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GLOSSARY 

Note: Thi s glossary is not intended to be comprehensive, but rather provide a few brief definitions for 
readers not familiar with this field. 

AP- (Ammonium perchlorate, NH4CIO4), an oxygen rich energetic crystalline material. 

BAMO- (bisazidomethyl oxetane) an energetic binder. 

BDP- Refers to a composite propellant model developed by .!;!eckstead, .Qerr and rrice . (Ref. 13) 

Binder- a matrix material used to support the various ingredients in a propellant. 

Burning rate- in thi s dissertation, this refers to the surface regression rate (cm/sec). 

Composite propellant- a propellant composed of two or more ingredients 

Condensed phase- refers to either the solid or liquid regions. 

Dark zone- the region in a two-stage flame where reaction rates are slow, characterized as a having low 
emission of light, and small temperature rise. 

DB- Double Base, a energetic material composed mostly of nitrocellulose and nitroglycerin . This propellant 
has a two-stage flame separated by a dark zone. 

GAP- (glycidyl azide polymer, (C3H5ON3)n), an energetic fuel rich binder. 

HMX- (cyclotetramethylenetetranitramine, C4H8N8O8, octogen) a nitramine energetic material similar to 
RDX. Properties are listed in Table 22, page I 03. 

HMXR- HMX minus an NO2 group. 

HMXRO- an isomer of HMXR. 

HTPB- (hydroxyl-terminated polybutadiene), a non-energetic binder. 

Monopropellant- a single ingredient propellant. 

NG- Nitroglycerin . 

ROX- (cyclotrimethylenetrinitramine, C3~N6O6, hexogen), a nitramine energetic material similar to 
HMX. Properties are listed in Table 22, page I 03 . 

RDXR- ROX minus an NO2 group. 

RDXRO- an isomer of RDXR. 

Surface- in this dissertation, the interface between the gas and two-phase region. 

Temperature Sensitivity- (crp) a parameter used in unsteady combustion analysis, defined as oln(rb)/oTinit at 
constant pressure. 
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NOMENCLATURE 

Ac Cross -sectional area of flame X Location relative to surface 
A1-s Area of liquid-gas interface xk Mole fraction of species k 
CP Constant pressure heat capacity yk Mass fraction of species k 
Dj.k Binary diffusion coefficient 
Ea Activation energy Greek Symbols 
Er BDP flame activation energy a Thermal diffusivity 
f External force per unit mass ~ Temperature exponent in reaction rate 
h Total enthalpy per unit mass expression 
Hk Molar enthalpy of species k 8 Pressure Exponent in BDP model 
ii Total number of reactions 8 Identity matrix 1.J 
kk Total number of species L'lhr Heat of formation 
JJ Total number of nodes L'lHtransition Heat of phase change 
m Mass burning rate L'lHvap Heat of evaporation 
m, Mass burning rate in BDP model 

<I> Void fraction in two-phase region 
n Number of bubbles "- Thermal conductivity 
p Hydrostatic pressure µ Dynamic viscosity 
Pvap Vapor pressure 

V =v''-v' 
q Heat flux vector v' Stoichiometric coefficients of reactants 
qevap Mass evaporation rate 

v" Stoichiometric coefficients of products 
qk ,i Rate of progress for reaction i. 

p Mass density 
qlaser Heat flux from external laser 

Shear stress tensor CT;j Q Heat input term <Jp Temperature sensitivity, defined as 
Qr BDP flame heat release a1n(rb)/cff;n;,I p 
QL BDP liquid heat release "C Temperature gradient 
R Ideal gas constant 

~ Mass production rate of species k 
rb Surface regression rate ~ Dimensionless flame standoff distance in 
s Depends on context: BOP model 

Parameter to allow for the 
effect of surface tension (eq. 22) Subscripts 

Sticking coefficient in C Condensed 
evaporation sub-model f Flame 

Normalized sensitivity (1 Gas :::, 

coefficient Reaction I 
t Time init Initial 
T Temperature j Nodej 
Tr Flame temperature k Species k 
T;n;, Initial temperature I Liquid 
Tmelt Melting temperature 1-g Average of liquid and gas properties 
Ta Initial Temperature melt Melting 
T, Surface Temperature 0 Initial 
u Velocity s Solid 
V Mass diffusion velocity vap Vapor 
wk Molecular weight of species k 
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COMBUSTION MODELING OF RDX, HMX AND GAP WITH DETAILED KINETICS 

Introduction 

Solid propellants are widely used in many industries today. Solid propellants are found in the 

solid rocket boosters that help provide the thrust to launch the Space Shuttle into orbit and in automotive 

air bags where they rapidly generate gas to inflate the bags. Solid-fueled rockets launch satellites into 

orbit, eject pilots to safety from disabled aircraft, launch dazzling firework displays and are one of the 

main delivery mechanisms for military weapons. Compared to liquid-fueled rockets, solid rocket motors 

have very few, if any, moving parts. Solid rocket motors do not require pumps to bring the reactants up to 

chamber pressure. The solid fuel can generally be stored for long periods of time under ambient conditions 

with little change in performance, whereas some liquid propellants must be stored in cryogenic conditions 

and others can be corrosive to their storage vessels . Solid propellants can be launched in a fraction of a 

second, but liquid-fueled rocket motors require some preparation time before launch. In the Gulf War, the 

Iraqis were often detected fueling their liquid-fueled SCUD missiles before they could launch their 

missiles. Almost all aircraft-launched missiles are solid-fueled because of their simplicity, quick response 

time , and reliability . 

For in-flight-performance control, the liquid-fueled motors have a definite advantage. For liquid­

fueled rockets, the chamber pressure (which determines the thrust) can be controlled by the pumps. For 

solid-fueled rockets, their performance over time is determined by their design, namely the propellant 

formulation and configuration. The formulation deals with small scale (microns to cm) effects and the 

configuration deals with the large scale (cm to m) (physical grain design) . (Figure I clarifies this 

distinction). The formulation and configuration of a rocket propellant is chosen to give the desired solid 

rocket motor performance. 



Scale: r-microns ~----- cm tom -----1 

Ingredient B Cross section I Cross section 2 

0 0 

Formulation Configuration 

Figure 1: Propellant Formulation and Configuration 

The difficulty in designing a rocket motor is compounded by acoustic pressure oscillations which 

occur in the combustion chamber. Because the burning rate of a propellant is generally a strong function 

of pressure, and the pressure of the combustion chamber is a function of the burning rate, positive 

feedback can occur leading to catastrophic failure of the rocket motor. The effect of propellant formulation 

on combustion instability is not well understood. Understanding and predicting the relationship of 

propellant formulation and pressure oscillations is the objective of the contract from which my research 

has been funded. 

Most solid propellants are a heterogeneous mixture of several ingredients. These multi-ingredient 

propellants are referred to as composite propellants; whereas, single-ingredient propellants are called 

monopropellants. The various ingredients often include oxidizers (or energetic compounds), fuel (or 

binder), plasticizer, stabilizer, curing agents, cross-linking agents , bonding agents, burning rate catalysts, 

anti-ag ing agents, opacifier, flame suppressant, and combustion instability suppressant. 1 The weight 

fracti ons and particle sizes of the different components are varied to achieve the desired combustion 

characteri stics. Experimentally determining the optimum mixture can be very costly; therefore, 

developing a model that could a priori predict composite propellant combustion would be extremely 

valuable. But the chemical and physical interactions between the different ingredients are very complex. 

The first step in developing such a model would be to understand thoroughly and accurately model the 
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steady-state combustion of the individual ingredients. Much of the initial understanding comes from 

experimental observations. 

The level of understanding of combustion and combustion related processes has rapidly increased 

over the past several decades . Advances in experimental techniques now allow scientists to measure 

concentrations of many of the reacting species on the parts per million level with a spatial resolution of 

about 4 microns (e.g. the work of Parr and Hanson-Parr2
). Advances in computers, quantum mechanics 

and statistical mechanics have enabled scientists to estimate within reasonable accuracy, the 

thermophysical properties and reaction kinetics of short-lived combustion intermediates (e.g. the work of 

Melius\ Progress has also been made in measuring some of the heterogeneous processes involved in 

propellant combustion.4,5,6 

Experimental data are like pieces of a complicated jigsaw puzzle. Some of the pieces are still 

missing (experiments that have not been done); some of the pieces that are available do not fit together 

perfectly (variations in experimental technique and scatter in experimental data); and the complete picture 

is still unknown (incomplete understanding of the combustion process). As pieces of the puzzle come 

together, a blurry and incomplete picture forms. Scientists propose what the picture could look like by 

developing a model. The complexity of the model is constrained by lack of understanding of the process 

(missing pieces of the puzzle), but the model will often make an assumption as to the form of the missing 

pieces. Once complete, the model is compared to experimental data. How well the model puts together the 

pieces of the puzzle (agrees with experimental data) will depend on the assumptions upon which the 

model is based and the input parameters of the model. This comparison of the model's picture with reality 

not only will indicate what pieces of the puzzle are still missing but what experimental data should be 

reevaluated. More experimental data helps refine the model. Models help scientists interpret their 

experiments and experiments help validate models (see Figure 2). By iterating between experiment and 

modeling, the pieces of the puzzle begin to line up and the picture becomes clearer. The process is greatly 

enhanced if there is close interaction between those performing the experiments and those developing the 

models. 
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• Input Parameters 

-•~ • Data for Model 
Validation 

• Indicates missing data. 

• Indicates errors and 
conflicts in data. 

• Reduces experimental 
domain. 

• Data Analysis 

.. 
Figure 2: Feedback Relationship between Experiment and Modeling 

Nature of Research Contract 

To better facilitate the interaction between those doing experiments and those developing models, 

a multi-university research project was proposed. This research involves six principle investigators* at five 

uni versities and is funded by the Air Force Office of Scientific Research under contract AFOSR F496209-

93-l-0430.7 The objective of thi s research is to develop models of fundamental mechanisms of combustion 

instability which can be applied to a variety of energetic materials. The responsibilities of each principle 

investigator are summarized in Table 1. 

The first three investigators in Table I focus on obtaining the experimental data and the last 

three investigators are involved in modeling. The experiments of Brill, Branch, and Litzinger provide data 

for development of chemical reaction mechanisms and for model validation. The research group headed 

by Smooke focuses on the development of the gas-phase reaction chemistry. Beckstead's group is 

responsible for developing simplified models which would be used by Yang's group in modeling the 

reacting flow in a rocket motor. 

• M. W. Beckstead (Brigham Young University), M. C. Branch (University of Colorado), T . B. Brill 
(University of Delaware), T. A. Litzinger (Pennsylvania State University), M. D. Smooke (Yale 
University), and V. H. Yang (Pennsylvania State University). 
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T bl 1 T k a e : as s as ,pec1 1e mt e s 'fi d. h R esearc hC t on ract. 
Brill T-Jump and SMATCH/FTTR experiments to evaluate the effect of unsteady 

temperature and pressure fields 
Litzinger Microprobe mass spectroscopy to characterize dynamic combustion phenomena under 

a varying laser heat flux. 

Branch Measure the structure of two-dimensional laminar diffusion flames, diffusion flames 
with cross flow, and counter flow diffusion flames . 

Smooke Modeling of flame structure with full chemistry. 
Yang Modeling of flow field in a rocket motor with simplified chemistry and pressure 

oscillations. 
Beckstead Integration of the above studies into a propellant/diffusion flame model which 

includes decomposition kinetics and simplified chemistry. 

My Contribution 

As stated above, prior to modeling the unsteady combustion of several ingredients, one must fir st 

model the steady-state combustion of the individual ingredients . My contribution to the research has been 

the development, testing and use of a model for the steady-state combustion of homogeneous propellants 

for pressures typical of solid rocket motors (less than 100 atm). In the development and application of this 

model to several ingredients, key thermophysical properties and reaction mechanisms have been 

identified. Additionally, a reduced chemical reaction mechanism has been developed. My work serves as a 

necessary precursor in the development of unsteady and multidimensional models . 

The outline of this dissertation is as follows. First, the physical and chemical processes that occur 

in the combustion of solid propellants are introduced. Then, the general conservation equations are 

presented along with a discussion of common simplifying assumptions. A review of steady-state propellant 

combustion models found in the literature is presented. The rest of the dissertation is a description of the 

combustion model and its application to the monopropellants RDX (Chapter 6), HMX (Chapter 9) and 

GAP (Chapter I 0). Various acronyms commonly used in this area of research are defined in the Glossary. 
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CHAPTER 1: OVERVIEW OF SOLID PROPELLANT COMBUSTION 

As described above, propellants found in practical applications are composed of a variety of 

ingredients. To understand how a propellant burns, the combustion of a pure ingredient is discussed first, 

followed by a brief discussion of the complexities of the combustion of heterogeneous propellants. 

Combustion of a Homogenous Propellant 

As a propellant burns there are complex interactions between the gas-phase flame, the liquid 

layer on the surface and the un-reacted solid. The heat released in the flame provides a heat flux to the 

surface. This energy causes the propellant to melt, evaporate and/or decompose, providing reacting species 

to the gas flame. This fuel reacts, providing more energy back to the surface. The increase in heat flux to 

the condensed propellant causes an increased mass flux away from the surface. The increased mass flux 

has the effect of "blowing" the gas-phase reactions away from the surface which reduces the heat flux to 

the surface. Steady-state deflagration occurs when the heat flux from the gas flame is in balance with the 

mass flux away from the surface. 

Pressure has a strong effect on the burning rate. As pressure increases, the reaction rates in the 

gas-phase increase. This increases the temperature gradient (heat flux) near the surface which leads to an 

increase in burning rate . This effect is illustrated in Figure 3.8 

Combustion of a propellant can be broken into three regions: solid, liquid-gas two-phase region, 

and the gas region. Each of these three regions is discussed below. 
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Figure 3: Effect of Pressure on Temperature Profile 

Solid Region 

High Pressure 

Temperature Profile 

The solid phase of many monopropellants (RDX, HMX, AP) is crystalline, though there are 

numerous polymer propellants (GAP, BAMO, DB). Depending upon the specific ingredient, there can be 

several phase transitions (with their respective density changes and heats of phase change) to consider 

between the initial temperature and the melting temperature. Some propellants can sublime and/or 

decompose while in their solid form, but the rates associated with these processes are small compared to 

the decomposition and evaporation rates after the propellant has melted. For certain propellants, it is 

uncertain whether the solid to liquid transition occurs via melting or decomposition .9 For these reasons, it 

is often difficult to find experimental values for L'lHmelt in the literature. 

Two-Phase Region 

The two-phase region consists of liquid and gaseous species resulting from the melting and/or 

decomposition of the solid phase. The initial decomposition reactions are probably the least understood 

part of the monopropellant flame. Many of these propellants are complex molecules which can break 

down by several pathways, some of which are exothermic and others endothermic. The molten phase has 
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been difficult to understand because of the many processes occurring (see Figure 4) . Decomposition, 

evaporation and heterogeneous reactions (liquid-gas, liquid-solid, and gas-solid) generate gas-phase 

molecules. These gas-phase molecules can nucleate to form bubbles. Gas-phase reactions can occur inside 

the bubbles and liquid-gas reactions can occur at the bubble surfaces. Gases can di ssolve into the liquid, 

and liquid can evaporate into the bubbles .10 The void fraction of bubbles is a function of both heat flux and 

pressure. At hi gh pressures, the burning rate is sufficiently fast that bubble formation appears to have less 

effect on the combustion process than at low pressure . 11 

T ·············: : :: .··· .. · .. ···········::::::: :::.:······ ·· -
Gaseous Reactions 

Flame 
Temp 

Gas reaction zone : . 
( 10- 100 µm) 

Foam Layer 
( 10- 100 µm) 

Solid Phase 
( 10-150 µm) 

J_ 

.. . .. -
Pyrolysis ~cf" 
vaporization 

Surface tension 

....... 

Heat feedback Gas 

Surface 
Temp 

eat and 

__ Melting 
Temp 

Initial 
Temp 

Figure 4: Physicochemical Processes Occurring in the Melt Layer (adapted from Ref. 10) 

Gas-Phase Region 

As with the divi sion between the solid and two-phase regions, the division between the two-phase 

and gas-phase region is not well defined due to chemical reactions, bubbles, and condensed material being 

advected away from the surface. In the gas-phase region of a monopropellant, the flame is essentially 

premixed. The species coming from the surface react with each other and/or decompose to form other 

species. The reactions continue until equilibrium is reached. As discussed above, energy from these 
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reaction s is conducted back to the surface. Species are advected away from the surface by the net mass 

flux , but mass diffusion has the effect of transporting species to and from the surface. Thousands of 

reactions involving hundreds of species can be occurring in the gas flame. 12 

Composite Propellant Combustion 

The heterogeneous nature of composite propellants make the combustion of composite 

propellants multidimensional. All of the complexities of the combustion of homogenous propellants are 

compounded by interactions between the different ingredients. For example, in the combustion of 

heterogeneous propellants, the coupling between the heat flux from the gas phase and the burning rate is 

complicated by varying flame structure on the burning surface. These concepts can be largely attributed to 

the work of Beckstead, Derr and Price (i.e. the BDP model). 13 (See Figure 5). 

While the flame structure shown in Figure 5 has more of an effect in certain propellants than in 

others, it is still present, at least to some degree, in all composite propellants and should be considered. 

Due to the dominating effect of multiple flames in the combustion of AP/HTPB propellants, this type of 

propellant will serve as the example in the following discussion on composite propellant combustion. AP 

(ammonium perchlorate, NH.iC1O4) is oxygen rich (i.e. its combustion products contain approximately 

30% 0 2) , while HTPB is a hydrocarbon binder that will not burn by itself. The monopropellant flame in 

Figure 5 is the same type of premixed flame as illustrated in 

Figure 3. It is the result of reactions between species coming from the oxidizer. Near the 

boundaries of the AP crystal, the decomposition species coming from the oxidizer diffuse and react with 

the species pyrolizing from the fuel binder. This forms the primary diffusion flame. This flame is not only 

more energetic than the AP monopropellant flame, but occurs closer to the surface (Note: This is true at 

intermediate pressures (-34 atm). See the discussion below of the effect of pressure on the composite 

flame structure). This causes the surface to regress faster at the interface between the binder and oxidizer. 

The final diffusion flame is a result of reactions between the products of the monopropellant flame with 

those of the primary diffusion flame and unreacted binder species. 
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Monopropellant Flame 

Binder 

si! Molten Layer 

Figure 5: Multiple Flames in Composite Propellant Combustion. (adapted from Ref. 8) 

The relative effect of these three flames to the burning rate is a function of pressure, as illustrated 

in Figure 6. At low pressures (~20 atm), the diffusion flame dominates and the monopropellant flame is 

not well established due to slower kinetics. The location of the monopropellant flame is a stronger 

function of pressure than is the location of the diffusion fl ame and as the pressure increases it moves 

closer to the surface than the final diffusion flame. At mcxlerate pressures (-20-40 atm), the 

monopropellant flame and primary diffusion flame compete for control of the heat flux to the surface. At 

high pressures (>40 atm), the monopropellant flame is next to the surface and there is only one diffusion 

flame. The contribution of heat flux to the surface from the diffusion flame can still be important, but the 

monopropellant flame dominates. 8 
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Figure 6: Pressure Effects on Flame Structure (adapted from Ref. 8). 

The flame structure is also a function of geometry. As the binder and oxidizer crystal burn, the 

initial diffusion distances are relatively small but increase with the diameter of the exposed crystal. The 

flame structure above the oxidizer crystal changes with the diffusion distances. 8 (See Figure 7) . 
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Figure 7: Composite Flame Structure as a Function of Geometry. (adapted from Ref. 8). 

The relative significance of diffusion flames in the combustion of a propellant is largely 

determined by the chemical composition of the individual ingredients. For example, the pure nitramines, 

RDX and l-IlvtX, burn faster than pure AP, but a composite AP propellant will burn faster than a 

composite nitramine propellant (assuming a non-energetic binder). 8 Characteristics of composite 

propellant combustion are dependent on particle size, pressure, mass percentages of binder and oxidizer, 

initial temperature and chemical composition. The ultimate goal of modeling efforts is to predict 

accurately this functionality. To do so, a model must be able to predict the correct temperature and species 

concentrations in three dimensions. A one-dimensional model which accurately predicts temperature and 

species profiles is a necessary precursor for multi-dimensional models with detailed chemistry. 

The following two chapters address how various models found in the literature address these 

issues. 
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CHAPTER 2 : THE CONSERVATION EOUA TIO NS 

Having briefly discussed in words the state of understanding of the combustion of propellants in 

the previous section, thi s chapter and the following chapter will discuss how scientists and engineers have 

attempted to describe the above processes mathematically. In doing so, the general conservation equations 

will first be presented without any simplifying assumptions . These equations, after app lying the 

simplifying assumptions that are common among almost all propellant combustion models (i.e. Fourier's 

law of heat transfer, Newtonian fluid , and ideal gas) , will serve as the basis for comparison for the various 

propellant combustion models found in the literature (Chapter 3) . 

The Conservation Equations 

The combustion of solid propellants can be described by the general conservation equations of 

mass, momentum, and energy. Even though some of the terms in the following equations are generally set 

to zero for solid and liquid phases, they are included here for completeness because they can become 

important in the gas phase. 1
~ 

Continuity Eq .: 

Momentum Eq. : 

Energy Eq.: 

Jp + V · (pu) = 0 
at 

The continuity equation is sum of all the individual species equations: 

13 

( 1) 
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Species Eq : (4) 

No assumptions are made in Eqs.s l -4, but many of the terms require further definition . (Note: V k is the 

velocity of species k due to diffusion with respect to the bulk velocity u.) Assuming an isotropic 

Newtoni an fluid, and employing the hypothesis made by Stokes, the total stress tensor can be defined as : 

(5) 

where pis the hydrostatic pressure andµ is the dynamic viscosity . 

In the energy equation, the heat flux q is defined as the sum of the heat flux due to conduction 

(Fick's law), diffusion and Dufour effect, but the Dufour effect is so small that it is generally assumed to 

be negligible . Thus q is defined by: 

kk 

q = -X'vT + p LhkYkVk 
k=I 

(6) 

The heat input term, Q includes energy from chemical reactions, radiation and any heat loss from the 

system (i.e. laser heat flux or a non-adiabatic system). Q is defined as: 

kk 

Q = -L wkAfz; .. k + Q /o.H + Qrudiution 
k=I 

where WJc is the mass production rate of species k and is defined in terms of the chemical reactions: 

;; (- E i / ) kk ( X PJv;_, 
(J.)k = wk I(vti -v:.i )A;Ti exp UIRT n _J_ 

i= I J=I RT 

(7) 

(8) 

The diffusion velocity Vk for a multi-component system, assuming that thermal diffusion , body 

forces, ideal gas and pressure-induced diffusions are negligible can be found by solving: 14 

(9) 

Finally, in propellant combustion, body forces lf(k)) can usually be neglected. With these 

assumptions, constitutive relations, and definitions, Eqs.s 1-4 are very difficult to completely specify and 

solve. Almost all of the models discussed in subsequent chapters make the assumption that the combustion 

14 



can be treated as one-dimensional. With the assumptions discussed above the one-dimensional versions of 

Eqs. s 1-4 are : 

1-0 Continuity: 

1-0 Mo mentum Eq. : 

1-0 Energy Eq.: 

1-0 Species Eq: 

ap + ~(pu) = 0 
dt ax 

P[au + u Ju]=_ ap +±~(µJu) 
Jt ax ax 3 ax ax 

dT dT Jp Jp 
pC -+puC ----u-= 

p Jr p ax dt ax 

-A--- pTI_C,,<kJ YkVk J dT J( kk ) 

ax ax ax k=I 

Simplifying Assumptions 

( 10) 

( I I ) 

( 12) 

(13) 

For steady-state problems, not only do the time-dependent terms disappear, but the viscous effects 

are usually assumed negligible. By assuming constant pressure, the pressure gradient terms in the . 

momentum and energy equations are dropped . This effectively eliminates the need for the momentum 

equation. Applying these additional assumptions to Eqs .s 10-13 yields: 

1-0 SS Continuity: 

1-0 SS Energy Eq.: 

1-0 SS Species Eq: 

J 
Jx (pu) = 0, pu = constant 

Jr a Jr a( kk ) puC"-=-A--- pTI_c,,<kJ¾°½ 
dX dX dX ax k= I 

kk 
+ Q,udiurion + <210.u + L wkM;(k) 

k= I 

15 

( 14) 

( 15) 

( 16) 



The above set of equations ( 14, 15 , 16) are still difficult to solve when considering the many 

species and reactions that can be involved in three phases (solid, liquid and gas). Steady-state propellant 

combustion models are generally developed by making further simplifications to these equations. Many of 

these assumptions are discussed in the next chapter. 
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CHAPTER 3 : MODELS FOUND IN THE LITERATURE 

In this chapter, a review of the steady-state propellant combustion models from the past 30 years 

is presented. Many of the models developed prior to 1970 were summarized by Beckstead and McCarty. 15 

Though there are a variety of levels of assi.:mptions made, the evolution of steady-state propellant 

combustion modeling can be divided into four categories: 

I. Global Kinetic Models . 

2. Semi-Global Models 

3. Development of Detailed Kinetic Mechanisms. 

4. Multi-Phase Models with Reactions. 

Naturally, some models will overlap two of the categories. The general differences are 

highlighted in Table 2. As the name implies, the global kinetic models use global kinetics and, in general, 

only solve the energy equation assuming a surface reaction and flame sheet. The semi-global models relax 

the surface reaction and flame sheet assumptions, solve both the energy and species equations, and 

generally have at least two competing global reaction steps. The next step in the evolution of propellant 

combustion models was the development of elementary-step reaction mechanisms. The simplest of these 

mechanisms generally include more than 15 species involved in more than 30 reactions . The most recent 

models include the detailed reaction mechanisms in the gas phase coupled with reacting condensed 

phases. The progression in the complexity and power of the models can be attributed to more and better 

experimental data, better computers, and better numerical algorithms. 
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T bl 2 G a e : enera 1 D'ff erences I b t e ween C atagones o f M d I o es. 
Characteristic Global Semi-Global 

Solid region * * 
Liquid region ? 
Gas region * 
Energy equation * * 
Species equation * 
Surface reaction * 
Flame sheet/standoff * 
Elementary gas reactions 

In-depth condensed reactions * 
* indicates incorporation of characteri stic in model category. 

Previous Modeling Efforts 

Global Kinetic Models 

Detailed Multi-Phase 
Kinetics 

* 
* 

* * 
* * 
* * 
? 

* ? 
? 

In 1970, Beckstead, Derr and Price13 published their BOP model for composite solid-propellant 

combustion. This model served as a starting point for many subsequent models of both monopropellant 

and composi te propellant combustion . The application of this model to a monopropellant will first be 

described. 

For the BOP type of model, the combustion processes are described by a one-dimensional energy 

equation spanning a condensed (generally assumed to be solid) and gas region. The species continuity 

equations are neglected and the reactions are represented by heat releases due to a surface reaction and a 

flame sheet approximation at some fl ame stand-off distance from the surface. The energy equation is 

solved for the surface temperature, which is then used to calculate the burning rate from an Arrhenius 

expression . The equations, as presented by Beckstead in his application of the BOP model to a double base 

propellant, are: 16 

The burning rate: (
-E, J m_,. = A,. exp RT,,. (17) 

Energy Equations: ( 18) 

(19) 
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2 

Flame stand-off di stance: 
• c,,mx 

S = ;upo, (20) 

where f refers to the gas flame, s for the surface, and L the liquid. To use thi s model , the adiabatic flame 

temperature Cf;) is calculated by a thermo-equilibrium code for a given pressure (P) and initial 

temperature (T0 ). Equations 18, I 9, and 20 can be substituted into Eq. I 7, yielding a single equation , 

implicit in the burning rate (m5), with eight remaining parameters to be specified (Ef Af cp, A.Cl, Q[.; £ 5 

and A 5). Since all eight parameters are either global and/or independent of local temperature and 

composition, they tend to represent averages. Therefore, they generally have large levels of uncertai nty. 

Whenever thi s or si milar model s have been presented in the literature for specific propellants, much of the 

di scussion has dwelt upon the choice of the parameters. In almost every case, at least one or two of the 

parameters are chosen (usually the gas-phase reaction prefactor, Ar) by optimization so that Eq. 17 

accurately predicts the burning rate. 

As stated above, the BOP model was originally developed for composite propellants with 

combustion occurring in three fl ames. (See Figure 5, page lO). This was accomplished by including two 

ex tra flame terms in Eq . 18 and describing their flame stand-off di stance in terms of diffusional lengths. 

These diffusional lengths were determined by a Burke-Schumann analysis using the surface geometry to 

determine the mixture ratio. (For further detail s see Ref. 13). In the years following its development, the 

BOP model (or models based on similar assumptions) has been applied to many mono- and composite 

\. 

propellants. In the case of composite propellant models, the differences in the models mainly arise in the 

method of determining the surface conditions (the fuel to oxidizer surface area ratio, surface temperatures 

for the different components and treatment of the di stribution of particle sizes). Despite the differing 

assumptions made, most of these composite models correlate experimental data to nearly the same 

accuracy. Several of the composite g lobal kinetic models are reviewed by Cohen 17 and will not be repeated 

here . Many of the global-kinetic models are summarized in Table 3. 
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Table 3: Global Kinetic Models 
Year Researchers Ingredient(s) Assumptions 

1970 Beckstead, AP/HTPB I. Area of AP crystal calculated assuming spherica l crys tal in 
Derr & constant contact with planer binder surface. 
Price 13 2. Surface temperature of binder equals surface temperature of 

oxidizer. 
3. Composite propellant represented by average crystal size. 

1971 Beckstead, AP, HMX, I . Studies of these ingredients as monopropellants and 
Derr & KP composite propellants. 
Price18 2. Other assu mptions similar to 1970 paper. 

1971 Guirao & AP I. Although the equations and solution method are somewhat 
William 19 different from the traditional BOP approach, the approach is 

very similar. 
2. Deve lop rate constants for a one-step gas reaction, by fitting 
constants to data generated from a nine-step mechanism. 
3. In surface reaction, 70% of AP forms final products. 30% 
forms NH3, HC1O4. 
4. Instead of solving for Ts, they calculate Y s from which the 
burning rate is calculated. 

1976 Beckstead & HMX l . Determined parameters via optimization to experimental 
McCarty 15 data. 

1980 Beckstead 16 DB l . Studies the effect of propellant energy on model predictions. 
1981 Beckstead & HMX/HTPB I. Burning rate averaged as burning surface regresses linearly. 

McCarty20.21 2. Two types of oxidizers, three sizes possible. 
3. Binder and oxidizer can have different surface temperatures . 
4. Incorporation of ignition delay time for oxidizer crystal. 

1986 Mitani and HMX l . 20 to 40 % of HMX decomposed in the condensed phase. 
Williams22 2. Allowed for evaporation at surface. 

3. Activation-energy asymptotics . 

1989 Beckstead23 AN,AP, I. Same assumptions as Beckstead 1971 except for DB. The 
HMX,DB dark zone temperature was chosen as the flame temperature. 

After Summary by AP/Binder These models differ in the determination of the ratio of fuel 
1970 Cohen. 16 Composites surface area oxidizer surface area, and non-uniform surface 

Cor24 conditions. Despite the many differences, the ability of these 
Glick, 25 models to correlate with experimental data is nearly the same. 
others. Cohen did an extensive review of the main composite 

propellant models and will not be repeated here. 

The model of Guirao and Williams19 could be categorized as either a global or semi-global 

model. Guirao and Williams began with a fourteen-step mechanism but reduced it down to one global step 

in the final model. Instead of solving for the surface temperature by the energy equation, they used the 

species equation. 
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Semi-Global Models 

In order to develop more reali sti c models, researchers began including more reactions and 

relaxing surface-reaction and flame- sheet assumptions. In I 976, BenReuven et al. 26 were the first to 

include an in-depth condensed reaction zone in their modeling of ROX and HMX. Their ROX model 

(s imilar to their HMX model) is described here. They assumed that ROX decomposition began after 

meltin g and described it by a single first-order reaction. The gaseous species formed by this reaction were 

assumed to be di ssolved in the liquid, thus bubble formation was neglected. The gas phase was described 

essentially by Eqs. 14, 15 and 16 with the Lewis number t for the individual species and the mixture 

assumed to be unity. The gases from the ROX decomposition occurring in the liquid region plus the ROX 

evaporating at the surface provide the boundary conditions for the gas phase. Evaporation is calculated 

usin g a Clausius-Clapeyron expression assuming vapor-liquid equilibrium. In addition to the ROXvapor 

decomposition, one reaction between the decomposition products was considered in the gas phase. The 

gas-phase calcul ations continue away from the surface until all the ROX vapor decomposes, at which 

point the authors assume that the effect the remaining portion of the flame has on the surface is negligible. 

The surface temperature and burning rate are determined by matching the energy gradient and 

evaporation mass flux at the surface. In addition to burning rate and surface temperature, the model also 

predicts the melt-layer thickness, temperature profile and the species profiles. For ROX, the model 

accurately predicts the burning rate over the pressure range of 10-40 atm, but for HMX,27 the authors had 

to specify the burning rate. Based on the behavior of the HMX model, the authors speculated that bubble 

formation is an important factor that should be considered. The major contributions that BenReuven et al. 

made to propellant combustion modeling were the inclusion of the in-depth liquid reaction and solving the 

species equation albeit for a limited number of species involved in a very global mechanism. 

In 1985, Cohen et al. 28 updated the chemistry of BenReuven's HMX model (but it was still 

global) and the model was able to match experimental burning rates. Contrary to Ermolin's conclusion, 29 

t Le=cxlDab, the ratio of thermal and mass diffusivities . 
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Cohen felt that mass diffusion could be neglected in the species equations for the gas phase. The differing 

opinions can likely be attributed to the differences in mechanisms. 

