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Abstract: Mult i�phase flow field simulat ion has been per formed on so lid ro cket motor and

ef fect of mult i�phases on the performance pr edict ion o f the solid r ocket motor ( SRM ) is in�
vest ig ation. During the combust ion of aluminized pr opellant, the alum inum part icles in the

propellant melt and form liquid aluminum at the burning propellant surface. So the f low

w ithin the r ocket mo to r is mult i phase o r tw o phase because it contains droplets and smoke

part icles of Al2O 3� Flow simulat ions have been perfo rmed on a larg e scale motor, to observe
the effect of the flow f ield on the chamber and nozzle as w ell. U niform part icles diameter s and

Rosin�Rammler diameter dist ribut ion method that is based on the assumpt ion that an expo�
nent ial relat ionship exists betw een the droplet diameter , d and mass f ract ion o f droplets w ith

diameter greater than d have been used for the simulation of different dist ribution of A l2O3

droplets present in SRM . Part icles sizes in the range of 1- 100 �m are used, as being the

most common dr oplets. In this approach the complete range of part icle sizes is divided into a

set of discrete size ranges, each to be def ined by single str eam that is part of the g roup. Roe

scheme�f lux dif ferencing split t ing based on appr oximate Riemann problem has been used to

simulate the effects of the mult i�phase f low feild. This is second o rder upw ind scheme in
w hich f lux dif ferencing split t ing method is emplo yed. T o cater for the turbulence effect ,

Spalart�Allmar as model has been used. T he results obtained show the g reat sensitivity of

this diameter s dist ribut ion and part icles concentr at ions to the SRM flow dynam ics, primar ily

at the motor chamber and nozzle ex it. T he results are show n w ith various sizes of the part i�
cles concentrat ions and geometr ical conf igur at ions including models for SRM and nozzle. The

analysis also prov ides ef fect of mult i�phase on per formance predict ion of solid rocket motor.

Key words: so lid r ocket mo to r nozzle; mult iphase f low ;

Rosin�Rammler diameter dist ribut ion method;
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Nomenclature

p � � chamber s pr essure

R g rain outer radius

L g rain leng th, mm

mp mass of propellant

I sp specific impulse

tb burning time

A e/ A t area rat io

cp specific heat at constant pressur e

T c combust ion temperature

� specific heat ratio

 densit y

n spread par amet ers

 d mean diameter of part icle
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� mo lecular v iscosity of the fluid

 p density of part icle

dp particle diameter

Rep particle�phase Reyno lds number

V rp r elativ e velo city betw een particles and gas velocit y

Introduction

The aluminum powders are used in so lid

rocket motor propel lant for the purpo se of in�
creasing the motor specif ic impulse and reduce

combust ion instabilit ies. As the alum inum burns

w ith high temperatur e w ithout any adver se

ef fects on the detonat ion characterist ics of the

propellant , but it significant ly af fects the f low

field of the chamber and no zzle. Sever al different

metals have been considered and used in so lid

propellants w ith aluminum being ex tensiv ely

used in mass fractions of 12% � 22% [ 1] . H igh

density and high heat of r eact ion are tw o factors

w hich contribute to high impulse. It is known

that the flow f ield o f the solid rocket motor is

very complicated due to the chem ical react ion,

part icle evapo ration, combust ion, and break up

and other complex characterist ics like agglomer�
at ion and coalescence etc. So these effects cause

no zzle ero sion and significant exhaust pr oducts.

Therefore aluminum behavior is one o f the most

impo rtant challenges faced by the solid propel�
lant ro cket industr y [ 2] .

During the combust ion of alum inized pro�
pellant , the aluminum part icles in the propel lant

melt and form liquid aluminum at the burning

propellant sur face. Because of the physical prop�
ert ies of alum inum and its ox ide, a larg e f ract ion

of aluminum remains unr eacted and in liquid

state at the burning pr opellant surface. Several

liquid droplets merge into lar ge agglomerates [ 1] .

