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Abstract. Paper presents a numerical simulation of the occurrence of flow instability and 

pressure self-oscillations for a complex configuration of the gas-dynamic tract in combustion 

chamber. Unsteady axisymmetric two-dimensional Navier-Stokes equations are used for 

mathematical modelling of compressible one-phase medium. To simulate turbulence, the k- 
and LES models were used. Fast Fourier Transform (FFT) determined the frequency spectrum 

of pressure pulsations in the combustion chamber. It is shown that in the case of a simple 

geometry of the free gas cavity in combustion chamber, both models of turbulence make it 

possible to determine the spectrum of the natural acoustic frequencies. Using the LES model in 

the case of complex geometry makes it possible to predict the hydrodynamic structure of a 

flow accurately. The flow, in this case, has an intensive vortex generation. Formation of small-
scale vortex occurs in the near-wall regions and large eddies in the core of a flow. Frequency of 

large eddies formation can be combined with the natural acoustic frequencies of combustion 

chamber and can affect the amplitude of pressure pulsations. 

1.  Introduction 
The processes occurring in the combustion chamber of solid rocket motor are characterized by high 

pressures and burning rates of a fuel, a complex composition of the combustion products [1-4]. Self-

oscillation of operating parameters exceeding the specified limits can lead to unstable operation of the 

engine with it subsequent possible destruction. The main sources of this instability can be both 
unsteady combustion of the charge, and gas-dynamic instability of large-scale vortex structures [3]. 

The development of instability in the free volume of a combustion chamber (CCh) occurs under the 

influence of disturbance forming pressure waves [4]. Such a pressure waves propagate in the 
longitudinal direction with frequencies close to the natural acoustic frequencies of a combustion 

chamber. The natural acoustic frequencies of pressure oscillations in the combustion chamber are 

usually in range f ≈ 100 – 1000 Hz. In the case of a complex combustion chamber configuration in 

modern solid rocket motor (SRM) the flow of combustion products during the engine operation is a 
complex structure with the presence of stagnant zones. A complex time-varying geometry leads to a 

gas-dynamical instability in the flow, its possible breakdown and intensive formation of large-scale 

vortex. Vortices generate acoustic signals that affect to the main flow. When the frequencies of vortex 

formation coincide with the natural acoustic oscillations in combustion chamber, frequency “capture” 
take place and then the magnitude of pressure pulsations will increase. 
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Recently, a large number of works have been carried out to study the nature of the appearance of 

unstable operating regimes in SRM chambers. Methodological recommendations were developed to 

determine the natural oscillations for the combustion chambers [5, 6]. For example, in paper [3], 

studies of the hydrodynamic nature of low-frequency oscillations caused by the instability of large-
scale vortex structures in the main gas flow were made. In [7-9] was presented the results of a study of 

the influence of unsteady solid fuel combustion conditions on pressure fluctuations in combustion 

chambers. In paper [10] a model of the intra-chamber process in a solid rocket motor was proposed 
and tested. The phenomenon of inertia of gas-phase processes in a combustion wave was taken into 

account. The papers [11, 12] are devoted to a detail investigation of a vortex dynamics in the SRM 

channels of various configurations and discus their effect on the magnitude of pressure oscillations. In 

work [13] numerical calculations of the flow in a two-chamber SRM with the arising low-frequency 
pressure oscillations are given. It should be noted that in all studies rocket engines with solid fuel 

charge of various configurations are considered [14, 15]. This is related with the need to realize a 

given pressure curve in the combustion chamber. Therefore, the established methods for determining 
the natural acoustic frequencies of the combustion chambers in order to determine the source of 

pressure oscillations require refinement, taking into account the geometry of the charge.  

In present paper, using the FLUENT application package was testing the method of determining 
the natural frequencies of the free gas cavity in combustion chambers. For mathematical modeling, the 

low-Reynolds model of turbulence k- [16] or the model of Large Eddy Simulation [17] solved 
together with the equations of gas dynamics. A study of the flow structure gas dynamic shows that 

intensive vortex generation in the case of using LES model can make a significant contribution to the 

position of the first modes and to the amplitude of acoustic pressure oscillations.  

2.  Computational model 

The axisymmetric problem of combustion products outflow solved in a volume of the combustion 

chamber and nozzle block. Combustion products are a highly enthalpy gas blown from a burning 

surface with a constant flow rate. The gas is a single-phase compressible medium whose 
thermodynamic properties correspond to the equilibrium parameters of a two-phase mixture of 

combustion products in a typical mixed solid fuel of [14]. The scheme of the problem statement 

present in figure 1. The shape of the solid fuel charge includes an axisymmetric radial slot. The arrows 
indicate the injection of combustion products from the burning surface.  

