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Abstract: Mult i�phase flow ef fect generated f rom the combust ion o f aluminum based com�
posite propellant w as per formed on the thermal protect ion material of so lid rocket mo to r

( SRM ) nozzle. Inject ion of alumina ( Al2O 3 ) part icles from 5% to 10% was tried on SRM

nozzle f low f ield to see the inf luence of mult iphase f low on heat t ransfer computat ions. A

coupled, t ime resolv ed CFD ( computat ional fluid dynam ics) approach w as adopted to solve

the conjugate problem of mult i�phase f luid flow and heat tr ansfer in the solid rocket mo to r

no zzle. The governing equat ions are discretized by using the f inite vo lume method. Spalar t�
Allmaras ( S�A) turbulence model w as employed. T he computat ion w as executed on the dif�
ferent models selected fo r the analy sis to v alidate the temper ature variat ion in the throat in�
ser ts and baking material of SRM nozzle. Comparison for temperatures var iat ions w ere also

carried out at dif ferent expansion rat ios o f nozzle. This paper also characterized the advanced

SRM nozzle composites material for their high thermo stability and their high thermo me�
chanical capabilit ies to make it more reliable simpler and lighter.

Key words: so lid r ocket mo to r nozzle; mult iphase f low ; thermal pr otect ion material;

temperature dist ribut ion; f inite vo lume method
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Nomenclature

U � � gas phase time aver aged velo city in each direction

U� gas phase unsteady velo city in each direction

Ut gas phase turbulent v elocity in each direction

Up particle phase unsteady velocit y

� univer sal var iable

� tr anspor t term

S� source term for g as phase

Sp� source term for g as and particle

T gas phase temperatur e

T p particle phase temperature

m p particles mass flow rate

mp sing le particle mass

cp gas specific heat

cpp specific heat fo r part icle

 gas dynamic v iscosity

!
g

gas density

!
p

part icle density

dp sing le particle diamet er

Rep part icle�phase Reyno lds number

Fx thermopho retic fo rce thrust

∀ gas mean fr ee path impulse

# gas thermal conductiv ity

#p part icle�phase thermal conductivity

Introduction

The aluminum powders are used in so lid

rocket motor propel lant for the purpose of in�
creasing motor specif ic impulse. During the

combust ion of alum inized propel lant , high com�
bust ion ener gy is g enerated along w ith the alu�
minum part icles that melt and form liquid alum i�
num at the burning propel lant surface. Several
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liquid droplets merge into larg e agglomerates
[ 1]

that contain droplets and smoke par ticles of

Al2O 3 ; therefor e the f low w ithin the ro cket is

mult iphase or tw o phases. M any combust ion sci�
entists and pr opulsion engineers have conducted

� studied aimed at determining the size distr ibu�
t ion of the Al2O 3 droplets present in the motor,

no zzle and exhaust plume, because of the large

ef fect on the impulse ef ficiency. Sabnis et al
[ 2]

refer to Salita�s[ 3] quench�bomb invest ig ations,

w here the size distr ibut ion w as found to be log�
normal and bimodal. The tw o phase f low r epre�
sent ing bimodal dist ribut ion of alum inum ox ide

representing the smoke and the caps, w hich are

on the order 1� 5 and 100  m in size respectively.

The presence of the Al2O 3 droplets also contrib�
utes to the conduct ion and convection f lux re�
g ime tow ards the thermal insulat ion. So as the

alum inum burns and passes through the chamber

and nozzle, it signif icant ly af fects the f low f ield

of the chamber and nozzle. So it is necessary to

consider tw o�phase or mult iphase f low ef fect [ 4]

fo r so lid rocket mo to r ( SRM ) nozzle aerodynam�
ic and thermal design. In past gas�part icle tw o�
phase f low , M iura [ 5] Glass, Saito [ 6] studied the

shock wave propagat ing in a dusty gas using Eu�
lerian method, w hich is t reated part icles phase

as a cont inuum medium. Ishii [ 7] analyzed gas�
part icles jet f low using lag rang ian method,

w hich is tr eated part icle phase as a discr ete me�
dium and compute each part icle behavior .

The thermal pro tect ion in the solid rocket

motor nozzle has to fulf ill mult iple functions:

the throat diameter
[ 8�13]

should be unchanged

throughout the w hole burning period and also to

ensure that case w all should no t be over heated

due the baking or thermal protect ion provided.

The design of a proper thermal protect ion layer

has to take all these requirements into account .

