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ABSTRACT 
The purpose of the paper is to analyse as to why solid propellant is preferred in rockets to propel 
through Multi Barrel Rocket Launcher (MBRL) in military applications and the implications of 
grain geometry. In addition to high specific impulse capability, the solid propellant retains its 
usefulness even on prolonged storage and deployment in field condition. It has negligible 
toxicity/health hazards to the troops. Solid rocket propellant grain can be given desired grain 
geometry as it is manufactured by extrusion or casting process. It is possible to design the grain 
geometry keeping its end use in view. Mathematical modeling is done for composite solid 
propellant which is preferred in rocket launcher applications. There are various compositions of 
composite propellants and for MBRL applications it generally consist a crystalline oxidizers like 
Ammonium Perchlorate (AP), a metallic fuel like Aluminum (Al) in a resinous binder like 
Hydroxyl Terminated Poly Butadiene (HTPB). Composite propellant offers the advantages of 
higher specific impulse, possibility of case-bonding, burning rate independent of rocket motion 
and low cost of production. Pressure developed by the burning of propellant depends upon along 
with other parameters geometry of the grain which includes shape and size of the cross section, 
web and surface area dimensions. Mass burnt is proportional to exposed surface area which in 
turn responsible to the pressure developed by its burning. Relation between web and mass burnt 
is established by a parameter called form factor (θ). Mathematical modeling establishes that if θ 
is positive, the surface area decreases as the burning progresses. It is called propellant with 
regressive grain geometry and the propellant is suitable for artillery gun projectile. If θ is 
negative, it is progressive burning grain because in this case the surface area increases as the 
burning progresses. Propellant with this type of grain geometry is suitable for booster rockets in 
space applications. If θ = 0 the surface area remains constant as the burning progresses and the 
grain geometry provides neutral burning. Here the burning rate remains constant and thus 
suitable for MBRL as well as sustainer rocket in space applications. To extract the maximum 
chemical energy of a propellant in terms of heat, its complete combustion needs to be ensured. 
By suitably modifying the grain design 99% decomposition of propellant into gas can be 
achieved. One of the method is to design neutral burning surface having internal cross section of 
the grain such that negligible sliver is left after burning of the propellant. There is a requirement 
to inhibit the ends as well as the outer surfaces so that combustion can progress from inside. 

Key Words : Solid rocket, MBRL, Grain geometry, Form factor, Composite propellant, 
Burning rate, Sliver, Mathematical modeling 

 
INTRODUCTION 

Tactical requirement of armed forces suits the 
use of solid propellant. Individual weapons like 
rifles  and  machine  guns, anti tank weapons like  

rocket launchers and missiles, battle tank 
ammunitions, artillery and rocket ammunitions 
all these use solid propellant to deliver war head 
to the target. Solid propellant offers high 
performance, superb storability, instant readiness 
with  large thrust capabilities at low cost for short  *Author for correspondence 
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span of time.1 In addition to high specific 
impulse capability, the solid propellant retains its 
usefulness even on prolonged storage and 
deployment in field condition. It has negligible 
toxicity/health hazards to the troops. However, 
composite propellant with AP oxidizer, HCl as 
the combustion product do generates. 
Transportation and handling is easy is with 
minimum response time. 
In the class of solid propellant composite 
propellant is preferred over homogeneous 
propellants (Nitro Cellulose (NC) and Nitro 
Glycerine (NG) based propellants). It presents 
the main advantage of low vulnerability and high 
specific impulse. Moreover, properties of 
composite propellant may be designed as per 
requirement by changing the compositions and 
compound rate. It is composed of one binder 
(typically Poly Butadiene, Glycidyle Azide or 
Hydroxyl Terminated Polybutadiene (HTPB) 
polymer), one oxidizer, typically Ammonium 
perchlorate (AP, chemically NH4ClO4) and one 
fuel (Al, Zr, B or Mg). However, the metallic 
particles remain after combustion may cause 
damage to the nozzle if flight duration is 
considerable. In case of rockets of MBRL small 
duration of burning and expelling of burning 
gases quickly does not provide adequate time to 
cause damage to the nozzle. This is because to 
reach the target at a maximum distance of 40 km 
the time of flight of a rocket is only few seconds. 
Another disadvantage of composite propellant is 
its low specific heat value generating low 
specific impulse. However, by adding additives 
in composite propellant high specific impulse to 
the tune of 265 s2 has been achieved and selected 
for MBRL application. Actual battle condition 
causes severe psychological stress on human 
mind. So drill of handling the weapon and 
ammunition is taught to the troops and rehearsed 
umpteenth time. However, rough handling 
cannot be ruled out due to human error.3,4 Solid 
propellant remains mechanically stable enough 
to withstand the shocks and vibration during 
transportation and rough handling and avoids 
accidental cook off. 

