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Abstract 
Solid rocket motors are one of the most used systems for space propulsion. Along with the numbers of 

advantages like simplicity, low cost, technological maturity and high thrust, this propulsion system 

exhibits relatively low gravimetric specific impulse among the thermochemical engine family. When 

metallized, solid propellants release droplets of molten aluminum (agglomerates) causing a further 

reduction of performance. This phenomenon depends on several parameters (e.g. burning rate, 

microstructure, propellant formulation, flame position, local temperatures etc.). This work focalizes 

the attention on the relation between agglomerate size and flame height. A theoretical investigation has 

been performed to select five representative formulations. An experimental campaign has been 

performed to characterize the materials in terms of burning rate, agglomerate size, and density. A 

simple code based on the GDF theory has been used to compute the flame height of interested 

formulations.  Numerical and experimental data have been finally compared revealing a linear 

dependence of agglomerate size on the flame height, thus confirming the key role played by the flame 

in agglomerate growing and formation. 

1. Introduction 

Metal powders (e.g. Al, Be, Zr, Mg, b, etc.) are of primary importance for solid propulsion, improving the specific 

impulse of solid rocket motors (SRMs) by increment of not only the combustion temperature, but also the propellant 

density [1]. In this respect, micrometric aluminum (µAl) is one of the most used ingredients thanks to its intrinsic 

properties like stability, low cost, low toxicity and easy handling.  

 

From a propulsive point of view, the use of low reactive metal fuels, such as µAl, is responsible for a consistent 

reduction of the ideal specific impulse, due to the presence of condensed combustion products (CCPs) expanding 

through the gas-dynamic nozzle. The presence of burning droplets of molten Al (agglomerates), in the solid rocket 

core flow causes a detriment of the ideal specific impulse ranging from 1% to 3% [2]. In solid rocket motors, this 

loss represents about the 35% of the total decrement of the ideal specific impulse. Size and mass fraction of CCPs 

have been found to be relevant parameters for performance detriments due to thermal and velocity lag of condensed 

particles [2] [3].  The relevance of micrometric aluminum behavior during combustion led to a strong effort of the 

scientific community in increasing its comprehension, as testified by the number of authors working on this topic.  

1.1 Aluminum ignition temperature and burning time  

The burning time of aluminum particles having different size was extensively discussed by Beckstead [4].  His work 

offered an excellent interpretation of ignition data obtained by several authors using different particle size and 

atmospheres, highlighting the importance of both the parameters. For the investigated range (above 15 µm), the trend 

of burning time as a function of initial diameter approached the �� law, typical for diffusive combustion regime of 

droplets [5]. Actually, the exponent was found to be slightly lower, due to the growth of the oxide cap on top of the 

particle. Despite the effect of the specific composition of the ambient gas, the burning time was found to be weakly 

dependent on pressure and temperature [6].   

 

For micrometric ingredients most of the available works testify that the ignition temperature (Tign) is strongly 

dependent not only on the granule size, but also on the sample heating rate. Tign is around the melting temperature of 

alumina (2323 K) for particles larger than 100 µm and between 1300 K and 2300 K for granules of 1 µm - 100 µm 

[7]. This behavior is related to the strong thermal capacity of micrometric particles. During heating, the Al core 
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expansion causes the rupture of the external oxide layer exposing the Al to the oxidizing gases. However, the energy 

obtained by combustion is not sufficient to increase the temperature of the particle leading to a self-sustained 

reaction. The result is a sort of self-repairing process during which the oxidized spilled aluminum seals the cracks. 

Dependence of Tign on the heating rate has been also found as testified by Trunov et al. in [8]. A certain influence on 

the ignition temperature is also associated to the specific particle shape. Strongly irregular particles exhibit a lower 

Tign with respect to big granules as evidenced in [9]. 

