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A mathematicalmodel is developed to simulate ignition of condensed-phase energetic materials by impingement
of a hot gas jet. The hydrodynamicsof the flow are considered to be steady state, while thermal transients take place
with a step-temperature change at the jet upstream boundary condition. Condensed-phase chemical reactions are
included in the model to account for the thermochemical changes within the energetic material because of heat
addition at the exposed surface. The numerical method of lines is used to solve the governing equations in the gas
and condensed phases. The results show the effects of several thermophysical properties on the ignition process
including the hydrodynamic characteristics of the flow, the gas-temperature at the jet exit, the physical properties
of the solid materials and the impinging gases, and the chemical kinetics of the energetic material. The current
investigation also provides a discussion of the validity of some common assumptions appearing in the literature
including semi-infinite solid geometry, one-dimensional modeling, steady-state treatment of the gas region, and the

inert-heating approach.

Nomenclature
A; = preexponentialfactor of the jth reaction step
Cp = specific heat, J/kg-K
Cp; = effective specific heat defined in Eq. (3), J/kg-K
E; = activationenergy of the jth reaction step, J/kmol
e = emissivity
G = hydrodynamic quantity defined by Eq. (17),
(G=V,/vr,), 1/m*
H = enthalpy,J
h = thickness of the solid disk, m
1 = number of species
J = number of chemical reactions
k; = rate constant of the jth reaction step, 1/s
[ = thickness of the boundary layer, m
£ = latent heat, J/kg
M; = chemical symbol of the ith species
N; = nondimensional progress variable of the ith species
Q.« = total heat absorbed before ignition, J
q; = heat of reaction of the jth reaction step, J/kg
g", = netradiant heat flux absorbed at the solid surface, W/m?
g" = heatflux at the stagnation point, W/m?
g" = steady-state heat flux at the stagnation point, W/m?

radial coordinate, m

i reaction rate of the jth reaction step, 1/s
jetradius, m

temperature, K

melting temperature of the solid material, K
temperature of the gases at the jet exit, K
stagnation point temperature, K

time, s

ignition delay, s

axial velocity, m/s

velocity of the gases at the jet exit, m/s

= radial velocity, m/s
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b4 = axial coordinate, m

B; = preexponentialfactor for the jth reaction step
At = time step,s

6* = deltaform function

A = thermal conductivity, W/m-K

u;j = elements of the concentrationexponent matrix
v = kinematic viscosity, m?/s

v = stoichiometric coefficient of the reactants, kmol
v/ = stoichiometric coefficients of the products, kmol
v;j = elements of the progress variable matrix

o = mixture density, kg/m?

px = density of the kth species, kg/m?

o = Stefan-Boltzmann constant, W/m?-K*
Subscripts

a = ambient

8 = gas

i = species number i

J = reaction number j

o = jetexit

rad = radiation

s = solid phase

Ss = steady state

+ = gas side of gas-solid interface

- = solid side of gas-solid interface

Introduction

HIS study treats heating and subsequentignition of condensed-

phase energetic materials by impingementof a hot gas normal
to the material’s surface. The model is applied to several conven-
tional energetic materials including tetranitro-tetrazacycloctane
(HMX), trinitro-triazacyclohexane (RDX), trinitrotoluene (TNT),
and nitrocellulose (NC). Previously, Hobbs et al.! have investigated
theignitionof severalmaterialsunderconstantheat flux and constant
temperature boundary conditions. Their work showed that prior to
ignition the portion of energetic material that gasifies is relatively
small (< 1% by mass). This observation, which combined the high
speed typically associated with the hot gas, suggests that during
impingement-ignition the dominant preignition reactions are the
condensed-phase, sub-surface reactions. The solid-phase ignition
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Fig. 1 Schematic diagram of system under consideration showing the
coordinate system and the domain of interest.

theory adapted herein assumes surface and gas-phase reaction are
negligible and focuses on the coupling of heat transfer to the con-
densed phase with condensed-phasechemistry.