In l 988, Bizot and Beckstead modeled double base30 (DB) and HMX31 monopropellants by 

dividing the combustion process into two regions (condensed and gas). In both regions, their reactions 

were global and the products were not specified. They neglected mass diffusion , phase changes, and 

assumed constant properties. After adjusting kinetic parameters, the calculations agreed fairly well with 

experimental data for burning rate, surface temperature, and dark zone length .. While more correlative 

than predictive, this model requires much less computer time than the more complex models and has been 

incorporated in models of multidimensional, unsteady combustion in rocket motors .32 

Beginning in the mid- l 980's, Williams and co-workers developed numerical models of the 

combustion of RDX and HMX. Based on thermocouple data for HMX, Williams and Mitani33 concluded 

that 20 to 40 percent of the HMX must decompose in the condensed phases via exothermic reactions. 

They noted that below 67 atm, the flame of HMX is blue with white smoke and above 134 atm the flame 

is bright orange. Yet accordi ng to them, there is no apparent change in the burning rate curve. From this 

observation they assume that the burning rate of HMX is controlled by processes occurring in a very thin 

layer close to the surface and that the later stages of the flame have very little influence over the burning 

rate. Not only is this a large extrapolation to make, but as seen in Figure 8, this observation is very 

questionable. 
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Figure 8: HMX Burning Rate Data34
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The Williams nitramine model divides the combustion process into seven regions. 36 (See Figure 

9). The solid is heated via conduction from the initial temperature (T;n;,) to the melting temperature (T me i,) . 

The liquid continues to preheat until the evaporative equilibrium region is reached where, as the name 

suggests. evaporative equilibrium is maintained. 

Liquid Preheat 

Evaporative 
Equilibrium 
Subregion 

Region l\ 
Solid Preheat 
Region 

Tb ..... ... ..... ...... .. . 

Temperature 

Evaporative 
Nonequilibrium 
Subregion 

Gaseous Preheat 

[

Region 

Gaseous Primary 
: [ Reaction Zone 

_ __/ 
Ts .. ... ....... .... ~ ... .. . 

Gaseous r Seconda,y Flame 

T melt 

Distance 

Figure 9: Schematic of Williams Nitramine Model (adapted from Ref. 36) 

In the evaporative equilibrium and non-equilibrium regions, two phases exist: liquid and gas . 

The effect of two-phase flow on the deflagration of solids was studied theoretically by Margolis, Williams 

and Armstrong. 37 After considering pressure-gradient effects, surface-tension-gradient effects, momentum 

transfer associated with mass transfer, and viscous drag of the gas on the condensed phase, the authors 

concluded that the velocity of the bubbles is greater than that of the surrounding liquid. This order-of­

magnitude analysis failed to quantify the differences in the velocity of the two phases. In the full model, 36 

the authors used the overall conservation equation: 

(21) 

with 
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and (22) 

where the parameter s can be used to take into account the possibility that lie might be less than m !pc 

because of gradients in surface tension . For the nitramines, the authors use s=O and therefore uc= m !pc 

The reaction mechanism in this model is g lobal. Three reactions are considered: 

Reactantcondensed~ Productgas 

ReactantcondensedHReactantgas 

Reactantgas~Productgas 

The authors assumed the products in the first and third reactions are nCH20+ 

(n/3)(N02+Ni0)+(n/2)N2, where n=4 for HMX and 3 for RDX.33 These products are not the final flame 

products but those considered by the authors as being produced very near the surface and thus controlling 

the. burning rate . The reactions in what the authors called the secondary flame are neglected. 

Williams et a l. applied methods of asymptotic analysis to obtain a solution to the energy and 

species equations. 36 Constant property va lues were estimated and global kinetic parameters were 

opt imized so as to allow the model to correlate well with experimentally determined burning rate data for 

several initial temperatures. Based on sensitivity analysis of their model , the authors predicted RDX to 

have a lower surface temperature than HMX because of the higher vapor pressure of RDX. They also 

concluded that RDX decomposition in the two-phase region is negligible as their model indicates that 

99.5 percent of the RDXliquid evaporates. The authors stated that the next step in refining their model was 

to use detailed chemical-kinetic parameters. 

Recently, Li and Williams38 proposed a elementary-step reaction mechanism for RDX in the 

primary fl ame zone, but failed to provide kinetic rate parameters. After devoting most of their paper to a 

di scussion of poss ible important elementary-step reactions, the authors reverted back to their global, two-

step mechanism. 

With both the g lobal and semi-global models, there are always unknown model inputs (usua lly 

global reaction rate constants) that could be adjusted (optimized) to enable these models to correctly 
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predict burning rate or some other parameter. To make the models more fundamental, elementary kinetics 

with experimentally determined rate constants are needed . In reality, there are at least hundreds of 

different reactions occurring simultaneously. The next step in the evolution of combustion modeling is to 

incorporate detailed kinetics. 

Development of Detailed Kinetic Mechanisms 

One of the difficulties faced by Guirao and Williams 19 in developing the 14-step mechanism for 

AP was determining the kinetic parameters. With the progress that has been made in both experimental 

and theoretical determination of reaction rates, reaction paths, and thermophysical properties, the species 

equation has become an important part of the propellant combustion model. In this section, work that has 

led to the development of complex elementary-step mechanisms in propellant combustion models is 

discussed. The development of these propellant combustion mechanisms has been greatly aided by 

research in hydrocarbon combustion, but this contribution will not be discussed here. 

In 1982, Korobeinichev et al. 39 measured concentration profiles in perchloric acid/methane 

flames. They proposed an 18-step mechanism for this system. In subsequent work, Ermolin et al. 12 

measured concentration profiles for AP and proposed an elementary mechanism composed of 80 steps and 

24 species. They modeled the gaseous flame using Eqs. 14, 15 and 16 (page 15) neglecting heat and mass 

diffusion. The agreement between the model and their experimental data was fair but their model did 

indicate which reactions needed further review. In 1984,29 they included thermal and mass diffusion in 

their equations and concluded that thermal and mass diffusion play an important role in the overall flame 

structure. Later they developed a 90-step mechanism for RDX combustion and were able to match their 

experimental species profiles to within 10% at 0 .5 atm.40 The focus of their work has been on the gas­

phase chemistry at low pressures. They have neglected any condensed-phase interaction other than 

assuming the feed concentrations going into their gas-phase model came from the decomposition of AP or 

ROX. 

The development of gas phase mechanisms was greatly advanced by the work of Kee et 

al. 41 ,n,43
,
44 at Sandia National Laboratories . Beginning in the 1980's, researchers at Sandia developed a 
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subroutine library (C HEMKlN) which performs many of the calculations necessary for reacting gaseous 

mixtures. With this library, workers at Sandia developed computer codes to model premixed laminar 

flames (PREMIX), 45 perfectly stirred reactors (PSR),46 and other systems. Given the system conditions, 

thermoph ysica l properties of all of the species and a reaction mechanism, PREMIX can solve Equations 

14, 15 and 16 for the temperature profile, species profiles and laminar flame speed of gas mixtures. The 

majority of propellant combustion models that have been developed since the release of PREMIX have 

used PREMIX to model the gas region . 

Also during this time, Melius et al. 47
•
48 calculated thermodynamic properties and reaction rate 

constants for the decomposition of RDXvapor· This was done via the theoretical procedure Bond­

Additi vity-Corrected Moller-Plesset 4th order perturbation theory method (BAC-MP4). With the 

computers that he had available, he was able to calculate thermochemical properties, vibrational 

frequencies and bond energies for species containing up to nine heavy atoms. From calculations made for 

smaller "model" molecules, he estimated the thermochemical properties and rate constants for heavier 

molecules such as RDXv-dpor (15 heavy atoms). He proposed 158 reactions involving 38 species to describe 

the ignition of ROX. The model is described below.49 

Many improvements have been made to the original Melius-ROX mechanism. Yetter et al. so with 

the input of other workers (Lin et al. 51 and Politzer et al. 52 etc.) are systematically improving upon the 

Melius-RDX mechanism. They have divided the large mechanism into smaller groupings to limit the 

number of species and reactions that can occur within a sub-mechanism. Then, they study the elementary 

reactions, both experimentally and theoretically, to determine rate constants. The sub-mechanisms are 

tested by comparing calculated results to measured results from shock tube, PSR, premixed flames and 

diffusion flames . Once the sub-mechanisms are validated, they are combined to determine cross 

interactions. Yetter's changes to the RDX mechanism have greatly improved its predictive power. The 

version of the Melius-Yetter mechanism used in this dissertation work has 232 reactions and 45 species.53 

Cohen 54 recently reviewed several AP mechanisms. He compared those developed by Guirao and 

Williams, 19 Jacob and Pearson 55, Sahu et al. 56 and Ermolin. 12 After pointing out several obvious mistakes 

in the previous mechanisms, Cohen proposed a new mechanism but conceded, "It is entirely possible that 

26 



no model consisting only of homogeneous gas-phase reactions will give realistic predictions of reaction 

time, apparent activation energy, stoichiometry, and temporal behavior of selected intermediates-the 

principal observable quantities." While proposing several steps that he felt were important, he did not 

provide rate constants for them. Unlike the nitramines (RDX and HMX), AP has chlorine instead of 

carbon. Because the chlorine gas-phase chemistry has not been studied as extensively as the carbon 

chemistry, the AP mechanism is less complete when compared with the RDX mechanism. 

Other researchers have compiled elementary step mechanisms for the combustion of 

monopropellants. These other compilations are su111marized in Table 4. 

Multi-Phase Models with Detailed Reactions 

The most successful models being developed today have abandoned the surface-reaction and 

flame-sheet assumptions, include a condensed phase reaction zone, and solve the species equation in both 

the condensed and gas regions. The use of an elementary-step mechanism for at least the gas phase 

distinguishes this category from the semi-global category. Most of these models include solid, liquid (or 

two-phase) and gas regions as demonstrated in Figure 10. but some models combine the solid and liquid 

regions into a single "condensed" region. 

In 1984, Narahari et al. 58 were the first to link a condensed phase to a gas-phase model that 

includes complex kinetics with thermal and mass diffusion. For AP, the gas-phase mechanism included 

17 species involved in 14 reactions. The condensed-phase calculations included solving the energy 

equation for both the solid and liquid regions, but no condensed-phase reactions were considered except at 

the liquid/gas interface. The predictions by their model did not agree well with experimental data . The 

authors attributed the lack of agreement to their abbreviated mechanism. 
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T bl 4 El a e : ementary-s tep 

Year Researchers 

1969 Jacobs & 
Pearson55 

1971 Guirao & 
Williams 19 

1982 Ermolin et a l. 57 

1984 N arahari et al. 58 

1986 Hatch59 

1986 Ermolin et al. 40 

1987 Hatch60 

1990 Sahu et al. 56 

1990 Meliu s47ASA9 

1992 Cohen17 

1994 Li & Williams38 

1995 Anderson et al. 61 

1995 Yetter et al. 50 

So lid 

Te mperature 

ec amsms or M h t p rope II ant C b t' om us 100 

Ingredient 

AP 

AP 

AP 

AP 
NG/binde 
r 
ROX 

HMX 

AP 

ROX 

AP 

ROX 

Double 
Base 
RDX 

2-Phase 

Me lting 
Te mperature 

#of # of 
Spec ies rx ns 
19 17 

19 14 

24 80 

14 17 
2 1 60 

23 90 

25 77 

18 22 

38 158 

35 136 

15 

41 189 

45 232 

Gas 

Surface 
Temperature 

Comments 

Gave only a poss ible path but no kinetics 
constants . 
Developed one global step from calcu lations 
made 14-step mechanism under iso-thermal 
condi tions. 
Qualitati ve agreement with mass spec. data 
at 0 .58 atm 

Indicates presence of a dark zone. 

Mechanism produced reasonable agreement 
with experiment at 0 .5 atm. 
Assumed HMX decomposed to CH20 , 
N02, N20 and HCN in condensed phase. 
CIO, a species considered by many to be 
important is not included. Some rate 
constants are not reasonable. 
Calculated properties and kinetics from 
BAC-MP4 
Reviewed several other AP mechanisms and 
proposes hi s own, but does not provide rate 
constants for several reactions he considers 
to be important. 
Describe a primary fl ame mechanism but do 
not provide any rate constants. 
Mechanism fo r predicting the chemistry of 
the dark zone (1 -30 atm) 
Improvements on Melius Mechanism 

Figure 10: The Multiple Phases of a Burning Propellant. 
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In 1986, Hatch 59 developed a model for NG/binder combustion similar to the one developed by 

BenReuven et al. 26 for ROX ten years before. There are three major differences. Hatch assumed that : 

I. The gas formed in the liquid region is not dissolved in the liquid but forms voids in the 

liquid. The gas in these voids is allowed to react. 

2. The gas-phase mechanism is elementary in nature compared to the two global reactions of 

BenReuven. 

3. The gas-phase calculations proceed to the final flame products . 

There were no free parameters in Hatch 's model, and although it failed to accurately predict 

experimentally determined burning rates, sensitivity analysis indicated which parameters were affecting 

the burning rate significantly. His model also predicted a dark zone, characteristic of NG and DB 

combustion. 

The following year, Hatch applied his model to HMX60 and again failed to match burning rate 

measurements . Hatch's major contribution to the modeling effort was allowing for the formation of voids 

(or bubbles) in the liquid/two-phase region . In Hatch's model, the continuity equation in the two-phase 

region is written as: 

(23) 

An additional relation between the liquid and gas velocity is required to specify the system. Using 

the momentum equation for this relation introduces several poorly characterized parameters to the 

problem (i.e. surface tension, viscosity, etc.). To avoid this, Hatch assumed an invisid flow; thus, the voids 

are detached from the liquid. With this assumption, the liquid and gas velocities can then be calculated by: 

u1 = m I p1 , ug = m I pg. This leads to void velocities a couple orders of magnitude higher than the 

liquid velocity. The other extreme is to assume u1 = u
11

, which means that as the voids expand in the 

two-phase region, the liquid and gas accelerate together. Margolis and Williams theoretically investigated 

these various assumptions (discussed in Ref. 37 and on page 23) and concluded that the former 

assumption is more accurate . 

29 



One of the major contributions of Melius to the propellant modeling was the development of the 

RDX gas-phase mechanism described above. 48 While the gas flame chemistry was the major focus, he also 

developed a one-dimensional, premixed RDX ignition model. 49 The model consisted of a simple 

condensed model supplying the cold boundary conditions to the PREMIX45 code described above. He 

allowed for one decomposition reaction and an evaporation/condensation relation at the surface. The 

model under-predicted the burning rate and surface temperature at I and 20 atmospheres and has been 

criticized for how the burning rate is calculated.62 The burning rate is largely controlled by the 

evaporation/condensation relation . The net mass flux becomes the difference between two very large 

numbers , neither of which is known very accurately. 

Data for Model Validation 

At thi s point in time, modeling efforts had gone beyond the available experimental data. After 

the demonstration of the calculations of Melius,49 many researchers turned their focus to improving and 

verifying his mechanism and model. In order to do this, a more quantitative description of the flame 

structure (species and temperature profiles) of RDX was needed. Litzinger et al.,63.64
•
65 Brewster et al. 66 

and Hanson-Parr and Parr67 
•
68

•
69 have used mass spectrometers and UV-Visible absorption measurements 

to quantify the gas phase flame structure. Kuo et al. 6
•
70 and Brill4 have focused on the initial 

decomposition mechanism and melt region of RDX using mass spectrometry and T-Jump experiments. 

Using thermocouples, Zenin 71 measured temperature profiles, surface temperature, and melt-layer 

thi ckness. Examples of the experimental data available for model validation for RDX and other energetic 

materials is summarized in Table S. 

In attempting to validate a model with experimental data, one must either model the experiment 

or develop an experiment that corresponds to the model. In a self-deflagrating RDX flame, the reactions 

occur too close to the surface to measure concentration profiles for several species. To overcome this 

difficulty, Litzinger64 and Parr67 used a laser heat flux on the burning propellant surface to increase the 

burning rate and spread out the flame. With the added heat flux a two-stage flame developed similar to 

that seen in double base (DB) combustion. (Refer to Figure 37, page 66). At this point, none of the models 
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were modeling a laser flux or seeing a dark zone. (Note: No dark zone is observed when there is no 

additional laser flux). In order to validate the models with experimental data, the effect of the laser flux on 

the burning rate had to be included within the models. The experimental data indicated that the Melius 

mechani sm and model needed refinement. These data and other data shown in Table 5 is discussed in 

more detail below. 

T bl 5 E a e : xpenmenta tu 1es va1 a e or o e a 1 a 100. IS d" A "I bl t M d IV l"d f 
Researchers Propellant Type of Data Comments 
Ermolin et al. 12 AP X(H2O, HCl,O2 , HCIO4 , Cl2, 0.5 atm 

CIOH, NO, NO2, N2O, CIOi) 
Brewster & ROX T,, rb (Laser) 
Schroeder66 

Ermolin40 et al. ROX, HMX X(CO, HNCO, NO2, HCN, 0.5 atm. Species 
Korobei nichev 72 CO2, N2O, H2O, NO, N2, H2) concentrations do not 
et al. approach equilibrium values. 

Zenin71 HMX,RDX T(x),rb ,/melt , 1-90 atm 
Parr & Hanson- RDX,HMX, T(x), X(NO, CN, OH, NH, With and without laser 
Parr 67.68.69.73 XM39, HNF NO2 , H2CO), rb(laser) augmentation at I atm. 

Litzinger et ROX, HMX, T(x), X(H2O, HCN, CO, N2, With high laser flux, 
al. 6,.6.J .65.7 .J XM39, M43, NO2, CO2, H2, N2O, CH2O, elemental balance not closed. 

BAMO,GAP NO) rb(laser) 
Boggs34 HMX,RDX, rb(P, Tinit) 

AP, AON, CL-
20 

Brill4 RDX,HMX Relative initial decomposition Limited number of species. I 
species concentrations. atm . 

(X in this table refers to mole fraction profile data in the gas phase region.) 

Most Recent Propellant Combustion Models 

During the past few years, three models (Liau and Yang75, Prasad, Smooke and Yetter,62 and 

Davidson and Beckstead76)+ have been developed for the one-dimensional steady-state combustion of 

RDX. These models solve Eqs. 14-16 (page 15) in the three regions (see Figure 10, page 28), neglecting 

mass diffusion in the condensed regions and the radiation term in the energy equation. There has been a 

significant amount of communication and sharing of ideas between the three modeling groups and 

between those developing the models and those doing experiments. This has resulted in unprecedented 

agreement between experiment and model predictions for a wide variety of conditions. 
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The next chapter describes the details of the Davidson-Beckstead model. Differences and 

si mil arities in the three models is noted . 

Future Modeling Directions 

The Davidson-Beckstead,76 Liau-Yang75 and Prasad-Smooke62 models require thermophysical 

properties of the liquid propellant as inputs, but because of the reactions that start occurring after melting, 

these values are very difficult to determine experimentally. A future step in the development of a more 

complex model (more detail in the two-phase regi0n) would be difficult without additional experimental 

studies to supply the liquid phase properties. Such a model was outlined by Kuo et al. in 1993. IO In a 

complete formulation, a model would consider all of the processes shown in Figure 4 (page 8). These 

would include bubble formation, expansion, and dynamics in the two-phase region due to decomposition , 

evaporation and chemical reaction in both the liquid and bubble phases. Because of a lack of knowledge 

about these physical constants, the full model has not been solved. In 1995, a much simplified version of 

Kuo's model,77 considering the life of one bubble from nucleation to reaching the burning surface, was 

solved after making the following assumptions: 

1. The velocity of the bubble is equal to the velocity of the surrounding liquid (contrary to 

Hatch's,59 Dav idson's,76 and Liau's75 assumption and Li 's38 conclusion.) 

2. A temperature profile in the liquid was specified as input. 

3. An initial bubble diameter of 2 microns was arbitrarily assumed. 

4. Pressure in the bubble was the same as the system pressure. (Neglecting the contribution of 

surface tension). 

5. No decomposition of liquid ROX occurs, only evaporation. 

6. In the bubble, evaporation, two decomposition reactions, and one gas reaction between 

decomposition products were considered. 

t All three modeling groups have been funded under the AFOSR contract discussed in the introduction on 
Page 4. 
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7. The analysis was extended to many bubbles through statistics , but this introduced additional 

parameters with large uncertainty. 

The authors concluded that the reaction between decomposition products in the bubble is 

negligible. Thi s was also concluded from the Davidson-Beckstead model. Kuo also concluded that the 

temperature in the gas bubble is largely governed by the liquid temperature. This supports the assumption 

that Tg=T1 made by Davidson ,76 Liau,75 and Hatch59
·
60 in their models . Further development with the 

detailed Kuo model will have to wait until the required experimental data become available. 

The assumptions and details of the various multi-phase models with reactions are summari zed in 

Table 6. In the rows of predictions, if the model was able to predict the characteristic, an * was placed in 

the column . If those predictions were presented in comparison to experimental data, a quality of 

correlation (G=good, F= fair, P=poor) was assigned (based on my judgment). If a model did not 

distinguish between solid and liquid phases , the condensed region was tabulated under the liquid columns. 

As shown , almost all of the effort has been directed at the nitramines, RDX and HMX. Double Base and 

AP were also considered, but showed poor correlation with experimental data or used simplified kinetics. 

All have neglected radiation effects which may become important for certain propellants. In summary, 

the most recent models of RDX and HMX are able to calculate most measurable quantities (burning rate, 

temperature and species profiles, and melt layer thickness) with reasonable accuracy. 

33 



T bl 6 C a e : ompanson o f P rope II t C an om b ustlon 0 es M d I 
Year 1976 1979 1984 1985 1986 1987 1987 1987 1989 1993 1995 1995 1995 1995 1996 

C 
·;;; >---, (l) TI TI 
oil 'j "' "' <f) (l) (l) 

"' e E TI iii iii <ii <ii TI u -"' TI :, -"' C ~ "' u "' .J u 
Q) Q) 

:, TI 2 (l) <f) (l) 
-"' C ~ <f) CD ~ oil CD <f) :, "' -"' w c c ::E u Ol oil a.. 0 oil 

(l) (l) 6 oil (l) oil :, 
.c > > .J CD :, C C ~ C 
u :, :, ·~ .!!? .J "' 0 (l) 0 
cii (l) (l) c· 0 oil <f) >- <f) -"' c <f) 

(l) a: a: .c (l) .c .c Ol ·" oil oil TI 0 0 TI 
<f) C C ~ .c u u 

cii 0 0 :, ·;;; 0 x > 
(l) 

~ ~ "' 0 <ii <ii N Qi :, "' "' E "' "' a: z u I I ::E iii ::E ~ :.J 0 Cf) .J 0 

System ROX HMX AP HMX NG HMX Gen . DB ROX ROX ROX ROX ROX ROX HMX 
Pressure Range (atm) 10-40 10-40 45-80 1-100 7-700 7-700 NIA 1-20 NIA 1-200 1-400 1-200 5 1-200 
SS, lqnition, Osciltorv ss ss ss ss ss ss ss ss IG ss IG ss ss ss ss 

Solid Energy Eq. . . . . . . . 
Species Eq. 

Phase Changes . 
Melting . . . 

Properties (T ,Y) . . . . 
Decomposition 

Liquid Energy . . . . . . . . . . . . 
or Species . . . . . . . 

2-Phase Thermal Diffusion . . . . . . . . 
Mass diffusion . . . 

Bubbles/Void Fraction . . . . . 
Viscous Effects . . 

2-phase flow . . 
Properties (T,Y) . . . . . . 

Liqu id Decamp. rxn . . . . . 7 . . . . 
Liquid-Gas Reaction 

Gas Reactions . 27 . 3 
Evaporation 5 . . . . 

Surface Surface rxn . 
Evaporation . . . . . . 

Gas Energy Equation . . . . . . . . . 
Species Equation . . . . . . . 

Momentum Equation 
Heat Diffusion . . . . . . . . 
Mass diffusion . . . . . . . . . 

Radiation 
Viscous Effects 

# of Species 7 7 14 10 21 25 38 38 44 45 45 45 
II of Reactions 2 2 17 5 60 77 158 158 185 232 232 232 

Properties (T,Y) . . . . . . . . . . 
dP/dx=O . . . . . . . . . . . . 

Ideal Gas . . . . . . . . 
"redictiom Burnrate (P) G p G p p F p . F G G G 

Burnrate (Tinit) . . F . p F F F 
Temp Profile (solid) . . . . . . . 
Temp Profile (liquid) . . . . . . . . . 
Temp Profile (gas) . . . . . . . . . . . 

Species Profile (liquid) . . . . . . . . . 
Species Profile (gas) . . . . . . F G G F 
Surface Temperature G . . . . . p . p G G 
Melt Layer Thickness . . . . G G . G 
Void Fraction Profile . . . . 

(* - indicates that the model made this particular assumption or was able to calculate this particular 
characteristic. G, F, P (Good, Fair, Poor) correspond to my judgment as to how well the predictions of a 
particular mode l correlates with experimental data.) 
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CHAPTER 4: DESCRIPTION OF MODEL 

The focus of my research has been the development and use of the numerical model presented in 

this chapter. It was written to handle any propellant that burns as a homogenous substance. The model 

divides the combustion process into three regions: solid, melt layer (liquid and gas) and gas . (See Figure 

l 0, page 28). The mass flux m is an eigenvalue of the problem and is determined by matching boundary 

conditions at the liquid-gas interface. The treatment of each of the three regions is described. 

Solid Region 

In the solid region, it is assumed that the propellant does not decompose. This is an assumption 

made in most models to date .33
·
59

·
60

·
75 Only the energy equation is solved for this region: 

with boundary conditions: 

T(-00 )=Tinit, T(O)=T melt 

Assuming constant cP and A, this equation can be solved: 

(prhc,,/.) 
/ A._, x.r 

T(x,. ) = 'I;n;r + (Tme11 - 'I;,,;1 )e ' 

(24) 

(25) 

(26) 

Because rb is part of the eigenvalue of the problem, the solid region cannot be solved until the rest of the 

problem is converged; therefore, the solid region calculations and their results do not affect the 

calculations in the rest of the model. 

Liquid-Gas Two-Phase Region 

Once the propellant melts, several things start happening. The propellant can evaporate or 

decompose into gas and/or liquid fragments creating a frothy melt layer. As a gas-phase develops in this 
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two-phase region, bubbles form. The bubbles are represented by the void fraction (<j>, the fraction of the 

original propellant liquid volume that has been converted to gas by either evaporation or decomposition). 

As in many models56
·
59

·
62

·
75 mass diffusion is neglected in this two-phase region. Because the melt-layer 

thickness and the right boundary conditions are unknown until the solution is complete, the energy and 

species equations are treated as a system of initial boundary value problems and solved using DVODE78 (a 

~ariable coefficient Qrdinary g_ifferential ~quation solver subroutine) . The second-order energy equation: 

dT l d ( dT) A # of species 
m---- M - +-c Iw H =0 

dx cp ,gt dx c dx cp .gt k= i k k 

is treated as two first-order ordinary differential equations: 

d # of species 

-(,hAJ = mrcp.gl + Ac L wkHk 
dX k = I 

dT 
-=r 
dx 

(27) 

(28) 

The void fraction is calculated by keeping track of the volume of liquid changing to gas (Eq. 29). The 

model assumes that the liquid density is a function of temperature but not composition. 

d( 1 - ¢) 
dx P 1V1 

# of liquid species 

Iwk 
k= I 

(29) 

The steady-state equation for liquid species k (neglecting mass diffusion) is: 

(30) 

Likewise for the gas species: 

(31) 

The mass fractions (Y1 and Y g) are the mass fractions of the liquid in the two-phase region, and the mass 

fractions of the gases in the bubbles (voids) in the two phase region respectively (i.e. the sum of Y1.k equals 

1.0 as does the sum of Yg. k) - Gas transport and thermodynamic properties are calculated via CHEMKIN41 

and Transport43 subroutines. Liquid properties are mass-averaged and calculated from temperature-
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dependent correlations. For the two-phase mixture, heat capacity is mass averaged and thermal 

conductivity is volume averaged.* 

Mass is conserved by incorporating: 

(32) 

into the subroutine that separates the variables in Eqs. 30 and 31 (pg, p1, ug, u1, Yg.h and Y1k) . Two more 

assumptions are necessary before these variables can be separated. By assuming Ts=T1 and u1 equals the 

surface regression rate (rb), the mass conservation equation simplifies to Psu8=p1u1=m!Ac. The assumption 

that ,,K is greater than u1 is in qualitative agreement with the conclusion reached by Williams et al. 37 

discussed in the previous chapter (page 23). The models of Hatch,59
·
60 and Liau75 also make this same 

ass umption. 

Reaction rates must be handled with caution because of the two-phase interactions. The 

volumetric species mass production rate ( 11';) is calculated by: 

# of rxns 

wk = W, L v k_i qi _k 

i=I 

(33) 

where the definition of the rate-of-progress variable (qi,k) depends on the type of reaction. Reactions 

involving condensed-phase reactants are assumed irreversible. For reactions involving only liquid 

reactants ( tF +gG~products): 

q = AT {3 exp(- Ea /RT) X J X J ( 1 - </>) (34) 

For reac tions involving only gas phase reactants, the reactions can be reversible and the rate-of-progress 

variables are calculated by CHEMKIN subroutines.41 The rate-of-progress variables are then multiplied by 

<!>, the void fraction . Evaporation rates are treated as Liau and Yang: 75 

(35) 

* Heat capacity is mass averaged because it has units of energy/mass-K. Thermal conductivity is volume 
averaged because the area ratio (Area/Area1) through which the energy is being conducted is 
equal to the volume ratio (q,.,'(1-(j>)) . Thermal conductivity has units energy/distance-time-K. By 
using void fractions, the mass average is numerically equal to the volume average. 
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where X is the mole fraction of the species (a) in the bubbles if ca lculating below the interface or (b) in the 

gas region if calculating at the interface. Following Liau,75 the area in Eq. 35 is a function of void 

fractio n: 

(36nn) ½ q,½ 

(36nn)½ (1- q,)½ 

1>< ½ 
1>> ½ 

at surface 

For reactions involving a gas-phase species (F) attacking a liquid-phase species (G), q is calculated by: 

q =area· AT/3 exp(- Eu/ RT)C~ X i 

The initial boundary conditions for the two-phase region are: 

</> = Q' T = Tmelt 

(36) 

(37) 

(38) 

and the mass fractions of all species in the liquid and gas phases are zero, except that of the 

monopropellant which is equal to unity. The quantity rA1 / m is the energy required to heat the solid 

propellant from its initial temperature to its melting temperature. The computer program can handle up to 

four phase transitions and three temperature-dependent heat capacity correl ations. The heat of formation 

of the liquid is calculated by: 

-w I - I T= T 
1'1/f 

T'?" 
+ J c{JdT + L Mft,un.l'ition 

T,n,t 

(39) 

The system of ordinary differential equations describing the two-phase region (Eqs . 28, 29, 30, 

and 31) are integrated in x (distance) until a surface condition is reached. The program user may specify 

one of three conditions which will halt the 2-phase calculations and call the last node the surface. These 

are : I) a specified surface temperature, 2) a specified surface void fraction, or 3) for conden sed 

mechanisms involving evaporation, the location where the liquid mass flux times area is equal to the rate 

of evaporation: 
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(40) 

Condition I can be used when experimentally determined T, data exist. The model of Prasad and 

Smooke uses this condition. 62 Condition 2 can be used with a specified void fraction of 1.0 for propellants 

that do not have a significant vapor pressure.79 Using condition 3, as Liau and Yang, 75 will give calculated 

va lues of T, and surface void fraction. Once the surface is reached, any remaining liquid is mathematically 

evaporated (i.e. assumed to vaporize instantaneously). The surface temperature and mass flux fractions 

serve as boundary conditions for the gas region . 

In addition to the surface boundary condition, the model of Prasad et al.62 differs from the model 

presented here in the treatment of decomposition species in the two-phase region . Their model assumes 

the gas products are dissol ved in the liquid, and they neglect bubble formation (or a void fraction) 

altogether. Therefore, their model is not able to predict the surface void fraction or surface temperature. 

Gas Region 

The gas region calculations are handed by a modified version of PREMIX45 in the "burner-

stabilized mode". The equations describing the gas phase are: 

PW 
p=­

RT 

dT l d ( dT) A kk dT A kk 
rii----M-+-c 'pY.Vc -+-c'whW:=0 

dx dx C d L, k k pk d L, k k k cp X cp k= I X cp k= I 

. dYk d ( ) . m-- + - pAC yk vk - Ac w wk = 0 
dx dx 

(4 1) 

This system of equations is solved using finite difference discretization and Newton's method. The 

solution is first converged on a coarse grid and then the grid is refined to obtain the resolution desired . All 

properties are temperature and concentration dependent. Details on the adaptive grid, discretization, the 

method for so lution, and convergence can be found in Ref. 45 . 
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Determination of the Mass Burning Rate 

The mass burning rate, m, is determined by iteration between the two-phase and gas region 

calculati ons. The correct rn will sati sfy the energy balance at the two-phase/gas interface: 

(42) 

Equation 42 says that the heat flux from the gas phase flame plus any additional energy from a laser, must 

equal the heat flux into the condensed phase plus the energy flux required to vaporize any remaining 

liquid . The solution procedure is as follows (see Figure 11 ): 

I . Specify propellant initial temperature, pressure and an initial guess of m. 

2. Solve the two-phase region equations. 

3. Solve the gas region equations, initially with a coarse grid. 

4. Compare left and right sides of Eq. 42 . If the heat flux balance error is less than tolerance, 

go to step 6. If the right side is greater than the left side decrease m, else increase m. The 

first time this step is performed, m is changed by a small percentage (-3%). On future 

steps, the next m is determined by linear extrapolation based on the previous two m's. If 

the new m is drastically different from the previous m (~ 30%) then a small change in m . 

is done to get a better extrapolation. 