2.1.  Computation domain and boundary conditions 

The grid size of the computational domain during calculations was more than 310
6
 cells. The grid 

consists of rectangular elements and is creating in the GAMBIT preprocessor. At the wall boundaries 

of the combustion chamber and the nozzle, an additional grid thickening is provided to satisfy the y+ 
condition for the corresponding turbulence model.  

At the inlet boundary simulates the process of solid fuel combustion on a stationary portion of the 

pressure curve and set the boundary condition of constant mass flow, enthalpy and direction of the 
velocity vector along the normal to the surface. On solid walls no slip conditions are established, 

symmetry conditions on the symmetry axis. On the nozzle exit used the condition of supersonic gas 

outflow (patm = 0). The geometric parameters of calculation area present in table 1. 

2.2.  Numerical method 
Using the FLUENT 6.3 software package numerical studies were carried out. FLUENT successfully 

used to calculate the tasks of gas dynamics and internal ballistics. To calculate the equations of 

continuity, momentum and energy, a coupled solver is used, which allow obtain a stable solution. 

Reynolds averaged Navier-Stokes equations are closed by the k- turbulence model. Navier-Stokes 

equations are calculated directly for large vortex structures in the case when using Large Eddies 
Simulation model. If the size of the vortices is smaller than the size of the calculated cell, the sub-grid 

model of Smagorinsky-Lilly is used [16]. The second order approximation for time and space are used 
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for difference schemes. Preliminary calculations showed that the integration time step equal to  

1∙10
-5
sec allows to trace the pressure pulsations in combustion chamber to obtain a high-resolution 

signal spectrum.  

 

 

Figure 1. Schematic view of computation domain. 

 

Table 1. Geometric dimensions of the calculation area. 

Parameter Notation Value (m) 

Length of the CCh before the nozzle L1 1.47 m 

Full length of CCh L2 1.64 m 

Radius of cylindrical section of CCh R0 0.152 m 

Radius of the recessed part R1 0.22 m 

Radius of the radial slot R2 0.47 m 

Volume of the recessed part  V1 0.043 m
3
 

Volume of the radial slot  V2 0.107 m
3
 

Nozzle inlet  x1 -0.064 m 

 

The pressure pulsations are recorded on the 3 virtual points established in the calculation area. 

Point No. 1 is located at the front bottom of the combustion chamber, points No. 2 and 3 in the 
recessed portion of the nozzle (figure 1). Mathematical modeling of the gas dynamic tract work was 

carried out in two stages. At the first stage, the calculation was carried out until the flow field was 

established in the gas-dynamic tract at a pressure of 5 atm. In the second stage the injection of the 
working gas from the combustion surface increases sharply in order to obtain an oscillatory kind of 

process. The flow field obtained in the first stage used here as initial conditions. The total physical 

simulation time for all the calculations was 0.5 seconds. Such a period is sufficient to determine the 

characteristics of pressure pulsations in combustion chamber using the Fast Fourier Transform 
method.  

3.  Methods of research 

3.1.  Analytical methodology 
The study of natural acoustic frequencies oscillations from analytical point of view imply the 

interaction of pressure waves with the combustion surface and the walls of the combustion chamber. 

In this case, in accordance with [4] the equation for determining the natural acoustic frequencies is 

written as: 

 

22
2

,
2

mka n
f

L D
 (1) 
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where a – sound of speed in gas; L – length of combustion chamber; D – diameter of combustion 

chamber; n – natural number, which determines the mode of longitudinal oscillations; m, k – natural 

numbers that define radial and tangential modes.  

According to [4], it is assumed that in combustion chambers, which length is much larger than 
other dimensions, the pressure fluctuations that significantly affect to operation of the combustion 

chamber arise at the frequencies of the longitudinal modes. Thus, equation (1) can be written:  

 
( )

,
2 2

av

L

RTa
f n n

L L
 (2) 

where (RT)av – mean value in chamber. 

3.2.  Calculation of pressure pulsations and frequency analysis 

Pressure pulsations are determined at virtual points as follows:  

 ,i i chp p p   

where 
ip  – local changes of pressure at virtual points, 

chp  – mean value of pressure over the volume 

of the gas cavity at the current time. 