AIMS   AND  OBJECTIVES 
The aim of the paper is to analyse selection solid 
propellant for MBRL application and implication 
of neutral burning grain geometry. The paper 
also analyzes  suitability  propellant  grain having 

neutral burning surface and carries out 
mathematical modelling of the same. Composite 
propellant with neutral burning surface is found 
to be one of the suitable options for MBRL 
application. 

MATERIAL  AND  METHODS 
Base materials of solid propellant 
Base materials require for composite propellant 
contains an energetic oxidizer, a fuel and an 
energetic binder. They form a heterogeneous 
mixture to form the propellant grain. Here AP in 
crystal form is the oxidizer and Aluminum (Al) 
in powdered form is the metallic fuel held 
together in a matrix of energetic synthetic 
polymer HTPB.5 It usually contains between 60 
and 72% AP, up to 22% Al and 8 to 16% of 
HTPB. AP is characterised by high heat and is a 
good gas producer (not a smoke producer), 
percent of oxygen by weigh 34 percent, specific 
gravity 1.9.6 Only problem with AP lies in its Cl 
content. It produces undesirable chloride in the 
jet and by combining with hydrogen under wet 
atmosphere produces toxic hydrogen chloride or 
Hydrochloric acid (HCl). HTPB binder is most 
effective to improve the physical properties of 
the mixture. Study of powered metallic fuel 
shows nano-aluminized particle provides better 
ballistic performance compared to micro-
aluminized propellants. The reference 
formulation has AP/HTPB/Al with 68/17/15 
mass fractions, respectively.  
Combustion 
The primary function of a propellant grain is to 
produce combustion products at a prescribed 
flow rate.7 The combustion behavior of 
composite propellant depends on many variables, 
including particle size and shape, surface oxides, 
the binder and the combustion wave environ-
ment. Solid propellant decomposes only on the 
surface and burns layer by layer akin to wear of 
bath soap while in use. Composite propellants 
exhibit a burning rate (r) which only depends on 
the combustion pressure(p). According to 
Vieille’s law it is expressed as, r = a pn. The 
constant ‘a’ is the burning rate coefficient and 
depends upon initial temperature of propellant. 
At ambient temperature8 its value is close to 
0.15. The exponent n is called the pressure index 
and depends upon the chemical composition of 
the propellant.  For composite propellant it varies  
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between 0.4 – 0.5. For9 a multi-perforated solid 
propellant n is 0.32 for pressure range from 5 to 
25 MPa. The propellant generates maximum 
specific impulse of 265s which is adequate to 
propel a rocket of total mass of about 250 kg and 
deliver 100 kg warhead to the target at distance 
of 35 - 40 km. The thrust (and chamber pressure) 
that a rocket motor generates is proportional to 
the burning area at any particular instant in time 
and is referred to as the instantaneous burning 
area. The burning surface at any point recedes in 
the direction normal (perpendicular) to the 
surface at that point, the result being a 
relationship between burning surface and web 
distance burned that depends almost entirely on 
the grain initial shape and restricted (inhibited) 
boundaries. The star and multi-tubular grain 
provides an approximately neutral burn, as the 
surface area remains fairly constant throughout 
the burn duration. A neutral burn is usually 
desirable because it generated almost constant 
pressure during its entire burning period. As a 
result greater efficiency in delivery of total 
impulse is obtained, as a nozzle operates most 
efficiently at a constant chamber pressure. It is 
important to recognize that the burning area of a 
propellant grain is a key parameter in 
determining the performance of a rocket motor.  
Grain geometry and manufacturing 
Manufacturing of solid propellant is done either 
by two popular methods, namely casting and 
extrusion process. For MBRL application it 
generally cast either by case bonded or free 
standing. When the rocket motor casing is used 
as mould and the propellant grain is cast inside   
it,  it  is  termed  as  case  bonded  grain.  By case  

