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Abstract 

Closed vessel experiments with a 7 perforated double base propellant have been conducted 

and are compared to simulation results from a new interior ballistic model. The new model 

implements the two dimensional ICT-Cellular-Combustion-Algorithm (ICCA) which makes it 

possible to simulate 2D form functions of propellant cross sections. Together with a 

preprocessing algorithm and a lumped parameter model based on STANAG 4367 this makes 

the simulation of 3D propellants with a complex cross sectional geometry possible. The used 

lumped parameter model goes beyond STANAG 4367 in considering the pressure dependent 

thermochemistry of the product gases. It is shown that the new model is able to reproduce the 

dynamic vivacities from closed vessel experiments with a high degree of accuracy.  
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Introduction 

Key to every simulation of solid propellant burning is the knowledge of the gas production rate 

dz/dt where z is the burned mass fraction of the propellant. It can be written as in eq. 1. 
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Here S0 and V0 are the surface and volume of the unburned propellant grain, the form function 

φ(z) is the ratio of the burning surface S to the initial surface S0 and r(p) is the pressure 



dependent linear burning velocity which is most often described by Vieille´s law with the 

normal pressure burning velocity β and pressure exponent α. Together with an appropriate 

equation of state and suitable boundary conditions this is sufficient to simulate the combustion 

process. The thermodynamic properties of the product gases can be calculated, e.g. with the 

ICT-Thermodynamic-Code [1][2]. The parameters α and β cannot readily be calculated from 

first principles but are deduced from pressure time curves or by visual observation of strand 

burning.  

The form function, initial surface and initial volume have to be calculated from the geometry of 

the unburned propellant grains and the form function has to be known as an analytical 

function which is only possible for highly symmetrical propellant grain shapes, e.g. cylindrical, 

1 perforated, 7 perforated or 19 perforated grains. To go beyond the boundaries of the 

traditional form function formalism the so called ICT-Cellular-Combustion-Algorithm (ICCA) 

was developed at the Fraunhofer ICT in recent years [3][4][5]. ICCA is based on cellular 

automata and describes the propellant geometry as an array of cells which evolve during the 

combustion process according to simple rules, see Figure 1. The burned mass fraction and 

form function is then extracted from the array during every computational step.  

 

  
Figure 1: Propellant grain cross section as a composition of individual cells in ICCA2D, black color 

indicates propellant filled cells 

 

In this work first the theoretical model is presented. Next the results from closed vessel 

experiments with the 7 perforated double base propellant JA2 are compared to simulation 

results using the new model. It is shown that the new model is able to reproduce the dynamic 

vivacities from closed vessel experiments with a high degree of accuracy.  



Theoretical Model 

Details of the basic model are published elsewhere so the reader is referred to the literature 

for in depth information [4][5]. Only the basic features are presented here. The model uses 

black and white bitmaps of the propellant geometry as input data. In a first preprocessing 

step the area A0 and circumference U0 of the 2D geometry are determined. After that the 

ICCA2D is used to simulate the 2D form function  𝜑2𝐷(𝑧2𝐷) of the cross section which is 

available in tabular form at the end of the calculation. The calculated 2D parameters can be 

linked to the needed 3D parameters by eq. 2 – 4. via the initial grain length l0 and the current 

grain length l. This makes the simulation of extrudable propellant grain geometries possible. 
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After the 2D simulations with ICCA are finished the simulation of the 3D combustion process 

can proceed. For this the lumped parameter model from STANAG 4367 [6] has been 

adapted and expanded to account for pressure dependent thermochemistry. In the timestep 

(i+1) the burned mass fraction 𝑧𝑖+1
3𝐷  and propellant length are calculated first according to  
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Here 𝛿𝑡 is the timstep width and the index t denotes the computational step. Note that the 3D 

form function is not yet known in the current timestep but in the step i=1 the calculation of the 

burned mass fraction is possible because by definition 𝜑3𝐷(0) = 1. Next the new pressure 

can be calculated according to the STANAG model, see eq. 6-8.  
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Here all variables with an index I belong to the igniter which is not modelled in detail but is 

assumed to have been converted entirely to gas at the beginning of the simulation so it only 

provides a starting pressure for the combustion of the propellant. pt+1 is the pressure, Tt+1 is 

the mixing temperature of propellant and igniter gas, C and 𝜌 are the propellant mass and 

density, 𝑉0 is the volume of the closed vessel and 𝑉𝑡+1 is the free volume which is corrected 

for the remaining propellant volume and covolumes of the igniter and propellant gases. Note 

that in addition to the STANAG the thermodynamical variables force F, adiabatic flame 

temperature 𝑇𝑎𝑑, ratio of specific heats 𝜅 and covolume η are considered pressure 

dependent. Heat loss by conduction to the walls is considered by the factor E𝑡
ℎ which is 

calculated according to STANAG 4367 [6].  

At last the 3D form function for the next timestep is computed by using eq. 3 to determine 

𝑧𝑖+1
2𝐷 , then interpolate on the ICCA results to get 𝜑2𝐷(𝑧𝑖+1

2𝐷 ) and finally use eq. 4 to calculate 

𝜑3𝐷(𝑧𝑖
3𝐷).  

