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Improvements to Steady-State Combustion Modeling
of Cyclotrimethylenetrinitramine

Jeffrey E. Davidson* and M. W. Becksteadt
Brigham Young University, Provo, Utah 84602-4100

Many improvements have been made to models of cyclotrimethylenetrinitramine combustion in the
past few years. The one-dimensional model presented in this paper models the solid, two-phase, and gas
regions using complex kinetics and concentration- and temperature-dependent thermophysical properties.
Calculated values agree well with experimentally determined burning rate o, melt layer thickness, sur-
face temperature, and species concentration profiles. When including laser-assisted burning in the model,
a dark zone appeared that was similar to that seen experimentally. With the laser-assisted case, the
chemistry controlling the burning rate is significantly different from cases without the laser heat flux.
Calculations show that the melt-layer thickness is determined primarily by the liquid thermal conductivity
and the surface temperature is controlled by the vapor pressure correlation. All other model predictions
are relatively insensitive to these parameters. The condensed-phase decomposition and evaporation/con-
densation submodel are the weakest areas of the model.

Nomenclature

A = pre-exponential rate constant

area = cross-sectional area, cm®, with subscript 1-g, area of
liquid—gas interface

= molar concentration, mole/cm’

heat capacity, erg/g K

activation energy, cal/mole

molar enthalpy, erg/mole

specific enthalpy, erg/g

number of gas-phase species

mass flow rate, g/s

number of bubbles per volume, 1E13 bubbles/cm’

pressure

rate of progress variable, mole/cm’ s

universal gas constant

burning rate, cm/s

sticking factor

temperature, K

gas velocity, cm/s

diffusion velocity, cm/s

velocity of liquid or gas in two-phase region, cm/s

molecular weight, g/mole

average molecular weight, g/mole

molar rate of production, mole/cm® s

mole fraction

distance from two-phase-gas interface, cm

mass fraction

temperature exponent rate constant

stoichiometric coefficient

heat capacity, erg/cm s K

density, g/cm’

temperature sensitivity, 1/K

d7T/dx, K/cm

= void fraction
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Subscripts

evap = evaporation

8 = gas

gl = gas—liquid mixture

i = reaction i

init = initial

k = species k

l = liquid

I-g = liquid—gas interface

melt = melting

s = solid

s— = just below liquid—gas interface
s+ = just above liquid—gas interface

Introduction

YCLOTRIMETHYLENETRINITRAMINE (RDX) com-

bustion has been the focus of much research over the past
two decades. It is hoped that by thoroughly understanding and
accurately modeling this monopropellant, a model and kinetic
mechanisms can be established that could be extended to other
propellants for a priori calculations. A brief summary of pro-
gress in nitramine modeling is given. Ben-Reuven et al.' mod-
eled RDX combustion in three regions (solid, liquid, and gas).
The kinetics were very global, but they were able to show
good agreement (or at least the correct trends) between their
model’s predictions and experimental data. Ermolin et al.” used
a detailed elementary-step mechanism to model the gas phase
only. Their predicted species concentration profiles agreed very
well with experimental results at 0.5 atm. Hatch® used a similar
mechanism for cyclotetramethylenetetranitramine (HMX)
combustion, but linked it to a condensed-phase model. He as-
sumed that HMX decomposed in the condensed phase via two
paths, but this model failed to give the correct burning rate vs
pressure correlation. Melius* modeled RDX ignition with a
detailed gas-phase mechanism. His condensed phase and burn-
ing rate calculations were dominated by an evaporation/con-
densation model. Yetter et al.” have made many additions and
improvements to Melius’ mechanism.* Their RDX gas-phase
mechanism has been used in almost all subsequent RDX mod-
els that include elementary reactions. Liau and Yang® modeled
RDX steady-state combustion in three regions (solid, two-
phase, and gas). The condensed-phase mechanism included
three subsurface reactions and evaporation. Hanson-Parr and
Parr’ published experimental results of laser-assisted RDX
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combustion, which showed a two-flame structure separated by
a dark zone that had not appeared without the laser assist. Ben-
Reuven et al.' and Bizot et al.® showed dark zones in their
models with global mechanisms, but were not considering any
laser assist. Li and Williams® assumed no RDX decomposition
in solid or liquid regions and assumed that a dark zone controls
the burning rate. They included more steps in the primary
flame zone to be compatible with their assumptions. However,
based on experimental data, there should not be a dark zone
unless there is a laser spreading out the flame. Other models
that included detailed kinetic mechanisms have failed to show
a dark zone. A recent model by Prasad et al.'” has shown a
dark zone under laser-assisted conditions. The current model
considers the solid, two-phase (liquid and gas), and gas regions
of the flame with and without laser assist. The purpose of this
paper is to 1) describe the computer model in detail, 2) discuss
the model inputs, and 3) demonstrate that the model does a
reasonably good job in predicting and explaining experimental
data.