Received signals of the pulsating pressure components are decomposed into the frequency 
spectrum by Fast Fourier Transform: 

 ( ) ( ) ,i tF f t e dt    

where ( )f t  – continuous signal of the original function, ( )F  – frequency signal.  

4.  Results and discussion 

Using the method mention above, numerical studies to determine the natural frequencies of gas cavity 
in combustion chamber with fillers of complex shape have been carried out. Figure 2 shows the results 

of calculations comparing the influence of the turbulence model k- with LES model on the flow 
character for the initial configuration (figure 1). It can be seen that at the stage of a sharp increase the 

injection of combustion products the flow characters are very different. Particular, the dynamics of 

large-scale vortex structures is well illustrated for the LES model. Figure 3 shows the distribution of 
pressure in combustion chamber at the stationary section of the pressure curve in the section along the 

axis from the front bottom to the inlet of the nozzle. Curves No. 1 and 2 shows the pressure 

distribution calculated from k- model at moment t1 and t2, and curves No. 3 and 4 similar pressure 
distributions calculated by LES model. The distribution of pressure along the axis is essentially non-

monotonic in the case of LES, which a consequence of vortex structure of the flow. Therefore, 
application solutions based on the averaged models does not give a complete picture of the flow 

characteristics, and eliminates the possibility of determining the source of pulsation. This does not 

allow working out methods to deal with fluctuations.  
Figure 4 shows the results of frequency analysis of signals from virtual points 1-3 for calculating 

the flow with k- model. We can see that the position of the first acoustic mode coincides for the 
points located at the front bottom and in the recessed portion of the nozzle. The amplitude of 

pulsations of the first mode at point 1 is about 430 Pa. At point’s No. 2-3 in the recessed portion of the 

nozzle, the amplitude is 880 Pa. Such a difference in the pulsation amplitudes we can explain by the 
conclusions obtained in [3]. Vorticity area is creating in the stagnant zone that occurs in the recessed 

portion of the nozzle. The dimensions of the contact discontinuity of the potential and vortex flow 

fields determine the vortex frequency of the stagnant zone. Therefore, the first mode of natural 

acoustic frequencies and frequencies of vortex oscillations of the stagnant zone are superimposed, 
which leads to a local increase in the pulsation amplitude. It is important to note that there is a mode 

on virtual sensor No. 1 whose oscillation amplitude coincides with the first acoustic mode. Its 
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frequency is about 700 Hz. The presence of this oscillation mode has explained by the structure of the 

flow in the free gas cavity. In this case, there is an expiration of a dense stream of gas from the radial 

slot. This leads to the appearance of acoustic oscillations with a higher frequency. 

 
(a) 

 
(b)  

 

Figure 2. Density field distribution for k- model (a) and LES-model (b) at 
initial time. 

 

 

Figure 3. Pressure distributions in longitudinal cross-
section of cylindrical part of the combustion chamber: 

1 – k- model at t = t1; 2 – k- model at t = t2; 3 – LES 
model at t = t1; 4 – LES model at t = t2. 

 
Figure 5 shows the results of frequency analysis from virtual points No. 1 (figure 5-a) and No. 2 

(figure 5-b) for the calculation by LES model. The data at point No. 3 was omitted, since the spectra 
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and amplitudes of pressure pulsations are almost identical to point No. 2. Amplitude of the first 

acoustic mode is two times higher than in the previous calculation. On the virtual sensor No. 1 it’s 

about 850 Pa, and at the point No. 2 – 1850 Pa. Frequency spectrum form of the pressure pulsations 

calculating by LES is different significantly from the k- model (figures 4, 5).  
 

 

Figure 4. Frequency range of pressure oscillations on virtual point 

No. 1-3, numerical modelling by k-. 
 

(a) 

 

(b) 

 

Figure 5. Frequency range of pressure oscillations on virtual sensors No. 1 (a) and 2 (b), numerical 
modelling by LES 
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4.1.  Determining the natural frequencies of a free gas cavity 

Method for determining the natural frequencies by equation (2) works well for cylindrical combustion 

chambers. When the charge configuration is complicated, it becomes a source of gas dynamic 

disturbances in the flow. Then the use of the analytic equation (2) is not possible. For example, the 
natural frequency of acoustic oscillations for the configuration shown in figure 1 and determined from 

(2) is 332 Hz. The results of numerical calculations by k- model show that the first mode of 
oscillation for this configuration is ~ 225-230 Hz. The calculation by the LES model given the result of 

~ 250-270 Hz. Therefore, it is necessary to correct equation (2) for determining the natural frequencies 

of a free gas cavity of complex shape. Figure 6 shows the calculation area for developing the 
calculation methodology using the geometric approach. Approach based on bringing the gas cavity of 

combustion chamber to a cylindrical shape while full volume and cross-sectional area of the 

cylindrical portion correspond to the initial configuration.  

