimensional flow under conditions summarized in Table 3. Results are compared among the Nusselt number

formulae shown previously. The formula of Crowe (Eq. (23)) is used for a drag coefficient.
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Fig. 30 Nozzle geometry used in quasi-one dimensional
analysis

The changes of particle temperature along the loci for the cases of particle diameter of 1, 10, and 100 micros are
shown in Fig. 31, Fig. 32, and Fig. 33, respectively. Also the changes in the Nusselt number along the loci for the three
cases are shown in Fig. 34, Fig. 35, and Fig. 36, respectively.

When the particle diameter is as small as 1z m, there is little deference between the phases and also there is little
variation in the Nusselt number evaluations. When the particle diameter is 10 x m, the results are divided into two groups
whether the compressibility is considered or not. When the particle diameter becomes further large, the variation within
the incompressible group becomes large. The level of variation is about 100~200K at the exit.

When the particle diameter is small, the inertia of the particle is small, and then a Nusselt number corresponding to a
small Reynolds number is used because of a small slip velocity. The compressibility effect appears large because of this
reason and, as shown in Fig. 34, the trend of change of the Nusselt number is roughly divided into two groups whether the
compressibility is considered or not. However, as shown in Fig. 31, the difference between methods is not significant in
the resulting particle temperature. As the particle diameter becomes large, a Nusselt number corresponding to a large
Reynolds number is used, and then the compressibility effect becomes small. On the other hand, the variation in the
incompressible Nusselt number among the evaluation methods becomes large, and so does that in the resulting particle

temperature.

Non-uniformity term

When the mainstream is not uniform for a Stokes flow, Faxen force is added because of the non-uniformity. Similarly,
in case of energy exchange, because of non-uniformity of the gaseous phase temperature in space, non-uniformity term of
the following form is added.

3
D "4

T VT, 51
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Boundary-layer flow can be recognized as the case in which non-uniformity involves greatly. In order to investigate
the influence of the non-uniformity of gaseous phase temperature to the particle temperature within a boundary layer, a
flow-field model as shown in Fig. 14 is considered. The distribution of the transportation coefficient in the boundary layer
is also set up based on the CFD analysis result.

The distributions of the temperature, the thermal conductivity (including turbulent effect), and AV*T" used for this
model are shown in Fig. 37 and Fig. 38.

In order to see the influence of the non-uniformity term, a particle is placed in a flow field and the deceleration
process is investigated as shown in Fig. 17. As shown in Fig. 37 and Fig. 38, AV’T becomes large rapidly near the surface
of a wall, and since it is possible to influence strongly in this portion, the situation where a particle is nearly touching the
wall surface is considered. The particle temperature is calculated by numerically solving the energy equation, Eq.(39),
with the particle motion obtained by solving the equation of motion with the formula of Crowe used for a drag coefficient

and the force due to shear-stress gradient in a boundary layer considered. The results of the numerical experiment are
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Fig. 37 Temperature, thermal conductivity, and Fig. 38 Temperature, thermal conductivity, and
AVT (boundary-layer-edge speed is about 100 m/s) AV’T (near the throat)

shown in Fig. 39 and Fig. 40. The ratio of the particle temperature of the steady state evaluated with the non-uniformity
effect taken into account to the gaseous phase temperature at the particle center is denoted by ¥ and is plotted against the
particle diameter. From Fig. 39 and Fig. 40, it turns out that, when the speed at the outer-edge of the boundary layer is about
100 m/s, the degree of temperature decrease is about 0.5%, even with the most effective particle diameter, about 60 x m, to
the non-uniformity of the temperature field. Moreover, for the case of the velocity profile near the throat, the decrease of
the temperature of the particle is at most 0.3% in which the influence of non-uniformity appears most greatly with a particle
diameter of about 10 2 m or less. Within a boundary layer, since a small particle is located near the surface of a wall, it is
put to a strong non-uniformity. On the other hand, since at the same time the volume of the particle becomes small, the
steady-state term becomes dominant. It is considered that, with the particle diameter determined by the balance of the two
effects, the influence of non-uniformity becomes the maximum. It is thought that the effect of non-uniformity is small

enough compared with a steady-state term, and it is not necessary to take this effect into consideration in the SRM internal

flow.
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Radiative heating

The energy exchange due to radiative heating is evaluated when a particle is surrounded by a gaseous body as!!

Qr =5po7er2(Tg4 —Tp4), (52)
where ¢, denotes the emissivity of the particle and ¢ the Stefan-Boltzmann constant (5.670X10% (W/m?/K¢) ).

Similarly to the steady-state term in the convective heating, the particle temperature is analyzed about the SRM
configuration of under the conditions of Table 3 for a quasi-one dimensional flow with or without the radiative heating. The
Nusselt number is evaluated with the compressibility effect considered by the formula of Kavanau-Drake (Eq.(49)). The
drag coefficient is evaluated by the formula of Crowe. The emissivity of a particle is set to 1 in order to see the maximum
radiative heating effect.

The particle temperature evolution along particle loci is plotted in Fig. 41 ~ Fig. 43. The convective and radiative
heating along the loci are also plotted in Fig. 44 ~ Fig. 46.

When particle diameter is small, since there is almost no slip temperature, no significant effect of radiation heating is
seen. If particle diameter becomes as large as about 100 . m, the effect of radiation heating shows up since the slip
temperature will become large. In the case of 100  m of particle diameter, the effects by radiation are about 20K in this

case at the nozzle exit. It is thought that the rate of convection heating is larger than that of radiation heating.
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3. Computational Method of multiphase Flow in SRM

About multiphase flows in SRM, a great number of researches have been carried out over the half-century including a
lot of numerical analyses!61[171.1181119],[201, 211, 221,[231, 1241, 25}, 1261, 27]

In the computational analysis of a multiphase flow in SRM, governing equations for the conservation of the mass,
momentum, and energy are solved for the gaseous phase and the dispersed-particle phase including their mutual, two-way
coupling, interactions. Moreover, the following assumptions are made in the present numerical analysis of the multiphase
flow in a solid rocket motor.

1) A particle does not undergo phase change.

2) Gas phase follows the ideal-gas equation of state.

3) Particle volume is negligible.

4) Particle random motion is negligible. (No effective pressure and stress in the particle phase.)

5) Particle coalescence effect is negligible.

6) Physical properties of particles are constant and not dependent of the temperature.

7) Particle is spherical.

8) Temperature is uniform in a particle.

9) Acceleration and gravity force are not taken into account.

As for the gaseous phase, it is common to be based on the Eulerian description in which the time and space are the
independent variables, and the state variables such as density, pressure, and fluid velocity are the dependent variables. A
phase-interaction term is added as a source term to the system of basic equations, i.e., the Navier-Stokes or Euler equation
and the energy equation. No source term is added to the continuity equation.

On the other hand, in the description of particle phase, there are two kinds of methods, i.e., the Eulerian and the
Lagrangian. The outline of both methods is shown in Fig. 47 and Fig. 48. In the Eulerian description, the particle phase is
considered as a continuum, and the system of governing equations for the particle-phase conservations of mass,
momentum, and energy with the gas-particle interaction source terms is simultaneously solved. On the other hand, in the
Lagrangian approach, simulation particles are generated from the burning surface and the location and the temperature of
each particle is updated by integrating in time the equation of motion with the energy equation. The influence on the

gaseous phase is calculated by sampling particle information in each cell.

Definition points of Cell-interface flux
calculated

particle phase

Definition point of

HPSETIS pliesg / Definition point*of
Particle path calculated Both phases

Fig. 47 Lagrangian method Fig. 48 Eulerian method

The Eulerian-Eulerian method, in which the particle-phase is treated by the Eulerian approach, is called two-fluid
model. The Eulerian-Lagrangian method, in which the particle phase is treated by the Lagrangian approach, is called

particle tracing method.
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Furthermore, a hybrid technique which combines the two above-mentioned methods can be considered. Small
particles like alumina smoke are treated in gaseous phase (Eulerian description), and comparatively large particles are

treated by the Lagrangian method in a hybrid technique.

3.1. Eulerian-Eulerian method
3.1.1. Governing equations
The system of governing equations for the gas-particle flow containing N, sorts of particle groups of different

diameter is described below.

Governing equations for gaseous phase

+—E 4+ £ =8 (63)

pg pgug pgvg ngg

Pty Pylly + P PtV PellyWy
Qg = PeV% E = puv, F, = ,Dgi, +p Gg = PeVeWe (4

ngg pgqug nggWg ng§+p

e, (e, + plu, (e, + plv, (e, + P)w,

0
N,
_ ZA(k)(ug _ ui}k))

k=1

N,
_S AR, W
kzz; (v, -v,") 5

ol ) (&)
(k k
~kg AV (w, —w) )
-1

N

»
Wl W &) &) 95 x) ) ) 75
—;[A {up (ug—up )-‘:—Vp (Vg—Vp )+Wp (Wg—Wp )}+B (Tg—TP )]

Here, o denotes the density, (¢, v, w) the components of velocity in x, y, and z directions, respectively, p the
pressure, Tthe temperature, and e the total energy per unit volume. The subscripts, g and p designate the gaseous phase
and the particle phase, respectively. The superscript (k¥) denotes the k-th particle group. Coefficients A and B in the phase-
interaction term are defined in Eqs.(65) and (70).

The pressure and the temperature are determined from the equation of state.

p=G-Dle, -Lp,w?+v? +W§)), T, = R (56)
Py

Governing equations for the k-th particle phase (k=1....N)
~M (&) (k) (&) ~1 (k)
oQ r, JE P BFP N oG »

ot ox oy 0z ’
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(k) (&), (k) (k) (k) (k) (k)

Pp Pp Uy Pp Vp Pp Wp
(k). (k) (k) (k) (k) (k) (k) (k) (k) (k) __ (k)
Pp Up Pp Up Uy Pp Up Vp Pp Up Wy (58)
(k) _ (k) (k) (k) _ (k), (k)_ (k) (k) _ &) _ (k) (k) (k) _ (k) (k) (k)
Qp =Py Vo EP S|Py Uy, FP = Pr Vo Vp GP S|Py Ve Wy
(k) (k) (&), (k) (&) (&)_ (k) (k) &y (&) (k)
Pp Wy Pp Up Wy Pp Vp Wp Pp Wp Wy
(k) (k), (k) (k) _ (k) (k) (k)
e, e, u, e,’v, e, w,
0
(k) (k)
AV, —u)”)
) _ Wi, W)
S, = AP (v, —v)P) (59)
A(k)(Wg B W;k))
(k)( e, Wi, 3 _ (k)) W e
AP W, —uP)+vi P, v e w Pw, —wi))+ BT, -T,°)
Here o, is the particle bulk density. The total energy per unit volume of the particle phase is described as
P gy
— 1 2 2 2
e, =p,Cp,T, +5p, W, +vi+wh), (60)

where Cp, is the specific heat of the particle.

Phase-interaction term

It is necessary to evaluate the phase-interaction term in the simultaneous solution process of Egs. (63) and (57). For
the simplicity, N, is set to unity later on.

The force acting on a single particle is evaluated as

F=2p 08,0, -0,) (61)

= \/(ng -u, )2 + (Vg Vo )2 + (Wg W, )2 ’ (62)

where Cp, is a drag coefficient per a single particle.
Since the number density is determined as the ratio of the particle bulk density to the mass per a particle, the force
acting on the particles per unit volume can be calculated as

P . e
o PV :%ngs Sm[ CD (Ug_Up) o ;}p

m’ p m

F=Ff

, (63)

where o, is the density of particle material and V, the volume of a particle.
Assuming a spherical particle, the above equation can be rewritten with replacing S, by the projected area of a

sphere zr] as

F=AWU,-U,)

g P
(64)
a=3LPelii o L
8 o, r,
(65)

where r, is the radius of the particle.
The energy exchange between the phases can be described as follows. First, the convective heat transfer to the

surface of a particle is considered. The heat transfer coefficient is written with the Nusselt number, Nu as
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_Nui Nuc,p
L L Pr

h ; (66)

where h denotes the heat transfer coefficient, A the thermal conductivity of gas, ¢, the specific heat of gas at constant
pressure, L a reference length, and Pr the Prandtl number.
Designating the surface area of a particle by S,,,, the energy amount ¢ received by a single particle from the gaseous

phase can be calculated as

g=hS Nuc,

e (L, =T)) = S, (T, -T,). 67

sur

T

Similarly to the force, the energy amount @ received by the particle-phase per unit volume from the gaseous phase is

P Nuc, u P
Q =q - = - Ssur (Tg - Tp) £ (68)
PnV,  LPr PV
Replacing L by the particle diameter, the above equation can be written as
@=B(T,-T,), (69)
3 p, Nuc, u
B-2fr " Tp 70)

2 -
20,r, Dr

3.1.2. Phase-equilibrium flow
Let us consider a case in which the diameter of a particle is so small that speed and temperature of the particle phase
follow immediately with those of the gaseous phase. Such a flow is called the phase-equilibrium flow. The Stokes number

is usually very small in such a case.
Let us consider the governing equations for the two-phase flow, Egs. (53) and (57) with N,= 1. In a phase-equilibrium

flow, the velocity and the temperature are common in both phases, i.e.,
(up Vo Wp) = (ng, Ve Wg): (LI v W) (71
Tp = Tg =T )

By summing up Eqgs. (63) and (57) and inserting Eqgs. (71) and (72), a system of equations for a phase-equilibrium

flow is obtained as

Q &, F oG

o Tox oy T 73
p pu pv pw
pu pu’+p puv puw
Q=| pv E=| puv F=|pvi+p G=| pww |. (74)
oW pUW PVW pwi+ p
e (e + plu (e + plv (e+ pw

It should be noticed that the source terms are cancelled out. The density and total energy of the phase-equilibrium

flow are defined as follows.
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e:eg+ep (76)

Let us define the loading ratio of the particle as the ratio of the particle bulk density to the gaseous-phase density and
designate it by .

P
y=—" (77)
Pg
The particle bulk density can be written as
v
= = . 78
Py =¥pP, L+y P (78)

Since Egs. (73) and (74) are formally the same as the equations of compressive fluid, a phase-equilibrium flow can be
treated as a single-species gas flow.

The total energy of a phase-equilibrium flow is obtained by summing up the total energy of the two phases.

e=e,te,

=p,Cp,T + P +§(U2 +v? +W2)

=yp,CpT + p1+§(u2+v2+w2) (79)
C

A p+£(a2+v2+w2)
R y-1 2

Moreover, the equation of state can be described as
1
p=p,RT = pRT . (80)
1+y

Introducing the effective specific heat ratio ¥ and gas constant R for a phase-equilibrium flow, it is possible to treat

the flow by a usual single-phase, ideal-gas compressible fluid.

9:7—1_1—p+§(112+v2+wz) (81)
p=pRT (82)

Comparing Eqs.(79) ~ (82), the effective properties can be defined as

R. 84

Phase-equilibrium flow analyses are utilized to investigate the multiphase flow behavior containing very fine particles

like an alumina smoke or to supply the initial flow field of non-equilibrium multiphase flow calculation.
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3.1.3. Outline of numerical simulation method

A computer program is developed along with the Eulerian-Eulerian method to calculate multiphase flow in SRM. The
program is named SPEC-1 (Solid Propulsion Enhanced Code, No.1).

