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SUMMARY 

Results are presented of an experimental motion picture study 

designed to provide observations of composite solid propellant combus­

tion. This study adds greater insight into the combustion mechanism of 

composite solid propellants, increases and complements the observations 

of previous quench testing and provides a background of catalytic effects 

for use in future experimentation. 

Two-dimensional sandwiches composed of pressed ammonium perchlorate 

(AP) sections laminated together with thin layers of four currently used 

binders -- polysulfide (PS), polyurethane (PU), polybutadiene acrylic 

acid (PBAA) and carboxy terminated polybutadiene (CTPB) -- were burned 

in a window bomb at pressures up to 3200 psig. High speed motion pic­

tures of the combustion were taken at frame rates up to 4000 pictures 

per second using magnifications of 1:1 to 4:1 on the film plane. The 

resulting film was carefully reviewed to provide basic physical charac­

teristics of the combustion. 

An exploratory program involving catalytic effects was then under­

taken using a similar approach. Catalysts investigated were copper 

chromite (CC) and iron oxide (10). 

Cinephotomacrographic results are not included here due to space 

and format considerations. Edited films are available on loan. 

The general results of the investigation may be summarized by the 

following conclusions: 

1. A flowable binder melt exists for PU, PBAA and CTPB during 



combustion. A similar melt may exist for PS, but evidence of the melt 

was not present in this investigation. 

2. An AP surface melt is present for PS sandwiches at pressures 

where the pure AP burn rate is decreasing. This possibly explains why 

propellant burn rates are so much greater than AP burn rates at these 

pressures. 

3. The assumed sandwich combustion model with an AP monopropellant 

flame, a base flame and a diffusion flame aided greatly in sandwich 

deflagration interpretation. 

4. Based on this motion picture study, there is no conclusive 

evidence that heterogeneous interfacial reactions occur for the non-

catalyzed sandwiches. This is in agreement with the findings of Varney 

[l3j and casts doubt on models employing this type reaction such as the 

model due to Hermance [14], For the catalyzed sandwiches, leading edge 

regression was obtained in the area of the interface, but the resolution 

in this study was not great enough to determine if it was occurring exactly 

at the interface. 

5. The results of this investigation indicate that the sandwich 

model of Nachbar [20] is not sufficiently detailed to account for the 

actual physical processes which are occurring in the sandwich combustion. 

6. A realistic model for binder/AP composite propellant combustion 

would consist of: 

a. Binder melt flows onto t̂ e AP surface. 

b. AP melts, even in the pressure range where the AP burn 

rate is decreasing with increasing pressure. 

c. Three basic flames: AP flame and base flame, both of 
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which are elliptic in character, and a diffusion flame between the AP 

combustion products and the binder decomposition products which serves 

to decompose the binder. 

7. Copper chromite catalyst augments the AP deflagration process 

at both 600 psig and 2000 psig, the augmentation increasing with pres­

sure increase. 

8. Copper chromite possibly catalyzes the AP flame and base flame 

gas phase reactions at both 600 psig and 2000 psig, increasing the heat 

release rate of the reactions. 

9. Copper chromite catalyst possibly promotes gas phase reactions 

by its presence in crevices between solid fuel and solid AP (at the 

interface). 

10. Copper chromite catalyst does not promote heterogeneous reac­

tions of gases with the solid fuel binder and does not modify the 

pyrolysis mechanism of the solid fuel binder. 

11. Iron oxide catalyst inhibits the AP deflagration process at 

600 psig, but augments it at 2000 psig. 

12. Iron oxide possibly catalyzes the base flame gas phase reactions 

at both 600 psig and 2000 psig, increasing the heat release rate of the 

reactions. 

13. Iron oxide catalyst possibly promotes heterogeneous reactions 

by its presence in crevices between solid fuel and solid AP (at the 

interface). 

14. Iron oxide catalyst does not promote heterogeneous reactions 

of gases with the solid fuel binder and does not modify the pyrolysis 

mechanism of the solid fuel binder. 



15. The preceding conclusions concerning CC and 10 catalysts 

indicate that some of the theories concerning the catalytic mechanisms 

of CC and 10 with AP/binder composite propellants are justified whereas 

others are not. The theories of Levy and Friedman [32], Pearson [37~l, 

Pittman [36], and Steinz, Stang and Summerfield [12] concerning various 

gas phase mechanisms are shown to be feasible. The validity of the 

theories of Pearson [37] and Pearson and Sutton [38] concerning the 

solid fuel binder is shown to be doubtful for these catalysts. 

16. Copper chromite is a more effective catalyst than iron oxide 

for AP/CTPB propellant systems. 

17. With the exception of 10 at low pressures (600 psig), the 

addition of CC and 10 in the AP is the most effective method of increas­

ing sandwich burn rate, their addition at the AP/binder interface is less 

effective and their addition in the binder does not appear to be very 

effective at all in increasing burn rates, at least not for the sand­

wich configuration. 

18. It is recommended that a detailed experimental program of 

composite propellant sandwiches using various catalysts, binders and 

oxidizers be initiated with use of both high speed cinephotomacrography 

and quench testing. 



