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The objective of the work is to develop and experimentally verify a model for CO2 laser-induced
ignition of nitramine-based propellants. The one-dimensional model considers heat conduction in the
condensed-phase coupled to heat and mass transport with global chemical kinetics of a heterogeneous
propellant in the gas-phase region. The highly nonlinear model was solved numerically. Experimentally,
increases in heat � ux [125– 375 W/cm2 (193– 578 cal/s-in.2)] lowered the ignition delay time, but changes
in pressure [1.38–3.79 MPa (200–550 psia)] had very little effect. This supports the assumption that
cyclotrimethylenetrinitramine decomposition is primarily temperature controlled. These trends are cor-
rectly predicted by the model. Predictions of ignition delay time match the experimental data within the
measurement uncertainty. Sensitivities of the numerical solution to the material properties and kinetic
rate constants are addressed.

Nomenclature
c = speci� c heat
D = diffusion coef� cient
E = activation energy
k = rate constant
MW = molecular weight
P = pressure
qÇ 0 = heat � ux
qÇ - = volumetric heat release rate
R u = gas constant
T = temperature
t = time
v = velocity
wÇ 0 = species � ux
wÇ - = volumetric species production rate
Y = species mass fraction
y = vertical coordinate in the direction outward from the

propellant surface
a = thermal diffusivity
b = extinction coef� cient
l = thermal conductivity
r = density
s = absorptivity of gas– solid interface

Subscripts
g = gas
j = jth species
LE = light emission
m = mixture
ref = reference value
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reg = surface regression
s = solid

Introduction

R ECENTLY, signi� cant interest has been placed on the use
of lasers as an ignition source for large-caliber ballistic

systems.1 With the use of lasers, primers could be completely
eliminated, resulting in a decreased vulnerability, simpli� ed
ignition train, and usage of insensitive ammunitions that are,
by design, very dif� cult to ignite. Furthermore, by proper po-
sitioning of the laser or by using multiple lasers, a more uni-
form � ame-spreading event is anticipated, thus reducing det-
rimental pressure gradients within the gun chamber. Based on
these considerations it is highly bene� cial to undertake fun-
damental studies that are focused on the ignition event; that is,
the speci� c time interval over the power from the laser beam
pyrolyzes the highly energetic material.

The ignition of materials through a radiative heating mech-
anism offers several advantages over other mechanisms. These
include 1) the environmental parameters such as ambient gas
composition, initial temperatures, and chamber pressure that
can be varied independently of the incident heat � ux and 2)
incident � ux levels and exposure intervals to the propellant
surface that can be controlled very precisely. Numerous ex-
amples of laser-ignition studies are available in the literature.
The pioneers in the use of radiative techniques for the study
of solid propellant and fuel ignition characteristics were Ohle-
miller and Summer� eld2 and Ohlemiller et al.3 Early investi-
gations on laser-induced ignition of polymeric materials were
performed.2,3 DeLuca et al.4,5 conducted studies on double-base
propellants by considering the effects of propellant formula-
tion, inert heating, and the type of irradiation. Kashiwagi stud-
ied the effects of gas-phase attenuation on the surface tem-
perature required for ignition.6 The radiative source for these
types of studies is typically either an arc-image furnace or a
CO2 laser. Ohlemiller and Summer� eld7 in a comparative study
found that laser ignition offered several advantages over the
arc-image furnace and the high-power CO2 laser has become
the standard source for radiative heating studies of solid pro-
pellant.

More recently, these techniques are being applied to low-
vulnerability ammunition propellants (LOVA). Of particular
interest to this program are the propellant candidates that con-
tain cyclotrimethylenetrinitramine (RDX). A review of the
open literature reveals very little work in this area. Kuo et al.8
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Fig. 1 Schematic diagram of the CO2 laser ignition test facility.

have examined the preignition dynamics of RDX mixed with
glycidyl azide polymer (GAP) binder and the energetic plas-
ticizers TMETN and BTTN using a CO2 laser. They measured
ignition delay times and carried out species measurements
above the propellant at ambient pressure. Five distinct gas-
phase zones were identi� ed during the ignition process.As part
of the U.S. Army’s laser initiation development program, Co-
hen and Beyer9 and Cohen et al.10 have carried out some mod-
eling and laser ignition experiments of solid propellants.