Model Description

A general, one-dimensional steady-state solid propellant
combustion model has been developed at Brigham Young Uni-
versity. It has been written to handle any monopropellant, but
this paper presents the results on RDX only. The model divides
RDX combustion into three regions: solid, melt layer (liquid
and gas), and gas. The mass flow rate m is an eigenvalue of
the problem and is determined by iteration by matching bound-
ary conditions at the liquid—gas interface.

Solid Region

In the solid region it is assumed that the propellant does not
decompose, which has also been assumed in many other mod-
els."**° Only the energy equation is solved for this region

dT d’T
— - N—=0 1
Pricy g g )]
with boundary conditions
T(—oc) = T, T(O) = Toene (2)

Assuming constant ¢, and A, this equation can be solved

T(x) = Tiie + (Tinerxe — Tinit)exp[(prbcp/)\.v)x.v] 3)
Because r, is part of the eigenvalue of the problem, the solid
region cannot be solved until the rest of the problem is con-
verged; therefore, the solid region calculations and their results
do not affect the calculations in the rest of the model.

Liquid-Gas Two-Phase Region

Once the propellant melts several things can start happening.
The propellant can evaporate or decompose into gas and/or
liquid fragments creating a frothy melt layer. As a gas phase
develops in this two-phase region, bubbles form. The approach
followed in this model for the two-phase region is very similar
to that taken by Liau and Yang.® The bubbles are represented
by the void fraction (¢, the fraction of the original propellant
liquid volume that has been converted to gas by either evap-
oration or decomposition). As in many models®'® mass diffu-
sion is neglected in this two-phase region. Because the melt-
layer thickness and the right boundary conditions are unknown
until the solution is complete, the energy and species equations
are treated as a system of initial boundary-value problems and
solved using DVODE [a variable coefficient ordinary differ-
ential equation (ODE) solver]." The second-order energy
equation

no. of species

3L _ L% [h(area)j—z} + (arca) E W H,=0 (4)

Cpal =1

is treated as two first-order ODEs

no. of species

d dTr
a [Narea)T] = mTc,q + (area) Z Wi H d_x =1t (5

The void fraction is calculated by keeping track of the volume
of liquid changing to gas [Eq. (6)]. The model assumes that
the liquid density is a function of temperature but not com-
position:

no. of liquid species

M = L Wk (6)

dx PVi k=1

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

d
d_x [(a - d))PthYM] = Wi @)
Likewise for the gas species
d .
. (¢ngng~k) = Wi (8)
dx

The mass fractions (¥; and Y,) are the mass fractions in the
liquid in the two-phase region and the mass fractions in the
gaseous bubbles in the two-phase region, respectively (i.e., the
sum of Y,; equals 1.0 as does the sum of Y,,). Gas transport
and thermodynamic properties are calculated via Chemkin'
and Transport" subroutines. Liquid properties are mass aver-
aged and calculated from temperature-dependent correlations
discussed later. For the two-phase mixture, heat capacity is
mass averaged and thermal conductivity is volume averaged.
Mass is conserved by incorporating

miarea = bpy, + (1 — dpy, 9)

into the subroutine that separates the variables in Eqgs. (7) and
(8) (e Pi Ve Vi Yeu and Y,). TWwo more assumptions are
necessary before these variables can be separated. We assume
T, = T, and assume that v, equals the surface regression rate
(r»),*" which simplifies the mass conservation equation [Eq.
(8)] to peve = pv, = m/area.