These agg lomerates leave the propellant surface

and cont inue to burn relat iv ely slow ly due to low

volat ility of aluminum . T he vapo rized aluminum

reacts w ith the ox idizing species in the gas phase

fo rming aluminum ox ide. Wher eas most of this

alum inum ox ide  smoke! diffuses outw ard into

the f low field, a part is captured on the agg lom�
erate surface and condenses to form an ox ide

shell. The format ion of alum inum oxide shell on

the sur face of the droplet further contr ibutes to

the  slow ness! o f aluminum combust ion. So this

results in r educed motor perfo rmance and possi�
ble that nozzle surfaces damage from possible

impingement.

Therefore the flow w ithin the ro cket is mul�
tiphase or tw o phase, because it contains drop�
lets and smoke par ticles. T he tw o phase f low re�
presenting bimodal distribution of aluminum ox�
ide represent ing the smoke and the caps, w hich

ar e on the or der 1� 5 and 100�m in size respec�
tively. Several combust ion scient ists and propul�
sion eng ineer s have conducted many studied

aimed at determining the size dist ribut ion of the

Al2O 3 droplets present in the motor , no zzle and

exhaust plume, because o f the larg e effect on the

impulse eff iciency. So this area st ill required a

lot o f at tent ions on the size dist ribut ions o f the

droplets entering the chamber and nozzle. Sabnis

et al
[ 3]
refer to Salita�s [ 4]

quench�bomb invest i�
gations, w here the size dist ribut ion w as found to

be lognormal and bimodal. T ypical values o f the

w eighted mean diameters w er e 1� 5 �m for the

small part icles; w hereas the lar ger part icles w ere

150 �m w ith the standar d dev iat ion of 0� 2�
However Whitesides et al [ 5] analyzed a reusable

so lid rocket product ion propellant, and conclu�
ded that a sing le lognormal or polynom ial dist ri�
bution did no t adequately fit the measured drop�
let diameter dist ribut ion. So such contradictory

conclusion indicates that the dr oplet size dist ri�
bution is sensit ive to the propellant formulat ion.

Numer ical simulat ion of the internal f low in

the solid rocket motor and nozzle has been stud�
ied pr ev iously due to the importance of the f low

field on the motor perfo rmance and reliability.

The f low w ithin the rocket is subsonic near the

head end, but compressibility ef fects become im�
portant in the nozzle region [ 6] . The f low transi�
tions f rom a laminar state near the head end to a

fully tur bulent state far ther dow nst ream . Jayant

S. Sabnis
[ 3]
used Eulerian�Lag rang ian tw o�phase

approach suitable for the numerical simulat ion of

the multiphase reacting inter nal f low in the so lid
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rocket motor w ith a metalized propellant . He

used an Euler ian description to analyze the mo�
t ion of the gas phase particulates w hile Lag rang�
ian description is used fo r the analy sis of the dis�
crete phase that consists of the larger part iculate

in the motor chamber.

To provide design guides for maintaining

high perfo rmance of the SRM ( solid rocket mo�
to r) , an accurate simulation of the gas�part icle
interact ion is very important . Because o f the

complex f low field inside the SRM, limited ex�
periment data is av ailable for design pur pose.

The internal f low f ield analy sis using a CFD

( computat ional f luid dynamics) method can be

ut ilized to obtain a bet ter invest igat ion fo r SRM,

due to the recent prog ress in comput ing pow er.

There has been some research conducted in the

past fo r the so lid rocket mo to r internal f low f ield

analysis using the CFD method.

In this paper CFD simulation has been con�
ducted for uniform part icles size diameter to ana�
lyze it s effect on the per formance prediction of

solid rocket motor . T he Rosin�Rammler diame�
ter distr ibution method and Eulerian�Lag rang ian
Approach

[ 7]
has been used fo r the simulat ion of

dif ferent dist ribut ion of Al2O 3 droplets pr esent

in the motor. Because the dist ribut ion of the

part icles af fects the performance of the motor,

therefo re predict ion of the part icles ef fect plays

an impor tant ro le fo r SRM design. T he ef fect of

injected droplets size dist ribut ion obtained w ith

dif ferent models is invest igated and show s the

sensit iv ity of this distr ibution to the nozzle f low

dynamics, primarily at the nozzle inlet and exit .

The results are shown with various sizes of the par�
t icles, concentrat ions and geometrical configurations

including models for conical and contours type noz�
zle, including the performance prediction.