1.2 Genesis and structure of agglomerates in AP-based solid propellants 

Formation and evolution of agglomerates have been widely studied in several countries (from USA to Russia). An 

excellent survey concerning structure, formation and size of agglomerates has been carried out by Babuk et al. in 

[10][11] [12][13][14]. Agglomerates were divided into two categories: non spherical particles, composed by 

aluminum, alumina and other materials like partially pyrolyzed binder and oxidizer, and spherical objects containing 

only aluminum and alumina. Both the categories were observed experimentally, but the second one was found to be 

prevalent for a variety of solid propellants and a wide range of burning conditions [11]. The presence of the skeleton 

layer (SL) was considered the basic condition for the formation of agglomerates [10][13]. This peculiar structure, 

permeable to gases, generates on the propellant combustion surface and is composed by aluminum, alumina, and 

partially by carbonaceous elements. The main SL feature is the adherence of the Al granule assuring the existence of 

the two most important factors for agglomeration: retention and contact between particles [11][14]. Agglomerates are 

generated on the top surface of the skeleton layer and their properties depend on the features of the emerging primary 

particles as well as on their evolution (particle coalescence, physicochemical transformation inside the agglomerate, 

metal combustion, etc.) [12]. The layout of the skeleton layer depends on propellant microstructure, a concept 

introduced by Price and well explained in [15]. In AP-based propellants, the coarse granules of oxidizer delimit fuel 

rich regions called pocket. A pocket is mainly composed by Al, binder and, if present, by the fine fraction of the 

oxidizer. These structures are connected by thin regions called bridges. In AP/HTPB-based propellants, the SL is 

formed only within pockets evidencing the strong connection between agglomeration and propellant microstructure 

[13][14]. Babuk underlines the effects of pressure and propellant family not only on the agglomerate structure, but 

also on their size and quantity [10][11][12][13][14]. An extensive study based on the collection of CCPs by mean of 

a quenching plate or a liquid quenching pool has been carried out demonstrating the positive effect of increasing 

pressure in reducing the size of agglomerates [11]. The importance of microstructure and pressure is also 

demonstrated by the dependence of agglomerate size and quantities on the agglomeration regime (sub-pocket, 

pocket, inter-pocket) [11][12][14]. The presence of both inter-pocket and pocket regimes is typical of low 

combustion pressures or, in general, slow-burning propellants. In the former regime, the whole amount of Al 

contained in the pocket takes part to agglomeration process, while in the latter the agglomerate remains on the 

propellant burning surface accumulating Al from other pockets and increasing its size. The inter-pocket regime can 

lead to the formation of “matrix” agglomerates, characterized by a sphere of alumina incorporating aluminum 

droplets [13][14]. Increasing pressure, the inter-pocket regime tends to disappear and agglomeration occurs only in 

the pocket and sub-pocket regime. The sub-pocket regime is typical of fast-burning propellants or high combustion 

pressures. In this case, the agglomerate is composed only by a portion of the aluminum contained into the pocket 

leading to a reduction of the average agglomerate size. 

 

An extensive description of agglomeration and pre-agglomeration behavior of Al has been carried out also by Price 

et al. in [15][16][17][18]. These authors recognized the importance of the propellant microstructure underlining that 

the size of ingredients (oxidizer and Al powder) influences the size of agglomerates. Aluminum and fine oxidizer 

particles were considered as immersed in a “binder sponge” composed by the coarse AP fraction (APc). Coarse 

oxidizer particles generate fuel rich regions in a material that is already fuel rich. It is clear that this description 

perfectly fits with the concept of microstructure. During propellant combustion, aluminum was observed to 

accumulate on the burning surface. In AP-based propellants, a prompt ignition is prevented by the presence of the 

oxide shell protecting Al particles and by the low local concentration of oxidizing species. Al clusters have been 

evidenced through visualization and quenching tests testifying the presence of sintering processes caused by the 

leakage of molten aluminum throughout cracks in the alumina shell. Price et al. related the size of accumulates to the 

propellant microstructure (pocket size) and to the conditions causing their adherence to the propellant surface. Notice 

that this condition does not allow the ignition of the accumulate [16]. The ignition process occurs when the 

accumulate is well exposed to the diffusion flame of the propellant (AP-binder flame) and is described as a 

progressive auto-accelerated process called inflammation causing the coalescence of the accumulate into a burning 

sphere of molten aluminum. A detailed sketch of a single agglomerate showing its typical structure was given by 

Price in [16] and [17]. After the formation, an agglomerate is composed by an aluminum droplet (showing a 

characteristic spherical shape), an oxide lobe, and other substances coming from the pyrolysis of the binder. The 

sphere is surrounded by a visible plum following the gaseous flow coming from the propellant. Again the size of 
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agglomerates was found to be dependent on the propellant microstructure and pressure regime, thus confirming what 

observed by Babuk in [11][12][13][14].  

All the observations concerning genesis and structure of agglomerates have been also confirmed at SPLab by De 

Luca et al. and Maggi et al. looking the evolution of solid propellant combustion surfaces with a high speed camera 

[19][20][21][22]. Effects of pressure, microstructure and propellant formulation on the size of agglomerates have 

been verified as well. 

