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Abstract

A comprehensive review on the formation of dark-zone temperature plateaus in solid-propellant flames has been
conducted. Various key physiochemical processes involved in the formation of a dark zone were investigated for a
broad range of propellants, including nitramine, ammonium dinitramide, and double-base propellants. The effects
of propellant formulation, surface condition, burning rate, and preconditioned temperature, as well as ambient
pressure and external stimuli, were investigated systematically. Dominant chemical pathways responsible for the
formation of a dark zone were identified. Major species in the dark zone were tabulated for all the solid propel-
lants of concern. Apart from NO, important species in a dark zone are CO for double-base, HCN for nitramine,
and N2O for ADN propellants. These chemical species typically undergo reactions with high activation energies
and their chemical-induction and flow-residence times are instrumental in explaining the existence of a dark-zone
temperature plateau. The transport velocity must be sufficiently high to allow for chemical species to travel farther
from the propellant surface before they overcome the activation energies to react, thereby giving rise to a temper-
ature plateau. Conversely, if the transport velocity is low, then reactions take place much closer to the propellant
surface, producing a very short or even no dark zone. The flame stand-off distance decreases as the pressure in-
creases because of the increase in the reactant concentrations and gas densities, which in turn increase the rate of
reactions and reduce the transport velocity.
 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The “dark zone” in a solid-propellant flame is a
nonluminous region which separates the primary re-
action zone near the propellant surface from the lu-
minous secondary flame zone. The existence of a
dark zone is one of the distinctive visible charac-
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teristics observed in the combustion of many ho-
mogeneous solid propellants at low and moderate
pressures. These include double-base (DB), nitramine
(cyclotrimethylenetrinitramine, RDX, and cyclotet-
ramethylenetetranitramine, HMX), and ammonium
dinitride (ADN) propellants. Major species observed
in the dark zone of DB propellant combustion are
NO, CO, CO2, N2, H2, and H2O [1–3]. In addi-
tion, HCN is important in the dark zone of nitramine
propellants [3–5] and N2O in that of ADN propel-
Published by Elsevier Inc. All rights reserved.
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Fig. 1. Combustion of (a) DB propellant at 10 atm, (b) DB propellant at 20 atm, (c) DB propellant at 30 atm, (d) RDX composite
propellant at 20 atm [2], and (e) XM39 propellant at 1 atm air [76].
lant [6–10]. In most cases, the dark zone exists in
the range of 1–50 atm for DB and nitramine pro-
pellants and up to 40 atm for ADN. The latter has
a lower temperature range of 850–1250 K, as com-
pared to 1200–1600 K for DB and nitramine propel-
lants. Fig. 1 shows photographs of flames exhibiting
dark zones in the combustion of DB and RDX pro-
pellants. It is interesting to note that a dark zone
may be present in the combustion of ammonium
perchlorate (AP)/hydroxy-terminated polybutadiene
(HTPB) propellant under subatmospheric pressures
(∼10−2 atm) [11].

To facilitate discussion, we first consider the com-
bustion wave structure of RDX monopropellant un-
der external laser heat flux, as shown schematically
in Fig. 2. The condensed phase consists of a pre-
heated zone and a multiphase layer underneath the
propellant surface. The gas phase can conveniently be
segmented into three regions: the primary flame, the
dark zone, and the luminous secondary flame. During
burning, the propellant remains thermally stable in the
preheated zone until the temperature becomes high
enough for melting and thermal decomposition in the
subsurface multiphase layer. The decomposed species
are ejected and transported away from the propellant
surface via both diffusion and convection. Subsequent
reactions occur among the decomposed products, and
give rise to intermediate species such as HCN, NO,
CO, and N2O in the primary zone. The activation en-
ergies required for the reactions of these intermediate
species are usually high, so that a finite reaction time
is required and the species may travel a certain dis-
tance prior to the occurrence of exothermic reactions
in the secondary flame. The temperature during the
period of residence time usually ranges between 1200
and 1600 K, and the variations in the temperature and
species concentrations are moderate. No significant
visible emission is observed in this zone and thus it
is referred to as the dark zone.