5. Go to step 2. 

6. Refine gas grid if necessary, else go to step 8. 

7. Go to Step 4. 

8. For evaporation surface definition only: If mass flux is not balanced, go to step 2. 

Fortunately, by the time the code has reached this point, the mass flux is balanced for most 

cases. Occasionally one more call to the two-phase and gas region subroutines is required. 

9 . Problem converged. 

In short, m is solved by using a "shooting method" for the initial boundary value problem in the 

two-phase region to give the first-order boundary conditions and match the second-order boundary 

conditions of the finite-difference boundary value problem in the gas region. 
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Initial Temperature, Pressure, Guessed n, 

~-- Integrate 2-phase region to Surface. 

Solve BV gas region with surface BCs. 

Decrease ~---< "">-_T_oo_h_ig_h~ Increase 

rh • m 

Yes 

No 

Problem converged. 

Figure 11: Convergence Scheme for Numerical Model 

Model Inputs/Outputs 

The objective in developing this model was to maximize the number of calculated combustion 

characteristics with the constraint that all of the model inputs could be either measured experimentally or 

estimated with reasonable accuracy. In order to make calculations with the model, the physical conditions, 

condensed- and gas-phase reaction mechanisms and the thermophysical properties of the original 

propellant, final combustion products and every intermediate species must be specified. The properties of 

the solid ingredients can be measured in a laboratory. The thermophysical properties and reaction kinetics 

for the gas-phase species can be either measured or estimated from ab initio calculations. Of all the model 

inputs, the parameters associated with the liquid phase are the least certain. For the monopropellants 

modeled in this dissertation, most of the liquid phase properties were extrapolated from measured solid 

phase properties. Global liquid decomposition mechanisms were developed to correlate with 
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decomposition studies. The inputs and outputs are summari zed in Table 7. The required inputs is 

disc ussed in more detail fo r the indi vidual ingredients. 

T bl 7 Md I I d 0 a e : o e nputs an utputs 

Phase Input Comments Output 

Solid Temperature of Phase Most of these inputs are used Temperature Profile 
Transition in calculati ng the boundary 

conditions of the two-phase 
region. 

6H of Phase Transition 

Density, Co (n , A(n 
11Hr (@ 298 K) 

Chemical Composition 

Liquid Tmelt Temperature Profile 

Density, 11Hr cp(T), 1c(n Required for each sol id or Species Concentration 
liquid species Profile 

Pvap (T) Required if ingredient tends Void Fraction Profile 
to vaporize 

Liquid Decomposition Percent of original Propellant 
Reaction Mechanism that evaporates. 

Heat Release from Reaction 
Surface Temperature 

Gas Gas Reaction Mechanism Temperature Profile (x) 

Thermophysical Properties of The CHEMKIN database42
.4

3 Species Concentration 
every species. contai ns most of thi s Profiles 

information . 

Initial Guess for Heat feedback from gas to 
Temperature and Species liquid region 
Profiles 

Local reaction rates 
Reaction Sensitivity Analysis 

Integral Reaction Flow 
Analysis 

General Pressure Surface Regression Rate (rb) 
Initial Temperature Sensitivity Analysis with 

respect to model inputs 

Initial Guess for m Temperature Sensitivity (cr0 ) 
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CHAPTER 5: DECOMPOSITION STUDIES OF RDX AND HMX 

The subsequent chapters will describe the modeling of RDX and HMX. As stated in the previous 

chapter, the reaction mechanisms describing the condensed-phase and gas-phase chemical reactions are 

required inputs to the model. Many of the model calculations are dependent upon the choice of 

mechanism and rate constants. In this chapter, the decomposition of RDX and HMX are reviewed. There 

have been numerous experimental and theoretical studies on the decomposition of these ingredients in all 

three phases (solid, liquid and gas). Some of the decomposition studies were concerned with slow 

decomposition that occurs as these monopropellants age, while other studies were performed on 

conditions which are unrelated to typical propellant combustion (i.e. dissolved in solution or in a vacuum). 

This chapter discusses those decomposition studies that are most relevant to the self-deflagration 

conditions that are being modeled. Because of the similarities between RDX and HMX, the decomposition 

of these nitramines is presented and discussed simultaneously. 

The cyclic nitramines RDX (cyclotrimethylenetrinitramine, C3Ht,N6O6, hexogen) and HMX 

(cyclotetramethylenetetranitramine, C4H8N8O8, octogen) are very similar molecules. The molecular 

structure consists of a cyclic chain of (H2CNNO2)n where n equals 3 for RDX and 4 for HMX. (See Figure 

12). Decomposition studies of RDX and HMX prior to 1984 have thoroughly been reviewed by Boggs9 

and Fifer. 80 Some of the proposed mechanistic steps from these review articles, as well as more recent 

studies are shown in Table 8. 
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Figure 12: Chemical Structure of ROX and HMX 

T bl 8 N"t a e : 1 ramme D "f M h . ecompos1 10n ec amsms 

Researcher Mechanism Comment 
Schroeder81 '82 RDXHRDXR**+N02 

RDXRHH2CN+2H2CNN02 
Farber & Srivastava83 

HMXH2(H2CNN02h Primary Pathway 

(H2CNN0 2hH(H2CN)2N0 2+ N02 

(H2CN)2N02H2H2CN + N02 

HMXHRDX+H2CNN02 Minor Pathway 

Melius48 RDXH RDXR+N02 Gas-Phase reactions 

RDXRHRDXRO** 

RDXROH 2H2CNN02+H2CN 

H2CNN02HH2CN+N02 
Behrens84

·
85 RDX~osTtt +H20+NO+N02 1.6xl019exp(-49000 cal/RT) (30%) 

RDX~N02+H2CN+2N20+2CH20 3.9xl018exp(-49000 cal/RT) ( 10%) 

RDX~ONDNT A tt ~N20+CH20+other (30%) 

RDX~N20+CH20+N02+NH2CHO autocatal ytic (30%) 

Analogous Pathways for HMX 
Brill4 

RDX~3CH20+3N20 I 012 9exp(-34400 cal/RT) 

RDX~3HCN+3HONO I 0164exp(-44 l 00 cal/RT) 

HMX~4CH20+ 4N20 1013 0exp(-34000 cal/RT) 

HMX~4HCN+4HONO 10165exp(-44100 cal/RT) 

.. RDXR has the structure of ROX minus a N02 group. RDXR is an isomer of RDXRO. 

/~ 
JI I 
\/ 

tt OST has a structure of . ONDNT A has the structure of RDX minus one oxygen. 
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Behrens et al. 8u 5 studied RDX decomposition under very low pressures (< I 0-6 torr) and proposed 

fou r competing decomposition paths for RDX. The percentage that each path contributes to the overall 

decomposition of RDX is li sted in Table 8 in parentheses. In subsequent work,84 HMX was found to 

decompose along analogous pathways but hi s second reaction may become more dominant at higher 

pressures . Behren' s work indicates an N2O to NO2 ratio near the surface of approximately 1.3 . Rate 

constants for the first two pathways of RDX have been calculated from their experimental data.85 

Using IR to measure the concentration of species evolving from small samples of RDX and 

HMX, Brill4 concluded that a global decomposition mechanism consisting of two competing reactions is 

the most that can be experimentally verified at this time. Brill states that including more mechanistic steps 

at this point would merely be conjecture. Brill's analysis indicates that the N2O to NO2 ratio is 

approximately 0.75 near the surface for both RDX and HMX. 

Litzinger et al. measured the concentration of gaseous species near the surface of burning RDX65 

and HMX.64 Their experiments were performed at one atmosphere with the sample being radiated with 

I 00 W/cm2 or 400 W/cm2 heat flux from a CO2 laser. The heat flux from the laser increases the mass 

burning rate. The increased mass flux blows the gaseous flame away from the burning surface, thereby 

enabling them to measure concentrations of intermediate species. Figure 13 shows their measured 

concentrations of various species at the surface for HMX and RDX. They report significant concentrations 

of NO, CO, and H2O, which a simple global mechanism (like Brill 's4
) does not include. Litzinger et al. 

also measure a significant difference between the surface concentrations of NO2 and CH2O for RDX and 

HMX. The higher CH2O surface concentration is in qualitative agreement with the observation made by 

the Hanson-Parr and Parr. Hanson-Parr and Parr69 report the surface mole fraction of CH2O for RDX as 

0.0 I and 0.08 for HMX under se lf-deflagration conditions (i .e. no laser). 

Both RDX and HMX have significant vapor pressures. Several models are based on the 

assumption that the primary mechanism by which RDXliquid enters the gas phase is by evaporation rather 

than through decomposition . Some experiments fail to show the presence of nitramine vapors, but this 

could be a result of rapid decomposition of the nitramine vapor before it can be detected.64 Kraeutle86 

detected pure HMX condensate on the cover glass of a hot stage after observing the liquefaction of HMX. 
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Hanson-Parr and Parr67 have detected RDX vapor near the surface of a burning propellant using UV-

Visible absorption measurements, but estimate that the maximum RDX concentration near the surface is 

only about 7x I 0 16 molecules/cm'. Assuming ideal gas and a temperature of 600 K, this represents a mole 

fraction of about 0.006. Some models-t9 38 have assumed that RDX predominately transforms from 

condensed phase to gas phase via evaporation, thereby predicting the mole fraction of RDX at the surface 

to be approximately 0.15. Though this appears to be a large di screpancy, the models also show that the 

RDXvapor decomposes to the concentration reported by the Hanson-Parr and Parr by the time it reaches 5 

µm above the surface. 
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Figure 13: Nitramine Surface Species Concentrations from Litzinger et al. 63
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The general consensus of these studies is that both RDX and HMX predominately decompose to 

H2CN (or HCN), N02 (or HONO), N20 and CH20. There is some disagreement as to the specific 

reactions involved in this decomposition . Depending upon the test conditions (laser-flux, low pressure, 

etc.) other species are detected. Some species may be in relatively high concentration at the surface due to 

molecular diffusion in the gas phase rather than due to production in the condensed phase. There is 

enough uncertainty in the condensed-phase and near-surface gas-phase chemistry that using a more 

detailed condensed phase mechanism is not warranted. Doing so would only add additional and 

unnecessary degrees-of-freedom. 
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CHAPTER 6: MODEL CALCULATIONS FOR ROX 

RDX was chosen as the monopropellant to model first for several reasons. As mentioned on page 

26, Melius~8 has developed a detailed kinetic mechanism for the gas-phase reactions of RDX which 

considers the decomposition of RDXvapo,- Since the publication of Melius ' work, many researchers have 

collected a variety of very quantitative data about the combustion of pure RDX in an effort to validate and 

improve his mechanism. As will be shown, this database of experimental results serves to validate the 

assumptions made in the model. 

Properties of ROX 

Because most propellants begin rapid decomposition at or near their melting point, the liquid 

phase properties are very difficult to measure. Often liquid property data must either be estimated or 

extrapolated from the solid property data. Liquid heat capacity, liquid thermal conductivity and liquid 

vapor pressure were the least certain properties. A literature search was performed to find values for these 

properties. The results are shown in Table 9. 

Although there is a lot of scatter in the reported heat capacity and density data, the model 

predictions did not change significantly with variations in these parameters. Only one paper was found 

that contained experimental thermal conductivity for RDX.98 This value was for the solid, and for the 

temperature range explored, it appeared to be nearly constant. All the other values were given in 

conjunction with models without referencing their source. Values of thermal conductivity ranged from 

l.75x l0-~ to 7.6x l0-4 cal/cm-sec-K. Hanson-Parr and Parr92 recently reported temperature-dependent 

values of thermal diffusivity (cx)H for RDX between 293 K and 423 K. They cautiously recommend a 

linear extrapolation for temperatures outside of this range.87 Parr also questions Shoemaker's98 thermal 
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conductivity data. Shoemaker made hi s measurements on pellets of onl y 80% theoretical mass dens ity 

(TMD); whereas the samples tested by Hanson-Parr and Parr were 95 to 97% TMD. The voids in 

Shoemaker's samples could signifi cantly lower his measured thermal conductivity. The voids should not 

have a large effect on the val ues of heat capacity. Assumi ng Shoemaker's values of heat capacity and the 

thermal diffusivity from Hanson-Parr and Parr are correct, the thermal conductivity can be calcu lated. 

(See Figure 14). To enable the model to correctly predict the melt-layer thickness, a val ue slightly higher 

than any of these solid thermal conductivities for the liquid phase (8.0x 10·4 cal/cm-sec· K) was chosen. 

T bl 9 ROX P a e : roperty VI a ues oun ID t e 1terature. F d. h L" 
Property Value Source Comments 

Heat Capacity (cal/g·K) .0389+.000703T Shoemaker98 Measured from pressed 
RDX crystals. 

.269 at 298 K Parr88 

.3 Beckstead89 listed for HMX (model) 

0.35 Brewster,90 (model ) 
Williams36 

.45 at 473 K Ben-Reu ven27 

Density (g/cm3) 1.82 Kubota1 

1.806 Boggs9 

1.75 Flame Value given for pellets 
Database35 made from pressed powder. 

Thermal Conductivity 4.06x10·4 Shoemaker98 Measured from pressed 
(ca l/cm sec K) RDX crystals. 

l.75x l0" 4 Beckstead89 (model) 

3.0xl0-4 Parr88 listed for HMX (model) 

5.0x l0-4 Brewster66 (model) 

7.6xl0"4 Beckstead91 listed for HMX (model) 

Thermal Diffusivity a=0.00142 -5.72x J0-6T Hanson-Parr & Tin Celius. 
(cm2/sec) +I .52xl0·8T2 Parr92 

Vapor Pressure (torr) 
log 10(P)=A-B/T A=l4.8, 8=6799 Rosen93 (328 K-371 K) sub. pres. 
log 10(P)=A-B/T A=l l .87,8=5850 Edwards 100 (384 K-41 2 K) sub. pres. 
log10(P)=A-B/T A=I0.59,8=4433 Rodgers94 (505 K-520 K) vap. pres. 

P= I 0 144exp(- I 5850/T) Maksimov95 (329 K-413 K) sub. pres. 

P=I0 1689 exp(-16 143/T) Cundall96 (343 K-447 K) sub. pres. 

P= 10115exp(- l 2178/T) Yang97 Vapor Pressure correlation 
used in their 1-D RDX 
model. 

H a=Aipcp, thermal conductivi ty/density/heat capacity 
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In attempting to model RDX evaporation, the literature was searched for vapor pressure data. 

Four different correl ations of sublimation pressure and one of vapor pressure were found. (See Figure 15). 

The vapor pressure attributed to Yang75 is an intermediate value used in his model. 
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Logically, the vapor pressure data (by Rogers94) rather than the sublimation data would seem to 

be the one to choose since evaporation is being modeled by assuming vapor-liquid equilibrium. Using 

Rogers' vapor pressure in the calculations did not affect any of the model predictions other than lowering 
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the surface temperature by 50 to I 00 K. The data that gave the most reasonable surface temperature 

predictions was the sublimation pressure from Edwards. '00 Admittedly, this is an extrapolation of the 

given pressure correlation beyond the experimental limits. Considering the inaccuracies and assumptions 

inherent in the evaporation, Edwards' data was chosen. If Rodgers' vapor-pressure correlation is used, the 

model indicates that less than one percent of the RDX decomposes in the two-phase region . With 

Edwards' data, up to 25 percent of the RDX is calculated to decompose in the two-phase region . 

The thermodynamic and physical properties used to describe the solid and liquid phases of RDX 

in the subsequent calculations are shown in Table I 0. 

T bl 10 Th a e : d ermo 1vnam1c an d Ph . IP 1vs1ca roperties o 0 I an IQUI se ID o e. f ROX S I'd d L' 'd U d. M d I 
Property Value Reference Comments 

6 Hf RDXsolid (298 K) 14.67 kcal/mole Kubota' 

Heat capacity c0 (solid) .0389+.000703T cal/g K Shoemaker98 Curve fit of Shoemaker's data. 
Thermal Cond. (solid) 4 . l 8x I 0-4 cal/g· K S hoemaker98 

Solid Density 1.806 g!cm3 Boggs9 

T melt 478 K Ha1199 

6 Hru, 8.51 Boggs9 

Heat capacity Cn(liquid) .0389+.000703T cal/gK Assume same as solid. 

Thermal Cond . (liquid) l .045x I 0-3 cal/cm-s-K Estimated (see discussion 
below). 

Liquid Density 1.806 g/cm3 Assume same as so lid. 

Vapor Pressure ) ot 11 87-5850/T(K)) torr Edwards 100 Chosen because it gave the 
best model results. (see 
discussion below). 

Kinetics of ROX Combustion 

There are numerous experimental and theoretical studies on the decomposition of RDX. These 

were reviewed in Chapter 5. The chemical reaction mechanisms used in the model for the condensed and 

gas phases are described here. 

Liquid RDX Decomposi tion Mechanism 

The liquid-phase decomposition mechanism is shown in Table 11 . This mechanism uses the 

reaction steps and rate constants proposed by Bril14 (see Figure 16) with a few modifications. The pre-

exponential constants for Reaction s I and 2 were multiplied by PRDx /WTRDx to put the reactions in the 

right format for the code input. In the analysis of Thynell 10 1 and in the model of Prasad and Smooke,62 the 
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decomposition products of Reactions 1-3 are assumed di ssolved in RDX1;quid · In the Oavidson-Beckstead76 

and Liau-Yang75 model s, these species are treated as gas-phase molecules trapped in the bubbles (modeled 

as voids). Differences in predictions made by these varying assumptions appear to be minimal. 

Table 11 · RDX Condensed-Phase Mechanism4 

Reaction A 
l. RDX(C)=>3CH2O+3N2O (exothermic) 4 .88x l0 11 

2. RDX(C)=>3H2CN+3NO2 (endothermic) 6.5x l 0 14 

3. CH2O+NO2=>NO+CO+H2O 802 
4. RDX(C)=>RDXvaoor (Evaporation-see description above) 
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Figure 16: RDX Condensed Phase Kinetics4 

Gas-Phase Reaction Mechanism 

B Ea (cal/mole) 
0.0 34400 

0.0 44100 

2.27 13730 
Edwards' vapor pressure data 

680 

The RDX Yetter (Aug. 1995 versiontl2 mechanism of 45 species and 232 reactions was used for 

the gas-phase mechanism. The full mechanism is listed in the Appendix. As discussed above, Melius48 

developed the original mechanism and improvements were made by Yetter et al. 50 Most of the kinetic 

parameters for the 232 reactions were taken from independent literature sources, many of which are based 

on experiment. But as noted in the original mechanism file from Yetter, reactions involving H2CNNO2, 

H2CN, and HONO need further review. Most of the rate constants for the reactions involving these species 

and RDXvapo,, RDXR, and RDXRO were estimated by Melius. Other reactions and rate constants appear 

to have been arbitrarily added by Yetter to force the mechanism to give results similar to experimental 
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data. Several reactions in the database are preceded by comments such as: 'The following two reaction s 

have been added to increase early heat release and reaction rate," (Reactions 222 and 223) ··Pre­

exponential factor decreased by 10 relative to Melius," (Reactions 204 through 209) and "Added to yield 

N2 formation during first stage·· (Reaction 210). The rate constants associated with reactions involving 

H2CNNO2, H2CN, and HONO have the most uncertainty. The influence of these reactions is discussed 

further in the next chapter. 

Comparison with Experimental Data 

Burning Rate 

There are several sources of burning rate data for RDX. Zimmer-Galler, 103 Glaskova, 104 and 

Zen in 7 1 made measurements at T;n;,= 298 K, whereas Boggs et al. 34 made measurements for T ;n;,= 223 K 

and Tin;,= 373 K. Zenin"s measurements were made with packed powder (20-50 µm diameter) that had a 

density of 1.66 g/cm3
. The TMD§ 9 of RDX is approximately 1.82 g/cm3

. The higher burning rates (54% at 

I atm) reported by Zenin can be attributed to the effect of the voids in his samples . Other data reported by 

Zenin may likewise be biased. Comparisons with the burning rate data are made in Figure 17 , Figure 18 

and Figure 19. The agreement is very reasonable. The temperature sensitivity (crp)*** is 0.00 I K 1 and is 

constant with pressure according to the model. The temperature sensitivity is discussed in more detail in 

conjunction with the HMX model. (See Figure 90 on page 162.) 

§§ Theoretical mass density . 
••• -, -, I O"p=oln(rb)/oT;n;, p 
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Self-Detlagration Temperature Profiles 

There have been several experiments attempting to measure the temperature profile of RDX as a 

function of distance from the surface. This section discusses only those made under self-detlagration 

conditions. Temperature profile measurements made under laser-assisted combustion conditions are 

discussed below. Most of these experiments are performed using small samples of propellant. These 

measurements are affected by heat loss due to radiation and conduction to surroundings. The model does 

not consider these losses . Model predictions should correlate most closely to experimental data near the 

surface where the effect of these heat losses is at a minimum. 

Hanson-Parr and Parr69 made temperature measurements in se lf-detlagrating RDX at I atm using 

micro-thermocouples (5 µm) and PLIF_ttt Their data are compared to model calculations in Figure 20. 

The flame temperature as calculated by the model approaches the adiabatic flame temperature. According 

to Hanson-Parr and Parr, heat loss in the experiment can explain why their data do not reach the adiabatic 

flame temperature. Near the surface ( <.02 cm), the agreement between the data and the calculations made 

by the model is very reasonable. This would indicate that for this pressure, the calculated heat flux from 

the gas-phase flame is probably close to that measured by Hanson-Parr and Parr. 
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Figure 20: RDX Self-Deflagration Temperature Profile 1 atm (Parr)69 

+tt Planar Laser Induced Fluorescence. Temperatures were determined from the OH rotational band. 
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Zen in 71 made micro-thermocouple measurements for ROX at I , 5, 20, and 90 atm . This is from 

the same data mentioned above (page 52) where the density of the RDX is only 9 1 % of the TMD. Hi s 

measured burning rates are consistentl y hi gher than those predicted by the model. To make use of hi s 

data, Zenin 's measured mass burning rate was input into the model. Trying to model the effect of the 

voids in Zen in 's samples is beyond the scope of thi s study. The compari son between Zenin' s data and 

model predictions is shown in Figure 21. At one atmosphere, the agreement near the surface is reasonable 

but Zenin 's measured flame temperature at this pressure is onl y 1973 K. Thi s is almost l000 K below the 

adiabatic fl ame temperature of 2925 K. For the pressures 5, 20 and 90 atm, the model shows a much 

steeper temperature gradient near the surface. For these pressures Zenin's fin al flame temperature (2773 

K, 2973 K, and 3073 K) is significantl y lower than the theoreti cal values of 3075 K, 3 194 K and 330 I K 

respecti vely.+H Some of the error between the model calcul ations and Zenin 's calculations may be related 

to the voids in hi s samples . 
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Figure 21: RDX Temperature Profiles at 1, 5, 20 and 90 atm (Zenin).71 

As seen in Figure 22, the model indicates shorter solid pre-heat, melt-layer and gas-phase 

reaction zones as pressure increases. At high pressures where the temperature gradients are very steep , 

thermal lag of the thermocouple could become a problem. Based on previous work, ,os Zen in has taken into 

Ht Calculated by the NASA-Lewis Equilibrium Code. 114 
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account the thermal lag and radiation losses of the thermocouple. A numerical model of Zenin 's 

thermocouple as it passes through the calcul ated fl ame was developed. The properties and dimensions of 

the thermocouple were taken from Ref. 105 . Thi s calculation did not give an adequate explanation for the 

difference between the model and experiment. 

3500 

3000 

g 2500 

G> 
:; 2000 
cu 
[ 1500 
E 
G> 
I- 1000 

500 

---10atm 

---7oatm 

· · · · · · Tmelt=478 K 

Of-----+-----+--- --+-----+---~ 
-200 -100 0 100 200 300 

Distance Relative to Surface (microns) 

Figure 22: Calculated RDX Temperature Profiles at 10 and 70 atm. 

Surface Conditions 

From the same data described above, Zen in 7 1 reported surface temperature and melt-layer 

thi ckness as a function of pressure. Brewster66 also has made melt-layer thickness measurements. The data 

are compared with the model calculations in Figure 23 and Figure 24, showing reasonable agreement. 
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Species Concentration Profiles 

For self-detlagrating ROX, there have been two sets of species concentration data measured. The 

fir st was measured by Ermolin et al. in 1986.~0
-'

06 The data were taken by mass spectrometric sampling at 

0.5 atm. Ermolin reports a surface regression rate of 0.025 cm/sec and 1.8 g/cm3 for the sample density. 

Using these values as inputs to the model, the concentration profiles shown in Figure 25, Figure 26, and 

Figure 27 were calculated. In Figure 25, the calculated concentration profiles of the intermediates (NO 

and HCN) decrease, and the calculated concentration profiles of the products (CO and H2) increase closer 

to the surface than the measured values. Given that the experimental was performed at 0.5 atm, the 

agreement is reasonable. 
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Figure 27: RDX NO2, HNCO and N2O Profiles at 0.5 atm (Ermolin)40 

There are quite large differences between the calculated and measured profiles seen in Figure 26. 

The predicted values approach the theoretical equilibrium values. The experimental atomic balances in 

the experimental data are not closed. As seen in Figure 26, approximately 20 percent of the nitrogen is 

unaccounted for. Such a large error in a mole fraction can greatly effect the other mole fractions . It should 

be noted that Ermolin reports peak mole fractions of about 0.23 and .025 for NO and N02, respectively. 

Ermolin's peak NO mole fraction is larger than that reported by either Parr69 (page 62) or Litzinger64
·
65 

(page 70). Thus, the peak concentrations of NO and N02 are not well established. 

Korobeinichev et al. 106 report mass spectrometry data for RDX at l and 2 atm. These data are 

reported in mass spectral peak intensities rather than mole fractions . To make a comparison with the 

model, all mole fractions of species for a given molecular mass were summed. For example the mole 
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fractions of CO, N2 and H2CN were added and compared with the scaled signal for mass 28 in Figure 28. 

Comparisons for molecular weights of 30, 27, and 44 are shown in Figure 29, Figure 30, and Figure 31 , 

respectively. The ge neral location of the main reaction zone at this pressure appears to be located 

approx imately 0.03 cm above the burning surface in both the predicted and measured values. There is a 

signifi cant difference between the model 's predictions and Korobeinichev's measurements for mass 28 

below 0.03 cm in Figure 28. According to the mechanism, RDXvapor is decomposing in thi s region to 

H2CNNO2 which then further decomposes to numerous, smaller species . It is likely that these large, 

unstable species could continue to decompose in the mass spectrometer probe despite the low pressure 

(I o·6 torr). Thus, the daughter species (decomposition products) would be detected rather than the mother 

species (RDXvapor and H2CNNO2). This is a possible explanation for the high concentration of low mass 

spec ies near the surface measured by the experiment but not predicted by the mechanism. Otherwise, the 

agreement shown in Figure 28 to Figure 31 is very reasonable . 
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Korobeinichev et al. a lso made mass spectra l meas urements for the RDX fl ame at 2 atm. Aga in , 

onl y mass spectra l intensities were reported. At 2 atm, the model indicates that the HCN profil e 

approaches zero at 0.05 cm (Figure 32) compared to 0. 1 cm at 1 atm (Figure 30). The experimental data 

indicate that the concentra ti on profile of mass 27 is nearly independent of pressure, approaching zero by 

0. 1 cm for both I and 2 atm. The agreement between experiment and model for mass 30 is much more 

reasonable. (See Fi gure 33). This indicates a poss ible di screpancy in the experimental data. If the reaction 

zone for mass 30 moves towards the surface with pressure, it is likely that the reaction zone for other 

species would show thi s same trend. 
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Hanson-Parr and Parr69 measured the concentration profiles of CH2O, HONO, OH, CN, NH, and 

NO in a self-deflagrating RDX flame at 1.0 atm usi ng UV-Visible absorption and PLIF with a spatial 

resolution of 4 µm. Concentrations of CH2O and HONO were less than 1.0 percent. All of the NO2 reacted 

too close to the surface to allow its concentration to be measured. The results for OH, NO, CN and NH are 

shown in Figure 34 and Figure 35. Compared to these data, the model is over-predicting the concentration 

of NO by approximately 32 percent. The model also appears to be under-predicting the concentration of 

OH, though the predicted equilibrium value is nearly identical to that calculated by the Nasa-Lewis 

equilibrium code. 114 
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Figure 34: RDX NO and OH Profiles at 1 atm (Parr).69 

There is much better agreement between the predicted values and the measured values for the 

radicals CN and NH shown in Figure 35 . The agreement in location and magnitude of these peaks is very 

reasonable. For Ermolin 's data, the mass burning rate was input into the model. Hanson-Parr and Parr did 

not report a burning rate for their samples. The burning rate used in the comparisons made in Figure 34 

and Figure 35 was the steady-state value calculated by the model at I atm, 0 .03 cm/sec. 
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Laser-Ass isted Combustion Experiments 

Hanson-Parr and Parr67 and Litzinger et al. 6-1.6
5 have studied the flame structure of RDX at 1 atm 

under laser-assisted combustion conditions. By increasing the heat flux to the condensed propellant, the 

mass burning rate increases. The increased mass flux of gases from the burning surface stretches out the 

gas-phase fl ame giving researchers the required spatial resolution to measure species concentration 

profiles. Hanson-Parr and Parr use UV-visible absorption and Litzinger et al. use a triple quadrupole 

mass-spectrometer to obtain their data. To compare modeling results with these laser-assisted combustion 

data, some modifications to the model were necessary . 

The laser-assisted experiments are at least two-dimensional because the strands of propellant are 

surrounded by air, and the laser flux intensity is a function of radius . Most monopropellant models with 

detai led kinetics are one-dimensional but can be made to approximate the two-dimensional characteristics 

by: I) allowing the flame cross-sectional area to expand as a function of di stance from the propellant 

surface and 2) assume an average laser flux for the whole surface. Parr's experiment and how it was 

modeled are shown in Figure 36. A discussion of how their experiment was modeled follows. 
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Hanson-Parr and Parr have quantified the velocity field of the RDX gas flame using particle 

velocimetry imaging. The following pieces of information were used to determine the area expansion 

expression: 

1 > The cross-sectional area of the entire flame expands by a factor of 5 between the surface and 

5 mm above the surface. 

2) The center line velocity is approximately constant at 550 cm/sec. 

3) The measured surface regression rate was in the range of 0.06 to 0.09 cm/sec. 

4) The radial component of the velocity vectors near the centerline was much smaller than 

those near the edge of the sample. (i.e. The center of the flame may not have expanded as 

much at the entire flame). 

5) The length of the measured dark zone is approximately 0.12 cm. 

6) The experimentally determined temperature profile was used. 

The averaged laser flux, location of area expansion, and rate of area expansion were optimized to 

make the best agreement between the experimental temperature profile and the predicted profile. If the 
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area were allowed to expand by a factor of five , the calculated centerline velocity would be approximately 

125 cm/sec (much lower than 550 cm/sec). For the center line velocity to be approximately 550 cm/sec, 

the area could only expand by a factor of 3.15. The optimal area expansion correlation was: 

l cm2 x <.21 cm 

area= 
3.15-1 ( ) 2 ---. x-.21 + l cm .13 ~ x ~.5 cm 
.5-.21 

(43) 

3.15 cm2 x >.5 cm 

An average laser flux of 150 W/cm2 input to the model gave a calculated surface regression rate of 0 .086 

cm/sec. According to the heat flux-regression rate correlation given by Hanson-Parr and Parr, 107 they 

would have had to set their laser to 283 W/cm2 to get this burning rate. Therefore, according to the model, 

the propellant surface is receiving only about 50 percent of the peak laser flux. Prasad et al. 62 make a 

similar assumption with their model and postulate that this is reasonable due to the Gaussian distribution 

of the incident laser flux. 

There are several aspects of Hanson-Parr and Parr's experiment that are not considered in the 

model. As seen in Figure 36, they used a small sample of RDX surrounded by air. The one-dimensional 

model assumes that everything is constant in the radial direction (i.e. an infinitely large plane of RDX). In 

the experiment, the laser beam passes through the gaseous combustion zone at IO degrees from the axis. 

The influence of the laser on the gas-phase and liquid phase reaction chemistry is unknown . In the model, 

the energy flux from the 'laser' is added to the energy flux from the gas phase flame at the surface. 

Because of the uncertainty in the area expansion, and non-uniformity of the laser beam, in-depth 

absorption§§§ or gas-phase absorption of the laser flux was not considered. 

