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Abstract

A comprehensive numerical analysis has been developed to predict the burning characteristics and detailed com-
bustion wave structure of RDX/GAP/BTTN pseudo-propellant over a broad range of pressures. The present work
extends an existing model for the steady-state combustion of RDX/GAP pseudo-propellant to include the salient
features of BTTN, a commonly used plasticizer for practical solid propellants. The entire combustion zone is di-
vided into the solid-phase, subsurface multiphase, and gas-phase regions. In the solid-phase region, the constituent
ingredients are physically linked together and heated by conduction. Five global decomposition reactions, as well
as subsequent reactions of RDX, GAP, and BTTN, are considered in the near-surface multiphase region. The
overall gas-phase kinetics considers 72 species and 429 reactions in describing the heat-release mechanism. Good
agreement is obtained with measured burning rates in the pressure range of 1-100 atm. The propellant surface
temperature matches closely with the measured value and depends strongly on the RDX evaporation. The burning
rate of RDX/GAP/BTTN is in general higher than that of RDX/GAP, a phenomenon that may be attributed to the
stoichiometrically balanced nature of BTTN.
© 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In the recent past, experimental diagnostics [1,2]
and theoretical analyses [3—10] have helped achieve
major advances in the study of the combustion-wave
structures and burning characteristics of nitramine
monopropellants, such as cyclotrimethylenetrinitra-
mine (RDX) and cyclotetramethylenetetranitramine
(HMX), over a broad range of operating conditions.
Both self-sustained combustion and laser-assisted
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combustion [3-9], as well as ignition transients [10],
have been treated in detail. Extensive experimental
studies [11-17] and modeling efforts [18] have also
been applied to investigate the combustion of glycidyl
azide polymer (GAP). Still more recently, detailed
modeling of RDX/GAP and HMX/GAP pseudo-
propellant combustion was carried out by Liau and
co-workers [19,20], while the experimental studies
were performed by Litzinger et al. [21]. A compre-
hensive summary of the latest developments is cov-
ered in the volume compiled by Yang et al. [22].

So far, only monopropellants and pseudo-propel-
lants containing binary oxidizer and fuel mixtures
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Nomenclature
A cross-sectional area of propellant sample Vi diffusion velocity of species i
Ag fractional cross-sectional area consisting Un average normal velocity component of
of gas bubbles in two-phase region vapor molecule
Aj preexponential factor for rate constant in W; molecular weight of species i
reaction j w; mass production rate of species i
Ag liquid—gas interface area per unit volume w R; mass production rate of reaction j
a preexponential factor in burning-rate law X; molar fraction of species i
B; temperature exponent for rate constant in X spatial coordinate
reaction ) o Y; mass fraction of species i
Ci molar concentration of species i
Cp; constant-pressure  specific heat of Greek symbols
species i ¢ void fraction
E; activation energy for reaction j 0 density
€ internal energy A thermal conductivity
Hy enthalpy of vaporization o molar production rate
h enthalpy
he heat transfer coefficient Subscripts
hé statlg er(litlﬁalpy (f)ff Species 1 " L 0t gas-phase side of propellant surface
fi standard heat o orm:imon.o species 1 0~ condensed-phase side of propellant sur-
j rate constant for reaction j face
=11
mn mass flux . c condensed phase
N total number of species
c—g from condensed to gas phase
" pressure exponent cond condensation
Ng total number of reactions e -
eq equilibrium condition
p pressure .
. evap evaporation
)2 preexponential factor for vapor pressure .
. . f mass-averaged quantity in subsurface
in Arrhenius form f 1
b propellant burning rate oam fayer
Ry universal gas constant 8 gas phas.e.
T temperature i p‘rec.ondltloned state
s sticking coefficient ! liquid phase
t time s propellant surface or solid phase
u bulk velocity v vapor
NO &
2 /C ONO,
]LI ONO \c{
PN
H,C CH, |
H— O0— CH —CH, OH /CHz
N H,C
~ _ 2
oN T N NO HCN N, |
H, n ONO,
RDX GAP BTTN

Fig. 1. Molecular structures of RDX, GAP, and BTTN.

have been modeled. The effects of plasticizer, curing
agent, and other ingredients on propellant combustion
characteristics have not been considered. As a step to-
ward the ultimate goal of modeling the behavior of
a practical solid propellant, the present work extends

our previous analysis of RDX/GAP [19] to include
1,2,4-butane triol trinitrate (BTTN), a commonly used
plasticizer [23]. The molecular structures of these
three energetic compounds are shown in Fig. 1. The
addition of BTTN may practically be considered to
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stoichiometrically balance the fuel-rich RDX/GAP
propellant [24]. BTTN, a liquid under room condi-
tions, has a chemical structure and composition very
similar to nitrate esters, most notably nitroglycerin
(NG). It is an energetic compound that undergoes
self-sustained deflagration and the adiabatic flame
temperature, calculated using the CEC code [25], was
about 3070 K at 1 atm. Such a high flame temperature
is attributed to the stoichiometrically balanced char-
acter of BTTN. The viscosity is 59 centipoise at 298 K
and heat of combustion is 2168 cal/g [26]. Pudup-
pakkam [27] recently developed a one-dimensional
model of BTTN combustion, which accounts for the
physiochemical processes in the condensed and gas
phases, as well as the thermodynamic phase change
at the interface. The gas phase kinetics involves 75
species and 462 reactions. The calculated surface
temperature was in the range of 500-600 K over the
pressure between 1 and 100 atm, much lower than its
counterpart of GAP [18]. The calculated temperature
profile for pure BTTN reveals the existence of a dark-
zone temperature plateau [27], which has also been
observed in experimental studies [28].