1.3 Heterogeneity model and agglomeration 

A first attempt in relating agglomeration and propellant microstructure was carried out by Povinelli in [23]. CCP 

particle size was associated to the average distance separating oxidizer particles. Some years later, a model based on 

the pocket concept was presented by Choen in [24]. In the work, the pocket volume was related to the fraction of 

agglomerated Al. Two years earlier, another agglomeration model based on ingredient packing was presented in 

Russia by Grigor’ev et al [25]. In 1999, Babuk underlined the role of the coarse oxidizer fraction and the final size of 

CCP by using a large set of experimental data [11][13]. More recently, Rashkovskii worked on a model relating the 

average size of agglomerates with the structure and size of Al particle clusters forming during heterogeneous 

condensed mixture combustion [26]. The model was based on the statistics of simulated propellants allowing a direct 

comparison between microstructure and agglomeration. Almost in the same period, Jackson worked on three 

agglomeration models considering different geometrical domains. The propellant heterogeneity was simulated by a 

random pack of aluminum and AP particles [27]. The use of a pocket model to correlate propellant microstructure 

and agglomerate size have been carried out by Gallier in [28]. The model estimated agglomerate fraction and 

diameter by using a second order statistics. A similar approach has been used also by Maggi et al. in [19][20][30]. 

The first work evidenced the dependence of agglomerate size on propellant microstructure by correlating CCP 

average diameter with the collection radius obtained by a packing model. In [20], a series of experimental results was 

compared with agglomerate size obtained through a numerical approach. More details concerning the packing code 

used in the two works are reported in [29]. In [30], an automated measuring method for agglomerates and a novel 

agglomeration model were described. In this case, the attempt was to compare experimental and numerical CCP size 

distributions.  Despite a global similarity, the presented model showed the tendency of over-estimating the central 

part of the actual CCP size distribution. An excellent attempt to relate propellant heterogeneity and flame structure to 

the size of CCPs was carried out by Srinivas et al. in [31]. The proposed algorithm modeled the propellant structure 

by random pack of ingredients. Al particles were tracked and their accumulation on burning surface was simulated. 

The ignition occurred by the effect of leading edge oxidizer-binder diffusion flamelets (LEF). The ignition delay was 

computed by a heat transfer model and was responsible for the final agglomerate size. Comparison between 

numerical and experimental data shown the dependence of agglomerate size and LEF by the pressure. 

1.4 Target of the work 

With some differences, most researchers agree in defining the heterogeneity and the flame structure as the two most 

important parameters driving the agglomeration phenomenon. The former is responsible for the size of the initial 

cluster of Al and then, partially, for the diameter of condensed combustion products; the latter drives the ignition of 

the accumulate influencing the inflammation delay and then the formation and the size of agglomerates. In this 

respect, we should remember that the propellant microstructure is defined by ingredient size and mixing procedure 

while the flame structure is strongly affected by the burning pressure. The interdependence of these parameters 

seems to be ascertained; however it should be confirmed by a definitive relation. The target of this work is to verify 

the existence of a clear connection between agglomerate size and propellant flame. A series of AP/HTPB-based 

propellants have been manufactured and burned to obtain the burning rate (rb) and the average agglomerate size. The 

propellant flame height has been estimated applying the granular diffusion flame (GDF) model starting from 

experimental data. The two parameters have been finally compared. 

2. Propellant selection 

The selection of propellant formulations has been executed by applying both spatial statistics and thermochemistry of 

the pocket. The former approach allows to define the average pocket size of the propellant, while the latter offers a 

global overview concerning the local flame temperature of the system. A detailed description of the selection 

procedure is reported in [32]; here it is presented only a rapid survey. 
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2.1 Pocket size 

The average size of the pocket and its existence limit have been determined by using a packing model. An overall 

formulation of AP/HTPB/Al 68%/14%/18% has been considered (see Table 1).  

Table 1: Model propellant formulations. Fractions are expressed by mass. 

