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A comprehensive analysis of laser-induced ignition of 1,3,5-trinitrohexahydro-s-triazine (RDX) monopropel-
lant has been performed with consideration of detailed chemical kinetics. The model considers the transient
development in the entire combustion zone, including the solid-phase, subsurface two-phase, and gas-phase
regions. The formulation accommodates detailed chemical kinetics and transport phenomena in the gas phase,
as well as thermal decomposition and subsequent reactions in the subsurface two-phase region. Thermody-
namic phase transition and volumetric radiant energy absorption are also considered for completeness. The
analysis is capable of treating the complete ignition process from surface pyrolysis to steady-state combustion,
with the instantaneous burning rate and surface conditions treated as part of the solutions. Numerical
experiments were conducted at atmospheric pressure in argon with CO2 laser heat flux from 35 to 600 W/cm2.
Excellent agreement was obtained between the calculated and measured ignition delays. The propellant
gasification rate increases with increasing laser intensity, which in turn shortens the ignition delay. The entire
process can be divided into six stages: inert heating, thermal decomposition, occurrence of primary flame,
preparation and formation of secondary flame and, finally, establishment of steady-state combustion. The major
process in the primary flame is identified as the consumption of CH2O, HONO, NO2, H2CN, H2CNNO2, and
HNO. In the secondary flame, the conversion of NO and HCN to N2, CO, H2O, and H2 is the key exothermic
process causing ignition in the gas phase. © 2001 by The Combustion Institute

NOMENCLATURE

A cross-sectional area of propellant sample
Aj pre-exponential factor of rate constant

of jth reaction
Asp specific surface area
Bj temperature exponent in rate constant

of jth reaction
Ci molar concentration of ith species
Ċij rate of change in molar concentration of

ith species by jth reaction
cpi constant pressure heat capacity of ith

species
Di effective mass-diffusion coefficient of ith

species
DTi

thermal diffusion ratio of ith species
Ej activation energy of jth reaction
e internal energy
fg fraction of laser energy absorbed by gas

phase
Hfus molar heat of fusion

Hsub molar heat of sublimation
Hv molar heat of evaporation
h enthalpy
hi enthalpy of ith species
h°fi heat of formation of ith species at

standard condition
kj rate constant of jth reaction
m0 mass flux
N total number of species
NR total number of reactions
P pressure
Pv,eq equilibrium vapor pressure of RDX
Q̇0laser external laser heat flux
Q̇-rad volumetric absorption of laser energy
Ru universal gas constant
s sticking coefficient
T temperature
t time
u bulk velocity
Vcor correction velocity
Vi diffusion velocity of ith species
Wi molecular weight of ith species
ẇi mass production rate of ith species* Corresponding author. E-mail: vigor@psu.edu
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ẇRj mass production rate of jth reaction
Xi mole fraction of ith species
x spatial coordinate
Yi mass fraction of ith species

Greek Symbols

b absorption coefficient
ki absorption cross-section of ith species
f void fraction
r density
l thermal conductivity
v̇ molar production rate

Subscripts

01 gas-phase side of propellant surface
02 subsurface side of propellant surface
bw backward reaction
c condensed phase
fw forward reaction
g gas phase
id ignition delay
ini initial condition
l liquid phase
l3g from liquid to gas
m melting
net net value of evaporation rate minus

condensation rate
s solid phase
sur surface
t mass-averaged quantity in two-phase

region
v vapor

INTRODUCTION

Ignition of solid propellants and explosives in-
volves an array of intricate physiochemical pro-
cesses under energetic stimuli, and has been a
subject of extensive research since 1950. A
comprehensive review of the early work was
conducted by Price et al. in 1966 [1]. The
experimental and theoretical literature pertain-
ing to the ignition of solid propellants over the
period of 1966 through 1980 was reviewed by
Kulkarni et al. [2] and Hermance [3]. The state
of understanding in Russia up to 1989 was
presented by Vilyunov and Zarko [4], giving a
detailed examination of the various ignition
models and related experimental approaches.

Recently, a review of laser and radiative ignition
of 24 solid energetic materials, with emphasis
on work performed in the former Soviet Union,
was provided by Strakouskiy et al. [5].

As shown in Table 1, many theoretical models
have been developed to study the ignition of
solid propellants and explosives, which can be
broadly divided into three categories: solid-
phase (or reactive solid), heterogeneous, and
gas-phase reaction models. The solid-phase re-
action models [6–9] assume that exothermic
reactions in the condensed phase are the dom-
inant mechanism of ignition, whereas the effects
of surface and gas-phase processes are second-
ary and can be neglected. The formulation
usually includes the energy equation for the
condensed phase, with the species-concentra-
tion equations treated as optional. The convec-
tion terms are often ignored for simplicity.
Ignition criteria are defined based on conditions
at which thermal run-away or steady-state com-
bustion takes place. Primary results include: 1)
ignition delays as functions of condensed-phase
reaction parameters, external heat flux, ambient
pressure, and propellant preconditioned tem-
perature, among others; and 2) evolution of the
temperature field in the regime of interest. Due
to the basic assumptions employed, this type of
model is suitable for materials in which con-
densed-phase heat release represents the rate-
controlling step in determining the propellant
burning behavior, such as double-based propel-
lants. The pressure dependence of ignition de-
lay, however, is commonly underestimated be-
cause the condensed-phase process is
insensitive to pressure.

Heterogeneous reaction models [10–18] as-
sume that heterogeneous reactions at the pro-
pellant surface are responsible for ignition due
to the molecular diffusion of ambient oxidizer
species to the propellant surface. The formula-
tion takes into account the condensed-phase
conservation equations of energy and species
concentration along with interfacial boundary
conditions. A number of ignition criteria, such
as go/no-go, pre-specified flame and surface
temperatures, and temperature gradient have
been used. As anticipated, results indicate that
the activation energies of surface heteroge-
neous reactions have strong influences on igni-
tion delay and temperature evolution in the
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condensed phase. This kind of model has been
widely applied to shock-tube ignition studies,
and is suitable for diffusion-controlled burning
materials such as carbon, polymers, etc. The
effect of diffusion processes, however, is often
overestimated for solid-propellant combustion.

Unlike the previous two categories, the gas-
phase reaction models [19–26] presume that
exothermic gas-phase reactions and their heat
feedback to the propellant surface are the pri-
mary mechanism of ignition. Conservation of
energy and species concentration in the gas

phase is of major concern, but the condensed-
phase equations are also included for complete-
ness. In addition to the commonly used ignition
criteria, emission of light and achievement of
steady-state combustion are employed in some
studies. Results typically include ignition delay
as a function of surface condition for shock-tube
cases or heat flux and pressure for radiant cases.
Also included are the time evolution of the
temperature fields in both phases and the spe-
cies-concentration profiles in the gas phase. As
a result of the basic assumptions used, the

TABLE 1

Theoretical Models of Solid-Propellant Ignition

Solid-phase reaction models Heterogeneous reaction models Gas-phase reaction models

Presumption Solid-phase reactions cause
ignition.