The present work attempts to establish a compre-
hensive analysis for investigating the key mechanisms
dictating the burning behavior and combustion-wave
structure of RDX/GAP/BTTN pseudo-propellant over
a broad range of pressures and preconditioned tem-
peratures. The prefix “pseudo-" is retained to empha-
size that RDX, GAP, and BTTN are mixed physically
and no curing agent is used, as opposed to operational
propellants. The formulation is based on the conser-
vation equations of mass, energy, and species concen-
tration for both the condensed and the gas phases, and
takes into account finite-rate chemical kinetics and
variable thermophysical properties. The results dis-
cussed here will provide a thorough exposition of the
combustion mechanisms of this propellant.

2. Theoretical formulation

Fig. 2 shows snapshots of RDX/GAP/BTTN pro-
pellant burning in nitrogen at 0.92 atm [46]. The sam-
ple diameter is 10 mm. The carbonaceous layer on
the propellant surface sloughs off periodically. The
propellant sample burns with a rounded edge and
a molten surface. The luminous flame standoff dis-
tance from the surface is around 3 mm at the cen-
ter, and decreases to about 1 mm near the edge.
Microthermocouples and optical diagnostics, such as
saturated planar laser-induced fluorescence (PLIF),
spontaneous Raman spectroscopy, and UV/visible ab-
sorption spectroscopy, were used to obtain the tem-
perature profiles and species concentrations along the
centerline [1,23].

The entire combustion-wave structure of RDX/
GAP/BTTN pseudo-propellant can be segmented into
three regions: solid phase, near-surface two phase,
and gas phase, as shown schematically in Fig. 3. In the
solid-phase region, RDX powder, GAP, and BTTN
are physically mixed. RDX melts at 478 K with neg-
ligible chemical reactions taking place, due to the low
temperature and short residence time. The decom-
position temperature for pure BTTN is 523-773 K,
according to Roos and Brill [31]. Thermal decompo-
sition and phase change of RDX and BTTN occur to
form a foam layer. The propellant surface (x = 0) is
defined herein as the interface between the foam layer
and the gas-phase region, at which rapid gasification
of RDX takes place. Since the surface temperature
of RDX/GAP/BTTN pseudo-propellant (~600 K) is
lower than the gasification temperature of pure GAP
(~1050 K), GAP leaves the surface as aerosol sur-
rounded with the RDX and BTTN vapor and their
decomposed gaseous products. The gas-phase region,
where GAP particles remain as a condensed species
and continue to decompose, requires a two-phase
treatment.

A quasi-one-dimensional model is formulated as a
first approximation to the problem with the coordinate
system fixed at the propellant surface (x = 0).

3. Solid-phase region

Chemical reactions of RDX, GAP, and BTTN are
ignored in the solid-phase region because of the low-
temperature condition. Thus, only the heat conduction
governed by the following equation is considered:

0T, n T, 0 2 T, )
-Co—— UeCo— = — — ).
Pccat pcccax ax cax

The thermodynamic and transport properties used in
the present work are given in Table 1. The thermal
conductivities and specific heat capacities of solid
RDX and liquid GAP were obtained as a function of
temperature by Hanson-Parr and Parr [29], and those
for BTTN from Puduppakkam [27]. Due to the lack of
reliable data in the literature, the properties of solid
GAP were assumed to be the same as those of their
liquid counterparts. The heat of formation and density
of BTTN were taken from Cruise [48]. The properties
of the mixture are mass-averaged as follows:

PcCe = YRDXPRDXCRDX + YGAPOGAPCGAP
+ YBTTNABTTNCBTIN, 2

Ae = YRDXARDX + YGAPAGAP + YBTTNABTTN- (3)

A closed-form solution to Eq. (1) at steady state is
available, subject to appropriate boundary conditions
and propellant burning rate.
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Fig. 2. Photo images of self-sustained RDX/GAP/BTTN (mass ratio 71/9/20) propellant combustion in nitrogen at 0.92 atm,
showing intermittent carbonaceous residue on propellant surface (photo courtesy of Parr and Hanson-Parr [46]).

4. Subsurface multiphase region (foam layer) modates thermal decomposition of RDX, GAP, and
BTTN, as well as subsequent reactions. The forma-

A two-phase fluid dynamics model based on a tion of gas bubbles due to evaporation is also consid-
spatial averaging technique [4] is employed to treat ered for completeness. By neglecting mass diffusion

the process in the foam layer. The analysis accom- in the subsurface region, the conservation equations



304 J.-K. Yoon et al. / Combustion and Flame 145 (2006) 300-315

(ias Products RDX and BTTN
(N>, CH-0O, NO») _ Vapor

Tg~2930K

Evaporation of
RDX and BTTN

& Dissolved
Polymer

T~850K ====f==========—————mfmmm =~ ~==—/Surface where Void

Decomposition,
Evaporation and Gas-
Phase Reactions (Bubbles)