Reaction rates must be handled with caution because of the
two-phase interactions. The volumetric species mass produc-
tion rate w, is calculated by

no. of rxns

w, = Wy E Yriq ik (10)
=1

where the definition of the rate-of-progress variable ¢;, de-
pends upon the type of reaction. Reactions involving con-
densed-phase reactants are assumed irreversible. For reactions
involving only liquid reactants (fF + gG — products):

q = AT® exp(—EJRT)X5X5(1 — &) (11)

For reactions involving only gas-phase reactants, the reactions
can be reversible and the rate of progress variables are cal-
culated by Chemkin subroutines.'” The rate-of-progress vari-
ables are then multiplied by ¢. Evaporation rates are treated
as in Liau and Yang®

Gevp = ar€21 . S(5 VBRT/TW ) (pWIRT)[(puoplp) — X1 (12)

where X is the mole fraction of the species in the bubbles if
calculating below the interface or in the gas region if calcu-
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lating at the interface. Following Liau and Yang,® the area in
Eq. (9) is a function of void fraction:

36mn)" > b <12
area,, = 1 B6mn)’(1 — &) & > 172 (13)
1 at surface

For reactions involving a gas-phase species F attacking a liq-
uid-phase species G, ¢ is calculated by

q = area-AT® exp(—E./RT)C X% (14)

(Note: for the RDX mechanisms presented in this paper, none
of the reactions are of this last type.)
The initial boundary conditions are

¢ =0, T = T

M| AH peing Cps:
T= x [; + cp.vl(Tme]t - Tinit) + pTz (T?relt - Tiznit):|

propellant

(15)

where Y, , = 0 for all gas species; Y;, = 0 for all liquid species
except the monopropellant; and Y, opeane = 1. TN/ is the en-
ergy required to heat the solid propellant from its initial tem-
perature to its melting temperature.

The system of ODEs describing the two-phase region are
integrated in x until a surface condition is reached. The pro-
gram user may specify one of three conditions that will halt
the two-phase calculations and call the last node the surface.
These are 1) a specified surface temperature, 2) a specified
surface void fraction, or 3) for condensed mechanisms involv-
ing evaporation, the location where the liquid mass flux times
area is equal to the rate of evaporation [Eq. (16)]: (1 —
&)py, area = g, Condition 1 can be used when experimen-
tally determined 7, data exist (e.g., see Ref. 10). Condition 2
can be used with a specified void fraction of 1.0 for propellants
that do not have a significant vapor pressure. Using condition
3, as done by Liau and Yang,® will give calculated values of
T, and surface void fraction. Once the surface is reached, any
remaining liquid is mathematically evaporated (i.e., assumed
to vaporize instantaneously). The surface temperature and
mass flux fractions serve as boundary conditions for the gas
region. Because RDX has a significant vapor pressure the third
option was used for the calculations in this paper.

Gas Region

The gas region calculations are handled by a modified ver-
sion of PREMIX' in the burner-stabilized mode. The modi-
fications are minor and are not important enough to discuss.
The equations describing the gas phase are

pW
m = pu(area) p= £z

'ﬁ

R
ar 1 d -
i area
M o dx |:)\(area) —:| E kach,,k ix

dx «¢,d
@
area W, = 0
Cp =1
_dy,
d_ + —_ [p(area)Yka] (areawW,=0 (k=1,...,kk)
X
(16)

This system of equations is solved using finite difference dis-
cretization and Newton’s method. The solution is first con-
verged on a coarse grid and then the grid is refined to obtain
the resolution desired. Further details can be found in Ref. 15.

The model calculates the energy balance error in the gas
region as enthalpy;, minus enthalpy,.:

+ MH | o 17)

If the enthalpy flux error is greater than about 5% at low pres-
sures and greater than 1% at high pressures (~100 atm), the
model failed to accurately predict the adiabatic flame temper-
ature. To reduce this error, the grid in the gas region must be
refined.