Numerous articles have been published in the area of solid-
propellant ignition. The literature covers a wide variety of oper-
ating conditions, several types of energetic materials with different
chemical and physical characteristics, various kinds of external heat
sources, and a wide range of rates of heat addition and different
geometries. Kulkarni et al.2 have presented a thorough review of
the various ignition criteria adopted by previous researchers. Previ-
ous researchers who adopted solid-phase ignition theory include
Kovalskii et al.,> Baer and Ryan,*> Anderson® Thompson and
Suh,” Bradley,? and several significant contributions by Williams
and coworkers ™13

Figure 1 shows a schematic diagram of the physical system of
interest. An axisymmetric, hot gas jet at temperature 7, and with a
freestream velocity V, impinges on the centerline of a solid disk of
energeticmateriallocatedat z =0. The energeticmaterial is initially
at ambient temperature. The domain of interest includes the stag-
nation region within the gas flowfield and the solid material over a
radiusrange of 7, and a thickness /. In Fig. 1 the domain of solution
is bounded by the dashed line. The stagnation region under con-
sideration is characterized by what is commonly referred to as the
boundary-layerregion. The width of the boundary-layeris approx-
imately equal to the jet radius,'* and the boundary layer-thickness
[ depends on the flow hydrodynamics. The hydrodynamics of the
system are assumed to be steady state. In other words, the time
needed to reach a steady-state velocity distributionis assumed to be
much less than the ignition delay time. In view of this assumption,
combined with the assumption of no gasification of the energetic
material before onset of ignition, the well-known stagnation point
Heimenz-flow!® analysisis used to describe the velocity field in the
gas region of the system under consideration.

The chemical reaction mechanism employed in a similar study
by Hobbs et al.! has been adopted for these materials. The reaction
mechanisms included in the model are multistep, Arrhenius-type
chemical reactions. The solid-phaseignition theory used here states
that the dominant reactions are those within the solid. Hence, gas-
phase and heterogeneous reactions are neglected. This assumption
can be justified for the following reasons: 1) the high speed of the
impinging gases, 2) the small diameter of the jet, and 3) the in-
ert nature of the impinging gases prevents heterogeneousreactions
between the solid and the ambient gases.

Mathematical Model
The energy equations for fluid and solid phases have been castin
terms of temperature assuming negligible viscous dissipation and
temperature-dependent physical properties. The resultingboundary-
layer energy equation for the fluid region is

oT . aT, 0T, o (. aT,
Cp | —+u—L+v—=) =—[2,—= 1
P pg(at 3z ar> az<gaz W

and the temperature field within the condensed-phaseenergetic ma-
terial is described by the following equation for multicomponent
reacting system:

oT, 10 oT, 0 oT,
it = —— (A== )+ =A== ) + Sew 2
PsPs ot r@r( 8r> 62( 82) o (2)

In Eq. (2), Siw is a source term accounting for condensed-phase
chemicalreactions.These reactionsare simulated by a three-stepre-
ducedreactionmechanism. Because no material depletionor expan-
sion is considered to take place, the density of the solid is assumed
constant. For the energetic materials under consideration, values of
the thermal conductivitiesand the specific heats as functions of tem-
peratureare taken fromRef. 1. Itis well known that some condensed-
phase energeticmaterials melt beforeignition takes place, providing
an energy sink for the applied heat flux. The latent heat of melting
was considered in the analysis by using the effective capacitance
model.'® In Eq. (2) Cp? is an effective specific heat defined as

Cp: = a =Cp, +18%(T
P =97 =Cps
where 6*(T — T,,, AT) is the delta form function that has a finite
valuein the interval AT =2 K around 7,, and is zero outside this in-
terval. Accounting for the latent heat in this manner is computation-
ally efficient'” because the two-phase region with a jump condition
is reduced to a single phase with rapidly varying properties.

T, AT) 3

Initial and Boundary Conditions

The initial and boundary conditions simulate the instantaneous
introduction of a hot fluid on the top surface of a solid disk of re-
active energetic material. The gas/solid system is initially at the
ambient temperature T,, and the jet outletis at 7,, where T, > T,.
The soliddisk lateral boundariesare treated as adiabatic,and the bot-
tom boundary is isothermal. These imposed conditions, in addition
to the symmetry of the temperature distributionat the jet centerline,
and the continuity of both temperature and heat flux at the interface
can be summarized as follows:

Ti(r, z,0) =T, (r, z,0) =T, 4)
Ty(r,l,1) =T, (5)
oT,
1) =—%(0,z,1) =0 6)
or
02 1) =0 (7
Ti(r, =h, 1) =T, (8)
T (r,0%, 1) =Ty(r,07, 1) ©)
oT
Ag —(r 0", 1) +4q, =lsa—(r, 07,1) (10)
Z
qr/;d = Cr(“geng4 - esT;‘) (11)

Here, the solid is assumed to be a blackbody (a, =e, = 1), and the
calculation of the gas total emissivity was taken from Smith et al.'®
for atmospheric pressure and an optical length of 0.02 m.