RDX+BTTN
Vapor/Liquid Interface

x =0, Te~ 600K

Tmen ~ 478K
000 00:000°0
@ @
00 © 0% 9 00,
QOO
RDX GAP & BTTN
Fig. 3. Combustion-wave structure of RDX/GAP/BTTN propellant at 1 atm.
Table 1
Thermodynamic and transport properties of RDX, GAP, and BTTN
Parameter Units Value Ref. or comments
Cp,s,RDX cal/gK 4735 x 1073 40.843 x 1073 x T [29]
Cp,I,RDX cal/gK 4735x 1073 +0.843x 103 x T Cp,I,RDX = Cp,s,RDX
Cp.L,GAP cal/gK 1.503 x 1071 +0.966 x 1073 x T [29]
Cp,l,BTTN cal/g K 0.30 [27.,47]
As,RDX cal/Kscm 0.665 x 1073 [29]
Al RDX cal/Kscm 0.665 x 1073 Al RDX = Ag,RDX
M.GAP cal/Kscm 1.050 x 1073 —0.146 x 1075 x T [29]
AlBTTN cal/Kscm 0.63 x 1073 [27,47]
Ps,RDX G/em? 1.806 [40]
PILRDX G/em? 1.806 Ps,RDX = PI,RDX
P1.GAP G/cm? 1.30 [16]
01 BTN G/cm® 1.521 [29,48]
Hy, RDX kcal/mol 26.8 [8]
Hy BTTN kcal/mol 21.517 [27,47]

Tin RDX K 478 [40]
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for both the condensed and the gas phases can be writ-
ten as follows:

mass
o[l — ¢f)/0c‘ + d’fﬁg]
at
9
+ o[ = @ppeuc +rpgug] =0, o)

condensed species concentration

(1 —dppc¥el .
B VE—— + a[(l - d’f)PcucYc,-] = Wc;

(i=1,2,...,Nc), &)
gaseous species concentration

(@ rpgYe) . d(prpgugle)

ar ax s
(i=1,2,....Nyg), (©)
energy
Ty ap aTs
P 50~ ar +Pf“f‘f o
N,
3 aTy S
= ( U > ngjhg/ chjhcj
j=1
Ny N
+ Zhgjygj wc—g thjycjwc—gv (7
j=1 j=l1

where w.—g represents the rate of mass conversion
from liquid to gas. The subscripts f, ¢, and g refer to
the foam layer, condensed phase, and gas phase, re-
spectively. The properties of liquid RDX are assumed
to be identical to those at the solid state. The thermo-
physical properties are mass-averaged as follows:

pref =1 =¢f)pccc +¢ypgcy, ®)
Pf”fcf5(1—¢f)Pc'ucCc +¢fpgugcg7 )
= [(l - d’f)/)cuc)\c + ¢fpgug)‘g]
/[ *(f’f)ﬂcuc'f"ﬁfpgug]a (10)
where
Ne
ce=Y_c Ve (11a)
i=1
8
cg=D cgi¥e (11b)
i=1
he=) AYe. and (11c)
i=l1
hg =) AgYg. (11d)

The mass and energy production terms in Egs. (5)—(7)
depend on the specific chemical reaction mechanisms
employed and can be formulated as described below.

In the subsurface region, two global decomposi-
tion pathways are employed for RDX (R1 and R2),
two for GAP (R3 and R4), and one for BTTN (R11),
as listed in Table 2. Reaction (R1) is a water-catalyzed
exothermic reaction to form CH,O and NO;, and
is favored at low heating-rate conditions. Reaction
(R2) is endothermic and prevails at high temperatures.
Subsequent reactions among the products of (R1) and
(R2) then occur to provide the thermal energy to sus-
tain the pyrolysis in condensed-phase materials. Brill
[30] indicated that the reaction between CH,O and
NO; (R6) is probably the most important secondary
reaction in the foam layer. The rate parameters of re-
action (R6) were determined with shock-tube experi-
ments [33]. Thermodynamic phase transition consist-
ing of evaporation and condensation of RDX (R5) and
BTTN (R12) is considered to provide a complete de-
scription of the mass transfer process.

The GAP sample considered in the present study
is composed of 56 monomer units and is denoted as
“GAP56.” There is universal agreement that GAP de-
composition is initiated by the bond cleavage of the
azide group releasing Np and GAP56* [11-17,32,
35], as given by reaction (R3) in Table 2. This bond-
breaking process proceeds rapidly over a temperature
range from 533 to 563 K, and has activation energy
of about 41 kcal/mol [16]. We assume a first-order
reaction with the preexponential factor and activa-
tion energy deduced by Sysak et al. [34]. The sub-
sequent decomposition of GAP, which is rapid and
highly exothermic, releases NH3 along with HCN,
CO, CH,0, CH,CO, CHy, CoHy, H7O, and GAP
oligomers [16]. A species balance of the data ac-
quired from a laser-assisted combustion study of GAP
polyol by Tang et al. [17] leads to a global reaction
model (R4) for the decomposition of GAP56*. The
subsequent reactions ((R7), (R8), (R9), and (R10)) of
the gaseous decomposition products from GAP are
listed in Table 2. To allow the reduction of aldehydes
(CH3CHO and C,H3CHO) and imines (CH3CHNH
and CH,CHCHNH), bimolecular decomposition re-
actions are formulated, with the activation energies
being more-or-less equal to the difference in enthalpy
between products and reactants. The preexponential
factors are assigned values that are typical for such a
process, as given in Table 2.