1 � Model description

1� 1 � Equation of motion of particles

The react ing mult iphase flow in the so lid

rocket chamber can be effect ively t reated as con�
sist ing of a cont inuous phase composed o f the

products of combust ion from the binder, the am�
monium per chlo rate ( AP) , and r eacted alum i�
num, and a discrete phase composed o f par ticles

containing alum inum and Al2O3� Using Eulerian�
Lagrangian approach trajectories of a discrete phase

particles are simulated by solving an equation of mo�
t ion for each dispersed phase part icle

[ 7]
. Trajectory

calculat ions require the calculat ion of net fo rce

act ing on the dispersed phase part icles, it will be

necessary to solv e a set of coupled or dinary dif�
ferent ial equat ions. This for ce balance equates

the part icle iner tia w ith the forces act ing on the

part icle, and can be w rit ten [ 8] :

dVp
dt

=
3
4

Cd 
 p dp

∀V- Vp ∀(V- Vp ) + g ( 1)

The drag coeff icient Cd can be obtained

Cd =
24
Re p

(1� + 0� 15Re 0� 687p ) ( 2)

Reynolds number Rep is def ined as:

Re p =
 gV rpdp
�g

( 3)

Where V rp is the relative velocity betw een

the part icle velocity and the gas velo city.

1� 2 � Solid pocket motor geometry

The motor and nozzle geometry configuration

adopted here is shown in the Fig. 1� It is a typical
solid rocket motor with convergent and divergent

nozzle. The cylindrical g rain geometr y w ith 2 000

mm length of motor w as t ried w ith contours noz�
zles. M or eover the propellant and nozzle par am�
eters have also been dictated for all the cases.

Gr ain length, � � � � � L = 2 000mm

Mass o f propellant, m p= ( 2 200 # 10) kg

Burning t ime, � t b= 30 s

Gr ain outer radius, R= 800

Mass f low rate, m = 73 kg/ s

Area rat io, A e / A t= 11� 7

Fig . 1 � Chamber, g rain and nozzle geomet ry
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1� 3 � SRM parameter values and material

selection for multi�phase

� � T he fo llow ing reference parameter value,

w ith inert part icle type material Al2O 3 have been

assumed for all the computat ions.

Chamber pressure, p= 6� 2MPa
Combust ion temperature, �� T c= 3 200K

Specif ic heat at constant

pressure, cp = 1 430 J/ ( kg ∃ K)

Rat io of specif ic heats, �= 1� 19
Density ,  = 3910 kg / m

3

Thermal conduct ivity, != 0� 1W/ m ∃ K

1� 4 � Roe scheme�FDS

Roe�Flux dif ferencing split t ing( 1980) based
on approx imate Riemann problem [ 9] has been

used thr ough Fluent 6� 3� T his is second or der

upw ind scheme in w hich f lux dif ferencing split�
t ing method is employed. U pw ind schemes are

designed to numerically simulate mo re properly

the direction of the propagation o f informat ion in

a f low f ield along the characterist ic curves. T his

scheme has been used w ith good success in com�
puting the solut ion to non linear system is to

solv e an approx imate Riemann problem r ather

than having to deal w ith the exact nonlinear iter�
at ive scheme.

The Rosin�Rammler distr ibution funct ion is
based on the assumpt ion that an exponent ial re�
lat ionship ex ists betw een the dr oplet diameter, d

and mass fraction of droplets w ith diameter grea�
ter than d.

Y d = e-
d
!d

� n

( 4)

here

d = M ean diameter of the part icles

n= Spread par ameter

Part icles sizes in the range of 1- 100�m are

used, as being the most common droplets
[ 10�12]

.

In this approach the complete range of part icle

sizes is divided into a set of discrete size r anges,

each to be def ined by a single str eam that is part

of the gr oup. In this case the part icle size data o�
beys the dist ribut ion show n in Fig. 2�

The T able 1 below summarizes the test ma�
t rix fo r the various droplets diameters distr ibu�

Fig. 2� Value of n ( n= 1, 3� 5, 10)

tions used. Fo r the skew ed logar ithmic distr ibu�
tions dif ferent prof iles have been chosen as dia�
g rammat ical represented in Fig . 2�

Table 1 � Particles diameters distributions and mass

f ractions for diff erent spread parameters� n

n= 1 n = 3� 5

Diameter/

�m

Mass

f raction in

range

Diamete/

�m

Mass

f raction in

range

1� 0

2� 0

3� 0

5� 0

7� 0

9� 0

11� 0

12� 5

23� 0

34� 0

45� 0

56� 5

67� 0

77� 5

88� 5
100

0� 9048

0� 8187

0� 7408

0� 6065

0� 4965

0� 4065

0� 3328

0� 2865

0� 1002

0� 0333

0� 0111

0� 0035

0� 0012

0� 0004

0� 0001
0

1� 0

2� 0

3� 0

5� 0

7� 0

9� 0

11� 0

12� 5

23� 0

34� 0

45� 0

56� 5

67� 0

77� 5

88� 5
100

0� 9997

0� 9964

0� 9853

0� 9154

0� 7505

0� 5007

0� 2475

0� 1126

0

0

0

0

0

0

0

0

1� 5 � Boundary conditions

Fo llow ing boundary condit ions have been

imposed on the conf igurat ions for discrete phase

flow passing through the SRM chamber and noz�
zle model.

1) The droplets are injected at zero velocity

and ar e assumed to be in thermal equilibrium

w ith the surrounding gas.
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2) A nonslip velocity is imposed for the

head end, the no zzle w alls, and w alls at diver�
gent part .

3) Supersonic out f low condit ions are ap�
plied at the nozzle out let .

4) For the axis, only a symmetry condit ions

has been applied.

5) Percentage o f part icles in the mass f low

rate has been set .

6) Temper ature 3200 K is set along the bot�
tom and top inject ion surfaces.

7) Mass f low rate of 73 kg / s has been con�
sidered.

8) Designed pressure of 62 % 10
5
Pa has

been set inside the chamber.

2 � Results and flow field analysis

The computational domain and the grid fo r

Solid rocket mo to r are show n in the Fig. 3� The
computat ional g rid used in these calculat ions

consisted of 50 g rid points dist ributed along the

radial direct ion and 300 grid po ints dist ributed a�
long the motor ax is. The computat ional gr id

used in this study is g enerated f rom Gambit.

Gr id resolut ions near the wall w er e appropriate

to properly resolv e the f low g radient at the

w al ls. Numer ical computat ional o f the f low f ield

and part icle t rajectories has been done using Flu�
ent 6� 3, w hich solv e the mult i�phase f low simu�
lat ions and its applicat ion on perfo rmance predic�
t ion of the solid ro cket mo to r. The flow f ield is

solv ed for a chosen burn t ime the part icle are in�
jected f rom the pr opellant surface and tracked

through, unt il they reach the nozzle ex it and im�
pact on the w all. T he results obtained here are

discussed in detail.

Fig . 3 � Gr id generation for SRM with contours no zzle

A computat ional f luid dynamics simulat ion

has been per formed in a representat ive rocket

motor w ith contour ex it pro file show n in Fig . 1�
Performance calculated on the basis of specif ic

impulse fo r differ ent models are tabulated in the

Table 2 below . Specif ic concentr at ion has been

given to motor and nozzle flow f ield; how ever

motor w ith the length of 2� 00 m has been used.

The propel lant g rain has 0� 80 m outer diameters

w ith propellant w eight of 2 200 kg.

In model�A uniform par ticles distr ibutions,

the part icles hav ing one diameter size d = 10�m

has been used. Fig . 4 show s the M ach number

dist ribut ions along the motor centre line and exit

plan of the no zzle f low w ith the above par ticles

present . The specif ic impulse o f 2 037� 20 is a�
chieved.

Fig. 4� Mach number contour s fo r

uniform�par ticles g roup

To see the effect of turbulence Fig. 8 is

show n smoo th flow inside the chamber due to u�
nifo rm par ticles ( diameter 10 �m) dist ribut ion

has not created any turbulence ef fect in the

chamber as w ell as in the nozzle. Turbulence

ef fect in case of mult i�g roup part icles ( diameter
as per T able 1) is visible as shown in Fig. 9�

In model�B multi�phase f low w ith Rosin�
Rammler diameter part icles distribution and spread

parameter n= 1 has been used. Minimum diameter

of 1 % 10- 6 m and maximum of 0� 000 1m with total

flow rate of 23 kg/ s has been selected.