Heterogeneous reactions at
surface cause ignition.

Gas-phase reactions cause ignition.

Primary
concern

Condensed phase. Condensed phase and interface. Gas phase and condensed phase.

Formulation Energy eq. for condensed phase. Energy eq. for condensed phase. Energy eqs. for both phases.
Species eqs. for condensed

phase (optional).
Species eqs. for condensed phase

(optional).
Species eqs. for gas phase.

Convection terms are usually
neglected in analytical
approach.

Convection terms are usually
neglected in analytical approach.

Species eqs. for condensed phase
(optional).

In-depth radiation absorption is
usually neglected.

Approach Asymptotic method. Laplace transform. Numerical method.
Numerical method. Local similarity. Asymptotic method.

Asymptotic method.
Classical thermal theory.
Numerical method.

Ignition
criteria

Go/No-Go. Go/No-Go. T/Tref 3 `.

T/Tref 3 `. T/Tref 3 `. Ts, dTs/dx, Yj, or gas reaction rate
(RR) rises to specified values.

Steady-state combustion. dt/dTs 3 0 (or dTs/dt 3 `). Emission of light.
Ts rises to specified value. Steady-state combustion.

Major
results

Ignition delay as function
of rate constant, heat flux,
pressure, and others.

Ignition delay as function of
surface reaction rate and oxidizer
concentration.

Ignition delay as function of surface
condition for shock tube; or heat
flux and pressure for laser.

T(x,t) in the solid. T(x,t) in the solid and surface
conditions.

T(x,t) in both phases and Yi(x,t) in
gas phase.

References [6–9] [10–18] [19–26]
Remarks Suitable for condensed-phase

controlled materials, such as
double-based propellants.

Suitable for the surface-reaction
controlled material, such as
polymers, hypergolic systems, etc.

Suitable for gas-phase controlled
material, such as low vulnerability
ammunition (LOVA) propellants.

Effect of pressure is under-
estimated since condensed-
phase process is insensitive to
pressure.

Effect of surface reaction is over-
estimated for solid propellants,
especially for homogeneous
propellants.

Detailed chemistry is established
and ready to be employed in the
model.

Surface reaction with lowest
activation energy dominates
ignition.
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models are suitable for gas-phase controlled
burning materials and have been successfully
applied to several ignition problems, such as
fuel in hot oxidizing gas [19, 20], homogeneous
propellants under shock-tube conditions [21,
22], heterogeneous propellants in hot oxidizing
gases [23], and laser-induced ignition [24–26].

In spite of their contributions in correlating
experimental data and providing qualitative un-
derstanding of ignition behavior, all the existing
models [6–26] are semi-empirical in nature and
do not provide predictive capability at scales
sufficient to resolve the detailed ignition mech-
anisms and flame evolution. A prior under-
standing of the ignition process is usually re-
quired before modeling. This obstacle mainly
results from the use of global kinetics schemes
derived for steady-state combustion. Moreover,
a simple pyrolysis law is often employed to
describe the propellant gasification process in
terms of propellant surface temperature along
with prescribed condensed-phase heat release.
The lack of reliable thermochemical parameters
poses another limitation in model accuracy.

During the past decade, a series of analyses
based on detailed chemistry has been conducted
to investigate 1,3,5-trinitrohexahydro-5-triazine
(RDX) steady-state combustion [27–33]. Such
models have successfully predicted the entire
combustion-wave structure and propellant
burning rate over a broad range of ambient
conditions. The present work attempts to estab-
lish a general framework for studying the key
physiochemical processes involved in the laser-
induced ignition and combustion of RDX
monopropellant. The analysis extends the
steady-state model described in [29, 30] to in-
clude the transient development in the entire
combustion zone, including the solid-phase,
near-surface two-phase, and gas-phase regions.
The formulation accommodates detailed chem-
ical kinetics and transport phenomena in the
gas-phase region, as well as thermal decompo-
sition and subsequent reactions in the two-
phase region. Thermodynamic phase transition
and volumetric radiant energy absorption are
also considered for a complete description. The
model is capable of treating the entire ignition
process from surface pyrolysis to steady-state
combustion, with the instantaneous burning

rate and surface conditions treated as part of
the solution.

The paper is organized as follows. A theoret-
ical formulation of RDX ignition is first de-
scribed, and then the numerical technique used
in this work is discussed briefly. The entire
laser-induced ignition process of RDX is then
examined in depth. Special attention is given to
the ignition delay and key physiochemical pro-
cesses responsible for achieving ignition.

THEORETICAL FORMULATION

The physical problem of concern is the ignition
of a strand of RDX monopropellant induced by
a continuous and radially uniform CO2 laser.
The detailed physiochemical processes involved
are schematically illustrated in Fig. 1. The pro-

Fig. 1. Physiochemical processes involved in laser-induced
ignition of RDX.

1683LASER-INDUCED IGNITION OF RDX MONOPROPELLANT



pellant and the ambient gas are initially at room
temperature. Once the laser is activated, volu-
metric absorption of laser energy in the solid
phase takes place, as shown in Fig. 1a. In the gas
phase only certain gaseous species, such as
vapor RDX, absorbs a noticeable amount of
laser energy at the wavelength of 10.6 mm; thus,
the gas-phase absorption is negligible during the
inert heating period. When the solid reaches its
melting temperature, the absorbed radiant en-
ergy cannot further raise the temperature with-
out first melting the solid. Because the radiant
energy absorbed is insufficient for instantaneous
melting of all of the solid in a short period,
partial melting of the solid occurs, which leads
to the formation of a mushy zone that consists
of both solid and liquid (Fig 1b). When a pure
liquid layer is formed, the solid–liquid interface
starts to move due to conductive and radiative
heat transfer (Fig. 1c). In the liquid, thermal
decomposition and subsequent reactions, as
well as phase transition, take place, generat-
ing gas bubbles and forming a two-phase
region. The propellant then undergoes a se-
quence of rapid evaporation at the surface
(Fig. 1d). Ignition occurs if the heat flux is
sufficiently large to initiate the subsequent
self-accelerated exothermic reactions that re-
sult in substantial heat release (in the gas
phase) and emission of light. A luminous flame
is produced, regresses toward the surface, and
finally reaches a stationary position corresponding
to its steady-state condition.

The present work extends the analysis previ-
ously developed for the steady-state combustion
of RDX [29, 30] to include the transient devel-
opment during the entire ignition process. A
brief description of the theoretical model is
given below, with detailed information available
in [30, 34].

Gas-Phase Processes

The formulation for the gas-phase region is
based on the mass, energy, and species trans-
port for a multi-component chemically reacting
system of N species, and accommodates finite-
rate chemical kinetics and variable thermo-
physical properties. If body force, viscous dissi-

pation, and kinetic energy are ignored, the
conservation equations for an isobaric flow can
be written as follows.