Addition of the oxygen-rich plasticizer BTTN
makes the overall propellant more stoichiometrically
balanced and thus helps reduce the formation of car-
bonaceous residue on the propellant surface [24].
The initial decomposition step in BTTN combus-
tion is probably the scission of the O-NO, bond
[28,31,32]. CH,O and NO, are the main products
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Table 2

Subsurface chemical reactions and rate parameters

No. Reaction A€ EDP<
R1 RDX(j) — 3CH0 + 3N,0 6 x 1013 36,000
R2 RDX(;y — 3HCN + 1.5(NO; + NO + H;0) 2.5 x 1016 44,100
R3 GAP56(;) — GAPS6(; + 56N, 5% 1013 41,500
R4 GAP56(;, — 25.6HCN + 15.8CO + 14.4NH3 + 17.8CH,0 1.28 x 1019 53,000

+ 16CH3CHO + H,0 + 6.4C,H3CHO + 1.5CoHy

+ 8CH3CHNH + 8CH,CHCHNH + 14.6Cy

RS RDX(;) < RDX(y) Gas kinetic theory -
R6 CH,0 + NO; — CO + NO + H,0 802 x 7277 13,730
R7 CH3CHO 4+ M = CH3 + HCO + M 7 x 1013 81,770
RS CoH3CHO + M = CyH3 + HCO + M 1016 97,600
R9 CH3CHNH + M = CH; + H,CN + M 1016 63,700
R10 CH,CHCHNH + M = CoH3 + H,CN + M 1016 66,900
R11 BTTN(;) — 2.2NO + 2.2CO + L.1H + 0.60; + 0.6CO;, 0.1 x 10Y7 40,000
+ 0.4CHy + 1.0H,0 + 0.1C,Hj + 0.2HCN + 0.1N,
+ 0.4CH50 + 0.4NO,
RI2 BTTN(j) ¢ BTTN(y) 1.2352 % 1015 /p 21,517

4 A, preexponential factor.
b E. activation energy.
¢ Units are in mol, cm, s, K, and cal.

at low pressure, along with some CO and NO. The
concentrations of NO, and NO were reported [31]
to increase with the increasing number of —ONO»,,
while that of CH,O increases with the number of —
CH,O- groups in the parent nitrate ester. Owing to
the secondary reactions involving CH,O and NO,,
which produce NO, CO, and H,O [31], the concen-
trations of CH,O and NO, were observed to decrease
with increasing pyrolysis temperature and pressure.
This is attributed to the fact that at higher temper-
atures and pressures, the reactions by which CH,O
and NO; are formed from nitrate esters are overshad-
owed by reactions leading to NO and CO [31]. The
condensed-phase global decomposition reaction for
BTTN used in the model, given by reaction (R11)
in Table 2, is based on the experimental data of Parr
and Hanson-Parr [28] and Roos and Brill [31]. NO
and CO are the major products in this reaction. Since
H,O was measured as a major product in Ref. [28]
and Hy and O as major products in Ref. [31], the
model uses a mixture of these species [27,47]. The
activation energy of 40 kcal/mol is based on the
nitrate ester literature [36,37]. The evaporation of
BTTN(; is modeled with reaction (R12) in Table 2
[27,47].

Based on the chemical mechanisms given by
(R1)—(R12), the species production terms for the sub-
surface reactions in Egs. (5) and (6) are listed in
Table 3. The forward and backward reactions in (R5)
and (R12) denote the evaporation and condensation
processes of RDX and BTTN between the liquid and
the vapor phases, respectively. The production terms

in Table 3 are given by

wr1 =1 —¢f)pcYe 1k1, (12)
Wro = (1 —¢r)pcYe 1k, (13)
w3z =(1—¢r)ocYe 3k3, (14)
Wre = (1 =@ r)pcYc aka, (15)
g5 = Ag (ks f — ksp)
=Ass5nCRDx<% —Xg,5>, (16)
wR12 = As(k12y — k12p)
_ P,
ZASSUnCBTTN<% —Xg,12>, an
where
H,
s=1 and pv,equoexp(—R T)’ (18)
u
. ngg,é ngg,9
= ke 220 ) (2282 ), 19
WRe =@ f 6( We )( Wo (19)
wril =0 —¢f)pcYe 11k11- (20)

5. Gas-phase region

The species in the gas phase include vapor RDX
and BTTN, products of RDX, GAP, and BTTN de-
composition and their subsequent reactions, and un-
reacted GAP aerosol. Since condensed and gaseous
species both exist in this region, a two-phase treat-
ment similar to that described in the preceding section
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Table 3
Description of species formation in foam layer
I Species We; OF Wg;
1 RDX —(WR1 + Wgr2 + WRs)
2 GAP56([) —WR3
3 GAP56>&) Wr3W3/ Wy — gy
4 C(S) 14.6WwRpqa Wy /W3
5 RDX ) RS
6 CH,O We(Buwpgy/ W1 + 17.8wga/ W3 — wgre + 0.4wr11/ Wae)
7 N>O W7(Bwgr1/ W)
8 HCN WgGiiga/ Wi +25.60ga/ W3 +0.20g1 1/ Wag)
9 NO, Wo(1.5wR2/ Wi — wge +0.4wg11/Wae)
10 NO Wio(1.5wgo/ W1 + @re + 2.2wR11/ Wae)
11 H,0 Wii(L5wgy/ Wi +wRra/ W3 +wpe + 1.0wg11/ Wae)
12 Nj W12 (56wR3/ Wp + 0.1 g11/ Wae)
13 co Wi3(15.8WRa/ W3 + wRre +2.2WR11/ Wae)
14 NH3 Wia(14.4wgg/ W3)
15 CyHy Wis(1.5wga/W3)
16 CH3CHO Wic(16wge/ W3) — WR7
17 C,H;CHO W17(6.4pa/ W3) — R
18 CH3CHNH Wig(8wra/W3) — wrg
19 CH,CHCHNH Wio(8ga/W3) — WR10
20 BTTN(y) R
21 Hy War(1.1ig11/ Wae)
22 &) W22(0.6wR11/Wae)
23 CO, W23(0.6WR11/ Wae)
24 CHy W24(0.4wg11/Wae)
25 CoHy W5(0.1wR11/ Wae)
26 BTTN(I) —WR1] — WRI2