INTRODUCTION 

Background and Literature Review 

Solid propellants have a variety of applications. They are used 

in intercontinental ballistic missiles, tactical weapons and various 

space applications. Therefore it is desirable that analytical methods 

for predicting their performance be devised. 

Two types of solid propellant are distinguished, according to 

the distribution of fuel and oxidant. If fuel and oxidant are mixed at 

the molecular level, the propellant is called homogeneous or double-base. 

Heterogeneous mixtures of oxidizer crystals in an organic rubber or 

plastic-like fuel binder are called composite propellants. Of the two 

types, composite propellants are of greater current interest because they 

are often capable of liberating a larger amount of chemical energy per 

unit mass and are safer to handle. 

The heterogeneous nature of composite propellants results in a 

very complicated combustion process. The physicochemical processes of 

propellant combustion are so complex that mathematically tractable models 

are generally of only restricted relevance. This complexity leads to the 

design and study of models that represent as close as possible the real 

conditions, but are easier to analyze, and which will permit elucidation 

of the fundamental processes. The type of composite solid propellant 

receiving the most research and development effort contains ammonium 



perchlorate as the oxidizer mixed with a variety of fuel-binders and 

additives. 

Surveys of solid propellant combustion have been presented by 

Geckler [l] in 1954, and by Gutman [2] in 1960. Geckler stated that no 

theoretical studies of composite propellant combustion had been pub­

lished at that time and also that "A great deal of study of solid pro­

pellant combustion appears to have been expended unnecessarily because 

of inadequate experimental facts." Gutman stated that the lack of 

knowledge of the fundamental mechanisms of burning was the basic reason 

for being unable to theoretically describe the composite propellant 

burning process. This was observed to be the case even though substan­

tial experimental and analytical effort had been expended on composite 

propellant combustion in the interval between the two surveys. Gutman 

also recommended that detailed photographic scrutiny with color moving 

pictures of flame profiles in. combustion bombs be continued. 

The essential distinction between the combustion processes involved 

in the burning of homogeneous double-base propellants and composite pro-

pellants was stressed by Rice [3] as early as 1945. Rice emphasized that 

the time required for mixing by diffusion of the gaseous fuel and oxi­

dizer streams, which were generated at the surface of the burning pro­

pellant, entered as an essential step into the overall conversion rate 

and might, in fact, be of dominant importance for composite propellants. 

Rice proposed a columnar diffusion flame model, which was the first of 

the diffusion controlled models of composite propellant burning. Although 

the model gives the correct qualitative dependence of burning rate on 

oxidizer particle size, neglect of finite reaction times and the assumption 



of a columnar flame geometry combine to cause the burning rate to be 

insensitive to pressure, which is contrary to experimental observations. 

In 1950, Wilfong, Penner, and Daniels [4] introduced the idea that 

the rate-controlling reaction in the thermal decomposition of a double-

base propellant occurs in the monomolecular surface layer exposed to the 

flame zone. Schultz and Dekker [5] applied this concept to the combus­

tion of composite solid propellants in the form of a "Two-Temperature" 

postulate. This postulate states that the decomposition of the solid 

oxidizer and binder are essentially independent processes when viewed 

on a microscopic scale. This leads to the result that the mean surface 

temperatures of the oxidizer and binder during burning of a composite 

solid propellant are usually different. Anderson, et al_. [6] proposed a 

model for the combustion of ammonium nitrate (AN) composite propellants 

which is based upon the "Two-Temperature" theory and kinetic data for the 

pyrolysis of propellant oxidizer and binder. It is postulated that the 

oxidizer gasifies first and its gaseous products undergo an exothermic 

redox* reaction near the surface to establish an adiabatic flame which 

governs the pyrolysis of the propellant binder. The binder pyrolysis pro­

ducts then react with the gaseous products of the oxidizer to form a 

diffusion flame at a relatively large distance from the surface. Their 

statements that, in general, changes in the chemical structure of the 

binder (or even complete absence of binder) have only a minor influence 

on the burning characteristics, along with the large distance of the 

* 
Every reaction accompanied by a transfer of electrons is a unity 

of two opposite processes, namely oxidation and reduction. That is why 
all such reactions are called oxidation-reduction or redox reactions. 



final diffusion flame from the surface, lead to their conclusion that 

the binder-oxidizer diffusion flame has insignificant influence on the 

processes occurring at the oxidizer surface. Chaiken [7] uses the "Two-

Temperature" postulate and the model postulated by Anderson, et a K as 

the basis for his "Thermal Layer" theory. The thermal layer postulated 

is the exothermic reaction of the oxidizer decomposition products. This 

is taken to be the rate controlling step for AN type propellants and the 

agreement between the theory and available data on AN propellants is 

reasonable. The fact that the theory predicts that burning rate is lin­

early dependent upon pressure and insensitive to fuel type and fuel-oxidant 

mixture ratio renders it invalid for AP type propellants. Chaiken and 

Anderson [8] later considered the role of the binder in composite pro-

pellant combustion and expanded the "Thermal Layer" theory to AP type 

propellants. Several possibilities were presented for the interaction 

mechanisms of the binder gases with the oxidizer. A heuristic case was 

examined in which the binder gases diffused into the thermal layer and 

reacted at a rate which is slow compared to the oxidizer redox reaction. 