The gas-phase ignition kinetics of pure RDX have been
modeled by Melius11 using a very comprehensive set of ele-
mentary reactions, but a distinct condensed phase was not con-
sidered in the model. Since the decomposition kinetics of the
binders and plasticizers of interest to the LOVA program are
not well known, a much simpler chemical kinetic scheme was
more appropriate for this work. The approach taken is very
similar to the recent work of Huang et al.,12 where the ignition
of two RDX-based propellants subjected to conductive heating
via hot fragments was studied both experimentally and theo-
retically. The attractiveness of using this scheme lies not only
in its relative simplicity but also in the opportunity to apply a
similar global chemical scheme to different ignition scenarios.

The objective of this paper is to describe a model for laser-
induced ignition of an RDX-based composite propellant, to
summarize the experimental facility for acquiring data on ig-
nition delay times, to discuss results obtained from a numerical
solution with those obtained from experiments, and to propose
areas in need of further work.

Experimental Approach
Test Facility

The CO2 laser facility has been extensively used to study
the problem of solid-propellant ignition and the details of this
facility have been documented.13–15 Thus, only a brief sum-
mary of the test setup shown in Fig. 1 is warranted. A Coherent
Super 48 high-power CO2 laser, capable of generating 800 W
(191 cal/s) in the continuous wave mode and 3500 W (836.5
cal/s) in the pulsed mode, is used as the radiative source. To
ensure a uniform � ux over the sample surface a mask is used
to block off all but a 0.7-cm- (0.3-in.-) diam circular portion
of the laser beam output. The unhindered beam exhibits a
Gaussian intensity pro� le that is relatively uniform across the
sample surface with losses of 10– 15% near the edges. Incident
heat � ux to the sample surface is measured separately by plac-
ing a calorimeter and an instrument for calibrating lasing time
and beam intensity pro� le in the sample location.16

To obtain a reasonably wide pressure range, a high-pressure
test chamber capable of withstanding 34.5 MPa (5000 psia)
was used.17 Two long, narrow Plexiglast windows, located on
the front and back faces of the chamber, as shown in Fig. 1,
provide optical access for high-speed � lming. A zinc selenide
window, protected from combustion products by a potassium
chloride window, allows for passage of the CO2 laser beam.

The sample was positioned on a mounting plate and inserted
through the bottom of the chamber. Variation of the ambient
gas concentration is possible, but air was used for all tests
described here. Experiments were carried out at pressures of
1.38 and 3.79 MPa (200– 550 psia). Heat � ux levels were be-
tween 125– 375 W/cm2 (193– 578 cal/s-in.2). Pretest pressure
measurements were made using a dial gauge mounted directly
on the chamber. Changes in pressure were negligible through-
out the test because of the relatively large chamber volume
(956 cm3/58.3 in.3).

Ignition delay time was measured using a silicon photodiode
positioned inside the test chamber. The diode senses light
emission in the visible wavelength range (0.35– 1.15 mm) with
a peak sensitivity at 0.9 mm. Data from this diode were stored
on a digital oscilloscope, which was triggered by the � ring of
the laser. Post-test analysis identi� ed the ignition delay time
by � nding the time at which the photodiode signal was three
times greater than the average background level.

Propellant Description

XM39 solid propellant contains RDX crystalline particles
(76% by weight) and an oxygenated fuel-rich binder. The
binder ingredients are 12% cellulose acetate butyrate (CAB),
7.6% acetyl triethyl citrate (ATEC), 4% nitrocellulose (NC),
and 0.4% ethyl centralite (EC). NC is a common homogeneous
propellant that is slightly fuel-rich. CAB and ATEC are oxy-
genated hydrocarbon-based fuel binder materials. EC is a sta-
bilizer for the NC. Important material properties of XM39 are
given as follows: density, 1.678 g/cm3; speci� c heat, 0.2771
cal/g-K; and thermal conductivity (variations for numerical
sensitivity study), 0.499, 0.374, and 0.250 3 1023 cal/cm-s-K.