In the Eulerian method, the governing partial differential equations (53) and (57) are discretized by a finite volume
method to deduce a system of ordinary differential equations, which is then integrated in time by an implicit scheme to
give a system of algebraic equations.

The computational domain is divided into finite-volume cells, as shown in Fig. 49, and volume-averaged quantities of
Q,, Q, are defined per each cell. The instantaneous fluxes of conservation variables at the interface of each cell are
calculated to give the time derivative of each variable. The amount of change is calculated by numerically integrating the
derivative by an appropriate time interval. By successively performing the above procedure, Egs. (53) and (57) are solved
in a time-evolutional manner. A steady-state solution, when it is concerned, is obtained as the time-asymptotic solution

reached after sufficient number of iterations.

Cell-volume-averaged
quantities defined

Fig. 49 Computation scheme of Eulerian method

Calculation of the numerical flux

As for gaseous phase, several methods are proposed for the numerical flux of the convection term of compressive
fluid. In SPECS (Solid Propulsion Enhanced Code Series), the AUSM-DV-EF method 281129 with MUSCL approach and
second- or third-order reconstruction, is commonly used as the convective numerical flux scheme. In the MUSCL
approach, a limiter, e.g., minmod function, is used for extrapolating the primitive variables. Details of the method are
available in Ref. 28 and Ref. 29.

Numerical flux of the particle advection term in Eq. (57) will be described below. It is calculated by solving a Riemann
problem at each cell interface.

Let us consider one-dimensional governing equations. The conservation variable vector and the advection flux vector

for the particle phase can be written as

Pp Pptp
q,=|p,u,| and F, = ppuf, =u,q,. (85)
ppgp ppgpup

The Jacobian matrix of the advection flux vector with respect to the conservation variable vector is calculated as
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P

oF

P

aqp_

37

(86)

The eigenvalues of A, are u,, u,, and u,. The speed of information of particle phase is, therefore, only the particle

velocity. This system of partial differential equations is hyperbolic and degenerative. Because of this degenerative nature,

the particle-free zone appears in the solution and also the density is piled up where the particle is colliding to the wall or

each other.

In the Riemann problem, the left-side and the right-side particle velocity at a cell interface are denoted by u,; and Uy,

respectively.
(a) ¢
Up ;
g
L rR X
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) ¢
Up R
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Fig. 50 Six states in the Riemann problem of particle phase
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The Riemann problem at a cell interface can be categorized into six kinds of the left-side and right-side states as
shown in Fig. 50. In the states of (a), (b), and (¢), the left particle and the right particle are separating, so they are

“expansion” cases. On the other hand, the states of (d), (e), and (f) are “compression” cases.

The particle bulk density o* and the velocity u* at a cell interface are determined based on the solutions of the

Riemann problem.
@ u, >0, U, >0, Uy, <Upp:
® u, <0, U,p >0

(© u, <0, U, <0, Uy, <Uyp:

@ u,>0, up>0, u, >u,,:

© u,, >0, u,;<0: P*=Por + Pogs u*:(ppLupL+ppRupI?)/(lOpL+ppR)

O v,y <0, u,<0, u, >u,:

The numerical flux for the particle phase

. .
PT= Py, UT

p*:pp}i" u
p*:ppL’ u*

LIpL

=u

= u]}]f

pL

w* K
p _ppR’ u _upR

becomes

@7
(88)
(89)
©0)
Cay)
©2)

This document is provided by JAXA.



38 JAXA Special Publication JAXA-SP-05-035E

p*u*
F*=|p*u*u*|. 93)
p*g*u‘k

The total energy * can be evaluated in the same manner as p*.

The numerical flux can be expressed in a different form, which is more convenient in practice.

Fp* = FpL + FpR = U;qu +Uu,q 2]
o o)
LI; = é(upb’ - |up1? ’) (96)

In order to attain higher order accuracy in space, the variation of the physical quantities within a cell is considered,
and the values of the right and the left sides of an interface are reconstructed from discrete cell-averaged quantities of
neighboring cells. The reconstruction is done assuming a linear or parabolic distribution of physical quantities within a
cell with a slope limiter in order to meet the monotonicity constraint among the left, intermediate, and right values at each

cell interface.

Calculation of the phase-interaction term

The phase-interaction term does not include the derivatives of properties, and can be calculated in a straightforward

manner as a source term.

Method of time-wise integration
An implicit method is used for time integral calculus mainly for the purpose of obtaining a steady-state solution

efficiently. The LU-SGS method®® which is efficient in this operation is used here. In the LU-SGS method, the implicit
operator, a block tri-diagonal matrix, is decomposed into a product of upper- and lower- triangular matrices based on an
idea of upwind differencing. Furthermore, in the process of LU-decomposition, by taking the spectral radius as a common

speed of information about all characteristic waves, number of operations is remarkably reduced.

Boundary conditions
Solid wall: For both the gaseous phase and the particle phase, mirror-image values are set in a virtual cell with a

velocity-slip condition. In this case, the particle which has reached the surface of a wall loses the speed of the wall-normal
direction, and flows tangentially to the wall. In addition, boundary conditions under which a wall adsorbs the particle
reaching the wall can also be given. In the Eulerian method, it is inherently difficult to set up a boundary condition under
which a particle carries out specular reflection with a wall.

Axis of center: As for the axis of revolution in an axisymmetric calculation, since the boundary surface area vanishes
there, all the fluxes are set to zero.

Nozzle exit: Usually, at a nozzle exit, since combustion gas is discharged at supersonic speed, all quantities of both
the gaseous phase and the particle phase are extrapolated from the inside of the computational domain (supersonic
outflow condition).

Burning surface: The density, velocity, pressure, and temperature are determined as follows.

b,
Pep = ﬁ 7

This document is provided by JAXA.



Computational Fluid Dynamics of Multiphase Flows in Solid Rocket Motors 39

g m ©9)
& pgb (1 + '7[/)
pgb = -pc (99)
Pob =W¥Pap (100)
Upp =Ug 101)
T, =T, (102)

Here the subscript b denotes the value applied to a virtual cell as boundary conditions and the subscript ¢ does the
combustion chamber quantities given as inputs from the outside. The total mass flux of the gaseous and the particle
phases at the burning surface is denoted by m. The loading ratio v is defined in Eq. (77). The total mass flux is

determined either from the relationship

m=ro,, (103)
or from
s pc At
m= —_—, (104)
c* A,

where 13 is linear burning rate, ¢, the propellant density, c* the characteristic discharge velocity, 4, the throat area, and A,

the burning surface area. The direction of the velocity at the burning surface is set normal to the surface.

3.1.4. Details of numerical simulation of a two-dimensional axisymmetric gas-patrticle flow
The solution method and demonstration of SPEC-1 (Solid Propulsion Enhanced Code No.1) computer code will be

described. The SPEC-1 is an Eulerian-Eulerian axisymmetric two-phase flow program.

Governing equations
The governing equations for the axisymmetric two-phase flow can be written in a semi-conservation form as follows. It

should be noticed that the radial coordinate ris included in conservation variables, fluxes, and source terms.

Oq OB OF ¢
o0t 0Ox Or
Ip, p,u, p,v,
P, rlp,u} + p) 1p,U, Y,
.V, pv, u, r gV:, +p w05
o mwou H v, H
q: ’Da g , E: pg g ) F: pg g
I”,Op I'IOPLIP I"ppr
o, rppuf) p,u,v,
v, v ,u, v,
| 1P, | | Ip,E,U, J | IP,E,LV,
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energy per unit mass of the gaseous phase ¢, and the total enthalpy H are

1 p

£, =————+— (u +V2)
“or-1p,
H:gg+—]l.

Py

The total energy per unit mass of the particle phase ¢, is

g,=CyT, +%(ai +V123).

The velocity and the temperature relaxation times are determined as follows.

4 GmD ;2)
3Re, ulC,
casz

6Nul .

TT:

Discretization by a finite volume method
Let us consider a quadrangle cell in the computational domain as shown in Fig. 51. It is numbered by (i, j). The

governing equation Eq. (105) is integrated over the cell-projected area A, ; as

”[aq ok 6F)dd deXdr

(106)

v,) are the gaseous-phase velocity components in (x, r) directions. Again, N, is assumed to be 1. The total

107

(108)

(109)

(110)

(111
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GD

B\t+1/2, -1/2)
Nae

Fig. 51 Cell, cell interface, and surface normal vector, projected on x - r plane

The convection term in the left-hand side of Eq.(111) is transformed by the Gauss’ divergence theorem to an integral

over the circumference OA, ;of the projected area 4, ;.

0

”_q dxdr + <j. (n,E+n,F)ds = ”de dr (112)
Aot 04, ; A

i ;.7 i

where, the element ds is along the interface 0A; ; and its positive direction is determined so that the internal domain is

looked on the left from an observer facing the positive direction. Outbound unit normal vector of the interface is denoted

by n=(n,, n,). As shown in Fig. 51, the interface 0A; ; consists of four line segments, AB, BC, CD, and DA. Given the

coordinates of the four vertexes, four unit normal vectors n,;, nge, ngy, and np, are determined.

For example, defining

AXp=Xp—X4

) (113)
Aryp=ry—r,
and denoting the length of AB by |AB| , one can calculate n,; by the following vector product
A A A A
Xap 2Pk 05 (0,0,1) = (F2as. SXap ) (114)

B = 48] "[AB] (4B [4B|"

Now, in order to discretize the time-derivative term and the source term, cell-volume averaged quantities are defined

as

Hq dx dr J'Iq dx dr
A A

q;;= J'j[r i ivjVo],._ i —
A,-J
[[sdxdr [[sdxdr
Q 4 _ Ay
Si,j = J-J'rdX dr - VO]I-J- (116)

A

i,J

It is noted that the radius ris not included in q; ;and S; ;.

The projected area A; ;and the volume of a cell VoI, ; are calculated as
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A, ; =Area, +Area,
1
Area, = E{XA(I'B —rp)+xp(ry — 1)+ xp(r, -1},
1
Area,, = E{ x5(rp —rp)+ x0 (1 —rp) + x5 (15 - 1"0)}

Vol .

1,J

It

Ijl"dX dr
A

17

”1" dx dr + J.'[I' dx dr

Auapp Apcp

ry+rp+r, rp+r,+r
=4 "B "D Appg +B_uAr€aAm

Inserting Eqgs. (115) and (116) into Eq. (111}, the following is obtained.

Vol ; dg;] + CJ (HXE + an)ds =Vol, jgu

o4, ;

Next, the convection term is written as

p,(nu, +nv,)
p,u, (nu, +n,v,)+np
p.v,(nu, +nv,)+np
EEHXE+H}‘F:1" ng(HXug-i-HrVg)
p,(nu,+nv,)
pyu,(nu, +nv,)

p,v,(nu,+nv,)

p, e, (nu, +nv,)
The normal and tangential components of the velocity is expressed by

uﬂ HX HI' ll

u, -n, n.||\v ’

or reversing it as

The convection term can then be written using (u, , u) as,

E=nE+nF=rTG,

where

(117)

118)

119

(120)

(121)

(122)

(123)
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1 0 0 00 0 0 0] " peu,, ]
0 n, —n, 00 0 0 0 p Uz +p
O n, n, 00 O O O Py, Uy
0 O 0 1 0 O 0O O Hu
T = Land G=| 7 e | (124)
0 0 0O 01 0 0 0 Py,
0 0 0 00 n -n O P UL
0 0 0 00 n n O Py, U,
10 0 0O 0 0 O 0 1] | Pp€plUp, |
The equation (119) can be rewritten by using Eq.(123) as,
dq; _
Vol,,—++ {rTGds =Vol, S, ;. (125)
i dt (_\Al i B

The integral of the convection term is written for the present cell as

rTGds = BrTGds+CrTGdS+DrTGds+ ArTGds
A B C D

" (126)
B c D A
=T Jers + 1o _[ers +Tp J.ers +T, Jers
A B c D
Furthermore, introducing the following averaged quantities,
— Ir Gds 3 Ir ds .[r ds
G="+—— and Fr= = 127)
I rds J. ds As

Eq. (126) is rewritten as,

tj.rTGds = A8, Tup Tup Gy + AS o Py Ty G
s . o (128)
+A8ep Iep Tep Gep +Asp, Iy Ty Gpy

The system of governing equations (125) can be written using Eq. (128) as,

dq; . & _ — —
Vol, ; dt.j + ;AS/, r,T,G,=Vol 8, ,, (129)
where k=1,2,3,4 represent line segments AB, BC, CD, and DE, respectively.
It is also convenient, in case of a structured grid, to use the unit normal vectors of the i-direction and the j-direction
instead of using the outward unit normal vectors. In this case, Eq. (129) is rewritten as
dy. . - I
Vol, % + (Asr T G)i+1/2,j - (AS FT G)H,ZJ-

1,J

, (130)
+(AsFTG), 0y ~ (A FTG); 10y =Vol,, S,

where T, G are with the unit normal vectors of the i- and j- directions of each cell boundary.
After the numerical flux G is determined, the flux vector is retransformed by the matrix T to give the momentum

components in (x, r) directions.
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Time-wise numerical integration

An LU-SGS method is used for the time-wise integration. Let us integrate Eq. (129) by time from " to t™.

tu+l d_ o + n+l ¢ n+1_
vol,, | —E;—'J—dt + DA, [Gyde =Vol,, 8, (131)

" ¢

Performing the integration with G and S evaluated at *"!, one can get

vol, (@t -az, )+ at|astTG™), ,, , - (ASFTG™), 1|

1.7
TAL [(ASFTGHH )1',1'+1/2 N (ASI_"TEHH )i,j—l/z ] = AtVOIi,j gll];l . 1

Denoting the difference §™'-g” by Ag and expanding G and Sby Aq around those of t= ¢” to the first order, one can get

Ag, +-20 I Asrm G+ 28 A _asem G+ 29 Ag

7 Vol oq aq

' i+1/2,7 7-1/2,f

asrm G+ 28 aq _IasT G+ 29 ag . (133)

oq oq

i,j+12 1,j-1/2

= At[§" +§ AGJ
aq -
iJj

Denoting the difference (), ; ()i by 6,00 and O); j1e =i p1s2 by 6,(), and omitting the superscript 22, Eq. (133)

can be written with some modification in the left-hand side as

12t 28 A 5, asiT 28 +6, astT2E AQ;
oq,; Vol oq q Y

134)
At N —— o
= Vol O (AsrTG>+ S, (AsrTG)— Vol, ; SI.J»}
1,7
Furthermore, splitting the source term operator in the left-hand side, we get
1-2¢25 1420 15 (a1 28|15, asrT 28 ||| aq,, =RHS, ., (135)
oq, Vol, ; oq aq ’
where
RHS, , =- VA; {5, (AsFTG) + 5, (AsFTG ) - Vol, 87, } (136)
0.