This necessitated the introduction of two variable mixing factors, the 

values of which were not derived from fundamental principles and no burn­

ing rate predictions were possible. 

An analytical theory for the combustion of AP type propellants based 

on diffusion flames was proposed by Sutherland [9]. He considered diffu­

sion flames over the fuel pockets as comprising the major source of heat 

release to support the combustion process. The analysis contains no 

explicit dependence of burning rate and flame structure on pressure. How­

ever, the fuel surface temperature appears as an important parameter in 
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the development and as it may vary with pressure, pressure dependence may 

enter in this manner. The theory has no procedure for the determination 

of the fuel surface temperature and therefore must be considered incom­

plete. Summerfield, et_ al_. [10] expanded Sutherland's work to include 

the effects of pressure, oxidizer particle size and binder-oxidizer mix­

ture ratio. They proposed a physicochemical model based on experimental 

observations and hypotheses and entitled the theory the "Granular Diffu­

sion Flame" (GDF) model. The GDF model is a one-dimensional model in 

which it is assumed that the gasification process at the solid regressing 

surface is driven by conductive heat feedback from a two-stage flame occur­

ring in the gas phase. This two-stage flame is composed of the gaseous 

constituents released by either surface pyrolysis or sublimation (both 

endothermic) from a dry surface. It is assumed that the flow is laminar. 

A premixed flame (exothermic) is postulated to exist adjacent to the AP 

surface with ammonia and perchloric acid (A/PA flame) as the premixed reac-

tants. The products of this premixed reaction which are rich in oxygen 

and oxygen-containing compounds, then serve as a reactant along with the 

gaseous fuel constituents to form a diffusion flame (O/F flame) at a 

much greater distance from the surface than the first stage A/PA flame. 

The fuel gases are presumed to enter the 0/F flame zone in the form of 

tiny gas pockets whose mass is independent of pressure. Both the rates 

of diffusional mixing and chemical reaction determine the overall reac­

tion rate of the O/F flame. An expression for burning rate is obtained 

in which chemical reaction is rate controlling at low pressures while 

diffusion is rate controlling at high pressures. This theoretical burning 

rate law contains two parameters which may not be calculated directly due 



to insufficient basic information on parameters involved in their cal­

culation. One parameter is called the "Gas-Phase Reaction Time Parameter" 

as it varies inversely as the chemical reaction rate in the gas phase. 

This parameter is related to the binder-oxidizer ratio of the propellant. 

The other parameter is called the"Diffusion Time Parameter" as it varies 

inversely as the chemical reaction rate in the gas phase. This parameter 

is related to the average oxidizer particle size. In order to test the 

GDF theory more decisively, a series of experiments were performed by 

Blair, e_t aĵ . [ll]. The GDF theory was later extended by Steinz, Stang, 

and Summerfield [12] to subatmospheric pressures. Experimental burning 

rates for unmetallized propellants at pressures from subatmospheric to 100 

atmospheres are correlated quite well by the GDF theory as long as oxidizer 

loading is sufficiently high, oxidizer particles are of medium size and 

the fuel is of the type that does not melt readily. When these conditions 

are not met abnormal burning in the form of plateaus, mesas or extinctions 

occurs. However, burning rates of fuels such as PS and PBAA are corre­

lated by the GDF theory, although Varney [l3] observed that these fuels 

form a flowable melt during the combustion process. 

Hermance [l4] recently proposed a model of composite propellant 

combustion which incorporates the heterogeneity of the burning surface of 

composite propellants and a mechanism for substantial energy release at 

the burning surface. This model includes fuel pyrolysis, AP decomposi­

tion, heterogeneous reaction between fuel and decomposed oxidizer along 

the fuel-oxidizer interfaces, and gas phase combustion of the final fuel 

and oxidizer decomposition products. This model gives quite good agreement 

between theory and experiment concerning the burning rate-pressure 



relationship over a wide pressure range, qualitatively predicts the 

effect of various particle size distributions and predicts surface tem­

peratures and surface heat generation reasonably well. Rather unrealistic 

values are obtained for the flame standoff distances. Actually, there is 

little or no evidence which unequivocally indicates the existence of the 

heterogeneous reaction which is postulated to occur at the interfaces 

and this is one of the major assumptions of the model. In addition, the 

model ignores the diffusion processes in the gas phase which should be 

important, at least at high pressures. 

A qualitative description for combustion of composite propellants 

based on flame structure was postulated by Fenn [15]. He envisions the 

burning process to be driven by a gas phase fuel-oxidant diffusion flame 

situated over the interfacial area between the solid fuel surface and the 

solid oxidizer surface. A small premixed flame is assumed to occur at 

the leading edge of the overall flame and this premixed flame is said to 

lead the attack on the interfacial area. The effects of pressure, binder-

oxidizer ratio and oxidizer particle size are qualitatively predicted by 

this model. 