Determining the Mass Flux

The eigenvalue n is determined by iteration between the
two-phase and gas region calculations. The correct m will sat-
isfy the energy balance at the two-phase/gas interface:

dTr

T
Aa + [plvl(l - d))AHvap]s-— = )\g T Graser (18)
X dx

s—

Equation (18) says that the heat flux back from the gas-phase
flame and any laser heat flux must equal the heat flux into the
gas phase plus the energy flux required to vaporize any re-
maining liquid. The laser flux is assumed to be absorbed at the
surface. The solution procedure is as follows:

1) Specify propellant initial temperature, pressure, and a
guessed .

2) Solve two-phase region equations.

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

4) Compare left and right sides of Eq. (18). If the heat flux
balance error is less than tolerance, go to step 6. If the right
side is greater than the left side decrease n, or else increase
m. The first time this step is performed m is changed by a
small percentage (~3%). On future steps the next m is deter-
mined by linear extrapolation based on the previous two m. If
the new m is drastically different from the previous m (=30%),
then a small change in m is made to get a better extrapolation.

5) Go to step 2.

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

7) Go to step 4.

8) Problem converged.

In short, m is solved by using a shooting method for the
initial boundary-value problem in the two-phase region to give
the first-order boundary conditions and to match the second-
order boundary conditions of the finite difference boundary-
value problem in the gas region. Most of the CPU time is
consumed in solving the gas-phase equations. The condensed-
phase region solves in seconds, whereas the gas phase can take
from minutes to hours depending on the initial guess and the
coarseness of the grid. Once the gas region has converged for
the first time, all future calculations usually go relatively fast.

Model Inputs

The computer code requires thermodynamic properties,
transport properties, and kinetic mechanisms for both the gas-
and two-phase regions. There is a lot of scatter in the literature
for some property values. This section will discuss the inputs
used for RDX. Thermodynamic and transport properties for
the gas-phase species were taken from the Chemkin format
databases accompanying the August 1995 version of the RDX
Yetter mechanism.'®

RDX Thermodynamic and Physical Properties

The thermodynamic and physical properties used in the
model for RDX are listed in Table 1. Because most propellants
begin rapid decomposition at or near their melting point, there
are very few data for the liquid phase properties. Often liquid
property data must either be estimated or extrapolated from
the solid property data. Liquid heat capacity, liquid thermal
conductivity, and liquid vapor pressure were the least certain
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Table 1 Thermodynamic and physical properties of RDX solid and liquid used in model

Property Value Reference Comments
AHRDX s 298 K 14.67 kcal/mole Kubota™ —_

¢,» solid 0.0389 + 0.000703T, cal/g K Shoemaker et al.'® Curve fit of Shoemaker’s data'®
Thermal condition, solid 4.18 X 10 *cal/g K Kubota"” —

Solid density 1.806 g/ecm” Boggs™ S

T et 478 K Hall™ —_

AHg,, 8.51 Boggs™ _—

¢, liquid 0.0389 + 0.000703T, cal/gK —_ Assume same as solid
Thermal condition, liquid 8.0 X 10 *cal/cm s K _ Estimated

Liquid density 1.806 g/cm™ _ Assume same as solid
Vapor pressure 107[11.87-5850/T(K)], torr Edwards™ Chosen because it gave the best model results

Table 2 RDX property values found in the literature

Property Value

Source Comments

0.0389 + 0.000703T
0.269 at 298 K

Heat capacity, cal/g K

0.3
0.35
0.45 at 473 K
Density, g/cm” 1.82
1.806
1.75
Thermal conductivity, cal/cm s K 4.06 X 10°*
1.75 x 107*
3.0 X 107
50 x 10°*
7.6 X 10°*
Vapor pressure, torr
logifP) = A — BIT A =148,B =6799
logifP) = A — BIT 11.87, B = 5850
10.59, B = 4433

. exp(—15,850/T)
169, exp(—16,143/T)

A
logidP) = A — BIT A
= 10" exp(—12,178/T)

v T
SS3 gy

Rosen and Dickinson™

Shoemaker et al.'™ Measured from pressed RDX crystals

Parr and Hanson-Parr™ .

