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Abstract - The divergent location Xs for three different values i.e., 0.03, 0.06, and 0.09 m is studied in Sanal et al [1]. In this 
paper, the same Xs is used to study the steady state dynamics of solid rocket motor (SRM). The acoustic pressure analysis in 
SRM for different Xs in a range of frequency (1- 4000 Hz) without impedance and volumetric drag is done. Then, the effects 
of pressure fluctuations on the thick wall are discussed. The results are presented with the relevant discussion, and 
concluding remarks in the later section of this paper.  
It is also shown that the concept of volumetric dilatation can be replaced by a simple elemental approach in the derivation of 
the acoustic pressure governing equation. 
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I. INTRODUCTION 
 
The combustion temperature is more than the melting 
point of the combustion chamber wall and cooling of 
combustion chamber is necessary. If it is not, the 
combustion chamber may fail [2]. Therefore, the 
combustion temperature is the strong function for the 
design of the SRM. The pressure is an important 
function for surface temperature and burning rate. 
The burning rate rb is directly proportional to product 
of coefficient A and pressure p of degree n, where n 
is also a coefficient. The coefficients depend on the 
propellant characteristics.  
 

n
br Ap                                                 (a)                                                                                                                              

 
The zones near the axis of combustion chamber and 
nozzle entry reached the maximum temperature. 
Total temperature, before the nozzle, is dependant of 
the chamber pressure [3]. The chamber pressure is 
addition of the static pressure and  acoustic pressure 
[4]. The acoustic pressure is the dynamic pressure 
which fluctuates. Once the system excited at natural  
frequency, it will result in resonance; the resonance 
may put off or increase  the total temperature, which 
will result in failure of chamber. 
The frequency of around 3500 Hz is used for the 
unsteady study of the pressure fluctuations in the 
SRM. It is found that the pressure wave of around 
1800 Hz generated at the end of combustion chamber 
propagated upstream [5]. In a high performance 
rockets, pressure spike and pressure oscillation 
reduces the high performance. Moreover, the pressure 
oscillations are one of the parameter which cause 
pressure spike [1]. Hence, the acoustic pressure is 
considered for the study of SRM with a certain 
pressure loading in the nozzle throat with a frequency 
range of 1-4000 Hz. 

Z-N energy conservation is used in the numerical 
model. This model directly integrates temperature 
distribution in solid propellant for regression rate 
calculations. In addition, the burn rate limiting 
coeffecient  employs the stability considerations and 
allows the model`s response behavior [6]. 
 
II. DERIVATION OF RELATION BETWEEN 
ACOUSTIC PRESSURE, BULK MODULUS, 
AND DISPLACEMENT OF A PARTICLE 
WITHOUT USING THE CONCEPT OF 
VOLUMETRIC DILATATION 

 

 
Fig. 1 shows acoustic pressure distribution and forces exerting 

on a fluid particle 
 
Considering the particle A of mass m which has a 
force F1due to acceleration aandF2is the resistance 
force acting in a direction opposite to F1. Since m of 
the particle is too small, the mass flow rate is 
assumed as null value. Then the pressure p can be 
written as follows 

(1)
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where density ,volume V, and area. 
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Where x is the spatial position at which the particle is 
flowing. The fluid particle velocity is v; 
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By the definition of volumetric drag in Abaqus theory 
manual, the term / V2F v is the volumetric drag.  
For change in pressure with respect to change in x, 
Eq. (4) can be written as follows 
 

( ) ( ) (5)dp
d

    x a x v
x  

 
The change in pressure is denoted with minus sign 
because the pressure should reduce from a point to 
another because of drag. 
With an addition of independent variable θ Eq. (5) 
can be written as 
 

( , ) ( , ) 0 (6)p    
    


x v x a
x  

 The constitutive behavior of the fluid is 
assumed to be in viscid, linear, compressible, and 
volumetric drag  as zero, Eq. (6) can be written as 
follows 
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In order to write the above equation for change in 

pressure with change in time, the term p
x

 can be 

written as p t
t
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The term 


v
x

 is the velocity gradient which can be 

written as 
t

 


 
u

x
, where u is displacement of the 

particle.  If v is the velocity of sound in the medium, 
then isentropic bulk modulus is ( , ) ( , )K    2x v x . 
 