Chemical Species Rate Equations

For J reactions that involve I species, the reaction source term
Siowat> given in Eq. (2), is determined by the following expression:

I J
Stotal ZZZ%PH’U (12)

i=1j=1

where the general reaction scheme is

XI:\{I.M[—>XI:\/[;M[ j=1...,J (13)

i=1 i=1
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For each of the J reaction steps, the reaction rate r; is defined as

1
=k N

i=1

j=1,...,J (14)

The rates of change of species are given by

dy, <
F=X:V[jr,. i=1,...,1 (15)

j=1

In Eq. (14) the specific reaction rate constant k; are given in an
Arrhenius form as

ki(T) =TPIA; exp(—E;/RT) (16)

In the present investigation the reduced reaction mechanisms as
well as the corresponding kinetic rate data for the energetic mate-
rials under consideration are taken from the experimental work by
McGuire and Tarver."”

Numerical Methodology

As common in many transientcombustion problems, several dis-
tinct timescales are present in the present system. These timescales
include the diffusion, the convection, and the chemical reaction
timescales. There is a wide variation between the three timescales
present. This fact motivated the choice of the numerical method of
lines,*® which is known to be convenient for problems with several
distinct timescales. Here, the spatial derivatives within the govern-
ing equations are discretized by an explicit, upwind finite difference
scheme. Initially, the discretized governingequationsalong with the
discretized initial and boundary conditions were applied to every
node in the computationaldomain yielding a system of coupled, or-
dinary differential equations. The LSODE algorithm?!' was used to
integrate numerically the resulting system of equationsover a finite
time step Atz yielding values of temperature and species concen-
trations. The magnitude of the time step was chosen by numerical
experimentation to ensure numerical stability and to obtain a solu-
tion that is independent of the time step.?? It was also assured the
time step was small enough to capture the chemical changes within
the system. In the present calculations a time step of At =0.01 ms
was used. The whole procedure was repeated to march the solution
with time. A computer FORTRAN program (IGNITION2D) was
constructed to carry out the numerical computations.

Results

The problem under consideration is characterized by a jet of
hot gas impinging on the surface of a solid disk of reactive ma-
terial. The present model was applied to five conventionalenergetic
materials: HMX, RDX, TNT, 1,3,5-triamino-2,4,6-tinitropenzene
(TATB), and NC. It is important to identify the important param-
eters that affect the heat flux at the gas-solid interface because it
plays a major role in characterizing the ignition conditions. These
parameters include the temperature of the impinging gas at the jet
exit, the physical properties of both the impinging gases and the
solid material, and the thickness of the boundary-layerregion that
acts as a thermal insulator on the top surface of the solid material.
In stagnation flow configurations the boundary-layer thicknessis a
function of a quantity that combines the effects of the jet radius r,,
the kinematic viscosity of the gas v, and the velocity of the gases at
the jet exit V,. This quantity is referred to as G and is defined as'

G =V,/vr, (17)

Equation (17) shows that G has a dimension ofm~2. Inthe present
investigation G is used as one of the independent variables in the
presentation of results, where G characterizesthe gas hydrodynam-
ics. A high value of G implies a thinner boundary-layerregion, and,
consequently,a higher heat flux at the gas-solid interface, whereas
low Gs indicate low values of surface heat flux. The dependence of
the heat flux at the gas-solid interface on G is shown later.

To solve the governing equations, the input parameters are 1) the
thickness of the solid disk %, 2) the radius of the jet r,, 3) the tem-
perature of the gases at the jet exit 7,, 4) the physical properties

of the impinging gas and the solid material as functions of temper-
ature, 5) the hydrodynamic characteristics of the impinging gases
(the quantity G), 6) the chemical kineticinformationincludingreac-
tion steps, Arrhenius kinetic parameters, heats of reactions, species
involved, and activation energies, and 7) specification of the initial
and boundary conditions. In the present section the quantitative re-
sults of the present investigation are presented. Several test cases
were presented correspondingto different operating conditions and
different types of gases and solid materials. According to the nota-
tion used in this work, NC-Helium (He) refers to a test case where
helium gas impinges against a solid disk of NC, also HMX-Air
means that air is used as the impinging gas, and HMX is used as the
solid energetic material. In the test cases presented in this section,
the radius of the jet r, was 1 cm, and the thickness of the solid disk
h was 0.5 cm, unless stated otherwise.

