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Abstract 
This paper presents the first of its kind comparison of an actual solid propellant with a computationally 
generated random pack, which is intended for use in combustion modelling studies. X-ray computed 
tomography is used to obtain a 3D reconstruction of an actual propellant sample. Random distribution 
of spherical particles of aluminium and ammonium perchlorate (AP) have been used to model a 
composite solid propellant (random pack). The computed random pack and 3D reconstructed 
propellant are compared by slicing them both at 10 µm intervals and computing an average area of 
exposed AP particles. The average areas of exposed AP particles calculated in simulated random 
packs and X-ray Computed Tomography (XCT) scan of a real propellant are in good agreement within 
the limitations of the resolution of X-ray Computed Tomography images. Thus, it is inferred that the 
random propellant pack simulated matches well with reality. 
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Nomenclature: 

Al = Aluminium 

AP = Ammonium Perchlorate (NH4ClO4) 

HTPB = Hydroxyl Terminated Poly Butadiene 

XCT = X-ray Computed Tomography 

C:F ratio = Coarse-to-fine ratio of AP particles 

1.  Introduction 

Solid propellants are used in the launch vehicle industry apart from having applications in missile 
systems. Solid propellants can be broadly classified into two categories based on their composition, 
viz., homogeneous and heterogeneous propellants.  The current study restricts itself to heterogeneous 
propellants, which are also known as composite solid propellants. The constituents of composite 
propellants, viz., ammonium perchlorate(AP) and hydroxyl terminated polybutadiene (HTPB) are 
mixed mechanically. A composite propellant essentially consists of crystalline AP particles in a matrix 
of HTPB, which acts as the binder as well as the fuel.  In certain applications aluminium (Al) powder 
is used as a fuel in addition to HTPB in order to enhance the specific impulse of the solid propellant 
Error! Reference source not found..  

The combustion field of a solid propellant is not amenable to direct measurement of gas phase 
properties since the combustion processes have extremely small time scales and geometry around each 
AP particle is three dimensional. Also, large gradient of properties makes measurements complex. 
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Thus, modelling solid propellant combustion is one method of attempting to understand the underlying 
physics. Literature Error! Reference source not found. has results of 3D computations performed 
on random packs which are computationally expensive. They have therefore tried to bring down the 
computational time by homogenizing the fine particles.  

The main issue addressed in this paper is to study the propellant to see if the random pack being 
used to model propellant combustion is indeed representative of a propellant. In order to model 
combustion phenomenon, random sphere packings have been used to represent the particles of AP and 
Al in a propellant due to its simplicity. However, it is essential to examine whether this assumption is 
really valid with regard to AP particles which are typically non-spherical. This paper compares 
computationally generated random packs to actual propellants using X-ray Computed Tomography 
(XCT) as the diagnostic tool in order to examine the assumption. 

Solid propellant modelling has made steady progress over the last few decades. Computationally 
generated three dimensional propellant packs have been used to study propellant combustion by 
several researchers. Ramakrishna [3,4] attempted a statistical comparison between generated 
propellant packs and an actual propellant. Since 2000, UIUC group Error! Reference source not 
found. has been pursuing computational simulation of 3D combustion field of propellants. The basis 
for development of their propellant packs was the Lubachevsky-Stillinger packing algorithm Error! 
Reference source not found.. This algorithm follows a concurrent packing method, where a 
randomly assigned set of points in a predefined cube grow into particles according to a growth 
function, while also colliding with each other. Multi-modal distributions have been developed from 
this algorithm by allocating different growth rates to different set of particles based on the particle 
sizing and volume packing fraction to be achieved in the propellant pack. Due to the extensive number 
of events which need tracking in such an algorithm, it is computationally expensive. Sankaralingam 
and Chakravathy Error! Reference source not found. presented a method to develop propellant 
packs to study the flame-let distribution over a composite solid propellant. They considered a bi-modal 
distribution of AP particles with a coarse to fine ratio of 5.6:1. They optimized their pack with 
concepts borrowed from simulated annealing. The coarse-to-fine (C:F) ratio, by mass or equivalently 
by volume, of AP used is not representative of industrial class of propellants, which vary from 4:1 to 
1:1. Further, Maggi et al. Error! Reference source not found. devised an improved algorithm to 
generate propellant packs which was an improvement over the method presented by Kochevets et 
al.Error! Reference source not found.. Recently, Baietta and MaggiError! Reference source 
not found. presented a study on parallel programming to generate propellant packs. All the above 
methods, barring Error! Reference source not found.,have resorted to comparison of their models 
with previously published experimental studies by researchers on sphere packings [10-12]. All these 
experiments study the packing of spherical metal/plastic shots which are not representative of AP 
particles in a propellant. The current study is the first to present a comparison between an actual 
propellant and a simulated model propellant using the XCT technique. 