ID 
AP Al 

Binder 
d = 200 µm d < 10µm d = 30 µm 

AP0 68 %   0 % 18 % 14 % 

AP5 63 %   5 % 18 % 14 % 

  AP10 53 % 10 % 18 % 14 % 

  AP20 48 % 20 % 18 % 14 % 

  AP30 38 % 30 % 18 % 14 % 

  AP40 28 % 40 % 18 % 14 % 

  AP50 18 % 50 % 18 % 14 % 

 

Since the propellant microstructure is described by the coarse AP fraction (APc) , the fine AP fraction  (APf) has been 

considered perfectly homogenized into the binder. The change of the pocket size has been obtained by substituting 

the coarse AP with the fine AP, keeping the same amount of oxidizer. The packing code is based on the 

Lubachevsky-Stillinger algorithm and assumed spherical objects only. For each analysis, the partial radial 

distribution function (RDF) was monitored. The RDF is a second order statistical descriptor allowing the 

computation of pocket size. In this case, the function is specialized on Al particles, following a statistical pocket 

model developed by Maggi and co-authors [19]. Since a pocket is surrounded by a boundary of AP particle, there is a 

region in which the number of aluminum granules is low. This condition, defining the pocket border, is identified by 

the first minimum of the function located below the unity. Figure 1 reports the RDF of the model propellants enlisted 

in Table 1. The first minimum of the RDF (below the unity) tends to shift towards higher values of the radius when 

the content of fine AP is increased. Similarly, the minimum can be found for a RDF value as close to one as APf 

increases. For a fine AP content of 50 %, the RDF function does not assume values below one, evidencing the 

impossibility to define anymore the pocket concept. For this reason, this particular composition has been discarded.  

 

 

Figure 1: Partial Radial Distribution Function for model propellants of Table 1. The shift of the first minimum value 

below the unity is observed. 

2.2 Pocket adiabatic flame temperature 

The structure of a heterogeneous material is strongly influenced by the size of the ingredients. Thermochemistry is 

not able to distinguish between coarse and fine ingredients; however, effects of heterogeneity can be taken into 

account looking at the specific formulation of the pocket. The pocket can be studied by thermochemistry if treated as 

a pseudo-propellant, having a different formulation with respect to the original material. Only the binder, the metal, 



FLAME HEIGH EFFECTS ON AGGLOMERATE SIZE 

     

 

 

 

 

 

5

and, if present, the fine AP fraction take part to it. Figure 2 reports the pocket adiabatic flame temperature (Tad-p) of a 

solid propellant (AP/HTPB/Al 68%/14%/18%) containing different mass fractions of fine AP. Results are obtained 

assuming Al as an inert substance. This hypothesis is confirmed by combustion videos in which, after the formation, 

no appreciable consumption of agglomerates can be observed. This means that the contribution to combustion given 

by Al is negligible near the burning surface. The pocket adiabatic flame temperature increases from 700 K to 1300 K 

relatively slowly to strongly accelerate from 1300 K to 2300 K. The plateau located at low APf is caused by the 

melting of aluminum and represents an interesting region to study.  

 

 

Figure 2. Dependence of the pocket adiabatic flame temperature on the fine AP mass fraction for a composite solid 

rocket propellant (AP/HTPB/Al 68%/14%/18%) at different pressure regimes. Al is considered inert. 

3. Propellant experimental analysis  

The most interesting propellant formulations were selected out of Table 1 to guarantee the variation of the 

microstructure and the most interesting pocket adiabatic flame temperatures. Choices are justified in Table 2. 

 
Table 2: propellant formulations selected for the experimental campaign. Justification of the choices are reported. 

ID 
AP Al 

Binder Selection motivation 
d = 200 µm d < 10 µm d = 30 µm 

AP0 68 %   0 % 18 % 14 % Baseline 

AP5 63 %   5 % 18 % 14 % Plateau of Tad-p 

  AP10 53 % 10 % 18 % 14 % 
Located immediately after the plateau 

of Tad-p 

  AP20 48 % 20 % 18 % 14 % 
Located in the middle of the slow 

increasing Tad-p region 

  AP40 28 % 40 % 18 % 14 % 
Maximum allowable APf to define the 

geometry of the pocket 

 

Propellants were produced by a lab-scale technique employing a mechanical mixer. Propulsion-grade Al and AP 

from an industrial supplier were used. The inert binder, based on HTPB R-45 polymer, was cured by an isocyanate. 

Propellants were characterized in terms of density, ballistics and CCP size from 5 bar to 30 bar. The experimental 

set-up for sample combustion was the same used to obtain burning rate and CCP size. It was based on a 2 l 

combustion chamber equipped with four optical accesses for video recording. The strand burner was pressurized by 

nitrogen. A set of solenoid valves operated by an analogical regulator was used to keep the pressure constant. 