Even though it is commonly believed that a tem-
perature plateau exists in the dark zone as shown
in Fig. 2, the existence of such a plateau in the
combustion of RDX monopropellant remains uncer-
tain. Measurements of the temperature and species-
concentration profiles by Parr and Hanson-Parr for
RDX combustion [12,13], using nonintrusive planar
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Fig. 2. Combustion-wave structure in laser-assisted combustion of RDX monopropellant.
laser-induced fluorescence (PLIF), UV/vis absorp-
tion, and thermocouple techniques, indicated that a
temperature plateau exists in the case of laser-assisted
deflagration (LAD) at 1 atm, but not in the case of
self-sustained deflagration (SSD) at the same pres-
sure. Lee et al. [14], in their temperature and species-
concentration profile measurements using thermo-
couples and a triple-quadruple mass spectrometry
(TQMS) technique, did not observe any temperature
plateau between 1200 and 1600 K in either LAD or
SSD of RDX. The temperature increased monoton-
ically from the surface to its final value except for
a short plateau around 600 to 700 K immediately
above the propellant surface. They did, however, vi-
sually observe a dark zone in the LAD case [15]. Liau
et al. conducted a comprehensive theoretical analy-
sis of RDX monopropellant combustion [16,17]. The
formulation accounts for detailed chemical kinetics
and transport phenomena in the gas phase, and ther-
mal decomposition and subsequent reactions in the
condensed phase. The model predicted the existence
of a temperature plateau for LAD [17], but not for
SSD [16]. The temperature plateau was also predicted
by other theoretical models for RDX combustion un-
der external laser heating [18,19]. Results of these
studies underline the fact that it may not always be
precise to equate the dark zone to the temperature
plateau. In this paper, the temperature plateau associ-
ated with the dark zone is referred to as the dark-zone
temperature plateau.

The present work explains the mechanisms un-
derlying dark-zone formation, and provides a com-
prehensive review of research efforts to date on the
investigation of the dark zone and the associated tem-
perature plateau. Dominant chemical pathways and
physical processes responsible for the formation of
a dark zone are identified for nitramine monopropel-
lants, DB, and ADN propellants. Emphasis is placed
on the effects of propellant formulation, surface con-
dition, burning rate, and preconditioned temperature,
as well as ambient pressure and external stimuli. De-
tailed descriptions of the key physiochemical mecha-
nisms involved in dark-zone formation and its sensi-
tivity to chemical and physical parameters for various
solid propellants are discussed.

2. Mechanisms of dark-zone formation and
ignition delay

The physiochemical processes in a dark zone can
be globally characterized by two characteristic time
scales accounting for the transport and chemical phe-
nomena, respectively. The former, also referred to as
the flow residence time τr, represents the time elapsed
for a fluid element to travel through the dark zone, and
is defined as

(1)τr = Ld

Vd
,

where Ld is the dark-zone thickness and Vd is the lo-
cal gas velocity. The mass continuity in the gas phase
takes the form

(2)Vd = rbρp

ρg
,

where ρp is the propellant density, ρg the gas density,
and rb the burning rate of the propellant. Substitution
of Eq. (2) into Eq. (1) for Vd and application of the
equation of state result in the following equation for
the flow residence time,

(3)τr = LdpM

RuTdρprb
,
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where Td is the dark-zone temperature, M the mean
gas molecular weight, Ru the universal gas constant,
and p the pressure.

The chemical induction time τc, also known as the
ignition delay time τd, is defined as the time inter-
val between the generation of such major intermediate
species as HCN, NO, CO, and N2O at the end of the
primary flame and their depletion at the beginning of
the secondary flame. The reactions associated with
these species usually have high activation energies,
on the order of ∼45 kcal/mol. The species therefore
need a finite period of residence time equal to the
ignition delay time to complete the reactions at ap-
propriate temperatures and pressures. The condition
for the existence of a dark-zone temperature plateau
and its overall properties can be determined by equat-
ing the two time scales: τr and τc. The chemical and
transport characteristics of the intermediate species
thus play a vital role in dictating the formation of a
dark zone.

The dark-zone thickness is directly related to the
ignition delay time and local gas velocity, as shown
in Eq. (1). High burning rate and low gas density
increase the gas velocity and cause the temperature
plateau to be stretched, since the intermediate species
can travel farther with the same ignition delay time τd.
For most solid propellants, the pressure sensitivity of
the burning rate can be expressed by the following
Saint-Roberts law:

(4)rb = a0pn.
Substitution into Eq. (2) leads to

(5)Vd ∼ rb

p
∼ pn−1.