All investigations appearing in the literature review section
employed one-dimensional geometries. In the present work the
intention is to check the validity of this common assumption
and to introduce a general statement regarding whether a two-
dimensional consideration is necessary. A two-dimensional code
(IGNITION2D) was developed to simulate the system under con-
sideration. As was shown in preceding discussions, the physical
system of interest consists of the stagnationregion of hot impinging
gases and a solid disk of a reactive energetic material (see Fig. 1).
Several investigations'*** showed that within the stagnation region
the heat flux at the gas-solid interface does not vary in the radial
direction. In other words, if the lateral boundary of the solid disk
is kept insulated, the heat transfer within the system of interest will
take place only in the axial direction. This eliminates the need for
the two-dimensionality. However, if heat transfer is allowed to take
place through the lateral boundary of the solid disk, the heat flux
as well as the temperature of the system will have radial variations,
and, hence, the question of two-dimensionality arises.

Through solving the energy equation for a solid propellant nu-
merically, each node within the grid setup has a source term corre-
sponding to the chemical reactions that take place at that particu-
lar location. These source terms are highly dependent on the local
temperature, and, hence, numerical solutions of such problems are
expected to be quite sensitive to the grid size. In the present work
numerical experiments were performed to achieve a solution inde-
pendent of the grid size. The study showed that a grid-independent
solution can be achieved for 150 grid nodes. To ensure accuracy,
170 grid nodes were considered through all of the computations
that appear in the present work.

To investigate the validity the one-dimensional analysis for the
presentsystem, two cases were studied. Both cases included the im-
pingement of He with G =1.0 X 10® m~2 and 7, =2000 K against
a solid disk of NC. In the first case the two-dimensional code
(IGNITION2D) was run to simulate the presentsystem imposing an
adiabatic lateral boundary condition on the solid disk. This analysis
resembled the one-dimensional case because no radial heat trans-
fer took place. In the second case radial heat flux was allowed to
take place through an isothermal lateral boundary where the tem-
perature of the solid disk at the outer radius r, was kept at 298 K.
The stagnation-pointtemperature histories of both cases are shown
in Fig. 2. Figure 2 shows that the stagnation-point temperature in-
creases gradually with time and then acceleratesrapidly at the onset
of ignition. The drastic increase in the stagnation-point tempera-
ture at the ignition point is commonly known as the thermal run
away. Thermal run away is one of the most-used ignition criteria
in the study of solid propellants and is considered as the ignition
criterion in the present work. Figure 2 shows no noticeable differ-
ence in ignition delay between the two cases. Thus, the conclusion
was made that the one-dimensional analysis could successfully re-
produce the results of the two-dimensional analysis in regards to
ignition characteristics. However, this statement may not be gener-
alized for arbitrary operating conditions. In general, for problems
including ignition of the solid energetic materials under considera-
tion, if the radial heat transfer is much smaller than the axial heat
transfer one may consider the one-dimensional analysis for simu-
lating the ignition characteristics of these materials. For the sake of
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Fig. 2 Stagnation-point temperature history. Comparison with the
cases of adiabatic lateral boundary and isothermal lateral boundary
for NC-He, with G =1.0 X 10° m~2 and T, = 2000 K.
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Fig. 3 Variation of the ignition delay #;, with the temperature of an
isothermal boundary of a spherical element of HMX with 1.27 diameter

the computational time and the storage requirement of the present
analysis, the decision was made to use the one-dimensional version
of the code IGNITION1D).

To verify the credibilityof the presentanalysis, the computer code
IGNITION1D was used to solve the case of ignition of a spherical
element of HMX subject to an isothermal boundary. The case was
solved theoretically by Hobbs et al.! and examined experimentally
by McGuire and Tarver.® Figure 3 shows the comparison between
the present work and the previous results. The results are in agree-
ment. Based on the configuration of these experiments, the compar-
ison serves as a validation of the chemical kinetics, phase change,
and thermal diffusivity components of the model.