Beckstead™ Listed for HMX, model
Brewster et al.** Model
Li et al.”
BenReuven and Caveny™ _—
Kubota" _—
Boggs'™ —_—
Flame database™ Value given for pellets made from pressed
powder
Shoemaker et al.'™ Measured from pressed RDX crystals
Beckstead™ Model
Parr™ Listed for HMX, model
Brewster et al.>* Model
Beckstead™ Listed for HMX, model

328-371 K, sublimation pressure
384-412 K, sublimation pressure
505-520 K, vapor pressure
329-413 K, sublimation pressure
343-447 K, sublimation pressure
Vapor pressure correlation used in their
one-dimensional RDX model

21

Edwards™
Rodgers™
Maksimov et al.™
Cundall et al.™
Yang and Liau™

properties. A limited literature search was performed to find
values for these properties. The results are shown in Table 2
and are discussed later in more detail.

Although there is a lot of scatter in the reported heat capac-
ity and density data, the model’s predictions did not change
significantly with these parameters. Only one paper was found
that contained experimental thermal conductivity for RDX."®
These data were for the solid, and for the temperature range
explored, it appeared to be nearly constant. All of the other
values were given in conjunction with models without refer-
encing their source. Values ranged from 1.75 X 10™*to 7.6 X
10"* cal/cm-s-K. We chose a value slightly higher than any
of these solid thermal conductivities (8.0 X 107" cal/cm-s-
K), which enabled our model to correctly predict the melt layer
thickness.

Several models are based on the assumption that the primary
mechanism by which RDXq.a enters the gas phase is by evap-
oration rather than decomposition.** Some experiments fail to
show the presence of RDX vapor, but this could be a result of
RDX rapidly decomposing before it can be detected.” Hanson-
Parr and Parr’ detected RDX vapor near the surface of a burn-
ing propellant using uv-visible absorption measurements, but
claim that the maximum RDX concentration near the surface
is only about 7 X 10'° mole/cm’. Assuming ideal gas and a
temperature of 600 K, this represents a mole fraction of about
0.006 (a value much lower than that predicted by most mod-
els). In attempting to model RDX evaporation, the literature
was searched for vapor pressure data. Four different correla-
tions of sublimation pressure and one of vapor pressure were
found (see Fig. 1).

Logically, the vapor pressure data™ rather than the subli-
mation data would seem to be the ones to choose since evap-

014+ —e— Rosen oy
0.01 + - Edw ards 2
% 0001 H| % Rogers
;, 0001 ><Yang
g0 | | —%— Maksimov
§ 1E05 | g Cundall
& 1E-06 + P
‘g 1E-07 +
g 1E-08 +
1E-09 +
1E-10 t t

250 300 350 400 450 500 550
Temperature (K)

Fig. 1 RDX vapor pressure correlations.

oration is being modeled by assuming vapor—liquid equilib-
rium. Using Rogers’ vapor pressure™ did not affect any of the
model’s predictions other than lowering the surface tempera-
ture by 50-100 K. The data that gave the most reasonable
surface temperature predictions was the sublimation pressure
from Edwards.”' Admittedly, we are extrapolating the given
pressure correlation beyond the experimental limits. Consid-
ering the inaccuracies and assumptions inherent in the evap-
oration model and the apparent disagreement between evapo-
ration-dominated models and Parrs’ results,” we choose to use
Edwards’ data.” If we use Rodgers’ vapor-pressure correla-
tion,” the model indicates that less than 1% of the RDX de-
composes in the two-phase region. With Edwards’ data,” up
to 25% of the RDX is calculated to decompose in the two-
phase region.
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Table 3 Condensed-phase mechanism

Reaction A B E.
1. RDX(C) - 3CH:0 + 3N0 4.88 x 10" 0.0 36,000
2. RDX(C) - 3HLN + 3NO» 6.5 x 10™ 0.0 45,000
3. CHxO + NO>— NO + CO + H0O 802 2.27 13,730
4. RDX(C) — RDX . (evaporation)
Edwards’ vapor pressure data
4 \ 100
35+ A‘ model ¢ Zimmer-Galler
37 ®  Bril FOX 5 104 B Glaskova 5
2 o . L
® 254 4 Bril HMX o Zenin
8 2 E’, e rodel
g | %& 2 1
S 154 w &
z =)
15 g
05+ g 91
0 . : .
500 550 600 650 700

Temperature (K)

Fig. 2 Condensed phase Kkinetics.