Propellant burning rates were measured by analyzing the combustion videos with an internal standardized digital 

technique. At least three good tests for each desired pressures were executed. Agglomeration videos were recorded 

with a fast and high-resolution video camera to appreciate all the events occurring on the propellant burning surface. 

Sample shape was adapted in order to guarantee the best video quality and clearness. Three videos for each pressure 

were recorded and manually analyzed by ImageJ to obtain the size of at least 200 incipient agglomerates per video 

(600 diameters for each pressure). The picking procedure was executed by following a consolidated procedure for 
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recognition and measuring of agglomerates, described in [30].The data set was then elaborated to obtain the mass 

weighted mean diameter (D43). 

3.1 Density and ballistic 

As testified by Table 3, the addition of a fine fraction of AP causes an increment of the propellant density probably 

due to a higher packing efficiency. The theoretical maximum density (TMD) and the density ratio to TMD are also 

reported.  

Table 3: Density of selected solid propellants 

Label Density, ρ, g/cm
3 

TMD, g/cm
3
 ρ/TMD,% 

AP0 1.713 1.761 97.3 

AP5 1.718 1.761 97.6 

  AP10 1.722 1.761 97.8 

  AP20 1.726 1.761 98.0 

  AP40 1.728 1.761 98.1 

 

 
The Vieille’s laws (rb = a·p

n
) of the tested propellants are sketched in Figure 3. As expected by literature [33], the 

pressure exponent increases raising the fraction of fine AP (that is diminishing the average size of the oxidizer). The 

baseline, loaded with coarse AP only, is the slowest propellant, while the material containing the highest amount of 

fine oxidizer (AP40) features the highest burning rate, especially at high pressure. Surprisingly, sensible changes of 

the regression rate have not been observed across the entire pressure range using a fraction of fine AP between 5% 

and 20%. 

 

 

Figure 3: Effects of fine AP mass fraction on propellant ballistic 

3.2 Agglomerate size 

Agglomeration data for the five tested propellants are shown in Figure 4. A strong reduction of the mass weighted 

mean diameter is featured increasing the burning pressure independently on the specific material. It is interesting to 

notice that the addition of fine oxidizer does not cause an immediate reduction of agglomerate size. Conversely, it 

produces an initial size increment followed by a progressive abatement of the average diameter [32]. The 

diminishing trend can be successfully approximated by a power law as evident from Figure 4. The smallest 

agglomerates are found for the propellant AP40 while samples AP10 and AP5, practically exhibiting the same D43, 

shows the largest CCP size. A midway behavior can be observed for the baseline propellant (AP0). 
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Figure 4: Agglomerate mass weighted mean diameter for tested propellants 

4. Propellant flame height 

The flame height of composite solid propellants has been computed by the granular diffusion flame (GDF) model, 

using experimental values of propellant surface temperature and burning rate. The original model, described in [34] 

and [35], was capable of determining a series of parameters (e.g. the burning rate and the flame height) through an 

iterative process. The reader should note that the GDF model does not fully describe the flame structure, being 

mono-dimensional, but exploits average propellant features, such as the D43 of the oxidizer.  

4.1 Model description 

The granular diffusion flame model considers three different regions as shown in Figure 5. The first zone (thin for 

pressure between 1 atm and 100 atm) is defined by the exothermic reaction of ammonia and perchloric acid coming 

from the sublimation-dissociation of AP. The second zone is characterized by the reaction of fuel and oxidative 

products coming from the first reaction zone. The last zone is described by the presence of the exhaust gases and is 

of less importance for the model.  

 

 

Figure 5: Scheme of the GDF structure [35] 

The GDF is based on an energetic approach considering the conduction through the solid propellant, the convection 

from the two flame zones to the combustion surface and the radiative loss. The entire model is 1D and realized 

assuming a propellant containing AP as oxidizer and two stationary planar flames parallel with respect to burning 

surface. The model has two different versions depending on the definition of the first flame zone. If this region is 

neglected, the model is defined “collapsed”, otherwise it is called “extended”. For the present work, the extended 

GDF theory was considered. Both the interpretations derive from the same concept. 

A rapid explanation of the theory discussed in [35] is reported hereafter.  More details can be found in [35] and [36]. 

