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Abstract: The aim of this research is to examine the effects of propellant properties such as: combustion temperature, propellant density, 

characteristic velocity, reference burning rate and burning rate pressure exponent on internal ballistic performance of solid rocket motors. A 

zero dimensional internal ballistic solver is developed and internal ballistic performance analyses of solid rocket motors having slotted cross 

section are performed. Thus, different internal ballistic results such as maximum combustion pressure, burning time, specific impulse and 

total impulse are determined. Finally, variation of these response variables according to solid propellant properties are determined 

constructing different response surfaces. Graphical results represented in this work makes easier to select solid propellants for a certain 

kind of geometrical configuration. 
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1. Introduction 

During the design phase of a solid rocket motor (SRM), 

determination of the internal ballistic performance of the system has 

a special importance since this process enables to check whether the 

system requirements are satisfied or not. In order to analyze the 

performance of the system and to meet these requirements in a 

fastest manner, different researches on SRM design have been 

conducted so far. Açık, developed a tool to optimize thrust – time 

profile of a SRM by changing sectional parameters of the propellant 

coupled with nozzle dimensions [1]. Celegern developed a code to 

select best parameters providing desired internal ballistic 

performance with lowest possible mass [2]. In addition to geometric 

optimization studies which are conducted to find out the best 

propellant or SRM geometry, solid propellant selection process has 

also be taken into account meticulously. Therefore, effects of 

propellant properties on pressure – thrust curve and performance 

results based on this curve are examined for a constant SRM 

geometry using the response surface method. Internal ballistic 

performance analyses required to construct response surfaces are 

conducted using a zero dimensional (0D) internal ballistic solver 

which is developed in Matlab environment. Graphical results 

summarizing the effects of combustion temperature, propellant 

density, characteristic velocity, reference burning rate and burning 

rate pressure exponent on maximum combustion pressure, burning 

time, specific impulse, total impulse provide useful information that 

can be used during the design phase of the SRMs. 

2. Solid Rocket Motors 

SRMs are consist of motor case, insulation, igniter, nozzle and 

solid propellant. Sectional geometry of the propellant determines 

the burning behavior of it and so, shape of the propellant is selected 

in accordance with mission type of the system. Fig. 1 shows thrust – 

time profiles belonging to different propellant sections. 

 

Fig. 1 Variation of thrust profiles according to propellant section [3]. 

Propellant type also affects the combustion pressure and thrust 

history of the system. Therefore, during preliminary design phase, 

propellant have to be selected so that its burning characteristics will 

satisfy the performance requirements of the mission without 

compromising from structural integrity of the propellant. It is 

significant to examine the effects of propellant properties on 

internal ballistic performance results to make better selections. 

3. Internal Ballistic Performance Analysis 

Development of Zero Dimensional Internal Ballistic Solver 

Performance of a SRM can be analyzed using a zero 

dimensional (0D) internal ballistic solver. Thus, it is possible to 

determine pressure – time and thrust – time histories coupled with 

total impulse and specific impulse in the fastest manner. These 

kinds of practical solvers are widely used for optimization processes 

and they can also be used to provide results required to construct 

response surfaces. 

In this work, a 0D internal ballistic solver is developed under 

the following assumptions. Combustion gasses are assumed as ideal 

gasses. Properties of combustion gases are not varying throughout 

the motor. Effects of erosive burning is neglected since aspect ratio 

of the analyzed propellant geometry is less than 5. Inertia of the 

combustion gasses is neglected. The flow through the nozzle is 

assumed as one dimensional, steady and isentropic. It is also 

assumed that burning rate (rb) is varying in accordance with Saint 

Robert’s burn rate law shown in equation (1) [4]. 
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Where, Pc is chamber pressure, a is burn rate coefficient and n 
is burn rate exponent. For a certain type of solid propellant, a and n 
are constant. 

The 0D internal ballistic solver is based on the conservation of 

mass principle. Application of the principle constructs equation (2). 
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Where dVi/dt = Ab.rb = Ab.a.Pc
n. Additionally, Tc is chamber 

temperature, R is universal gas constant, ρp is density of the 

propellant, Ab is burning surface of the propellant, At is throat area 

of the nozzle, c* is characteristic velocity of the propellant and Vi is 

port volume. Since Ab and Vi are varying with time, these 

parameters are calculated performing burn-back analysis.  