Condensed and Gas Kinetic Parameters

Liau and Yang® and Brill®® presented a summary of the var-
ious proposed RDX decomposition mechanisms and such a
discussion will not be repeated here. Despite all of the research
into RDX decomposition, many questions remain. For this rea-
son, the RDX liquid decomposition mechanism is still semi-
global in nature. The liquid-phase decomposition mechanism
is shown in Table 3. This mechanism uses the reaction steps
proposed by Thynell et al.,> with a few modifications. The
pre-exponential constants for reactions 1 and 2 were multiplied
by pux/WTgrpx to put the reactions in the right format for the
code input. Reaction 2 was divided by two to make the N,O
to NO, ratio agree with Brill’s measured ratio™ (see Fig. 2).
For reaction 3, Thynell et al.*® treat CH,O and NO, as dis-
solved species in the RDX;q.ia. We choose to treat these species
as gas-phase molecules trapped in the bubbles.

The RDX Yetter'® mechanism (45 species, 231 reactions)
was used for the gas-phase mechanism. This mechanism is
constantly being improved and results can change with differ-
ent versions.

Model Predictions

With the input parameters and mechanisms listed earlier, the
model agrees very well with most laser- and nonlaser-assisted
deflagration data of which the authors are aware. Burning rate
as a function of pressure is shown in Fig. 3. Calculations were
performed between 1-400 atm. Recent changes in Yetter’s
RDX gas-phase mechanism'® have improved agreement be-
tween model predictions and experimental burning rate mea-
surements at higher pressures (>70 atm). Several models (in-
cluding this one) failed to accurately predict burning rate at
high pressures using older versions of Yetter’s RDX gas-phase
mechanism.'®

Zenin™ recently reported the surface temperature of burning
RDX as a function of pressure. Using Edward’s sublimation
pressure,” the model was able to agree fairly well with Zenin’s
measured results” (see Fig. 4). Higher vapor pressure corre-
lations (like the one used by Liau and Yang® or Rodgers™)
caused the model to underpredict the surface temperature.
Changes to burning rate predictions caused by using these dif-
ferent vapor pressure correlations were insignificant. Zenin®’
also reported melt-layer thickness at four different pressures.
The melt-layer thickness was very dependent upon the as-
sumed liquid thermal conductivity. Figure 5 shows the predic-
tions using the value of thermal conductivity that we deter-

0.01 + +
1 10 100 1000

Pressure (atm)

Fig. 3 RDX burning rate (@ T, = 298 K).

o3

(=3

o
t

Surface Temperature (K)
[=2]
o
o

600 2 Zenin

$ o T model (Edw ards' VP)
e S [ model (Rodger's VP)
500 t :

1 10 100 1000

Pressure (atm)
Fig. 4 RDX surface temperature.
140 &

M Zenin RDX

% 120 A Brewster
‘g 100 Model (Lamda=0.0008 calK/sec)
- = = = = Model (Lamda=0.0004 caVK/sec)
@ 80 +
g
-
S 604 *,
£ ~
=
5 404
o=
«
3 201 ..
] T e T
= 0 + L
1 10 100

Pressure (atm)

Fig. 5 Melt-layer thickness.

mined and the value of 4.06 X 10™* cal/cm s (experimentally
measured for solid RDX).

o, as defined by
dJ fn(r,,)
= | T 1
v, [ 7|, (19)

was also calculated and compared to experimental data by At-
wood.™ The results are shown in Fig. 6. The calculations fall
within the uncertainty of the experimental data but are lower
than those predicted by the model of Liau and Yang.’
Korobeinichev® measured species mole fractions in an RDX
flame (at 0.5 atm) as a function of distance from the surface.