The measured and modeled temperature profiles are shown in Figure 37. (Note: Hanson-Parr and 

Parr , after comparing their measurements to calculated temperatures , recently re-analyzed their original 

data67 and have found an alternate interpretation of their results which gives a higher flame temperature.69 

Previously, their flame temperature was around 2600 K) . When considering the differences between the 

§§§ For propellants which are not completely opaque, not all of the laser flux is absorbed at the surface, 
but the absorption is distributed in the liquid and solid volumes. 
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model and experiment, the agreement for the calculated temperature profile is reasonable. The 

experimental data now show, and the model predicts, a flame temperature (3050 K) slightly above the 

adiabatic flame temperature (2925 K) due to the added energy from the laser. Both the model and 

experiment indicate a "dark zone" or temperature plateau in the RDX under laser-assisted conditions, yet 

neither indicate such a plateau for self-deflagration . The data indicate this temperature plateau occurs at 

about 1600 K, but the model predicts a "dark zone" at about 1400 K. This may indicate that the predicted 

"dark zone" species concentrations are slightly different from those occurring in Hanson-Parr and Parr's 

experiment. 
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Figure 37: RDX Laser-assisted Temperature Profile at 1 atm (Parr)69 

The calculated species mole fraction profiles corresponding to the temperature profile shown in 

Figure 37 are shown in Figure 38. The two-stage flame separated by a "dark zone" is clearly evident. In 

the primary flame, RDX, CH2O and N2O react to form NO, HCN, CO and H2O. Because of the relatively 

slow kinetics of NO and HCN, the chemical reactions stall until enough thermal energy is available to 

overcome the activation energy and ignite the secondary flame. In the secondary flame, NO, HCN, CO 

and N2O react to form the equilibrium products N2, H2O, CO, H2 and CO2• 

Hanson-Parr and Parr made measurements at several different laser intensities, but scaled all 

their data in the x direction relative to the location of the CN peak. As seen in Figure 39 and Figure 40, 
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there is reasonable agreement between the model and the experimental data for location and magnitude 

for the CN and NH peaks. As shown in Figure 4 1, there is also reasonable agreement for the location of 

the ri se in the OH profile. Above the mole fraction of 0.035, the model's values and experimental data 

diverge wi th the model rising toward the theoretical equilibrium concentration and the experimental 

values decreasing. 
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Figure 38: Calculated ROX Laser-assisted Two-Stage Flame Structure at 1 atm. 
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For NO and NO2, the agreement between the model calculations and the experimental val ues is 

poor (See Figure 42). The model is over-predicting the concentration of NO by about 40 percent and 

under-predicting the concentration of NO2 by about a factor of 3.5. It should be noted that the experiments 

indicate that the NO2 mole fractions decrease with decreasing laser flux. Extrapolating this trend to zero 

flux g ives a scaling fac tor of 0.29. 108 The fact that the predicted NO2 appears to be low may not be a 

problem with the reaction mechani sm, but rather with our inability to accurately model the effect of the 

laser. 
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Litzi nger et a l. 6-1 ·
65 have also measured the concentration profiles for several species under laser-

assisted conditions. Without a laser. the normal heat flux from the gas flame through the surface is 

approximately 50 W/cm2
. Their data were taken at two laser intensities ( 100 W/cm2 and 400 W/cm2

) and 

at one atmosphere. The gas-phase part of the model does not converge with a laser flux of 400 W/cm2
. 

The model indicates that the advection rate is much higher than the reaction rates and the flame is 

essenti all y blown away from the surface. For the 100 W/cm2 laser intensity, Litzinger reports a surface 

regression rate of 0.0752 cm/sec. To compare with Litzinger 's data, the laser flux in the model was 

adjusted until the calculated burning rate matched Litzinger' s experimental value. For the model, thi s 

laser flux is 135 W/cm2
. The nitrogen-containing species are shown in Figure 43 . As Hanson-Parr and 

Parr 's data, the model over-predicts the NO peak concentration by about 30 percent, but there is very 

reasonable agreement for the NO2 data. 
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Figure 42: ROX Laser-assisted NO and N02 Mole Fractions at 1 atm (Parr)67 

Table 12 contains a comparison of the measurements of the peak NO and NO2 concentrations as 

reported by the various researchers. Compared to Parr' s and Litzinger's data, the model is over-predicting 

the peak concentration of NO. The discrepancy is further investigated in the next chapter (page 76). It is 

interesting to note that for both Parr 's data and the model predictions, the ratio of peak NO to peak NO1aser 

concentrations is I . 17. 
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Table 12: NO and N02 Peak Mole Fractions 
Researcher Conditions Peak NO Mole Fraction Peak NO2 Mole Fraction 
Ermolin40

· '
06 0.5 atm, no laser 0.23 0.025 

Li tzi nger64
·
65 I atm, 100 W/cm2 laser 0.23 0.03 

Parr67 1 atm, 40-500 W/cm2 laser 0.2 0.2 

Parr69 I atm, no laser 0.17 Not measured. 

Model I atm, ISO W/cm2 laser 0.27 0.05 

Model 1 atm, no laser 0.23 0.025 

Litzinger measures and the model predicts a peak mole fraction of NO2 at about 0.03. This is in 

reasonable agreement with Ermolin's measurements, but much lower than the value reported by Parr 

(0.2). As mentioned above, Parr's NO2 measurement appears to be a function of laser intensity. For 

Litzinger, there is no such correlation. It appears that the laser may be causing a systematic error in Parr 's 

NO2 measurements. 

Figure 44 shows the comparison between Litzinger's carbon-containing species profiles and 

those calculated by the model. Near the surface, the model seems to be over-predicting the concentration 

of CH2O and under-predicting the concentration of HCN. In the "dark zone", there is very reasonable 

agreement between the model and experiment for all carbon-containing species. After the secondary flame 

the predicted values approach the expected equilibrium values, but Litzinger's measured values for CO2 
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and N2 (Figure 43 ) do not. At thi s distance from the surface, it is likely that the flame is beginning to be 

diluted by surrounding gases. 
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Figure 44: RDX Laser-assisted C-Containing Species Profiles at 1 atm (Litzinger)63 

Parr,67 Litzinger63 and Brewster66 have measured the burning rate of RDX at I atm as a function 

of laser flux inten sity. The comparison with the model is shown in Figure 45 . The differences in the 

experimental data likely result from variations in experiment, RDX sample, and how the researchers 

"define'' their laser flux. Hanson-Parr and Parr ' s laser beam intensity has a Gausian distribution , but the 

tail s have been clipped by apertures. They report the peak laser intensity. The diameter of the laser beam 

of Litzinger et al. was about twice the diameter of their sample. This made their distribution on the RDX 

sample fairly uniform. By using the appropriate mirrors, integrators, and lenses, Brewster was able to 

obtain a uniform intensity profile. A uniform intensity profile is assumed in the model, and the agreement 

with Brewster's measurements is very reasonable. 
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Summary of ROX Model Comparison with Experimental Data 

Predicted values of burning rate as a function of pressure, initial temperature and laser flux , 

surface temperature, melt-layer thickness and final-flame temperature all agree very well with the 

available experiment data . At pressures below 2 atm, the agreement with most species concentration data 

is reasonable. The most serious discrepancy with experimental data is the NO concentration, where the 

model, according to experimental data from Parr67 and Litzinger, 63
·
64 is over-predicting the peak NO 

mole fraction by 30 to 40 percent. Reasons for this difference are addressed in the next chapter. For N02, 

there is reasonable agreement between the concentration profiles of Ermolin,40
·
106 Litzinger63

·
64 and the 

model. The data from Hanson-Parr and Parr67 are an order of magnitude greater. Hanson-Parr and Parr's 

measurements appear to be influenced by their laser intensity. For some of the species concentration 

profiles, there is enough variation between results from the various researchers that it is uncertain whether 

the model and the experiments have the greatest error. 
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CHAPTER 7: ANALYSIS AND REDUCTION OF THE MELIUS-YETTER ROX MECHANISM 

Introduction 

As seen in Chapter 6, calculations made by the model using the Melius-Yetter50 mechanism were 

shown to correlate very reasonably with experimentally determined burning rate, surface and flame 

temperature, melt-layer thickness, and species concentration profiles. Models by Yang75 and Smooke62 

show similar results when using this mechanism. Most of the chemical reactions in the mechanism were 

originally studied for the combustion of hydrocarbons. Most of the reactions added or modified by 

Melius~8 and Yetter50 involve those species specific to nitramine chemistry. Because many of the model 

calculations are strongly influenced by the gas phase reactions (see Chapter 8), this chapter is an analysis 

of the Melius-Yetter RDX mechanism. The main reaction paths are identified and discrepancies in species 

concentrations profiles noted in the previous chapter are investigated. The analysis is extended to the 

development of skeletal and global mechanisms. 

Integral Reaction Flow Analysis 

To identify the main reaction paths, every reaction rate was integrated in volume (area of flame x 

length of numerical domain) and its contribution to the overall production or destruction of a species was 

compared with the other reactions (the integral reaction flow analysis). The results for RDX at 20 

atmospheres are summarized in Figure 46. 
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Figure 46: Integral Reaction Flow Analysis for ROX at 20 atm. 
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From Figure 46 the following observations can be made: 

• Approximately 88% of the RDX evaporates ( 12% decomposes) from RDX1iquid · 

• RDXvapor predominately decomposes to H2CNNO2 via a couple of intermediates. 

• After H2CNNO2 decomposes, the RDX decomposition can be summarized by two paths: 

N2O-CH2O (20%) and NOrH2CN (79%). 

• H2CN~HCN~HNC~HNCO~CO produces approximately 56% of CO. 

• Additional CO comes from CH2O~HCO~CO and H2CN~HCN~NCO~CO. 

• NO2~NO~N2 produces approximately 45 % of the N2. 

• NO2~NO~N2O~N2 produces approximately 35% of the N2 . 

• Approximately 70% of the H2 and 11 % of the N2 comes from reactions between small species 

like H, NH2, N, etc. 

Explanations for Discrepancies in Species Profiles 

In Chapter 6, it was noted that most of the calculated species profiles are in reasonable agreement 

with experimental data. Possible explanations for the noted discrepancies can be given based on the data 

presented in Figure 46, comments accompanying the Melius-Yetter50 mechanism, and literature searches 

for the appropriate reaction rate constants. Yetter notes in the mechanism that the reactions involving the 

species H2CNNO2, HONO, and H2CN need further review. Additionally, reactions involving the species 

RDX v-.pon RDXR, and RDXRO are highly uncertain as they were originally estimated by Melius48 based 

on BAC-MP4 calcu lations without any experimental data. 

Near the burning surface (See Figure 44, page 71) the model is over-predicting the concentration 

of CH2O by over a factor of four . As seen in Figure 46, CH2O is produced from the decomposition 

reactions of H2CNNO2 and in particular the reactions listed in Table 13. Reactions 222 and 223 were 

preceded by the comment "The following two reactions have been added to increase early heat release and 

reaction rate." It appears that, in reality, the ratio of H2CNNO2 decomposing to H2CN and NO2, to 
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H2CNNO2 decomposing to CH2O and N2O is greater than what the Melius-Yetter mechanism indicates. 

As is shown in Figure 63 (page 96), Reaction 221 strongly influences the burning rate, yet the burning 

rate agrees very well with experimental data. Thus, there appears to be a minor cancellation of errors in 

the mechanism. 

Table 13: Reactions Producing C 0 H2 
Reaction Reaction Percent contribution to the overall 
Number I production of CH2O 

22 1 H2CNNO2+H2O<=>CH20+N2O+H2O 53.6 

223 H2CNNO2+N2O<=>CH2O+2N2O 12.2 

217 H2CNO+NO2<=>CH20+2NO 12.0 

226 H2CNNO2+OH<=>CH20+N2O+OH 11.8 
222 H2CNNO2+NO2<=>CH2O+N2O+NO2 5.7 

22 CH20+M<=>HCO+H+M 4 .6 

The largest discrepancies in species concentration profiles involves the nitrogen chemistry and in 

particul ar the concentration profiles of NO and NO2. The model shows reasonable agreement with the 

NO2 concentration measured by Litzinger64
·
65 and Ermolin,40 but is low by a factor of four compared to 

Parr' s data. (See Table 12, page 70.) Parr 's measured concentration of NO2 appears to be a function of 

laser flux .67 Given this conflict in the experimental data, the discrepancy in the concentration of NO2 will 

not be investigated . 

The experimental data do consistently indicate that the model is over-predicting the 

concentration of NO. Several possible explanations and solutions were investigated. The reactions 

contributing the most to the production of NO (as determined from the integral reaction flow analysis) are 

shown in Table 14. The rate constants used for these reactions agree well with those found in the 

literature. 109 
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T bl 14 R f a e : eac ions P d . NO ro ucmg 
Reaction Reaction Percent contribution to the 
Number overall production of NO 

61 NO2+H<=>NO+OH 63.1 
115 HNO+NO2<=>HONO+NO 9.1 
78 NH+NO<=>N2O+H 6.2 
112 HNO+OH<=>H2O+NO 5.5 
91 NH2+NO<=>N2+H2O 5.1 
111 HNO+H<=>H2+NO 3.5 
217 H2CNO+NO2<=>CH2O+2NO 2.1 
65 NO2+HCO<=>H+CO2+NO 1.8 
168 NCO+OH<=>NO+CO+H 1.0 

The reactions leading to the destruction of NO are listed in Table 15. Except for Reaction 56 all 

of the rate constants agree well with those found in the literature. 109 Yetter' s calculated rate for Reaction 

56 is low by approximately four orders of magnitude compared to 22 values found in the NIST Kinetic 

Data Base.109 As seen in Figure 46, NO reacts to HONO which reacts to form NO2. Increasing this rate 

constant by four orders of magnitude did not change the peak concentration of NO by a significant 

amount. 

T bl 15 R f a e : eac 10ns D t es roymg NO 
Reaction Reaction Percent contribution to the 
Number overall destruction of NO 

77 NH+NO<=>N2O+H 21.2 
46 N+NO<=>N2+O 17.0 
90 NH2+NO<=>N2+H2O 9.8 
79 NH+NO<=>N2+OH 8.5 
58 NO+HCO<=>HNO+CO 7.2 
56 NO+OH( +M)<=>HONO( +M) 6.0 
92 NH2+NO<=>N2O+H2 5.5 

205 H2CN+NO<=>HCN+HNO 5.0 
89 NH2+NO<=>NNH+OH 5.0 
42 N+OH<=>NO+H 4.2 
55 NO+H( +M)<=>HNO( +M) 3.7 
174 NCO+NO<=>CO2+N2 2.8 
173 NCO+NO<=>N2O+CO 2.2 

The reactions affecting the concentration of NO were further investigated by measuring the 

sensitivity of the concentration of NO with respect to each gas-phase reaction. Figure 47 is a plot of the 
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normalized sensitivity coeffic ients (s) as a function of distance from the surface for the top 15 most 

sensitive reactions . Normalized sensitivity coefficients for this analysis are defined as: 

s= 
A; JXNO 

max( X No ) dA; 
(44) 

where A; is the pre-exponential rate constant of reaction i. Because XNo changes with distance from the 

surface so does s. (This is calculated as described in the PREMIX manual.45 For further discussion of 

sensitivity analysis please refer to the next chapter.) The NIST l(jnetic Database109 and a recent study by 

Lin et al. 110 were searched for each of the reactions shown in Figure 47. There was very reasonable 

agreement between most of the rate constants used by Yetter and those found in this limited literature 

search. However, no comparisons could be made for the following reactions: 
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Figure 47: NO Sensitivity Analysis for ROX at 10 atm. 
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Each of the pre-exponential rate constants for these four reactions was changed by an order of 

magnitude in the direction necessary to lower the concentration of predicted NO, as determined from 

Figure 47 . (e.g. decreasing the rate of Reaction 210 will decrease NO concentration.) Individually 

changing the rate constants had little effect on the concentration of NO, yet when all four rate constants 

were changed simultaneously by an order of magnitude, the calculated peak NO mole fraction was 0.20 

compared to 0.24 with the original rate constants. However, these four reactions also affect the burning 

rate to a significant degree. (See Figure 63, page 96). With these changes, the burning rate changed from 

0.2383 cm/sec to 0.3253 cm/sec, an increase of 36 percent. Compared to the NO concentration, the value 

for burning rate is known with relative certainty to be approximately 0.24 cm/sec. Either the experimental 

values of the concentration of NO are low or other reactions are at fault. The latter is more likely . 

After studying Figure 46 and several sensitivity plots similar to Figure 47, it was concluded that 

the reason that the model was over-predicting the concentration of NO was likely the result of the 

combinations of reactions describing the interactions between NO2, NO, HNO, HONO, HCO and H2CN. 

Based on this analysis, the pre-exponential factors of the reactions listed in Table 16 were changed as 

indicated, and the peak NO mole fraction changed from 0.24 to 0.19. This value is in better agreement 

with measured values by Parr67 and Litzinger. 64 (See Table 12, page 70) . Comparisons between the model 

using modifications to the Melius-Yetter mechanism outlined in Table 16 and previous results, are shown 

in Figure 48 and Figure 49. There is much better agreement for NO. These modifications increased and 

moved the peak concentrations of CN and NH closer to the surface. The shift of the location of the peak 

may indicate a slight difference in the experimental and calculated burning rate. Unlike the changes to the 

four reactions above, these adjustments caused insignificant changes in predicted values of burning rate, 

surface temperature, final flame temperature, and melt-layer thickness for pressures between I and 100 

atm . Most of the rate constants associated with these reactions (Table 16) have a high degree of 

uncertainty. It should not be assumed that these adjustments are justifiable from a chemical standpoint, 

but they may indicate a general location of the problem. 
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T bl 16 P a e : ropose d M d.fi f o t tea tons to ems- e er o e uce Ml' Ytt tRd P kNOC ea t f oncen ra 100 

Reaction Reaction Original Pre-Exponential Change by Factor 
Number Factor (A) 

56 NO+OH+M<=>HONO+M .155El2 x lO000 

58 NO+HCO<=>HNO+CO 7.23El2 x lO 

115 HNO+N02<=>HONO+NO 6.02El I +100 
205 H2CN+N0<=>HCN+HNO l.0E14 x l00 

206 H2CN+N02<=>HCN+HONO I.OE! I +100 

207 H2CN+N02<=>H2CNO+NO l .0el2 +100 

210 H2CN+N20<=>H2CNO+N2 l.0E12 x l00 
216 H2CNO+N02<=>HCNO+HONO l.0El2 +100 

217 H2CNO+N02<=>CH20+2NO I.OE 12 +100 

218 H2CNO+HNO<=>H2CN+HONO l.0E12 x l00 
(Modifications to rate constants of Reactions 56 and 58 are justifiable according to NIST database. The 
other rate constants are uncertain and the corresponding reactions were not found in the NIST database.) 
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Mechanism Reduction 

It is desirable to reduce the size of the gas-phase mechanism for two reasons: I) by eliminating 

many of the lesser important reactions the key reaction paths are more easily identified and studied; and 

2) for multi-dimensional and/or time-dependent models , CPU time can be reduced greatly by eliminating 

species and reactions. A reduced mechanism does have drawbacks, such as a reduced range of 

applicability and a loss of accuracy. In the literature, many reduced mechanisms have been developed to 

match one parameter (usually laminar flame speed) at one pressure (usually one atmosphere). Such a 

reduction may be useful for the first reason listed above but may not be applicable in more general 

modeling such as the effect of pressure oscillations on the combustion of a composite propellant. Two 

methods used to significantly reduce a mechanism for RDX deflagration that maintain accuracy of 

predictions over a wide range of applicability are described. One method is used to develop a skeletal 

mechani sm and the other to develop a global mechanism. Both mechanisms are CHEMKIN41 compatible. 

It is hoped that these mechanisms can be used in future work in more complex models where reduci ng 

CPU time becomes necessary . 

Background 

PREMIX uses finite differencing to turn the differential equations (Eqs. 14- I 6) into non-linear 

algebraic equations, and then uses an adaptive-gridding and Newton's method to solve for the temperature 

and species concentration profiles. In solving the problem, much of the time is spent generating the 

Jacobian matrix . The size of the Jacobian can be significantly reduced by eliminating the number of 

spec ies or nodes . Because the Jacobian matrix is banded, the amount of memory units it requires in 

PREMIX is ( 6· ldc2 t- 22· k.k t- 20) -ii where kk is the number of species and ii is the number of nodes . 

Reducing the number of nodes reduces the resolution and accuracy of the solution. Likewise, by 

eliminating species, one not only looses those species concentration profiles, but also the effect those 

species have on other species and the entire solution. Since the size of the Jacobian is related to the 

number of species squared, great reductions in CPU time can be achieved by eliminating species. The 

remainder of the time is used in function calls, inverting the Jacobian, and solving, which can also be 
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sign ifican tl y reduced by eliminati ng species. The number of reactions has little effect on CPU time when 

compared to the effect of the number of species . 

There are many ways of reducing the number of species and number of reactions in a large 

elementary-step reaction mechani sm.111 Several of these methods are briefl y described in the Appendix . 

Ske letal Mechanism 

In the reduction of the number of species, the unmodified August 1995 version of the Melius-

Yetter RDX mechanism was the starting point and the standard for comparison. Key reaction paths were 

identified from the integral flow reaction analysis shown in Figure 46. A few species (RDXR, RDXRO, 

H2COHNNO2) can be dropped immediately by combining a few reactions (replaci ng reactions in Table 17 

with those in Table 18). These changes did not have a significant effect on model predictions . 

T bl 17 Full M I ul a e : o ec ar RDXD ·r ecompos1 100 •••• 
# Reactions to be replaced: 
I RDX( +M)=RDXR+N02( +M) 

Low Parameters 
2 RDX+H=RDXR+HONO 
3 RDX+OH=>2H2CNNO2+H2COHNNO2 
4 H2COHNNO2=>HCN+NO2+H2O 
5 RDXR( +M)=>RDXRO( +M) 

Low Parameters 
6 RDXRO( +M)=>2H2CNNO2+H2CN( +M) 

Low Parameters 

Table 18: Skeletal Molecular RDX Decomposition**** 
# Replaced by: 
1,5 ,6 RDX(+M)=2H2CNNO2+H2CN+NO2(+M) 

Low Parameters 
2,5 ,6 RDX+H=2H2CNNO2+H2CN+HONO 
3 RDX+OH=>3H2CNNO2+OH 

A 
2.00E+l6 
l.57E+ 17 
l.00E+l3 
I.0E13 
l .00E+\6 
l.0E16 
7.69E+l6 
1.00E+l6 
7 .69E+l6 

A 
2.0E+\6 
l .57E+l7 
I.0E+l3 
1.0E13 

Ea (cal/mole) 
4.500E+04 
2.800E+04 
5.000E+03 
5.000E+03 
0.000E+00 
2.300E+04 
l. 800E+04 
2.300E+04 
l .800E+04 

Ea (cal/mole) 
4.500E+04 
2.800E+04 
5.000E+03 
5.000E+03 

The mechanism was further reduced using the integral reaction fl ow analysis. The process was 

automated by using the following algorithm: 

I. Choose one or more species as the important initial species. 

**** Low parameters are rate constants for pressure-dependent fall-off reactions using the Lindemann 
expression.41 

82 



II. Add other important species 

A. For each important species: 

1. Integrate the contribution of every reaction to the destruction 

of an important species from the surface to the end of the 

flame. 

2. Find which reaction contributes the most to the destruction of 

that species. 

3. Mark every species that is involved in any reaction that 

contributes more than X (O<X<l) times the contribution of the 

maximum reaction (determined in II.A.2) as important. 

B. If any new species are marked as important go to step II.A. 

III . Delete all unimportant species. 

IV. Delete all reactions involving species deleted in step III. 

V. Run calculations and compare with full mechanism. 

Once all the unimportant species and the reactions that involve these species have been identified 

and removed from the mechanism, all other reactions are kept. Starting with ROX as important and 

X=0.4, the algorithm began tracing the decomposition of ROX towards final products. H2CNNO2, NO2 

and H2CN were the first species added in step II .A.3 . This was followed by HCN, NO, H, and OH. (This 

can be followed on the Integral Flow Analysis in Figure 46.) The process was continued until the final 

equilibrium species were reached. According to this method, CH2O is not important in the gas phase but 

must be considered because it is being produced by the condensed phase decomposition mechanism. To try 

to reduce the number of species even further, the reaction ROX1iquid~3CH2O + 3N2O was dropped from 

the condensed phase decomposition reaction. This path represented only 4.6% of the ROX decomposition 

compared to over 88% evaporating and 7.3% going to NO2 and H2CN. By eliminating CH2O, HCO could 

also be dropped. By dropping CH2O, essentially all of the ROXvapo, decomposes to H2CN and NO2 through 

H2CNNO2. To eliminate H2CNNO2 the reactions in Table 18 were replaced by the reaction in Table 19. 
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Table 19: Global Molecular ROX Decomposition 
Reaction A 

ROX( +M)=3H2CN+3NO2( +M) l .3E 12 
Low Parameters l .57E+l 7 

Ea (cal/mole ) 

4 .500E+04 
2.800E+04 

Essentially, the initial RDXvapo, decomposition has been represented by one global reaction , and 

by so doing , four additional species were eliminated. Running the above algorithm with X= l 00% resulted 

in a mechanism of 18 species involved in 39 reactions . The fo llowing species were dropped : 0 2, HO2, 

H2O2, CH2O, HCO, NH3, NNH, HNO, CN, C2N2, NCN, N, HONO, NCO, CNO, HOCN, HCNO, NO3, 

is referred to as S 18-39 in the subsequent discussion . It is li sted in the Appendix and diagrammed in 

Figure 50. 

Rf~•• 
r.~e~1 ~e:p ________ • _ ,. __ • • _ • • __ • • • __ _ 

RD, ,.,.. 
[ Su~f~e • ... • • . • . • • • .. • • • • • • 

N,O 

/_co--t3 

H2CN 

J ~\ 
HNC 

Figure 50: Skeletal RDX Mechanism S18-39. 
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Several other reduced mechanisms were developed and tested in this process. The smallest 

mechanism that retained CH2O and gave reasonable resu lts used the skeletal decomposition of RDX in 

Table 18 and involved 23 species in 83 reactions (S23-83) . Results obtained using S23-83 did not differ 

greatly from those obtai ned using S 18-39. Comparisons of S 18-39 with F45-232 (the original Yetter­

Melius Mechanism50
) and with experimental data are made below. 

For nitramine mechanisms, Anderson et a l. 11 2 have been working on a reduced mechani sm for 

the dark zone region. They are modeling the system as a batch reactor . Their detailed kinetic mechanism 

is composed of 185 elementary reactions and 41 species. From this a skeletal mechanism ( 18 species, 24 

reactions) was developed using reaction path analysis and sensitivity analysis. By applying the QSSA to 8 

species, a global mechanism (7 species and 3 reactions) was developed. The criteria used in judging their 

reduced mechanism were ignition delays for pressures between I and 30 atmospheres and for initial 

temperatures between I 000 and 1800 K. Sixteen of the 18 species and 20 of the 24 reactions from 

Anderson's skeletal mechani sm 11 2 are also in S18-39. 

Global Mechanism 

The objective in developing the global mechanism was to include the minimum number of 

species and reactions that would enable the model to predict the correct burning rate and approximate 

final product concentrations over a range of pressures. Another requirement was that the global reaction 

mechanism had to be written in CHEMKIN41 format to be compatible with existing computer models. The 

mechanism was developed by proposing a few reaction steps and then optimizing the kinetic parameters 

so that the model would predict the correct burning rate and final species concentrations. (i.e., the fitted 

kinetic method) . At this level of global reaction mechanism, the detail in the chemistry that is possible 

with the full or skeletal mechanisms is lost. 

Table 20 contains a global mechanism developed for RDX. This mechanism can be summarized 

by reactant (RDX)~intermediate (H2CNNO2)~final products (CO, NO, H2, H2O, CO2, 0, OH). There 

are 9 species involved in 6 reactions. The rate constants for the first 5 reactions were determined by 

optimization. Reaction 5 is the reverse of reaction 4 . The last reaction comes from Tsang and Hampson 11 3 
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and is used without modification. Two more species (OH and H) can be eliminated by excluding the final 

reaction. but as will be shown , the dissociation of water must be considered to have better agreement with 

the ad iabatic flame temperature (See Figure 54, page 88). In this discussion, the global mechanism with 7 

species and five reactions (H and OH eliminated) is referred to as G7-5, and likewise the global 

mechanism with 9 species and six reactions is referred to as G9-6. 

Table 20: RDX Gas-Phase Global Mechanism 
Reaction A B Activation Energy (cal/mole) 

I RDX+M=>3H2CNNO2+M 2.IEII 0 25000 
2 H2CNNO2=N2+CO+H2O 3.0E9 0 35000 
3 H2CNNO2=H2+CO2+N2 I.0E9 0 35000 
4 CO2+H2=>CO+H2O 7.5E9 0 10000 
5 CO+H2O=>CO2+H2 8.5E8 0 10000 
6 OH+H+M=H2O+M 2.21E22 -2 0.000 

H2/2.500/ H2O/l.200E0I/ CO/1 .900/ 02/3 .800/ (Third body efficiencies for rxn 6) 

In the full mechanism, ROX was assumed to decompose in the condensed phase via two 

competing pathways: 

By including these decomposition pathways four additional species must be added to the gas 

phase mechanism. To avoid this, these reactions were replaced by : 

A= I .OE 13 Ea=36000 cal/mole 

In either case, the transition from condensed phase to gas phase for ROX appears to be 

dominated by evaporation. The model calculates the net evaporation rate in the same manner as when 

using the full mechanism. All other model inputs (thermophysical properties of ROX) are the same as 

those listed in Table 10 on page 50. 

Comparison of Reduced Mechanisms with Experiment and Full Mechanism Calculations 

The skeletal and reduced mechanisms show reasonable agreement with experimentally 

determined burning rate data as a function of pressure (Figure 51 ), surface temperature data (Figure 52), 

melt-layer thickness data (Figure 53), adiabatic flame temperature data (Figure 54) and adiabatic flame 
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species concentrations (Figure 55). On a log- log plot the agreement in burning rate looks reasonable, but 

S 18-39 does under-predict thi s characteri stic at 80 atmospheres by 12%. S 18-39 has a s lightl y higher 

surface temperature and melt- layer thickness because of the different liquid decomposition mechanism. 

Although all of the major fin a l flame species concentrations show reasonable agreement with theoretical 

values, the g lobal mechanisms do not accurately reproduce the adiabatic fl ame temperature because of the 

missing minor species. Adding global reaction 6 of Table 20 (the dissociation of water) to G7-5 (to make 

G9-6) reduces the error sign ificantly but increases the number of species by two (OH and H). 
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Figure 56 shows the calculated temperature profiles for the full, skeletal and one of the global 

mechanisms. The heat feedback from the gaseous flame is higher for G9-6 but the condensed phase 

mechanism is different, requiring a different flux to achieve the balance. The more global the mechanism, 

the less accurate the predictions. 
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Figure 56: Calculated Temperature Profiles using Reduced Mechanisms at 20 atm. 

Concentration profiles of some of the major species as calculated using the F45-232 and S 18-39 

mechanisms at 20 atmospheres are compared in Figure 57, Figure 58 and Figure 59. In Figure 57, the 

concentration profiles for NO, H2O, CO show reasonable agreement. The concentration profile for 

RDXv-,po, is different because the reactions involving RDXR, RDXRO, and H2CNNO2 were replaced by the 

single reaction in Table 19. Figure 59 shows significant differences in the profiles of N2O, NO2 and 

CH2O. Again S 18-39 does not include CH2O. S 18-39 does not produce the initial concentration of N2O as 

ca lculated by the F45-232 because of the exclusion of the N2O production in the condensed phase and the 

exclusion of the reactions of H2CNNO2 going to CH2O and N2O. 
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CPU Time Savings 

One of the main purposes of this study was to find a reduced mechanism that would otkr 

significant savings in CPU time and reasonably reproduce most of the results of the full mechanism. For 

the sake of compari son in CPU time, a standard test was performed using a number of mechanisms . In 

PREMIX,~5 the CPU time can be divided in three categories: function calls, Jacobian generation, and 

solving. The standard test for each mechanism is the sum of the CPU time for 16 function calls, one 

Jacobian generation, and 15 solutions normalized for 100 nodes. The results are shown in Figure 60. A 

power-law fit of the time with respect to the number of species gives an exponent of 2.1. By cutting the 

number of species in half, CPU time is reduced by more than a factor of 4 . The increase in speed relative 

to the F45-232 mechanism is shown in Figure 61. When using a skeletal or global mechanism one must 

consider the tradeoffs. S l 8-39 is 7.5 times faster than the full mechanism, but ignores the CH20 path. G7-

5 is 44 times faster but does not provide much information about the species profiles. 
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Conclusions 

The Melius-Yetter ROX gas-phase mechanism50 has evolved over several years. Most of the 

reactions that are in common with hydrocarbon combustion have been studied extensively and are well 

known . For species unique to the ROX flame, reactions have been postulated and rate constants have been 

estimated. In the development of the mechanism, some of these reactions and rate constants have been 

adjusted (optimized) so that the full mechanism would match the experimental data. As shown in the 

previous chapter, there is very reasonable agreement for most of the available data. There is a discrepancy 

between model calculations and experimental data for the concentration profile of NO. Rate constants for 

several reactions with a high degree of uncertainty were adjusted to produce better agreement between the 

model and experimental data for the NO concentration profile. 

Using the integral reaction flow analysis method, the Melius-Yetter ROX mechanism ( 45 species 

and 232 reactions)50 was reduced to 18 species and 39 reactions (S 18-39). For typical PREMIX45 

calculations, the skeletal mechanism is about 7.5 time faster than the full mechanism. Using optimization 

of the kinetic parameters, two global mechanisms (9 species, 6 reactions, and 7 species, 5 reactions) were 

developed (G9-6, G7-5) which are about 29.7 and 44.5 times faster, respectively, than the full mechanism. 

Often reduced mechanisms have a narrow range of applicability. However, the skeletal and global 

mechanisms presented here reasonably reproduce the burning rate, surface temperature, final flame 

temperatures, and final product concentrations from I to 100 atmospheres. The errors introduced by using 
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these reduced mechanisms are tabulated in Table 21 for 20 and 70 atm. (Species errors are not shown for 

70 atm because they are simi lar to those at 20 atm.) For several of the major species, the skeletal 

mechanism reasonably reproduces the concentration profiles calculated by the full mechanism. It is hoped 

that these mechanisms not only indicate the dominant reaction paths for RDX but will also find use in 

models which require reductions in CPU time. 