The thermal balance on the burning surface lead to the simple equation (1). 
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 ������	
� − 
�
 + Δℎ�� + Δℎ� + Δℎ� + Δℎ��� + ��
�� − �� ������,� = 0, (1) 

where: 

 

• �� is propellant density, 

• � is the propellant burning rate, 

• ��is the specific heat of the gas, 

• 
� and 
� are the temperature of the propellant and at the end of the zone II respectively, 

• 
� is the burning surface temperature, 

• Δℎ�� is the transition enthalpy of AP from orthorhombic to cubic structure, 

• Δℎ� is the dissociation enthalpy of AP, 

• Δℎ� and Δℎ�� are the enthalpy variation at the end of the zone I and II respectively 

• ��	is the thermal conductivity of the gas phase, 

• � is the burning surface emissivity, 

• � is the Stefan-Boltzman constant. 

 

Assuming that all the temperature gradients are linear and equal to zero when the temperature reaches the value T2, 

the equation (1) can be simplified in: 

 ������	
� − 
�
 + Δℎ�� + Δℎ� + Δℎ� + Δℎ��� + ��
�� − �� "
� − 
#$�� % = 0, (2) 

where: 

• 
# is the temperature at the end of the zone I, 

• $�� is the flame height of the zone II. 

The parameter r in equations (1) and (2) satisfies the Arrhenius law for the pyrolysis reactions:  

 � = &'() *+,�+- (3) 

The flame height of the first reaction zone can be computed through the equation (2) 

 $� = "��./# % �
#0 1�	 (4) 

where:  

• 0 is the pressure, 

• . is the universal gas constant, 

• /# is the gas molar mass of the zone I, 

• 1� is the reaction time of the zone I. 

The expression for 1� is obtained considering the reaction NH3/HClO4 bimolecular of the second order. In this way 

the reaction time depends only on the pressure (see eq. (5)). 

 1� = 6.5 · 10)70)#		 (5) 

The flame height of the second reaction zone can be expressed similarly to LI 

 $�� = "��./� % �
�0 1�� .	 (6) 

where: 

• /� is the gas molar mass of the zone II, 

• 1�� is the reaction time of the zone II. 

In this last case, the expression of 1�� is more complex: 
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 1�� = 0/�.
� 89
�	0 ' *:�,�: + ;	<

�=/7	0#/?	
�@/A B
�	 (7) 

where:  

• C� is the activation energy for the zone 2, 

• 9 and ;	<
 are two constant.. 

Starting from (2), (6) and (7) , the burning rate can be expressed as: 

 1� = ��DE��	
� − 
�
 + Δℎ�� + Δℎ� + Δℎ� + Δℎ�� + ��
����� F��	
� − 
�
 G9
�	0 ' *:�,�: + ;	<

�=/7	0#/?	
�@/A H			 (8) 

If we consider the surface temperature of the propellant constant and neglecting the radiative heat losses, equation (8) 

can be rewritten as: 

 
1� = I0 + J	<
0#/?			 (9) 

where: 

• I is the chemical reaction time parameter, 

• J	<
 is the diffusion time parameter. 

From eq. (3), (8) and (9) and noticing that I and J	<
 can be obtained from experimental regression rates, it is 

possible to obtain 9 and ;	<
. The exact value of 
� can be determined starting from the adiabatic flame temperature 
�	K�
 by the following expression: 

 
� = 
�	K�
 − [��
��'( *+,�+-]/	����&
			 (10) 

In this work, both the burning rate and the surface temperature are input parameters known from experiments. Under 

this assumption, the model can be rewritten in a reduced form. Eq. (7) becomes 

 1�� = 	 0/�.
���� N ��	
� − 
�
��	
� − 
�
 + Δℎ�� + Δℎ� + Δℎ� + Δℎ�� + ��
����� O 1�� = 0/�.
���� � 1��		 (11) 

where 

 � = 	 ��	
� − 
�
��	
� − 
�
 + Δℎ�� + Δℎ� + Δℎ� + Δℎ�� + ��
�����  (12) 

The final relation to compute the flame height of the second reaction zone can be easily obtained by combining eq. 

(6) and (11) 

 $�� = 	 1�� � 1� = 1�� N ��	
� − 
�
��	
� − 
�
 + Δℎ�� + Δℎ� + Δℎ� + Δℎ�� + ��
����� O 1� (13) 

Obviously, the final flame height is computed as: 

 $ = 	$� + $��		 (14) 
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This reduced version of the GDF is valid only if the burning rate and the surface temperature of the interested 

propellant are known. 