After completion of the simulation the dynamic vivacity is calculated according to eq. 9. 
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Simulation of Experimental Results 

Closed vessel tests with the double base propellant JA2 have been conducted at loading 

densities of 0.1 g/cm³, 0.15 g/cm³, 0.2 g/cm³ and 0.25 g/cm³ with three shots at each loading 

density. JA2 was chosen because it has been widely studied and a lot of information is 

available in the literature. The composition and thermodynamic data for example can be 

found in [7] and [8]. The burning behavior has also been extensively studied and numerous 

information on burn rates of JA2 can be found in the literature [9][10][11][12]. Juhasz et.al. for 

example give a burn rate exponent of α = 0.9517 and β = 0.1313 mm/s for measurements in 

a 200 cm³ closed vessel at a loading density of 0.34 g/cm³ [13]. 

The closed vessel that was used has a volume of 306 cm³ and was equipped with a Kistler 

6215 pressure transducer. The ignition consisted of a Sobbe SO7 igniter together with 1g of 

B/KNO3. From the closed vessel data the dynamic vivacities were calculated and a single set 

of Vieille´s parameters can be determined as described in the literature [14][15]. The 

parameters α and β have been averaged to match the results from all loading densities as 

good as possible with only one set of parameters. For all simulations α = 0.9544 and β = 

0.1438 mm/s were used.  

To get the geometric input data for the simulation computer tomographic cross sections of 

the propellant grains were produced in a Mikro-CT model 1076 by Skyscan. Its maximum 

power is 10 W and the maximum voltage is 100 kV. The maximal resolution is 9 µm / pixel. 

The resolution of the computer tomographic images was chosen to be 18.64 µm / pixel. The 

images were then binarized so that they can be used as input for the model. The processed 

image used in the simulations is shown in Figure 2. The length of the propellant grains was 

also measured and a value of 13.93 mm was chosen for the simulations.  

The thermodynamic variables were calculated with the ICT-Thermodynamic-Code for 

isochoric conditions with different fixed end pressures with the composition given by Conner 

et.al. [8]. The results of these calculations can be seen in Figure 3. As shown the force F, 

adiabatic flame temperature T and ratio of specific heats κ are getting bigger while the 

covolume η is getting smaller with increasing pressure. This reflects the shifting of the 

chemical equilibria with increasing pressure.  

Finally the numerical implementation of the model uses a finite difference scheme to 

integrate eq. 5. The pressure dependent thermodynamic data is interpolated using a cubic 

spline to avoid oscillations during the calculation of the dynamic vivacity. Where no data is 

available extrapolation is used. First the pressure vs. time curve is simulated and in a second 

step the dynamic vivacity is calculated according to eq. 9.  

 



 

Figure 2: Processed computer tomographic cross section of JA2 grain used as input data for 
simulations 

 

 

Figure 3: Pressure dependence of thermodynamic parameters in the range between 500 and 7000 
bar for constant volume calculated with the ICT-Thermodynamic-Code 

 

 

 

 



The results of the simulations and the comparison to the experimental vivacities are shown in 

Figure 4, Figure 5, Figure 6 and Figure 7. The experimental vivacities are labelled with 

increasing numbers from V013 to V024. The dynamic vivacities for each loading density 

agree well with the largest variations present at 0.1 g/cm³. The overall agreement between 

the simulations and the experimental results is also quite good. Deviations can be seen in 

the beginning up to p/pmax values of 0.3 and after the slivering point from 0.75 to 1 for all 

loading densities. The deviations in the beginning are due to non-ideal ignition behavior of 

the propellant grains. Not all grains are ignited at the same time and on the entire surface. As 

can be seen this gets less and less pronounced as the loading density is increased. Also the 

slivering is more smeared out since not all propellant grains reach the slivering point at the 

same p/pmax value. Such deviations are for example caused by small geometry variations in 

between the propellant grains. Although complex propellant cross sections can be simulated 

the model still assumes that all grains are uniform in shape and burn alike. 

The main part of the burning between p/pmax values of 0.3 and 0.75 on the other hand is 

captured very well by the simulations with the biggest deviations present for a loading density 

of 0.1 g/cm³. 

 

Figure 4: Comparison of experimental and simulated dynamic vivacities at 0.1 g/cm³ loading density 



 

Figure 5: Comparison of experimental and simulated dynamic vivacities at 0.15 g/cm³ loading density 

 

Figure 6: Comparison of experimental and simulated dynamic vivacities at 0.2 g/cm³ loading density 



 

Figure 7: Comparison of experimental and simulated dynamic vivacities at 0.25 g/cm³ loading density 
 

Summary 

A new model to simulate the combustion behavior of propellants with complex cross 

sectional geometry has been presented. It incorporates the 2D ICT-Cellular-Combustion-

Algorithm which numerically simulates the 2D form function of a propellant cross section. 

Together with preprocessing algorithms and a STANAG 4367 based lumped parameter 

model which takes into account the pressure dependence of the thermodynamic parameters 

this makes the simulation of 3D propellants with arbitrary cross sectional geometry possible. 

Processed computer tomographic cross sections of real propellant grains are used as 

geometric input for the model. The thermodynamic parameters and their pressure 

dependence are calculated with the ICT-Thermodynamic-Code. Vieille´s parameters α and β 

are deduced from the experimental pressure vs. time curves. Experimental results from 

closed vessel tests for the double base propellant JA2 at different loading densities are 

presented and compared to simulation results. The comparison between experimental and 

simulated dynamic vivacities shows good agreement. Deviations during ignition and slivering 

can be seen which are due to variations from grain to grain not explicitly captured in the 

model. Although complex propellant cross sections can be simulated it still assumes that all 

grains are uniform in shape and combustion behavior. This could be overcome in the future 

by simulating the combustion of every propellant grain in the closed vessel with the 

presented model.  
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