Solution of the equation (2) provides chamber pressure – time 

history of the SRM. In order to calculate thrust – time history, 

nozzle exit pressure (Pe) is calculated from equation (3) using 

nozzle dimensions and thrust coefficient (CF) is calculated from 

equation (4) [4]. 
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Where, 𝛾 represents the ratio of specific heats, Pamb denotes 

ambient pressure, and ε represents the ratio of nozzle exit area to 

nozzle throat area (Ae/At). Finally, thrust (F), total impulse (Itotal) 

and specific impulse (Isp) are calculated using equations (5), (6) and 

(7) respectively [4]. 
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Where, g0 denotes gravitational constant. 

Area under the thrust – time curve corresponds the total impulse 

which designates range of the system. On the other hand, the 

specific impulse is measurement of efficiency of the SRM. 

Therefore, during the design phase, it is crucial to satisfy the total 

impulse requirements with a motor having higher specific impulse. 

Grain Burn-back Analysis 

This study only investigates the effects of propellant properties 

on internal ballistic performance results. To do this, it is required to 

perform analyzes on a constant SRM geometry by changing 

propellant data. Fig. 2. represents the propellant geometry having 

slotted cross section and Table 1 contains geometrical dimensions 

of the propellant and the nozzle that are analyzed in this work. 

 
 

Fig. 2 Geometry of the analyzed slotted grain. 

 

Grain burn-back analysis are required to determine the variation 

of Ab and Vi values with time. This information is required to solve 

the equation (2). Analytical, numerical and drafting techniques can 

be used to solve burn-back process. Since analytical method is the 

best method to calculate exact solution in the fastest manner for 

simple and some of the complex geometries, usage of analytical 

techniques are preferred during the burn-back solutions within the 

content of this work. Therefore, analytical burn-back equations are 

derived for the slotted grain geometry making geometrical 

calculations. Then, a solver working in Matlab environment is 

developed and validated with drafting techniques using a CAD 

software. Since derivation and validation of the burn-back solutions 

are beyond the scope of this work, further details are not presented 

in this research. 

 

 
Table 1: Dimensions of the propellant and nozzle. 

Symbol Definition Value Unit 

N Number of slots 4 - 

L Propellant length 500 mm 

Rport Port radius 65 mm 

Rout Outer radius 100 mm 

Rtip-center Slot length 80 mm 

Rtip Tip radius of slot 5 mm 

Ae/At 
Ratio of nozzle exit area 

to nozzle throat area 
4 - 

At Nozzle throat area 2800 mm2 

 

Validation of 0D Internal Ballistic Solver 

Validation of the developed 0D internal ballistic solver is 
accomplished using both experimental and analytical results 
presented in Shekhar’s work [5]. Same geometry is solved applying 
the same propellant data and geometry with Shekhar and results of 
the 0D internal ballistic solver is compared with Shekhar’s 
analytical and experimental results (see Fig. 3). 
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Fig. 3 Validation of 0D internal ballistic solver [5]. 

 

As it can be seen from the comparison that 0D internal ballistic 

solver results are same with Shekhar’s analytical solutions which 

are quite good agreement with experimental results [5]. 

According to Sheikholeslam’s work, if the aspect ratio (L/D) of 

a SRM is equal to 5 or lower than this value, neglection of erosive 

burning does not affect the accuracy of the solution [6]. Therefore, 

the aspect ratio of the design is set as approximately 3.85. 

4. Response Surface Analysis 

Response surface is a method used to determine detailed 

information about variation of a response variable with design 

variables. Response surface results has a special importance during 

preliminary design phase since they illustrate summarized 

information about which of the design variables have great 

importance on the response variable and how they are varying it.  

The aim of the study is to examine the effects of propellant 

properties on internal ballistic performance results; so, combustion 

temperature, propellant density, characteristic velocity, reference 

burning rate and burning rate pressure exponent are defined as 

design variables and maximum pressure value during the burning 

process, burning time, total impulse and specific impulse are 

defined as response variables. Table 2 summarizes the boundaries 

of the design variables. 
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Table 2: Boundaries of the design variables. 

Symbol Definition 
Lower 

Boundary 

Upper 

Boundary 
Unit 

Tc Combustion temperature 2000 4000 K 

ρp Propellant density 1500 2000 kg/m3 

c* Characteristic velocity 1300 1700 m/s 

n 
Burning rate pressure 

exponent 
0.3 0.4 - 

rb-ref 
Reference burning rate at 

7 MPa combustion 

pressure 

10 20 mm/s 

 

Four different response surface analyses are performed. Each of 

them are constructed preparing full composite models consisting of 

52 cases.  