380 DAVIDSON AND BECKSTEAD
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Fig. 6 Temperature sensitivity.
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025 1 - | " '
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2
2 0.1 1 e mme NO
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HCN
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0 0.1 0.2 0.3 0.4 0.5
Distance From Surface (cm)
Fig. 7 HCN, NO, H,, and CO concentration profiles.
0.35 o— N2
08 # Korobeinichev N2
H 025 —a&— N2 equilibrium
§ 02 J— co2
[}
0.15
% x Korobeinichev CO2
= o1 "
- CO2 equilibrium
0.05
——H20
0+ + + t ;
0 0.1 0.2 0.3 04 05| © Korobeinichev H20

Distance From Surface(cm) ~ter H20 equilibrium

Fig. 8 N, H,O, and CO,, concentration profiles.

His measurements are compared to those predicted by the
model in Figs. 7 and 8. There is good agreement between the
experimental data and the predicted values for HCN, NO, H,,
and CO (see Fig. 7). The agreement is not as good for N,
H-0, and CO, (Fig. 8). The experimental data do not seem to
be approaching the equilibrium concentrations, but the calcu-
lated concentrations are. If the experimental data are scaled so
that they approach the equilibrium concentrations, the agree-
ment would be much better. The fact that the experimental data
do not approach the appropriate equilibrium values cast some
suspicion on the accuracy of the data.

Hanson-Parr and Parr” have done extensive studies of the
RDX laser-assisted flame structure. These data are very valu-
able in verifying the model and mechanisms. The laser flux to
the surface increases the deflagration rate and extends the
flame structure, giving more space for diagnostic measure-
ments. The experiment is at least two dimensional because the
strands of propellant are surrounded by air, and the laser flux
intensity is a function of radius. Most monopropellant models
with detailed kinetics are one dimensional, but can be made

to approximate the two-dimensional characteristics by 1) al-
lowing the flame cross-sectional area to expand as a function
of distance from the propellant surface and 2) assuming an
average laser flux for the whole surface. Parr and Hanson-
Parr® quantified the velocity field of the RDX gas flame using
particle velocimetry imaging. The following information was
used to determine the area expansion expression:

1) The cross-sectional area of the entire flame expands by a
factor of 5 between the surface and 5 mm above the surface.”

2) The centerline velocity is approximately constant at 550
cm/s.”

3) The measured surface regression rate was in the range of
0.06-0.09 cm/s.”

4) The radial component of the velocity vectors near the
centerline was much smaller than those near the edge of the
sample™ (the center of the flame may not have expanded as
much at the entire flame).

5) The length of the measured dark zone is approximately
0.12 cm.

6) The experimentally determined temperature profile was
used.’