4.2 Application limits 

The application limits for the GDF theory were clarified in [35] by the authors. The strongest concern was related to 

the loss of the hypothesis of mono-dimensionality. This circumstance can be reached when the flame height becomes 

comparable to the combustion surface roughness so that the flame can no more be considered planar. Both the 

increment of pressure and oxidizer diameter can lead to the presented situation. According to Summerfield and 

colleagues, the model is applicable for AP-based solid propellants loaded with non-readily melting binders. The 

theory is valid in the range of 1-100 atm and for an average oxidizer particle size below 250 µm. Moreover, the 

following relation has to be verified: 

 P� ≥ 0.58 − 0.10 log#�	<VW
 = PX	 (15) 

where: 

• P� (= 0.538 for the considered formulation) is defined as the ratio between the oxidizer to fuel mass ratio 

and the oxidizer to fuel mass ratio in stoichiometric conditions, 

• <VW is the oxidizer average diameter. 

 

Table 4: Check for the GDF applicability with the tested propellants 

Propellant label YZ[, µm P, bar \] \^ 

AP0 200.0 5-30 0.583 0.350 

AP5 186.0 5-30 0.583 0.353 

  AP10 172.1 5-30 0.583 0.356 

  AP20 144.1 5-30 0.583 0.364 

  Ap40   88.2 5-30 0.583 0.385 

 

 

As evidenced by Table 4, the bonds have been respected and the model is applicable with all the five considered 

propellants.  

 

With respect to the original model, the propellants considered for this work contains a consistent fraction of 

micrometric aluminum. Addition of Al was already extensively debated in [35] recognizing some possible effects on 

propellant combustion. The presence of this metal promotes some contrasting effects. Al, for example, acts as a heat 

sink, removing energy from the combustion surface. This behavior is emphasized by the melting of Al occurring at 

933 K. On the other hand, agglomerates return energy to the solid propellant, burning partially in the flame region 

and partially in the post-flame zone. From combustion videos recorded at SPLab, it appears that the consumption of 

the agglomerate trough the flame zone is negligible. If we limit the attention on the region immediately near the 

propellant, we can then assume that agglomerates pass through the flame zone without reacting and behaving like an 

inert material. For these reasons, the presence of Al does not represent a problem. The melting enthalpy of the 

material is obviously considered and inserted into the equations. 

4.3 Results 

To obtain the solution using the reduced form of the GDF, it is necessary to know the surface temperature of the 

propellant. Ts values are taken considering the Arrhenius’s law proposed in [37] by Zanotti et al. starting from 

experimental tests: 

 �_ = &X'") *`,�+% (16) 

where: 

• &X is the pre-exponential factor equal to 127772 cm/s , 

• CX is the activation energy for a AP/HTPB/Al 68%/14%/18%  propellant (22187 cal/mol). 
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Both the two values were obtained by digitalization of the rb-to-(1/Ts) graph for the interested propellant (see [37]). 

Other values used in the model for the computation of the flame height are reported in Table 5 and were derived 

from [35] or obtained by CEA.  

 

Table 5: Values used for the determination of the flame height 

Symbol Description Value Pressure, bar Δℎ��  AP transition enthalpy, cal/g 20.0 - Δℎ� AP dissociation enthalpy, cal/g 520.0 - Δℎ_ Binder decomposition enthalpy, cal/g 66.1 - ΔℎVa  Al melting enthalpy, cal/g 94.4 - Δℎ� Enthalpy at the end of the zone I -800.0 - � Propellant emissivity 0.75 - 
� Reference temperature, K 300.0 - 


�K� 
Adiabatic flame temperature at the 

end of the zone II, K 

2272.3 5 

2300.6 10 

2319.2 20 

2327.0 30 

�� Burned gas specific heat, cal/g/K 

0.4543 5 

0.4550 10 

0.4558 20 

0.4561 30 

�� Gas thermal conductivity, cal/cm/s/K 

6.03 ·  10
-4

 5 

5.99 ·  10
-4

 10 

5.93 ·  10
-4

 20 

5.90 ·  10
-4

 30 �� Propellant density See Table 3 - 

/� = /# Burned gas molar mass, g/mol 

28.44 5 

28.57 10 

28.65 20 

28.69 30 

 

Flame height for the tested propellants from 5 bar to 30 bar are sketched in Figure 6. As expected, the propellant 

loaded with coarse AP exhibits the largest values of the flame height, while the shortest flame is shown by the 

propellant loaded with 40% of fine AP.  