Experimental preparation required cutting the samples by
hand with a razor blade. The propellant was received in stick
form (0.7 cm diam 3 10.2 cm length) and was cut into thin
discs about 0.5 cm thick 3 0.7 cm diam. The discs were glued
onto a holder such that the incident radiation was upon the
� at, freshly cut surface.

Theoretical Model Description
The one-dimensional ignition model development follows a

form similar to Kashiwagi18 for solid fuels, and also similar to
Kumar and Hermance19 for homogeneous solid propellants.
The following set of major assumptions was introduced to sim-
plify the analysis.

1) The ignition is transient and one dimensional. The inci-
dent laser heat � ux was radially uniform and the effect of
sample edges on the ignition process was ignored.

2) The RDX particle size for the XM39 propellant is nom-
inally 5 mm diameter. The propellant with a high percentage
(76%) of numerous small particles can be considered homo-
geneous.

3) The amount of gaseous mass increase because of propel-
lant gasi� cation is small, resulting in a negligible increase in
ambient gas pressure.

4) The perfect gas law is applicable.
5) The thermal properties of the condensed phase are tem-

perature independent.
6) Numerous studies in the literature have identi� ed the ex-

istence of a liquid melt layer on the surface of burning XM39
propellant.20,21 The melt layer ranges in thickness from 100 to
300 mm for steadily burning samples of XM39. The thickness
observed was inversely proportional to pressure.21 As pressure
increases, the larger heat feedback to the propellant surface
leads to a sharper thermal pro� le in the condensed-phase of
the material and a corresponding reduction in the thermal pen-
etration depth. Hence, a reduced thickness of the melt layer.
Likewise, if heating rates are high enough and the time scales
short enough, a signi� cant melt layer should not form prior to
the observed light emission in these tests. Therefore, the liquid
melt has been neglected in the derivation of the model.
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Fig. 2 Flowchart for the theoretical/numerical model for ignition of XM39 solid propellant.

7) The convective and diffusive forces dominate over the
body forces that are neglected.

8) Although attenuation of the incident laser beam by gas-
phase species can become very signi� cant during steady-state
combustion, experimental observation indicates that this effect
is negligible during the ignition event. The radiative � ux to
the surface is therefore constant during the entire event.

9) To simplify the computational effort, the properties of air
(cp and l) are used for all gases.

10) Diffusion coef� cients for the gas-phase species are equal
and calculated assuming a unit value of Lewis number.

11) The incident radiant energy is absorbed at the surface,
with very little re� ection or transmission indepth, because of
the small crystalline size of RDX and highly absorptive be-
havior of CAB at the 10.6-mm wavelength of the CO2 laser.

Governing Mathematical Equations

The physical con� guration for the mathematical model is
shown in Fig. 2. The position coordinate y is set equal to zero
at the gas– solid interface with the positive direction into the
gas phase. After incorporating the assumptions listed earlier,
the ignition process can be represented by the set of mathe-
matical equations listed in the � gure and summarized as fol-
lows.

Solid-phase energy:

2­T ­T ­ T
r c 1 v = l (1)s s reg sS D 2­t ­y ­y

Gas-phase continuity:

­r ­r vg g g
1 = 0 (2)

­t ­y

Gas-phase equation of state:

Yj,gP = r R T (3)g u O MW jj

Gas-phase energy:

­(c T ) ­(c T ) ­ ­Tg g
r 1 r v = l 1 qÇ - (4)g g g g gS D­t ­y ­y ­y

Gas-phase species conservation:

­Y ­Y ­ ­Yj,g j,g j,g
r 1 r v = r D 1 wÇ - (5)g g g g j,m j,gS D­t ­y ­y ­y

Y = 1 (6)j,gO
j

Initially, the gas-phase composition is air ( = 0.76, =Y YN O2 2

0.23, and YAr = 0.01). Even though the chemical model does
not include these species, they are tracked because of their
importance to the calculation of gas-phase density. Also, the
temperatures of the gas- and solid-phases are initially equal at
a standard temperature of 300 K. Both the gas and solid phases
are treated as semi-in� nite media. The following boundary
conditions apply:

y ® 2`(solid-phase): T = T (7)s,initial

y ® 1`(gas phase): T = T and Y = Y (8)g,initial j,g j,g,initial

The two media are coupled at the interface (y = 0), where the
boundary conditions are given by