Response Surface of Maximum Pressure Value 

Maximum pressure value (max. Pc) has a special importance on 

the SRM design since this parameter both designates thickness of 

the motor case and stress level on the propellant. Fig. 4 shows the 

percentage effects of propellant properties and interactions of them 

on maximum pressure value.  

 

Fig. 4 Percentage effects of propellant properties on max. Pc. 

 

According to the figure, rb-ref has the greatest effect on 

maximum pressure value. Density of the propellant and c* has also 

considerable amount of effect on it. Fig. 5 illustrates how these 

critical design parameters affect the magnitude of maximum 

pressure value. 

 

 

Fig. 5 Response surface results of max. Pc parameter. 

 

According to the results, increment of reference burning rate, 

propellant density and characteristic velocity leads to increment of 

the maximum pressure value. 

Response Surface of Burning Time 

Duration of the thrust generation is another important issue, so, 

burning time of the propellant is a significant parameter. Fig. 6 

shows the percentage effects of propellant properties and 

interactions of them on burning time.  

 

 

Fig. 6 Percentage effects of propellant properties on burning time. 

 

According to the results, rb-ref has the greatest effect on 

maximum pressure value. Additionally, burning rate pressure 

exponent (n) has also minor effects on the burning time. Fig. 7 

illustrates the relationship among rb-ref, n, and burning time. 

 

Fig. 7 Response surface results of burning time. 

 

Results indicates that, increment of burning rate exponent 

increases the duration of the burning process. On the other hand, 

increment of reference burning rate leads to decrement of the 

burning time as expected. 

Response Surface of Specific Impulse (Isp) 

Specific impulse is main performance parameter that determines 

efficiency of a SRM. Therefore, this parameter is also quite 

significant. Fig. 8 illustrates the percentage effects of propellant 

properties and interactions of them on specific impulse.  

 

Fig. 8 Percentage effects of propellant properties on Isp. 

 

According to the results, characteristic velocity (c*) has the 

greatest effect on the specific impulse. Additionally, reference 

burning rate (rb-ref) has also considerable amount of effect on it. 

Finally, density of the propellant has minor effect on Isp. Fig. 9 

illustrates how these critical design parameters affect the magnitude 

of the specific impulse. 
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Fig. 9 Response surface results of Isp. 

 

According to the results, increment of c*, rb-ref and propellant 

density leads to more efficient designs by increasing the specific 

impulse of the system. 

Response Surface of Total Impulse (Itotal) 

Total impulse corresponds to area under the thrust – time curve. 

This parameter is quite important since there is a strong relation 

between the range of the rocket motor and itself. Fig. 10 illustrates 

the percentage effects of propellant properties and interactions of 

them on total impulse. 

 

Fig. 10 Percentage effects of propellant properties on Itotal. 

 

According to the graph, propellant density and characteristic 

velocity (c*) dominates the magnitude of the total impulse coupled 

with reference burning rate (rb-ref) value. Fig. 11 shows how these 

critical design parameters affect the magnitude of the specific 

impulse. 

 

Fig. 11 Response surface results of Itotal. 

 

According to the results, increment of the propellant density, c* 

and rb-ref increases the total impulse value. 

5. Conclusion 

Within the content of this research, effects of propellant 

properties on internal ballistic performance results are examined 

performing response surface analysis. Performance analysis are 

accomplished using a zero dimensional internal ballistic 

performance solver that uses analytical burn-back equations.  

According to the response surface results, reference burning rate 

(rb-ref) has a great significance on burning time and maximum 

encountered combustion pressure value. Specific impulse that 

designates the effectivity of the propellant is strongly depend on 

characteristic velocity. On the other hand, total impulse of the 

system is dominated by propellant density and characteristic 

velocity of the propellant (c*). 

In addition to the main results, this work showed that usage of 

zero dimensional internal ballistic solver coupled with analytical 

burn-back solutions provides accurate results with very short 

amount of time that enables to accomplish many analyses required 

for construction of response surfaces. Finally, this study also 

revealed that designers could have detailed information about the 

behavior of design variables on response variables and it is possible 

to gain time during the preliminary design phase constructing 

response surfaces. 
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