Mass

~rA!

t
1



 x
~ruA! 5 0 (1)

Species concentration

rA
Yi

t
1 ruA

Yi

 x
1



 x
~rAViYi! 5 Aẇi

~i 5 1,2, . . ., N! (2)

Energy

rcpA
T
t 2

~ pA!
t 1 rucpA

T
 x 5


 x SlA

T
 xD

2 A O
i51

N SrYiVicpi

T
x 1 ẇi hiD 1 AQ̇-rad,g

(3)

where subscript i denotes the ith species. The
specific enthalpy hi is defined by:

hi 5 E
Tref

T
cpi dT 1 h8fi (4)

Standard notations in thermodynamics and
fluid mechanics are used in Eqs. (1– 4). The
mass diffusion velocity Vi consists of contri-
butions from both concentration (i.e., Fick’s
law) and temperature (i.e., Soret effect) gra-
dients:

Vi 5 2Di

1
Xi

Xi

 x
1 Di

DTi

Xi

1
T

T
 x

1 Vcor (5)

where the correction velocity Vcor is employed
to ensure that:

O
i5t

N

YiVi 5 0 (6)

The ideal gas law for a multicomponent system
is derived to close the formulation.

p 5 rRu T O
i51

N Yi

Wi
(7)
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Gas-Phase Chemical Kinetics

For a set of NR elementary reactions involving N
species, the reaction equations can be written in
the following general form:

O
i51

N

v9ijMi N
kbwj

kfwj O
i51

N

v 0ijMi, j 5 1, 2, . . . , NR (8)

where V9ij and V0ij are the stoichiometric coeffi-
cients for the ith species appearing as a reactant
in the jth forward and backward reactions,
respectively, and Mi is the chemical symbol for
the ith species. The reaction-rate constant kj

(either kfwj
or kbwj

) is given empirically by the
Arrhenius expression:

kj 5 Aj TBj exp (2Ej/Ru T) (9)

The rate of change in molar concentration of
the ith species by the jth reaction is:

Ċij 5 ~v9ij 2 v 0ij! ~kfwj
P
i51

N

Ci
v9ij 2 kbwj

P
t51

N

Ci
v 0ij!

(10)

The net rate of mass production of the ith
species ẇi in Eq. (2) is then obtained by sum-
ming up the changes due to all reactions:

ẇi 5 Wi O
j51

NR

Ċij (11)

It must be noted that the expression for chem-
ical reaction rates, Eq. (10), is valid strictly for
elementary reactions. If a global kinetics
scheme is used, the exponents for molar con-
centrations may differ from their stoichiometric
coefficients in order to match experimental
data.

The detailed reaction mechanism proposed
by Yetter [28] and augmented by Lin and
co-workers [35] is employed to treat the gas-
phase chemistry kinetics. The model was first
developed based on a hierarchical approach for
collecting kinetic data and the specific chemical
sub-models that are required to form the gas-
phase combustion mechanism [28]. In particu-
lar, three kinetic sub-models of increasing com-
plexity (N2O decomposition, H2/NO2 reaction,

and CH4/N2O reaction) are established by using
the results from kinetics experiments over a
broad range of temperature and pressure.
When the initial decomposition steps of RDX
proposed by Melius [27] are adopted, the over-
all scheme contains 38 species and 178 reac-
tions. Here, the N–N bond cleavage is assumed
to be the first step in the gas-phase decomposition
process of RDX due to its weak bond energy of
;50 kcal/mol compared to ;60 kcal/mol for the
C–N bond and ;90 kcal/mol for the C–H bond. Li
and Williams [36], however, indicated that the
initial dominant decomposition pathway might be
concerted symmetric triple fission to produce
three H2CNNO2 fragments at high temperatures.
At present, uncertainties still exist about the types
of species formed and their associated rates, es-
pecially for regions in close proximity to the
burning surface. More experimental investigation
is needed to clarify the initial decomposition steps
of RDX. In the past, the detailed reaction model
[28] has been implemented to simulate self-sus-
tained and laser-induced combustion of RDX
under steady-state conditions [29]. Reasonably
good agreement was obtained with experimental
data in terms of propellant burning rate and flame
structure. Three deficiencies, however, were ob-
served: 1) insufficient quantities of N2 and NO2 in
the first stage of flame; 2) abundance of CH2O at
the end of the first stage; and 3) overprediction of
the ignition delay. Modifications were thus under-
taken to circumvent these problems in three steps.
First, a reaction allowing for the formation of N2

during the initial stage of reaction was added to
the model. Second, the rate of thermal decompo-
sition of H2CN was increased to allow for greater
H-radical generation and subsequently for faster
consumption of CH2O. Third, a reaction between
H2CNNO2 and NO2 was added to enhance the
ignition process. Recently, Lin and coworkers [35]
revised the near-surface combustion mechanism
by adding more reactions involved in the con-
sumption of H2CNNO2, H2CNNO, H2CNO,
H2CNOH, and H2CN. The kinetic rates of these
added reactions were determined by using high-
level ab initio molecular orbital (MO) and statis-
tical theory calculations [35]. The resulting kinet-
ics scheme, containing 49 species and 250
reactions, can be found in [34].
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Subsurface Two-Phase Processes

The liquid and gas bubbles underneath the
propellant surface are treated together and
referred to as the subsurface two-phase region.
The physiochemical processes in this region are
extremely complicated, involving an array of
intricacies such as thermal decomposition,
evaporation, bubble formation, gas-phase reac-
tions in bubbles, interfacial transport of mass
and energy between gas and condensed phases,
etc. Taking full account of these processes is
hardly practical, and many simplifications have
been made to render the analysis manageable.
A two-phase fluid dynamic model using a spatial
averaging technique is employed to formulate
the complicated phenomena in the two-phase
region [29, 30]. The mass diffusion velocities in
the two-phase region Vgi and Vci are assumed to
be relatively small compared to their convective
counterparts in the gas phase, and are ignored
to simplify numerical calculations. The conser-
vation equations for both the liquid phase and
gas bubbles can be combined into the following
form:

Mass

 @~1 2 f! rl 1 frg#

t

1
 @~1 2 f! rlul 1 frg ug#

 x
5 0 (12)

Species concentration for liquid phase

@~1 2 f! rl Yli#

t
1



 x
@~1 2 f! rl ul Yli#

5 ẇli ~i 5 1,2, . . . , Nl) (13)

Species concentration for gas phase

 ~frg Ygi!

t
1

~frg ug Ygi!

 x

5 ẇgi ~i 5 1,2, . . . , Ng! (14)

Energy

rtcp,t
Tt

t
1 rt ut cp,t

Tt

 x

5


 x Slt
Tt

 x D 2 O
j51

Nl

hljẇlj

2 O
j51

Ng

hgj ẇgj1O
j51

Ng

hgj Ygj ẇl3g

2O
j51

Nc

hlj Yljẇl3g1Q̇-rad,l (15)

where subscript t denotes the mass-averaged
quantity in the two-phase region. The source
terms, ẇli and ẇgi, represent the mass produc-
tion rates of the ith species in the liquid phase
and gas bubbles, respectively, and ẇl3g repre-
sents the mass conversion rate from liquid to
gas.