T = T (9)g s

r v = r v (10)g g s reg

­Yj,g
r v Y u = r v Y u 2 r D 2 wÇ 0 (11)s reg j y=02 g g j y=01 g j j

­y

­T ­T
l = l 1 r v (c 2 c )(T 2 T )s g g g s g s refS D S D­y ­yy=02 y=01

1 s qÇ 0 1 qÇ 0 (12)s laser reaction

The source terms for the energy and species equations depend
on the assumed chemical kinetic mechanism of XM39 decom-
position and ignition. The source term for the species in Eq.
(11) is determined using the regression velocity. For example,
to determine the mass generation of RDX

wÇ 0 = r v Y (13)RDX s reg RDX,s

The other species would be determined by � nding the mass
percentage of a solid ingredient and then breaking it down
according to the chemical equations given next.
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Table 1 Chemical rate constants and heats of reaction for the chemical model

Reaction
number Arrhenius prefactor

Activation
energy Heat of reaction Reference

R1 7.79 3 1017(dT/dt)20.516, 1/sa 47.2, kcal/gmola 140, cal/g RDX 23
R2 7.79 3 1017(dT/dt)20.516, 1/sa 47.2, kcal/gmola

21870, cal/g ATEC 23
R3 7.79 3 1017(dT/dt)20.516, 1/sa 47.2, kcal/gmola 277.7, cal/g NC 23
R4 7.79 3 1017(dT/dt)20.516, 1/sa 47.2, kcal/gmola 955.6, cal/g CAB 23
R5 1 3 1013, 1/s 36, kcal/gmol 2314.95, cal/g RDX 22
R6 2 3 1016, 1/s 45, kcal/gmol 38.84, cal/g RDX 22
R7 1 3 1012, cm3/gmol s 19, kcal/gmol 2999.16, cal/g NO2 29
a
Rates governed by surface regression terms found in the text.

Chemical Kinetic Model of XM39

A comprehensive set of elementary chemical reactions of
RDX combustion has been developed by Melius.22 To couple
such a scheme with a condensed-phase region could become
computationally very intensive. Furthermore, since the binder
decomposition kinetics has not been determined experimen-
tally, a compromise in the chemical kinetic model must be
sought. Huang et al.12 have identi� ed a set of reactions that
successfully predicted the go/no-go ignition boundaries for two
nitramine-based propellants, including XM39. The major
chemical steps in the model are as follows:

RDX(s) ® RDX(g) (R1)

ATEC: C H O (s) ® 5CH O(g) 1 3C H (g) 1 3CO(g)14 22 8 2 2 4

(R2)

NC: C H O (NO ) (s) ® 2.45NO (g) 1 2CH O(g)6 8 5 2 2.45 2 2

1 2CO(g) 1 C H (g) 1 H O(g) (R3)2 2 2

CAB: C H O (s) ® 6CH O(g) 1 3C H (g)15 22 8 2 2 2

1 CH (g) 1 2CO(g) (R4)4

RDX(g) ® 3CH O(g) 1 3N O(g) (R5)2 2

RDX(g) ® 3HCN(g) 1 3/2NO(g) 1 3/2NO (g) 1 3/2H O(g)2 2

(R6)

NO (g) 1 5/7CH O(g) ® NO(g) 1 3/7CO(g)2 2

1 2/7CO (g) 1 5/7H O(g) (R7)2 2

The kinetic rate constants, shown in Table 1, provide very
good agreement with the hot fragment conductive ignition
(HFCI) measurements of Huang et al.12 In an effort to establish
the accuracy of these rate constants, no effort was made to
vary them as a means of � tting the experimental data. Second-
order Arrhenius terms are used in the source term evaluation
for all of the gas-phase reactions. From these seven reactions,
there are 15 gas-phase species (Ar, RDX, CH2O, N2O, NO,
NO2, HCN, H2O, CO, CO2, C2H2, C2H4, CH4, N2, and O2),
whose concentrations must be tracked using the species con-
servation equations.