The chemical induction time or the ignition delay
time depends on the ambient pressure in the following
form:

(6)τc ∼ p−r .

Since τr = τc to allow for the existence of a dark
zone, the combination of Eqs. (5) and (6) with Eq. (1)
results in the following relationship between the dark-
zone thickness and pressure,

(7)Ld = apd,

where the dark-zone pressure exponent d has a neg-
ative value, consistent with the observation that the
length of a dark-zone decreases with increasing pres-
sure. Equation (7) is identical to the expression
originally proposed by Kubota and co-workers [20–
25], based on the burning rate and flame-standoff
distance (including the length of the primary flame
zone) measured using high-speed microphotographs.
The average global reaction rate in the dark zone is
given by

(8)ω̇g = ρprb

Ld
∼ pk,

where the reaction order k is equal to n − d . Table 1
lists the pressure exponents, d and k, for a variety of
DB and nitramine propellants. Experimental investi-
gation of RDX and HMX combustion by Parr and
Table 1
Dark-zone pressure exponents and overall reaction orders for various solid propellants

Propellants d k Ref.

NC/NG/HMX/DEP—catalyzed by lead stearate (PbSt) −1.8 (noncatalyzed) 2.6 [20]
−2.0 super-rate region
−2.6 plateau region

RDX/PU = 80/20 −2.0 2.55 [22]
= 75/25 −2.3 2.81
= 85/15 −2.0 2.6

HMX/PU = 80/20 −1.9 2.54

HMX (uncatalyzed)—catalyzed by PbSt + C −2.0 2.54 [23]
−2.2 2.62

NC/NG/GAP = 50/40/10 −1.77 2.56 [25]
NC/NG/DEP = 50/40/10 −1.68 2.37

GAP/HMX = 20/80—catalyzed by lead citrate + C ∼−1.8 (uncatalyzed) [21]
∼−1.8 (fitting not good)

NC/NG/DEP = 25/65/10 −2.23 2.91 [24]
NC/NG/DEP + 16.7%HMX −1.60 2.35
NC/NG/DEP + 28.6%HMX −1.64 2.40
NC/NG/DEP + 44.4%HMX −2.16 2.94
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Hanson-Parr [26] at pressures less than 0.5 MPa sug-
gests an equation similar to Eq. (7),

(9)Ld = a1p−1.02.

The modeling results of DB propellant combustion by
Roh et al. [27] and Bizot and Beckstead [28] also sup-
ports the same functional relationship between logLd
and logp. Fig. 3 shows the linear dependence of the

Fig. 3. Flame-standoff distance as function of pressure for
various propellants (see Table 2).
flame-standoff distance on pressure in log–log coordi-
nates (various propellants are summarized in Table 2).
It is worth noting that the pressure exponents summa-
rized in Table 1 are valid only in the pressure range
of the measurements. In the limit of very low pres-
sure, Eq. (7) does not hold since Ld → ∞ as p → 0.
Self-sustained propellant combustion in general does
not exist under this condition. Table 3 lists the first
dark-zone properties of ADN propellant combustion
with a preconditioned temperature of Ti = 20 ◦C [6].
The pressure exponent of the dark-zone thickness d in
Eq. (7) is around −0.6. The flame structure of ADN
monopropellant will be detailed later.

Fifer et al. [29] and Ilincic et al. [30] conducted
modeling studies using simplified skeletal and re-
duced chemical-kinetics mechanisms with prespeci-

Table 3
First dark-zone properties of ADN combustion at Ti = 20 ◦C
(Zenin et al. [6])

P , atm 5 10 20 30 40
Ld, mm 5 4 2.5 2.0 1.5
Td, ◦C 700 800 950 1050 1200
ṁa, g/cm2 s 2.40 2.88 3.36 4.00 4.64

a ṁ, burning rate.
Table 2

Code Ingredient and composition Remark Ref.