is employed to formulate the problem. The flow cross-
section area, however, varies due to the flame expan-
sion effects. Ignoring body force, viscous dissipation,
and radiation emission/absorption effects, the isobaric
conservation equations for both the condensed and the
gas phases can be written as follows:

mass

o[l — dg)Apc + ¢gApgl
at

d
+ E[(l - ¢g)APcuc + ¢gAPgug] =0, 21

condensed species concentration

A — Pg)ApcYe;]

ot
ad .
+ a[(l - ¢g)APcMcYc,-] = Auy;
(i=1,2,...,Ne), (22)

gaseous species concentration

8%, 0¥y, | Dby ApgVe Ye)
Bepy = e Apgug T T TR

= Atbg, — Vg, Atbe—g  (i=1,2,...,Ng), (23)

energy

AT,  3(pA) 0T,
A8 _ A—8
PePiTy; ar TPy

N,

3 Ty £ 3T
= a(kf‘ﬁ> B Z]Pngf Veipy e
]:

Ny N,
—AY ngihg — A Y e;he;
— —

N, N
+AD g Yejtbeg =AY e Yejiey.
j=1 j=1

(24)
where the subscripts ¢ and g denote the condensed
and gas phases, respectively. The thermophysical and
flow properties are mass-averaged as follows:

pcp = (1 —gg)pcce + Pgpgcg, (25)
pucp = (1 —dg)pcucce + pgpgugcg, (26)
hg =[(1 = pg)pcttche + dgpgutghs]

[1( = @g)peutc + dgpgug]. 27)

The enthalpy of gaseous or condensed species i in
Eq. (24) is defined as

T
h; = / Cp; dT—i—h}t_. (28)
Tret
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The mass diffusion velocity V; consists of contribu-

tions from both concentration and temperature gradi-

ents,

1 0X; Dt 10T

Vi=-Di—- Dj—— —.
X i T ox

- 29
Xi ax ( )

Finally, the equation of state for a multicomponent
system is used to close the formulation

Né’
Y.
P=pgRuTg ) i (30)
i=1 8

The chemical reactions can be written in the following
general form:

Ng
D_viMi

i=1

j=1,2,...,Ng,

X Ng

fi "
<k:> E vl-jMi,
bj

i=1

(3D
where v/ ; and vl’; are the stoichiometric coefficients
for the ith species appearing as a reactant in the jth
forward and backward reactions, respectively, and M;
is the chemical symbol for the ith species. The reac-
tion rate cgnstant k; .(either kyj or kpj) is given by
the Arrhenius expression

kj=A;TBi exp(—E;/R,T). (32)
The rate of change of molar concentration of species
i by reaction j is

> / VA
Cij = (Vij - Vij)

Ne o Ne o

x (kfj]_[ci‘-/ —kbj]_[ci’-’). 33)
i=1 i=1

The total mass production rate of gaseous species i in

Eq. (23) is then obtained by summing up the changes
due to all gas-phase and condensed-phase reactions,

Ng
thg, = g We; ¥ Cij + the—g g, (34)
j=1

where c—g g, represents the mass conversion rate
from liquid to gas of gaseous species i.

The gas-phase chemical kinetics scheme is com-
posed of five submodels:

(1) the RDX combustion mechanism [7],

(2) the additional reactions, recently proposed by
Chakraboty and Lin [38], involving the con-
sumption of HyCNNO,, H,CNNO, H,;CNO,
H,CNOH, and H,CN,

(3) the initial decomposition reactions of GAP in-
cluding, among others, aldehydes and imines,

(4) the initial decomposition reactions of BTTN [28,
31,47], and

(5) the hydrocarbon combustion mechanism [39]
containing 49 species and 279 reactions.

The species mass production rates generated by
condensed-phase reactions in Egs. (22) and (23) are
described by reactions (R3) and (R4) of condensed
GAP and its intermediate products. Overall, the gas-
phase kinetics involves 72 species and 429 reactions
to allow for detailed investigation of the heat-release
mechanisms.

6. Boundary conditions

The processes in the gas-phase region and subsur-
face foam layer must be matched at the propellant sur-
face (x = 0) to provide the boundary conditions for
each region. This procedure requires balances of mass
and energy, and eventually determines propellant sur-
face conditions and burning rate. By neglecting mass
diffusion in the condensed phase, the conservation
laws at the propellant surface can be written as fol-
lows:

mass

[ =@ p)petc + b ppgug]y
= [(1 - ¢g)locuc + ¢gpg”g]()+» (35)

species

(1 =@ p)peuucYe; +ppgugYy |y
= [(1 —¢g)pcucYe; +dgpgug + Vgi)Ygi]O‘*"

(36)
energy

dT
[)»f Ef + (1 —¢f)pcuc YRDX, MRDX,

+ - ¢f)pcucYBTTNChBTTNHg]
o

:[ gﬂ} , (37)
dX 0+

The temperature is identical on both sides of the inter-
face, but the void fraction and species mass fractions
are different.