1,J

In LU-SGS method, the convective term implicit operator is split as follows.
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[

[I—At@ ]1+ At 1y, Aszg—(E’ | 27T 28
ij

aq Vol, q aq
as7
_0G" _0G ||| —
+V, | AstT— |+A,| AstT— AQ; :RHSI-J
q q
Here, A;, A are the forward difference and V;, V; the backward difference of the i- and j-directions, respectively.
Next, let us determine the Jacobian Matrices in Eq. (137). Consider the conservation variable vectors
* T
C=lo, P, PV, P Py P, PV, PLE) (138)
q = (pg Pelg, Pglg, Pgbs Pp Pply, Pplp, ppgp)T (139)
Note that dq'=Tdq".
The Jacobian matrix is written as
oG od° _o0d _;
—9= aGi = ag 1 =Aaq* =AT™". (140)
oq 0q 0q Oq oq
The Jacobian matrix A= 9G/8q" can be obtained as
A =
0 1 0 0 0 0 0 0
r, 9 2
E(uéjn +uy,)-ul B-pu, — -Tu,, 0 0 0 0
—u, u,, u,, u, 0 0 0 0 0
]. 9 4 24 b
5 e {— 2H +T(u; +u?,) } H-Tu, -Tu, u, yu, 0 0 0 O (141)
0 0 0 0 0 1 0 0
0 0 0 0 -uy  2u, 0 O
O 0 0 0 - Pn IPt Pt uPn O
0 0 0 0 u, e, e, 0 u .
where 'z y -1.
From Eqgs. (123) and (140), the Jacobian matrix Ais defined as
~ oE o(nE+nF .
R-OB _0@BrnF) 106G qipe (142)
oq oq oq

The equation (137) can then be written as

[I - At%m}[I T %{V,(ASA+)+ A (asA )+ v, (asB*)+ A, (asB )} |aT, , =RHS, ,;,  (143)

where Ain the i-direction is replaced by A and in the j-direction by B.

In the LU-SGS method, the diagonal dominant, split matrices according to the information propagating directions are

defined as
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where v, and vjare the spectral radii of A and B, respectively, and calculated by
V=rx maXHugn’ +a, Iupnl ]

The equation (143) is rewritten with Eqs.(144) and (145) as

[I . Atim_jx Hl A o), + (s, ),,J.}]I .

+
oq Vol,
" ijjj {_ (ASIA+)1>1,1' - (ASJB+ )1‘,/'~1 }+ %{WL (ASIA*)J‘HJ‘ + (ASJBi)

At last the LU-SGS scheme is obtained as

Vol .a.

(I - At§ ][I =20 L (as,A),  ~(as,BY), }}

oq i

Ly

(24

gt bl ) o), oa, -

NI
where
At
a;; =1+ Vol {(ASIVA )i,j + (ASJVB)I‘J}'

1]

Integration of the above draws the following three steps as an LU-SGS method.

First Step: Point implicit scheme

oq i

1,7

[I ~acS ]qu‘.fj = —I—RHS,.J- ;
a. -

where

as ~ 8S (AXISYM) aS(ZPHASE)

oq oq "oq
0 0 -0 0
0 0 0 0
(-t +v2) Q=r), (=rk, -1
@(AX]SW) B 201' 6 6 6
oq 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

O O C O o o o O

o O o o o O O o

o O O oo O O o

3

! rus,,

1,]

O o O o o oo

(144)

(145)

(146)

(147)

g+l }} Aﬁj,, = RHSL/

(148)

(149)

(150

(151)

(152)
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Here the loading ratio is defined by

P
W=, (154)
Pg
and the ratio of specific heats is
C
k=—2 (155)
C

v

The non-zero eigenvalues of the Jacobian matrix of the two-phase source term are

vy and —H—Kl’i/—. (156)
Ty Tr
Then the spectral radius is determined by
1 1
Vg = max{ﬂ, ﬂ} . as7)
Ty Ty

When an explicit scheme is employed the time step must be smaller than 1/v4. It turns out that ¢ and r,are functions of
the square of the particle diameter as shown in Eqgs. (109) and (110). The restriction to the time step, therefore, becomes
very severe as a particle becomes small. Since it may become restrictive comparably to or more than the convection term,
it is required to use an implicit solution about the source term.

The first step is further decomposed into two operators as follows.

oS oS AXISYM oS 2PHASE 1
oq : oq oq Q;
Then, in STEP (1-1), we first solve axisymmetric-source-term implicit part,
oS AXISYM 1
I-At=—= Aq;; =—RHS, .. (159)
oq Yo, "
1,7
This solution can be explicitly shown as
B RHS(I) 7]
RHs(Z)
B2 +v2)RHS® + Tu, RHS® +-L RHS® + TRHS™
2 g g g A t

1 (@)
Aq)T =—— RHS" : (160)

a; RHS®

RHS(G)

RHS(7)

RHs(S)

L dij
where
p— 1 p—
’Bz—r , and T=y-1. as1)
—+1v
At £
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Next, in STEP (1-2), we solve the two-phase source-term implicit part,

— 2PHASE

I—Atﬁ Aq;,; =Aq; ;. (162)

All but the two, Agq; ¥ and Aq;®, are determined as the followings.

Ag; ¥ =Ag; TV (163)
*E 1 * wRY wE TRE,
Ag;® = ——T{wugAqf,, (1 + t]Aq @ —u g + Mg “”} (169
1+y +—2
At
K, ]_ k| TR *H
Ag)® = —{y/ngq” (1 + qu v Aq;T® +Aq; ‘7)} (165)
Ty At
1+y +——
At
Ag;” = Ag; (166)
w( 1 . T ()
Ag; ¥ = —T{— puAg Y +yAg P +uAg (l/f + A—‘;qui,,- ’ } (167)
1+y +-L
At
*x| ]_ KRF|
qu_‘j(” = —{ wv Aqu +y/AqU d 4y Aq” (1,// +T—Vqui]j(7)} (168)
Ty At
1+y+—
At
Then, Ag;® and Aq;;® are determined as
Ag; ¥ = —_1—{[1 + T—TJa4 + 38} , (169)
: 7, At
1+xy+—
v At
*K| 1 i
AG ¥ = —— lxpa, + | Ky + Iz ag ¢, (170)
Ty At
1+ xy +——
At
where
=Aq;;* +aj, (71)
= qu*;(s) +ay, (172)

= l//': {Cng _%(ugz + Vgg)}’( + ugup + Vng :lAq**(l)

Ty At 7, /At i
uK u, *x(2) VK Y *(3)
- & 2 Ag
(TT/At Z'V/Atj s W[TT/At T, [At s (173)
xe, T, —fu +v )+ui+vi AgT®
rT/At Ty [AL v

( u —2u ]Aq;*j(e)—( v, +Vg—2Vp)Aq:3(7)
TT/At T, [AL /At T, /AL '

a, =-a, . 174)
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Second Step: Forward Sweep

Aq;,; = Aq;, + ﬁ{(m,y)i_u Ad) ., +(As,BY),, Ad) ) (175)
1,] 71,7
Third Step: Backward Sweep
Aai,j = Aq;,j - ﬁ {(ASIA—)I'H,J' Aaiu,j + (ASJBi )i,j+1 Aai,jﬂ} 76)
1,] 771,

Examples of simulation: Here, examples of numerical analyses, carried out by the above-mentioned method, are described
concerning some axisymmetric two-phase flows inside a solid rocket motor with simple chamber-nozzle geometry shown
in Fig. 52. As shown in the figure, AB is the line of center, BC the outflow boundary, CD the nozzle internal surface, and
DA the burning propellant surface.

Nozzle internal surface
|
|

Axis of center

Burning
surface

propellant

Outflow boundary

| s

Fig. 52 Geometry of SRM Fig. 53 Grid system

Four cases of different particle diameters, 0.5, 5, 50, and 500 /2 m, are computed for the combustion temperature T, of
3500K, combustion pressure p. of 5MPa, specific heat ratio of gas y of 1.211, mean molecular weight Mof 20.33 g/mol,
and the loading ratio y of 0.4.

In order to accelerate the convergence, a local time-step method is employed. The grid system employed is shown in
Fig. 53 and consists of 101X54 points in i and j directions.

In Fig. 54~Fig. 61, density distributions of the gaseous phase and the particle phase are plotted. From these results,
it is seen that a particle-free zone grows as the diameter of a particle becomes large and the density of gaseous phase is
affected by it.

In Fig. 62~Fig. 69, temperature distribution of the both phases are shown. For small particle case, almost phase-
equilibrium flow is established. The non-equilibrium nature grows as the particle become large. The temperature of the
particle-phase in the particle-free zone is not physical solution, but it is numerically generated virtual solution for a very
small amount of numerical particle bulk density values in the particle-free zone obtained by this Eulerian-Eulerian
simulation. These are the results of a numerical treatment to cope with the degenerative system of the particle phase
equations.

In Fig. 70~Fig. 73, convergence history of each simulation is shown. It is apparent that the steady-state solution is
effectively reached in all particle-diameter cases. In case of the largest particle size, 500 1 m, numerical stability is less than

the other cases and this is thought due to the large particle-free zone appearing in the nozzle.
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/\ Gas Density (kg/m3) . dp=Se-7 Particle Density (kg/m3) . dp=5e-7
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Fig. 54 Gas density, D,= 0.5 ym Fig. 55 Particle density, D,= 0.5 um

Gas Density (kg/m3) . dp=Se-6 /_\Partiole Density (kg/m3) . dp=5e-6

45
f“".‘h‘\ A N l‘ll :"‘I‘
X0 \ NN ’f g P\ )
(e NN Y [ ) il ) A
Fig. 56 Gas density, D,= 5um Fig. 57 Particle density, D,=5pm
Gas Density (kg/m3) , dp=be-5 Particle Density (kg/m3) ., dp=5e-5
Y Ot
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Fig. 58 Gas density, D,= 50 um Fig. 59 Particle density, D,= 50 um

Particle Density (kg/m3) . dp=5e-4

Gas Density (kg/m3) . dp=be-4

C(hEnm Y

| )|ty a0 S
Fig. 60 Gas density, D,= 500 um Fig. 61 Particle density, D,= 500 um
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Gas Temperature (K) . dp=5e-7 Particle Temperature (K) . dp=5e-7

Fig. 62 Gas temperature, D,= 0.5 um Fig. 63 Particle temperature, D,= 0.5 ym

Particle Temperature(K) . dp=5e-6

Gas Temperature(K) , dp=5e-6

D117
Il

Fig. 64 Gas temperature, D,=5pm Fig. 65 Particle temperature, D,= 5 um

Gas Temperature(K) , dp=bSe-5

SR ]
|

[T

Fig. 66 Gas temperature, D,= 50 um Fig. 67 Particle temperature, D,= 50 um

Gas Temperature (K) , dp=Se-4

Fig. 68 Gas temperature, D,= 500 pm Fig. 69 Particle temperature, D,= 500 um
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8+ CFL=2. dp=5x10"m
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Fig. 70 Convergence history, D,= 0.5 pm

CFL=2, dp=5x10"m

Log10 Residual
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Fig. 72 Convergence history, D,= 50 pm

3.2. Eulerian-Lagrangian method

Log10 Residual
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Fig. 71 Convergence history, D,= 5 um

CFL=1.  dtp=5x10*m

T T T T T T T T T 4 T

—10000 0 10000 20000 30000 40000 50000 60000 70000 80000

Number of lteration

Fig. 73 Convergence history, D,= 500 um

A computer program is developed for the Eulerian-Lagrangian method to calculate multiphase flow in SRM. The

program is named SPEC-2 (Solid Propulsion Enhanced Code, No.2).

In an Eulerian-Lagrangian method, the gaseous phase is treated as a continuum and described in the Eulerian

framework, whereas the particle phase is treated as a group of particles whose motions are described by a dynamics law,

i.e., the Lagrangian approach. Since movement of a particle is pursued, it is also called the trajectory method.

In the Lagrangian method, the particle phase is divided into many small particle groups, and behavior of each particle

group is investigated. First, let us assume the followings.

1) The domain ASwhich a particle group occupies is small enough that the behavior of the group is represented by a

representative particle which exists at the center. That is, the speed and the temperature of all the particles

belonging to a particle group are equal to those of the representative particle.

2) The exchanged momentum and energy between the gaseous phase and the particle phase are equal to the product

This document is provided by JAXA.



54 JAXA Special Publication JAXA-SP-05-035E

of the number of the particles contained in a particle group and the amounts of these quantities per a representative
particle.

On the other hand, it is required to contain sufficient numbers of particle groups in a cell in order for the averages of

physical properties in a cell are to be defined. When the size of the cell in a calculation domain is S, including the above-

mentioned assumptions, this condition can be written as
P <<AS << S, << L, a7
where ¢ is the mean particle distance and L is a characteristic length of flow.

3.2.1. Governing equations
Particle-phase equations

% =8 178)
XP up
Yo Vp
ZP WP
W= u, S = A’(ng - up) ) 179
Vp A,(Vg Vo )
W, Aw, —w, )
CPpr B,(Tg - Tp)
where
A3l L g o3 NG (150)
o, g Ol Pr

Gaseous-phase equations

Equations for the gaseous phase are basically the same as those in the Eulerian-Eulerian method.

oQ, . oE, . oF, . oG, _s. (180)
ot ox Oy 0Oz :

pg pgug pgvg ngg
Pl Pelig + P PellsV s PitlsW
2 (182)
Qg =| PeVe Eg =| PellgVe Fg S| PV TR Gg = PeVeWe
PeW s PeligW g PV W PeWy+ D
e, (e, + plu, (e, + pIv, (e, + phw,

The treatment of the source term for the gas-particle interactions is described below. In a Lagrangian method
representative particles exist in space discretely. An inspection volume Q of the volume Vis considered, and the total
number of representative particles in this volume is denoted by N, . The repulsive force which the gaseous phase in the

volume receives from a particle can be written as
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F=-SFN,,. (183)

MZ

X~
&

Here Ny is the number of particles included in the kth particle group and can be written as

N, =—%. (184)

The total mass of the particles in the k-th particle group is denoted by M, and this value is set initially at a starting point of
the trajectory on a burning surface according to the mass generation due to combustion. Finally, the source terms are

added to the equation of motion as

op,u, . op u? + p) N op,u,v,) + Apu,w,) - _%&i
ot ox oy 0z PEREM |4
op,v, . a(pgllng) . a(ng§ + p) + a(nggWg) _ _g%i

; (185)
ot ox oy oz mm, V

opw, Npuw,) Apyvw,) Apwi+p LM, )
+ + + =y k-2

ot ox oy 0z am, V

where f =X £F, £¥). The reason why the right-hand side is divided by the volume V'is to obtain space-averaged quantities
(per unit volume). In the numerical simulation, the volume of a cell is used for V.

The energy equation is treated similarly. Since the energy which a single particle exchanges with the gaseous phase
is the sum of the heat transfer between the phases and the work done by the particle motion, the energy equation can be

written as

oe, e, +pu, e, +pv, e, +pw Yo M
atg " gaX ot gay T Oz - ~kz m é/'(quf“'kuﬁ +fykvﬁ +kaWﬁ)' (180
=] ¥4

Finally the phase-interaction source term can be written as

y 0
» Mk
- A'u, —u*)
% V g P
M, Ay, -vi)
S, = =i , (187)
Ny
—Z £ A'lw, —Wﬁ)
N oV i
S At G, - v i, B e whr, —wh)s BT, -]

where superscript k denotes the velocity or the temperature of the k-th particle group. When the diameter of every particle

group differs one another, so do the values of A'and B’.