bonding high density propellant can be 
manufactured. On the other hand when the grain 
is cast in a separate mould and subsequently 
filled in the motor casing it is called free standing 
grain or cartridge loaded propellant. Here, 
propellant can be tested before loading to in the 
case and there is no requirement to reject the 
complete casing as in first case. However, its 
density is less that of case bonded type. Casting 
is done in two basic steps. The solid ingredients 
are mixed in powder form,  it is then combined in 
a mould with casting solvent. The mixture is 
heated to a moderate temperature and a 
monolithic propellant grain is formed.  
Composite propellant is also produced by mixing 
cross linkable fuel binder with free standing10 or 
case bonded grains. 
To extract the maximum chemical energy of a 
propellant in terms of heat, its complete 
combustion needs to be ensured. By suitably 
modifying the grain design 99% decompos-
ition of propellant into gas can be achieved. 
One of the method is to design neutral burning 
surface having cross section of the grain such 
that negligible sliver is left after burning of the 
propellant. This can be achieves by designing 
propellant with cylindrical outer surface and 
star shape/multi tubular cross section running 
along the length of the grain. There is a 
requirement to inhibit the ends as well as the 
outer surfaces so that combustion can progress 
from inside. Shown below the most popular 
neutral burning propellant which are Star    
(Fig. 1) and Hepta-tubular (Fig. 2) cross 
sections both having web dimension D and 
outer diameter D*. 

 

  
Fig. 1 : Star shape cross section Fig. 2 : Hepta-tubular cross section 
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The amount of propellant actually available for 
burning at that burn rate is determined by the 
shape of the propellant mass, the grain 
geometry. The burning takes place at the 
surface and the amount of surface a certain 
shape has is determined by its geometry. 
Pressure/thrust developed by the burning of 
propellant depends upon along with other 
parameters geometry of the grain.  It includes 
shape and size of the cross section, web and 
surface area dimensions. Mass burnt is 
proportional to exposed surface area which in 
turn responsible to the pressure/thrust 
developed by its burning. Thus pressure/thrust 
development is directly proportional to burning 
surface area. Hence, a surface is designed and 
exposed to ignition to suit specific application. 
The selection grain design is to be made 
judiciously keeping in mind the ease of process 
tooling in addition to other ballistic criteria. 
For MBRL application internal surface must 
be uniform throughout the entire length of the 
grain to obtain constant thrust.  For the design 
of a solid propellant the aim is to obtain 
maximum burning area, since it is this area that 
determines the maximum chamber pressure 
that the rocket would generate. For a 
completely unrestricted-burning grain, all 
surfaces are exposed to the hot gases and thus 
burning proceeds from all surfaces. The 
problem involves the simulation of a burning 
surface. A dynamically changing interface 
between the solid propellant and combustion 
gas phases. Burning surfaces can have 
complex shapes that change in time according 
to the solid chemistry and deformation and 
according to gas parameters.  
Mathematical modeling  
Mathematical modelling of a hepta-tubular 
propellant has been considered whose both 
ends and outer surface are inhibited. This 
permits the propellant to burn only at the 
internal surfaces of the tubes. Web parameters 
are related to mass burnt11 by form function 
relation as give below 

Z = (1 – f) (1 + θ f) ………………………...(1) 

Where, Z = Fraction of mass burnt; f = fraction 
of remaining web and θ is called the form 
factor. Initially Z = 0 and f = 1 

Relation between Z, f and θ is established by 
surface area relation considering initial and 
instantaneous surface area of the grain as S0 
and S respectively. The relation is as under 

=  1−   
(  )

 
½

……………………..(2) 
From equation (2), if θ is negative,     > 1, so it 
is progressive burning because the 
instantaneous surface area increases as the 
burning progresses. If θ = 0,    = 1 and the 
surface area remains constant as the burning 
progresses, known as neutral burning. Here the 
burning rate remains constant and thus suitable 
for MBRL as well as sustainer rocket in space 
application. If θ is positive,  < 1, so the 
instantaneous surface area decreases as the 
burning progresses.  
By definition, Z = Mass burnt/Original Mass. 
Considering uniform density of the propellant, 
we get Z in terms of original volume (V0) and 
instantaneous propellant (V) as under 

Z = 1 – (V/V0)…………………   …………(3) 