Subsurface Chemical Kinetics and
Phase Transition

The global decomposition model of RDX pro-
posed by Brill et al. [37], derived from a well-
calibrated temperature-jump/Fourier transform
infrared (T-jump/FTIR) spectroscopy experi-
ment, is adopted here. This mechanism includes
two pathways as follows:

RDX(l)O¡
k1

3CH2O 1 3N2O (R1)

RDX(l)O¡
k2

3HCN 1 3HONO

O¡
fast

3HCN 1
3
2

NO 1
3
2

NO2 1
3
2

H2O

(R2)

Reaction (R1) is an exothermic, low-tempera-
ture pathway, whereas Reaction (R2) is an
endothermic, high-temperature pathway. The
reaction rates are obtained from a model of the
T-jump/FTIR experiment [38], which takes into
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account the heat transfer of the filament and
sample.

k1 5 6.00 3 1013 exp S2
36.0 kcal/mol

RuT D s21

(16)

ẇR15(12f)rlk1

k2 5 1.60 3 1017 expS2
45.0 kcal/mol

RuT Ds21

ẇR2 5 ~12f!rl k2 (17)

The two global decomposition reactions are
nearly thermally neutral at temperatures ;600
K. Subsequent reactions among the products of
Reactions (R1) and (R2) may occur and pro-
vide the energy to sustain pyrolysis. Brill [39]
examined several plausible secondary reactions,
such as CH2O 1 NO2, CH2O 1 N2O, and
HCN 1 NO2, and their corresponding reaction
rates. Results indicated that the following reac-
tion:

NO2 1 CH2OO¡
k3

NO 1 CO 1 H2O (R3)

is probably the most important secondary reac-
tion in the subsurface region. The reaction rate
of (R3) has been determined from shock-tube
experiments [40] and is given by:

k3 5 8.02 3 102 T2.77

expS 2
13.7 kcal/mol

RuT D cm3

mol 3 s
(18)

v̇R3 5 fk3

rgYCH2O

WCH2O

rgYNO2

WNO2

In addition to the thermal decomposition and
its subsequent reactions (R1–R3), thermody-
namic phase transition from liquid to vapor
RDX is considered to provide a complete de-
scription of the mass conversion process.

RDX(l) N RDX(g) (R4)

Based on gas kinetic theory, the net evaporation
rate is taken to be the difference between the

evaporation and condensation rates [29, 30] and
is expressed as:

ṁ0net5s S1
4 Î 8RuT

pWRDX
D pWRDX

RuT Spv z eq

p
2 XRDXD

(19)Thus, the specific mass conversion rate due to
evaporation becomes:

ẇR4 5 Aspṁ 0net (20)

The specific surface area Asp is a function of
void fraction and number density of bubbles,
and is derived as follows:

Asp 5 ~36pn!1/3f2/3, f , 1/ 2

or ~36pn!1/3 ~1 2 f!2/3, f . 1/ 2 (21)

where n is the number density of gas bubbles to
be determined empirically [30].

Solid-Phase Processes

Because very little RDX decomposes in the
solid phase due to its low-temperature condi-
tions, only the energy conservation equation
that includes both conductive and radiative heat
transfer is required to model the solid-phase
processes. The equation takes the form:

rs cp,s
Ts

t
1rs us cp,s

Ts

 x
5



 x Sls
Ts

 x D
1 Q̇-rad,s (22)

where subscript s represents solid. The thermal
properties of RDX were recently measured by
Hanson–Parr and Parr [41]. Because the prop-
erties of liquid RDX, such as ll and cp z l, are not
available in the literature, the same values are
used for both the liquid and solid RDX. Table 2
lists the thermodynamic and transport proper-
ties of RDX used in the current work.

Radiative Heat Transfer

The radiative heat-transfer processes are com-
plicated and difficult to model, usually including
absorption, emission, and scattering of radiant
energy in both the gas and condensed phases, as
well as surface absorption, transmission, and
reflection. In this work, the focus is on a CO2
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laser with a wavelength of 10.6 mm. The follow-
ing assumptions are made to render the analysis
feasible. First, the CO2 laser is treated as colli-
mated irradiation and locally one-dimensional.
Second, reflection at the propellant surface is
not considered because the normal reflectivity
of RDX with a refractive index of 1.49 at 10.6
mm was estimated to be only 0.047, using
Fresnel’s equation [43]. Third, the levels of
scattering by and emission from the gas-
phase, two-phase, and solid-phase regions are
assumed to be relatively small compared to that of
absorption. Finally, Beer’s law is employed to
determine the volumetric absorption in the solid-
and two-phase regions as follows.

Absorption in Solid and Subsurface Two-
Phase Regions (x , 0)

Q̇-rad,c 5 ~1 2 fg 2 asur!

~1 2 f! bc e~12f! bcx Q̇ 0laser

~c 5 liquid, solid) (23)

where fg is the fraction of laser energy absorbed
in the gas-phase region, asur the fraction of laser
heat flux absorbed by the propellant surface, bc
the absorption coefficient, and Q̇0laser the laser
heat flux. The absorption coefficient of solid
RDX for a CO2 laser at a wavelength of 10.6
mm has been measured by Isbell and Brewster
[43] to be 2800/cm. Because the absorption
properties of many types of semi-transparent
liquids are quite similar to those of solids [44],
the absorption coefficients of solid and liquid
RDX are assumed to be the same in this work.