A simple, one-dimensional, diagnostic aid to understanding the 

burning of composite propellants was presented by Culick and Dehority 

[l6]. They use an inverse computation in which the distribution of com­

bustion in the gas phase and the burning rate-pressure curve are specified 

and then calculations are made to obtain values for rate of heat release, 

flame thickness and standoff distance. This approach is useful for exam­

ining the gross effects of some of the parameters. 

The most realistic model to date for AP type propellants has 



recently been developed by Beckstead, Derr, and Price [17]. This 

model is realistic since it allows for a strong exothermic reaction 

taking place at the propellant surface as could occur due to the AP 

partially decomposing exothermically in the thin surface melt of AP 

reported by Boggs [18]. Three separate flame zones are considered: 

(l) a primary diffusion flame between the decomposition products of the 

binder and the oxidizer, (2) a premixed oxidizer flame, and (3) a final 

diffusion flame between the products of the other two flames. The oxi­

dizer decomposition is taken as being the over-all controlling factor in 

the combustion process. The results obtained by this model show that 

the calculated surface temperature and the effect of oxidizer concentra­

tion predicted by the model are in agreement with observed experimental 

trends. The predicted effect of particle size is somewhat greater than 

observed experimentally while the effect due to initially heating or 

cooling the solid propellant is in excellent agreement with experimental 

data. 

As a compromise between the complexity of the three-dimensional 

combustion zone and the oversimplification of a one-dimensional approxi­

mation, Schultz, Green and Penner [l9] suggested a two-dimensional sand­

wich burner model. Nachbar [20], in I960, postulated a two-dimensional 

theory for a sandwich burner model. This model assumes decomposition of 

fuel and oxidizer directly into gaseous reactants and makes use of the 

Shvab-Zeldovich procedure [21,22]. The solution obtained by the Shvab-

Zeldovich procedure is independent of gas-phase reactions due to the 

neglect of finite gas phase kinetics and so, when coupled with pressure-

independent surface pyrolysis laws for the rates of decomposition of each 



of the solid constituents, it will yield burning rates which are inde­

pendent of pressure. As the burning rates are actually pressure dependent, 

this model must be considered incomplete. Nachbar stated that no experi­

ments with two-dimensional sandwich geometry had been reported as of 

1960. 

Several experiments involving two-dimensional sandwiches have since 

been reported. Hightower and Price [23] and [24] ran quench studies, 

along with high speed motion picture photography, of pure crystal AP type 

sandwiches with PBAA binder in a nitrogen flushed combustion bomb. An 

earlier study involving only pure crystals of AP [25] provided basic 

experimental techniques and base cases of pure AP deflagration. The 

sandwich study covered a pressure range from 100 to 1200 psig. No indi­

cation of preferential interfacial reaction was noted and this casts sig­

nificant doubt on theories based on interfacial reactions such as Hermance's 

[14]. 

Nadaud [26] experimentally burned sandwich-like samples consisting 

of two slabs of polybutadiene pressed against a slab of AP. Various 

bonding agents between the AP and polybutadiene were tested and the 

results showed that interfacial propagation during combustion depended 

greatly on the bonding method used. Actual combustion tests were then 

run using no bonding agents, but just tightly pressing the two slabs of 

polybutadiene against the slab of AP. Tests were also conducted with 

polyurethane taking the place of the polybutadiene. The test results 

indicate that in the pressure domain from atmospheric to 300 psi Fenn's 

theory [15], in which a symmetrical gasification of the fuel and of the 

oxidizer is assumed, may be utilized. The leading edge of the regressing 
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surface was noted to be at the interface between the AP and the fuel. 

This is contradictory to the results of Hightower and Price [23]. This 

discrepancy evidently results due to the fact that the slabs were only 

pressed tightly together for Nadaud's tests, whereas much better bonding 

was achieved by Hightower and Price by curing of the fuel-binder while in 

place against the AP, 

The deflagration of pure crystals of AP was later studied in even 

greater detail, using similar techniques to Hightower and Price, by Boggs 

[18]. Boggs' study covered a pressure range from 275 to 6000 psia. The 

burning rate-pressure curve of pure AP, Figure 1, is shown to have four 

different regimes: (l) Regime I is between 300 and 800 psia in which the 

curve has an equation of the form r = cpn with n approximately 0.77, 

(2) Regime II is from 800 to 2000 psia in which the slope of the curve is 

positive, but decreasing, (3) Regime III is between 2000 and 4000 psia and 

the slope of the curve is negative, (4) Regime IV is above 4000 psia and 

the slope of the curve is rapidly increasing. The detailed nature of 

the combustion zone is said to be qualitatively different in each of these 

regions. Therefore the burning behavior of two-dimensional sandwiches of 

AP with a thin binder layer should exhibit distinct differences in these 

four different regions. 

The most realistic model of AP deflagration to date has recently 

been developed by Guirao and Williams [27]. They employed an AP surface 

melt, as observed by Boggs in Regimes I and II, as one of the major 

aspects of the combustion process. A one-dimensional model for AP deflag­

ration between 20 and 100 atmospheres was established in which exothermic 

condensed-phase reactions occurring in this AP surface melt provide the 
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major portion of the heat release to the surface. A very good agreement 

with experimental burning rates is obtained in the pressure range 300 to 

1500 psia. 