Particle bulk density

Particle bulk density can be obtained by counting the total mass of particle groups contained in the inspection volume

Q and dividing it by the volume of Q) as
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(188)

In a simulation, a finite-volume cell is used for the inspection volume. The particle bulk density for every cell is

obtained by dividing the total mass by the volume of the cell.

3.2.2. Outline of numerical simulation method

In the Lagrangian method, the basic equation for the particle-phase shown in Eq. (178) is solved numerically to obtain
the temporally changing location and the temperature of a representative particle which has departed from a burning
surface. Phase-interaction terms are calculated based on the instantaneous state variables of the gaseous phase in a certain
particle position.

As shown in Fig. 74, since the data point of the gaseous phase differs from the data point of the particle phase,
interpolation of data is needed for the calculation of an interaction term.

As for the gaseous phase, Eq. (181) is solved by an Eulerian method time-dependently with the phase-interaction
terms evaluated from Eq. (187).

Particle path Grid  point
(i+1,j+1)

(P.q)=(1,1)

\Data definition
point of
particle phase

Data definition point

Data definition Of particle phase

Gaseous p Grid point (ij) \ cCell (i)
Calculated particle path (p,9)=(0,0)
Fig. 74 Eulerian-Lagrangian method Fig. 75 Local coordinate system (p,q)

Interpolation of gaseous-phase data at a particle location
In order to evaluate Eq. (178), it is necessary to know the properties of gaseous phase at the particle location (x,, y,,

z,) at the time ¢. As described previously, since the data definition points of the particle phase differ from those of the
gaseous phase, the properties are evaluated by an interpolation.

Here, for the sake of simplicity, let us consider a two-dimensional situation shown in Fig. 75. An extension to a three-
dimensional problem is straightforward. Now, let us consider a particle in the cell (j, j) and introduce a local coordinate
system (p, q) which has the origin at the grid point (i, j) and at the same time (p, ¢)=(1, 1) at the grid point (i+1, j+1).

The above-mentioned space is re-divided into the four domains O, @, @, and @ shown in Fig. 76 and the cells used
for interpolation is selected according to the domain the particle belongs to. Here, suppose that the particle belongs to the

domain (D as an example. The procedure is the same for the other domains.
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Fig. 76 Interpolation at the particle position

In this example, the particle position is surrounded by the four points

(p,q)=(-0.5,-0.5)

=(-0.5,0.5)
(189)
=(0.5,-0.5)
=(0.5,0.5)
Denoting pl =-0.5, p2 = 0.5, ql = -0.5, g2 = 0.5, a quantity Q, at the particle position (p*, g*) can be interpolated as
Q,(p".a)=(p,-p ), -q) Q,(p,q) +(p, - P)a" - a) Q,(p,,q,) -

+(p" - p) g, -q) @, (py,q) +(p" - p)a" -a) Q,(py.q,)

Whereas the physical space coordinates of the virtual cell in the outside of a boundary are not required in this

method, the physical properties in a virtual cell are required in the interpolation including around the corner such as
(G, ))=(0, 0).

Calculation of a particle path
The position of a particle is traced not with the values of (x, y) but by the combination of values of (i, j) and (p, q).
First of all, the relationship between (x, y) and (p*, ¢*) are obtained by interpolation inside a cell. Since a coordinate
point is defined on each grid point, inserting pl = 0.0, p2 = 1.0, ql = 0.0, g2 = 1.0 in Eq.(190), the interpolated particle
location, which is in a cell (4, j) can be expressed as follows.
X(p*,q*)z A-p)A-¢)x,,+p (U-¢) x,,,
% ® ® 191)
+A=-p)g X0+ D0 X050
y(pa")=-p)-gV y,, +p 0-g) y,.,,
% * (192)
+0-p)g Y+ P Fiaja

The equation of motion of a particle in Eq. (178) can be rewritten as
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solving Eq.(193). The equation (178) is numerically integrated over an appropriate time step At to determine the position

determined by differentiating Eqgs. (191) and (192), the values of % and % can be obtained by

and the velocity of a particle after the time interval At. What is always necessary about particle path calculation is to trace
the set of values of (p, ¢) and (4, j), by increasing i (or j) by one when p (or ¢) exceeds one, and by reducing i (or j) by one

when p (or g) becomes smaller than zero.

Time-wise integration

A second-order Runge-Kutta method is utilized to integrate Eq. (178). Time-step size At is set to about 1/100 of the
amount of time in which it takes for the particle to cross the cell. Computational time will be saved if Atis enlarged or a
. simpler integration method is used, but, since the integration error will be piled up to make final paths differ from the

correct one, it is desirable to choose an appropriate method in which the error is restrained as small as possible.

Boundary conditions

As for the gaseous phase, the same boundary conditions as the Eulerian method are applied. For the particle phase,
the following boundary conditions are imposed.

Solid wall: It is easier by the Lagrangian method to set up a boundary condition under which a particle reflects on the
wall surface.

® Slip wall: The wall-normal component of the velocity vanishes and the tangential component is reserved. The

particle path calculation is continued after the impingement.

® Non-slip wall: Calculation of a particle path is stopped at the particle impingement to a wall.

® Reflecting wall: The mirror-reflection velocity is given at the particle impingement to the wall and the particle path

calculation is continued.

Burning surface: The initial values of particle properties are given at a burning surface. A burning surface is divided
suitably to determine the initial position of particle-path calculation. The initial speed of a particle is set equal to the gas-
phase injection speed (no velocity-lag condition) in the normal direction of the burning surface. The total mass flux is
determined by the same method described in the Eulerian-Eulerian method. For the sake of the calculation of the phase-
interaction term, the amount of the mass which a simulation particle represents is stored in memory for every particle
path. It is necessary to make the product, “the total number of particle” X “the mass represented by a simulation
particle” X “injection speed”, be in agreement with the total amount of the particle-phase mass flow from the burning
surface. The initial temperature is set equal to the combustion temperature (no temperature lag condition).

Axis of center: A particle is considered to cross the axis. Especially, in an axisymmetric flow, a particle path is
calculated as it reflects with the axis of center. Thereby, it is realized that particle groups can pass crossing each other.

Nozzle exit: A particle-path calculation is terminated at the nozzle exit.

Steady-state calculation
In a steady-state calculation, once a particle path is calculated, the amount of phase-interaction term can be calculated

by dividing the path into particle groups taking advantage of the steady-state solution. Denoting the particle mass flow rate
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at the starting point by m, the mass of particles included in the particle group defined on the particle path is given by mAt.
Here, At is the time-step size used in the particle path calculation. This is explained schematically in Fig. 77. Since it is not
necessary to store the discrete points on the particle path one by one, large saving of computational resources can be
attained in this case.

Furthermore, in steady-state solution process, it is not necessary to calculate the phase-interaction term at each time
step. Since a particle-path calculation is the most time consuming process, it is better off reducing the frequency of
calculation of the interaction term, for example, every 20 gaseous-phase iterations, in order to reduce the total computation

time.

™

A particle path is divided
into particle groups.

|

Fig. 77 Steady-state calculation

3.2.3. Influence of a particle diameter distribution
Particle diameter distribution

So far, in the above discussions, particle diameter has been fixed to one kind at a time. However, the size of the
aluminum / alumina particles in SRM in fact varies significantly. Therefore, let us investigate the influence of a particle
diameter distribution on the flow field.

In an actual SRM, the aluminum particles change their diameter by the combustion during floating. In addition to
that, there is coalescence due to particle collisions and/or break-up due to severe shear force. A particle diameter
distribution within combustion chamber is usually different from that within the nozzle from these reasons.

However, for the sake of simplicity, the particle diameter distribution obtained from the exhaust combustion gas in
static firing tests is used in this section, and no change of diameter of a particle is considered. The mathematical model
and analyses on these real effects will be described later in the paper.

It is known that the particle diameter distribution of a particle is well expressed by a log-normal distribution function

2
C| exp| - {5 ln(&j}
Dy (194)

as
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where ¢ designates probability density function, C; constant for normalization defined from J'¢(Dp) dD,=1, Dy, the mass-
averaged particle diameter, and ¢ a shape factor of distribution function (usually between 0.9 and 1.1).
The mass-averaged particle diameter D,; extracted from exhaust plume has a correlation with the throat diameter D,,

and is approximated by the following formulas.B3!
D,, =1.406 D,"*” (195)

Here the unit of Dy is 1 m and that of D, is millimeter.
In Fig. 78, the measured distribution from a firing test of a motor with 79mm-diameter nozzle throat and a
corresponding log-normal distribution of Eq.(194) are compared.!3? It turns out that the measured distribution is

approximated well by Eq.(194), in which ¢ is set to 1.1.

0.06
0.05 —=Log normal distribution
>
(&)
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5
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o
L:’ 008 M d dat
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}
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Particle Diameter, micron

Fig. 78 Particle diameter distribution, and comparison with a log-normal distribution

Numerical experiment to investigate the influence of a particle diameter distribution

The computer code used is based on the Eulerian-Lagrangian method with functions of distributed particle diameter
and detailed fluid-dynamic force and heat transfer added, and is called SPEC-3 (Solid Propulsion Enhanced Code, No.3).
Here, a gas-particle flow in a model SRM of Fig. 79 is computed for the conditions summarized in Table 4 to investigate the
effect of particle diameter distribution.

Since the throat diameter is 200mm, the mass-averaged particle diameter for this case is evaluated as 6.65 x m from
Eq. (195). The probability density distribution of Eq. (194) for this case is shown in Fig. 80, and so is a mass-weighted
probability density distribution in Fig. 81, where ¢ is set to 1.0.
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Burning surface

Table 4 Calculation conditions

Combustion temperature, K 3300
Combustion pressure, MPa 10
Combustion Specific heat ratio 1.22
as Mean molecular 18.85
g weight, g/mol
. Mass fraction 0.35
Particle .
(Alumina) Specific heat, J/kg/K 1427
- Density, kg/m3 3500
Fig. 79 Model SRM geometry
05 Throat diameter 200mm P Throat diameter 200mm
0.4 04
= o
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£ £
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[%2] %)
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Fig. 80 Probability density distribution of the number of Fig. 81 Mass-weighted probability density distribution
particles to particle diameter (Throat diameter 200mm) (Throat diameter 200mm)

Determination of initial particle diameter
In the simulation, the diameter of a particle is determined by the procedure shown in Fig. 82 for each representative

particle generated at a burning surface.

Since the particle with very small diameter follows the gaseous phase without delay, a particle smaller than a certain
diameter (D, ;) is dealt by the phase-equilibrium flow model.

In the analysis, particles are generated from a burning surface with their diameter determined using a random
number, the loci of these particles are calculated, and the interaction term between gas and particle, bulk density of
particle, etc. are computed. Since the particle groups which each particle represents are determined so that the generated
mass flux from a burning surface shall be equal among representative particles, the diameter is determined from a mass-

weighted probability density distribution. Moreover, The upper limit of the particle size is defined as D,, ...
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Fig. 82 Particle diameter determination procedure

The histograms of mass-weighted relative frequency and particle number relative frequency for the case of generating
30,000 particles by the above-mentioned procedure (D, ,;, = 0) are shown in Fig. 83 and Fig. 84, respectively. It turns out
from these figures that the expected particle diameter distribution can be obtained if there are a sufficient number of

sample particles.
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Fig. 83 Mass-weighted relative frequency; comparison with a log-normal distribution
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Fig. 84 Particle number relative frequency; comparison with a log-normal distribution

In the flow simulation described below, D, ,;, is set to 0.5 zm and D, . is to six times as large as D,5. Since the mass
ratio of particles which are smaller than 0.5 zm to the total is about 0.013%, the combustion gas properties are not

modified from those of Table 4.

Simulation results

Results of multiphase flow simulation with a particle diameter distribution are shown in each following figure, in
which 100 particles per a cell on the burning surface are emitted. Since the burning surface is divided into 40 cells, the
total number of particles is 4000.

The bulk number density distribution is shown in Fig. 85, particle temperature in Fig. 86, gas density in Fig. 87, and
gas temperature in Fig. 88.

It turns out from these figures that, for the number of particles of this level, statistical error is significant in the flow
field because there are too few samples of particles in a calculation cell. Although it is possible to increase the number of
particles emitted per one cell to increase the number of sample particles, since a particle path calculations takes a large
time, it is not so realistic to increase the number of particle emission extremely.

Next, in order to increase the number of sample particles in a calculation cell within a realistic computation time, a
method of time-wise averaging is employed to obtain a smooth steady-state solution. Quantities such as the phase-
interaction term, particle bulk density, and particle temperature, etc., are updated, accumulated and time-averaged at each
time of a particle locus calculation. By this approach, without increasing much computation time on particle-path
calculation, the number of sampled particles per a cell can be increased with the progress of iteration and statistical
deviation of an averaged quantity decreases with it.

The simulation results using the time-average technique are shown next. The bulk number density distribution is
shown in Fig. 89, particle temperature in Fig. 90, gas density in Fig. 91, and gas temperature in Fig. 92.

In particular, to see the effect of particle diameter distribution, the results of simulations with single particle diameters
of 2, 6.65 (D,3), and 20 x m, single kind per a simulation, are also shown in Fig. 93, Fig. 94, and Fig. 95, respectively.

Comparison of the particle bulk density distribution along some grid lines is shown in Fig. 97 ~ Fig. 100. Refer to Fig.

96 for the position of a grid line. In domains, such as inside of chamber and near the axis, in which all kinds of particles are
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64
intermingled and distributed with the same particle distribution as is set up at the burning surface, the particle bulk

density distribution obtained in distributed-particle- diameter simulation is mostly in agreement with that of single-particle-

diameter simulation with the mass-averaged particle diameter, D,,.
3300([K]

5 [kg'm Contour interval: 50

Contour interval: 0.1

Fig. 86 Particle temperature distribution

Fig. 85 Particle bulk density distribution
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Fig. 88 Gas temperature distribution

Fig. 87 Gas density distribution
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Fig. 90 Particle temperature distribution, time-averaging

Fig. 89 Particle bulk density distribution, time-averaging
technique employed

technique employed
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Fig. 92 Gas temperature distribution, time-averaging

technique employed

Fig. 91 Gas density distribution, time-averaging technique
employed
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Fig. 94 Particle bulk density distribution, single particle

Fig. 93 Particle bulk density distribution, single particle
diameter of 6.65 um
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Fig. 96 Grid system for computation

Fig. 95 Particle bulk density distribution, single diameter of

20 pum
On the other hand, near the surface of a wall, since the size of a particle free zone changes with particle diameter, a
local particle diameter distribution differs from the distribution set up at the burning surface. The particle bulk density

distribution near the wall surface obtained in distributed-particle simulation looks like a superposition of three simulation
results of single particle diameters (2, 6.65, and 20 zm). It has no sharp limiting particle streamline as is seen in single-
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particle simulation, but has a distributed bulk particle density which decreases gently-sloping toward the surface of a wall.
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Fig. 99 Comparison of particle bulk density, i=43

3.3. Eulerian-hybrid method

So far, the diameter of a particle is generated from a certain distribution function at a burning surface, including single
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Fig. 100 Comparison of particle bulk density, i=60

diameter case, and is fixed throughout the computation. Namely, the change of the particle diameter due to combustion

and/or breakup due to shear force has not been taken into account. It is a fact that an agglomerate droplet is too large to

represent particles in the nozzle section, whereas an alumina particle at the nozzle-exit is too small to represent particles

near a burning surface.