All of the individual components of the solid material follow
separate decomposition paths as shown in reactions (R1– R4).
Since decomposition of XM39 propellant in the condensed
phase can be regarded as negligible, RDX enters the gas phase
via a vaporization process (R1). In the gas-phase, RDX de-
composition follows the two general pathways shown by re-
actions (R5) and (R6). Kinetic rates for these two pathways
are based on � rst-order Arrhenius kinetics. At lower tempera-
tures, reaction (R5) is favored and CH2O and N2O are pre-
dominantly formed. As the temperature increases, greater
amounts of HCN and HONO are formed by reaction (R6).
HONO is a relatively unstable species in this scheme and the
decomposition to H2O, NO, and NO2 is assumed to occur very
rapidly.

The binder constituents (NC, CAB, ATEC, and EC) are
treated differently from RDX. The binder decomposition takes
place at the gas– solid interface so that only products are con-
sidered in the gas phase (R2, R3, and R4). Assuming the mass
fractions of the solid-phase species remain constant, the de-
composition rate of the binders and the vaporization of RDX
are governed by the regression rate of the propellant. The re-
gression rate was governed by the following two equations
based on the differential scanning calorimeter (DSC) measure-
ments of Miller et al.23 Equation (14) has a constant pre-ex-
ponential factor, but Eq. (15), which is a more accurate � t of
the decomposition data, has a heating-rate-dependent pre-ex-
ponential factor

14k = 1.98 3 10 (1/s)exp(2E /R T ) (14)reg reg,1 u

20.516

dT 1 Ereg,217k = 7.79 3 10 exp 2 (15)reg S D S D S Ddt s R Tu

where Ereg,1 = 38.2 kcal/mol and Ereg,2 = 47.2 kcal/mol. The
temperature in Eqs. (14) and (15) corresponds to the furnace
temperature for a DSC and therefore represents both surface
and in-depth degradation processes. Ohlemiller and Kashi-
wagi24 have shown that, for solid polymeric fuels subjected to
very low incident heat � uxes, the gasi� cation rate changes sig-
ni� cantly despite a constant value of surface temperature. The
increase is attributed to an in-depth gasi� cation process and
the formation of bubbles beneath the surface. Therefore, the
regression velocity was determined by applying the degrada-
tion kinetics over the entire solid-phase domain and then in-
tegrating to � nd the total mass loss. This amount was then
applied at the surface of the solid to obtain a surface regression
velocity. The in� uence of transport within the solid-phase was
effectively ignored by assuming instantaneous movement of
degradation products to the surface and into the gas-phase.

The effect of EC on the chemical reactivity was assumed to
be negligible because of its small initial concentration in the
XM39 formulation. Of the remaining binder constituents, only
NC has been studied in great detail.25,26 Because of the lack of
detailed information, the decomposition mechanisms for the
binder materials are based on a number of important general
characteristics. First, the balanced decomposition mechanism
should be endothermic. Second, decomposition products are
chosen to match available data wherever possible and likely
products are chosen where data are unavailable. For example,
soot has been observed in the dark zone of the XM39 � ame;
therefore, soot precursors are considered in the CAB and
ATEC mechanisms. Third, only stable products are considered
in the mechanism. Radicals such as OH and O are highly re-
active intermediate species that would be involved in very
rapid chemical reactions that are not rate limiting.

In many instances, ambient oxygen can play an important
role in the ignition delay time of XM39 propellants.27,28 This
occurs because of increased mixing27 or low initial heat � uxes
and pressures that allow for signi� cant oxygen diffusion into
the reaction zone from the ambient.28 In cases where the oxy-
gen is more effectively displaced by the decomposition gases,
the oxygen in� uence is limited. In the radiative ignition sce-
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Fig. 3 Model predictions of solid- and gas-phase temperature
pro� les at various times for typical test conditions.

nario under study, the pressure and heat � ux are both very
high. High heat � uxes lead to high gasi� cation rates at the
surface that displace the ambient gases, such as oxygen. The
high-pressure forces the decomposition gases close to the sam-
ple surface, where the larger concentrations and high temper-
atures lead to shorter reaction times. This reduces or precludes
the in� uence of oxygen on the reaction scheme.