Experimental sandwich studies have also been reported by Powling 

[28], Austin [29] and Varney [l3]. Varney used sandwiches composed of 

a thin binder layer (PS, PU, PBAA or CTPB) laminated between two slabs 

of compacted polycrystalline sheets of AP. Quench tests were performed 

over a pressure range of 300 to 2400 psig and the quenched samples were 

investigated for surface characteristics and profile shapes. The com­

pacted slabs of AP were found to match results of single crystal AP 

deflagrating as a monopropellant and as a sandwich constituent. Varney 

observed smooth contours at the binder-oxidizer interface which were simi­

lar to those observed by Hightower and Price [22]. Also binder melts 

were observed to cover portions of the AP surface for all binders tested. 

Varney postulated burning mechanisms for the deflagration of AP sand­

wiches with the different binders, but since he was unable to observe the 

combustion process these are highly hypothetical. Varney concludes that 

because of the uncertainties involved in sandwich regression time history 

and the actual flame structure and location, it is imperative that high 

speed motion pictures be taken of the sandwich combustion in order to 

obtain details unobtainable using quenching techniques. 

Although much work has been done, very little knowledge exists 

concerning the details of catalyst effects in composite solid propellant 

combustion. Several mechanisms have been postulated for catalytic 

action on AP and on composite propellants. The basic premise of these 

mechanisms is that catalysts enhance the heat release rate and raise the 



surface temperature of the propellant. This is postulated to occur in 

a variety of ways: 

(1) Through accelerating the gas phase reaction. 

(2) Through exothermic reactions of gases on the surface of cata­

lyst particles imbedded in the propellant (heterogeneous or not). 

(3) Through heterogeneous reactions of gases with solid fuel. 

(4) Through modifying the pyrolysis mechanism of the solid fuel. 

(5) Through gas phase or heterogeneous reactions promoted by the 

presence of catalyst particles in crevices between solid fuel and solid 

AP (at the interface). 

In 1957, Friedman, et a_K [30] reported on experiments involving a 

weighed quantity of finely powdered catalyst, thoroughly mixed with as-

received AP powder, the mixture then being pressed at 100,000 psi. The 

greatest increase in deflagration rate was produced by copper chromite 

(analyzing 85 per cent by weight CuO and 15 per cent by weight Cr 0 ), 

Another catalyst investigated, iron III oxide (Fe O j , was found to de­

crease the burning rate below that of pure AP at low pressures (below 

1700 psi) and to increase the burning rate at high pressures (above 1700 

psi). Copper chromite was observed to either augment the deflagration 

rate of pure AP or completely prevent burning, depending on the concen­

tration and pressure. At 3000 psi the deflagration rate appears to 

increase monotonically with copper chromite concentration, from zero per 

cent up to a saturation point between 3 and 5 per cent. However, at a 

lower pressure, say 1500 psi, any copper chromite addition in excess of 

perhaps 2 per cent will augment the rate, while slightly smaller additions 

prevent burning. Deflagration of the pressed AP was found to have an 



upper-pressure limit which could be slightly raised by preheating. This 

upper-pressure limit of approximately 4500 psi has more recently been 

shown to be nonexistent through the experiments of Boggs [18] and Bobolev, 

et al. [3l]. Boggs used pure crystal AP and achieved deflagration up to 

6000 psi while Bobolev and associates used clear pressed pellets and 

achieved deflagration up to 10,000 psi. The upper-pressure limit was 

evidently either apparatus or sample dependent. The addition of small 

percentages of catalysts was found to either eliminate this upper-pressure 

limit or shift it above the pressure limits of the apparatus. Some 

hypotheses stated concerning this upper-pressure limit are: (l) The 

mechanism for raising this upper-pressure limit might be that catalysts 

raise the surface temperature. Therefore, if this proposed mechanism is 

correct, copper chromite addition must be far more efficient than pre­

heating in raising the surface temperature. (2) The reaction may be sup­

posed to occur in two distinct stages. In the first stage, the solid 

decomposes to give intermediates. In the second stage, these intermedi­

ates diffuse to various active sites on the surface where they react fur­

ther to give the final products. The first stage is rate-controlling 

unless the pressure is so high that diffusion is too slow; hence, above 

a critical pressure, an abrupt change of rate would occur. The catalytic 

mechanism might be that catalysts elevate the upper-pressure limit by pro­

viding additional sites which catalyze the second stage. However, this 

seems to be inconsistent with the finding that catalyst addition augments 

the deflagration rate at low as well as high pressures. (3) A final model 

involves a rate-controlling gas phase reaction from which heat is trans­

ferred to the surface. The exothermic gas reaction might well be of the 



chain-branching type, with competition between second-order branching 

and third-order breaking processes. At a sufficiently high pressure, the 

chain-breaking processes overtake the chain-branching processes. Cata­

lyst additions are assumed to promote gas phase chain-branching and, 

accordingly, to postpone or eliminate the upper limit. 