This paper extends our previous numer ical

computat ional f luid dynamics w ork on so lid

rocket motor [ 1] , to perfo rm a comprehensive

heat t ransfer analy sis, by const ructing simulat ion

model using mult iphase f low . T w o different

models o f the solid rocket motor of 55s and 60 s

durations are used. M ult iphase f low effect invo l�
v ing 5% and 10% alum ina Al2O 3 par ticles has

been considered. Computat ional calculat ions

have been carried out for 100 s and 110 s respec�
tively. Simulat ion is accomplished w ith same

thermal baking pr otect ion w ith dif ferent throat

inserts. Emphasis is placed on the temperature

variat ion results in the thermal protect ion layer

and its relat ion w ith baking material, thermal

and st ructure propert ies for durat ion o f SRM fir�
ing.

Results from this study also ident ify factors

that have the most potential to improve perform�
ance and thermal proper ties of the under lying

SRM nozzle st ructur e material. A lso that has a

major impact on the thickness selection o f the

baking and throat inserts mater ial.

1 � Models

1� 1 � Mathematical model

The governing f luid dynamic equat ions fo r

chemically reacting f low are descr ibes in this sec�
tion.

1� 1� 1 � Gas phase control equat ions

Gas phase equat ion can be expressed as in

universal fo rm:

 
 t (!g�) +

 
 x j

(!v j�) =
 
 x j

∃  �
 x j

+ S �+ Sp�

1� 1� 2 � Part icle phase control equat ions

Part icle momentum equat ion

dU p

dt
= (U- U p) / %rp+

FM . pi

npmp
+ (U- U p)m

 
p / mp

Part icle energ y equat ion

dT p

dt
= [ m

 
p( cpT - cp pT p)- Q k- Q rp ] / ( mpcpp)

Part icle t rack equat ion

dup

dt
= F D(U- U�- U p)+

gx (!p- !)
!p

+ F x

FD=
18 
!p d

2
p

CD Re
24

, R ep=
!dp | U p- U |

 

CD=
24
Re p

(1+ b1Re
b
2

p )+
b3Rep

b4 + Re p

b1 = - 1� 6807, � b2= 0� 652 9,

b3= - 0� 827 1, � b4 = 8� 879 8
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Fx=
6&dp 

2
Cs( K+ C tK n )

!(1+ 3CmK n) ( 1+ 2C tK n)
1

mp T !

 T
 x

K = #/ #p , � K n= 2∀/ dp

Cs= 1� 17, � Ct = 2� 18, � Cm= 1� 14�

1� 1� 3 � So lid phase contro l equat ion

In so lid region, the energ y transport equa�
t ion has the fol low ing form:

 
 t (!sh)+ ( v!h) =  (# T )+ S h

here � S h= volumetr ic heat source

1� 2 � Numerical method and computational
approach

� � The computational f luid dynamics appr oach

w as used to evaluate the thermal parameters and

temperature intensity w hich the thermal pr otec�
t ion has to w ithstand during the propellant com�
bust ion of mult i�phase f low . T he governing e�
quat ions are discretized for accurate f low f ield

time histor y in SRM nozzle by using the f inite

volume method. An implicit Navier�Stokes so l�
ver w hich simulates tw o�dimensional, ax ial sym�
metry , unsteady, turbulent f low s o f compressi�
ble f luids had been set. Second o rder upw ind

scheme has been used in the f low , and f irst or�
der upw ind scheme has been used on modif ied

turbulent v isco sity. Roe�FDS ( flux dif ference

splitt ing) schemes also has been used
[ 9]
. Fo r

viscous model Spalart�Allmaras ( S�A) scheme is

emplo yed. Af ter combust ion bo th sing le phase

and mult iphase f low effect has been considered

as burning gas. Fig� 1 show s the conf iguration of

SRM, w ith mult iphase f low f ield heat transfer

ef fect on the nozzle wall.

F ig� 1� SRM conf igur at ion w ith multiphase f low

� � Inf low designed condit ion of gas pressure

and temperature w ith zero tangent ial velocity

components is assumed on the inlet surface of

no zzle. A pressure boundar y w ith pr escribed

pressure is assumed on the out let surface o f noz�
zle. Heat insulat ion condit ion is assumed on the

surfaces w hich get in touch w ith air. T hermal

couple condition has been set on the o ther sur�
face w hich touches dif ferent materials. Fo r the

ax is, only a symmetry condit ions has been ap�
plied. A no�slip condition is also imposed on the

boundary por tion representing the thermal pro�
tect ion tog ether.