Also, the simulated three dimensional packs which have been developed are seen to have a C:F 
ratio of 3.4:1, 5.6:1, 6.5:1 [5,7]. These choices of C:F ratios are not indicative of any industrial class 
of propellant, which have coarse-to-fine ratios of 1:1 or 4:1. Since, it is an established fact Error! 
Reference source not found. that particle size effects play a definite role in determining the burn 
rate, pressure index and other important parameters of the propellant, it is imperative that the random 
packs generated to simulate the propellants are representative of industrial packs.   
 
2.  Methodology 
 
The exposed area of AP and binder to the combustion field in a propellant is key to propellant 
combustion and is an important factor in deciding combustion characteristics of the propellant. An 
analysis of exposed surface area will thus throw more light on burning of propellants. Thus, the 



approach taken in this study is to build a random pack and compare it with a 3D XCT reconstruction 
of a real propellant. Slices obtained from both XCT scan and the simulated random pack are compared 
for exposed area of AP or Al particles. 
 

For the purpose of this study, four representative packs and propellants were prepared with a 
view to closely represent propellants used in the industry. The method of preparation of the propellant 
is similar to the procedure detailed by Sumit and Ramakrisna0. The composition, particle size 
distribution, theoretical and actual densities are listed in Table 1. As can be seen, the densities of 
propellants prepared are close to theoretical densities achieved in the model.  

Table 1 Propellant composition used for the study 

 Composition Mass loading 
C:F 
ratio 

Measured 
Density 
(kg/m3) 

Calculated 
Density 
(kg/m3) 

Sample 1 AP-HTPB 80% 1:1 1540 1593 
Sample 2 AP-HTPB 80% 2:1 1600 1616 
Sample 3 AP-Al -HTPB 86% (68% 

AP+18% Al) 
1:1 1776 1781 

Sample 4 AP-Al -HTPB 86%(68% AP + 
18% Al) 

2:1 1779 1781 

 
2.1 Random Propellant Pack 
 
The basic algorithm used to generate the propellant pack is similar to the one used by 
RamakrishnaError! Reference source not found.. The AP particles are assumed to be hard spheres 
and they do not intersect each other. The co-ordinates of AP particles are assigned from a random 
number generator. They are placed in a cube of fixed length subject to a constraint that it does not 
intersect any of the other particles which have a priory been placed. On the edge of the cube, only the 
portions of a particle which lie within the cube are taken into account to calculate the volume occupied 
by the same. In case of multi-modal distributions, AP and Al particles are filled in a descending order 
of particle size and each particle is filled up to a pre-calculated volumetric loading, based on the mass 
loading of the particle size in the overall propellant. The volume not occupied by the AP or Al 
particles in the cube is taken to be the binder in the propellant. 
 

The average particle sizes considered in the study for bimodal propellant is 325 μm and 54 
μm. The particles are distributed in the band 300 - 355 μm for coarse and 45 - 63 μm for fine AP to 
account for variation in particle sizes in an actual propellant. A normal distribution is assumed for the 
same. These particular sizes were primarily chosen since the above mentioned meshes were available. 
As the aim of the study is to validate the random pack with an actual propellant, this choice of particle 
size distribution is most suitable. A 3D model of the propellant pack having a cube size of 1 mm x 1 
mm x 1mm is generated using MATCAD® and is shown in Fig. 1(a). The coarse particles are 
coloured red and fine particles yellow. 