Levy and Friedman [32] discussed further studies in 1962, of cata­

lyst effect on AP deflagration. They stated that copper chromite defi­

nitely had an effect on the gas-phase reaction, as experiments indicated 

that the catalyst evidently catalyzed the conversion of nitrous oxide to 

nitrogen in the product gases. This is evidence that the catalyst did 

affect reactions in the gas phase, whatever its other functions may have 

been. 

In 1967, Jacobs and Russell-Jones [33] presented data concerning 

kinetic data for AP pellets containing copper chromite. They stated 

that despite the early discovery [30] of copper chromite being an effi­

cient burning rate catalyst, little attention has been paid to the study 

of its effect on the thermal decomposition of AP. They hoped to corre­

late their kinetic data with data on the sublimation and decomposition of 

pure AP and data on the deflagration of AP + copper chromite thus leading 

to enlightenment of the various mechanisms which had been proposed for 

the decomposition process. Using a thermogravimetric type apparatus 

they determined that the reaction rate constant increases with increasing 

concentration of copper chromite. The activation energy was found to 

increase from 31 to 48 kcal/mole with catalyst addition. They proposed 

the following model for catalytic action effect of AP: The primary step 

is the dissociation of AP into ammonia and perchloric acid on the surfaces 
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of the pellet granules. The molecules of ammonia and perchloric acid 

diffuse over the surface of the granules becoming adsorbed by the cata­

lyst particles where decomposition of perchloric acid and oxidation of 

ammonia proceed. The rate-determining step seems likely to be the heter­

ogeneous decomposition of perchloric acid since the measured activation 

energy is close to that required to decompose perchloric acid. Oxida­

tion of ammonia commences on the catalyst surface, thus by-passing the 

activation energy required by the uncatalyzed reaction, and is continued 

in the gas phase. Heat from the exothermic gas phase reactions is trans­

mitted back to the surface of the decomposing solid by conduction, 

Waesche [34] and [35] performed differential scanning calorimetry 

decomposition tests of AP and composite propellants mixed with the cata­

lysts copper chromite and iron oxide. He found that the catalysts accel­

erated AP decomposition at one atmosphere pressure, with copper chromite 

the more effective of the two materials. These effects also occurred for 

AP decomposition at 250 psi with the exception that iron oxide was nearly 

as effective as copper chromite at this pressure. In both cases, the 

effectiveness of the catalyst was seen to increase with increasing con­

centration. Propellants of AP with PS, PU and PBAA were tested with the 

same two catalysts and both decomposition and burning rate were found to 

increase with increasing catalyst concentration. It was noted that iron 

oxide was a more effective catalyst in propellants than in pure AP. Burn­

ing rate changes in those propellants containing AP and binder only resulted 

from changes in the pre-exponential factor of the reaction-rate expression, 

while the activation energy remained unchanged. The addition of the cat­

alysts iron oxide and copper chromite on the other hand, caused increases 



17 

in both activation energy and pre-exponential factor. Pressure increases 

had only slight effects on propellant decomposition kinetics. The 

effectiveness of the two catalysts in increasing the pre-exponential 

factor was decreased as pressure increased. Waesche stated that the 

addition of iron oxide or copper chromite to propellants increased the 

heat flux requirement of the surface. He said that the required increase 

in heat transfer from the gas phase would occur as a result of the 

acceleration of gas-phase reactions accomplished by the additives. 

Nadaud [26] examined the effect of copper chromite on his sandwich 

experiments at pressures from 5 to 80 atmospheres using 1 per cent of 

copper chromite in the fuel, oxidizer or both. He found that the maximum 

burning rate for his sandwiches occurred when the catalyst was present 

in the fuel. Lower burning rates were obtained when the copper chromite 

was present in the AP or in both the AP and the fuel. 

Pittman [36] described a series of strand burning experiments using 

CTPB propellants and an iron containing catalyst. These experiments were 

aimed at determining the site of catalytic action and the mechanism of 

burning rate catalysis. His conclusions were that: (l) The effective­

ness of mixing catalyst into the binder and of coating the interface be­

tween the AP and the binder with catalyst is the same. (2) Catalyst 

mixed into AP does not increase the effectiveness of the catalyst com­

pared with mixing it into the binder. (3) The burning rate ratio of 

catalyzed to uncatalyzed propellants is unchanged if the oxidizer is mod­

ified by encapsulation in a Viton-A shell. This indicates that catalysts 

do not operate beneath the burning surface to enhance AP decomposition 

or to catalyze oxidizer-binder reactions. (4) Catalysts probably act in 



the gas phase (including heterogeneous surface reactions) to increase 

the reaction rate of perchloric acid and its initial decomposition prod­

ucts. 