Since the propellant surface is defined as the inter-
face where rapid phase transition occurs, the evapora-
tion law of RDX and BTTN is assumed to prevail at
the interface [4], giving

[(1 = )peucYRDX, |-

- Dv,
= |:SUnCRDXg (ﬂ - XRDXg>] ; (3%)
p 0+
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Fig. 4. Vapor pressure of pure RDX.
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Most of the existing data regarding the RDX vapor
pressure, as shown in Fig. 4, is based on the sub-
limation of RDX [41,42]. The correlation proposed
by Li et al. [40] was employed in our previous work
on RDX combustion. The BTTN vapor pressure is
7466 Pa at 397 K [26] and the temperature depen-
dence is taken from Puduppakkam and co-workers
[27.47].

It has been shown that pcuc = pgug is a good
assumption for modeling the two-phase process in
nitramine propellant combustion [4]. Equation (35)
thus becomes trivial and Eq. (36) can be written as
follows:

(1= Ye +dsYe]o-
V.
= [(1 — o) Ye; +¢g(1 + i)Yg,.] . (40)
Ug o+

A summation of the above equations for all the con-
densed species, BTTN(I), GAP(I), GAP’(“Z), and C(S),
gives

[ = ¢ = YrDx)]g- = [(1 = Pe)]o+ (41

Equations (37)—(41) are sufficient to solve the set of
unknowns (u, T, Y;, ¢) at the propellant surface and
provide the interfacial boundary conditions for the
foam layer and gas phase.

The boundary conditions at the melting front be-
tween the solid phase and the foam layer are

Te=Tf=Tner and ¢r=0 atx =xpey, 42)

dT,
}”CE + Pcutc YRDXARDX, |

Fmelt

d7y

melt

The far-field conditions for the gas phase require the
gradients of flow properties to be zero
ap_au_aYi_aT_O
ax  dx  dx  dx
The condition at the cold boundary for the condensed
phase (x = —o0) is

at x = o0. 44)

Tc=T1; asx— —oo, (45)

where 7; is the preconditioned temperature of the pro-
pellant. The initial mass fractions of RDX, BTTN,
and GAP are provided as input parameters.

7. Numerical method

The theoretical formulation established in the cur-
rent work requires a robust computational scheme
to handle the numerical stiffness caused by chem-
ical reactions and transport processes. All the con-
servation equations and associated boundary condi-
tions are coupled and solved by a double-iteration
procedure which treats the propellant surface tem-
perature Ty and burning rate r, as eigenvalues. The
procedure continues with 7y adjusted within the inner
loop while rp, is corrected in the outer iteration. The
conservation equations for the subsurface region are
solved first, and the resulting species concentrations
at the surface are used as the boundary conditions for
the gas-phase region through the interfacial matching
conditions. The next step involves integration of the
gas-phase conservation equations to provide the tem-
perature and species-concentration profiles. The non-
equilibrium evaporation equations ((38) and (39)) are
then employed to check the convergence of 7. If this
is not successful, another inner iteration is performed
using an updated value of 7. The outer iteration fol-
lows the same procedure as the inner loop, except that
rp is used as the eigenvalue to check the interfacial
energy continuity, Eq. (37). Since only the burning
rate and surface temperature, and not the interfacial
species composition, are involved in the iterative pro-
cedure, the present algorithm performs quite well and
significantly reduces the computational burden.

The conservation equations ((4)—(7)) for the sub-
surface region are fully coupled. They are, however,
solved by an uncoupled-iteration method. A tempera-
ture profile is first estimated by solving an inert en-
ergy equation, and then the conservation equations
of mass and species concentrations are integrated us-
ing a fourth-order Runge—Kutta method. Equation (7)
is subsequently solved with the newly obtained void
fraction and species concentrations to obtain another
temperature profile. Since the equations are solved
separately, iteration is required to ensure a converged
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solution that satisfies all the conservation laws and
boundary conditions.

The governing equations ((21)—(24)) for the gas
phase are solved iteratively by a method similar to
the subsurface-region solver. Equation (22) is first
solved using a fourth-order Runge—Kutta method to
get the void fraction and mass fractions of condensed
species. Equations (21)—(24) are then solved using the
CHEMKIN-PREMIX [43] package with some mod-
ifications since the governing equations have been
changed to account for a two-phase system.

8. Discussion of results

The combustion characteristics of RDX monopro-
pellant are first studied as a limiting case to validate
the model. Good agreement of the burning rate with
the experimental measurements by Zenin [44] and At-
wood et al. [45] is obtained over a pressure range of
1-100 atm. The calculated pressure exponent n for
pure RDX in the burning-rate law,

rp =ap”, (46)