Based on the fact that the solid energetic materials under con-
sideration are poor heat conductors, several previous investigators
treated the solid region as semi-infinite in length. Considering semi-
infinite solid material implies that the bottom surface (the surface
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Fig. 4 Effect of the thickness of the solid region % on the ignition de-
lay t;, for NC-He, with T, =2000K and G = 1.0 X 107 m™2.

unexposed to the gas jet) of the energetic material is not influenced
by the thermal activities that take place near the top surface (the sur-
face exposedto the gas jet) of the solid where ignition is expected to
occur. Also, the assumption of semi-infinite solid geometry blinds
the effectof the solid thickness on the ignition process. In the present
work the solid material was assumed to have a finite thickness .
However, the feasibility of the assumption of semi-infinite geom-
etry is investigated. For this purpose the effect of the thickness of
the solid region on the ignition characteristicshas been studied. The
study showed that the ignition process is only affected by /4 in the
limit of small values of &. For NC-He with G =1.0 X 10’ m~2 and
T, =2000 K, the effect of the solid thickness on the ignitiondelay is
plotted in Fig. 4. The figure shows that for # <0.1 mm £, increases
monotonically with 4 until it reaches a constant value that is insen-
sitive to the solid thickness. In other words the bottom of the solid
does not have any impact on the thermal transients on top of the
solid disk unless % is less that 0.1 mm. This is consistent with the
fact that the energetic materials under consideration have relatively
low thermal conductivities. Based on the study shown in Fig. 4, one
can conclude that considering semi-infinite geometries for analyz-
ing the ignition of the materials under considerationis a reasonable
approach for high values of the thickness of the solid material.

The impact of the hydrodynamic characteristicsof the impinging
gases on the ignition process of the solid materials under considera-
tionis of greatimportanceto the presentstudy. Figure 5 presentssev-
eral curves that describe the stagnation-pointtemperature histories
for HMX-He with 7, =2000 K. Helium was chosen for the initial
study becauseit acquires favorable thermal properties that make it a
good medium for heat transfer. Each curve correspondsto a different
value of the hydrodynamic parameter G defined earlier by Eq. (17).
As shown in Fig. 5, G ranges from 2.0 X 107 to 1.0 X 108 m~2. For
each value of G, the stagnation-point temperature increases with
time until it reaches the thermal run-away condition that resembles
the onsetofignition. The time required for the stagnation-pointtem-
perature to reach the thermal run-away condition is referred to as
the ignition delay. The observation can be made that the ignition
delay decreases as G increases because of the increase of the heat
flux at the gas-solidinterface associated with the increasein G. One
should notice that each temperature profile in Fig. 5 goes through
two periods of constant temperature. The first is caused by the la-
tentheatabsorbedbecause of the phase change of the solid energetic
material, and the second results from the endothermicreactions that
simulate the fuel pyrolysis before the self-sustained ignition takes
place.
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Fig. 6 Effect G on the heat-flux history at the stagnation point g for
HMX-He with T, = 2000 K.

The ignition characteristics of the solid energetic materials are
determined by several factors including 1) the heat-flux history at
the gas-solid interface, 2) the chemical kinetic characteristics of the
chemical reactions within the solid material of interest, and 3) the
physical properties of the solid materials, especially the thermal
diffusivity. For a given solid material the major factor that affects
the ignition characteristics of the specified system is the heat flux
at the solid boundaries. To have a better feeling of the heat flux at
the stagnation point in relation to G, the heat-flux ¢” history was
plotted in Fig. 6 for HMX-He with 7, =2000 K. In Fig. 6 several
cases were plotted correspondingto different values of G. It is quite
clear that the value of the heat-flux increases as G increases, yet the
figure shows that the heat-flux increases from zero, initially, up to a
steady-state value g/, before ignition takes place. Although the heat-
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Fig. 7 Effect G on the steady-state heat flux at the stagnation point
(g;,) for HMX-He, RDX-He, TNT-He, TATB-He, and NC-He with T, =
2000 K.