Pearson [37] conducted thermogravimetric analysis and differential 

thermal analysis of the catalyst copper chromite. In addition he per­

formed studies on the effect of reactive gases on copper chromite. He 

discussed the relevance of his results to the mechanisms of composite 

propellant catalysis. His work showed that copper chromite was effective, 

at temperatures close to those prevailing on the propellant surface, in 

promoting the reaction of ammonia or olefins (C H ) with perchloric acid 

or oxygen. Under the same experimental conditions, a paraffin hydrocarbon 

(C H0 , _ ) * methane, was unaffected. Pronounced heat release was observed n 2n+2 7 

both when the catalyst was exposed to fuel vapor and when it was exposed 

to perchloric acid or oxygen. It was postulated that under the hetero­

geneous conditions prevailing on the surface of the composite propellants 

it was possible that the catalyst particles are participating in a redox 

cycle which was associated with exothermic reactions in both the reduc­

tion and oxidation stages of the cycle. In this redox reaction it was 

suggested that the fuels react with the oxygen contained in the catalyst, 

which was simultaneously reduced, and that this heat release depended on the 

nature of the fuel. On the other hand, the effect of oxygen would be to 

reoxidize the catalyst from its reduced state and this heat release should 

be independent of the nature of the fuel previously introduced. It was 

concluded that the enhanced heat release from such reactions on catalyst 

particles on the surface of the propellant constitutes one route by which 

the burning rate could be enhanced. 



Pearson also postulated three other possible catalytic mechanisms 

for copper chromite with composite propellants: (l) Increased surface 

heat release might also enhance the burning rate through a second effect 

in which the gas-phase burning velocity was increased. Support for this 

argument is the subject of a paper by Hall and Pearson which is to be 

published. (2) The catalyst might promote the reaction of perchloric 

acid vapor with solid fuel. Pearson and Sutton [38] found that the igni­

tion of mixtures of perchloric acid vapor and ammonia was accelerated by 

the addition of copper chromate as a catalyst. They also found that the 

ignition of gaseous fuels with perchloric acid vapor in the absence of 

a surface was considerably slower than that of the condensed fuel which 

would form these gaseous fuels by pyrolysis. Consequently, this suggested 

that heterogeneous reactions are the important ones leading to ignition 

in a propellant containing ammonium perchlorate. They proposed a reac­

tion for an ammonium perchlorate solid propellant with a catalyst as 

follows: As the temperature rises, the ammonium perchlorate would 

dissociatively vaporize into ammonia and perchloric acid, and the fuel 

would pyrolyze into gaseous products. The perchloric acid and ammonia 

(or fuel products) were then suggested to react in the presence of the 

catalytic surface thus igniting the mixture. This reaction included the 

heterogeneous decomposition of perchloric acid vapor into chlorine 

oxides, which might subsequently react either homogeneously or hetero-

geneously with fuel. (3) The catalyst might modify the pyrolysis mech­

anism of the solid fuel. No support was given for this argument. 

Catalysts which accelerate the high temperature decomposition of AP 

such as copper chromite are commented on by Steinz, Stang, and Summerfield 



[l2]. They state that two possible modes of catalytic activity exist 

for the normal rocket pressure range: (l) One or more of the O/F flame 

reactants react heterogeneously with the surface of the catalyst par­

ticles while they are still embedded in the propellant surface, and 

(2) The existence of gas-phase or heterogeneous reactions in crevices 

between the solid fuel and solid AP is promoted by the presence of 

catalyst particles at the interface between the solid AP and solid fuel. 

They feel that the latter possibility is more credible. To help clarify 

the mechanism of catalytic action they suggest an interesting set of 

tests which have not yet been done: Investigate (l) a propellant without 

catalyst, (2) the same propellant with fine catalyst particles mixed 

uniformly in with the fuel and (3) the same propellant with the same 

amount of the same catalyst, present now as a uniformly dispersed inclu­

sion in the AP crystal structure. 

Hightower and Price [23] and [24] conducted quench tests using 

copper chromite catalyst mixed with the PBAA binder of AP/PBAA sand­

wiches. Their only conclusion was that the pressure dependent surface 

pattern of the quenched sandwich was virtually unaffected by the addi­

tion of copper chromite. 

Purpose of the Research 

It is evident from the preceding literature survey that a wide 

variety of views exist regarding the mechanism of composite solid pro­

pellant combustion. Many of the theories thus far advanced are based on 

highly hypothetical cases in order to make the mathematical models more 

tractable. In order to achieve more realistic analytical models a more 



thorough knowledge of the combustion process is required. 

The purpose of this investigation will be to further the under­

standing of the basic combustion mechanisms of composite propellant 

combustion through experimental investigations. 
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CHAPTER II 

INSTRUMENTATION AND EQUIPMENT 

The experimental investigation was conducted in the Georgia 

Institute of Technology Aerospace Engineering Propulsion Laboratory. 

Principal aspects of the facility are a high pressure, variable flow 

combustion rig equipped for photography, a high speed movie camera, a 

high intensity light source, a motion analyzer (movie projector) and 

associated laboratory apparatus required for sample preparation and 

data analysis. A layout of the basis apparatus is shown in Figure 2. 

Combustion Rig 

The combustion rig, shown schematically in Figure 3, consists 

of a nitrogen supply, an orifice for flow measurement, a window bomb 

in which the sample is ignited and miscellaneous valves, plumbing, 

gauges and controls. 

Nitrogen is supplied to the rig from three pressurized cylinders. 

One to three cylinders may be used depending on the flow requirements. 