The fraction of laser energy absorbed in the
gas-phase region fg is defined by the following
equation:

fg 5

E
0

`

Q̇-rad,g dx

Q̇ 0laser

(24)

where Q-rad,g is the gas-phase absorption of laser
energy, and can be estimated by examining the
infrared transmittance data. Figure 2a shows
the spectrum for vapor RDX and its gaseous
decomposition products, obtained by rapidly
heating a 2-mg sample of RDX using confined
rapid thermolysis FTIR spectroscopy [45]. A
detailed description of the experiments is avail-
able in [45]. Strong, broad absorption bands of
vapor RDX are present in a wavelength range
of 4.7 to 13.3 mm. The same absorption bands
were also observed by Brill from rapid-scanning
FTIR spectroscopy [46]. The absorption char-
acteristics of the gaseous decomposition prod-
ucts of RDX at 10.6 mm can be readily studied
from their corresponding individual IR spectra
[47]. None of the major decomposition products
exhibits a noticeable absorption at 10.6 mm. It is
clearly evident that of the species present only
vapor RDX absorbs a considerable amount of
CO2 laser energy in the gas phase. Thus, volu-
metric absorption in the gas phase is given by:

Q̇-rad,g 5 CRDXAvkRDX,gQ̇0laser (25)

where CRDX is the molar concentration of vapor
RDX, and Av is Avogadro’s constant. The ab-

TABLE 2

Thermophysical Properties of RDX

Parameter Units Value Ref.

cp,s cal/gK 4.861 3 1023 1 0.843 3 1023 3 T [41]
cp,l cal/gK 4.861 3 1023 1 0.843 3 1023 3 T [41]
ls cal/K s cm 0.665 3 1023 [41]
ll cal/K s cm 0.665 3 1023 [41]
Hv kcal/mol 26.8 [32]
Hfus kcal/mol 8.1 [42]
Hsub kcal/mol 34.9 Hv 1 Hfus

rs g/cm3 1.8 [42]
rl g/cm3 1.8 [42]
Tm K 478 [42]
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sorption cross-section of vapor RDX, kRDX, g, is
defined as:

kRDX,g 5
bcWRDX

rRDX,c Av
(26)

Because the absorption properties of vapor
RDX are not available in the literature, the
absorption coefficient bc is used to estimate
kRDX,g with the assumption that the character-
istics of vibration-rotational bands of vapor
RDX at the wavelength of interest are similar to
those of intermolecular vibration bands of con-
densed RDX [44]. Figure 2b shows the IR
transmittance spectrum for solid RDX, ob-
tained from the measurement of RDX powder
pressed in a KBr matrix [48]. Similar to the

absorption characteristics of vapor RDX, a
strong absorption band of solid RDX at 10.6
mm is clearly evident. At present, the use of the
same absorption properties for both condensed
and vapor RDX seems to be reasonable, due to
the lack of measured data. Note that a paramet-
ric study has also been performed by varying the
absorption coefficient of vapor RDX by 20% in
order investigate the effect of absorption prop-
erties on the overall ignition process.

Boundary Conditions

The physical processes in the gas-phase and
subsurface regions must be matched at the inter-
face by requiring continuities of mass and energy
fluxes. This procedure eventually determines pro-
pellant surface conditions and burning rate as
the eigenvalues of the problem. The interfacial
boundary conditions are expressed as follows:

Mass

~ru!01 5 @~1 2 f!rlul 1 frgug#02 (27)

Species concentration

@r~u 1 Vi!Yi#01 5 @~1 2 f!rlulYli 1 frgugYgi#02

(28)

Energy

Fl
dT
dx G01

1 asurQ̇ 0laser 5 Flt
dT
dxG02

1 ~1 2 f!rlul
Hv

WRDX
(29)

where subscripts 01 and 02 represent condi-
tions at the interface on the gas phase and
subsurface sides, respectively. Note that Eq.
(27) is essentially the summation of mass fluxes
of all species governed by Eq. (28), and thus can
not be independently used for determining the
eigenvalues. An additional condition is re-
quired. Here, the thermodynamic phase transi-
tion from liquid to vapor RDX is assumed to
prevail at the interface, giving:

~rlul!02 5 ṁ0net (30)

Equations (28–30), coupled with the assump-
tions that Tg 5 Tl and rgug 5 rlul in the

Fig. 2. Infrared transmittance spectra for (a) vapor RDX
and its gaseous decomposition products [45] and (b) solid
RDX [48].
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condensed phase, are sufficient to solve the set
of unknowns (ul, T, f, Yi) at the propellant
surface.

The far-field conditions for the gas phase
require the gradients of flow properties to be
zero at x 3 `.

r

 x
5

u
 x

5
Yi

 x
5

T
 x

5 0 at x3 ` (31)

The condition at the cold boundary for the solid
phase (x 3 2`) is

Ts 5 Tini at x3 2 ` (32)

Finally, the conditions for the phase transition
from solid to liquid at the melting point (Tm 5
478 K) are required.

Ts 5 Tt 5 Tm and at x 5 xm

(33)

kt
Tt

 x
U

xm1

5 ks
Ts

 x
U

xm2

2
rsHfus

WRDX
Sdxm

dt
2 ul,02D

where subscripts xm
1 and xm

2 represent conditions
at the interface on the two-phase and solid-
phase sides, respectively.

NUMERICAL METHOD

The theoretical formulation established in the
preceding section requires a time-accurate anal-
ysis. A dual-time-stepping numerical integration
method is employed to circumvent the compu-
tational difficulties associated with the rapid
transients during the ignition process [30, 34].
The scheme includes artificial time derivatives,
so that the solution converged in pseudo-time
corresponds to a time-accurate solution in phys-
ical time. The physical time step is chosen to be
;1/100 of the estimated ignition delay, or even
less, to obtain reasonable temporal resolution.
When marching from one physical time level to
the next, all the conservation equations and
associated boundary conditions are solved by
treating the propellant surface temperature Tsur
and burning rate rb as the eigenvalues. The
iteration starts with guessed Tsur and rb, which
are bounded by Eq. (30). The condensed- and
gas-phase governing equations are solved with
these guessed values and other boundary con-

ditions. If the resulting temperature gradients
do not satisfy the interfacial energy balance
equation, Eq. (29) is used to correct the values
of Tsur and rb by means of a bisection method.
The updated Tsur and rb are then substituted
into the governing equations for another solu-
tion of the temperature field. The iterative
procedures are performed until Tsur and rb
converge, and Eq. (29) is satisfied. Finally, a
solution at the physical time level is obtained
when all the governing equations and associated
boundary conditions are satisfied. In general,
the gas-phase solver takes much more compu-
tational time than its counterpart for the con-
densed phase, due to the complexity of the
chemical kinetics in the gas phase.

Calculations of chemically reacting flows of-
ten encounter numerical stiffness problems at-
tributed to the wide variety of time and length
scales associated with chemical reactions and
transport processes. The problem can be effec-
tively circumvented by using a combined New-
ton iteration and (pseudo-) time-integration
scheme originally developed by Kee et al. [49].
The Newton method works efficiently for linear
systems but may fail to converge for nonlinear
systems unless a reasonable initial guess is pro-
vided. Conversely, the (pseudo-) time-integra-
tion technique is more robust, but less efficient.
To optimize the benefits of these two algo-
rithms, computations usually start with the
Newton method, and then switch to the time-
integration scheme when the iteration fails to
converge. After another trial solution is ob-
tained with several time-marching steps, the
Newton method is resumed to gain efficiency.
The time step in the time-integration technique
is sufficiently smaller than the physical time step
in order to handle the numerical problems
caused by the highly transient phenomena due
to rapid chemical reactions. An adaptive grid
system is employed to further improve the con-
vergence rate.