In the gas phase, reaction (R7) is generally accepted as a
reasonable source of the gas-phase heat feedback from the pri-
mary � ame zone.29–31 In the reaction scheme considered in the
present model, this reaction is quite important in providing
exothermic heat release during the ignition process. The
amount of heat released by this reaction can signi� cantly in-
crease the gas-phase temperature adjacent to the propellant sur-
face, leading to conductive heat feedback. This time was de-
termined by tracking the concentration of the product species.
Signi� cant increases in reactivity were observed when the
mass fraction of CO2 exceeded a critical value of 0.0055;
therefore, this was used as the ignition criterion. The ignition
delay time sensitivity of the product species (CO2) based ig-
nition criterion was examined by varying the mass fraction
critical level from 0.0055 to 0.1. The change in the predicted
ignition delay time was 1.2%. Because there is a very sharp
increase in the products as reaction (R7) rapidly increases the
temperature and consumes the reactant species, there is only a
small change in the ignition delay time. It would, therefore, be
reasonable to have chosen a critical mass fraction anywhere in
the studied range without introducing signi� cant variation or
error.

Ideally, the choice of ignition criterion should closely match
the one used in the experimental program. Unfortunately, the
evaluation of light emission is not provided for in the model.
This could introduce some error in the comparison of the
model to experiment. In models for steady-state combustion
of these propellants, the previous chemistry is often associated
with the primary � ame zone, not the secondary luminous � ame
zone. Therefore, the luminosity of the � ame is not ordinarily
associated with the chemistry chosen. It may be argued though
that the luminosity observed in the experiment could arise
from the CO chemiluminescence that would be associated with
the CO formation in reaction (R7). If this is the case, there
could be a direct linkage between the model and experiment
with respect to the ignition delay time.

Method of Solution

To start the numerical solution an initial guess of the surface
temperature was required. This temperature was used to de-
termine the gasi� cation rate of the propellant. The gasi� cation
rate was required for the source terms in the gas-phase con-
servation equations. In the gas phase, the mass and energy
conservation equations, 15 species conservation equations, and
an equation of state were solved simultaneously at all grid
points. The obtained pro� les were used to carry out an energy
balance at the surface that was used as a boundary condition
to solve the one-dimensional heat equation of the solid for the
solid-phase temperature pro� le. The surface temperature from
this solution was compared to the initial guess. If necessary,
the initial guess was adjusted and the previous process re-
peated until convergence. Once convergence was reached, the
time was increased by one time step and the previous process
was repeated. To facilitate computational solution, the gas and
solid phases were discretized using stretched grids. Second-
order-accurate central differencing was used for all derivatives,
and a Crank– Nicolson scheme was employed to solve the re-
sulting equations. To ensure the solution was not grid or time-
step dependent, the number of grid points and the time steps
were varied until no changes in the converged values were
observed. The material properties utilized in the computation
are shown in Table 1.

Results and Discussion
Model Results

In this section, the results of the theoretical predictions are
discussed and compared with the experimental data. To pro-
vide detailed information on the predictive capability of the
proposed model, the results of a typical ignition problem are
presented � rst by considering P = 2.07 MPa, = 300qÇ 0laser
W/cm2, and as = 0.80 3 102 3 cm2/s. The incident radiative
� ux is applied for all t $ 01 .

Figure 3 shows the predicted temperature pro� les at selected
time intervals. The interface between the solid and gas is lo-
cated at y = 0 and represented by the vertical solid line; neg-
ative values of position are in the solid and positive values are
in the gas phase. Up to t = 2 ms, the pro� les are characteristic
of inert heating with conductive losses to the gas and solid
phases. The effects of gas-phase reactions are recognized after
3 ms. Within the gas phase, the temperature begins to rise
because of the heat release from the exothermic reactions (R5
and R7), which release energy faster than required for the en-
dothermic reaction (R6). As the gas temperature rises above
the surface temperature, conductive heat feedback from the
reaction zone increases the gasi� cation process. At 4.04 ms,
the ignition criterion has been met at a position approximately
0.015 cm from the sample surface and the simulation is
stopped. Following this time, the chemical reactions proceed
at a rapidly accelerating rate.