Medium and low pressure runs were performed using high purity, dry nitro­

gen (Linde) supplied in cylinders containing 300 standard cubic feet at 

2600 psig. High pressure runs, up to 3200 psig combustion pressure, were 

performed using prepurified nitrogen (Matheson) supplied in cylinders 

containing 338 standard cubic feet at 3500 psig. The rig is designed for 

an ultimate capability of 6000 psig. For such high pressures prepurified 

nitrogen (Matheson) supplied in cylinders containing 494 standard cubic 
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feet at 6000 psig may be used with only slight modifications to the 

existing rig as mentioned below. 

The three nitrogen cylinders feed into a three-station, single 

row brass manifold supplied by the Matheson Company. The manifold, 

rated for 6000 psig safe working pressure, is wall mounted on the com­

bustion system enclosure. This manifold is now set up for use with 

either the 2600 psig or 3500 psig cylinders. The 6000 psig cylinders 

may be used with this manifold by changing the cylinder connectors from 

CGA type 580 to CGA type 67U. 

The nitrogen is admitted to the system from the manifold through 

the System Supply Valve, a Hoke Roto-Ball, type 303 stainless steel 

valve (P/N 7223F85). This type valve is also used as the Safety Vent 

Valve which provides a nitrogen bleed capability in case of a regulator 

lock-up or other unforeseen difficulty in the pressurization system. 

Manifold supply pressure is monitored on a Marsh Type 210 pres­

sure gauge. This gauge is constructed of type 403 stainless steel and 

has a pressure range of zero to 8000 psig. Accuracy is ± 20 psi and 

readability is 50 psi. 

Nitrogen flow is monitored using a sharp-edged flow orifice fur­

nished by Vickery-Simms, Inc. The orifice meter tube assembly is rated 

at ASA 1500# (good up to 3500 psig, should be removed for higher pres­

sure runs) and is made of type 316 stainless steel. Schedule 80, 3/4 

inch pipe is used upstream and downstream of the orifice plate. The ori­

fice plate is 1/8 inch thick and the orifice hole is 0.136 inches in 

diameter. The orifice meter tube assembly and the orifice plate conform 

to guidelines laid down by the ASME [39] and by the American Gas 
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Association [40]. Orifice inlet temperature was measured using an iron-

constantan thermocouple furnished by the Thermo Electric Company. Average 

inlet temperature during a run was noted to be 525°R. The thermocouple 

was removed from the system upon noting that this temperature did not 

vary appreciably during a run and also due to the fact that slight 

inlet temperature variations only slightly affect mass flow. Pressure 

drop across the orifice is measured using a zero to 100 psi /\P gauge 

furnished by the ITT Barton Company. This gauge is a Barton Model 227 

made of type 316 stainless steel and is rated at 6000 psig SWP. Accuracy 

is ± 0.5 psi and readability is 1 psi. A sample flow calculation may be 

found in Appendix A along with AP tables for one foot per second nominal 

flow velocity past the sample. The greatest inaccuracy of this system 

is that Pn, the orifice inlet pressure, is not constant, but varies 

during the run. P- varies approximately 200 psig per run, thus actual 

flows are based on an average P. during the run. This flow measurement 

system is used to provide a rough estimate of nitrogen flow past the 

sample thus removing combustion products from the field of view of the 

camera. The system is considered adequate for this purpose even with 

the inaccuracies of using an average P,, assumed inlet temperature and 

the inherent inaccuracies of a sharp-edged orifice. 

The combustion pressure level is maintained constant during the 

run by a Victor Controls dome-loaded pressure regulator, Model GD 68. 

The Model GD 68, a diaphragm operated, balanced poppet regulator with 

type 316 stainless steel body and springs and "Viton" diaphragm and 

seals is rated for 10,000 psig service. This regulator is in turn con­

trolled by a Victor Controls LR series pressure reducing regulator which 
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maintains the proper dome loading for the model GD 68. The LR series 

regulator is a low flow, high pressure regulator for the control of 

pressure up to 10,000 psig. The LR regulator is self-relieving and has 

a hand wheel control, 

Combustion pressure is monitored by a Marsh Type 210 pressure 

gauge. This gauge is constructed of type 403 stainless steel and has a 

pressure range of zero to 5000 psig. Accuracy is ± 12.5 psi and reada­

bility is 20 psi. This gauge must be replaced if the system is ever 

operated above 5000 psig combustion pressure. 

A stainless steel pressure vessel equipped for photography was 

used for control of the combustion atmosphere. The combustion vessel, 

schematically shown in Figure 4, is a three piece assembly with provi­

sions for sample ignition, lighting and photography: 

1. The lower section provides an inlet for the nitrogen pres-

surization flow, houses the ignition circuitry and serves as a base for 

the sample holder assembly. 

2. The center section serves as the combustion section and has 

quartz windows for lighting and photography. The windows are ground 

and polished General Electric Type 151 Clear Fused Quartz Discs, 1 1/2 in. 

in diameter and one inch thick. Appendix B contains prints used for the 

construction and assembly of this center section. 

3. The top section provides an exit for the exhaust flow. The 

three piece combustion vessel is retained by upper and lower stainless 

steel, threaded collar rings on the O.D. of the combustion section and 

utilizes rubber "0"-rings for leak proof pressure control. 

The sample holder assembly, as shown in Figure 4, is attached to 