Fig. 5 show s f low field for M ach number

contours details, with specific impulse of 2030� 95�
In model�C and model�D tw o�phase f low w ith same
particles diameter distribution and spread parameter

n= 3� 5 and 10 has been used. T he specif ic im�
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pulse of 2032 and 2033 has been achieved respec�
t ively.

The simulat ion pr esented above it is conclu�
ded that part icles dist ribut ions has major ro le in

performance prediction of the solid rocket mo�
to r. Therefore if w e ar e more specif ic or close to

the diameter dist ribut ion of part icle w ith, it is

giving more exact r esults. As fr om the Table 2

below best performance is achieve through mod�
el�B w ith spread parameter n= 1� From simula�
tions it is also seen that par ticle w ith mor e diam�
eters are moving close tow ards the centr e or ax is

and lighter part icles are going aw ay from the ax�
is Fig. 8� T his paper also indicate that part icle

dist ribut ions has 2% - 3% performance differ�
ence, so multi g roup is more perfect method to

be applied fo r SRM performance predict ion.

The ef fects o f unifo rm part icles and multi�
group part icles on M ach numbers f low f ield are

show n in Fig . 4 and Fig . 5� The M ach number is
less than 0� 2 at the no zzle inlet , reaches to 1� 0
at the thr oat for bo th the cases. The max imum

Mach number of 2� 97 at the no zzle ex it is

reached for unifo rm part icles and maximum of

3� 02 is reached for mult i�g roup par ticles with
spread par ameter one. The contours are affected

st rong ly by the part icles concentrat ion. T his

w il l affect the mo to r perfo rmance.

The most important ef fect is in the super�
sonic part of the nozzle. As seen through com�
parison till sonic line f low field for uniform par�
ticles and multi�group par ticles is the same but in
the divergent part of it f low f ield simulat ions are dif�
ferent as clearly visible in the Fig. 6 and Fig. 7� This
variation in the flow field is actually creating the

difference in the performance prediction also.

Table 2 � Comparisons for multi�phase flow using

contours nozzle

Models description
Perfo rmance prediction

( specific impulse) / ( m/ s)

Model�A
( T wo�phase flow uniform
par ticles distribution)

I sp= 2 037� 20

Model�B
( T wo phase flow,

spread parameter n= 1)

I sp= 2 030� 95

Model�C
( T wo phase flow,

spread par amet er n= 3� 5)
I sp= 2 032� 50

M odel�D
( T wo phase flow,

spread par ameter n= 10)

I sp= 2 033� 20
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3 � Conclusion

Numer ical flow field simulat ions have been

performed for typical SRM w ith burning alum i�
num droplets g enerating aluminum ox ide. Fo r

droplet size dist ribut ions, uniform part icles di�
ameters and Rosin�Rammler diameter distr ibu�
t ion method has been used. Roe�s�FDS w ith Eu�
lerian�Lagrangian approach, and Spalart Al lma�
r as tur bulence model has been applied. Var ious

sizes of par ticles w ith var ious concentrat ions

have been used. The effects o f these distr ibu�
t ions on the f low field dynamics specif ically at

the SRM chamber and no zzle ex it are observed.

The analysis discussed also prov ides a sophist i�
cated tool for solid rocket motor performance

predict ions.

It is seen that due to the drag fo rce exerted

on the part icles and gas flow, the larger part icles

tend to co llect more along the nozzle ax is then

the smaller one. T his result in large size part i�
cles cloud density along the centre line w hich in

turn slow s down the gas f low field and perform�
ance is inf luence to the g reater extend. As lar ger

the part icles in flow field mor e part icle�f ree zone
near the nozzle w all and smaller the gas M ach

number along the nozzle centre line. T herefore

this study highlight the performance inf luence

appears due to the diameters dist ribut ion and its

part icles concentrat ions in propellant fo rmula�
t ion.

The results obtained can also pro vide the

designer a basic guide line and potent ial improve�
ments of SRM including the use of mater ials and

ult imately the SRM grain design and nozzle ge�
ometr y such that a bet ter performance of the

SRM can be achiev ed. There ar e st ill impo rtant

points that have to be further invest igated to

gain further insight into the multiphase flow dy�
namics and its impingements on the no zzle sur�
face material that causes ablat ion phenomena.
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