The internal f low in the analyzed motors

has been invest ig ated by Fluent 6� 3, and the

mesh has been generated by Gambit 2� 2� The

grid points are equally spaced in each direct ion

w ithin the SRM nozzle. The number and spacing

of the g rid points used def ines the accuracy and

resolut ion of the lo cal variations o f f low varia�
bles in the ax ial and transverse direct ions.

1� 2� 1 � Model descript ions

� � T he combustion gas parameter s and SRM

nozzle materials being used are listed in Table 1

and T able 2.

2 � Computational results

The CFD approach has been employed to

predict the temperature dist ribut ion inside ther�
mal protect ion lay er material of SRM nozzle

w hen subjected heat f luxes of mult iphase f low

having Al2O 3 part icles in it . A nalysis has been

carried out on the configurat ion used fo r SRM

model�1 w ith copper sintered tungsten ( W�7Cu)
thro at insert , and model�2 w ith carbon�carbon
composite material. T he end burning grain con�
figurat ion w ith composite propel lant has been

used in bo th the models. Basic models detail

w ith grid generat ion has been shown in Fig� 2
and Fig� 3� T he numerical scheme is implemen�
ted to invest ig ate the evolution of the tempera�
ture disturbances causes due to the instantaneous

heat t ransfer at the inner surface of the SRM

nozzle thro at insert surface that v ar ies signif i�
cant ly w ith t ime. T he basic variables tho se are

inf luencing the overall f ield is discussed in detail

as follow s.
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Table 1 � Combustion gas parameter

SRM model

Working

time

t/ s

Computational

time

tc/ s

T emperature at

inlet sur face

T i/ K

Combustion

chamber pressur e

p c/ MPa

Specific heat

capacity

cpg / ( J/ ( kg  K) )

Gas constant R

Model�1

Model�2

55

60

100

110

2856

2940

1� 25

5
1690 316

Table 2� Materials parameter

Structure
Thermal conductiv ity

#/ ( W/ ( m  K) )

Density

!/ ( kg / m3 )

Specif ic heat capacity

cp / ( J/ ( kg  K) )

Throat insert

Baking

Case

Model�1

Model�2
Model�1

Model�2
Model�1

Model�2

W�7Cu

C/ C

H igh�Silica
Pheno lic

30CrMnSiA

140

2� 09

1� 63

54

17 100

1360

1700

7833

155

1 130� 4

1 741� 7

464� 7

2� 1 � Multi�phase flow effect on SRM nozzle

� � The t ime history of wall temperatur e gr adi�

ent at the throat and divergent sect ion of nozzle

in SRM model�1 and model�2 is presented in

Fig� 4 and Fig� 5 respectively. F ig� 4( a) and ( b)

show s the computat ional results, w her e the

F ig� 4 � Model�1 temperature cur ves

ef fect of gas f low f ield and mult i�phase f low in�
cluding part icles of Al2O 3 is considered. Compa�
ring temperature curv e history at differ ent nozzle
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expansion r at io, r elat ively larg e temper ature rise

is observed w ith mult i�phase f low . F ig� 4 ( b)

show s temperature comparison at 60s t ime.

F ig� 5� Model�2 inner w all temperature curve

On the other hand w e also exam ined the in�
f luence of g as and multi�phase differ ences on

model�2 hav ing a carbon�car bon composite mate�
r ial as no zzle insert , r esults are shown in the

Fig� 5( a) , ( b) , ( c) for different SRM nozzle ex�
pansion ratios. There is an obvious dif ference

betw een the results. T he temperature at the

thro at insert and divergent sect ions are in increa�
ses w ith t ime as per ideal law . How ever in Fig� 4

a lo t of thermal heat is t ransfer red into baking

and case materials, so the internal w all tempera�
ture gr adient is low er than model�2� T he inter�
nal w all temperature gradient in model�2 is v ery

high and nearly constant that it at tains in almost

first few sec.

In each of the Fig� 5, inf luence of solid par�
ticles w ith 5% and 10% of alum ina ( Al2O 3 ) in

the f low field is observed at dif ferent expansion

ratios o f SRM zozzle. Comparing the r esults it is

obvious that temper ature intensity is raising by

increasing solid part icles ( Al2O 3 ) . The tempera�
ture rise is from 4� 0% to 4� 32%. T hese differ�
ences ar e caused by the gas�mist interact ion,

w hich is kinet ic and thermal energy exchange. It

is supposed that more mass loading ratio o f alu�
mina at the inf low condit ion causes mor e differ�
ence in the temperature change.