T bl 21 C a e : ompanson o ac a tons usmg re I u1 r ,, ee an o a ec amsms a Full Sk I tal d GI b I M h . t 20 nd 70 atm. a 
Mechanism F45-232 S 18-39 09-6 07-5 

Pressure Times Faster than F45-232 l 7.5 29.7 44.5 
20 atm Calculation Value Percent Deviation from F45-232 

Burning Rate (cm/sec) 0.406 1 10.7% 6.7% 3.3% 
Surface Temperature (K) 687 2.9% 0.5% 0.3% 
Melt Thickness (microns) 11 40.5% 25.6% 18.0% 
Flame Temperature (K ) 3173 1.1% 2.8% 11.0% 

Adiabatic NASA Lewis Percent Deviation from NASA Lewis Value 
Flame Species Mole Fraction 
N2 0.323 0 .0% -0.1% 0.7% 3.0% 
co 0.246 -0.2% -0.5% 0.2% 1.3% 
H2O 0.218 0.2% 0.7% 3.1% 14.4% 

H2 0.089 -0.3% -1.lo/o -10.4% -5.2% 

CO2 0.079 0.4% 1.1 % -0.4% 5.4% 
H 0.018 -0.4% 3.6% 20.0% -100.0% 
OH 0.018 -0.2% 6.4% 24.3% -100.0% 
NO 0.004 0.7% 12.0% -100.0% -100.0% 
0 0.002 -0.7% 10.8% -100.0% -100.0% 
02 0.002 0.1% -100.0% -100.0% -100.0% 

70 atm Calculation Value Percent Deviation from F45-232 
Burning Rate (cm/sec) 1.1944 -7.7% 0.7% -1 .4% 
Surface Temperature (K) 733 2.7% 1.0% 1.0% 
Flame Temperature (K) 3269 0.8% 2.5% 8.0% 
Melt Thickness (microns) 4.4 65 .0% 38.3% 29.3% 

93 



CHAPTER 8: SENSITIVITY ANALYSIS OF RDX/HMX MODEL 

In analyzing experimental data, researchers want to know not only the numerical value of their 

measurement but what factors influence that value. For example, an experiment can be designed to 

measure the effect of pressure on burning rate. Some factors are beyond the control of an experiment (e.g., 

the vapor pressure of RDX) and experimentally determining their influence on measured quantities can be 

impossible. In numerical models, one may calculate the influence of a model input on a model output by 

simply perturbing the input by a small amount and measuring the effect on the calculated output. In 

numerical models, unlike in an experiment, it is easy to change the vapor pressure and calculate the 

resulting change in burning rate. However, this calculated effect is accurate in terms of the model but may 

not correspond to reality. There is no guarantee that using the model for sensitivity analysis or making 

ca lculations for conditions where there are no experimental data will correspond to actual physical 

processes. The amount of confidence that may be placed on such calculations depends upon the 

underlying equations of the model and how well the model correlates with the available experimental 

data . 

Sensitivity analysis can also be useful in identifying possible weaknesses in the model inputs . For 

example, if the model under-predicts the melt-layer thickness and sensitivity analysis indicates that 

thermal conductivity is a controlling factor, the literature could be searched, or experiments could be 

suggested to verify the value of thermal conductivity. 

In order to measure the influence of a particular input (A) on an output (B), derivatives are 

ca lcul ated. To make comparisons between the effects of several model inputs, normalized sensitivity 

coeffic ients are used. They are defined as: 

A dB 
s=--

B JA 
( 45) 
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and can be interpreted as: ' a 1% increase in A results in s% change in B.' (The value of scan be either 

positi ve or negati ve .) In this section, the sensitivity analysis of RDX at lO atm (T;0 ;1=298 K) is presented. 

Because of the simil arity between RDX and HMX, and similarity in model sensitivities, the corresponding 

analys is for HMX will not be presented. The analysis presented here is used in the next chapter in 

identifying the reasons for the similarities and differences in the combustion of RDX and HMX. 

Factors Affecting the Burning Rate 

The normalized sensitivity coefficients of factors affecting the mass burning rate are shown in 

Figure 62. The initial temperature, pressure and heat of formation define the enthalpy of the system and 

have significant effects . As enthalpy increases (by either T;0 ;1, pressure, or t1Hr) the mass burning rate 

increases. The normalized sensi tivity coefficient of burning rate with respect to pressure is 0 .82, which is 

approximately the pressure exponent in correlating the burning rate data with rb=aP". The vapor pressure 

correlation has relatively little effect on the burning rate. In the original model developed by Melius ,49 the 

burning rate was determined by an evaporation expression . In the model presented here, although 91 .5% 

of the RDX is calculated to evaporate at lO atm, the burning rate is most sensitive to factors that influence 

the energy balance at the surface. These factors include the heat feedback from the gas region and the two 

liquid decomposition reactions (Table l l , page 51 ). tt+t Both reactions positively influence the burning 

rate, but the calculated burning rate is most sensitive to the exothermic reaction , RDX(C)~3CH20+ 

To identify which gas-phase reactions are affecting the calculated burning rate, sensitivity 

coeffic ients were calculated by perturbing the log10 of the pre-exponential factor of each gas phase 

reaction by IO percent. The reactions having the greatest sensitivity coefficients at 10 atm are shown in 

Figure 63 . As is discussed in the next chapter, reaction 223 is removed from the HMX mechanism to force 

better agreement between experimental and calculated burning rate data. 

++++ In Figure 62 and the following figures of sensitivity coefficients, the analysis is calculated with 
respect to log 10 of the pre-exponential rate constants. By doing this, the relative uncertainty of the 
rate constants more closely correlates with the uncertainty of the other parameters (cp.solid, t1Hr, 
etc.).) 
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Pressure 

Heat Feed Back 

Evaporation 

RDX(C)=>3H2CN+3f\02 

RDX(C)=>3CH20+3N2O 

Cond Liq 

DH melt 

T melt 
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Cp sol 

DHf 

-0 .5 0 0.5 1.5 

Normalized Sensitivity Coefficient 

Figure 62: RDX Burning Rate Sensitivity at 10 atm, Tinii=298. 

2 2.5 

(Sensitivity coeffic ients for reactions were calculated with respect to log10 of the reaction rate pre-factor. ) 

H2CNO+N0' 

16K : NCO-OH<=> 

NO+CO-+H 
210 : rt2CN+N20<=> 

H2CNO+N2' 

-3 -2 -1 0 

223 : H2 CNN0hN20<=> 

9 2: NH2 +NO<:=>N2 O+H2 

7 8 : NH+N0<">N2 0 -+H 

221 : H2CNN02+H20<=> 

2 3 4 5 

Normalized Sensitivity of Burning Rate wrt Log10 of Pre-Exponential Rate Constant 

Figure 63: Top Reactions Influencing Burning Rate of RDX at 10 atm.HH 

t+H The rate constants of reac ti ons marked with an as terisk (*) are very uncertain . 
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Factors Affecting Temperature Sensitivity (crp) 

In Chapter 6 (page 53), the burning rate at initial temperatures of 223 K, 298 K, and 373 K was 

presented. This change in burning rate with respect to initi al temperature is referred to as temperature 

sensitivity (crp)· In the stability analysis of propellants, temperature sensitivity is a very important 

parameter and is defined as: 

a ,, 
oI;nit 

(46) 

p 

The sensitivity analysis of crP involves taking derivatives of a derivative (i.e. substitute Eq.46 for 

B in eq. 45). The magnitudes of the sensitivity coefficients shown in Figure 64 are somewhat uncertain 

because of numerical noi se in the model. Of the factors shown in Figure 64, only the solid heat capacity 

appears to have a sign ificant effect on crP. The only place where the initial temperature is used in the 

model is in eq . 39 (page 38) where it serves as a boundary for the integration of the solid heat capacity. 

This model assumes that the liquid- and gas-phase mechanisms do not change with initial 

temperature. As seen in Figure 62, the heat flux from the gas flame and the condensed-phase reactions 

strongly influence the burning rate. If these factors do change with initial temperature, they would affect 

the temperature sensitivity . Temperature sensitivity is discussed further in the Appendix. 

Pressure 

Heat Feed Back 

Evaporation 

RDX(C)=>3H2rn+3N02 

ROX( C) =>3D-i20+3N2O 

C.Ond Liq 

DH melt 

T melt 

Cp liq 

Cp sol 

OHi 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 

Normalized Sensitivity Coefficient 

Figure 64: RDX crp Sensitivity at 10 atm. 

0.8 

(Sensitivity coefficients for reactions were calculated with respect to log 10 of the reaction rate pre-factor) 

97 



Factors Affecting the Final Flame Temperature 

For a constant enthalpy system, the final flame temperature (or adiabatic flame temperature) 

should only be a function of the enthalpy of the material entering the system and the pressure of the 

system . As seen in Figure 65, the final flame temperature is most sensitive to these parameters. The other 

parameters (cp,solict , Cp. liquid, etc .) do not have a significant effect on the final flame temperature. The non-

zero sensitivity coefficients for these parameters result from numerical noise in the model. The flame 

temperature is dependent upon certain gas-phase reactions, namely those which establish the equilibrium 

between final product concentrations, and those which lead to the final products. (See Figure 66.) 

ll!ialTeflll 

Pressure 

.-eat Feed Back 

Evaporation 

FOX( C)=>3H2CN+3NJ2 

FOX( C)=>30i20+3N2O 

Cond Liq 

DHrre­

Trrelt 

Cp iq 

Cp sol 

Orf 

-0.005 0 0.005 0.01 0.015 0.02 0.025 

Normalized Sensitivity Coefficient 

Figure 65: RDX Final Flame Temperature Sensitivity at 10 atm. 
(Sensitivity coefficients for reactions were calculated with respect to log10 of the reaction rate pre-factor) 

150 CN +NO,c,:;,,NCO+N 

7 4 NH.O+-k:orf,/O+H 

190 I-NCO+HooNH2+CO 

22 1 H2CNN02+H20c::,. 

CH20+N2 o.H20 

173NCQ.+llK)-=-N20.CO 

-0.05 0 

168: 

NC0+04-NO+COw-f 

92 : NK':~20+H2 

0.05 0.1 0.15 0.2 

Normalized Sensitivity Coefficients 

Figure 66: Top Reactions Influencing Final Flame Temperature of RDX at 10 atm. 
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Factors Affecting the Surface Temperature 

The fac tors affecti ng the calcul ated surface temperature are shown in Figure 67 . The two liquid 

decomposition reactions and the vapor pressure correlation (labeled as 'Evaporation' in Figure 67) are the 

dominating fac tors in determining the surface temperature once system pressure has been fixed. The 

surface temperature is rel atively insensitive to the other physical properties of RDX. The gas phase 

reac tions have relatively little influence on the surface temperature . 

Initial Terrp 

Pressure 

Heat Feed Back 

Evaporation 

ROX( C)=>3H2CN+3N02 

ROX( C) =>3CH20+3N20 

Cond Liq 

0 H rrelt 

Trrelt 

Cp liq 

Cp sol 

0 Hf 

-0.2 -0.15 -0 1 -0.05 0 

Normalized Sensitivity Coefficients 

Figure 67: RDX Surface Temperature Sensitivity at 10 atm. 

0.05 0.1 

(Sensitivity coefficients for reactions were calculated with respect to log10 of the reaction rate pre-factor. ) 

Factors Affecting the Melt-Layer Thickness 

The melt-layer thickness is largely a function of the melt temperature. (See Figure 68.) The melt­

layer thickness is the di stance from the solid-liquid interface (defined at T melt) to the liquid-gas interface. 

The other boundary of the melt layer is largely controlled by the liquid decomposition reactions (Figure 

67). The liquid thermal conductivity also has a strong influence on the melt-layer thickness . Originally in 

the RDX model , Shoemaker 's thermal conductivity98 for the solid phase was used for the thermal 

conductivity of the liquid. With Shoemaker's value the model calculated a very thin melt layer compared 

to the Zenin's experimental data71 (See Figure 24, page 57). A value of 0 .0008 cal/cm-K-sec (- twice 
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Shoemaker·s va lue) was used in the model to obtain reasonable predictions of melt layer thickness. Using 

the analysis on page 49, a value for the solid thermal conductivity of 0.0006 cal/cm-K-sec can be 

ca lculated from recent thermal-diffusivity data from Hanson-Parr. 87 This value supports the conclusion 

based on model calculations that Shoemaker' s thermal conductivity values are too low. 

nttial Terrp 

Pressure 

Heat Feed Back 

Evaporation 

RDX(C)=>3H2CN+3J\02 

RDX(C)=>3CK20+3N2O 
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DH melt 

Tmelt 

Cp liq 

Cp sol 

D Hf 

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 

Normalized Sensitivity Coefficient 

Figure 68: ROX Melt-Layer Thickness Sensitivity at 10 atm. 

0 0.5 

(Sensitivity coefficients for reactions were calculated with respect to log 10 of the reaction rate pre-factor.) 

Summary 

Sensitivity calculations can be made for numerous model predictions. In the previous chapter, 

sensitivity analysis was used to identify which reactions affect the concentration of NO across the length 

of the flame. In this chapter, sensitivity calculations were made with respect to burning rate, temperature 

sensitivity, flame temperature, surface temperature, and melt-layer thickness. Burning rate is largely 

determined by the liquid-phase decomposition reactions and heat feedback from the gas-phase flame. 

Temperature sensitivity (crp) is influenced by the solid heat capacity. The surface temperature is strongly 

controlled by the vapor pressure correlation. At low pressures, the melt-layer thickness is influenced by 

the melting temperature, but at higher pressures the heat feedback from the gas-phase flame dominates 

this prediction. These results are used in the next chapter to explain observed similarities and differences 

in the combustion characteristics of RDX and HMX. 
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CHAPTER 9: THE HMX MODEL WITH COMPARISONS TO THE ROX MODEL 

Introduction 

Because of the similarities between RDX and HMX, much of the work in developing and 

analyz ing the RDX model could be easily extrapolated to the HMX model. In this chapter, the alterations 

in the model inputs that were necessary to model HMX are described, but the main theme of this chapter 

is the discussion of the similarities and differences in the combustion characteristics of HMX and RDX. 

Many of the explanations are based on the sensitivity analysis presented in the previous chapter. 

Observed Differences in the Combustion of HMX and RDX 

As observed by Hanson-Parr and Parr,69 HMX has a much taller flame standoff distance (-3-4 

mm) than RDX (0.5 mm) at atmospheric pressure under self-deflagration conditions. They note that the 

peak formaldehyde mole fraction for HMX is about 8% compared to I% for RDX. The HMX flame is also 

not as stable as the RDX flame at these low pressures. This is substantiated by Zarko, 115 who observed an 

osc illating combustion rate for HMX at I atm. The magnitude of these oscillations increased with initial 

temperature. Under laser-assisted combustion conditions, Hanson-Parr and Parr also observed that there is 

a spray of fuel droplets being ejected from the surface of both RDX and HMX. Without a laser flux, the 

number density of fuel droplets is smaller (not quantified) for HMX and not detectable for RDX. They also 

note that the fuel spray interferes with some of their measurements. From these observations, it appears 

that HMX decomposes via slightly different paths than RDX, at least at low pressures (below 10 atm) . At 

higher pressures there are not sufficient data to support this observation. 

Properties of RDX and HMX 

Boggs,9 Ben-Reuven, 116 and Fifer80 have each done extensive literature reviews on the properties, 

mechanisms and combustion characteristics of RDX and HMX. The thermophysical properties of RDX 

101 



and HMX used in the model are listed in Table 22. In several respects these monopropellants are very 

similar. Not only are their elemental compositions identical but their heats of formation on a mass basis 

are very comparable. For these two reasons their adiabatic flame temperatures and final product 

concentrations (constant enthalpy and pressure ca lculation) are nearly identical. There are, however, a few 

significant differences. HMX,oiid can exist in four phases(~. a, and 8; y is unstable) whereas no solid-solid 

phase transitions have been observed in RDX. RDX melts around 478 K, and HMX melts anywhere 

between 520-554 K depending upon the solid phase. There is some disagreement as to the melting 

temperature of HMX because of rapid decomposition beginning at or slightly below the melting point.9 

The vapor pressure of RDX is approximately four orders of magnitude higher than that of HMX. 

(See Figure 69 .) Most of the literature values are actually sublimation pressure data but, for lack of 

anything better, sublimation pressure corre lations are used in the model for both RDX and HMX. (The 

choice of properties for ROX is discussed on page 48). 
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Figure 69: Sublimation Pressures of RDX and HMX93
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I 22 Th Tab e : . Ip ermophys1ca rooerties of an 1 RDX d Hl\ X 
Property HMX RDX 

Chemical Structure C-1H8N80 8 (H2CNN02) C3l--4N60 6 (H2CNN02t 

L'.Hro,mation (@ 298 K) 17.9 kcal/mole (60.4 cal/g)1 14.69 kcal/mole (66.1 cal/g) 1 

Molecular Weight 296.2 222.1 
g/mo le 

Phase B a 8 Liquid Solid Liquid 

Density (glee) 1.90117 l.8il 7 1.7811 7 1.9 1.806 g/cc9 1.806 g/ccm§ 
§§§§ 

t-.H,ransition kcal/mole .45••••• 1.999 1 1.4 8.5299 

J.J.J. .!...L 
1 1 t'' 

Transition Temp. (K) 388.5 118 43911 8 554.5118 

Melting Temperature 52011 8 530118 554.5 11 8 47899 

(K) 

P-HMX 11 9 and RDX,0 li/8 cp(T)= 5 .5404xl 0·2+6.253 l x l0-4T Cp(T)=3.8933x\0"2+ 7 .0300x 10·-lT 
co(T) cal/g-K 

a-HMX cp(T) cal/g- cp(T)= 5.5404x l 0-2+6.253 Ix I 0-4T 
K+++++ 
8-HMX c0 (T) cal/g-K119 c0 (T)= l .2028xl0.1+4.8997x10-4T 
Liquid c0 (T) cal/g- K§§§§ Cn(T)= I .2028x l0- 1+4.8997x l0·4T c0 (T)=3.8933x 10-2+ 7.0300x 10-4T 
Thermal Cond. (solid)98 0.00036 cal/cm-K-sec .0004 cal/cm-K-sec 

Thermal Cond. 0 .0006 cal/cm-K-sec 0.0006 cal/cm-K-sec 
(solid)§§§§§ 

Thermal Conductivity 0.0008 cci l/cm-K-sec 0 .0008 cal/cm-K-sec 
( liq)* .. *** 

Vapor Pressure tt++-!-t Io< 14.73-8296rr(K)) torr I 20 10c11.s1.s8sorr(K)) torr1 00 

§§§§ Assumed to be the same as in the solid phase. 

••••• Hall 99 reports a LiH for the P-8 transition of 2.35 kcal/mole and 1.9 kcal/mole for the a-8 transition . 

We estimated the t-.H for the P-a transition as 2.35-1.9=0.45 kcal/mole . 
tt ttt Assumed to be the same as ROX on a mass basis. 

:J: t:J:H Assumed to be the same as P-HMX. 
§§§§§ Value back calculated using Parr's thermal diffusivity and Shoemaker's heat capacity. See Figure 

14, page 49. 

•••••• No thermal conductivity values were found in the literature for the liquid phase. These values were 
chosen so that the model would correlate well with Zenin's melt-layer thickness data.71 

tttttt These values are actually sublimation pressures . 

l03 



Because no thermal conductivity data for the nitramines in the liquid phase could be found in the 

literature, we chose 0.0008 cal/cm-K-sec for both RDX and HMX to allow better correlation between the 

model and experimental data. (See page 49 ) 

Kinetic Mechanisms 

Condensed-Phase Mechanism 

Two competing paths as proposed by Brill4 (see Figure 16, page 5 l) are used in the model for the 

liquid decomposition mechanism of RDX and HMX. (See Table 23.) The liquid decomposition 

mechanisms for RDX and HMX are essentially the same.HHH Many of the similarities in the combustion 

of these two monopropellants can be attributed to the similarity of their decomposition paths. 

T bl 23 C d a e : on ense dPh ase D ecompos1 10n ec amsms o 'f M h fRDX dHMX 4 an 
Reaction A(HMX) s·1 A(RDX) s·1 Activation Energy cal/mole 

RDX(HMX)~3(4)CH2O+3(4)N2O 101 30 I 0 12 9 34,400 

RDX(HMX)~3(4)H2CN+3(4)NO2 
1016.S 101 64 44,100 

Gas Mechanism 

The gas phase mechanism used for RDX is the Melius-Yetter mechanism from August, 1995.50 

For HMX, a few stoichiometric coefficients were modified in the RDX mechanism to handle the 

additional H2CNNO2 group in HMX. No rate constants were changed. As is explained below, Reactions 

222 and 223 were dropped from the HMX mechanism but were retained in the RDX mechanism. All 

differences in the two mechanisms are noted in Table 24. 

The thermodynamic properties of HMXvapor were estimated to be the same as those of RDXvapor on 

a mass basis . The properties of species HMXR and HMXRO were estimated to have the same difference 

on a mole basis from HMXvapor as the difference between RDXv-,por and RDXR and RDXRO 

respectively.§§ §§§§ 

t tHH In the numerical model, the pre-exponential factors are multiplied by PRDx/WT RDX to be compatible 
with the units used in the code. 

§§§§§§ RDXR is RDX minus a NO2 group. RDXRO is an isomer of RDXR. 

104 



Table 24: Differences in the Gas-Phase Mechanisms of RDX and HMX. 
Reactio ns Unique to RDX Mechanism: A ~ Ea (cal/gmole) 

222. H2CNNO2+NO2•CH2O+N2O+NO2 1.00E+ll 0.00 2000.0 

223. H2CNNO2+N2O=CH2O+N2O+N2O 1.00E+ll 0.00 2000.0 

227. RDX(+M)•RDXR+NO2(+M) 2.00E+l6 o. cio 45000.0 

Low pressure limit: 0.15700E+18 0.00000E+00 0 . 28000E+05 

228. RDX+H•RDXR+HONO 1.00E+l3 0.00 5000.0 

229. RDX+OH•>2H2CNNO2+H2COHNNO2 l.00E+13 0.00 5000.0 

230. H2COHNNO2•>HCN+NO2+H2O 1.00E+16 0.00 0.0 

231. RDXR(+M)•>RDXRO(+M) 1.00E+l6 0.00 23000.0 

Low pressure limit: 0.76900E+l7 0.0O000E+00 0.18000E+05 

232. RDXRO(+M)•>2H2CNNO2+H2CN(+M) 1.00E+l6 0.00 23000.0 

Low pressure limit: 0.769001!:+17 0.00000E+00 0.18000E+05 

Reactions Unique to HMX Mechanism: 

225. HMX(+M)=HMXR+NO2(+M) 2.00E+16 0.00 45000.0 

Low pressure limit: 0.15700E+l8 0.00000E+00 0.28000E+05 

226. HMX+H•HMXR+HONO 1.00E+l3 0.00 5000.0 

227. HMX+OH•>3H2CNNO2+H2COHNNO2 1. 00E+13 0.00 5000.0 

228. H2COHNNO2•>HCN+NO2+H2O 1.00E+l6 o.oo o.o 
229. HMXR(+M)•>HMXRO(+M) 1.00E+l6 0.00 23000.0 

Low pressure limit: 0.76900E+l7 0.00000E+00 0.18000E+05 

230. HMXRO(+M)•>3H2CNNO2+H2CN(+M) 1. 00E+16 0.00 23000 . 0 

Low pressure limit: 0.769001!:+17 0.00000E+00 0.18000E+05 

Comparisons with Experimental Data 

There is a larger variety of experimental data available for model comparison for RDX than for 

HMX. Where applicable, data for HMX and RDX along with model predictions for both monopropell ants 

are shown in the same figure. 

Burning Rate 

Figure 70 is a plot of burning rate as a function of pressure (at T init=298K) for both RDX and 

HMX as calculated by the model and measured from a variety of experimental sources .34
•
7

1.
103

·
104 RDX and 

HMX appear to have almost identical burning rate curves. However, on close examination of the data 

below I 00 atmospheres and for initial temperatures of 223 K and 373 K, some differences become 

apparent. (See Figure 71 a nd Figure 72.) 
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As seen in both the experimental data and mcx:lel calculations, RDX has a higher burning rate for 

this pressure range and for these initial temperatures. Initially, the HMX mcx:lel predicted essentially the 

same burning rate curve as for RDX and did not indicate this observed difference. Sensitivity analysis for 

both HMX and RDX (See Figure 63, page 96) indicated that the burning rate at high pressures was 

somewhat sensitive to Reaction 223: 

H2CNNO2+N2O<=>CH2O+2N2O 

After removing Reactions 222 and 223 from the gas-phase mechanism of HMX, the calculated 

burning rate showed better agreement with the experimental data. It should be noted that in the RDX 

mechani sm, these two reactions were preceded by the comment that the H2CNNO2 chemistry needs 

further study and that these reactions were added "to increase the early heat release reaction rate." 

Sensitivity analysis for both RDX and HMX indicates that the burning rate is largely determined by the 

heat feedback from the gas region and is not a strong function of vapor pressure or melting temperature 

(Figure 62, page 96). The similarity in the burning rate curves (Figure 70) can be explained by the 

similarity in the reaction chemistry, and the small differences (Figure 71 and Figure 72) are likely due to 

differences in the initial vapor decomposition steps, but not necessarily the two steps that were removed 

from the HMX mechanism (Reactions 222 and 223). 

Temperature Sensitivity 

For HMX there are burning rate data for a variety of initial temperatures ( 173, 198, 223, 248, 

273, 298, 373, 423 K). The data (symbols) and corresponding mcx:lel predictions (lines) are shown in 

Figure 73. The agreement is reasonable for all initial temperatures over the pressure range except for the 

c ircled data. 

As observed by Parr69 and Zarko, 115 HMX combustion is unstable near atmospheric pressure and 

this instability increases with initial temperature . It is possible that in this region (P<20 atm, T ;n;1>298 K), 

a phenomenon not considered in the mcx:lel is occurring, such as changes in the decomposition paths in 

the condensed phases or liquid droplets spraying from the surface. Changes in reaction pathways with 

initial temperature could result from solid-phase transitions . One may force agreement between the mcx:lel 
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and the experimental burning rate data by increasing the rate of the exothermic HMX1iqu id decomposition 

pathway (HMX~3CH20+3N20) for only these condition s. However, this was not done. A di scussion of 

transformation of the burning rate data presented in Figure 73 into O"p is included in the Appendix. 
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Figure 73: HMX Temperature Sensitivity (173 K to 423 K)34 

Adiabatic Fl ame Temperature 

The adi abatic flame temperature and species concentrations, as calculated by the model for both 

HMX and RDX, are essentially identical and agree well with predictions made by the NASA-Lewis 

equilibrium code114 (constant enthalpy and pressure calculations). One would expect similar results for 

HMX and ROX given the similar heats of formation and chemical compositions. 

Surface Temperature 

Zenin7 1 recently reported measurements of surface temperature of RDX and HMX. These data, 

along with model calculations, are shown in Figure 74. Sensitivity analysis indicates that the surface 

temperature is strongly affected by the liquid decomposition reactions and the vapor pressure. (See Figure 

67, page 99 .) The liquid decomposition reactions are similar for these two monopropellants . However , 

RDX has a higher vapor pressure than HMX, evaporates more readily, and therefore has a lower surface 
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temperature. For both RDX and HMX, the model indicates that evaporation is the dominant path for 

converting the condensed phase to the gas phase. Thi s agrees well with assumptions made in the 

development of other models. 38
.4

9
·
62 Fi gure 75 shows that the percent of the original nitramine that 

evaporates increases with pressure . This is contrary to Zenin 's71 model based on his experimental data. 
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Figure 74: RDX and HMX Surface Temperature71 
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Melt-Laver Thickness 

Melt-layer thickness data are shown in Figure 76. Sensitivity analysis indicates that the melt­

layer thickness is a function of the melting temperature, liquid thermal conductivity and heat feed back 

from the gas region. (See Figure 68, page I 00) The melt layer of RDX is thicker than that of HMX at low 

pressures because RDX melts at a lower temperature. The only free input parameter••••••• that was 

adjusted in the modeling of these two nitramines was the thermal conductivity of the liquid. This 

parameter was used to scale the calculated melt-layer thickness to match Zenin's data.71 None of the other 

calculations were significantly affected by the magnitude of the liquid thermal conductivity . 

As pressure increases, so does the heat feedback from the gas region. Above 10 atm, the effect of 

the melting temperature and liquid thermal conductivity on melt-layer thickness is not as significant as 

that of the heat feed back from the gas region. This can be seen in the converging of both the data and 

model calculations as pressure increases. Brewster66 observed experimentally that the melt-layer thickness 

of RDX increases with added laser flux, but the model shows the opposite trend. This discrepancy may be 

attributed to in -depth absorption of the laser beam in the melt layer. The model assumes that all of the 

laser energy is absorbed at the surface. 
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Figure 76: RDX and HMX Melt-Layer Thickness 
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••••••• No experimentally determined value for the liquid thermal conductivity was found in the literature. 
All other model inputs were taken from experimental data as shown in Table 22. 
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Experimental Data Unique to HMX 

Because of the unstable nature of the combustion of HMX near atmospheric pressure, there have 

been considerably fewer experiments to study the flame structure reported for HMX compared to RDX . 

Hanson-Parr and Parr have made some measurements for the self-deflagration flame structure at one 

atmosphere but the data were difficult to reproduce and no temperature profile could be extracted from 

their data. 69 Therefore, they reported their measured species concentrations in molecules/cm3
. The 

comparison of model calculations with the data of Hanson-Parr and Parr is shown in Figure 77. The 

compari son is very poor as the model predicts a much shorter flame. Hanson-Parr and Parr make the 

fo llowing comment about their data: 'This quasi-unstable 3D fluid dynamic flame stabilization may lead 

to poor comparison with models which are ID only, i.e. the flame liftoff height in the experiments is a 

sensitive function of the 3D nature caused by the sample size. l D models may show a shorter fl ame or one 

that totally blows off." Hanson-Parr and Parr also report the location of the CN peak for HMX from I to 

12 atm. 121 The results are shown in Figure 78, and again the model predicts a much shorter flame. 
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12 

All of the reactions occurring in the combustion of RDX and HMX should be identical except 

those describing the initial decomposition of RDX (liquid and vapor) and HMX (liquid and vapor) . These 

differences can likely be attributed to the un-modeled phenomena of initial-temperature dependent 

decomposition mechanisms and the ejection of liquid droplets from the burning surface. At high pressures 

(greater than 20 atm, typical of rocket motor conditions) the flame thickness decreases and the influence 

of the different decomposition reactions is not as significant as at I atm. 

Summary 

In this chapter, the alterations to the RDX model necessary to model HMX are described. Where 

possible, calculations for RDX and HMX combustion are compared with experimental data. The observed 

similarities and differences in the combustion characteristics are explained using the results from the 

sensitivity analysis presented in the previous chapter. These conclusions are summarized in Table 25 . 

Additionally, based on observations of Parr69 and Zarko115 as well as model calculations, it appears that 

the initial decomposition steps of HMX in the liquid and vapor phases are likely to be pressure and initial­

temperature dependent and differ from those of RDX. These differences can explain some of the 

discrepancies between the model and experimental data below 20 atm. Further experimental investigation 

into the combustion characteristics of HMX at low pressures are necessary to verify these hypotheses. 
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Table 25: Reasons for the Similarities and Differences in HMX and RDX Combustion 
Combustion Strong Factors of little Explanation 
Characteristic Function of: influence 

Burning Rate Liquid and Vapor pressure, The similarity of the RDX and HMX reaction 
gas reaction T melt chemistry explains the simi lar burning rate 
chemistry. curves. Minor differences appear to be related to 
iq 0 ,.,-Hbj the first few decompositio n steps in the gas phase. 

Temperature Solid heat Vapor pressure , The model predicts that RDX and HMX have 
Sensitivity capacity. Tme1t, liquid essentially the same crp, yet experimental data 

icP ~ crP i decomposition could indicate the crp of HMX is higher at low 

iQ,~crPi mechanism, gas pressure . This could be caused by a shift in the 
reactions. decomposition mechanism of HMX below 20 

atm. 

Surface Vapor RDX has a higher vapor pressure therefore a 
Temperature Pressure lower surface temperature than HMX. 

j p vao~TJ 

Adiabatic ti.Hr, P, T init Evaporation, RDX and HMX have similar ti.Hr and identical 
Flame reactions, cP of elemental ratio between C , N, 0 , and H. 
Conditions so lid and liquid. 

Melt Layer Melting Heat capacity . The melting temperature of RDX (478 K) is 
Thickness Temp, lower than HMX (520-554 K). The RDX melt 
(P<I O atm) Liquid layer is thicker than that of HMX at pressures 

thermal below IO atm. 
conductivity 

i T melt~Lme l.-1-

iA1ia~LmelJ 
Melt Layer Heat feed back Melting Temp, Above IO atmospheres , experimental data and 
Thickness from the gas liquid thermal model predictions show very little difference in 
(P> IO atm) phase flame. conductivity, etc. the melt-layer thickness of RDX and HMX. This 

j qga.,~lme1...l- is due to the similarity in the heat feed back from 
the gas region . 
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CHAPTER 10: PRELIMINARY MODELING OF GAP 

Introduction 

Up to this point, this dissertation has focused on the modeling of two very similar 

monopropellants, RDX and HMX. To test the model's range of applicability, a very dissimilar energetic 

material, GAP, was chosen . GAP (glycidyl azide polymer) is an energetic material of interest in the rocket 

industry because of its high burning rate (-1 cm/sec at 40 atmospheres) and relatively low pressure 

exponent (-0.5) . As seen in the chemical formula (C3H5ON3)n, GAP is very deficient in the oxygen 

needed for complete combustion. 

Numerous researchers have worked on the development of HMX and RDX models since the early 

l 970's . These nitramines have received a lot of attention in recent years and the agreement between 

experimental data and model calculations is very reasonable.76
·
62 This is the first attempt at modeling the 

combustion of GAP using detailed chemistry. As such, the level of understanding and modeling of GAP is 

much more elementary than that of the nitramines. This chapter describes initial efforts at putting 

together the pieces of the GAP combustion puzzle. Not all the pieces fit together because of differences in 

experiments, experimental error, and interpretation of results. It is hoped that in attempting to develop a 

model of GAP, missing key information is identified to guide future experiments. 