 

Fig. 1 (a) Simulated random pack (Left). (b) XCT reconstruction of a real propellant (Right). 

 

2.2 X-Ray Computed Tomography 
 



XCT technique identifies density differential and reconstructs a 3D model based on that. The process 
of reconstruction is detailed in 0. In an attempt to build a 3D representation of the propellant sample, 
XCT scan was performed on the samples using General Electric – Phoenix V|tome|xs. It is fitted with 
a micro focus tube and nano focus tube. The capacity of micro focus tube is 240 kV and the resolution 
is 10 µm and the capacity of Nano focus tube is 180 kV and the resolution is 0.5 µm. Phoenix datosx 
software is used for data acquisition and reconstruction. Volume graphics studiomax (VG Studiomax 
software) is used for analysis. The scan was performed on the entire region of the sample using a nano 
focus tube. The energy required to perform the scan is 60kV and 250 µA and the resolution is around 5 
µm. The averaging rate is 4 and the time required to acquire one image is 1000ms and 1000such 
images were acquired. The 3D representation of the propellant sample was reconstructed from the 
XCT data obtained. The reconstructed propellant sample is shown in Fig. 1(b). 
 
2.3 Analysis of Exposed AP Surface Area 
 
In order to compare exposed area of AP and Al particles, slices at fixed intervals were passed through 
the random pack which was generated. The exposed surface area of AP obtained through slicing is an 
indicator of the burning characteristics of the overall propellant. In this study, a propellant pack of 
dimension 1 mm x 1 mm x 1 mm was used and slices 10 μm apart were used to calculate the average 
area of AP and aluminium exposed on the surface. The particle sizes were kept the same as mentioned 
earlier. 
 

Figure. Fig. 2(a) and Fig. 2(b) shows one of the slices for a sample 1 and sample 3 respectively. 
The coarse, fine AP particles and aluminium particles are coloured as red, yellow and blue 
respectively. The aluminium particle size here is considered to be 18μm - 25μm. The exposed area was 
averaged over 100 planes to represent the average percentage exposed area of AP or aluminium. The 
average exposed area remained invariant with number of slicing planes greater than 20. 

 

 

Fig. 2 (a) Representative slice through Sample 1(Left) (b) Representative slice through Sample 3 
(Right) 

A similar method of passing slices through the XCT reconstruction is done. An image from the XCT 
scan is shown in Fig. 3(a). As can be seen, Fig. 3(a) is similar in nature to Fig. 2(a) which was 
generated by means of passing slices through the generated random propellant pack. Therefore, 
analysing the surface by means of image processing and averaging the exposed AP surface area across 
many slices allows us to make a comparison between an actual propellant and the random propellant 
pack. It is pertinent to note that the images of AP in Fig. 3(a) are not circles as in Fig. 2(a). This 
indicates that the spherical particles assumed may not be accurate. Further discussion is deferred. 
 
2.2 Image Processing 
 
Images of slices obtained from XCT scan were converted to binary images with the threshold being 
calculated using the classical Otsu's algorithm0 for unsupervised image segmentation. A representative 



image is shown in Fig. 3(b). The representative area of AP particles from the XCT scan image shown 
in Fig. 3(a) is captured quite well through the image segmentation algorithm as can be seen from Fig. 
3(b). The corresponding exposed AP areas are calculated as in Eq. 1. 

 ��結� �血 �� =  �通陳長勅追 墜捗 椎��勅鎮鎚 追勅椎追勅鎚勅津痛�津直 �� 椎銚追痛�頂鎮勅鎚�墜痛銚鎮 津通陳長勅追 墜捗 椎��勅鎮鎚 �津 痛ℎ勅 �陳銚直勅            (1) 

 

   

Fig. 3 (a) Slice through XCT reconstruction showing exposed AP particles (b) Binary image calculated 
using threshold obtained from Otsu’s algorithm 0 

 

The area of AP was also averaged across a minimum of 100 slices for each real propellant sample.  
 