flux appearsto reachits steady-state value in arelatively short period
of time, steady-state analysis cannot capture the thermal transients
of the system accurately at early times and during the pyrolysis en-
dothermic reactions, especially when G is less than 4.0 X 10" m™2,
For a helium jet with a temperature of 2000 K, the variation of the
steady-state heat flux at the stagnation point g% with G is shown in
Fig. 7. In the figure several curves are plotted corresponding to dif-
ferent gas-solid combinations,including HMX-He, RDX-He, TNT-
He, TATB-He, and NC-He. From the basic heat-transfer principles
the value of the steady-state heat flux is independent of the thermal
diffusivity of the solid material in the absence of the heat source
terms. Figure 7 shows that for low values of G (G < 2.0 X 10’ m™2)
the steady-state heat flux corresponding to the different solid mate-
rials is similar. This is because the heat flux reaches its steady-state
value before the heat-source terms are activated. For higher val-
ues of G (G > 2.0 X107 m~2), the heat-source terms contribute to
the thermal transients of the system before the heat flux reaches
its steady-state conditions, and, hence, some deviation among the
curves begin to take place in Fig. 7.

For a given exit temperature the ignition delay decreases asymp-

totically as G increases. This behavioris shown in Fig. 8 for HMX-
He, RDX-He, TNT-He, TATB-He, and NC-He with 7, =2000 K.
The figure shows that for the same operating conditions NC has
the shortest ignition delay, whereas TATB takes the longest time to
ignite. The comparison between the solid materials suggests that
NC requires less energy addition than the other materials to acquire
self-sustained ignition, whereas TATB requires more energy to ig-
nite. This is consistent with the values of the activation energy for
the reaction steps used to simulate the chemical changes within the
solid materials investigated. The variation of the ignition delay with
G is explained by the strong correlation between G and the heat
flux at the gas-solid interface. Figure 9 is a graph of the ignition
delay as a function of the steady-state heat flux at the stagnation
point for HMX-He, RDX-He, TNT-He, TATB-He, and NC-He with
T, =2000 K.

One other parameter of interest is the total amount of heat ab-
sorbed by the solid material before ignition takes place (Qex). This
quantity is calculated by integrating the heat transfer over all of the
solid boundaries. The value of Q. depends on several factors in-
cluding 1) the activation energies of the individual reaction steps
that simulate the chemical changes within the solid material, 2) the
heat flux at the solid boundary, and 3) the rate of heat diffusion
through the solid material. In Fig. 10 the variation of Q. with G
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Fig. 9 Effect g, on the ignition delay f;; for HMX-He, RDX-He,
TNT-He, TATB-He, and NC-He with 7, = 2000 K.

is presented, and several cases are compared including HMX-He,
RDX-He, TNT-He, TATB-He, and NC-He. The gas temperature at
the jet exit 7, is 2000 K. The value of Q. decreases asymptoti-
cally as G increases because of the increase in the heat flux at the
gas-solid interface. In other words high values of stagnation-point
heat flux elevate the stagnation-pointtemperature, and, hence, en-
hance the chemical reactions that lead to the onset of ignition. A
comparison shows that for the same operating conditions NC ab-
sorbs the least amount of heat before ignition takes place. This
is consistent with the fact the reaction mechanism steps corre-
sponding to NC have lower activation energies than the ones corre-
sponding to the other solid materials. The comparison also shows
that in order to get TATB to ignite it demands more heat addition
than the other materials under consideration. This is explained by
two factors. First, the values of the activation energy correspond-
ing to TATB’s reaction mechanism are higher than those corre-
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=
7
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Fig. 10 Effect G on the amount of heat added to the solid material
before ignition Q. for HMX-He, RDX-He, TNT-He, TATB-He, and
NC-He with T, = 2000 K.
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Fig. 11 Effect of T, on stagnation-point temperature history profiles
for HMX-He with G = 4.0 X 107 m~2.

sponding to the other materials, and second, TATB has the high-
est thermal conductivity among all other solid materials, which en-
hances the heat diffusion through the solid region, and consequently
makes the solid material require more external heat addition to
ignite.