There are quite a few differences between GAP and the nitramines. RDX and HMX are 

crystalline, whereas GAP is a polymer. The calculated adiabatic flame temperatures at one atmosphere are 

about 2925 K for the nitramines and 1387 K for GAP.114 According to the modeling of RDX and HMX, 

evaporation appears to be the dominant means of converting the nitramines from condensed to gas phase, 

where most of the decomposition occurs. Evaporation is not likely to be significant for GAP and 

condensed-phase decomposition appears to dominate the combustion characteristics. 
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Thermophysical Properties 

Being a polymer, the thermo-physical properties of GAP can vary with the degree and method of 

cross-linking and curing. The monomer consists of C3H5N3O. [n the literature the quoted thermophysical 

properties of polymer vary from author to author. Some of the values found are shown in Table 26. Cured 

GAP is typically 85% GAP, 12% hexamethylene diisocynate (HMDI) and 3% trimethylopropane 

(TMP). 122 However , various cross- linking agents can be used at varying concentrations. The chemical 

formula for cured GAP is approximately C33H56O1.1N26.122· 123 Kubota 122 and Frankel 126 provide the heat 

of formation of GAP, though the value given by Kubota (0.229 kcal/g) appears to pertain to the monomer, 

and that of Frankel (0.28 kcal/g) to the polymer. Lengelle123 lists values for Cp and A but introduces these 

values with, ''The physico-thermal characteristics of GAP thought to be representative are:" (italics 

added) implying that these values probably do not have an empirical basis. Likewise, Kubota124 did not 

provide a source for his value for cP . From this literature search, it appears that the thermo-physical 

properties of GAP need further investigation and definition . 

T bl 26 Th a e : h . IP ermop: 1ys1ca f roper 1es o fGAP 
Chemical Formula C33H56O1.1N26

123 I C3H50N3
125 I C3.3H56O112N26/ 22 I 

Chemical Structure 
H-rQCHCH, -OCH2CH20-- CH2fHO--H - -OIHCH2 >---

I 
CH2NJ CH2N3 CH2N3 

- -n ~ -n 126 - -n 125 

Heat of Formation (kcal/g) +0.28 126 (experimental), +0.229 122 

Density (g/cc) 1.301 26, 1.28123. l .271 25 

Thermal Conductivity 3.5e-04123 

(cal/cm-s-K) 

Heat Capacity (cal/g-K) 0.45 123. 0.3845 124 

Melting Temperature (K) Unknown? Yuan et al, report seeing a molten layer on burning GAP.127 

No other mention is made in the literature. 

Decomposition Studies of GAP 

There have been several studies on the decomposition of GAP. The work of three groups 

(Flanagan et al. 128, Haas and Eliahu129 , and Brill, Chen, 130 and Oyumi 131) is discussed here. Their 

individual experiments will first be introduced and then their results compared. 

Flanagan et al. pyrolized the polymer at 1073 K under a high heating rate and measured the 

concentrations of H2, N2, NO, CO, C~. CO2, N2O, H2O, CH2CH2, CH2O, HCN and CH3CH3 using a gas 
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chromatograph for pressures ranging from 6.8 to 68 atmospheres. This temperature is about 300 degrees 

above the surface temperatures for self-detlagrating GAP reported by Kubota.124 The investigators were 

ab le to measure quantitatively the concentrations of the species li sted above, but their elemental balances 

are not closed. They can only account for 58% of the carbon, yet have too much oxygen ( 136%) and too 

much nitrogen ( 12 l %). Their results indicate that the decomposition product concentrations are fairly 

insensitive to pressure. 

Brill and Chen 130 have used fast thermolysis/FTIR to study the decomposition of GAP at one 

atmosphere. This method involves using a very thin sample painted onto a metal tip . The tip is electrically 

heated, and the concentrations of the IR-active species are measured. Because of the inability to detect 

non-IR active species like N2 and H2, their reported species concentrations are not absolute but rel ative. In 

an earlier work, Brill and Oyumi 130 heated a thin sample of GAP spread between two KBr plates under 

low and hi gh heating rates. Measurements were taken between l and l000 psi . Like Flanagan, their 

re sults also show that concentrations of decomposition products are fairly insensitive to pressure. 

Haas et al., 129 studied GAP decomposition at extremely low pressures ( t0·2 torr) under laser­

assisted combustion conditions. Gaseous species (N2, CO, C2Hi, HCN, CH.i, and C2Hi) were measured by 

gas chromatography and mass spectrometry. In addition to gaseous species, they also observed that 

approximately 37% of the original GAP was converted to a powder whose composition was approximately 

C9H13N3O2. They estimate error bounds on their reported species concentrations to be 25 to 30%. 

The mole fractions reported from each of the four studies are shown in Figure 79 . Because the 

concentrations reported by Brill et al. are relative, the data from each group are scaled by dividing by the 

reported mole fraction of CO. (See Figure 80.) Though the experimental conditions differ greatly from one 

group to another, some general observations can be made. There appears to be better agreement between 

the results of Haas and Flanagan than with those of Brill. Brill reports significant concentrations of NH3 

and CH2O but the other groups do not. Likewise Brill reports higher concentrations of HCN but no C2Hi. 
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Kubota makes the statement, "The results showed that 24% solidified carbon was formed on the 

burning surface.',1 24 It is unclear how he reached this conclusion. Lengelle reports a carbon residue on the 

burning surface of GAP interfering with thermocouple measurements.123 Likewise, Yuan 127 observed 

carbonaceous residues on the burning surface. The NASA-Lewis equilibrium program 114 predicts 

approx imately 29 mole percent solid carbon in the final products but Flanagan 132 did not see solid carbon 

and suggested that the equilibrium program be run again, this time preventing the formation of solid 

carbon . It should be noted that Flanagan only accounted for 58% of the carbon in his elemental mass 

balances. 128 When suppressing solid carbon formation, the equilibrium code predicted concentrations of 

benzene and naphthalene (-2 mole percent for each) in the final flame (See Figure 81 ). Haas et al. 129 
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reference Mi shra 133 et al. , as observing benzene, pyrole and furan . Benzene and similar molecules are 

precursors to soot formation, but whether soot, solid carbon and/or aromatic molecules are formed at al l 

during the combustion of GAP is not clear. This question needs to be answered because 24% C,01;ct or 2 

mole percent benzene is very significant on a mass basis . 
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Figure 81: NASA-Lewis114 Calculated GAP Equilibrium Products at 40 atm 

Despite the variance in the studies, there is a general consensus on the first decomposition 

step--the breaking off of N2 from the azide to form the nitrene130
·
129

·
124

·
134

·
135

: 

tCHCHt I +N2 
CH2N 

n (47) 

Kubota 124 says that H2 is released with the N2 in the exothermic step (164 kcal/mole). 

Flanagan 128 gives the heat release as -80 kcal/mole. The activation energy for the above reaction has been 

measured by several investigators as approximately 41 kcal/mole. 123
·
124

·
134

·
135 

Further decomposition of the nitrene is less well understood. Dhar and Singh 136 say the next step 

is the release of H2 (Kubota 124 included this in the first step) with a heat of reaction of 140 to 170 

kcal/mole. Kubota says that the nitrene decomposition produces H2, Csoiict and other gaseous products .137 

Brill and Chen 130 believe that the nitrene decomposes via two paths. They speculate that the dominant 

step leads to the formation of HCN while the lesser step involves the migration of H to form NH3. None of 

118 



the other researchers report detecting NH3. Haas et al. 129 also propose two similar decomposition paths for 

the nitrene: 

N migration 

--f1HCH~ ti HCHt=---c HCN + HCO + polymer 

l CH2N Jn CHNH :CH2 + NCO + polymer 
n n (48) 

The first path mainly leads to HCN, CO and methane and the second path leads to ethylene, acetylene and 

CO. They note that the second path could also produce NH3 though it was not observed in their 

experiments. 

The condensed phase reactions of GAP appear to be very complex and poorly understood. Species 

evolving from the surface could range from solid carbon to naphthalene and from stable species like N2 to 

reactive species like CH2 and monatomic nitrogen. 129 At the level of our current understanding, a global 

decomposition mechanism for GAP is probably all that is justifiable in a numerical model. 

Combustion Characteristics of GAP 

GAP has some interesting combustion characteristics, but again there is considerable 

disagreement in the literature. For example the pressure exponent of GAP has been reported to be 0.28 137
, 

0.44 122
, 0.5i1 23

, 0.63 127
, and 0.692. 138 Reported temperature sensitivities range from O.OOi 39 to 0 .0 1122 

( l /K) . These large variations in combustion characteristics can likely be attributed to variations in the 

preparation process of the GAP. For example, Flanagan et al. noted that the temperature sensitivity of 

GAP is very much a function of which curing agent is used. 139 To make reliable comparisons between 

experiment and models it is necessary to know the chemical composition, heat of formation and heat 

capacity of the GAP that was used in the experiment. Unfortunately, this information is not included in 

most of the publications. The reported combustion characteristics are compared below with model 

results . 
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Modeling 

There are some significant differences in applying the combustion model to a polymer rather 

than a crystalline substance. For RDX and HMX, the two-phase zone begins at the melt temperature. But 

for GAP, only one reference to a molten layer on the surface was found in the literature, and being a 

polymer, a distinct melting temperature is not expected. 127 For GAP, the two-phase zone starts at some 

temperature above the initial temperature and below a temperature where decomposition is occurring at 

any significant rate. As long as this criterion is observed the choice of temperature to start this region had 

insignificant effects on model predictions. Evaporation is another significant difference in modeling GAP 

and the nitramines. For RDX and HMX, evaporation was the dominant path of conversion of condensed 

phase material to gas phase, according to the model. For GAP, being a polymer, evaporation is likely to be 

insignificant. For the nitramines, evaporation helped determine the boundary between the two-phase zone 

and the gas-flame zone (the surface of the burning propellant). For GAP, the surface is defined as the 

point where 99.999% of the condensed phase material has disappeared due to decomposition into gaseous 

species. Because of the linear relationship between concentration of the condensed species and the 

decomposition rates, the exact solution is asymptotic to 100%. To avoid this problem, a number very close 

to 100% was chosen. Finally, most of the chemical reactions occurring in the combustion of the 

nitramines are occurring in the gas flame, but for GAP, much of the heat release occurs in the two-phase 

region. 

The condensed-phase decomposition mechanism of RDX and HMX used in the model is very 

simple. Most of the original propellant was assumed to evaporate with a fraction decomposing into four 

relatively stable species (N02, HCN, N20 and CH20). For GAP, numerous species with a wide range of 

stability have been detected coming off of the surface. Many of the major species detected are already near 

their thermodynamic equilibrium concentrations (N2 and CO). This causes two problems. The first 

problem is developing a condensed phase decomposition mechanism that accurately reproduces the 

species observed in the decomposition studies. The second problem involves the calculation of the burning 

rate. Because the gas-phase flame of GAP is so weak and the burning rate of GAP is so high (about 2.5 
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times hi gher than RDX/HMX at 10 atm, +++++t+) the gas-phase reactions are blown away from the surface. 

Experimentally this is observed as a weak fl ame detached from the surface. At near atmospheric 

pressures, severa l researchers report that GAP self extinguishes. 132·129 The model shows that convection 

carries the gases away from the surface before they can react to a significant degree. This leads to 

difficulty in numerical convergence of the gas- fl ame zone and in the calculation of the burning rate. 

The propellant properties li sted in Table 27 were used in the model. Ten units of the monomer 

chemical composition, taken from Ref. 123, were used to simulate the polymer (GAP I 0). Other values 

were taken from the sources as referenced in the table. The gas-phase reaction mechanism was developed 

by assembling the Melius-Yetter50 gas phase mechanism for RDX, Cohen's140 AP mechanism and the 

GRI hydrocarbon mechanism. 1~1 Of the resulting mechanism, some species which would not be present 

were eliminated (like RDX, chlorine-containing species, etc.). The result was a mechanism containing 58 

species involved in 292 reactions. This mechanism is probably much more complicated than is necessary, 

but at this point, the GAP model is not established well enough to reduce the mechanism. 

T bl 27 GAPP a e : roperties use m o e d. Md I 
Chemical Composition C13Hs6O11N26 (GAPI0) Heat of Formation (@298) 0.28 Kcal/g 126 

Heat Capacity 0.3845 kcal/g K124 Thermal Conductivity 3.5E-4 cal/cm-s-K123 

Density 1.3 g/cm3 

Many different global decomposition mechanisms were tried for the condensed phase. As 

expected, the predicted combustion characteristics are largely controlled by the condensed-phase 

reactions. The various mechanisms were developed by setting the burning rate at 40 atmospheres to 1.96 

cm/sec (as reported in experiment126), and adjusting the species being produced and the pre-exponential 

rate constants until the heat fluxes at the interface between regions two and three matched. Then a series 

of runs were performed to see how the predictions compared to experimental data at other initial 

temperatures and pressures . Three of the mechanisms that were tried are shown in Table 28. Each 

mechanism has four steps and for ease of comparison, steps are listed together rather than in individual 

mechanisms . The differences in rate constants between mechanisms for each step are minor. 

t+tt-:-++ Based on GAP burning rate data from Kubota137 and the data presented in Figure 70, page 106. 
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Table 2 8 p : rooosed Con d ensed-phase R eactlon Mechanisms or A i G P 
Products 

0 
0 ~ 

r:. a: z <D 'q" C\J 0 
0 

0 C") 
a. u a. '[ii z 0 'q" I I I C\J C") 0 C\J C\J I a.> a.> <X'. C\J C\J 0 0 C\J z I <D C\J C\J I I C\J I z I C\J 
ii5 ~ Reactant CJ z I 0 0 I I 0 0 0 0 0 0 z I 0 0 0 0 0 Log(A) Ea 

A GAP10 1 8 15.7 41 .5 
1 B GAP10 1 8 14.9 41 .5 

C GAP10 1 8 14.9 41 .5 
A GAPR10 2 21 14 11 6 2 11 .0 25 

2 B GAPR10 2 15 2 11 6 2 2 11 .0 25 
C GAPR10 1 17 11 2 6 2 1 3 11.0 25 
A GAPR10 2 11 4 11 6 3 10.3 25 

3 B GAPR10 2 9 1 1 2 11 6 1 10.3 25 
C GAPR10 2 6 2 3 4 11 4 10.0 25 
A GAPR10 9 5 1 1 2 1 8 7 3 2 10.6 25 

4 B GAPR10 4 3 2 1 2 1 2 1 11 6 10.6 25 
C GAPR10 4 10 9 2 1 4 3 2 10.6 25 

(GAP IO is IO units of polymer backbone structure, GAPR 10 is GAP 10 minus 8N2. Activation energy 
units are kcal/mole. The activation energy for Step I was measured by Lengelle et al. 123 Numbers represent 
stoichiometric coeffic ients . For example, Step I in Mech A is GAP 10~ I GAPR l0+8N2.) 

The species mole flux fractions coming off of the surface as calculated by each of the three 

mechanisms , are compared in Figure 82. The mole fractions shown are scaled by the mole fraction of CO. 

Thus Figure 82 can easily be compared to scaled experimental values shown in Figure 80. In Mechanism 

A, it is assumed that much of the carbon goes to Csolid as reported by Kubota. 124 Mechanisms A and B both 

produce significant amounts of the very reactive species CH2. Because the formation of CH2 requires 

significant energy (high temperatures), Litzinger recommended that it be dropped from our decomposition 

mechanism. 142 Finally, both mechanisms A and B produce CNO. In Haas 's proposed mechanism (Eq. 47 

and 48 above), NCO (not CNO) is produced, but according to Flanagan it is unlikely that many nitrogen­

oxygen bonds (like in CNO) are being formed in the condensed phase because of the lack of oxygen. 132 In 

developing mechanism C, the objective was to avoid species like CNO, C,olid and CH2 . 

The key differences in these three mechanisms are summarized in Table 29. Comparisons with 

experimental data and model predictions using each mechanism are made below . 
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Figure 82: Comparison of Condensed Phase Decomposition Products 

T bl 29 K Ch a e : e• aractensbcs o fTh ree p ropose dGAPM h ec amsms 
Mechanism Differences in Species Production Differences in Calculated Results 

A Large Concentrations of H2, C,olid , and Lower surface temperature (by about 50 K) 
CH2. Significant amounts of CNO. than other two mechanisms. 

B Same as Mechanism A, but with much Reasonable agreement with burning rate, T,, 
of the H2 and C,olid in benzene (C68<;) and Tr data. 

C Very little C,olid and no CH2 or CNO. Essentially no gas-phase flame. Adiabatic 
Large amounts of CN. Flame Temperature -800 K. 

Comparison with Experimental Data 

Because of the lack of a definitive mechanism, mechani sms A, B and C were each optimized to 

give approx imately the correct burning rate at 40 atmospheres. There remains enough uncertai nty in the 

conden sed-phase mechanism that attempting to do further optimization at this point would only force-fit 

the model with possibly unrealistic parameters. 

Burning Rate 

The calculated burning rate as a function of pressure is compared to experimental data in Figure 

83 . The agreement is reasonable for this stage of modeling. The difference in pressure exponent between 

the mechanisms results from differences in species available for reaction near the surface. 
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Figure 83: GAP Burning Rate with Pressure. 

As seen in Figure 84, the burning rate of GAP is very sensitive to initial temperature. Only the 

predicti ons using Mechanism A are shown to simplify the figure. Calculations using the other two 

mechanisms are similar. For GAP, the calculated and experimental value of crp is approximately 0 .0 I K 1
• 

Thi s is ten times the value for RDX. This difference is di scussed in the Appendix . 
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Figure 84: GAP Temperature Sensitivity of Burning Rate (Mechanism A) 
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Surface Temperature 

Kubota 124 measured the surface temperature of GAP at pressures less than IO atm (see Figure 

85). Mechanism A under-predicts the surface temperature by about 50 K. All three mechanisms under­

predict Lengelle' sm reported value of 800 Kat about 40 atm. More experimental data are needed. 

800 ..--------------

700 

§: 700 
GI 
5 740 

~ 72!J 
GI 

i 700 
GI 
I- 600 
GI 

~ 6fJJ 
't: 
::I 640 

(/) 

62!J 

_,,,,,, 

,,,,,, 

600 +---+--+--+-+-++H+---+--+--+-+-+++H 

10 

Pressure (ATM) 

100 

+ Kubcta 

X La,gelle 

· · · · · -~hA 

--~hB 

········ ·· ·· ······ ··· ~hC 

Figure 85: GAP Surface Temperature with Pressure. 

Final Flame Temperature 

Figure 86 shows the adiabatic flame temperature compared to that calculated by the NASA-Lewis 

equilibrium program. 114 In the numerical model, enthalpy is conserved. The heat of formation of the 

mixture of final flame products is equal to the heat of formation of the original un-reacted GAP. The fact 

that the model's flame temperature does not match that calculated by the NASA-Lewis equilibrium code 

indicates the combustion of GAP does not go to completion (in the model) . Lengelle123 reports an 

experimental flame temperature as "(?) 1300 K" at -40 atm. This indicates that the reactions in the 

experiment do not go to completion. Mechanisms A and B come much closer to thermal-equilibrium than 

does mechanism C. In fact, calculations made using mechanism C show only about a 100 K increase 

above the surface temperature. At present, no one has reported experimentally-determined, measured final 

products of the combustion of GAP. 
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Figure 86: GAP Adiabatic Flame Temperature 

Sensitivity Analysis 

In developing the condensed phase decomposition mechanisms, both the species being produced 

and the rate constants were varied to aid in the numerical convergence of the burning rate at 40 atm. To 

determine the effect that the production of a particular species has on the combustion characteristics as 

calculated by the model , a small amount of each gaseous species was generated in one of the 

decomposition reaction mechanisms. For example, starting with mechanism C, Reaction 2 was perturbed 

to: 

where S represents each species, one at a time. This, of course, violates the mass and energy balances to a 

small degree but provides some useful information. For a particular species, this sensitivity analysis 

indicates whether its production increases or decreases the burning rate. This analysis also provides 

similar information relative to the surface temperature, flame temperature, and other combustion 

characteristics as necessary. This type of sensitivity analysis will vary with the base mechanism. The 

presence and concentration of other species affects the influence a particular species has on these 

characteristics. Table 30 summarizes these results at 40 atm for mechanism C. 
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Table 30: Sensitivity to Production of Species Analysis (Mechanism C, GAP) 
Ranking Surface Temperature Flame Temperature Burning Rate 

Strongly l CO2 CO2 HO2 
Decreases 2 H2O H2O 02 

3 CH3OH CH3OH CO2 
4 H2O2 C2H6 H2O 
5 HNO3 CH2O OH 
6 CH2O CH4 0 
7 co co CH3OH 

8 HNCO CH2CO CH3O 
i 9 CH4 C6H6 H2O2 
Decreases 10 C2H6 NH3 CH2O 

Increases 10 C2H3 02 CN 
J, 9 C2N2 N2O H2CN 

8 NH HNO3 C6H6 
7 CH2 HONO HCNO 
6 CNO NO2 H2CNO 
5 CH2(S) NO C2H2 
4 CN HNO H2CNNO 
3 NCN NO3 C2N2 

Strongly 2 N H2O2 NCN 
Increases l CH H2CNO CNO 

According to the results in Table 30, if the decomposition of GAP produces species with 

nitrogen-oxygen bonds, the final flame temperature and burning rate are higher. On the other hand, if the 

solid-phase decomposition of GAP produces final products like CO2 and H2O, the flame temperature, 

surface temperature and burning rate are lower. Producing radicals like CH, N, NCN and CN tends to 

increase the surface temperature. All three mechanisms give approximately the same burning rate at 40 

atm, but this analysis does explain why the calculated adiabatic flame temperatures using mechanisms A 

and B are higher than those of mechanism C. Both A and B produce CNO in the condensed phase. 

Though not li sted in Table 30, CNO ranks as number 12 in increasing the flame temperature, and does 

contain a nitrogen-oxygen bond. This analysis can also explain why the surface temperature of 

mechanism A is low compared to both experimental data and the model results using the other two 

mechanisms. The reason appears to be the high production rate of H2 (See Figure 82). Again , H2 is not 

li sted in the top ten species for decreasing the surface temperature for mechanism C but is ranked number 

eight when the sensitivity calculations are run using mechanism A. This type of analysis is very useful in 

trying to understand the complex decomposition of GAP. Currently there is not a well-defined 
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decomposition mechani sm but as one evolves, this type of analysis can guide researchers as to what 

species could be being produced or which species' thermodynamic properties need review. Once most of 

the uncertainty in the model has been resolved by experiment, this type of analysis could be useful in 

identi fying ways of modifying the combustion of a propell ant by al tering its chemistry . 

Conclusion 

Our lack of understanding of the combustion of GAP is significant. There are few property 

values for GAP in the literature that are well known . Most values reported in the literature appear to have 

been estimated. Several research groups have done significant studies on the decomposition of GAP, but 

the various groups arrive at very different conclusions. Some report large amounts of solid carbon while 

others say that they did not see any. Some measure significant amounts of NH3 and CH2O while others 

report small amounts of CH2O and no NH3. One researcher reports seeing aromatic molecules . These 

differences could stem from differences in the preparation of the polymer or from differences in 

experimental technique. The method of preparation can affect the chemical composition, the heat of 

formati on, and the physica l properties, but these critical experimental data have not been reported. There 

are also very significant differences in the reported burning rate, temperature sensitivity and other 

combustion characteristics in the literature. 

clarified: 

In summary, the following information (i n approximate order of importance) needs to be 

• Chemical composition and heat of formation of the GAP being tested (i.e., what has been 

added to the GAP, in what percentage, and what are its properties). 

• Quantitative concentrations of the decomposition products of GAP (including possibly very 

reactive species). 

• Verify and quantify the presence of C,olid, benzene, NH3 etc . 

• Precise burning rate as a function of pressure and initial temperature. 

• The final flame temperature . 

• The final combustion products of GAP. 
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• Surface temperature. 

• Temperature profile . 

The purpose of this study has not been to force the model to fit the data. Rather, predictions were 

made to indicate what further experimental data are required to eliminate some of the degrees of freedom 

currently in our model. A type of sensitivity analysis of model predictions with respect to the production of 

various species in the decomposition mechanism of GAP has been used to identify possible alternatives to 

the reported decomposition products. From this analysis, species containing nitrogen-oxygen bonds will 

increase the final fl ame temperature and burning rate, though the formation of such bonds appears 

unlikely in GAP combustion. Once most of the uncertainty in the model has been resolved by experiment, 

this type of analysis could be useful in identifying ways of modifying the combustion of a propellant by 

altering its chemistry. 
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CHAPTER 11: SUMMARY AND CONCLUSIONS 

Summary of Work 

A one-dimension al, steady-state numerical model using detailed reaction kinetics has been 

developed and applied to RDX, HMX and GAP. The nitramines (RDX and HMX) are very similar 

prope ll ants. They are crystalline in structure and have significant vapor pressures. For RDX and HMX, 

most of the decomposition occurs in the gas phase. GAP is considerably different from the nitramines. It 

is a polymer and has a very weak gas-phase flame. Most of the decomposition of GAP occurs in the 

condensed phases. Despite the differences between the nitramines and GAP, the model predictions of 

burning rate, temperature sensitivity, surface temperature, and flame temperature, correlate reasonably for 

these three monopropellants with most of the available experimental data. 

For the nitramines, there are also species-concentration-profile data. For most measured species, 

the model predictions agree well with experimental data. The largest discrepancy occurs for the NO 

concentration . Model calculations indicate that the weakness probably occurs due to the relatively 

uncertain rate constants for several reactions involving NO, NO2, HNO, HONO, HCO and H2CN. 

Sensi tivity analysis of the model was used to explain the similarities and differences in the 

combustion characteri stics of RDX and HMX. According to the model, the similarity in liquid- and gas­

phase reactions can explain the similarities in burning rate. The model also indicates that the higher vapor 

pressure of ROX is the reason why the surface temperature of RDX is lower than that of HMX. The melt 

layer of RDX is thicker than that of HMX at pressures below 20 atm because of the lower melting point. 

Above 20 atm, this difference in melt-layer thickness is reduced due to increasing effect and similarity of 

the gas-phase reactions. 

For RDX, computation times were reduced by over a factor seven by using a skeletal gas-phase 

reaction mechanism. The full mechanism consists of 45 species in 232 reactions. The skeletal mechanism 
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has only 18 species in 39 reactions. Calculations of burning rate, temperature profiles and most species 

concentration profiles using the reduced mechanism were not significantly different from those using the 

full mechanism. A global mechanism (9 species in 6 reactions) was also developed. Using the global 

mechani sm, the model could still accurately predict burning rate, surface temperature, final flame 

temperature, and final species concentrations between I and 100 atm. The CPU time were reduced by 

nearly a factor of 30. 

For the nitramines, the only model input which did not come from an independent source was the 

liquid thermal conductivity. In other words, there was essentially only one degree of freedom . The choice 

of liquid thermal conductivity had a significant effect on only the melt-layer thickness. For GAP, most of 

the required model inputs and data for model validation have not been well quantified. For this reason, 

there remains considerable freedom in the choice of input parameters and description of reaction 

mechanisms. Further experimental studies of GAP are necessary . 

Originality of Work 

In the introduction of this dissertation, the nature of the contract under which this research was 

funded was explained. There has been a considerable amount of communication between the different 

modeling groups, as well as communication between those developing models and those performing 

experiments . The combustion model that has been developed as part of my research is a compilation of 

ideas from several researchers. The gas-phase sub-model is an adaptation of the PREMIX code developed 

at Sandia. 45 The treatment of the void fraction in the two-phase region is similar to BenRueven' s26 

treatment in 1975 and Hatch's59 in 1987. The relationship between the liquid velocity and the gas velocity 

in the two-phase region was based upon work of Margolis et al. 37 The evaporation sub-model came from 

Li au and Yang. 75 The RDX gas-phase mechanism came from Yetter et at. 50 The liquid-decomposition 

mechanism was based on experimental work by Brill et al.4 Parr et al.,87 Shoemaker et al.,98 Kubota et al. 1 

and others provided thermophysical properties for the monopropellants . Parr et al.,67
·
68

·
69 Litzinger et 

al., 64
·
65 Boggs et al, 34 Zenin et al., 71 and numerous others provided various experimental data to validate 
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the model. The interactions between these numerous researchers has resulted in unprecedented agreement 

between experimental and predicted results. 

As I have been developing this model over the past four years, two other groups (Liau and Yang75 

at PSU, and Prasad and Smooke62 at Yale) also developed similar models for RDX. There are differences 

between the models, but these differences do not seem to significantl y affect the predicted val ues. The 

differences and similarities in these three models are shown in Table 31 . Excluding the common use of 

CHEMKIN subroutines41 and PREMIX,45 each of the codes was written independently from the others . 

With all the cross-commun ication it is somewhat difficult to distinguish original contributions. The 

original aspects of my work are discussed in the fo llowi ng subsections. 

T bl 31 C a e : ompans1on o fRDX M If Ph U I• ase o es o ,, an a e. M d l f BYU PSU d Y l 
Characteristic BYU PSU75 Yale62 

Solid Reactions None None None 
Liquid Diffusion Neglected Neglected Neglected 
Two-Phase Region Void Fraction Void Fraction All gas-phase species 

are absorbed in the 
liquid. No voids 
considered. 

Liquid Decomposition Brill4 Thynell 101 Brill4 

Reactions 
Evaporation Calculated usi ng vapor Calculated using vapor By definition, all 

pressure correlation at pressure correl ation at liquid moving through 
void/liquid interface void/liquid interface the plane of the 
and at surface. and at surface. surface evaporates. 

Surface Temperature Calculated Calculated Input, Calculated (?) 
Gas Phase PREMIX PREMIX PREMIX 
Gas-Phase Mechanism Melius-Yetter50 Melius-Yetter5° Melius-Yetter50 

Solution Method Iteration between initial Iteration between the Solid, liquid and gas 
value problem in two- boundary value problem regions solved 
phase region and in the condensed-phases simultaneously as a 
boundary value problem region and the boundary value 
in gas region. Solid boundary value problem problem usi ng the 
phase is incorporated as in gas region to mechanics of the 
a boundary condition in converge on rb and T,. PREMIX code. 
two-phase calculations. Artificial boundary 
Burning rate (rb) conditions T(x=O)=T, 
determined by matching or XRDx(x= large 
heat flux at surface. distance from 

surface)=O used to 
specify the system of 
equations. 
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ROX Modeling 

Other than the development of the code, my contribution in the development of the RDX model 

has been the study of the effect of model inputs on predicted values. This sensi tivity analysis has led me to 

question several of the thermophysical property values reported in the literature. This careful evaluation of 

these model inputs has reduced some of the uncertainty in RDX modeling. The modifications to the 

Melius-Yetter50 mechanism with regards to the peak NO concentration is unique (page 76). The 

deve lopment of the reduced mechanism in Chapter 7 is also unique. 

HMX Modeling 

The extension of the RDX model to HMX and the identification of the reasons behind the 

similarities and differences in the combustion of these two monopropellants is unique. Williams38 

identified some of these reasons using a model based on an erroneous assumption. Smooke143 recently 

extended hi s RDX model to HMX but has mainly been interested in the influence of real gas behavior 

above I 00 atm. 

GAP Modeling 

This work represents the first attempt at modeling the combustion of GAP with detailed kinetics . 

Though thi s model has not been refined to the extent of the nitramine models, this work has identified 

several key questions that must be answered before further refining of the model can take place. The 

sensi tivity analysis with respect to the generation of decomposition products in the condensed phase is 

unique . 

Development of Modeling Tools 

Much of the significance of this work has been the development of several tools (computer 

programs) for the modeling of propellants. These modeling tools are already being used by other graduate 
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students and a professor+++++++ in developing models of other propellants . A brief description of the 

capabilities of these codes is given here. The complete listing of the source codes is too long to be placed 

in the Appendix. 

Phase3 : The ID, SS Propellant Combustion Code 

Phase3 (for solid, liquid and gas) is the name of the solid homogeneous propellant combustion 

model. It is a menu-driven program, designed for user interaction, though it does have the ability to run in 

batch mode. The underlying equations and numerical convergence techniques are discussed in Chapter 4. 

Some of the features of Phase3 are outlined here. 

Standard Calculations 

Given the thermophysical properties of the propellant, intermediates and final products, reaction 

mechanisms, pressure and initial temperature, the model will predict the burning rate, temperature 

profile, species concentration profile, void fraction profile, melt layer thickness, surface temperature, heat 

tlux from the gas flame to the surface, and heat release due to reaction in the condensed phase. These 

represent the basic model outputs. The program can easily be set up to perform repeated calculations at 

many pressures and initial temperatures automatically. When the code is having difficulty converging, 

adjustments in convergence methods and parameters are automatically made. All output is written to a 

semi-colon delimited text file which can easily be read into most spreadsheet programs for further 

analysis . 

Sensitivity Analysis 

One of the most useful aspects of Phase3 is the automatic sensitivity analysis. The code can 

perturb almost every model input and measure the effect on many model predictions. This is useful in 

identifying weaknesses in the model, uncertainty in model inputs and explaining the differences between 

t++++++ Dr. Masafumi Tanaka, a visiting professor at BYU from the National Defense Academy (Aug 
1995-Aug 1996). 
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various ingredients. An option in the ccxle allows the user to test the effects of changing combinations of 

vari ab les at the same time. The sensitivity analysi s of the original PREMIX45 ccxle has been greatly 

expanded so as to give the sensitivity coefficients for not only temperature but for each species 

concentration with respect to each reaction and the heat of formation of each species . A separate ccxle, 

OPENSENS automatically analyzes and sorts the sensitivity output from PHASE3 . The output from 

OPENSENS is also semi-co lon delimited text. 

Reduced Mechanisms 

Several subroutines are included in Phase3 to aid the user in developing reduced mechanisms. 

These subroutines perform the integral reaction flow analysis, automatically drop unimportant reactions 

and species from the calculations (according to the algorithm described on page 82) and will generate 

CHEMKIN-compatible files containing the reduced mechanism. Restart files for the new mechanisms can 

be generated from converged cases. 

Mechanism Manager 

In the literature, there are numerous compilations of detailed kinetic mechanisms. For a given 

system, different researchers can use significantly different mechanisms. Mechanism Manager is a menu­

driven database program that reads in multiple CHEMKIN files, performs sorts and comparisons and will 

ge nerate new reaction sets based on criteria that the user specifies. 