is 0.862, with the units of pressure in atm. The preex-
ponential factor a is 0.038 cm/s for 7; =293 K.
After validation, the analysis is applied to investi-
gate the combustion of RDX/GAP/BTTN (mass ra-
tio 71/9/20) pseudo-propellant over a broad range
of pressures and preconditioned temperatures. Fig. 5
shows the pressure dependence of the burning rate
with an initial temperature of 293 K. The experimen-
tal data obtained by Parr and Hanson-Parr [46] for
T; =298 and 373 K are also included for compari-
son. The calculated pressure exponent n and preex-
ponential factor a are 0.813 and 0.0318 cm/s, re-
spectively, matching closely the measured values of
0.79 and 0.0291 cm/s at T; = 298 K. Fig. 6 shows
a comparison of the calculated burning rates of pure
RDX [4], GAP [18], BTTN [27], RDX/GAP (mass
ratio 80/20) [19], and RDX/GAP/BTTN (mass ra-
tio 71/9/20) propellants. The preconditioned propel-
lant temperature is 293 K. It is worth noting that the
measured burning rate for pure BTTN [26] shows an
abrupt increase around 30 atm above which unstable
combustion occurs due to hydrodynamic instability,
as explained on the basis of the Levich criterion [27,
49]. The RDX/GAP/BTTN burning rate is lower than
its counterparts for pure RDX, BTTN, and GAP, but
higher than that of the RDX/GAP pseudo-propellant.
The low burning rate of RDX/GAP may be attributed
to the rapid decomposition of GAP near the propellant
surface. The resultant gaseous nitrogen tends to push
the flame away from the surface and dilutes the con-
centration of reactive species, thereby retarding the
heat feedback from the gas phase [19,20]. Similarly,
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Fig. 5. Pressure dependence of burning rate of RDX/
GAP/BTTN propellant (mass ratio 71/9/20); self-sustained
combustion.
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Fig. 6. Burning rates of RDX, GAP, BTTN, RDX/GAP, and
RDX/GAP/BTTN propellants; self-sustained combustion at
room temperature.

the inclusion of 9% GAP in the RDX/GAP/BTTN
pseudo-propellant lowers the burning rate as com-
pared to pure RDX. The addition of BTTN helps
balance the fuel-rich nature of RDX/GAP (mass ra-
tio 80/20) stoichiometrically, and thus promotes the
burning.

Fig. 7 shows the calculated and measured [46]
temperature sensitivity of the burning rate, defined be-
low, at various pressures:

d(Inrp)
Op =

. (47)
p
The calculations are based on the initial temperature
range of 293 & 50 K, and indicate a decrease of op
from 2.5 to 1.1 x 10~ with increasing pressure from
1 to 100 atm. At elevated pressures, the enhanced heat
transfer from the gas phase to the propellant surface
due to increased energy release and reduced flame
standoff distance overrides the influence of precondi-
tioned temperature in determining the energy balance
at the surface, and consequently decreases the tem-
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Fig. 7. Temperature sensitivity of burning rate of RDX/
GAP/BTTN propellant (mass ratio 71/9/20); self-sustained
combustion.

perature sensitivity of the burning rate [4,20]. The
experimental data [46], however, do not show any par-
ticular trend. This may be attributed to the difficulties
in measuring temperature sensitivity. The relatively
low sensitivity of pure RDX, within the data scatter,
also contributes to the measured behavior.

Fig. 8 compares the adiabatic flame temperatures
and final species concentrations of RDX/GAP/BTTN
(mass ratio 71/9/20) pseudo-propellant as predicted
by the present analysis and the Chemical Equilibrium
Calculations (CEC) code [25] over a pressure range of
1 to 100 atm. The preconditioned propellant tempera-
ture is 293 K. The symbols represent the present work
and the solid lines the predictions by CEC. The flame
temperature increases with increasing pressure. The
discrepancy between the CEC and the current analy-
sis is practically zero for 1 atm, and increases slightly
to 57 K for 100 atm. The predicted flame temperature
of 2933 K at 1 atm is greater than the measured value
of 2850 K [23], mainly due to the heat loss to the
ambient gases in the experiment. Compared with the
flame temperature (i.e., 2670 K at 1 atm and 2880 K at
100 atm) of RDX/GAP (mass ratio 80/20), the higher
flame temperature (i.e., 2933 K at 1 atm and 3256 K at
100 atm) of the present RDX/GAP/BTTN propellant
confirms its stoichiometrically more balanced nature.
The predicted N, mole fraction is almost identical to
the CEC calculation. The present analysis, however,
slightly overpredicts the CO, and HyO concentra-
tions and underpredicts the CO and H, concentrations
in comparison with the CEC calculations. The max-
imum deviations in mole fractions of major species
are less than 10%. A similar trend was obtained by
Puduppakkam and Beckstead [47].

Fig. 9 shows the surface temperature of the
RDX/GAP/BTTN (mass ratio 71/9/20) pseudo-propel-
lant. Only one measurement of 605 K at 0.92 atm, by
Parr and Hanson-Parr [23], is available. The solid and
dashed lines represent the current predictions based
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Fig. 8. Adiabatic flame temperature and final species con-
centrations of RDX/GAP/BTTN propellant (mass ratio
71/9/20) at T; = 293 K. Symbols represent present analysis
and lines represent the chemical equilibrium calculations.
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Fig. 9. Surface temperature of RDX/GAP/BTTN (mass ra-
tio 71/9/20) propellant; self-sustained combustion burning
at 7; =293 K.

on the RDX vapor pressure obtained by Li et al. [40]
and Edwards [42], respectively. The surface tempera-
ture depends significantly on the RDX vapor pressure,
due to the prevalence of RDX evaporation in deter-
mining the propellant surface condition. In contrast,
the calculated burning rate is not greatly affected by
the RDX vapor pressure, since the burning rate is dic-
tated mainly by the heat feedback from the gas phase,
and not just by the thermodynamic phase change of
RDX.