A four-step Runge–Kutta method is used for
temporal integration of the condensed-phase
conservation equations, along with a second-
order central differencing scheme for spatial
discretization. Calculations start with an esti-
mate of the temperature profile obtained by
solving an inert energy equation. The conserva-
tion equations of mass and species concentra-
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tion are then integrated with the given tempera-
ture profile. The energy equation is subsequently
solved with the newly obtained void fraction and
species concentration profiles to update the tem-
perature profile. Because these equations are
solved sequentially, iteration is required to get a
converged solution. Once the temperature
reaches the melting temperature, the movement
of the solid–liquid interface is determined from
Eq. (31). The fixed-grid Eulerian method [34,
50] is employed for interface tracking.

DISCUSSION OF RESULTS

Ignition of Gaseous RDX

The ignition characteristics of gaseous RDX
were first studied by using the SENKIN pro-
gram [51], which performs integration of the
mass and energy conservation equations for a
homogeneous mixture in an adiabatic, constant-
pressure environment. The purposes of this
analysis were to identify the heat-release
mechanisms for achieving ignition and to ex-
amine the dependence of ignition delay on
initial temperature and species concentra-
tions. The chemical kinetics scheme involves
49 species and 250 elementary reactions, as
discussed earlier [34]. Table 3 lists the pre-
dicted result of ignition delay, defined as the
time required for the temperature to reach
2500 K. This condition also corresponds to
the formation of CN species, which gives rise
to a luminous flame and often serves as an
ignition criterion for both experimental and

theoretical studies. For all the cases studied
here, ignition occurs only if the initial temper-
ature exceeds 600 K. Figures 3 and 4 present
the temporal evolution of temperature and
species concentration, respectively, for Tini 5
700 K and 100% RDX. Results of other cases
show a similar trend, but the events become
shorter with increasing initial temperature.
The overall gaseous RDX ignition process can
be divided into five distinct stages: thermal de-
composition, first oxidation, chemical preparation,
second oxidation, and completion stages. In Stage
I, RDX decomposes to low-molecular weight spe-
cies, such as CH2O, N2O, NO2, HCN, and
HONO. This decomposition process is slightly
endo-/exo-thermic or thermally neutral depending
on the initial temperature. In Stage II, oxidation
reactions occur and release a significant amount
of energy with the temperature reaching ;1500 K.
The dominant net reactions in Stage II can be
given as follows.

TABLE 3

Ignition Delay of Gaseous RDX in Well-Stirred Reactor
at 1 atm (Unit: ms)

Initial species
concentrations* 500 K 600 K 700 K 800 K 900 K

100% RDX .1000 36.2 2.37 1.20 0.605
0.9 RDX 1 0.1Ar .1000 36.6 2.57 1.30 0.648
0.9 RDX 1 others** .1000 80.7 2.05 1.08 0.552
0.515 RDX 1 others*** .1000 169 1.85 0.773 0.408

* By mole.
** 0.025(CH2O 1 N2O) 1 0.01(2HCN 1 NO2 1 NO 1

H2O).
*** 0.08(CH2O 1 N2O) 1 0.065(2HCN 1 NO2 1 NO 1

H2O).

Fig. 3. Temporal evolution of temperature and RDX con-
centration during ignition in well-stirred reactor.

Fig. 4. Temporal evolution of species concentrations during
RDX ignition in well-stirred reactor.
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CH2O 1 NO2fH2O 1 NO 1 CO

(244 kcal/mol) (R5)

HNO 1 HONOf H2O 1 2NO

(223 kcal/mol) (R6)

2HCN 1 NO2f C2N2 1 NO 1 H2O

(233 kcal/mol) (R7)

CO 1 NO2f CO2 1 NO

(253 kcal/mol) (R8)

2HONOf NO 1 NO2 1 H2O

(8 kcal/mol) (R9)

2NO2f 2NO 1 O2 (29 kcal/mol) (R10)

The heat release in Stage II is mainly caused by
the conversion of CH2O and NO2 to H2O, NO,
and CO, and to a lesser extent by the reactions
of HCN and HONO. Stage III represents the
chemical preparation time before the second
oxidation reactions (Stage IV) take place. The
species formed in Stage II are relatively stable,
due to the high activation energies of their
associated reactions, and require a finite time to
oxidize further. The highly exothermic reactions
occurring in Stage IV may be attributed to the
following net reactions.

2HCN 1 2NOf 2CO 1 2N2 1 H2

(2158 kcal/mol) (R11)

N2O 1 H2f N2 1 H2O

(278 kcal/mol) (R12)

C2N2 1 2NOf 2CO 1 2N2

(2169 kcal/mol) (R13)

Figure 4 indicates that the reduction of HCN
and NO to N2, CO, H2O, and H2 is largely
responsible for the heat release in Stage IV.

Finally, all the final products are formed; no
further reactions occur in Stage V.

If RDX does indeed decompose in the con-
densed phase during the laser-induced ignition
process, the decomposition products at the pro-
pellant surface may affect the gas-phase chem-
istry. In order to account for the various possi-
ble surface conditions, the effect of initial
species concentration on the heat-release mech-
anism was also investigated, giving the results
shown in Table 3. Over the initial temperature
range studied, the addition of argon prolongs
ignition through its adverse influence on heat
release during the initial stage. When some of
the RDX decomposition products, such as
CH2O, N2O, HCN, NO2, NO, and H2O, are
initially mixed with gaseous RDX in the system,
the ignition delays for Tini $ 700 K are consid-
erably reduced due to the exothermic reactions
involved with these additional decomposition
products at high temperatures ($700 K). How-
ever, for Tini 5 600 K, the ignition delay in-
creases with increasing initial concentrations of
the decomposition products and becomes much
longer than that of RDX/Ar (Table 3). This
result indicates that the reactions involved with
the added decomposition products do not take
place at low temperatures (#600 K). Thus, the
heat release, in the low temperature range, can
only be attributed to thermal decomposition of
RDX. As shown in Table 3, the ignition delay
becomes longer for both 90 mol.% and 51.5
mol.% RDX mixed with the decomposition prod-
ucts, compared to the system initially containing
90 mol.% RDX and 10 mol.% Ar, because a
smaller amount of RDX is initially available for
RDX decomposition.