Foundation for Future Work 

The tools that have been developed as part of this dissertation provide the ground work for future 

research . Phase3 and the Mechanism Manager provide researchers the ability to explore many options in 

physical parameters and reaction mechanisms with relatively small amounts of development time. The 

ROX and HMX mcxlels have been fairly well validated with numerous comparisons with experimental 

data. This level of modeling will serve as a standard for future models . 
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Modeling of Other Propellants 

As shown with GAP, Phase3 can be used to model monopropell ants other than the nitramines. 

This code has also been used to model ammonium perchlorate (AP).79 Further refinement of the AP model 

continues at BYU by other graduate students. In addition to monopropellants, the code will accept multi ­

ingredient propellants with the ass umption that they are perfec tly mixed . 

Extension to Multi-Dimensional and Unsteady Models 

The development and refinement of steady-state combustion model s is necessary before extending 

such models to multi-dimensions or unsteady conditions. Often these multi-dimensional models requi re 

excessive amounts of CPU time. The I D-SS model can be used to explore simplifying assumptions (such 

as reduced mechanisms) which could then be incorporated into the more complex models . 

Publications 

During the past four years, I was the primary author of five journal articles and a significant 

contributor as a co-author to another paper. I have also been an active participant at several conferences 

and workshops . A brief summary of these papers is given here: 

Peer-Reviewed 

"A Three-Phase Model of HMX Combustion" (Proceedings of the 26th International Symposium 

on Combustion, 1996)144 contains much of the work presented in Chapter 9. 

" Improvements to RDX Combustion Modeling"76 (To be published in the Journal of Propulsion 

and Power, May 1997) describes the assumptions of the model and contains information similar to that 

presented in Chapters 4, 5 and 6. 

"A Compari son of Solid Monopropellant Combustion Modeling" (4 th International Symposium 

on Special Topics on Chemical Propulsion, Stockholm, Sweden May, 1996), 145 of which I was a co­

author, contains much of the literature review in Chapter 3 and many of the calculations presented in 

Chapters 6 and 9 . 
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JANNAF 

"Reasons for the Similarities and Differences in the Combustion of RDX and HMX" (33 rd 

JANN AF Combustion Meeting, Nov. 1996) 146 contains more of the work in Chapter 9 . 

·'A Reduced Mechanism for RDX Combustion" (33rd JANNAF Combustion Meeting, Nov. 

1996) 147 discusses the skeletal and g lobal mechanisms reported in Chapter 7. 

"A Model and Mechanism for the Combustion of GAP" (33 rd JANNAF Combustion Meeting, 

Nov. 1996) 148 contains most of the information presented in Chapter 10. 

In an hour and a half presentation, I discussed my modeling of RDX and HMX at the JANN AF 

Combustion Subcommittee Workshop, "Flame Structure and Combustion Modeling of HMX and RDX" 

with several researchers§§§§§§§ working in this area. The results from the work shop should be publi shed 

in this year's JANNAF proceedings. 

§§§§§§§ Q. Brewster, M. Smooke, J . Finlinson, R. Geisler, S. Son. 
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APPENDIX: THE MELIUS-YETTER ROX GAS-PHASE MECHANISM 

CHEMKIN INTERPRETER OUTPUT: CHEMKIN-II Version 3.1 Feb. 1993 
DOUBLE PRECISION 

--------------------
ELEMENTS ATOMIC 
CONSIDERED WEIGHT 

--------------------
1. AR 39 .9480 
2. C 12. 0112 
3. H 1. 00797 
4. N 14.0067 
5. 0 15.9994 

---------------------------------------------------------------------------------------------------
C 

p H 
HA 
AR 

SPECIES S G MOLECULAR TEMPERATURE ELEMENT COUNT 
CONSIDERED EE WEIGHT LOW HIGH AR C H N 0 

-------------------------------------------------------------------------------
1. AR G 0 39. 94800 300.0 5000.0 1 0 0 0 0 
2. H2 G 0 2.01594 300.0 5000.0 0 0 2 0 0 
3. 02 G 0 31.99880 300.0 5000.0 0 0 0 0 2 
4. H2O G 0 18.01534 300.0 5000.0 0 0 2 0 1 
5. 0 G 0 15.99940 300.0 5000.0 0 0 0 0 1 
6. H G 0 1. 00797 300.0 5000.0 0 0 1 0 0 
7. OH G 0 17.00737 300.0 5000.0 0 0 1 0 1 
8. HO2 G 0 33.00677 200.0 3500.0 0 0 1 0 2 
9. H2O2 G 0 34.01474 300.0 5000.0 0 0 2 0 2 

10. CH2O G 0 30.02649 300.0 5000.0 0 1 2 0 1 
11. HCO G 0 29.01852 300.0 5000.0 0 1 1 0 1 
12. co G 0 28.01055 300.0 5000.0 0 1 0 0 1 
13. CO2 G 0 44.00995 300.0 5000.0 0 1 0 0 2 
14. N G 0 14.00670 200.0 6000.0 0 0 0 1 0 
15. N2 G 0 28.01340 300.0 5000.0 0 0 0 2 0 
16. NO G 0 30.00610 200.0 6000.0 0 0 0 1 1 
17. NO2 G 0 46.00550 200.0 6000.0 0 0 0 1 2 
18. NH G 0 15. 01467 200.0 6000.0 0 0 1 1 0 
19. NH2 G 0 16.02264 200.0 6000.0 0 0 2 1 0 
20. NH3 G 0 17.03061 200.0 6000.0 0 0 3 1 0 
21. NNH G 0 29.02137 200.0 6000.0 0 0 1 2 0 
22. HNO G 0 31. 01407 200.0 6000.0 0 0 1 1 1 
23. HONO G 0 47.01347 300.0 5000.0 0 0 1 1 2 
24. HCN G 0 27.02582 200.0 6000.0 0 1 1 1 0 
25. N2O G 0 44. 01280 200.0 6000.0 0 0 0 2 1 
26. CN G 0 26.01785 200.0 6000.0 0 1 0 1 0 
27. C2N2 G 0 52.03570 300.0 5000.0 0 2 0 2 0 
28. NCN G 0 40.02455 300.0 4000.0 0 1 0 2 0 
29. NCO G 0 42.01725 200.0 6000.0 0 1 0 1 1 
30. CNO G 0 42. 01725 300.0 4000.0 0 1 0 1 1 
31. HNCO G 0 43.02522 300.0 5000.0 0 1 1 1 1 
32. HOCN G 0 43.02522 300.0 5000.0 0 1 1 1 1 
33. HCNO G 0 43.02522 300.0 5000.0 0 1 1 1 1 
34. NO3 G 0 62.00490 300.0 5000.0 0 0 0 1 3 
35. HNO3 G 0 63.01287 300.0 5000.0 0 0 1 1 3 
36. H2CN G 0 28.03379 300.0 4000.0 0 1 2 1 0 
37. H2CNH G 0 29.04176 300.0 4000.0 0 1 3 1 0 
38. H2CNO G 0 44.03319 300.0 4000.0 0 1 2 1 1 
39. H2CNNO G 0 58.03989 300.0 4000.0 0 1 2 2 1 
40. H2CNNO2 G 0 74.03929 300.0 4000.0 0 1 2 2 2 
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41. RDX G 0 222.11787 300.0 4000.0 0 3 6 6 6 
42 . RDXR G 0 176.11237 300 . 0 4000.0 0 3 6 5 4 
43. RDXRO G 0 176 . 11237 300.0 4000.0 0 3 6 5 4 
44 . HNC G 0 27.02582 300.0 5000.0 0 1 1 1 0 
45. H2COHNN02 G 0 91. 04666 300 . 0 4000.0 0 1 3 2 3 

--------------- ------------ -- --- -----------------------------------------------

(k .. A T**b exp(-E/RT)) 
REACTIONS CONSIDERED A b E 

1. H2+M=H+H+M 4 . 57E+l9 -1.40 104000.0 
H2 Enhanced by 2 . 500E+OO 
H20 Enhanced by 1.200E+Ol 
co Enhanced by 1.900E+OO 
CO2 Enhanced by 3.800E+OO 

2. O+H20=0H+OH 2.97E+06 2.02 13400.0 
3. O+H2 • H+OH 5 . 06E+04 2 . 67 6290. 0 
4. O+O+M•02+M 6 . 17E+l5 -0.50 a.a 

H2 Enhanced by 2.500E+OO 
H20 Enhanced by 1.200E+Ol 
co Enhanced by 1. 900E+OO 
CO2 Enhanced by 3 . 800E+OO 

5. H+O:Z • O+OH 1. 94E+l4 0 . 00 16440. 0 
6 . H+02(+M) • H02 (+M) 4.52E+13 0.00 0.0 

Low preaaure limit: 0 . 67000E+20 -0.14:ZOOE+Ol O.OOOOOE+OO 
TROE centeri ng: O.lOOOOE+Ol O.lOOOOE-89 0.10000E+91 

H2 Enhanced by 2.500E+00 
H20 Enhanced by 1.200E+Ol 
co Enhanced by 1.900E+00 
CO2 Enhanced by 3.800E+OO 

7 . H+O+M•OH+M 4.72E+18 -1.00 0.0 
H2 Enhanced by 2.500E+OO 
H20 Enhanced by 1 . 200E+Ol 
co Enhanced by 1. 900E+OO 
CO2 Enhanced by 3.800E+OO 

8. OH+H2•H20+H 2.16E+08 1.51 3430.0 
9. OH+H+M• H:ZO+M 2.21E+22 -2.00 0.0 

H2 Enhanced by 2.500E+OO 
H20 Enhanced by 1.200E+Ol 
co Enhanced by 1. 900E+OO 
CO2 Enhanced by 3.800E+OO 

10. H02+0•02+0H 1. 75E+l3 0 . 00 -397 . 0 
11. H02+H•H2+02 6.62E+l3 o.oo 2130.0 
12. H02+H•OH+OH 1. 69E+l4 0.00 874.0 
13. H02+0H•H20+02 1.90E+16 -1.00 a.a 
14 . H02+H02•H202+02 4.20E+l4 0.00 11980 . o 

Declared duplicate reaction •.. 
15. H02+H02•H202+02 1. 30E+ll 0.00 -1629.0 

Declared duplicate reaction •.. 
16 . H202(+M)•OH+OH(+M) 2.95E+l4 0.00 48460.0 

Low preaaure limit: 0.12000E+l8 O.OOOOOE+OO 0.45500E+05 
TROE centering: 0.50000E+OO O.lOOOOE-89 0 . 10000E+91 

17. H202+0•0H+H02 9.64E+06 2.00 3970.0 
18. H202+H•H20+0H 1. OOB:+13 0.00 3590.0 
19. H202+H•H02+H2 4.82E+l3 0.00 7950.0 
20 . H202+0H•H20+H02 1.00E+l2 0.00 a.a 

Declared duplicate reaction ... 
21. H202+0H•H20+H02 5.80E+l4 0.00 9557 . 0 

Declared duplicate reaction ... 
22. CH:ZO+M•HCO+H+M 1. 63E+33 -4 . 10 92550.0 
23. CH20+M•H2+CO+M 8.25E+l5 0.00 69540 . 0 

AR Enhanced by l.OOOE+OO 
24. CH20+02•HCO+H02 2.05E+l3 0 . 00 38920.0 
25. CH20+0=HCO+OH l.81E+l3 0.00 3078.0 
26. CH20+H•HCO+H2 1.26E+08 1.62 2163.0 
27. CH20+0H•HCO+H20 3.43E+09 1.18 -447.0 
28. CH20+H02•HCO+H202 l.99E+l2 0.00 11660. 0 
29. HCO+M•H+CO+M l.85E+l7 - 1.00 17000.0 

H2 Enhanced by l . 890E+00 
H20 Enhanced by 1.200E+Ol 
co Enhanced by l.900E+OO 

150 



CO2 Enhanced by 3.800E+00 
30. HCO+O2=CO+HO2 7 . 58E+l2 0.00 406.0 
31. HCO+O=CO+OH 3.00E+13 0.00 0.0 
32 . HCO+O•CO2+H 3.00E+13 0.00 o.o 
33. HCO+H•CO+H2 7.23E+13 0 . 00 0.0 
34. HCO+OH.,CO+H2O 3.00E+13 0 . 00 0.0 
35. HCO+HO2•CO2+OH+H 3.00E+l3 0.00 0 . 0 
36. CO+O(+M)•CO2(+M) 1. 80E+l0 0.00 2380.0 

Low pressure limit : 0 . 13500E+25 -0.27880E+0l 0.41910E+04 
TROE centering: 0.l0000E+Ol 0.l0000E-89 0.10000E+91 

N2 Enhanced by 1.330E+00 
H2 Enhanced by 2. 500E+00 
H2O Enhanced by 1.200E+0l 
co Enhanced by l.900E+00 
CO2 Enhanced by 3.800E+00 

37. CO+O2•CO2+O 2.53E+l2 0.00 47700.0 
38. CO+OH•CO2+H 1. 50E+07 1. 30 -765.0 
39. CO+HO2•CO2+OH 5.80E+13 0 . 00 22930 . 0 
40. N+H2=H+NH 1.60E+l4 0 . 00 25140 . 0 
41. N+O2•NO+O 6.40E+09 1.00 6280.0 
42. N+OH•NO+H 3.80E+l3 0.00 0.0 
43 . N+HO2 • NH+O2 1. 00E+l3 0.00 2000.0 
44. N+HO2•NO+OH 1.00E+13 0.00 2000.0 
45. N+CO2•NO+CO 1. 90E+ll 0.00 3400.0 
46. N+NO•N2+O 3.27E+12 0.30 0.0 
47. N+NO2 • NO+NO 4.00E+12 0.00 0 . 0 
48. N+NO2•N2O+O 5.00E+l2 0.00 0.0 
49. N+NO2 • N2+O2 1 . 00E+l2 o.oo 0.0 
50. N+HNO•NH+NO 1.00E+l3 o.oo 2000.0 
51. N+HNO•N2O+H 5.00E+l0 0.50 3000.0 
52. N+N2O•N2+NO 1.00E+13 0.00 19870.0 
53. NO+M•N+O+M 9.64E+14 0.00 148400.0 

N2 Enhanced by 1. 500E+O0 
CO2 Enhanced by 2.500E+00 

54. NO+O(+M) =NO2(+M) 1.30E+15 -0.75 o.o 
Low pressure limit : 0.47200E+25 -0 . 28700E+0l 0.15510E+04 
TROE centering: 0.95700E+00 0.l00OOE-89 0.83320E+04 

55. NO+H(+M) • HNO(+M) 1.52E+l5 -0.41 0.0 
Low pressure limit: 0.89600E+20 -0.13200E+Ol 0.73520E+03 
TROE centering: 0.82000E+00 0.l000OE-89 0.10000E+91 

56. NO+OH(+M)•HONO(+M) 1. 99E+l2 -0 . 05 -721. 0 
Low pressure limit: 0.50800E+24 -0 . 25100E+0l -0.67560E+02 
TROE centering: 0.62000E+0O 0.l000OE-89 0.10000E+91 

H2O Enhanced by 5.000E+OO 
57. HO2+NO•NO2+OH 2.11E+l2 0.00 - 479.0 
58. NO+HCO•HNO+CO 7.23E+l2 0.00 0.0 
59. NO2+O•O2+NO 3. 91E+l2 0.00 - 238.0 
60. NO2+O(+M).,NO3(+M) l.33E+l3 0.00 0.0 

Low pressure limit: 0.14900E+29 -0.40800E+Ol 0.24670E+04 
TROE centering: 0.82600E+OO 0.l0000E-89 0.31910E+04 

61. NO2+H•NO+OH 3.50E+l4 0.00 1500.0 
62. NO2+OH(+M)•HNO3(+M) 2.41E+13 0.00 0.0 

Low pressure limit: 0.64200E+33 -0 . 549001!!+01 0.23500E+04 
TROE centering: 0.837001!!+00 0.l0000E-89 0.16570E+04 

63. NO2+CH2O•HONO+HCO 8.02E+02 2.77 13730 . 0 
64. NO2+HCO•CO+HONO 1.241!!+23 -3.29 2354.0 
65 . NO2+HCO•H+CO2+NO 8.391!!+15 -0.75 1927.0 
66. NO2+CO•CO2+NO 9.03E+l3 0 . 00 33780.0 
67. NO2+NO2•NO3+NO 9 . 641!!+09 0.73 20920.0 
68. NO2+NO2•2NO+O2 1.63E+l2 0.00 26120.0 
69. NH+M•N+H+M 2 . 65E+14 0.00 75510.0 
70. NH+O2•HNO+O 3.891!!+13 0.00 17890.0 
71. NH+O2•NO+OH 7 . 601!!+10 0.00 1530.0 
72 . NH+O•NO+H 5.50E+l3 0.00 0.0 
73 . NH+O•N+OH 3. 721!!+13 0 . 00 0.0 
74. NH+OH•HNO+H 2. 00E+l3 0.00 0.0 
75. NH+OH•N+H2O 5. 001!!+11 0.50 2000.0 
76. NH+N•N2+H 3. 001!!+13 0.00 0.0 
77. NH+NO•N2O+H 2.941!!+14 -0.40 0.0 

Declared duplicate reaction ... 
78. NH+NO•N2O+H - 2.16E+l3 -0.23 0.0 

Declared duplicate reaction ... 
79. NH+NO•N2+OR 2.16E+l3 -0.23 0.0 
80. NH+NO2•NO+HNO 1.001!!+11 0.50 4000.0 
81. NH+NO2•N2O+OH 1 . 00E+l3 0.00 0.0 
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82. NH+NH=N2+H+H S.10E+l3 0.00 0.0 
83. NH2+02 • HNO+OH 1. 78E+l2 0.00 14900 . 0 
84 . NH2+0• HNO+H 6. 63E+14 -a .so 0 . 0 
85 . NH2+0• NH+OH 6.7SE+l2 0.00 0 . 0 
86. NH2+H=NH+H2 6.92E+l3 0 . 00 3650.0 
87. NH2+0H• NH+H20 4 . 00E+06 2 . 00 1000.0 
88. NH2+N•N2+2H 7 . 20E+l3 0.00 0.0 
89 . NH2+NO• NNH+OH 2 . 80E+13 -0 . 55 0 . 0 
90 . NH2+NO•N2+H20 1. 30E+l6 -1.25 0.0 

Declared duplicate reaction ... 
91. NH2+NO• N2+H20 - 2.80E+l3 - 0.55 0.0 

Declared duplicate reaction . .. 
92. NH2+NO• N20+H2 5.00E+l3 0.00 24640.0 
93. NH2+NO• HNO+NH 1.00E+l3 0.00 40000 . 0 
94 . NH2+N02•N20+H20 3.28E+l8 -2.20 0 . 0 
95 . NH3+M•NH2+H+M 2.20E+l6 0.00 93470 . 0 
96. NH3+0•NH2+0H 9.40E+06 1. 94 6460 . 0 
97. NH3+H•NH2+H2 6.40E+0S 2.39 10170.0 
98 . NH3+0H•NH2+H20 2.04E+06 2.04 566.0 
99. NH3+H02•NH2+H202 3.00E+ll 0.00 22000.0 

100. NH2+H02 • NH3+02 1. OOE+13 0 . 00 0.0 
101. NH2+NH2 • NH3+NH S.OOE+13 0 . 00 10000.0 
102. NNH+M• N2+H+M 1.00E+l4 0.00 3000.0 
103. NNH+O• N20+H 1.00E+l4 0.00 a. a 
104 . NNH+H• N2+H2 1.00E+l4 0.00 0.0 
105. NNH+OH•N2+H20 S.OOE+13 0.00 0.0 
106. NNH+NO• N2+HNO S.OOE+l3 0.00 0.0 
107. NNH+NH• N2+NH2 S.OOE+l3 0 . 00 0.0 
108. NNH+NH2•N2+NH3 S . OOE+l3 o.oo 0.0 
109. HN0+02•NO+H02 1 . 00E+l3 o.oo 25000 . 0 
110. HNO+O• OH+NO 1. 81E+l3 0 . 00 0.0 
111. HNO+H•H2+NO 1.81E+13 0.00 993 . 5 
112 . HNO+OH•H20+NO 1.00E+l3 0.00 993 . 5 
113. HNO+HCO•CH20+NO 6 . 02E+ll 0.00 1987.0 
114. HNO+NO•N20+0H 2.00E+l2 0.00 26000 . 0 
115. HNO+N02•HONO+NO 6.02E+ll o.oo 1987.0 
116. HNO+NH2•NO+NH3 2.00E+l3 0.00 1000 . 0 
117 . HNO+HNO•H20+N20 8.51E+08 o.oo 3080.0 
118. HONO+O• OH+N02 1.20E+l3 0.00 5961. 0 
119. HONO+H• H2+N02 1.20E+l3 0.00 7352 . 0 
120. HONO+OH•H20+N02 1.26E+10 1.00 135.1 
121. HCN( +M) •H+CN( +M) 8.30E+l7 -0 . 93 123800.0 

Low pressure limit: 0 . 35700E+27 -0.26000E+Ol 0.12490E+06 
TROE centering: 0 . 95700E+OO O.lOOOOE-89 0.83320E+04 

122 . HCN+O• CN+OH 2.70E+09 1. 58 29200.0 
123. HCN+O•NH+CO 3.4SE+03 2.64 4980 . 0 
124 . HCN+O•NCO+H 1 . 38E+04 2.64 4980 . 0 
125. HCN+OH•H20+CN 3.90E+06 1. 83 10290.0 
126 . HCN+OH•H+HOCN S.85E+04 2.40 12500.0 
127. HCN+OH• H+HNCO 1 . 98E-03 4.00 1000.0 
128. HCN+OH•NH2+CO 7.83E-04 4.00 4000.0 
129 . HCN•HNC 2 . 06E+l4 -1.11 43710.0 
130 . HNC+O•NH+CO 2.89E+l2 0.00 a.a 
131. HNC+O•H+NCO 1.60E+Ol 3.08 -224.0 
132. HNC+OH•HNCO+H 2.80E+l3 0.00 3700.0 
133. HNC+OH•CN+H20 l . SOE+l:2 0.00 7680.0 
134 . HNC+N02•HNCO+NO 1.00E+12 0 . 00 32000.0 
135. HNC+CN•C2N2+H 1.00E+l3 0.00 0.0 
136. N20 ( +M) •N2+0 ( +M) 7.91E+l0 0.00 56020.0 

Low pressure limit : 0.91300E+l5 O.OOOOOE+OO 0 . 57690E+OS 
H20 Enhanced by 7 . SOOE+OO 
NO Enhanced by 2.000E+OO 
co Enhanced by 2.000E+OO 
CO2 Enhanced by 3.000E+OO 
HCN Enhanced by 3 . 000E+OO 

137 . N20+0•02+N2 1.00E+l4 0.00 28000.0 
138. N20+0•2NO 1.00E+14 0.00 28000 . 0 
139. N20+H•N2+0H 2.53E+l0 0.00 4550.0 

Declared duplicate reaction •.• 
140. N20+H•N2+0H 2.23E+14 0.00 16750.0 

Declared duplicate reaction ••. 
141. N20+0H•H02+N2 2.00E+l:2 o.oo 40000.0 
142. N20+CO•N2+C02 5.011!:+13 0 . 00 44000. 0 
143. CN+H2•H+HCN S . SOE+0:2 3.18 - 223 . 0 
144 . CN+02 • NCO+O 7 . SOE+l2 0.00 -389 . 0 
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145. CN+O•CO+N l.80E+l3 o.oo 0.0 
146 . CN+OH•NCO+H 4 . 221!!+13 0.00 0.0 
147. CN+CH2O•HCN+HCO 4.22E+l3 0.00 0.0 
148. CN+HCO•HCN+CO 6. 021!!+13 0 . 00 0.0 
149. CN+CO2•CO+NCO 3 . 67E+06 2.16 26900.0 
150. CN+NO•NCO+N 9.641!!+13 0.00 42120.0 
151. CN+NO2•NCO+NO 1. 591!!+13 0.00 -1133. 0 
152. CN+HNO•HCN+NO 1.811!!+13 0.00 0.0 
153. CN+HONO•HCN+NO2 1. 201!!+13 0.00 0.0 
154. CN+HCN•H+C2N2 1. 21E+07 1. 71 1530.0 
155. CN+N2O•NCN+NO 3.851!!+03 2.60 3696.0 
156 . CN+CN( +M) • C2N2 ( +M) 5. 661!!+12 0.00 o.o 

Low pressure limit : 0.34200E+26 -0.26100E+0l 0.00O00E+00 
TROE centering: 0.500001!!+00 0.l0000E-89 0.100001!!+91 

157. C2N2+O•NCO+CN 4.571!!+12 0.00 8880.0 
158. C2N2+OH•HOCN+CN 1. 86E+ll 0.00 2900.0 
159. NCN+O2=NO+NCO 1.001!!+14 0 . 00 0.0 
160. NCN+O•CN+NO 1. 001!!+14 0.00 0.0 
161. NCN+H•HCN+N 1.00E+l4 0.00 o.o 
162. NCN+OH•HCN+NO 5 . 001!!+13 0.00 0.0 
163 . NCO+M•N+CO+M 3.101!!+16 -a.so 48300.0 

N2 Enhanced by 1.S0OE+O0 
164. NCO+H2 • HNCO+H 7. 601!!+02 3.00 4000.0 
165 . NCO+O2•NO+CO2 2 . 001!!+12 0 . 00 20000 . 0 
166. NCO+O=CO+NO 2.00E+13 0.00 0.0 
167. NCO+H=NH+CO 5.36E+13 0.00 o. o 
168 . NCO+OH•NO+CO+H 1.001!!+13 0 . 00 0.0 
169. NCO+OH• NO+HCO S.0OE+l2 0.00 15000.0 
170. NCO+CH2O•HNCO+HCO 6.021!!+12 0.00 0 . 0 
171. NCO+HCO• HNCO+CO 3.61E+13 0.00 0.0 
172 . NCO+N•N2+CO 2.00E+l3 0.00 0.0 
173. NCO+NO•N2O+CO 6.201!!+17 -1. 73 763 . 0 
174. NCO+NO•CO2+N2 7.801!!+17 -1. 73 763.0 
175. NCO+NO2•CO+2NO 1. 391!!+13 o. oo 0 . 0 
176. NCO+NO2•CO2+N2O 4.17E+l2 0.00 0 . 0 
177 . NCO+HNO•HNCO+NO 1. 811!!+13 0.00 0.0 
178 . NCO+HONO•HNCO+NO2 3.611!!+12 0.00 0.0 
179. NCO+N2O•N2+NO+CO 9.031!!+13 0.00 27820.0 
180 . NCO+CN• NCN+CO 1.811!!+13 0.00 o.o 
181. NCO+NCO•N2+2CO 1.001!!+13 0.00 0.0 
182. CNO+O•CO+NO 1.001!!+13 0.00 0 . 0 
183. CNO+NO2•CO+2NO 1.001!!+13 0.00 0 . 0 
184. CNO+N2O•N2+CO+NO 1.001!!+12 0.00 15000.0 
185 . HNCO(+M)•NH+CO(+M) 6.001!!+13 0 . 00 99800.0 

Low pressure limit: 0.21700E+29 -0.310001!!+01 0.101901!!+06 
TROE centering: 0.938001!!+00 0.l0000E-89 0.330401!!+04 

186 . HNCO+O2•HNO+CO2 1.001!!+12 0.00 35000 . 0 
187 . HNCO+O•CO2+NH 9.641!!+07 1.41 8524.0 
188 . HNCO+O•OH+NCO 6 . 67E-04 4.55 1780.0 
189. HNCO+O•HNO+CO 1.58E+08 1.57 44300. 0 
190. HNCO+H•NH2+CO 2.201!!+07 1. 70 3800.0 
191. HNCO+OH•H2O+NCO 6.38E+05 2.00 2563.0 
192. HNCO+HO2•NCO+H2O2 3.00E+ll 0.00 29000.0 
193. HNCO+NH•NH2+NCO 3.001!!+13 0.00 23700.0 
194. HNCO+NH2•NH3+NCO 5.001!!+12 0 . 00 6200 . 0 
195. HNCO+CN•HCN+NCO 1.51E+13 0 . 00 0.0 
196. HCNO+O•HCO+NO 1. 001!!+12 0.00 9000 . 0 
197. HCNO+OH•HCO+HNO 1. 001!!+13 0.00 5000.0 
198. HCNO+OH•CNO+H2O 1.001!!+12 0.00 2000.0 
199. HCNO+CN•HCN+CNO 1.001!!+12 0.00 2000.0 
200 . HOCN+O•NCO+OH 1.501!!+04 2.64 4000.0 
201. HOCN+H•HNCO+H 2 . 001!!+07 2 . 00 2000.0 
202. HOCN+OH•NCO+H2O 6.401!!+05 2.00 2560.0 
203. H2CN+M•HCN+H+M 5.301!!+16 0.00 29000.0 
204. H2CN+CH2O•H2CNH+HCO 1.00E+ll 0.00 14000 . 0 
205 . H2CN+NO•HCN+HNO 1.001!!+11 0 . 00 3000.0 
206. H2CN+NO2•HCN+HONO 1.001!!+11 0.00 1000.0 
207. H2CN+NO2•H2CNO+NO 1.001!!+11 0.00 3000.0 
208. H2CN+HNO•H2CNH+NO 1. 001!!+11 0.00 4000.0 
209. H2CN+HONO•H2CNH+NO2 1.00E+ll 0.00 12000.0 
210. H2CN+N2O•H2CNO+N2 1.001!!+11 0.00 3000 . 0 
211. H2CNH+OH•H2CN+H2O 1.001!!+13 0.00 a.a 
212. H2CNH+CN•H2CN+HCN 1.001!!+13 o.oo 0.0 
213 . H2CNO+M•HCNO+H 1.001!!+16 0.00 50000.0 
214. H2CNO+OH•HCNO+H2O 1.001!!+13 0.00 0.0 
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215. H2CNO+NO•HCNO+HNO l . 00E+12 0.00 25000.0 
216. H2CNO+NO2•HCNO+HONO 1. 00E+l2 0.00 2000.0 
217 . H2CNO+NO2•CH2O+NO+NO 1.00E+12 0.00 0.0 
218. H2CNO+HNO•H2CN+HONO 1.00E+l2 0.00 2000.0 
219. H2CNNO(+M) • H2CN+NO(+M) 1. 00E+l6 0.00 2000.0 

Low pressure limit: 0.76900E+17 0.00000E+00 0.15000E+05 
220. H2CNNO2(+M) • H2CN+NO2(+M) 1.00E+l6 o.oo 31000.0 

Low pressure limit: 0.20000E+16 0.00000E+00 0.26000E+05 
221. H2CNNO2+H2O•CH2O+N2O+H2O 1.00E+ll 0.00 2000.0 
222. H2CNNO2+NO2•CH2O+N2O+NO2 1.00E+ll 0.00 2000.0 
223. H2CNNO2+N2O•CH2O+N2O+N2O 1.00E+ll 0 . 00 2000 . 0 
224. H2CNNO2+H•H2CN+HONO 1.00E+12 0.00 5000.0 
225. H2CNNO2+OH•HCN+NO2+H2O 1 . 00E+13 0.00 3000.0 
226. H2CNNO2+OH•CH2O+N2O+OH 1.00E+l3 0 . 00 0.0 
227. RDX(+M)•RDXR+NO2(+M) 2.00E+16 0.00 45000.0 

Low pressure limit: 0.15700E+l8 0.00000E+00 0.28000E+05 
228. RDX+H•RDXR+HONO 1.00E+13 0.00 5000.0 
229. RDX+OH•>2H2CNNO2+H2COHNNO2 1.00E+l3 0.00 5000.0 
230. H2COHNNO2•>HCN+NO2+H2O 1.00E+16 0.00 0.0 
231. RDXR(+M)•>RDXRO(+M) 1.00E+16 0.00 23000.0 

Low pressure limit: 0.76900E+17 0.00000E+00 0.18000E+05 
232. RDXRO(+M)•>2H2CNNO2+H2CN(+M) l.00E+l6 0.00 23000.0 

Low pressure limit: 0.76900E+17 0.00000E+00 0.18000E+05 

NOTE : A units mole-cm-sec-K, E units cal/mole 
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APPENDIX: DESCRIPTION OF MECHANISM REDUCTION METHODS 

To organize this discussion, the mechanism reduction methods are grouped in three categories: 

I) reaction flow (or rate of production) analysis; 2) time scale analysis methods; and 3) fitted reduction . 

Reaction Flow Analysis 

Reaction flow analysis 149 is generally the first step in reducing a mechanism. Reactions are 

compared on the basis of their contribution to the rate of production (or consumption) of a particular 

species. This method is useful in identifying redundant species and eliminating reactions that do not 

significan tl y contribute to the main reaction paths. Two types of reaction flow analysis are mentioned 

here. The integral reaction flow analys is (applied to RDX on page 73) considers the overall contribution 

of a reaction to each species by integrating its rate of production (or consumption) in x (distance) for \­

dimensional, steady-state systems, or in time for time-dependent homogeneous systems. The local reaction 

flow analysis examines the contribution to the production (or consumption) of a species by each reaction 

at specific times or distances; hence, it is more strict than the integral reaction flow analysis. A reaction is 

considered unimportant if its maximum rate for each species (at a ll nodes) is less than £ times the 

maximum rate of all reactions for each species. 

Time-Scale Analysis 

Time-scale analysis methods such as the quasi-steady-state approximation (QSSA) 111 and the 

partial equilibrium approxi mation 149 have been very successful in reducing mechanisms. To apply the 

QSSA, QSSA species must first be identified. Then, algebraic equations must be solved for the 

concentration of the QSSA species as functions of the concentrations of the non-QSSA species and 

forward and reverse rate constants. Solving the QSSA equations numerically will drastically reduce CPU 
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time sav in gs. However, for large mechanisms the algebraic manipulation can be very challenging. Using 

the QSSA with many of the existing CHEMK.lN41 -based models would require rewriting several of the 

subroutines . 