 

Figure 6: Dependence of the flame height on the pressure, for the tested propellants 

4. Discussion 

The combined interpretation of experimental data can bring to interesting results. All the propellants exhibits a 

reduction of the agglomerate mass weighted mean diameter increasing the pressure. This is not a new result and it 
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was already discussed in other works. Specifically, it was related to an increment of the burning rate combined with a 

reduced residence time on the propellant combustion surface. However, the increment of the burning rate cannot be 

considered the sole parameter driving the agglomerate size. From Figure 3 and Figure 4, the absence of a direct 

connection between the two parameters is evidenced by the fact that fast propellants (AP5 and AP10) exhibit a larger 

D43 for CCP with respect to the slowest propellant AP0. This result is not new too, and was already discussed in [32] 

and [36]. In [32], this peculiar effect was imputed to the existence of a specific local flame temperature of the pocket 

(around 900-1000 K) evidencing the important role played by local conditions.  

 

Figure 7: Agglomerate mass weighted mean diameter vs flame height for the tested propellant 

Table 6: Fitting line equations and R
2
 for propellants of Figure 7 

Propellant Label Fitting line R
2 

AP0 ��? = 0.42 ∙ $e + 26.62 0.999 

AP5 ��? = 0.48 ∙ $e + 37.38 0.997 

  AP10 ��? = 0.54 ∙ $e + 30.73 0.996 

  AP20 ��? = 0.39 ∙ $e + 29.56 0.997 

  AP40 ��? = 0.27 ∙ $e + 27.43 0.965 

 

Particularly interesting is the correlation of the measured incipient agglomerate D43 with the flame height. From 

Figure 7 and Table 6, it is evident that the average size of agglomerates depends linearly on the propellant flame 

height. This is true for all the tested formulations, thus confirming the existence of a strong correlation between the 

two parameters.  

 

 

Figure 8: Overall Lf to CCP D43 trend 
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Also the overall comparison reported in Figure 8 suggests a general linear trend. However, the coefficient of 

determination is relatively low (0.753). In this case, it is necessary to remember that the computation of the flame 

height has been executed considering a general surface temperature. The flame heights cannot be directly compared 

since a correction is requested on the basis of the actual surface temperature of each propellant. This parameter could 

change due to a strong variation of the fine fraction of AP promptly reacting on the burning surface.  

5. Conclusions 

This work has studied the relation between average agglomerate size and flame height of solid rocket propellants. 

Investigations have been executed on the same nominal propellant composition (AP//HTPB/Al 68%/14%/18%). Five 

formulations have been selected based on spatial statistics and thermochemical calculations varying the fraction of 

fine AP. During preliminary analyses, Al has been considered an inert material capable only to melt and to absorb 

heat.  

 

A simple code based on the granular diffusion flame model by M. Summerfield has been used to determine the flame 

height of the interested formulations. The original concept was partially adapted to use experimental data as input 

parameters and to include the presence of Aluminum. Applicability bounds were described and checked for all the 

propellants. 

 

The experimental activity was conducted on a series of lab-scale samples to determine density, burning rate and 

agglomerate average size. The analysis of results brings to the conclusion that agglomeration and flame height are 

effectively connected. A linear relation between the two parameters has been found for all the tested formulations. In 

addition, the analysis of the whole result data set featured a linear D43-to-Lf trend. The low value of the correlation 

coefficient is imputed to the specific propellant surface temperature used for flame height computation. Values were 

taken considering a general AP/HTPB/Al 68%/14%/18% propellant completely neglecting both microstructure and 

changes related to the specific formulations.  

 

From experimental result it can be stated that a reduction of the flame height is responsible for the anticipation of the 

accumulate inflammation accelerating its ignition, thus reducing the final size of the agglomerate. The reduction of 

the flame height is generally associated to fast propellants. The presence of fast gases released by the sample further 

help to reduce the residence time of the agglomerate, decreasing its final diameter. 

 

A first extension of the work consists in introducing a direct measurement of propellant surface temperature to 

compute more precisely the flame height. Effect of the local flame temperature on agglomerate size has been 

introduced in [32] and [36]; other studies on this topic are strongly desirable in order to introduce a possible 

combination between local and global flame effects on agglomerate size. The application of this method to 

formulations loaded with other binders having different pyrolysis surface temperatures is interesting to confirm what 

observed during this work. Finally, it is clear that only an “averaged approach” has been proposed in this work. 

Better results could be obtained working with local flame heights and CCP particle size distributions. 
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