3.  Results and Discussion 
 
3.1 Analysis of Exposed AP Area 
 
The results of AP and Al area obtained from the simulated random packs and processed XCT images 
are as depicted in Table 2. 

Table 2 Comparison of average % AP area exposed computed by both methods 

 Exposed %AP Area 
  XCT Computed 

Sample 1 53.7% 53.5 % 
Sample 2 59.5% 59.6 % 
Sample 3 41.6% 63.9 %  
Sample 4 38.3% 60.1 %  

 
The variation of exposed area, along the length of sample 1 is shown in Fig. 4. The variations 

of exposed area for other samples show a similar trend. The standard deviation for the random pack 
and XCT scan is 5.78 and 2.18 respectively. 

 

Fig. 4 Comparison of exposed surface area along length of the propellant sample calculated by both 



XCT and random pack 

There is a difference between prediction and experiments in the average percentage area of AP 
and Al exposed obtained in samples 3 and 4 as seen from Table 2. This difference can be explained if 
the resolution of XCT scan images, which is around 5.3μm, is taken into account. Fig. 5 shows an 
illustration of the effect of resolution on the boundaries of particles. The lighter shaded region 
represents the area lost due to pixel resolution. This fact is illustrated in Fig. 5, which shows that some 
aluminium particles may be consumed within the pixel and end up with a sub-pixel areas which will 
remain undetected. The interval of slicing also plays a role in smudging of aluminium particles. Fig. 6 
shows an illustration of the same. Even if the slicing interval is 5-6 μm, a maximum of 3 slices pass 
through aluminium particles since their particle size ranges from 18 – 25 μm. Thus, aluminium 
particles contribute significantly less area or no area in some cases. This comparison is seen quite well 
in Table 2. 

 

Fig. 5 Illustration of area and particles lost due to resolution of XCT scan 

The average AP area exposed for samples 1 and 2 match very closely as is evident from Table 
2. However, having said that, the estimates of the model are conservative in nature and it is likely to 
under-predict the exposed area although not by much. This is due to the assumption that all particles 
are hard spheres, and it is evident from XCT scan image (Fig. 3(a)) that particles are not exact spheres. 
As sphere has the lowest surface area per unit volume, having non-spherical particles would mean that 
surface area could be more than the predicted. 

 

Fig. 6 Effect of slicing plane on detection of Al particles 

In order to test the hypothesis regarding resolution of XCT scan, sample 1 was reconstructed 
with a coarser resolution of 11μm. A correction was applied to the slices from the random pack similar 
to what is shown in Fig. 5. The diameter (d) of AP particles were reduced by value of the resolution of 
the image. The recomputed average exposed area of AP for random packs was found to be 40.71%. 
This area is 13 % lower than the value corresponding to sample in Table 2. The average exposed area 
of AP computed from XCT scan with 11 μm resolution was 38.92%. This area is 14 % lower than the 
value corresponding to sample in Table 2. The percentage area obtained through both methods shows 
a good match. This further establishes that if the resolution of the XCT images are taken into account, 
the exposed area of AP particles is in good agreement with both the methods. This also validates the 
random pack developed as it has been compared with real propellants. 
 

4.  Conclusion 
 
An experimental comparison between a real propellant and a simulated random pack was performed 
using XCT as the diagnostic tool. Simulated random packs assuming AP and Al particles as perfect 

Slicing planes Al particle 



spheres were generated and then compared with the re-constructed XCT data. In order to compare 
experimentally obtained XCT data and the simulated random pack, slices at definite intervals were 
passed and an exposed area of AP and Al particles were calculated by averaging over a minimum of 
100 slices. Random packs achieve a conservative estimate of the exposed area of AP and predict an 
area exposed area for 80% solid loading propellant between 53-59 %. The exposed area of AP 
calculated, matches well with that obtained experimentally. The difference in the results in case of 
sample 3 and 4 is attributed to the limitation in resolution of XCT images and no comment can be 
made on whether the exposed areas match with an actual propellant as of now and further study is 
necessary in that direction. However, the random pack for Sample 1 and 2 are suitable for further 
modelling studies as it compares with the average exposed area of AP particles. 
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