The important role of the distributed combustion is reviewed in recent literatures from the view point of particle

effects on the acoustic stability of multiphase flow in SRM. Several researchers are working on constructing a realistic

simulation method of distributed combustion.!?! A more realistic model can be built by taking into account the particle-

diameter change due to combustion and breakup during the flight inside SRM.!#3 (The coalescence of particle by particle

collision is not considered here.)
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Fig. 101 Schematic of Eulerian-hybrid method

In order to deal with the change of particle diameter, the Lagrangian method is suitable because the governing
equation for the particle-phase is written for an individual particle. Therefore, the Lagrangian method is adopted for the
simulation of burning particle with comparatively large diameters. The diameter of particle decreases as combustion
progresses and combustion affects the gaseous-phase composition and temperature.

Since a fine particle like alumina smoke has strong interaction with the gaseous phase, the gaseous phase containing
an alumina smoke can be treated as a single fluid, namely, the concept of phase-equilibrium flow can be applied. Since a
phase-equilibrium flow can be computed by the Eulerian method, the analysis method for the particle-phase here is a
hybrid method consisting of both the Lagrangian and the Eulerian methods. With the gaseous-phase computed by the
Eulerian method, the present method can be called an Eulerian-hybrid method. A schematic explanation of the method is
given in Fig. 101.

A computer program is developed along with the Eulerian-hybrid method to calculate multiphase flow in SRM. The
program is named SPEC-4 (Solid Propulsion Enhanced Code, No.4).

Assumptions

Let us set the followings as premises here.

® The chemical reaction is sufficiently fast so that chemical equilibrium is established in the gaseous phase in each
cell.

@ The velocity and the temperature of very small alumina particles (alumina smoke) are always identical with those of
the gaseous phase, respectively.

® The volume of a particle is disregarded.

@ Particles collision is disregarded and particle coalescence is not taken into account.

® The physical properties of a particle are fixed and independent of the temperature.

® Particles are spherical.

® The temperature distribution within a particle is disregarded.

@ Although the gaseous phase is assumed to be inviscid, a viscous effect is taken into account in the phase-interaction
term.

® A particle is the mixture of aluminum and alumina at the initial state and the quantity of alumina within a particle

does not change during its flight in SRM.
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3.3.1. Governing equations

Eulerian phase: Let us use the name, the Eulerian phase, instead of the gaseous phase, because the phase contains

gas and alumina smoke. The basic equation for the Eulerian phase can be written as follows for the conservations of the

mass, the momentum, the energy, and the aluminum mass, respectively. The gas-particle interaction term S, and the

combustion term S, are added as source terms.
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Here, p is the density of the Eulerian phase, (i, v, w) the velocity components in (x, y, 2) directions, p the pressure,
T the temperature, e the total energy per unit volume, and subscripts g and p denote the gaseous phase and the particle
phase, respectively. The aluminum bulk density in the Eulerian phase is denoted by g, . The mass generation of the
Eulerian-phase alumina due to combustion of the Lagrangian-phase aluminum droplet is denoted by w. It should be noted
that o4 represents the bulk density of aluminum, no matter in what molecular state or phase it exists.

The rate of change of momentum or energy is calculated by adding contribution from all the particle groups (denoted
by superscript k) contained in an inspection volume, i.e., in each cell in an actual computation, and then dividing it by the
volume V of the inspection volume. The total number of particles in the kth particle group is designated by Ny, and is
determined from the amount of particle mass of the kth group injected at the burning surface and the initial particle

diameter, i.e.,
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M
Ny =—""F——. (200)

T 3
=D, o, j
(6 p0 0 .

Here the mass injected at the starting point is denoted by M, the initial diameter by D, , and the particle true density
at the starting point by o,,,. Among them, the particle diameter and the true density change according to the particle
combustion.

The phase-interaction term can be evaluated by the same manner previously described. Here the formula of
Henderson® is used for the drag coefficient and that of Kavanau-Drake™! is used for the Nusselt number.

Since the local chemical equilibrium is assumed, chemical composition differs in every cell and the equation of state
cannot be expressed by a simple formula like in the case of ideal gas. The temperature, the mean molecular weight, and

the specific heat ratio will be computed using the density, internal energy, and the aluminum bulk density of the Eulerian

phase, i.e.,
T, =T, (p.e,.p.), @01)
M, =M, (p.e,.py), (202)
y=7(p.e,pu), (203)

where e, is the internal energy per unit volume and can be written as
B 1 ( 9 9 2) (204)
en—e—Epug +v, +w, )

Lookup tables of the functions of Eqgs. (201) ~(203) are implemented in the present method. These tables are created
beforehand with chemical equilibrium analysis software CET89!%! (Chemical Equilibrium with Transport Properties,
1989). The method of making the tables and referring them will be mentioned later.

The pressure and the speed of sound are calculated using the temperature, mean molecular weight and the specific

heat ratio obtained from lookup tables as

R
PZPVT;;,

£

(205

where R is the universal gas constant (8314 J/kg/kmol).

Lagrangian phase: The particle groups with comparatively large diameter dealt with the Lagrangian method will be
called the Lagrangian phase. In the Lagrangian phase computation, a particle path is calculated taking the interaction with
the Eulerian phase into account. A simulation particle treated as the Lagrangian phase is representing a particle group
which consists of many real particles. The behavior of a particle group is computed from the locus of one representative
(simulation) particle. The present method, therefore, is premised on the following matters.

A particle group is small enough that its behavior can be represented by the particle which exists at its center. That is,
the velocity and the temperature of all the particles belonging to a particle group are equal to those of a representative
particle.

The exchanges of the momentum and the energy with the Eulerian phase are presupposed to be equal to the product
of the total number of real particles contained in a particle group and the amount of the interaction per a simulation
particle.

The basic equation of the Lagrangian phase can be written as follows.
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aw _gq (206)
dt
u,
VP
Xp Wp
¥ A
Z:: m_p(ug _up)
W=| u S=| A, | (207)
. , b, -v,)
w _ _
o LG
m—p(Tg - Tp)

where m, is the mass of a particle.

In the Lagrangian method, the basic equation shown in Eq. (206) is solved to obtain the particle path and the
temperature of the representative particle which has been generated from a burning surface. The position and the
temperature of a representative particle are discretely evaluated and updated at appropriate intervals. The phase-
interaction terms are calculated based on variables of the Eulerian phase at a certain instantaneous particle position which

are interpolated from the data of the Eulerian phase.

Here, the particle diameter changes from time to time according to the combustion of the particle. The change of

particle diameter is calculated as follows.
Let us denote the particle-mass-consumption rate due to combustion per a particle per unit time by m, and the volume

fraction of alumina in the particle by ¢ . The mass of a particle before combustion starts can be expressed as
T 3
111[) = E Dp (¢0/11203 + (]' - ¢)GA1) > (208)

where o505 and oy, are the true density of alumina and aluminum, respectively. The true density of a particle ¢, can be

defined as

O =90 41205 + (1 - ¢) Cas- (209)
Denoting the state after a small time At by the superscript “new”, the mass of a particle can be written as follows,
considering the mass loss due to combustion,

new

m :mp—n'yAt

»
. (210
= %D:CW3 (¢lwwO'A1203 + (1 - ¢MW) O )

Since it is assumed that the mass (volume) of the alumina contained in a particle does not change and only aluminum is

lost by combustion, the following relationships will hold.

new 7[
Viieos = VA1203 = gDp3¢ @
At nAt
V;]ew _ VA] _ 121 — ZDP?’(I _ ¢)_ m_ (212)
oy 6 o4
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§ @)
Vi +Visos
New particle diameter D" is determined by solving Egs. (210) ~ (213).

Combustion of a particle terminates when all the aluminum ingredients contained in the particle have been burnt, ¢ =1.
After that, the alumina, the remnants, will fly as the condensed phase without combustion. The particle diameter of final
alumina is determined by the amount of the alumina contained in the initial particle left from the burning surface.

The aluminum lost by combustion is added to the Eulerian phase in the source term. The term w in Eq. (199) is

calculated as

N, N
W=y Tk, @214)
a v

The following paragraph describes models for the mass consumption in combustion.

3.3.2. Combustion model of an aluminum droplet
For the moment, the reliable physical model which models the combustion process of an aluminum particle in detail
is not available. The combustion models advocated are empirical formulae commonly having the form of Eq. (215) with

modifications of a coefficient.
m=-=0¢,=D°" @15)

The unit of kis [m"/s].
Three combustion models are shown below. In the formulae, p denotes the pressure in [Pa], T the temperature in

[K], D, the particle diameter in [m] and X the molar fraction of each chemical species.

Hermsen mode]3

n=1.8
k=1.9197x107°.4,°. p¥ 216)
A =100(X o, + X 10+ Xo, + X + Xo)

Beckstead mode]s6!

n=1.9
k=34891x10".4,"". p**.T"". D,
A, =0.22X,, +0.58X, ,+ X, @17)

D,.=1+ 2.’7XH2
Modified Beckstead model®”

n=18
k=6.2566x10"-4, - p** - T** (218)
A, =0.22X,, +0.6X,,+ X,

In order to see the difference among these combustion models, change of the particle diameter by combustion of the
particle of 100% aluminum is compared for constant temperature, pressure, and chemical composition of the surrounding

gas. When the temperature, pressure and composition of surrounding gas are set constant, Eq. (215) can be integrated
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easily to give the change of particle diameter as

D, =D," - kt, (219)

where D, is the initial particle diameter.

The temperature and the compositions are Table 5 Parameter values
determined from a chemical equilibrium calculation for

‘ o . a \ Pressure 5 MPa 10 MPa

the material consisting of 85% AP and 15% HTPB under the Temperature 2893 K 2849 K
pressure of 5 MPa or 10 MPa as listed in Table 5. Molar fraction CO2 | 0.09015 0.09050

The particle diameter change with time by each O2 0.00015  0.00009

H20 ]0.36136  0.36299
OH 10.00419 0.00323

model is shown in Fig. 102 and Fig. 103. In this setup, it

turns out that any result of a model resembles each other 0 0.00010 _ 0.00006
concerning the burn-out period (characteristic time) of the Ho 0.09988 0.09944
particle of 150 x m, and is 35 ~ 40 msec for the pressure Initial diameter 150 pm 150 pm

of 5MPa and 30 ~ 35 msec for 10MPa. It also turns out

that Harmsen model gives a little higher combustion rate and that the difference between Beckstead model and modified
Beckstead model tends to be conspicuous as the pressure becomes high. It is beyond the scope of this paper to discuss on
which combustion model should be used, since it needs the details of the combustion mechanism of an aluminum particle.

Although the model of Harmsen will be used in the following calculation, it is comparatively easy to incorporate the other

models.
5MPa
200 T T TT—T—T T 200 ————1———T T oMPa
Nl — Hermsen model {7 Hermsen model
T e Beckstead mode! [ [ TR Beckstead model [
|l===- Mod. Beckstead model | | === Mod. Beckstead model [~
S 15019 5 150
L o AN
e = N
E ""\”\ £ V\""hﬂq
k) N © NG
: Su. g N |
E 100 £ 100 By
% e s \ "5\
0 N hs NN
o N \k‘ < NEREN
5 . E Nl
o 50 \\ o 50 ‘._\
NN \ERA
\ AVAN Y
\. ; \‘
\\ i \‘ !
00 10 20 30 40 00 10 20 30 40
Time, msec Time, msec
Fig. 102 Comparison of combustion model (5MPa) Fig. 103 Comparison of combustion model (10MPa)
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3.3.3. Calculation of chemical equilibrium

As mentioned previously, the chemical equilibrium states are computed beforehand by a software like CET89 and
summarized in lookup tables. The temperature, mean molecular weight, specific heat ratio, total molar fraction of
oxidizing chemical species, and mass fraction of alumina smoke are determined by referring to these lookup tables. Here,

the methods of making and referring a table are described. Table 6 Propellant components

As a propellant, composite propellant consisting of the

chemical composition summarized in Table 6 is assumed. Component Mass fraction
AP 68%
The temperature and species composition in the HTPB 19%
chemical equilibrium are calculated using CETS89. In order Al 20%

to calculate with aluminum fraction as a parameter, it is

convenient to use a stoichiometric coefficient and the standard enthalpy of formation for the mixture of 68%-AP and 12%
HTPB. The density, the internal energy, and the aluminum mass fraction are to be parameters in the lookup tables. They
are the inputs for the calculations to obtain the temperature, mean molecular weight, specific heat ratio, molar fraction of
oxidizing gas species, and mass fraction of alumina smoke. The ranges of parameters are summarized in Table 7. In Table

9 ~ Table 13, the obtained data are listed.

Table 7 Parameter range

Parameter Range
Mass fraction of Al 0%, 5%, 10%, 156%, 20%, 25%
Internal energy, Md/kg -1.0,-2.0, -3.0, -4.0, -5.0, -6.0, -7.0
Density, kg/m? 0.01, 0.0316, 0.1, 0.316, 1.0, 3.16, 10.0, 31.6

Method of interpolation

In the table-lookup, the input parameters are the density, aluminum mass fraction, and the internal energy. As for the
density, log,, o is used for an interpolation parameter. Since it is an interpolation with three parameters, firstly the region
where the input values are surrounded by the discrete data in the lookup tables are searched for in the parameter space,
and then the target value is computed by using a tri-linear interpolation.

Now, let the aluminum mass fraction be denoted by Y, and the input value shall be between Yjand Yji!. Similarly,
the internal energy e, shall be between e/ and e}, and logy, o shall be between (log,, o )* and (log,y o )**". Then, e.g., the

interpolated temperature can be expressed as

T=0-20-0)10-¢) TU,j,k)+Q-a)A-b)e-TU, j, k+1)
+0-a2b0-c)- TG, j+1L,k)+A-a)be-TU, j+1,k +1)

220
+a-0)A-¢) TG +1,7,k)+aQ-b)c-T(G+1,7,k+1) (220
+ab(l-c) - TG+1,j+1Lk)+abe- T(G+1,7+1,k +1)
where
— )/A] _ Yfi] b _ 6)n B eé-. , c = ]'Oglo p B ]'OgIO pk (221)

’ k+1

- 91{“ -e; - log,, p*" —log,, Pk '

- i+l 7
YA/ -Y Al

Other properties can be interpolated in the same fashion.
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In case that only AP and HTPB burn
The case where only AP and HTPB burn is often referred as an initial condition or boundary conditions for burning

surface in the examples of calculation described in the following chapter. Results of chemical equilibrium calculation for

this case are summarized in Table 8.