DB-N HMX—23%, NC—43%, NG—19%, DEPa—8%, SOb—7% Noncatalyzed [20]
DB-C HMX—23%, NC—43%, NG—19%, DEPa—8%, SOb—7% Catalyzedc [20]
R-1 RDX—75%, PUd—20% dL/dS = 7/3e [22]
R-2 RDX—80%, PUd—25% dL/dS = 7/3e [22]
R-3 RDX—85%, PUd—15% dL/dS = 7/3e [22]
H-1 HMX—80%, PUd—20% dL/dS = 7/3e [22]
H-2 HMXf—80%, HTPEg—20% Noncatalyzed [23]
H-3 HMXf—80%, HTPEg—20% Catalyzedh [23]
H-0 HMX—0%, NC—25%, NG—65%, DEPa—10% dHMX = 20 µm [24]
H-17 HMX—16.7%, NC—20.8%, NG—54.2%, DEPa—8.3% dHMX = 20 µm [24]
H-29 HMX—28.6%, NC—17.9%, NG—46.4%, DEPa—7.1% dHMX = 20 µm [24]
H-44 HMX—44.4%, NC—13.9%, NG—36.1%, DEPa—5.6% dHMX = 20 µm [24]
R-L RDX—100% Laser-assistedi [26]
R-S RDX—100% No laser [26]
H-L HMX—100% Laser assistedi [26]
H-S HMX—100% No laser [26]
JA-2 NC—58%, NG—16%, DEGDNj—25%, others—1% N2 environment [50]
M9 NC—58%, NG—40%, KNO3—1.6%, others—0.4% N2 environment [50]

a DEP: diethylphtalate.
b SO: sucrose octacetate.
c 3.2% lead stearate (PbSt: ∼3 µm diameter).
d PU: polyurethane.
e dL: large RDX particle size (120 µm), dS: small RDX particle size (2 µm).
f Mixing ratio of large-size (220 µm) and small-size (20 µm) particles is 7/3.
g HTPE: hydroxy-terminated polyether.
h 2.4% PbSt + 0.4% C.
i CO2-laser heat flux of 628 W/cm2.
j DEGDN: diethylene glycoldinitrate.
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fied dark-zone species concentrations to investigate
the ignition delay times for DB and nitramine propel-
lants under a broad range of pressure and temperature.
For a typical DB propellant, Fifer et al. [29] obtained
τd as a function of p and Td in the range of 1–100 atm,

(10)

τd = 4.5 × 10−13p−0.992T 2.992
d exp

(
31,140

RuTd

)
ms,

where p is in atm and Td in K. Zenin [31] measured
the temperature fields and burning-rate properties us-
ing the micro-thermocouple technique for nitramine
and DB propellants. A unified correlation for the ig-
nition time delay was established for DB propellants
of all the types in the pressure range of 20–50 atm,

(11)τd = 107.2p−2.4 exp

(−30,000

RuTd

)
ms,

where p is in atm and Td in K. The averaged dark-
zone temperature Td can be correlated with the final
flame temperature Tf and pressure as follows [31],

(12)Td = 0.1566Tfp
0.350 + 645 exp(−0.03p),

where Tf is in ◦C and p in atm.

3. Sensitivity of dark-zone formation to chemical
pathways

3.1. Nitramine propellants

Much progress has been made in the past decade
in the modeling and measurement of the combustion-
wave structures and burning characteristics of nitra-
mine monopropellants such as RDX and HMX, and
pseudo-propellants such as RDX/GAP, HMX/GAP,
and RDX/GAP/BTTN. All of the modeling work
on RDX and HMX combustion employed the reac-
tion mechanisms proposed by Melius [32] and Yetter
et al. [33], to treat the gas-phase chemical kinetics.
Melius’ scheme (Melius90) consists of 38 species and
158 reactions, being derived by extending a general-
ized hydrocarbon/air flame model detailed by Miller
and Bowman (MB89) [34]. The mechanisms include
the oxidation of HCN, the conversion of NHx species
to NO and N2, and the flame chemistry of C2N2/NO2.
Additional reactions are considered to model the de-
composition of RDX and the subsequent reactions of
the intermediate species. Yetter et al. (Yetter95) [33]
adopted the same initial decomposition scheme for
RDX monopropellants as that proposed by Melius,
but used a modified set of subsequent reactions. The
model was based on a hierarchical approach for col-
lecting kinetic data and the specific chemical submod-
els that are required to form the gas-phase combustion
mechanisms. In particular, three kinetic submodels of
increasing complexity (N2O decomposition, H2/NO2
reaction, and CH4/N2O reaction) are established in
the Yetter95 model using the results from kinetic ex-
periments over a broad range of temperature and pres-
sure. The overall scheme considers 45 species and
232 reactions. Recently, Lin and co-workers estab-
lished a chemical model (Lin99) [35] consisting of
49 species and 250 reactions for RDX combustion
by adding reactions that involve the consumption of
H2CNNO2, H2CNNO, H2CNO, and H2CN. Table 4
lists the 20 new reactions added to the Yetter95 model.
The rate constants of the four reactions marked by
asterisks are revised, and two reactions involving the
consumption of H2CNNO2 that enhance the ignition
process are removed. The added reactions increase the
initial consumption of H2CN, but not H2CNNO2.