 

Figure 6. Testing computational domain for methodical calculations. 
 

Figure 7 shows the results of calculations for the test configurations using k- models (figure 7-a) 
and LES (figure 7-b). On virtual points located at the forward bottom of the combustion chamber 

showed the result of processing signals. When calculating by k- model (figure 7-a), the 1st mode of 
oscillation is in the range 220-225 Hz, which corresponds to the same model calculation for the initial 

configuration (figure 1). Calculating by LES model (figure 7-b), the 1st mode of oscillation moves to a 
level above ~250 Hz, which also agrees with the calculation of the same model for the initial 

configuration (figure 1). A similar situation is observing for the second acoustic mode. For calculation 

by k- model, it is ~421 Hz, for calculation by LES model ~480-500 Hz. Amplitudes of acoustic 
modes are almost identical. The vortex flow pattern when using the LES model has a strong influence 

on higher frequencies (ω > 600 Hz). An important feature is the fact that the interaction of an acoustic 
wave with vortices leads to a frequency “hopping”, which is confirm with the results of [2-4].  

(a) 

 

(b) 

 

Figure 7. Frequency range of pressure oscillations for testing computational area. 
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The results indicate that the change of free gas cavity shape within our geometric approach does 

not lead to a shift of the natural acoustic frequency, in contrast of equation (2), the main parameter of 

which is the linear length of the combustion chamber. Change of the geometric shape of a charge 

affects only the pulsations amplitude and gas-dynamic structure of the flow. Bringing the complex 
shape of the initial charge to the cylindrical form is in good agreement with the analytical equation (2). 

Thus, it is possible to correct the analytical equation (2) for determining the longitudinal modes of 

pressure oscillations in complex shape gas cavities, based not on the actual length of the combustion 
chamber, but on the total free volume and present it as: 

 
2

0

( )
, ,

2

av tcv

L eff

eff

RT V
f n L

L R
 (3) 

where Vtcv – total gas cavity volume. 

Table 2 presents the generalized calculation results for two calculated areas. Numerical studies 

using the turbulence model k- show very similar results for both configurations, but the difference 
with the analytical method for each configuration separately is very significant. The calculation carried 

out by LES model for the initial configuration shows differences from both calculation methods that is 

explain by the complex vortex structure of the flow and the direct interaction of the main flow with the 
vortex disturbance. The geometric approach (3) proposed in this paper gives good results in 

determining the position of the natural acoustic frequencies. The difference with the calculated data is 

explained by the fact that the estimation is based on the geometric dimensions of the region and does 

not take into account the actual picture of the flow in the free volume of combustion chamber.  

Table 2. The position of the 1
st
 natural acoustic mode of free gas cavity.  

 Equation (2), Hz k- model, Hz LES model, Hz Equation (3), Hz 

Initial configuration 
(Figure 1) 

332 ~228 ~250-270 

240 
Testing configuration 

(Figure 6) 
240 ~222 ~242 

5.  Conclusion 
The paper presents the results of numerical modeling of solid fuel rocket motor operation to determine 

the characteristics of pressure pulsations. The calculations were carried out using two numerical 

approaches: the Reynolds averaged Navier-Stokes equations with equations of k- turbulence model; 
calculation of the full Navier-Stokes equations with of Large Eddy Simulation model (LES). The 

frequency-amplitude spectra of pressure pulsations are compared for an axisymmetric configuration of 
a complex shape of free gas cavity in combustion chamber for both numerical approaches. The results 

show that using numerical approach based on the averaged equations allows us to estimate the position 

of a first acoustic mode of the combustion chamber natural acoustic frequency with sufficient 
accuracy. Methodical studies of different combustion chamber configurations allowed to correct the 

existing analytical technique (2) within the geometric approach (3) for free gas cavities of complex 

shape.  

The calculation of complete Navier-Stokes equations with LES model has shown that the nature of 
the flow is significantly different from the calculation of Reynolds averaged approach. A pronounced 

vortex character leads to a significant increase of pressure pulsations amplitude. Given a complex 

shape of the combustion surface, the development of a calculation technique that allows to simulate of 
a gas-dynamic flow structure with vortices is an important link in identifying the causes of instability 

and preventing possible crash in operation of the rocket engine. 
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