The reaction zone is best shown using plots of the various
species that are tracked in the gas phase. Figure 4 describes
the predicted RDX mass fraction as a function of position and
time. At the surface (y = 0) the mass fraction is determined
by the gasi� cation rate of the propellant. It rises from YRDX =
0 at t = 0 to YRDX = 0.76 at the end of the simulation. Until
the ignition time, the gasi� ed RDX is carried away from the
surface via convective and diffusive processes without any sig-
ni� cant decomposition. At t = 4.04 ms there is a sharp drop
in the concentration of the RDX near y = 0.015 cm. If the
code continued to execute, the gaseous RDX would rapidly be
depleted and the reaction zone would widen.

The major decomposition products of RDX, which are im-
portant for simulating gas-phase ignition, are CH2O and NO2.
The mass fractions as a function of position and time are
shown for these two species in Figs. 5 and 6, respectively. The
mass fraction of CH2O and NO2 at the surface is because of
the decomposition of binder species (CAB, ATEC, and NC).
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Fig. 4 Model predictions of the gas-phase RDX mass fraction
pro� le at various times.

Fig. 5 Model predictions of the gas-phase CH2O mass fraction
pro� le at various times.

Fig. 6 Model predictions of the gas-phase NO2 mass fraction pro-
� le at various times.

Fig. 7 Selected gas-phase species mass fraction pro� les at the
ignition time.

Until ignition, the behavior of CH2O is similar to the behavior
of RDX. The mass fraction in the gas phase increases with
increasing distance from the surface because of diffusion, con-
vection, and RDX decomposition. At ignition, there is a slight
increase in the gas-phase composition of CH2O because of the
increasing rate of decomposition of RDX. A greater increase
would be expected if ignition was delayed, but CH2O is rapidly
consumed from exothermic reactions with NO2, and thus, less
CH2O exists during continued RDX decomposition. A second
reason for lower values of CH2O is because of the reaction
(R6), which becomes more important for temperatures above
600 K.

The NO2 mass fraction behaves somewhat differently com-
pared to CH2O. There is only a small amount of NO2 generated
at the surface by the decomposition of the binder. The majority
of it is formed via the breakdown of RDX in the gas-phase
region. This can be seen in Fig. 6, which presents the NO2

mass fraction pro� les at selected time intervals. The maximum

concentration of NO2 does not occur at the surface but is lo-
cated in the gas-phase region. Again, the decomposition path
for RDX that produces HONO and HCN (with rapid removal
of HONO to form NO, NO2, and H2O) becomes more domi-
nant at temperatures above 600 K. Therefore, for temperatures
above 600 K the concentration of NO2 increases rather dra-
matically.

Figure 7 shows the concentration as a function of position
for six major gas-phase species at the ignition. It is obvious
from this plot that the location of maximum reactivity is 0.015
cm above the surface of the sample. All major product species,
as well as NO2, show a signi� cant increase at this location;
whereas the RDX concentration drops because of its decom-
position. The increase of NO2 and CH2O is tempered by further
reactions to the � nal products of reaction (R7). Results similar
to these were found for all of the test runs. The differences
were observed in the location of the reaction zone and the time
required to reach the ignition threshold.
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Fig. 8 Comparison of experimental results to model predictions
using three different values for thermal diffusivity.

Effect of Changes in Incident Heat Flux

As expected, there is a strong effect of incident heat � ux on
the measured light emission delay time. This trend is success-
fully captured in the model as well. Figure 8 illustrates the
ignition delay time (or light emission time) vs the incident heat
� ux. Experimental results are shown as data points. The ver-
tical error bars represent the standard deviation of the averaged
test results (three to � ve tests for each point). The horizontal
error bars represent the uncertainty in the determination of the
experimental incident � ux levels. Data taken at two separate
pressures are indicated, but there was very little effect of pres-
sure on observed light emission times in the range studied.
The line of best � t through all of the experimental data is given
by

1.37
t qÇ 0LE laser,ref

= (16)S Dt qÇ 0LE,ref laser

where tLE,ref = 13.08 ms and = 125 W/cm2 (193 cal/s-qÇ 0laser,ref
in.2).