2� 2 � Thermal effect of multiphase flow on SRM

nozzle material

� � The temperature variation at the internal

w al l and axis of the nozzle in model�1 and model�
2 t ill ending t ime are presented in Fig� 6( a) and

( b) . T he internal w all temperature in model�1
gets litt le increase at the conver gence sect ion

w hen approaching tow ards the no zzle thro at and

the temperature at the ax is starts reducing at the

thro at sect ion and continues t ill exit as show n in

Fig� 6( a) . This variat ion of temperature is v ery

much differ ent in model�2, as show in Fig� 6( b) .
It is due to the copper sintered tungsten ( W�
7Cu) material, w hich has a larg e thermal con�
duct ivity and a small specif ic heat capacity that

t ransfer most of thermal heat to the materials at

the back o f thro at insert , therefore the tempera�
ture g radient is low er than the one in ax is.

The t ime history o f temperature gr adient in

dif ferent material lay ers is presented in Fig� 7( a)
and ( b) . The same baking and case material

w ith dif ferent throat inserts are being used in

bo th the models. T he thermal property of cop�
per sintered tungsten ( W�7Cu ) and carbon�car�
bon composite C/ C are very much dif ferent as

show n in T able 2� All o f the temperatures in

model�1 ar e higher than the temperature in mod�
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F ig� 6� Inner w all and ax ial temperatur e cur ve

el�2� Especially the baking temperature in mod�
el�1 at ending t ime is near ly 600K, and the same

one in model�2 is nearly 360K. It is show n that

the motor w hich adopt the copper sinter ed tung�
sten ( W�7Cu) as thr oat insert need a bet ter ther�
mal protect ion in baking layer and case lay er,

keeping it mor e safe for all the installed inst ru�
ments and components in the tail sect ion and es�
pecially near the mo to r nozzle.

The temperatur e change w ith time at radial

posit io ns of no zzle thr oat for both the models are

presented in Fig� 8 ( a) and ( b) . T he tempera�
ture g ets increase w ith passage of t ime. The

curve of F ig� 8 ( a) could be split into 3 parts;

each part is represent ing one mater ial. The ho ri�
zontal line in the f irst part show s the tempera�
ture change in W�7Cu, w hich is due to the ther�
mal property o f W�7Cu as temperature is nearly

constant w ith the time. The temperature gr adi�
ent decreases mo re in the second part , w hich

show s the material lay er is high silica/ phenolic.

H igh silica phenolic is a material w hich also has
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a larg e specif ic heat capacity and a small thermal

conductivity, so a larg e temperature change is

show n in second part. The last line, a horizontal

line, is the thir d part w hich show s the tempera�
ture change in case. T he material in case is steel

30CrM nSiA which has a nearly same thermal

property as of W�7Cu. So the case temperature

is nearly constant.

3 � Conclusion

A coupled heat t ransfer and mult iphase f low

field problem for SRM nozzle thermal protect ion

layer has been so lved. T he f luid dynamics analy�
sis has been simulated by considering inject ions

of 5% and 10% alum ina ( Al2O3 ) part icles in the

mass f low r ate. These promising results provid�
ed vide variety of invest ig at ions for futur e study

and its applicat ion for thermal pr otect ion design

w ork. T herefo re a number of clear conclusions

w ith far�reaching implicat ions become apparent

from the results o f these studies. The most im�
portant of these are:

1) As the mass lo ading rat io of alum ina

( Al2O3 ) part icles is relatively incr easing, the

heat f lux intensity at the no zzle surface raises by

exchanging the thermal and kinet ic energ y be�
tw een gas and alumina ( A l2O3 ) part icles. So

therefo re during thermal design of SRM nozzle,

the effect of ( Al2O 3 ) part icles should be inco r�
porated.

2) T he thermal propert ies of the st ructure

material can have a gr eat ef fect on the thermal

performance. The heat capacity of the st ructural

material, w hich includes both the specif ic heat

and temperature lim it, should be as high as pos�
sible. L ike carbon�carbon composite throat in�
serts required signif icantly less thermal baking

material as compared w ith copper sintered tung�
sten ( W�7Cu) .

3) Results fr om this study also ident ify

most potent ial facto rs those are requir ed to im�
prove thermal mater ial per formance. T he ther�
mal propert ies o f the thr oat inserts and baking

material underly ing the SRM nozzle were found

to have a major impact on the thickness and mass

of material r equired to pro tect the st ructure,

leading to the conclusion that the throat and

baking st ructur e should be designed concurr ent�
ly. These results pr ovide a basis fo r guiding the

direct ion of future research in metallic thermal

propert ies and throat inserts st ructure.
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