Laser-Induced Ignition of RDX

The entire laser-induced ignition process of
RDX in an argon environment has been studied
in detail. Figure 5 shows the predicted temporal
evolution of the temperature field at an incident
laser heat flux of 400 W/cm2 under atmospheric
pressure. The initial temperature is 300 K. The
interface between the subsurface and gas-phase
regions is set to be x 5 0, with negative and
positive values of the x-coordinate representing
the subsurface and gas phase, respectively. The
surface temperature is rapidly increased to 475
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K within 1 ms, due to the high intensity of laser
heat flux. The profiles for t , 1 ms represent
inert heating of the thin surface layer with
conductive heat losses to both the solid- and
gas-phase regions. The temperature rises in the
gas phase at t 5 2 ms are primarily caused by
radiant energy absorption rather than exother-
mic reactions, because the extent of RDX de-
composition in the gas phase is very limited at
this stage of the event. At t 5 2.9 ms, exothermic
gas-phase reactions start to occur, and a flame
appears near the propellant surface at t 5 3 ms.
During the time period between 3 and 6 ms, the
temperature continues to increase to ;1500 K,
as a consequence of the heat release by exo-
thermic reactions. As time further elapses, a
luminous flame appears, and the temperature
rises to its adiabatic temperature. The luminous
flame is not stationary but regresses toward the
surface. It is worth noting that a dark-zone
temperature plateau (at T ; 1500 K) is formed
in the laser-assisted combustion of RDX, while
the existence of the dark zone was not evident in
the self-assisted combustion [29]. There is a
time lag (;4 ms) between the first appearances
of the primary and secondary flames.

Figure 6 shows a close-up view of the temper-
ature evolution in the condensed phase near the
propellant surface. The transient development
of thermal wave penetration into the subsurface
region is clearly observed. The characteristic
thickness of the thermal layer in the subsurface
region is much thinner than that in the gas-
phase region. Phase transition from solid to
liquid can be indicated by the distinct change of

temperature gradient at Tm 5 478 K. Because
most of the CO2 laser heat flux is absorbed by
the thin surface layer due to the high absorption
coefficient (2800/cm) of RDX at the wavelength
of 10.6 mm, the formation of the mushy zone
can be safely ignored in the current work.
However, some propellants, including RDX,
are quite transparent to plasma irradiation in
the ultraviolet/visible wavelength range; thus,
the appearance of the mushy zone may be
evident in that situation. Figure 7 shows the
distributions of void fraction and species con-
centrations in the subsurface two-phase region
when ignition is achieved at t 5 7 ms. The extent
of RDX decomposition in the condensed phase
is very limited during the laser-induced ignition
process, due to the short residence time and
low-temperature conditions.

Figures 8 to 13 show the temperature and
species-concentration fields in the gas phase at

Fig. 5. Evolution of temperature field during laser-induced
ignition of RDX in argon at p 5 1 atm and Q̇0laser 5 400
W/cm2.

Fig. 6. Close-up view of temperature evolution in subsur-
face region during laser-induced ignition of RDX at p 5 1
atm and Q̇0laser 5 400 W/cm2.

Fig. 7. Close-up view of temperature and species-concen-
tration profiles in subsurface region at t 5 7 ms (p 5 1 atm
and Q̇0laser 5 400 W/cm2).
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various times. At t 5 2 ms, the gas temperature
increases by more than 300 K, although only a
small fraction (less than 10%) of the laser
energy is absorbed in the gas phase. This is not
surprising, because the heat capacity of the gas
mixture is much lower than that of the con-
densed mixture. At t 5 2.9 ms, small amounts of
intermediate species, such as HCN, NO,
HONO, CH2O, N2O, and NO2, result from
thermal decomposition of RDX. The tempera-
ture rises to more than 800 K within 1 mm
above the surface. Figure 10 shows the first
appearance of the primary flame at t 5 4 ms.
The aforementioned RDX decomposition prod-
ucts, especially CH2O and NO2, undergo rapid
reactions, which leads to the formation of NO,
HCN, H2O, CO, and N2O in the flame. The
dominant net reactions in the primary flame
zone can be given by (R5–R10). The tempera-
ture increases to ;1400 K. The species formed
in the primary flame are relatively stable due to
the high activation energies of their associated

reactions, and require a finite time to oxidize
further. At this stage, the fraction of laser
absorption decreases significantly because of
the rapid consumption of RDX, which is con-
sidered to be the only species absorbing a
noticeable amount of laser energy in the gas
phase. Figure 11 shows more details of the
chemistry involved in the primary flame. The
conversion of CH2O, NO2, and HONO to NO,
CO, HCN, etc. appears to be the major chemi-
cal mechanism releasing thermal energy. Fig-
ures 12 and 13 show the development of the
secondary flame at t 5 7 and 7.25 ms, respec-
tively. The temperature increases from 1500 to
3000 K at this stage, and the heat release can be
largely attributed to Reactions (R11–R13). The
conversion of HCN and NO to the final prod-
ucts seems to be the dominant net reaction in
the secondary flame. Once the secondary flame
appears, the intense energy release and heat
transfer causes the flame to regress toward the
propellant surface.

Fig. 8. Temperature and species-concentration profiles in
gas phase at t 5 2 ms.

Fig. 9. Temperature and species-concentration profiles in
gas phase at t 5 2.9 ms.

Fig. 10. Temperature and species-concentration profiles in
gas phase at t 5 4 ms.

Fig. 11. Close-up view of temperature and species-concen-
tration profiles in primary flame zone at t 5 4 ms.
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A parametric study for investigating the effect
of the absorption coefficient of vapor RDX on
the overall ignition process has been performed
by varying the absorption coefficient by 15%. As
shown in Fig. 8, the gas-phase temperature is
rapidly increased by more than 300 K at t 5 2
ms, with a small amount of the laser energy
absorbed by the gas phase. At t 5 2.9 ms, the
gas-phase temperature rises to more than 800
K, caused by the heat release from the exother-
mic decomposition reactions in the gas phase.
After the inert heating, the heat release from
the exothermic reactions becomes much more
pronounced than the laser energy absorbed by
the gas phase. Because only a small amount of
the laser energy was absorbed by the gas phase,
a change by 15% in absorption coefficient did
not influence the inert heating time signifi-
cantly. Overall, the effect of the absorption
coefficient of vapor RDX on the CO2 laser-
induced ignition was not noticeable over the
parameter range studied herein.

Figure 14 shows the temporal evolution of the
mass fraction of argon, which initially occupies
the entire gas-phase region. The argon gas is
gradually blown away from the surface by the
evolved RDX and gas products. Figure 15 shows
the concentration profiles of CH2O at various
times. At 2.9 ms, CH2O starts to evolve from
thermal decomposition of RDX and is rapidly
consumed in the primary flame after 4 ms. The
trend of evolution of CH2O is similar to that of
N2O, HONO, NO2, H2CN, and H2CNNO2.
Figure 16 shows the evolution of the NO con-
centration field. NO is largely formed in the
primary flame, and its reduction to N2 serves as
a major heat-release mechanism for raising
temperature in the secondary flame. HCN be-
haves in a similar manner. Figure 17 shows the
evolution of the CN concentration field. A
noticeable amount of CN is observed at t . 7
ms. The concentrations of CN are usually small,
except in the secondary flame, thereby serving
as a good indication of the flame position. Parr
and Hanson– Parr [52] conducted pioneering

Fig. 12. Temperature and species-concentration profiles in
gas phase at t 5 7 ms.

Fig. 13. Temperature and species-concentration profiles in
gas phase at t 5 7.25 ms.