The dashed lines are the model predictions for different val-
ues of thermal diffusivity, as indicated. These values were
achieved by changing the code input of the thermal conduc-
tivity. This shows the sensitivity of the numerical results to
changes in the thermal properties of the solid propellant. The
slopes of the predicted lines are steeper than that of the mea-
sured data. For the higher � ux levels, larger values of thermal
diffusivity predict the ignition delay time. As the � ux level is
reduced the predictions using the large values for thermal dif-
fusivity deviate further from the experimental observation. Ig-
nition delay times were predicted more closely using lower
thermal diffusivity values for lower incident heat � uxes.

It is well accepted that the thermal transport properties of
propellants are functions of temperature. These changes could
easily describe the discrepancy observed between the experi-
mental data and the predicted results from the model, which
assumes a constant value for the thermal properties of the solid
throughout the ignition transient. The present form of the
model could be improved by relaxing this assumption. Other
parameters that are not well known but have a strong in� uence
on the predicted results include the gasi� cation and chemical
kinetic rate constants. Further analysis of these factors should
be carried out as discussed in the Conclusions section.

Pressure Effect

As can be seen in Fig. 8, changes in pressure had very little
effect on the measured ignition delay time. This was also the
case with the numerical model. As pressure decreased, the lo-
cation of the ignition site moved further from the propellant
surface, but this did not signi� cantly alter the ignition delay
time until the pressure was well below the range studied. This
is in agreement with expectations. It is well accepted that de-
creases in pressure increase the blowing velocity effect and
reduce the collision frequency, as well as the chemical reaction
rates, thus moving the reaction zone away from the propellant
surface. As the exothermic reaction zone moves away from the
surface, the heat feedback decreases resulting in longer igni-
tion delay times. The opposite is true for higher pressure sit-
uations. However, eventually a limiting case must be reached
where further increases in pressure result in negligible reduc-
tions in the delay time. The limited importance of pressure
tends to support the assumption of unimolecular decomposi-
tion of RDX, which is assumed to be dependent upon tem-
perature alone.

Conclusions
Experimentally measured ignition delay time data for a ni-

tramine-based composite propellant (XM39) have been com-
pared to predictions made with a gas-phase ignition model that
relies on a simpli� ed chemical kinetic scheme. Experimentally,
increases in heat � ux lowered the light emission or ignition
delay time, but changes in pressure, within the range studied,
at a given incident � ux had very little effect. This supports the
assumption that RDX decomposition is primarily temperature
controlled. These trends are correctly predicted by the model.
Actual prediction of the ignition delay time is in reasonably
good agreement with experiments, within the constraints of the
assumptions used to formulate the model. As shown in the
calculated results with different values of thermal diffusivity
of the solid propellant, ignition delay time could be affected
by the physical properties, which are characterized only at
lower temperatures (240&C < T < 50&C). More detailed infor-
mation on radiative absorption properties and gasi� cation rate
constants could also improve model predictability.

Further improvements to the model can be made. First, as
more information becomes available about the decomposition
kinetics of the binder ingredients, in particular CAB and
ATEC, their global decomposition mechanisms should be
modi� ed. The sensitivity of the ignition delay time to the ki-
netic constants used in the present model was not studied be-
cause the objective was to use representative values from the
literature. Second, the effect of a foam layer and its in� uence
on the properties of the propellant surface should be consid-
ered, including a two-phase region with a limited role of de-
composition kinetics. The effects of a foam layer could be very
important if other solid propellants are to be studied, including
those containing energetic plasticizers and other cyclic nitra-
mines. Third, the functional variation of material properties
such as thermal conductivity and speci� c heat with tempera-
ture should be incorporated along with the in-depth absorption
characteristics as greater understanding of the material is
achieved. For example, in-depth absorption would tend to in-
crease the thermal penetration depth that would result in a
lower gasi� cation rate and a longer ignition delay time for a
given condition. However, the magnitude of this difference
may be very small depending on the amount and extent of the
in-depth energy absorption.
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