( , )p K
t


 

 
 

vx
x  

 

( , ) (10)K
t


 

   
 

ux
x

 

 
 

( , ) (11)p dt K dt
t t

  
   

    ux
x  

 

( , ) (12)p K  
   


x u

x  
    
Eq. (12) shows the relation between p, K, and u. 
 
III. NUMERICAL MODEL FOR PARAMETRIC 
STUDY OF SRM 
 
Considering the parameter Xs, the study on the model 
adopted from Sanal et al. [1], shown in Fig., is carried 
out with air as the fluid. The density and bulk 
modulus of the air is taken as 1.2 kg/m3, and 142 
KPa. 4.1 MPa is the pressure loading in inlet P, and 
10% of P is given to the throat of SRM. Since the 
pressure reaches peak value near the entry of nozzle 
and axial zone of chamber, the pressure loading is 
imposed on the throat which may include the physics 
in cold run. The frequency range of 1-4000 Hz is 
examined for the steady state dynamics case using 
commercial software.  
 

 
 
Fig. 2 shows the 2D axi-symmetrical model, adopted 
from Sanal et al.[1], with variation in parameter Xs = 
0.03 m, 0.06 m, and 0.09 m. The dimensionless 
parameter, L/D = 4 and Dp/D = 2. 

 
Acoustic Axisymmetric elements (ACAX3 and 
ACAX4), maximum of 1mm 1mm mesh, is used for 
the numerical study. The outer profile pressure is set 
to zero and an axisymmetric boundary condition is 
given to the domain. The variation in computational 
data attained with and without the impedance is not 
significant; hence the analysis is carried out without 
impedance. Fig. 3 shows the computational domain 
meshed for the acoustic analysis without impedance.  
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Fig. 3 shows the computational domain meshed for 
the numerical study 

 
I. DISCUSSION ON RESULTS  

 

 
(a)                                (b) 

 
(c)                                    (d) 

            
(e)                                   (f) 

 
Fig. 4 (a), (b), (c), (d), (e), and (f) are the acoustic pressure 

contour for Xs = 0.03 m excited at the frequency 175 Hz, 200 
Hz, 255 Hz, 607 Hz, 611 Hz, and 1275 Hz. 

 

 
             (a)                                (b) 

 
(c) 

 
Fig. 5 (a), (b), and (c) are the acoustic pressure contour for Xs 
= 0.03 m, 0.06 m, and 0.09 m excited at the frequency 2938 Hz, 

2905 Hz, and 2926 Hz. 
 
Fig. 4 shows the standing waves with different 
number of nodes and beats when excited at various 
frequencies for Xs = 0.03 m. Fig. 5 is the  acoustic 
pressure contour for Xs = 0.03 m, 0.06 m, and 0.09 m 
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excited at the frequency 2938 Hz, 2905 Hz, and 2926 
Hz.. 
Design limit load is typically 1.5 times the endurance 
limit load chamber wall. The radial and axial loads 
acts on the chamber wall. These walls have to 
withstand the chamber pressure, flight accelerations, 
vibration, thermal stresses, and ignition pressure 
spike or shock. Zones near the nozzle are critical; 
heat transfer analysis is usually done [2].   
The acoustic pressure oscillations hit resonance near 
2900 Hz for all cases. SRM with a divergent location 
which hits resonance at higher frequency is desirable. 
Since all the models with different divergent location 
have almost same resonance frequency in steady 
state, the choice may be made with considering the 
efficient fluid flow irrespective of oscillations. Note 
that the resonance is important parameter for motors 
oscillates at high frequency, because with the limited 
limit factor the motor may fail at this condition. 
 
CONCLUDING REMARKS 
 
The steady state analysis of SRM with different 
divergent locations reveals that the resonance 
frequency is nearly around 2900 Hz, for all cases in 
our study.  The dynamic or acoustic pressure 
variation is directly proportional to the temperature 
which in turn increases the thermal stress of thick 
walls. Effective cooling of the thick walls may reduce 
thermal stress as suggested by Sutton et al. The future 
work will be carried out in aerodynamic aspects with 

an effective cooling for the efficient fluid flow and 
increasing the limiting stress in the SRM. The 
detailed derivation for the acoustic pressure without 
the concept of volumetric dilation is given. 
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