Table 8 Chemical equilibrium results for AP+HTPB burning

Pressure, MPa Temperature, K Mole. Weight, g/mol ()l\fi(illfzifll;zcz;oeiizfs Inter&zﬁ/}igergy,
1 2764.3 24.46 0.453 -3.168
5 2823.8 24.60 0.456 -3.183
10 28420 24.64 0.457 -3.187
15 2850.9 2466 0.457 -3.189
20 2856.4 24.67 0.458 -3.191

3.3.4. Breakup of particle due to shear force

A model of breakup of a particle due to the shear force imposed in the rapidly accelerated flow near the throat is
described below. The resisting stress against the shear stress is the surface tension. Therefore, it is thought that breakup
of a droplet occurs when the shear stress beats the surface tension. The ratio of a fluid drag and surface tension defines
the Weber number and it is necessary to be smaller than the critical value We, in order for a particle to maintain its shape,

ie.,

-2
N D

we =220 (222)

o, ¢

A critical Weber number can be estimated by
4 2
We, = — .1zdl (223)
Cp

In the computation, when the Weber number exceeds the critical value, a particle is assumed to break up into 8 particles
of half diameter of the original. When the particle diameter after a breakup is still large, a particle shall be further divided

in the next time step.

3.3.5. Setup of initial diameter of a particle

As is mentioned earlier, since aluminum passes through complicated physical processes of melting, agglomeration,
departing from the burning surface, and combustion, it is very difficult to determine a particle diameter according to some
physical model. Therefore, here, the particle diameter distribution for analysis is set up based on a measured particle
diameter distribution. When more detailed particle distribution data is obtained as a result of a newer experiment or
advanced combustion research, computational results will be updated.

By using a QPCB (Quenched-Particle Collection Bomb) equipment, the particle diameter distribution near a burning
surface can be measured. According to experiments®!, the particle diameter distribution near a burning surface has a bi-
modal shape in which there are one peak at the diameter of 1.5 z m and the other at 100 ~ 200 . m. The small particles
are combustion products generated near the burning surface and the large particles are mainly unburned droplets
consisting of aluminum and alumina. In this research, three kinds of following initial particle diameter distributions are

assumed to serve as verification of the computer program, as well as numerical experiments.
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Computational Fluid Dynamics of Multiphase Flows in Solid Rocket Motors

Table 13 Mass Fraction of Alumina Smoke

Internal energy Density (kg/m?)
Al fraction
(J/ke) 31.6000 | 10.0000 | 3.1600 10000 | 03160 | 0.1000 | 0.0316 | 0.0100

0% -1.0E+06  ]0.0000000]0.0000000|0.0000000(0.0000000]0.0000000{0.0000000|0.0000000|0.0000000|
—-2.0E+06  [{0.0000000j0.0000000]0.0000000|0.0000000{0.0000000|0.0000000|0.0000000]0.0000000

-3.0E+06  ]0.0000000]0.0000000|0.0000000|0.0000000}0.0000000(0.0000000]0.0000000}0.0000000;

-4.0E+06  [0.0000000]0.0000000]0.0000000/0.0000000(0.0000000(0.0000000{0.0000000{0.0000000

-5.0E+06 |0.0000000;0.0000000{0.0000000(0.0000000|0.0000000{0.0000000/0.00000000.0000000

—-6.0E+06  {10.0000000/0.0000000|0.0000000|0.0000000{0.0000000]0.0000000[0.0000000}0.0000000

~7.0E+06  [§0.0000000]0.0000000]0.0000000(0.0000000{0.0000000[0.0000000|0.0000000[0.0000000)

5% —-1.0E+06 [{0.0815640[0.0803096(0.0795528(0.0795394(0.0802201|0.0815262(0.0832609|0.0851474
-2.0E+06  [{0.0887893/0.0881362{0.0876069(0.0873592|0.0874322|0.0878798(0.0885687|0.0894408

-3.0E+06 {00.0927932|0.0926613|0.0924212|0.0921697[0.0920422]0.0919979|0.0921023|0.0923318

—4.0E+06  [{0.0941603/0.0942048(0.0942433[0.0941866]0.0941581|0.0940840(0.09401980.0939734|

-5.0E+06  |0.0944341]0.0944437(0.0944489(0.0944663/0.0944838|0.0944794(0.0944592(0.0944709

—6.0E+06  (10.0944842/0.0944846/0.0944655(0.0944757|0.0944748|0.0944748(0.0944747|0.09447 71

-7.0E+06  [0.0944693]0.0944823|0.0944594/0.0944567(0.0944854/|0.0944878(0.0944857|0.0944562

10% —1.0E+06  [10.1669239[0.1644067|0.1628466[0.1625512]0.1636037|0.1657950[0.1687377(0.1721079
—-2.0E+06  [[0.1783634(0.1769719(0.1758951(0.1753610(0.17555210.1764360}0.1778242(0.1795061

—-3.0E+06 |I0.1853021/0.1848600/0.1842610/0.1837947|0.1835350|0.1836207(0.1839593(0.1845509

—-4.0E+06 [|0.1881810j0.1882167[0.1881373[0.1880017|0.1878147(0.1876777|0.1876291(0.1876488

-5.0E+06 [{0.1887765(0.1888178[0.1888543(0.1888379]0.1888413(0.1888279/0.1887906[0.1887748

—-6.0E+06 {I0.1889446(0.1889436(0.1889494(0.1889563|0.1889588/0.1889331(0.1889365(0.1889520

—~7.0E+06 [10.1889623]0.1889503{0.1889564{0.1889536/|0.1889436(0.1889463}0.1889490|0.1889523

15% -1.0E+06 [{0.2443908]0.2396603[0.2365902(0.2357051{0.2370769(0.2404176(0.2452804|0.2509830
-2.0E+06 [[0.2624540(0.2596231[0.2574208(0.2563426]0.2566608(0.2582614(0.2608792{0.2642018

—-3.0E+06  }10.2748780]0.2736349(0.2723565|0.2713534{0.2710179[0.2712961{0.2722409|0.2736572|

-40E+06 [{0.2811718[0.2810717{0.2807051(0.2802438|0.2798591[0.2796073/|0.2796169]0.2798425|

-5.0E+06  [0.2829802]0.2831141]0.2831443[0.2831365/0.2831174/0.2830236{0.2829707/0.2828378

—6.0E+06  10.2833468|0.2833760|0.2834059(0.28340100.2834035(0.2834190]0.2834081|0.2834162,

—-7.0E+06  [10.283413410.2834160(0.2834207|0.2834188|0.283432310.2834086/|0.2834086(0.28341186|

20% —1.0E+06 [10.3068633(0.2989880i0.2938237/0.2918613]0.2931441[0.2973484|0.3039959|0.3123535)
-2.0E+06  ]0.3336552/0.3282159|0.3240845/0.3219559(0.3221008(0.3245135(0.3287528(0.3344831

-3.0E+06 [00.3550789|0.3519733|0.3490672/0.3470702{0.3463821(0.3471307|0.3492109(0.3523820

-40E+06 [§0.3828471/0.3687377|0.3674375|0.3660667/0.3650721(0.3647060[0.3650965[0.3660938

-5.0E+06 [{0.3760272[0.3762611(0.3762223|0.3759943|0.3756520]0.3752726|0.3749933|0.3748755

—-6.0E+06 ]0.37722220.37742340.3775533|0.3775660(0.3775248|0.3774778(0.3773894(0.3773382

—~7.0E+06 110.3778619|0.3778664]0.3778783]0.3778896(0.3778940|0.3779053{0.3778907(0.3778895

25% -1.0E+06 [{0.3459817]0.3355685|0.3286139]0.3254889{0.3261712|0.3303349(0.3373291(0.3464701
—-2.0E+06  |0.3789724]0.3709955/0.3649806|0.3616469(0.3611772|0.3635097j0.3681826{0.3748228

—-3.0E+06 ]0.4072526/0.4016956]0.3969278(0.3936475[0.3922605/0.3928793[0.3954439[0.3996365

-4 0E+06 [10.4309372|0.4278045|0.42458270.4217109(0.41975270.4190580(0.4196736{0.4215833

—5.0E+08  [{0.4493364]0.4488107|0.4475874{0.4459167(0.4441661|0.4427394(0.4419403(0.4419114

~6.0E+06 [10.4606100[0.4617778]0.4624970(0.4625247|0.4617581(0.4601235(0.4576789(0.454355 1

-7.0E+06  }10.4607168|0.4617587]0.4626203|0.4630053}0.4629408]0.4625030{0.4619522(0.4615025
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(a) Fixed-particle-diameter model: The particle diameter at the burning surface is fixed to 150 x m. It is assumed that

a portion of particle is alumina in the initial state and this portion finally remains after the combustion. In the

numerical simulation, combustion of a particle ends at the moment when combustion of the aluminum portion

completes, and after that moment, the particle path is calculated with a fixed particle diameter. A setup of the

initial amount of alumina will be described later.

(b) Mono-modal model: This is a model in which no small particle at a burning surface is generated and all particles

are agglomerate droplets leaving from the burning surface and starting the combustion. Suppose that a particle

diameter distribution follows a log-normal distribution, probability density function for the particle diameter can be

written by the following formulae.
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2
exp(— z )
£(D)- logy, e A , 5= llogw D ©224)
~/ 27Z'D (2 < Dm
(225)

The cumulative distribution function is
F(D)= [#(D)iD = 1|1+ erf] 2
~jriown 3o 5
According to Ref.[38], the variance ¢ obtained in experiments is roughly 0.2 and this value is adopted here. The
mass-averaged diameter D,, is set to 150 ;» m. The probability density function and the cumulative distribution

function for this case are shown in Fig. 104 and Fig. 105, respectively.
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0 N ~
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Particle diameter, micron Particle diameter, micron
Fig. 105 Cumulative distribution function for particle
diameter, mono-modal model

Fig. 104 Probability density function for particle diameter,

mono-modal model
(c) Bi-modal model: According to experiments, the particle diameter distribution at a burning surface is bi-modal like.

A bi-modal distribution can be made by superimposing two kinds of mono-modal, log-normal, distributions shown

exp[— z ZZ]
£, (226)

previously.
2
1 eXp[“Zlgj
£(D)=2Bw’ 1-f)+— 2
(D) Ve - (-£) -
1 D 1 D
=1 =] 227
Zl 0'1 Oglo(Dml], Z2 2 Ogm(Dnﬂ] ( )
frtomn = 1o 3 #
F(D)= |fD)WD ==||1+erf| =X |{1-£)+|1+erf| =X | |f, (228)
©)= Je@hn -3 [1serr| 2o )+ 1o enr| 2|

According to Ref.[38], the mass-averaged diameter of small particles is 1.5 z m and the variance is 0.4 irrespective

of propellant and the state of combustion. Taking account of this, coefficients are set as follows.
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7z =15pm, o,=04

Zy=150 pm, 6,=02
On the other hand £, changes significantly with the state of combustion and the kind of propellants. Here,
tentatively, f; is set to 0.8 and it is assumed that larger particles are generated more than the smaller particles.
Only large particles are considered to burn and particles of the small-diameter group are considered to be already
burned out. The probability density function and the cumulative distribution function for this case are shown in

Fig. 106 and Fig. 107, respectively.
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Fig. 106 Probability density function for particle diameter, Fig. 107 Cumulative distribution function for particle
bi-modal model diameter, bi-modal model

3.3.6. Initial amount of alumina in a particle

Let us denote the ratio of aluminum mass in the alumina cap which finally remains after the combustion to all the
aluminum mass in the propellant by w, and the mass fraction of alumina in the initial large droplet by 3. The bi-modal
model is assumed as the particle diameter distribution and all small particle groups are assumed to be alumina particles.
For the mono-modal model or the fixed-diameter model, it is necessary to set f,=1.0 in the following equations. Denoting
the propellant mass by M,,,, and the total mass of the particle by M,, since the quantity of the aluminum in a generated

particle is equal to that of the aluminum contained originally in the propellant, the following relationship holds.

M,,, a=M,Q1- fo)% + Mpfo((l - B)+ % p’j (229)

The first term in the right-hand side is the amount of aluminum in small particles, and the second term is the amount
of aluminum in large particles. The quantity of 27/51 represents the mass fraction of aluminum in alumina. The aluminum
mass fraction in the propellant is denoted by « and in this study « =0.2 is considered.

On the other hand, the portion of alumina at the initial state remains as an alumina particle to the end and since the

ratio of the aluminum amount in that portion to the total aluminum amount is y, the following relationship holds.

27

27
M ~a-l//:Mp(1—fo)5+M =

prop pf 0 IB (230)

By simultaneously solving Egs. (229) and (230), the relationship between 2 and y is obtained as
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= 231)
P 24
i l+—y
The relationship between 3 and y is plotted for
some values of £, in Fig. 108. It turns out from the figure 0.6 56.
that, if w is set to 0.2, 3 is about 0.15 for the bi-modal ﬁ\Q”’\ '/'/'
model (f;=0.8) and is about 0.32 for the mono-modal 0.5 &
model (£,=1.0). \Q/,Q/:.Z
The following relationship holds between the 0.4 /,/
volume fraction of alumina in a particle, ¢ and the mass ,/
“0.3 5
fraction #. 4 .
/' <
yd W//Q /
4/ / -
o
B = $ 0 430 232) 02 yd /
¢O-A1203+(1_¢)O-A1 v Vi
/£ /.
or 0.1 / 4 7
V4
// ,/ £
b= Boa ©233) % 0.1 0.2 0.3 0.4
(l_ﬂ)amzoza +p oy Y
The ratio of the final particle diameter at the time of Fig. 108 Relationship between p and y
aluminum particle burn-out is summarized in Table 14.
Table 14 Ratio of the final diameter to the initial diameter
Particle diameter distribution 4 £, yij @ D,...]D,
Fixed/Mono-modal 0.2* 1.0 0.32 0.34 0.70
Bi-modal 0.2* 0.8*% 0.15 0. 16 0. 54

*tentative values

Therefore, for example, in the fixed-diameter model or the mono-modal model, a particle of the initial diameter of 150

#m is supposed to finish combustion at the time when its diameter reduces to about 105 » m, whereas in the bi-modal
model it is 80 . m.
The ratio of total mass of particles to that of the propellant is written from Eq. (230) as

M 51 ay

»

M,, 210-£)+1,p

prop

(234)

The ratio of injecting amounts of mass between the Eulerian phase and the Lagrangian phase is determined by Eq.

(234).
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4. Numerical Experime

nts

4.1. Comparison between an Eulerian-Lagrangian method and an Eulerian-Eulerian method
4.1.1. Injection of two-phase jet into two-dimensional nozzle flow?!

The results are compared between the Eulerian-
Lagrangian method and the Eulerian-Eulerian method for a

problem of two-dimensional single-phase flow in a Laval

nozzle into which a two-phase jet is perpendicularly injected [ )_._.

Twp-phase flo

from the side wall downstream the throat as shown in Fig. Gais flow

109. The conditions of gas and flow properties are
summarized in Table 15.

As for the initial conditions of the nozzle flow, a
numerical solution of a phase- equilibrium flow is employed.

In the Eulerian-Lagrangian method, the phase-interaction

R100

Wwo-ph ow
20°

<95 .