Fig. 14. Concentration profiles of argon at various times.

Fig. 15. Concentration profiles of CH2O at various times.
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measurements of the transient flame structure
of RDX using both ultraviolet-visible absorp-
tion and nonintrusive planar laser-induced flu-
orescence. The experiments were performed at
three intensity levels of CO2 laser heat flux (i.e.,
195, 402, and 807 W/cm2) under atmospheric
pressure. Figure 18 shows the measured CN
concentration profiles at various times for a
laser flux of 402 W/cm2. Comparison between
Figs. 17 and 18 shows good agreement in terms
of the CN concentration level. The measured
ignition delay time (8.6 ms), however, is slightly
longer than the predicted value (;7 ms),
whereas the predicted flame-standoff distance,
defined as the location of the peak value of CN
concentration profile, is slightly longer than the
measurement.

Figure 19 shows the calculated and measured
ignition delays of RDX induced by CO2 laser
under atmospheric pressure. Excellent agree-
ment is achieved between the predicted and
experimental data for laser intensities less than

200 W/cm2. For 400 W/cm2, the predicted igni-
tion delay matches the measurements by Parr et
al. [52] and Lee and Litzinger (private commu-
nication, Pennsylvania State university, 1995)
However, the measured data of Vilyunov and
Zarko [4] do not agree with the model predic-
tion for laser intensities above 200 W/cm2.
Vilyunov and Zarko showed that the ignition
delay increases with increasing laser intensity
above 200 W/cm2, whereas the results of the
current model as well as Parr et al. [52] and Lee
and Litzinger (private communication, Pennsyl-
vania State university, 1995) revealed the oppo-
site trend. Vilyunov and Zarko [4] stated that
the RDX ignition was controlled by the solid-
phase kinetics at low laser intensities (below 200
W/cm2), whereas the gas-phase kinetics along
with the liquid-phase decomposition governed
the ignition process at high laser intensities. The
current model, however, predicted that the gas-
phase chemistry controlled the ignition process

Fig. 16. Concentration profiles of NO at various times.

Fig. 17. Predicted concentration profiles of CN at various
times.

Fig. 18. Measured concentration profiles [52] of CN at
various times.

Fig. 19. Effect of CO2 laser intensity on ignition delay of
RDX monopropellant.
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over the laser intensity range studied. Thus, the
ignition delay became shorter at higher laser
intensities, because the gasification rate at the
propellant surface increased with increasing la-
ser intensity. Vilyunov and Zarko [4] performed
their experiment in both nitrogen and air under
atmospheric pressure and found that the igni-
tion delays were about the same within the
measurement accuracy. Lee and Litzinger (per-
sonal communication pennsylvania State uni-
versity, 1995) utilized argon as an inert gas,
whereas Parr and Hanson–Parr perform the
experiment in air. The differences in ignition
delay among these three sets of measured data,
especially above 200 W/cm2, can also be attrib-
uted to the variation in RDX sample prepara-
tion in each experiment. The RDX samples
used by Parr and Hanson–Parr [52] and Lee and
Litzinger (personal communication Pennsylva-
nia State university, 1995) were pressed mili-
tary-grade RDX. Information about the sam-
ples used by Vilyunov and Zarko [4] was not
available.

In the experiment by Parr and Hanson–Parr
[52], a significant time lag was obtained between
the first light and go/no-go times (;85–100 ms).
First light was defined as the time when the
luminous flame was first detected, whereas go/
no-go was the time when a stable flame was
achieved without the laser-assisted heating. The
model predictions for the first light and go-
no-go times, however, were about the same. In
the experiments [52], the luminous flame pro-
gressed toward the surface immediately after
the first light and moved away from the surface
after the maximum temperature gradient was
achieved near the surface. The model, however,
did not predict this type of flame movement.
The luminous flame continuously progressed
toward the surface until steady-state deflagra-
tion was achieved. The discrepancy between
model predictions and experimental observa-
tions may be attributed to the heat loss to the
ambience. The entire ignition process was
treated as adiabatic in the model, whereas heat
losses from both the gas-phase flame and the
condensed-phase region to the surrounding
might be significant in the experiments, in which
continuous laser heating was required in order
to achieve self-sustained combustion by fully
establishing the condensed flame. This suggests

that during the ignition stage, heat loss in the
condensed phase was too rapid compared to the
heat transfer from the gas-phase flame to the
surface.

The discrepancies among the existing experi-
mental results may be attributed to the uncer-
tainties associated with measurements under
different types of experimental conditions. It is
clearly evident that more measured data is
needed for model validation. Nonetheless, the
present model provides detailed insight into the
key physiochemical processes involved in the
laser-induced ignition of RDX, and can be
effectively used to estimate ignition delay, heat
release mechanisms, and flame structure.

CONCLUDING REMARKS

A comprehensive analysis has been performed
to investigate the transient ignition behavior of
RDX monopropellant over a wide range of CO2
laser intensity. The model accommodates de-
tailed chemical kinetics and transport phenom-
ena in the gas phase, and thermal decomposi-
tion and phase transition in the condensed
phase. A chemical kinetics scheme, containing
49 species and 250 reactions, was employed to
study the gas-phase flame evolution and related
heat-release mechanism. The movement of the
solid–liquid interface was determined from an
interfacial energy balance. The predicted igni-
tion delay shows good agreement with experi-
mental data. The propellant gasification rate
increases with increasing laser intensity, which
in turn gives rise to a shorter ignition delay. At
present, uncertainties still exist about the ther-
mophysical properties and condensed-phase ki-
netics of RDX. Nonetheless, the model is capa-
ble of treating the entire ignition process from
surface pyrolysis to steady-state combustion,
with the instantaneous burning rate and surface
conditions treated as part of the solution.

This work was sponsored partly by The Penn-
sylvania State University and partly by the Califor-
nia Institute of Technology Multidisciplinary Uni-
versity Research Initiative under ONR Grant No.
N00014-95-1-1338. The authors are indebted to
Drs. Tim Parr and YoungJoo Lee for valuable
data and helpful discussions.
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50. Özisik, M. N., Boundary Value Problems of Heat Con-
duction. International Textbook Company, Scranton,
PA, 1968, pp. 427–434.

51. Lutz, A. E., Kee, R. J., and Miller, J. A., A Fortran
Program for Predicting Homogeneous Gas Phase Chem-
istry Kinetics with Sensitivity Analysis. Sandia Report
SAND87–8248, Sandia National Laboratories, Albu-
querque, NM, 1987.

52. Parr, T. P., and Hanson–Parr, D. M., Twenty-Seventh
International Symposium on Combustion, The Combus-
tion Institute, Pittsburgh, 1998, pp. 2301–2308.

Received 28 November 2000; revised 2 May 2001; accepted 26
May 2001

1698 Y.-C. LIAU ET AL.