The partial equilibrium approximation infers that certain reactions are at equilibrium, and 

concentrations of intermediates are solved by setting forward and reverse rates equal to each other. This 

assumption is usually only valid at high temperatures (-> 1600 K).149 The intrinsic low-dimensional 

manifold (ILDM) method 150 is also based in the analysis of time scales. (See Ref.'ss 149 and 150 for 

details.) The number of independent variables (enthalpy, pressure, species mass fractions) are reduced by 

lumping the variables into rate-of-progress variables . This method is very robust and can be automated 

where the user specifies only the desired degrees of freedom and the composition of the manifolds is then 

calculated. 150 

Fitted Kinetic Mechanisms 

The development of fitted kinetic mechanisms involves proposing a reaction scheme and then 

optimizing the kinetic parameters and concentration exponents to match either kinetic data or results 

produced by a detailed kinetic mechanism. 111 Fitted kinetic mechanisms can offer significant savings in 

CPU time, but often at the sacrifice of real chemistry. The rate expressions used in fitting kinetic 

mechanisms can take the Arrhenius form, polynomials or any imaginable function . Using polynomial 

functions fitted to results taken from a detailed mechanism is referred to as the repro-modeling 

approach. 15
1.

152 All of the methods that use time scale analysis or fitted kinetic mechanisms which are not 

e lementary in form would require rewriting of existing CHEMK.lN41 -based models. 
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APPENDIX: SKELETAL RDX MECHANISM S18-39 

CHEMKIN INTERPRETER OUTPUT: CHEMKIN-II Version 3.1 Feb. 1993 
DOUBLE PRECISION 

ELEMENTS 
CONSIDERED 

1. AR 
2. C 
3. H 
4. N 
5. 0 

ATOMIC 
WEIGHT 

39.9480 
12.0112 
1. 00797 
14.0067 
15.9994 

-------------------------------------------------------------------------------
C 

P H 
HA 
AR 

SPECIES s G MOLECULAR TEMPERATURE ELEMENT COUNT 
CONSIDERED E E WEIGHT LOW HIGH AR C H N 0 

-------------------------------------------------------------------------------
1. H2 G 0 2.01594 300.0 5000.0 0 0 2 0 0 
2. H2O G 0 18.01534 300.0 5000.0 0 0 2 0 1 
3. 0 G 0 15.99940 300.0 5000.0 0 0 0 0 1 
4. H G 0 1.00797 300.0 5000.0 0 0 1 0 0 
5. OH G 0 17.00737 300.0 5000.0 0 0 1 0 1 
6. co G 0 28.01055 300.0 5000.0 0 1 0 0 1 
7. CO2 G 0 44.00995 300.0 5000 . 0 0 1 0 0 2 
8. N2 G 0 28.01340 300.0 5000.0 0 0 0 2 0 
9. NO G 0 30.00610 300.0 5000.0 0 0 0 1 1 

10 . NO:2 G 0 46.00550 300.0 5000.0 0 0 0 1 2 
11. NH G 0 15.01467 300.0 5000.0 0 0 1 1 0 
12. NH:2 G 0 16.02264 300.0 5000.0 0 0 2 1 0 
13. HCN G 0 27.02582 300.0 5000.0 0 1 1 1 0 
14. N2O G 0 44.01280 300.0 5000.0 0 0 0 2 1 
15. HNCO G 0 43.025:2:2 300.0 4000.0 0 1 1 1 1 
16. H2CN G 0 28.03379 300.0 4000.0 0 1 2 1 0 
17. RDX G 0 22:2.11787 300.0 4000.0 0 3 6 6 6 
18. HNC G 0 :27.0258:2 300.0 5000.0 0 1 1 1 0 

(k ~ A T**b exp(-E/RT)) 
REACTIONS CONSIDERED A b E 

1. O+H2•H+OH 5.06E+04 2.67 0.6 
2. H+O+M•OH+M 4. 72E+18 -1.00 0.0 

H:2 Enhanced by 2.500E+00 
H2O Enhanced by 1.200E+0l 
co Enhanced by 1.900E+0O 
CO:2 Enhanced by 3.800E+OO 

3. OH+H2aH2O+H 2.16E+08 1. 51 0.3 
4. OH+H+M•H:2O+M 2.21E+:22 -2.00 o.o 

H2 Enhanced by 2.500E+00 
H2O Enhanced by 1.200E+0l 
co Enhanced by 1.900E+00 
CO:2 Enhanced by 3.800E+00 

5. CO+O(+M)•CO:2(+M) l.80E+10 0.00 0.2 
Low pressure limit: 0.13500E+:25 -0.27880!:+01 0.41910!:+04 
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TROE centering: 0.l0000E+0l 0.l0000E-89 0.10000E+91 
N2 Enhanced by l.330E+00 
H2 Enhanced by 2.500E+00 
H2O Enhanced by 1.200E+0l 
co Enhanced by l.900E+00 
CO2 Enhanced by 3.800E+00 

6. CO+OH•CO2+H 1. 50E+07 1. 30 -0.8 
7. NO+O(+Ml•NO2(+M) 1. 30E+l5 -0.75 0.0 

Low pressure limit ·: 0.47200E+25 -0.28700E+0l 0.15510E+04 
TROE centering: 0.95700E+00 0.l0000E-89 0.83320E+04 

8. NO2+H=NO+OH l.32E+l4 0.00 0.4 
9. NO2+CO•CO2+NO 9 . 03E+l3 0.00 0.3 

10. NH+O•NO+H 5.50E+l3 0.00 0.0 
11. NH+NO•N2O+H 2.94E+l4 -0.40 0.0 

Declared duplicate reaction ... 
12. NH+NO•N2O+H -2.16E+l3 -0.23 0.0 

Declared duplicate reaction ... 
13. NH+NOaN2+OH 2.16E+l3 -0.23 o.o 
14. NH+NO2•N2O+OH 1. 00E+l3 0.00 0.0 
15. NH+NH•N2+H+H 5.10E+l3 0.00 0.0 
16. NH2+O•NH+OH 6.75E+l2 0.00 0.0 
17. NH2+H•NH+H2 6.92E+l3 0.00 0.4 
18. NH2+OH•NH+H2O 4.00E+06 2.00 0.1 
19. NH2+NO•N2+H2O l.30E+l6 -1.25 0.0 

Declared duplicate reaction ••. 
20. NH2+NO•N2+H2O -2.80E+l3 -0.55 0.0 

Declared duplicate reaction ... 
21. NH2+NO•N2O+H:2 5 . 00E+l3 0.00 0.2 
22. NH2+NO2•N2O+H2O 3.28E+l8 -2.20 0 . 0 
23. HCN+O•NH+CO 3.45E+03 2.64 0.5 
24. HCN+OH•H+HNCO l.98E-03 4.00 0.1 
25. HCN+OH•NH:2+CO 7.83E-04 4.00 0.4 
26. HCN•HNC 2.06E+l4 -1.11 0.4 
27. HNC+OaNH+CO 2.89E+l2 0.00 o.o 
28. HNC+OH•HNCO+H 2.80E+l3 0.00 0.4 
29. HNC+NO2•HNCO+NO l.00E+l2 0.00 0.3 
30. N2O ( +Ml •N2+O ( +Ml 7.91E+l0 0.00 0.6 

Low pressure limit: 0.91300E+l5 0.0OO00E+00 0.57690E+05 
H2O Enhanced by 7.500E+00 
NO Enhanced by 2.000E+0O 
co Enhanced by 2.000E+0O 
CO2 Enhanced by 3.000E+OO 
HCN Enhanced by 3 . 000E+00 

31. N2O+O•2NO l.00E+14 0.00 0.3 
32. N2O+H•N:2+OH 2.53E+l0 0.00 0.5 

Declared duplicate reaction ... 
33. N2O+H•N2+OH 2 . 23E+l4 0.00 0.2 

Declared duplicate reaction ... 
34. N2O+CO•N:2+CO:2 5.01E+l3 0.00 0.4 
35. HNCO(+Ml•NH+CO(+Ml 6.00E+l3 0.00 1.0 

Low pressure limit: 0.21700E+:29 -0 .3 10001!:+01 0.101901!:+06 
TROE centering: 0.93800E+0O 0.100001!:-89 0.33040E+04 

36 . HNCO+O•CO:2+NH 9.641!:+07 1. 41 0 . 9 
37. HNCO+H•NH:2+CO 2.20E+07 1.70 0.4 
38. H2CN+M•HCN+H+M 5.30E+l6 0.00 0.3 
39. RDX(+Ml•3H:2CN+3NO:2(+Ml 1. 30E+l2 0 . 00 0.5 

Low pressure limit: 0 . 15700E+l8 0.00000E+00 0.28000E+05 

NOTE: A units mole-cm-sec-K, E units cal/mole 
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APPENDIX: BURNING RA TE SENSITIVITY TO INITIAL TEMPERATURE 

The experimental data and model calculations of burning rate as a function of initial temperature 

and pressure for RDX (page 53), HMX (page I 08) and GAP (page 124) are presented in the main body of 

thi s dissertation. This appendix is a di scussion of the transformation of the data into values of crP. In the 

stability anal ysis of solid propellants, the change of the natural log of burning rate with respect to initial 

temperature at a constant pressure******** is referred to as the temperature sensitivity or crP. This appendix 

contains a description of how experimental burning rate data can be converted to values of <Jp. Then, 

poss ible di screpancies between the model and experimental data for HMX are explained. Finally, the 

order-magnitude difference in values of crP for RDX and GAP is addressed. 

Determining <Jp from Experimental Data 

This discussion will use the HMX burning rate data of Boggs et al. 34 To generate experimental 

values of <Jp, ideally one would make measurements at a given pressure for several initial temperatures 

and then make the appropriate transformation of the data. (For example: At 54.54 atm the slope of the 

line in Figure 87 is the best estimate of crP using this method.) Because of the scatter in the experimental 

data, determining an accurate derivative can be prone to errors . For the various pressures there are 

relatively few data points (ranging from 2 to 30). Temperature sensitivity calculated using this method 

with 95% confidence intervals is shown in Figure 88. As seen by the confidence intervals, there is a very 

large amount of uncertainty in the value of <Jp , particularly at pressures below 20 atm. The temperature 

sensitivity below 20 atm is strongly influenced by the circled values in Figure 73 (page 108). 

******** a 
I' dl;nit p 
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Figure 87: Simple crp Analysis (HMX, P=54.53 atm). 
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Figure 88: Temperature Sensitivity from Bogg's Data34 using Simple Analysis. 

The data can be smoothed (i .e., reduce the effect of the scatter) by fitting the data with an 

equation or model for a specific initial temperature as a function of pressure. Traditionally, a power fit is 

used : rb=aP". Using the power interpolating function for the data taken at or below an initial temperature 

of 298 K, and a linear interpolation (rb=mP+b) for data from T;0 ;t=373 Kand 423 K, tttttttt smoothed 

data can be generated (symbols in Figure 89) and then transformed to values of crp (slope of the lines in 

t-:-tttttt A linear interpolation correlated the 373 Kand 423 K data better than the power fit. 
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Figure 89). To simpli fy the figure, 95 percent confidence intervals are not shown for all data. The 

smoothing equations were not extrapolated more than 3 atmospheres beyond the ranges of the original 

experimental. Inherent in this analysis is the assumption that <Jp does not change with initial temperature 

(i.e . straight lines rat her than curves in Figure 89). But as seen in Figure 89, the data below 20 atm and 

above the initi al temperature of 298 K may indicate otherwise. 
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Figure 89: crp Calculation from Bogg's Smoothed HMX Data34 
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Figure 90 contains the smoothed HMX and RDX data from Boggs et al.34 transformed into <Jp 

values a long with predictions made by the model. Additionally, the HMX data were also transformed into 

crP va lues via a stati stical model by fitting all of the data simultaneously. By so doing, the dependence of 

<Jp on initial temperature as well as accurate confidence intervals were calcul ated. The development of the 

statistical model is in the following appendix . The HMX experimental data were analyzed using both 

methods to demonstrate that <Jp is likely a function of initial temperature at low pressures, and the val ue of 

crP is very dependent upon how the data are analyzed. 
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Figure 90: RDX and HMX Temperature Sensitivity (298 K)34 

Reconciling Predicted and Calculated Values of crp for HMX 

The values of crP determined from the experimental data are highly uncertain . The apparent 

increase in temperature sensitivity could indicate a change in reaction mechanism at low pressures ( <20 

atm) and high initial temperatures (>298 K). Under these conditions, this trend indicates a weakened 

gaseous flame due to increased exothermic reactions in the condensed phase. The large flame stand-off 

distance observed by Parr69 and the oscillating combustion observed by Zarko115 support this conclusion 

(see page 101 ). 

According to the model, RDX and HMX have essentially the same temperature sensitivity 

(-0 001 K 1 
). Sensitivity analysis indicates that the heat capacity of the solid nitramines affects the 

temperature sensitivity of the burning rate. (See Figure 64, page 97.) However , increasing the solid heat 

capacity numerically, increases the predicted values of crP by only a small amount. (Approximately a one 

percent increase in Cp.so lid will increase crP by one percent. See Figure 64, page 97) Other parameters such 

as melting temperature, heat of fusion, physical properties of the liquid phase, and condensed-phase and 

gas-phase reactions appear to have little effect on the crP. The effects of solid heat capacity and condensed­

ph ase heat release cannot explain the difference between the predicted and measured values of CJp below 

20 atm. The experimental data indicate that there are real phenomena occurring that are not incllided in 
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the model. Possible explanations are an initial-temperature dependent, condensed-phase decomposition 

mechanism or the effect of "fuel spray" as observed by Hanson-Parr and Parr. 69 Additional burning rate 

data for these initial temperatures are desirable to help determine certain values of <Jp below 20 atm. 

The Difference in Temperature Sensitivity of RDX and GAP 

In Chapter I 0, the monopropellant GAP is modeled. Both experimental data and the model 

(using Mechanisms A, B, or C) indicate the temperature sensitivity of GAP to be approximately 0.0 I K 1
• 

Thi s is IO times the experimental and predicted value of temperature sensitivity of RDX (see Figure 91 ). 
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Figure 91: GAP Temperature Sensitivity 132
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As was explained in Chapter I 0, there are some significant differences between RDX and GAP. 

To understand why the model is correctly predicting such large differences in the temperature sensitivity 

of these two propellants, the various input parameters of RDX were changed to the values used in the 

GAP model. Changing the solid heat capacity of RDX to that of GAP, only changed the calculated value 

of <Jp from 0.00095 to 0.0013 K 1
• By changing the heat of formation, Cp.solid, cp,liquid, and the thermal 

conductivity to the values of GAP, the calculated crP still only increased to 0.0014. When turning off the 

evaporation of RDX, calculating the surface condition as is done in the GAP model (page 120), and using 

all of the GAP properties but maintaining the elemental compositions and reaction mechanisms of RDX, 
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the ca lculated va lue of crP is onl y 0.00 143 K 1
• Usi ng the gas-phase mechanism of GAPH+H+++ in the 

RDX mode l did not change the temperature sensitivity at all. Differences in these physical or 

thermodynamic properties cannot explain the observed difference in the temperature sensitivity. There 

must be an explanation in the gas-phase and/or liquid-phase reaction chemistry. 

For GAP, many of the species coming off the surface are near their final equilibr ium 

concentrations. To see the effect of this on ROX (with ROX properties), the exothermic liquid reaction : 

(50) 

was added to the mechanism. Increasing the rate constants for this reaction, had the effect of increasing 

the heat released in the two-phase region (Q,) while decreasing the heat release in the gas flame. The 

effect of Q, on burning rate and <Jp is shown in Figure 92. Changing the condensed-phase reactions alone 

cannot account for the difference in calculated val ues of <Jp for ROX and GAP. 
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Figure 92: Effect of Q, on Burning Rate and Temperature Sensitivity (RDX) 

The best explanation for the higher crP of GAP compared to RDX can be seen in Figure 93 . This 

figure contains the energy flux at both sides of the surface of these propellants as a function of mass 

burning rate ( m) and initial temperature. Where the condensed-phase energy flux (solid lines) intersects 

the gas-phase energy flux (dashed lines), the mass burning rate is converged (see convergence scheme in 

HHHH The ROX gas-phase mechanism is a subset of the GAP gas-phase mechanism (page 120). 
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Figure I I , page 41 ). Decreasing the initial temperature has the effect of shifting the condensed phase 

energy flux curve higher, but has no effect on the gas-phase energy flux curve. (Increasing pressure will 

shift the gas-phase curve higher). The slope of the condensed-phase curves is largely determined by the 

condensed-phase properties and reactions. As seen in Figure 93, the heat flux from the RDX gas-phase to 

the surface is relatively insensitive to mass-burning rate. (i.e. The RDX gas flame is relatively stable. ) The 

GAP gas-phase flame is very sensitive to mass-burning rate. A small change in initial temperature, shifts 

the condensed-phase energy flux curve either up or down . Because the gas-phase energy flux curve has 

nearly the same slope as the condensed-phase curve, the intersection of the curves occurs at a much 

different m. According to the model, GAP has a higher value of <Jp than RDX because the gas-phase 

flame of GAP is more sensitive m. 
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Cl) 
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:::s 

CJ) 400 -ftl 
)( 
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ca 
Cl) 

::c 
200 

100 

0.2 0.4 0.6 
Mdot (g/sec) 

GAP 
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10 atm 

- - - • ROX Gas 

---RDXC223 

---RDXC298 

---RDXC373 

---·GAPGas 

- ··-·· ··· GAP C 223 

---GAPC293 

Figure 93: Energy Balance at the Surface of ROX and GAP (10 atm) (C for Condensed) 

The follow-up question to the above explanation is, "Why is the gas-phase flame of GAP so 

sensitive to m ?" As noted in Chapter 10, most of the species coming off of the surface of GAP are near 

their equilibrium concentrations and the GAP flame appears to be kinetically limited. GAP is very fuel 

rich and has a low adiabatic flame temperature (-1500 K). There is very little energy to be released in the 

gas-phase of GAP. In contrast, most of the RDX evaporates, regardless of initial temperature or pressure. 
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The adiabatic fl ame temperature of RDX is approxi mately twice that of GAP (-3000 K). Most of the 

energy is released in the gas-phase of ROX. 

Summary 

Because the calculation of crP involves a derivative, values extracted from experimental data are 

highly uncertain. The model reasonably correlates most of the original burning rate data as a function of 

pressure and initial temperature for RDX, HMX and GAP. The largest di screpancy between measured and 

predicted values occurs for HMX below 20 atm and above the initial temperature 298 K. Under these 

conditions, one potential reason for this discrepancy could be related to the observation of unstable 

burning of HMX and liquid fuel spraying from the surface. The model does not consider the spray or 

changes in decomposition mechanism with initial temperature. Experimental data for HMX indicate that 

crP is considerably higher than 0 .002 K 1 below 20 atm, but the model predicts a value of0.001 K 1
• 

Experimental data and model calculations indicate the temperature sensitivity of GAP (0 .01 K" 1
) 

is approximately ten times that of RDX (0.001 K"\ While crP is sensitive to the solid heat capacity, the 

minor differences in the value of heat capacity for RDX and GAP do not explain the order-of-magnitude 

difference in crP. The value of crP for GAP is much greater than that of RDX because the gas-phase fl ame 

of GAP is much more sensitive to small changes in mass burning rate. 
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APPENDIX: STATISTICAL ANALYSIS OF BOGGS' HMX TEMPERATURE SENSITIVITY DATA 

The experimental data from Boggs: (T in K, P in atm, rb or Y in cm/sec) 

Tinit=l98 K Tinit=223 K Tinit=l73K 

i =0 , 1..13 j = 14, 15 .. 30 k =31 ,32 .. 49 

!173 '20.45 
173 20.45 

1173 :27.27 
1173 27 .27 
173 34.08 
173 34 .08 
173 40.9 
173 40.9 
173 40 .9 
173 47 .72 
173 54 .53 
173 j54.53 

1173 154.53 
173 61.35 

,0 437 

10.563 
;o .3 51 
,0 .706 
i0.668 
0.63 

0 .724 
0 .767 
0 .737 

T p 
I I 

198 13 .63 
198 13 .63 
198 17.04 
198 20.45 
198 20.45 
198 27 .27 
198 27 .27 
198 27 .27 
198 34.08 
198 34.08 

198 40.9 
198 40.9 
198 47 .72 
198 47 .72 
198 54.53 
198 54.53 
198 57 .26 

Y . 

0.262 
0 .246 
0.31 

0 .363 
0 .353 
0.495 
0 .485 
0.467 
0 .549 
0.533 

0.686 
0.65 

0 .749 
0 .742 
0.848 
0 .749 
0.874 

167 

--
223 
223 
223 
223 
223 
223 
223 
223 
223 
223 
223 
223 
223 
223 
223 
223 
223 
223 

223 

--
13 .63 
13.63 
18.4 

20.11 
20.45 
27.27 
30 .67 
34.08 
34.08 
39.88 
40.9 

47 .72 
47 .72 
54 .53 
54.53 
54.53 
54.53 
61.35 

61.35 

yk 

0.282 
0 .227 
0.33 

0 .351 
0.348 
0.459 
0 .523 
0 .551 
0 .546 
0.685 
0.65 

0.808 
0.752 
0 .853 
0.838 

0.8 
0 .996 
0 .968 
0.937 

Tinit=248 K 

l =50.51..68 

--
248 
248 
248 
248 
248 
248 
248 
248 
248 
248 

248 
248 
248 
248 
248 
248 
248 
248 

248 

- -
5.11 
6.82 
9.54 
10.22 
13.63 
13 .63 
20.45 
20.45 
27.27 
34.08 
34.08 
40.9 

47 .72 
54.53 
54 .53 
54.53 
54.53 
54.53 
61.35 

yl 

0.123 
0 .144 
0 .185 
0 .206 
0.305 
0 .277 
0.381 
0.371 
0 .467 
0 .579 
0 .546 
0 .732 
0 .798 
0.874 
0.848 
0 .803 
0.96 

0.698 
0 .96 



Experimental Data Continued ... 

Tinit=273 K 

i = 69 . 70 . 92 

T p y 
- - ·-
:273 15.11 

!273 ;6 .82 

1273 :6.82 

!273 j8.86 

273 I 10.22 

!273 110.22 
1273 113.63 

'273 , 13 .63 
,273 : 13.63 

273 11363 
;273 120.45 

:273 120 .45 

273 !20.45 
'273 127 _27 

1273 127 27 

1273 134.08 
j 

;273 40.9 I 
,273 44.99 

1273 47 .72 

:273 153 .85 

1273 !54 .53 
1273 154 .53 

1273 [ 59 .3 

!273 16 I .35 
I 

_ I 

lo.117 

'0 .169 

:0.136 

0 .176 

0 .225 

0.216 

0 .295 

:o.411 
10 .368 

0 .864 

0 .927 

Tinit=298 K 

j = 93.94 .. 121 

T p y 
,..I I I ,_ 

298 3.41 0 .1011 

298 5.11 0.1524 
298 6.82 0. 1694 

298 6.82 0 . 1669 

298 6 .82 0.1626 

298 10.22 0 .2921 

298 10.22 0.2459 

298 13.63 0.3404 

:298 13 .63 0.2921 

298 13.63 0.2616 

298 20.45 0.4445 

298 27.27 0 .5994 

298 27.27 0.5461 

298 27.88 · 0.536 

298 34.08 0.655 

298 40.9 0 .79 

298 40.9 0.734 

298 40.9 0.686 

298 47 .72 0.8357 

298 48.13 0.841 

298 54.53 0.978 

298 54.53 0.965 

298 54.53 0 .917 

298 61.35 1.143 

298 61.35 1.034 

298 69.05 l.1335 

298 69.05 1.0921 

298 102.25 1.6759 

298 102.25 1.4895 

Tinit=373 K 

k = 122 , 123 .. 132 

Tk pk yk 
----- ---
373 7.77 0.264 

373 21.l3 0.542 

373 21.13 0.417 

373 34.56 0.725 

373 55 .08 1.026 

373 55.08 1.007 

373 68.64 l.1765 

373 83 .03 1.4802 

373 83.03 1.4085 

373 102.25 1.707 

373 102.25 1.625 
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Tinit=423 K 

I = 133 , 134 .. 141 

--

423 

423 

423 

423 
423 

423 

423 

423 

423 

---

7.77 

21.13 

21.13 

52.76 
55.42 

68.64 

68.64 
102.25 

102.25 

YI 

0.389 

0.62 

0.592 

1.026 
1.064 

1.307 

1.275 

1.783 

1 .75 



Analysis of Boggs' burning rate data. 

Pag.: rdcn:1m . .:s come: from "Statistics for the Engiuecriug. 
and Computcr Sciences." by Mendenhall and Sincich ( 1984) 

number of data points= rows( Y) = 142 

ORIGIN = 0 n = 0, l .. rows( Y) - l numpar = 7 k = 0 , l .. numpar - l 

Y is the dependent variable, burning rate . 

Transform Y and P by natural log to get better fits. 

Y =ln ·Y · n \. n} 

F(T.P) = 

P =ln lP · n \ n) 

l 

p 

T 

p2 

p2.r 

P-T2 

T3 

F is the anav of functions 
\\b.ich ,, ill be made into a 
linear combination to 
represent burn rate as 
a function of initial 
Temperature and ln(P) . 

The statistical model: 

0 

0 

dfdt(T , P) = 0 

p2 

2·P·T 

3·T2 

ln(rb )=80+8 l *ln(P)+B2*T +83*ln(P)"2+84*ln(P)"2*T +85*ln(P)*T"2+86*T"3 

X k =FrT .P )' 
n . \ n n k 

X matrix as defined ou Page 424 . 

dtdf is the derivative of F 
wrt initial T holding P 
constant. 

a( T, P) = submatrix(F(T,P), 0 , numpar - l , 0 , 0) Used in calculating confidence intervals (page 446-7) 

' T - I 
c = 1X ·X ) Defined on page 429. used here to reduce calculation and notation. 

B = c· X T_ Y Least squares estimates of the coetficients (80-86) of the functions in F 

rbf( T , P) . = I: F( T, P)k· Bk Equation representing the least squared estimate of ln(rb) 
k as a hmction of initial T and P. 

SSE = ~ \ Y n - rbf( Tn. Pn) ;2 Squaroo Standard E1rnr (equilivant to defrnition on Page 430). 

n 
SSE = 0.780372 

: SSE 
s = /------ s =0.07603 

'/ rows( Y) - mnnpar 
Estimah:: of the standard deviation (Page 430). 
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Ttest = qt( .975. rows( Y) - nurnpar) Ttest = 1.977692 Student's T statistic for 95% confidence 

+/- mines for each of the coefticients in B (Page '1.32) 

- Bk ----
r­

S· ) Ck.k 

Test statistic for each coefficient Bk: 1f abs(Btk)> Ttest then that coefficient contributes 
significant Iv to th<:: pn::dictiou made bv th<:: modd. 

i--4.590512 
I 

1.374139 

0.001886 
I 

B = , -o. 13 8044 

5.147192· ,o-4 

-7.358022· 10- 6 

3.136913· 10- 8 

Model Predictions 

r? f_(_ 423. In( p)) 

rbf( 373 , In( p)) O 

rbf( 298 , In( p)) 

rbf( 273. In( p )) 
-- - 1 

rbf( 248 . ln( p )) 

rbf( 223, In( p) ) 

rbf( I 98 , In( p)) 
- -i 
rbf( I 73 , In( p) ) 

0.341476 - 26 .586429 
0.253288 10.729379 Every function in 
9.647445· 10- 4 

3.866339 statistical model 
significantly 

Be= 0.07308 B = - 3.735726 t contributes to the 
2.551439· 10- 4 3.989733 model predictions. 

2.801532· 10- 6 - 5.194267 

1.097604· 10- 8 5.652172 

p =5 . 10 .. l05 

~ '-----...J'-------'------'-------L------'-------'-------' 

1.5 2 2.5 3 3.5 4 4.5 

In( p ) 
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95% Confidence inteivals for burning rate as a function of pressure and initial temperature. 

t 95 ~ qt(0 .975. rows( Y) - numpar) Student' s T-test value for 95% confidence interval. 

rbf e< T. P) = t 9ys· \/ i a( T. P) T_c a( T. P) I 95% confidence interval for rb model (Page 447). 

rbh( T. P) = rbf( T. P) + rbf eC T . P) Upper limit on hum rate predictions 

rbl( T, P) = rbf( T , P) - rbf eC T, P) Lower limit on burn rate predictions 

How well does the statistical model correlate the original data? 

Initial Temp= I 7 3 K i =0.1..13 Initial Temp= 198 K J = l4, 15 .. 30 

0 0 .----.---.-----.----, 

Y. 
I 

,._•\_,. I - o.5 
rbf1, 173. p i! 

,) 

rbh 1173.Pi) 
1:: 

rbl '· 173 , pi) 
- 1 

'") 

- 1.5 
3 3.5 4 4.5 

P . 
I 

Initial Temp=223 K = 31 , 32 .. 49 

Y. 
I 

.) =· ~- - 0_5 

rbf, 223 , Pi) 

rbh (223 , Pi) 
1:: 

0 

- 1.5~-~--~-~--~ 
2.5 3 3. 5 

P. 
I 

4 4.5 

171 

Y. 
::-, 6c - o.5 
rbf\ 198, Pj) 

rbh \ 198, P ) 
r J 

3 

Initial Temp=248 K 

0 

Y. 
•:) 6Q -, 
rbf(248 , Pj) 

rbh ( 248, Pj) 
:I: 

I ' L 
rbl \ 248 , Pj) 

-:l 
I 2 

3.5 

P. 
J 

J 

3 

P . 
J 

4 4.5 

= 50, 51 .. 68 

4 5 



Initial Temp=273 K 

y _ 
I 

rbf ,_ 273. P i) 

0 

I =69, 70 .. 92 

0 

Initial Temp=298 K 

0 

rbf(298, Pj) 

- - 1 
rbh (298,P-J. 
I: J 

rbl (298, Pj} -Z 

J =93 , 94 .. 121 

-:, '---_,_ _ ____..__ _ _._ _ __. -:,'-----'---~--~ 
1 2 3 

p . 
I 

4 0 2 4 6 

p_ 
J 

Initial Temp=373 K = 122 , 123 .. 132 Initial Temp=423 K J = 133 , 134 .. rows(Y) - 1 

y 
I 

'.')C C 

rbh I 373. Pi ) 
I: 

0 

. - 1 
rbl \373, Pi) 

0 

Y. 
::, 60 

0.5 

rbf( 423 , Pj} 0 

rbh (423, P ) 
:r: J - o.5 

rbl (423 , Pj] 

-Z'----_,_ __ __. ___ _. - 1.5.__ __ __._ __ _,_ __ __. 

2 4 2 3 4 

P. P. 
I J 

Now that the Statistical Model fits the experimental data (R"2=98.5%), calculate crp. 

_d 
crp(T ,P) - - rbf(T.P) 

dT 
Numerical definition of the temperature sensitivity. 

cr p(298, ln( 10)) =0.002874 

dfdts( T, P) = submatrix( dfdt( T , P) , 0 , numpar - 1 , 0 , 0) Submatrix of dF /dT 

dfclte<T . P) = t 95-s- ~ ldfclts(T , P) T-c-dfclts(T,P) I Error bounds on dF/dT 

cr p(T , P) = ~ Bk·submatrix( dfclt(T , P), 0 ,numpar - 1, 0 ,0)k Derivative of ln(rb) wrt iuitial Temp (crp). 

k 

cr p( 298. ln( 10)) = 0.002874 Answer agrees with numerical derivative above. 
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cr pe< T , P) = dfdt e< T. P) ELTor bounds ou o-p . 

cr ph(T.P) = cr p(T.P) -t- cr pe(T , P) 

Plot of Results 

Lower limit (95% confidence) 

Upper limit (95% confidence) 

HMX Temperature Sensitivity 
0.008 --------~---~----~-------~ 

cr ( 298 . ln( p )) 0.006 
J...l.. 
:;cr _ph< 298 , In( p)) 

:~ -
-~ cr pt< 298 , In( p)) 
oil 0.004 

~cr p< 348 , ln(p)) 
i:: 
l!. 
ficr p< 248 . ln( p )) 
~-

0.002 

o '-------'-------'-------'----..__ ___ ....__ ___ _, 
0 20 40 
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60 

p 
Pressure ( atm) 

80 100 120 



Combustion Modeling of RDX, HMX and GAP with Detailed Kinetics 

Jeffrey E. Davidson 

Department of Chemical Engineering 

Ph.D. Degree, April 1997 

ABSTRACT 

A one-dimensional, steady-state numerical model of the combustion of homogeneous solid 
propellant has been developed. The combustion processes is modeled in three regions: solid, two-phase 
(liquid and gas) and gas. Conservation of energy and mass equations are solved in the two-phase and gas 
regions and the eigenvalue of the system (the mass burning rate) is converged by matching the heat flux at 
the interface of these two regions. The chemical reactions of the system are modeled using a global kinetic 
mechanism in the two-phase region and an elementary kinetic mechanism in the gas region. 

The model has been applied to RDX, HMX and GAP. There is very reasonable agreement 
between experimental data and model predictions for burning rate, temperature sensitivity, surface 
temperature, adiabatic flame temperature, species concentration profiles and melt-layer thickness. Many 
of the similarities and differences in the combustion of RDX and HMX are explained from sensitivity 
analysis results. The combustion characteristics of RDX and HMX are similar because of their similar 
chemistry. Differences in combustion characteristics arise due to differences in melting temperature, vapor 
pressure and initial decomposition steps. A reduced mechanism consisting of 18 species and 39 reactions 
was developed from the Melius-Yetter RDX mechanism (45 species, 232 reactions). This reduced 
mechanism reproduces most of the predictions of the full mechanism but is 7.5 times faster. Because of 
lack of concrete thermophysical property data for GAP, the modeling results are preliminary but indicate 
what type of experimental data is necessary before GAP can be modeled with more certainty. 
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