Fig. 109 Injection of two-phase jet into two-dimensional
nozzle flow

sauce term is calculated by calculating a particle path once in every 40 time-steps, whereas the gaseous phase is calculated

by fixing the sauce term for 40 steps. The particle paths of 100 per a cell interface are made to leave from the inlet.

Table 15 Flow condition:

S

Gas properties o .
prop Specific heat ratio

Mean molecular weight, g/mol

28.96
1.4

Main stream

Chamber pressure, MPa
Chamber temperature, K

10

1000

Exit pressure, MPa
Exit temperature, K

Jet Exit velocity, m/s

1000
1000

Particle mass fraction, %

Particle diameter, um

35
60

The grid system consisting of 101X 62 points is shown in Fig. 110.

ANY

1l

T

Fig. 110 Grid system
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0 Contour interval=1 40, kg/m?
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Fig. 111 Comparison of particle bulk density, a) Eulerian-Eulerian method, b) Eulerian-Lagrangian method

0 Contour interval=30 1500, K

Fig. 112 Comparison of gaseous-phase temperature, a) Eulerian-Eulerian method, b) Eulerian-Lagrangian method

0 Contour interval=0.1 10, MPa

Fig. 113 Comparison of pressure, a) Eulerian-Eulerian method, b) Eulerian-Lagrangian method
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Simulation results of the particle bulk density, the gaseous-phase temperature, and the pressure are shown in Fig.
111, Fig. 112, and Fig. 113, respectively. From a comparison of these results, the following remarks can be made.

® In the Eulerian-Eulerian method, since the particle phase is expressed as a continuum, intersecting particle paths

cannot be obtained. This is because the physical property must have a single value in a cell even if it is containing
crossing particle paths. Therefore, when a jet stream bumps like in this example, the vertical momentum
component is cancelled out and only the axial component remains. For this reason, a portion with high particle bulk
density is formed in the narrow domain near the axis of center.

® In the Eulerian-Lagrangian method, the flow of a certain particle group does not have direct influence on the flow of

other particle groups. Therefore, in this example, the jet streams from the upper and lower sides separate after they
cross at the center.

® As for the temperature distribution of the gaseous phase, a difference is found between two methods according to

the behavior of two-phase jets.

® In this example, difference in pressure distributions is not significant.

In the above argument, a finite particle-particle interaction is disregarded. Therefore, the Eulerian-Eulerian method
serves as a model in which particles interfere very strongly, and, on the other hand, the Eulerian-Lagrangian method
becomes a model without particle interaction. It is thought that a finite particle interaction can be treated by introducing a
suitable pseudo-diffusion and/or a pseudo-pressure term for the Eulerian-Eulerian method, or introducing appropriate

particle collisions into the Eulerian-Lagrangian method.

4.1.2. Two-phase flow inside an SRMP9!

In this example, an SRM of simple form shown previously in Fig. 79 is considered, and an axisymmetric two-phase
flow inside the SRM is numerically simulated and compared between the Eulerian-Eulerian method and the Eulerian-
Lagrangian method. The particle-phase in the Eulerian-Eulerian method is assumed to have single particle diameter
(N,=1), and three cases of diameters, 2, 20, and 60 x m, are computed for the flow conditions summarized in Table 4 to
investigate the behavior of the solution to the particle diameter. The grid system used here is the same as the previous
one shown in Fig. 96.

In the Eulerian-Lagrangian method, a burning-surface cell interface is divided into ten, and a particle path is
calculated for each segment of the boundary. Since there are 40 cell interfaces of the burning surface, totally 400 paths are
calculated. The time step Atis set so as that it takes about 100 time steps for a particle to cross a representative cell width.
Supposing that a particle crosses about 75 cells on the average from the starting point to a terminal point, in total, 400X
100X75=3 million particle groups will be treated.

0 40, kg/m3

a) e e

/// : ‘ / : N
/ / )

[

-

Fig. 114 Comparison of particle bulk density, D,= 60 pm, a) Eulerian-Eulerian method, b) Eulerian-Lagrangian method
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The results of the distribution of particle-bulk density for the case of the particle diameter of 60 x m are compared in

Fig. 114. The particle bulk density distributions along some grid lines are shown in Fig. 115 ~ Fig. 117 for all cases of the
particle diameter.

1 8 I X I I I 2? 1 I I T I 1 I "
"’E Eulerian-Eulerian Method ”E E-E Method L
&H |- Eulerian-Lagrangian Method |— &5 H —- - - = E-L Method 1
= ' = \
Z ' 2 1
z 12 E— 'E 18 -
@ 7} 60 !
g 60 pm ’3 \.
= e 'pm —-—-“--j z .
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© l 8 - "
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. | 2 ym AL
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Fig. 115 Comparison of particle bulk density, i=30 Fig. 116 Comparison of particle bulk density, i=36
36 I 1 I I ]
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Fig. 117 Comparison of particle bulk density, i=43

From the results the following remarks can be made. The median position of the limiting particle streamline which
the Eulerian-Eulerian method and the Eulerian-Lagrangian method compute is mostly in agreement each other. However,
whereas a sharp peak appears near the limiting particle streamline by the Eulerian-Lagrangian method, the solution is
smeared out due to numerical viscosity automatically introduced by a Riemann-solver-based jump-capturing scheme of
the Eulerian-Eulerian method. This difference becomes significant as the particle diameter becomes large, while it hardly

appears for the particle diameter of 2 ;. m.

As for the particle bulk density in the inner region away from the limiting particle streamline, both methods give the
same result.

The number of particles used in the Eulerian-Lagrangian method is sufficient to suppress a statistics error, and its
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accuracy acquired is equivalent to that of the Eulerian-Eulerian calculation.

The time required for the computations for 10000 time steps is compared between the Eulerian-Eulerian method and
the Eulerian-Lagrangian method for the case of the particle diameter of 20 ¢ m. It turns out that, in this case, the Eulerian-
Lagrangian method required about 8 times as much time as the Eulerian-Eulerian method for a computer like Hewlett

Packard N4000. However, this ratio of computational times depends on the tolerance level of a statistics error.

4.1.3. Two-phase flow in M-34 motor

Axisymmetric simulations of M-34 motor are

performed by the Eulerian-Eulerian method and the
Eulerian-Lagrangian method as the application to a real-
size motor, and the results are compared.

A general view of M-34 motor is shown in Fig. 118.

Computation is made assuming axisymmetric flow about

geometry of the initial grain shape of the fin-phase cross

section.

Physical properties of the two-phase flow used in the

simulation are summarized in Table 16. The

transportation coefficients are calculated from the

chemical equilibrium composition in the chamber. The Fig. 118 M-34 motor

particle diameter used is the mass-averaged particle

diameter (Dy;) determined from the throat diameter by a correlation formula. The mass fraction of the particle phase is
evaluated assuming that all aluminum are burnt and transformed to alumina. The true density of particle is the value of the

solid alumina.

Table 16 Physical properties used in simulation

Combustion pressure, MPa 5.84
Combustion temperature, K 3531
Specific heat ratio _ 1.24
Mean molecular weight, g/mol 18.36
Gas  Prandtl number 0.42
Viscosity, Pa-sec 0.364 X 1076 T0.679
Diameter, pm 5.6
Particle Mass fraction 0.378
True density, kg/m3 3590
Specific heat, J/kg/K 1427

The grid system consisting of 105X71 grid points is shown in Fig. 119. Results of particle bulk density distribution

and gaseous-phase temperature distribution are shown in Fig. 120 and Fig. 121, respectively.
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Fig. 119 Grid system for M-34 simulation

 ee—
0 Contour interval = 0.1 3.6, kgim?

Fig. 120 Comparison of particle bulk density distribution in M-34, a) Eulerian-Eulerian method, b) Eulerian-Lagrangian method

0 Contour interval = 100 3600, K

a) b)

Fig. 121 Comparison of gaseous-phase temperature distribution in M-34, a) Eulerian-Eulerian method, b) Eulerian-Lagrangian
method

The result of the Eulerian-Lagrangian method differs in the particle bulk density from that of the Eulerian-Eulerian
method in the neighborhood where the flow from the radial slot and the flow in the motor port collide with each other. By
the Eulerian-Lagrangian method, a portion with high particle density is formed around the radial slot exit, whereas by the

Eulerian-Eulerian method, the flow from the radial slot merges with the core flow of the motor port and the portion does
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not appear clearly.

Although the influence of the flow from the radial slot can be seen even in the throat region in the Eulerian-
Lagrangian method, the results of the both methods are almost the same in the exit cone region. The size of a separation
region, or the position of a limiting particle streamline, is also comparable.

The temperature distribution is almost the same between the two methods.

4.2. Numerical experiments with an Eulerian-hybrid method
4.2.1. Zero-dimensional simulation

In the Eulerian-hybrid method mentioned previously, alumina is supplied to the Eulerian phase according to the
combustion of a Lagrangian-phase droplet. The temperature of the Eulerian phase is determined by an interpolation of
data in the lookup table with the density, energy, and aluminum fraction being the parameters. Here, in order to verify the
function of the chemical equilibrium calculation of the Eulerian-hybrid method, a zero-dimensional simulation in a closed

space shown in Fig. 122 is conducted and the result is compared with the chemical-equilibrium calculation.

Al fraction =0 0< Al fraction <0.2 Al fraction = 0.2
Gas temperature -

= 2840K |:> MarssTa;ic?t;)r} c}f Al |:> ? Temperature ?
<|nitial State> <|ntermediate State> <Final State>

Fig. 122 Zero-dimensional problem

Suppose that a space of constant volume is filled with a stationary combustion gas. Initially, aluminum is not burned
and the aluminum fraction in the gas is set to zero. The initial state is such that only AP and HTPB have burned and the
chemical equilibrium has been reached. Suppose that mass of aluminum is repetitively added to the gaseous-phase
(Eulerian phase) at an appropriate time interval due to aluminum combustion. The density and the aluminum fraction of
gas rise with the supply of aluminum. The state variables varying every moment are analyzed by referring the lookup
tables. The aluminum supply is continued until aluminum mass fraction finally becomes 20%.

The change of temperature to the aluminum mass fraction obtained from the analysis is shown in Fig. 123. The result
is compared with the result obtained by a chemical equilibrium calculation at a constant pressure employing an SP-27334
code. Although it is not strict comparison because calculation here assumes constant volume whereas the other does
constant pressure, the behavior of calculation results for the combustion temperature changing with the aluminum mass

fraction is in general in agreement with each other.

4.2.2. Axisymmetric simulation 1 ~ Forced combustion model ~

It turns out by the above-mentioned zero-dimensional simulation that physical properties such as the temperature can
be computed appropriately by the table-lookup method in case that there is aluminum mass addition. Next, let us consider
the case in which fluid dynamics is coupled with this. As such a case, an axisymmetric end-burning motor with a chamber
and a nozzle shown in Fig. 124 is considered. The left-end boundary of the computational domain is the burning surface.

Let us set up a situation in which the aluminum-less combustion gas, which is the product of AP and HTPB burn, is
flowing from the burning surface into the computational domain, and as it flows through the chamber, aluminum is
gradually added to the Eulerian phase according to a prescribed function of a distance also shown in Fig. 124. The

objective here is to confirm the capability of the present simulation of the Eulerian-phase flow for the case where the mass
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addition of aluminum to the Eulerian-phase is taken into account by a source term.

The grid system used consists of 121X51 grid points and is shown in Fig. 125. The results of the temperature, the
aluminum mass fraction in the Eulerian phase, and the bulk density distribution of alumina smoke are shown in Fig. 126,
Fig. 127, and Fig. 128, respectively.

It is confirmed from these figures that, as a result of compulsory source term of aluminum mass addition, the
temperature increases from 2800K to 3500K according to the mass fraction of aluminum, and that the changes of the

temperature and the density in a nozzle portion are appropriately calculated by using the present lookup table of state.
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Fig. 123 Comparison of gas temperature results
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Fig. 124 Axisymmetric SRM model, No.1
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Fig. 127 Aluminum mass fraction Fig. 128 Bulk density of alumina smoke

4.2.3. Axisymmetric simulation 2 ~ Fixed-initial-particle-diameter model ~

In the forced combustion model of the foregoing paragraph, the aluminum fraction is controlled compulsorily
according to a distance function regardless of combustion of a particle and it is confirmed that the Eulerian-phase flow
with aluminum mass addition can be properly simulated by the present method. Next, a two-phase flow is considered by
introducing particles into this. The SRM model is basically the same as the foregoing paragraph except that simulation
particles are generated from the burning surface shown in Fig. 129.

The motion of the particle is solved simultaneously with the change of the particle diameter due to combustion and
the supply of the aluminum to the Eulerian phase. In this section, it is assumed tentatively that the initial diameter of
generated particles is fixed and no distribution is considered concerning the initial diameter.

The grid system is the same as the one shown in Fig. 125. The flow conditions and simulation parameters are
summarized in Table 17. The ratio of aluminum mass in the alumina cap which finally remains to all the aluminum mass in
the propellant is denoted by .

The results of the temperature of the Eulerian phase, the aluminum mass fraction in the Eulerian phase, the bulk
density distribution of alumina smoke, and the bulk density of the Lagrangian phase are shown in Fig. 130, Fig. 131, Fig.
132, and Fig. 133, respectively.
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600
45°
Gas-Particle flow
§ (Fixed diameter)
R100 15°
R Axis of revolution _gl
Burning surface e
Fig. 129 Axisymmetric model, No. 2
Table 17 Flow conditions and simulation parameters
Combustion pressure, MPa 5
4 0.2
Viscous coefficient, Pa-sec 0.348 % 106 T0.685
Prandtl number 0.42
Particle diameter (fixed), um 150
The number of particle generated per a boundary segment 40
3020 /3550
I A\ 18% :
| 17%
f 3520 N 2600
| N ;
I o8 A Il
Contour interval : 20K Contour interval : 1%
Fig. 130 Temperature of Eulerian phase Fig. 131 Aluminum mass fraction of Eulerian phase
B

N\ 02 .
15 :
N S \ 0% O

0.4
Contour interval : 0.1 kg/m? Contour interval : 0.1 kg/m?
Fig. 132 Bulk density of alumina smoke Fig. 133 Bulk density of Lagrangian phase

Combustion of a particle is completed in the distance about 140mm from the burning surface, and an almost uniform-
state region is realized in the combustion chamber. While the alumina-smoke bulk density rises according to the
combustion, the bulk density of the Lagrangian (condensed) phase declines. Accordingly, the temperature which is about

3000K at the burning surface is rising to more than 3500K at the end of combustion. Since the particle diameter of
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Lagrangian phase after combustion is comparatively large (105 1 m), the separation of the Lagrangian-phase particle flow

in the nozzle exit cone is large.

4.2.4. Axisymmetric simulation 3 ~ Mono-modal mode! ~
Here in the axisymmetric model No.3 (Fig. 134), the foregoing simulations are modified so that the initial diameter of
each particle at the burning surface is given from a log-normal distribution, Eq. (224), with the mass-averaged diameter of

150 1 m and the variance o of 0.2. The flow conditions and simulation parameters are summarized in Table 18.