Fig. 10 shows the calculated temperature pro-
file in the gas phase. The result is compared with
the measured data along the centerline, at 0.92 atm,
which reveals the existence of a dark-zone tempera-
ture plateau with a length of 1.5 mm and a tempera-
ture around 1200 K. Unlike the experimental obser-
vation, the present analysis yields a monotonic in-
crease in temperature. The predicted flame standoff
distance of 1 mm is slightly shorter than the mea-
sured value of 2 mm, which may possibly be due to
the ambiguity inherent in defining the propellant sur-
face during experiments. Parr and Hanson-Parr [23]
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reported that combustion at 0.92 atm was not entirely
stable and a laser flux was used to ignite the sam-
ple, which subsequently was turned off. Figs. 11-14
show the calculated and measured species concentra-
tion profiles in the gas phase. Reasonable agreement
is obtained except in the near-surface region, where

0.04
E CN x 100 ( Exp.at 0.92 atm )**
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Fig. 13. Calculated and measured species profiles of
OH, CN, and NH; self-sustained combustion of RDX/
GAP/BTTN (mass ratio 71/9/20) at 0.92 atm and 7; =
298 K.
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Fig. 14. Calculated and measured species profiles of NO and

NO,; self-sustained combustion of RDX/GAP/BTTN (mass
ratio 71/9/20) at room temperature.

the model predicts lower concentrations of CO and
N> and higher concentrations of HCN, H»>O, and NO
as compared to the experimental values. Since NO,
CO, and HCN are the primary species dictating the
dark-zone kinetics, due to the high activation energies
of their reactions, such a discrepancy in the concen-
tration profiles is partly responsible for the lack of a
temperature plateau in the calculated temperature pro-
file. The difference in the pressure (0.92 atm in the ex-
periments vs 1 atm in the simulation) also contributes
to the disagreement in the temperature distribution. It
should be noted that uncertainties exist in modeling
propellant (especially BTTN) decomposition near the
surface. A more detailed understanding of the chem-
ical kinetics, in particular the initial decomposition
pathways in the condensed phase and subsequent re-
actions among the products, is required to improve the
model predictability. The situation becomes more im-
portant for low-pressure cases, in which near-surface
exothermic reactions play a more dominant role in de-
termining propellant surface conditions than the heat
feedback from the gas-phase flame.
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Fig. 15 shows the species-concentration and tem-
perature profiles in the subsurface region. The thick-
ness of this multiphase foam layer is about 150 pm.
An appreciable amount of RDX evaporates to form
gas bubbles in this region. The GAP compound, how-
ever, does not decompose in the foam layer because
of the relatively low temperature of about 560 K. On
the other hand, BTTN evaporates completely in this
layer. The void fraction increases to about 0.4 near
the surface, beyond which rapid gasification of RDX
takes place.

Figs. 16 and 17 show the calculated species con-
centrations and temperature profiles above the propel-
lant surface, where GAPR stands for GAP56*. The
close-up view shown in Fig. 16 indicates that most
of the RDX and BTTN vapor and GAP aerosol de-
compose within 100 um from the surface. According
to the decomposition pathways described by reac-
tions (R1), (R2), (R4), and (R11), high concentrations
of CH,O, HCN, NO, and N;O are present near the
surface. The calculated HCN and NO concentrations
attain a peak around x = 0.2 mm, where a narrow
dark-zone temperature plateau is seen. The rapid con-
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Fig. 17. Calculated species-concentration profiles in the
gas-phase region; self-sustained combustion of RDX/
GAP/BTTN propellant (mass ratio 71/9/20) at 1 atm and
T; =293 K.

version of HCN and NO to N, and CO is due to the
prevalence of the following reactions:

2HCN 4 2NO — 2CO + 2N; + H», (R13)
N>O + Hy — Ny + HO, (R14)
CyNj + 2NO — 2CO + 2N». (R15)

These reactions are highly exothermic and usually
take place at higher temperatures, due to their large
activation energies. Thus, CO and N, are the dom-
inant species in the final flame zone. A significant
amount of H>O is present throughout the entire gas
phase.

9. Concluding remarks

A comprehensive theoretical model and a numer-
ical analysis have been developed to study the key
physiochemical processes involved in the combustion
of RDX/GAP/BTTN pseudo-propellant under steady-
state conditions. The formulation is based on the con-
servation equations of mass, energy, and species for
both the condensed and the gas phases, and takes into
account finite-rate chemical kinetics, thermodynamic
phase transition, and variable thermophysical prop-
erties. Results were benchmarked against measured
burning rate over a pressure range of 1-100 atm, and
detailed species and temperature profiles at 0.92 atm.
Good agreement was obtained for the pressure sen-
sitivity of the burning rate. The analysis, however,
underpredicts CO and N; concentrations and over-
predicts HCN, H>O, and NO concentrations immedi-
ately above the propellant surface, mainly due to the
uncertainties in modeling the initial decomposition
pathways and the associated rate constants of pro-
pellant ingredients, especially for BTTN. As a con-
sequence, the analysis does not reveal a distinct dark-
zone temperature plateau which is observed experi-
mentally. Nonetheless, the present analysis provides
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a general framework for studying the detailed com-
bustion wave structure and burning characteristics of
RDX/GAP/BTTN pseudo-propellants under various
operating conditions.

It is evident that more experimental data, such as
the temperature sensitivity of burning rate and dis-
tributions of temperature and species concentrations,
are required for further model validation over a broad
range of pressures and preconditioned temperatures.
The condensed-phase mechanisms and near-surface
kinetics of GAP and BTTN must be explored in
more detail to achieve a comprehensive understand-
ing of RDX/GAP/BTTN pseudo-propellant combus-
tion. The lack of reliable thermophysical properties
and neglect of the flame expansion effect also limit
the model accuracy.
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