The effect of the gas temperature at the jet exit 7, on the ignition
process of the solid materials under considerationis of great impor-
tance to the present study. Figure 11 presents several curves that de-
scribe the stagnation-pointtemperature histories for HMX-He with
G =4.0 X 10" m~2. Each curve corresponds to a different value of
T,. As shown in Fig. 11, T, takes the values 1600, 1800, 2000,
2200, 2400, 2600, 2800, and 3000 K. For each value of T,, the
stagnation-pointtemperature increases with time until it reaches the
thermal run-away condition that resembles the onset of ignition.
The observation can be made that the ignition delay decreases as
T, increases because of the increase of the heat flux at the gas-solid
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Fig. 13 Variation of the ignition delay f; with G for TNT-CO,
TNT-Air, and TNT-He with 7, = 2000 K.

interface associated with the increasein 7,. For a given value of G,
the ignition delay 7, decreases asymptoticallyas 7, increases. This
behavioris shown in Fig. 12 for HMX-He with G =4.0 X 10’ m™2.
The variationof the ignitiondelay with 7}, is explained by the strong
correlation between 7, and the heat flux at the gas-solid interface.

The effect of the thermal properties of the impinging gases on
the ignition process was studied in Fig. 13. The figure shows the
variation of #;, with G on the impingement of three different gases
against TNT. These gases are carbon dioxide, air, and helium. Com-
paring the three cases correspondingto the impingement by carbon
dioxide, air, and helium, the study showed that TNT had the short-
est ignition delay when helium was used, whereas carbon dioxide
yielded the longest ignition delay for the same values of G. This
is because the thermal diffusivity of helium is the highest, whereas
that of carbon dioxide is the lowest among the three gases investi-
gated, and, hence, for a given temperature helium delivers the most
amount of heat, whereas carbon dioxide delivers the least amount
of heat to the solid material.

Conclusions

A mathematicalmodel was developedto simulate the ignitionof a
reactive solid energeticmaterial by a hot-gasimpingement. The sim-
ulation involved a coupling of several phyisico-chemical processes
that take place before the onset of ignition including the transfer of
momentum within the fluid region and the conjugate heat-transfer
characteristics of both the fluid and the solid regions. The model
was applied to several energetic materials including HMX, RDX,
TNT, TATB, and NC. Also, differenttypes of impinging gases were
investigated such as air, carbon dioxide, and helium. The predicted
behavior of the condensed-phase temperature profiles suggest that
the inert heating approachis not appropriateto simulate the ignition
of the materials under consideration because it does not take into
account the effect of the endothermic reactions that can precede the
onset of ignition.

For the gas-solid combinations under investigation, and over the
range of operating conditions of a hydrodynamic quantity G be-
tween 1 X 10° and 1 X 108 m~2, and a jet-exit temperature 7, be-
tween 1000 and 3000 K, results of the present work show that the
one-dimensional (axial) analysis has good agreement with the two-
dimensional (radial and axial) calculations. Thus, the conclusion
was made that the one-dimensional analysis could successfully re-
produce the results of the two-dimensional analysis in regard to
ignition characteristics. However, this statement may not be gener-
alized for any operating conditions.

The hydrodynamic characteristics of the impinging gases have
great influence on the ignition process of the solid materials. The
observation can be made that the ignition delay decreases as G
increases because of the increase in the heat flux at the gas-solid
interface associated with the increase in G. For a given jet-exit tem-
perature the ignition delay decreases asymptoticallyas G increases.
The present study shows that for the same operating conditions NC
has the shortestignition delay, whereas TATB takes the longest time
to ignite compared to the rest of the solid materials under consid-
eration. The ignition characteristics of the solid energetic materials
are determined by several factors including 1) the heat flux history
at the gas-solid interface, 2) the heat loss to the environment, 3) the
chemicalkinetic characteristicsof the chemical reactions within the
solid material of interest, and 4) the physical properties of the solid
materials. Although the heat flux appears to reach its steady-state
value in a relatively short period of time, steady-state analysis can-
not capture the thermal transients of the system accurately at early
times and during the pyrolysis endothermic reactions, especially
when G is less than 4.0 X 10" m™2.

One other parameter of interest is the total amount of heat ab-
sorbed by the solid material before ignition takes place Q. The
value of Q. decreases asymptotically as the heat flux at the gas-
solidinterfaceincreases. Results show that under the same operating
conditions NC absorbsthe leastamount of heat beforeignitiontakes
place, whereas to get TATB to ignite, it demands more heat addition
than the other materials under consideration. The gas temperature
at the jet exit has a major effect on the ignition process. For given
value of G, the ignition delay decreases asymptotically as the jet-
exit temperature increases. The variation of the ignition delay with
T, is explained by the strong positive correlation between 7, and
the heat flux at the gas-solid interface.
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