600
45°
Gas-Particle flow
§ {Mono-modal distribution
.D,,=150um. 5=0.2 )
R100 15°
X Axis of revolution OI
Burning surface s
Fig. 134 Axisymmetric model, No. 3
Table 18 Flow conditions and simulation parameters
Combustion pressure, MPa 5
4 0.2
Viscous coefficient, Pa-sec 0.348 X106 To.685
Prandtl number 0.42
Particle diameter distribution Mono-modal
Mass-averaged diameter D_, um 150
Variance o 0.2
The number of particle generated per a boundary segment 40

The results of the temperature of the Eulerian phase, the aluminum mass fraction in the Eulerian phase, the bulk
density distribution of alumina smoke, and the bulk density of the Lagrangian phase are shown in Fig. 135, Fig. 136, Fig.
137, and Fig. 138, respectively. The distribution of the particle diameter of the Lagrangian phase discharged from the
nozzle is shown in Fig. 139. The total sampling number of the distribution is about 8700.

Although the flow field is roughly the same as the case of single particle diameter, when a particle diameter
distribution is taken into account, some heterogeneity arises in the combustion chamber to form a distribution of physical
quantities. Some large particles reach the wall surface before having burned completely within the combustion chamber.
The particle diameter of Lagrangian phase discharged from the nozzle is a distribution with the peak of 100 #m, and

therefore large separation occurs in the nozzle exit cone.
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Fig. 139 Diameter distribution of the Lagrangian-phase particles discharged from the nozzle (N =~ 8700)

4.2.5. Axisymmetric simulation 4 ~ Bi-modal model ~
Here in the axisymmetric model No.4 (Fig. 140), the foregoing simulations are modified so that the initial diameter of

each particle at the burning surface is given from a bi-modal distribution, Eq.(226), which is made by superimposing a log-

normal distribution with the mass-averaged diameter of 150 4 m and the variance ¢ of 0.2 and another log normal

distribution with the mass-averaged diameter of 1.5 » m and the variance « of 0.4. It is assumed that particles belonging to

the second log-normal distribution are all alumina particles and no more combustion occurs in the combustion chamber.
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Flow conditions and simulation parameters are summarized in Table 19.

The results of the temperature of the Eulerian phase, the aluminum mass fraction in the Eulerian phase, the bulk
density distribution of alumina smoke, and the bulk density of the Lagrangian phase are shown in Fig. 141, Fig. 142, Fig.
143, and Fig. 144, respectively. The distribution of the particle diameter of the Lagrangian phase discharged from the
nozzle is shown in Fig. 145. The total sampling number of the distribution is about 9000. It should be noted that a particle
below 1 2 m is not treated as a Lagrangian-phase particle.

Fundamentally, a similar flow field is formed for the bi-modal distribution as it is for the mono-modal one. The
homogeneity in the combustion chamber is a little better with the bi-modal distribution than the mono-modal one because
the former has fewer large particles than the latter. Since the distribution of the diameters of Lagrangian-phase particles
discharged from the nozzle has the peak of 70 ~ 90 x m, the separation region is still large for this case though it is a little

smaller than that of the mono-modal case.

600

Gas-Particle flow

§ (Bi-modal distribution
:D,,=150um, =0.2
D,,=1.5pm, c=0.4)
N Axis of revolution i
Burning surface e
Fig. 140 Axisymmetric model, No.4
Table 19 Flow conditions and simulation parameters
Combustion pressure, MPa 5
4 0.2
Viscous coefficient, Pa-sec 0.348 X 106 T0.685
Prandtl number 0.42
Particle diameter distribution Bi-modal
Mass-averaged diameter D, pm 150, 1.5
Variance o 0.2,0.4
£, 0.8
The number of particle generated per a boundary segment 40
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Fig. 145 Diameter distribution of the Lagrangian-phase particles discharged from the nozzle (N = 9000)

4.2.6. Axisymmetric simulation 5 ~ Bi-modal model with particle breakup ~

As is seen previously, particles of the diameter larger than 100 2 m stay as large as several tens of microns after the
completion of their combustion, and therefore, the particle path separates from the nozzle wall significantly in the exit
cone. However, the mass-averaged particle diameter evaluated from samples taken from the exhaust gas in static firing
tests is usually several microns and this fact contradicts a result here greatly. One of the major reasons of this difference is

particle-breakup phenomena caused by shear stress imposed from the surrounding gas flow which is rapidly accelerated
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near the throat region. The fact that the mass-averaged particle diameter of the particles in the exhaust gas has a strong

correlation with the throat diameter also suggests that this is one of the reasons.

Here, in the model No.5 (Fig. 146), the effect of particle breakup is incorporated in the analysis of the bi-modal model

of the foregoing paragraph. The flow conditions and simulation parameters are summarized in Table 20. The particle-

breakup criterion is given by Eq. (222).

The results of the temperature of the Eulerian phase, the aluminum mass fraction in the Eulerian phase, the bulk

density distribution of alumina smoke, and the bulk density of the Lagrangian phase are shown in Fig. 147, Fig. 148, Fig.

149, and Fig. 150, respectively. The distribution of the particle diameter of the Lagrangian phase discharged from the

nozzle is shown in Fig. 151. The total sampling number of the distribution is about 9000.

Since particle breakup occurs near the throat, the flow field in the combustion chamber up to the throat is almost the

same as that of the case without particle breakup. A big particle quickly breaks up into small particles near the throat. For

this reason, the separation of the particle path from the wall is much smaller compared with the foregoing paragraph. The

distribution of the diameters of discharged particles has the peak around 5 to 8 x m, and the frequency of particles of the

size larger than 10 . m becomes very small.

600

Gas-Particle flow

(Bi-modal distribution

:D,,=150um, 6=0.2
D,=1.5um, 5=0.4)

400

Particle breakup
occurs it W, > W,_.

N Axis of revolution

Burning surface

Fig. 146 Axisymmetric model, No.5

Table 20 Flow conditions and simulation parameters

Q
©

Combustion pressure, MPa

5

W

0.2

Viscous coefficient, Pa-sec

0.348 X 106 T0.685

Prandtl number

0.42

Particle diameter distribution

Bi-modal

Mass-averaged diameter D

m?

pm

150, 1.5

Variance o

0.2,04

£y

0.8

Surface tension C, N/m

0.84

The number of particle generated per a boundary segment

40

This document is provided by JAXA.



96

3020

JAXA Special Publication JAXA-SP-05-035E

z
3580
2620

LYo M)

L ]

Contour interval : 20 K

Fig. 147 Temperature of Eulerian phase

1.6

0.2

i Wiin, (P
Contour interval : 0.1 kg/m?

Fig. 149 Bulk density of alumina smoke

_
19%
16%
17%
/ 18%

Contour interval : 1 %

— ‘-W
]

Fig. 148 Aluminum mass fraction of Eulerian phase

1.5

0.4

03

0.4 S — \

0.1 |

Contour interval : 0.1 kg/m?

Fig. 150 Bulk density of Lagrangian phase

1500

1000
o i
) i i
5] i
o i 5
o »
o
L 500

)
0 ]
1 & 10 50 100 5001000

Particle diameter, pm

Fig. 151 Diameter distribution of the Lagrangian-phase particles discharged from the nozzle (N = 9000)

4.2.7. Three-dimensional simulation
Here, the present Eulerian-hybrid method is extended to three-dimensional simulation of multiphase flow inside

SRM. The initial particle diameter at the burning surface is determined from the bi-modal frequency function and its
cumulative distribution function of Fig. 106 and Fig. 107, respectively. The computational process of the particle

generation using a random number is shown in Fig. 82. As the maximum and the minimum diameters of the simulation

particle, D, ,,.and D, .., respectively, are set as 1000 zm and 1 2 m.
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A motor with the throat diameter of 80 mm shown in Fig. 152 is chosen as an object of the three-dimensional
simulation. The configuration of the propellant grain is ﬁn-on-cyliﬁder (“finocyl”) type and has seven slots in the axial
direction. Since the target motor has seven axial slots in the propellant grain, the one fourteenth of the circumference is
dealt as the computational region. The flow conditions and simulation parameters are shown in Table 21.

In order to reduce the computational time, the number of particle generated per one boundary-cell segment is set to
1, and the statistical error is reduced by increasing the substantial number of particles with the use of time-averaged
phase-interaction term.

The starting position of the influx particle from a boundary segment is randomly scattered within a cell. Particles
which collide with a wall including burning surface are assumed to bounce specularly into the computational domain.

The grid system consisting of 95X58 X 25 points with 2416 burning-surface boundary segments is shown in Fig. 153.

The results of the density, the pressure, and the temperature of the Eulerian phase in the slot-phase, the fin-phase,
and their intermediate-phase cross sections are plotted in Fig. 154, Fig. 155, and Fig. 156, respectively. Also the results of
the bulk density of alumina smoke, the bulk density, and the temperature of the Lagrangian-phase are shown in Fig. 157,
Fig. 158, and Fig. 159, respectively. Those properties in the other cross sections such as cross sections A-A’, B-B’, and C-C’
are shown in Fig. 160, Fig. 161, and Fig. 162, respectively.

Computational
domaly - 350 150
N 1 114.6 _|
e Propellant
N R100
D R50 15°
\_\\ ©
o o o
&3 Q Q Q
N < 0
S £y S

Fig. 152 Model SRM for 3D simulation

Table 21 Flow conditions and simulation parameters

Combustion pressure, MPa 5.4

v 0.2
Viscous coefficient, Pa-sec 0.348 X 106 T0.685

Prandtl number 0.42

Particle diameter distribution Bi-modal
Mass-averaged diameter D, pm 150, 1.5
Variance o 0.2,0.4
5 0.8
Surface tension o,, Nm - 0.84
The number of particle generated per a boundary segment 1
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Fig. 153 Grid system

Fig. 154 Density of Eulerian phase, kg/m® Contour interval: Fig. 155 Pressure, MPa, Contour interval: 0.1, a) Slot phase,
0.1, a) Slot phase, b) Intermediate phase, ¢) Fin phase b) Intermediate phase, ¢) Fin phase

Particle paths are shown in Fig. 163, in which paths are thinned out and displayed so that a particle path is legible.
The distributions of mass and momentum fluxes of Lagrangian-phase particles which collide with the nozzle surface are
shown in Fig. 164 and Fig. 165, respectively.

Finally, the distribution of the particle diameter of Lagrangian phase at the nozzle exit is shown in Fig. 166. It should

be noted that a particle of the diameter smaller than 1  m are not counted as a Lagrangian-phase particle.
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2200 3700

Fig. 156 Eulerian-phase temperature, K, Contour interval:
20, a) Slot phase, b) Intermediate phase, c) Fin phase
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Fig. 157 Bulk density of alumina smoke, kg/m? Contour
interval: 0.05, a) Slot phase, b) Intermediate phase, c) Fin

phase

Fig. 158 Bulk density of Lagrangian phase, kg/m?, Contour
interval: 0.1, a) Slot phase, b) Intermediate phase, c) Fin

phase
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Fig. 159 Temperature of Lagrangian phase, K, Contour
interval: 20, a) Slot phase, b) Intermediate phase, ¢) Fin
phase

As a result of employing the Eulerian-hybrid method in which combustion of a Lagrangian particle is considered, the
temperature of the both phases is low in the vicinity of burning surface and it rises as the distance from the burning
surface increases.

There is a low-temperature region between the slot phase and the fin phase. It is thought that, since the bulk density
of the Lagrangian phase is not so low in this region, particles cannot burn easily and the temperature does not go up there.

The effect of slots and fins can be seen in the density distribution and the temperature distribution in the throat cross
section (C-C").

The amount of physical properties seems to change a lot on the azimuthal boundary, but this has the possibility of a
numerical problem under the influence of the boundary conditions for the Eulerian phase.

As seen in Fig. 158, although a considerable number of particles are sampled, there still are cells in which the
physical properties cannot be calculated well because no particle may pass. It is a general trend for three-dimensional
calculation that such a cell may appear, therefore, it is considered that there is room of improvement of methods for
generating an initial position of particle and for sampling particles.

From the observation of particle paths, it turns out that many particles have collided with a wall surface including a
burning surface. Although specular surface reflection has been assumed for convenience here, it will be necessary to
examine the particle reflection model.

The distributions of the mass and momentum fluxes by the Lagrangian-particles colliding with a nozzle inlet surface
bear a strong resemblance to the erosion pattern seen on the nozzle inlet after a static firing test. Better understanding on
the erosion pattern of the TPS materials at the inlet of a nozzle!""! may be obtained through such approach.

The particle diameter distribution at the nozzle exit has a peak at several microns, and this agrees usually with results

of static firing tests.
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a)

Cross section A-A’ .
5.0 Contour interval: 0.01 5.5

3000 Contour interval: 20 3600 0.0 Contour interval: 0.05 2.0

0.0 Contour interval: 0.1 5.0 3000 Contour interval: 20 3600

Fig. 160 Properties in A-A’ cross-section, a) Density of Eulerian phase, kg/m?, b) Eulerian-phase temperature, K,
c¢) Bulk density of alumina smoke, kg/m?, d) Bulk density of Lagrangian phase, kg/m?, e) Lagrangian-phase
temperature, K
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Fig. 161 Properties in B-B’ cross-section, a) Density of Eulerian phase, kg/m3, b) Eulerian-phase temperature, K,
c) Bulk density of alumina smoke, kg/m3, d) Bulk density of Lagrangian phase, kg/m3, e) Lagrangian-phase
temperature, K

This document is provided by JAXA.



Computational Fluid Dynamics of Multiphase Flows in Solid Rocket Motors 103

a)

Cross section C-C’ RO T
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Fig. 162 Properties in C-C’ cross-section, a) Density of Eulerian phase, kg/m?, b) Eulerian-phase temperature, K,
c) Bulk density of alumina smoke, kg/m?, d) Bulk density of Lagrangian phase, kg/m?, e) Lagrangian-phase
temperature, K
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Fig. 163 Particle paths (thinned out)
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Fig. 164 Mass flux of Lagrangian-phase particles colliding with the nozzle surface, kg/m?/s
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Fig. 165 Momentum flux of Lagrangian-phase particles colliding with the nozzle surface, Pa
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Fig. 166 Diameter distribution of the Lagrangian-phase particles discharged from the nozzle N ~ 500000)

5. Conclusion

In this booklet the authors have tried to provide practical information on the computational fluid dynamics of the
multiphase flows in a solid rocket motor, by describing mathematical models on the forces and the heat transfer to

particles in the flow, the computational methods for the multiphase flows, and many numerical experiments on the

verification of these models and methods.
As a feature of the multiphase flow in a solid rocket motor, the particle size distribution changes according to the

combustion and breakup of particles as they flow from the burning surface to the nozzle exit. It is difficult to perform a
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practically meaningful simulation without treating these effects. In this booklet, the Eulerian-Eulerian method, the
Eulerian-Lagrangian method, and the Eulerian-hybrid method are explained in detail, and the information is provided
towards the construction of more realistic simulation tools.

The authors are pleased if this booklet serves as a reference for engineers and a textbook for students in this field.
Since many problems are still left unsolved, the contents of this booklet are due to be updated with the progress of future

research.
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