A hepta-tubular propellant (Fig. 2) burns in 
three phases. Phase one is the commencement 
of burning till the time burning depth x 
becomes equal to ½D. At this point, the web 
vanishes leaving six small (between the outer 
tubes and the central tube) and six big slivers 
(between outer tubes and external surface). In 
phase two, small slivers are consumed 
completely but burning of bigger slivers 
continues. In third and final phase, big slivers 
are consumed completely and the 
decomposition ends. The following parameter 
have been considered for mathematical 
modelling.12 
Diameter of propellant  = D* 
Diameter of tube d  = 0.1 D* 
Length of propellant L = 2.25 D* 
Now, D*   = 4 d + 3 d 
Using the relation d = 0.1 D*, we express all 
the parameters in terms of D and get  

d =  D, D* =  D and L =  D…………...(4) 

Now,  V0 = 휋4 퐷
∗ L – 7 x  푑  L and expressing 

all the parameters in terms of D form equation 
(4), we get, 
V0 = 306.77 D3………………………..……(5) 
Again, V = volume at the end of Phase one 
(when x = ½D), we get, 
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V = 휋4 [(퐷∗ − 2 푥) −  (푑 + 2 푥) ][퐿 − 2푥], 
expressing  all  the  parameters  in  terms of  D 
form  equation  (4)  and  using x = ½D, we get, 
V = 46.01 D3…………………………  …...(6) 
Using    equation   (3),   (5)   and   (6),  we  get  
Z = 0.85 
This indicates that at the end of Phase one, 85 
% of grain mass has burnt. 
Now, S0 = 7πdL and expressing all the 
parameters in terms of D form equation (4), we 
get, 
S0 = 7 πD2 x  …………………………   .(7) 
Again,  S =  Surface  area  at  the  end of Phase 
one (when x = ½ D), we get, 
S = 7 π (d + 2 x)(L – 2x), expressing all the 
parameters in terms of D form equation (4) and 
using x = ½D, we get,  
S = 7 πD2 x  …………………………..   (8) 

This gives,  = 2.536, the ratio being > 1, the 
surface area has increased as the burning 
progressed. Hence the burning is progressive.  
Using equation (2) and applying least squares 
fit to obtain θ for which the equation (2) best 
approximates the S – Z relation up to 85% 
burnt.13  This yields θ = - 0.172 . Negative 
value of θ again indicates progressive burning. 
Hence, hepta-tubular grain geometry is not 
suitable for MBRL application. 

RESULTS  AND  DISCUSSION 
The aim of selecting hepta-tubular composite 
propellant grain geometry is to investigate the 
type of burning it follows and suitability of the 
grain for MBRL application. It is observed that 
form function relation of the selected grain 
design yields   > 1 and a negative θ.  Another 
problem with this grain is that it consumes 
only 85 % of propellant mass and beyond this 
only slivers are left burning of which does not 
contribute to effective thrust generation. 
Moreover 15 % leftover propellant is the cause 
of nozzle erosion of nozzle due to unburnt 
aluminized fuel in exhaust. Data pertaining to 
web burnt, pressure generation with respect to 
time is obtained by burning the grain in BEM 
during static trial validates progressive burning 
and confirms successful mathematical 
modelling 

CONCLUSION 
Solid propellant is preferred in MBRL 
application due to its high specific impulse, 
capability to retain its properties on prolonged 
storage and ease of handling and deployment 
in field condition. It is safe and causes 
negligible toxicity/health hazards to the troops 
and requires no in-flight control. Solid rocket 
propellant grain can be given desired grain 
geometry keeping its end use in view as it is 
manufactured by extrusion or casting process.  
Along with other parameters grain geometry is 
responsible for pressure time relation due to 
burning of propellant. As propellant burns 
layer by layer, mass burnt and there by 
pressure developed is proportional to exposed 
burning surface area. For MBRL application 
the requirement is to develop constant thrust 
by generating constant pressure time relation. 
Various shapes can be designed to obtain 
neutral burning. In this paper mathematical 
modeling of a hepta-tubular propellant has 
been considered for its suitability in MBRL 
application. Both ends and outer surface of the 
grain are considered to be inhibited. The ratio 
of burning surface at any instant to the original 
area is found to be greater than one                 
(  = 2.536), hence the burning is progressive. 
Form factor of the grain geometry has been 
evaluated and found to be negative                 
(θ = - 0.172) which also indicates progressive 
burning of the propellant grain. Hence it can be 
concluded that hepta-tubular grain geometry is 
not suitable for MBRL application. 
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