To determine the correct area expansion for use in the model
we first fixed the experimentally determined temperature pro-
file in the gas phase and increased the modeled laser flux until
the deflagration rate was 0.075 cm/s (average of 0.06 and 0.09
cm/s measured values). If we let the area expand by a factor
of 5, the centerline velocity was approximately 125 cm/s
(much lower than 550 cm/s). For the centerline velocity to be
approximately 500 cm/s, the area could only expand by a fac-
tor of 2.4. The laser flux, location of area expansion, and rate
of area expansion were then optimized to make the best agree-
ment between the experimental temperature profile and the
model’s predicted profile. We justified the use of optimization
to match the experiment because we were more interested in
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Fig. 9 Laser-assisted temperature profile (1 atm).
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Fig. 10 Laser-assisted NO and NO, mole fractions.
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0.0007 comparing species concentration profiles than modeling the de-
0.0006 | tails of experiment. The optimal area expansion correlation
—— Model was
0.0005 % ONParr
0.0004
0.0003 + 1 cm? x<0.13cm
0.0002 5 area = 24 -1 “x—013)+ lcm® 013 =x=05cm
0.0001 | 0.5-0.13
o 2.4 cm’ x >0.5cm
0 0.1 0.2 0.3 0.4 0.5 (20)
Distance From Surface (cm)
Fig. 11 CN mole fraction. An average laser flux of 150 W/cm?® input to the model gave
a calculated surface regression rate of 0.086 cm/s. According
to the heat flux-regression rate correlation® the laser would
0.0005 have to be set to 283 W/cm?” to get this burning rate. Therefore,
0.00045 1 ——— Model according to the model, the propellant surface is receiving only
0.0004 *x NH (Parr) about 50% of the peak laser flux. Prasad et al.'"® make a similar
§ 0.00035 + L assumption with their model and postulate that this is because
g 0.0003 + of the Gaussian distribution of the incident laser flux. Because
* 0.00025 + of the uncertainty in the area expansion and nonuniformity of
g 0.0002 + the laser beam we felt that further model complexity (such as
T 0.00015 ¢ in-depth absorption of the laser flux) was not warranted.
0.0001 + The measured and modeled temperature profiles are shown
0.00005 4 in Fig. 9. (Note: Hanson-Parr and Parr’ recently reanalyzed
0 ‘ their original data and have found an alternate interpretation
0 0.1 02 03 0.4 05 of their results that gives a higher flame temperature.” Previ-
Distance From Surface (cm) ously, their flame temperature was around 2600 K). The agree-
ment in the calculated temperature profile is reasonable, con-
Fig. 12 NH mole fraction. sidering the differences between the model and experiment.
The experiment shows, and the model predicts, a flame tem-
perature slightly above the adiabatic flame temperature (2925
0.04 . K) because of the added energy from the laser. There is also
0.035 L good qualitative agreement between most of the species (ex-
cept NO, and NO) concentration profiles and the model’s pre-
0.03 1 dictions (see Figs. 10—13). It should be noted that the Parrs
0.025 L show that the NO, mole fractions decrease with decreasing
laser flux.” Extrapolating this trend to zero flux gives a scaling
002 7 — Model factor of 0.29.” The fact that the predicted NO, appears to be
0015 + % Parr OH low may not be a problem with the mechanism, but with our
inability to model the experiment accurately.
0.01 1 The mole fractions profiles of the major species are shown
0.005 + in Fig. 14 for the laser-assisted case showing the details of the
‘ dark zone. The primary flame chemistry in general terms con-
%, oa o o o8 sists of RDX, CH,0, N.O — HCN, NO, CO, H,0. The re-

Distance Froni Surface (cm)

Fig. 13 OH mole fraction.
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actions then stall because of the relative stability of NO until
there is enough energy for the secondary flame to ignite. The
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Conclusions

A one-dimensional steady-state monopropellant combustion
model has been developed and tested using RDX as the veri-
fication or test propellant. With the model inputs given pre-
viously, it does a reasonably good job in predicting burning
rate (as a function of pressure and initial temperature), surface
temperature (as a function of pressure), and melt-layer thick-
ness (as a function of pressure). Predicted species profiles
agree well with both laser- and nonlaser-assisted experimental
measurements. The major weaknesses of the model occur in
the region near the surface. The evaporation—condensation rate
calculations, vapor—pressure correlations, liquid thermophysi-
cal properties, and the global, condensed-phase mechanism
need further study. The model can predict accurate surface
temperature data only when using sublimation pressure data
rather than vapor pressure data. Other calculated results do not
appear to be strong functions of vapor pressure. Unlike other
calculated values, melt-layer thickness is a strong function of
liquid thermal conductivity. Because no RDX liquid thermal
conductivity data could be found in the literature, a value of
8.0 X 10" cal/cm-s-K was estimated (about two times the
measured solid value). This enabled the model’s predicted
melt-layer thickness to agree with experimental data by
Zenin.”’ The model was also able to match with the Parrs’
laser-assisted temperature and species concentration profile
data’ by mimicking the two dimensionality of their experiment
with area expansion and averaged laser intensity. The laser
increases the advection and thus spreads out the chemical re-
actions. This effect appears as a two-stage flame or a dark zone
in both the experiment and the model.
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