In the numerical analysis for RDX combustion
developed by Liau and co-workers [16,17,36], the
condensed-phase chemical process was modeled with
two global decomposition reactions (R1) and (R2)
and a subsequent reaction (R3). The exothermic re-
action (R1) is favored under low heating-rate con-
ditions, whereas the endothermic reaction (R2), also
written as (R4) in [37], prevails at high tempera-
tures. Among the intermediate products in the pri-
mary flame, the activation energies of reactions in-
volving species like HCN and NO are usually high
and their chemical and transport times must be com-
mensurable to allow for the existence of a dark-zone
temperature plateau. CH2O and N2O are highly re-
active species, and reactions among them lead to the
products H2O, N2, CO2, and CO [36,37]. HONO and
NO2 tend to produce NO via the fast reactions (R5)
and (R6) [37,38]. Thus (R2) and (R4) are likely to fa-
vor dark-zone formation, and (R7) involving N2O is
most likely to disfavor it.

RDXl (HMXl) → 3(4) (CH2O + N2O), (R1)

RDXl (HMXl) → 3(4) (H2CN + NO2), (R2)

CH2O + NO2 → CO + NO + H2O, (R3)

RDXl (HMXl) → 3(4) (HCN + HONO), (R4)

H + NO2 = NO + OH, (R5)

H + HONO = NO + H2O, (R6)

H + N2O = N2 + OH. (R7)

The sensitivity of dark-zone formation to the gas-
phase chemical kinetics was also investigated by Liau
and Yang [36] for RDX combustion. The chemi-
cal scheme was based on the Yetter95 mechanism,
and the propellant surface condition was prespecified.
The analysis was conducted by means of a modi-
fied damped Newton finite-difference method orig-
inally developed by Kee et al. [39]. The method
combines both Newton-iteration and time-integration
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Table 4
Comparison of gas-phase kinetics models of RDX combustion

Critical reactions in the Yetter95 model compared to the Melius90 model

Reactions Aa Ea

H2CNNO2 + NO2 = CH2O + N2O + NO2 1.00 × 1011 2000.0
H2CNNO2 + N2O = CH2O + N2O + N2O 1.00 × 1011 2000.0
H2COHNNO2 → HCN + NO2 + H2O 1.00 × 1016 0.0
H2CNNO (+M) = H2CN + NO (+M) 1.00 × 1016 2000.0
H2CN + M = HCN + H + M 5.30 × 1016 29,000.0

Additional reactions in the Lin99 model

H2CNNO2 → H2CN + NO2 H2CN + N2O → H2CNO + N2
b

H2CNNO2 → HONO + HCN H2CN + N2O → H2CN2 + NO
H2CNNO2 → CH2O + N2O H2CN + NO2 → CH2O + N3
H2CNNO → HCN + HNO H2CN + NO → HCN + HNOb

H2CNNO → CH2O + N2 H2CN + NO → H2CNNO
H2CNO → HCN + OH H2CN + OH → H2CNOHc

H2CNO → HCNO + H H2CN + OH → HCN + H2O
H2CN → HCN + H H2CN + OH → CH3 + NO
H2CN + NO2 → H2CNNO2 H2CNOH → HCN + H2O
H2CN + NO2 → HONO + HCNb H2CNOH → H2CN + OH
H2CN + NO2 → CH2O + N2O HCN + H2O → H2CNOH
H2CN + NO2 → H2CNO + NOb

a k = A exp(−E/RuT ), k in s−1, T in K, and E in cal/mol.
b Rate constants were revised.
c Declared duplicated reaction.
Fig. 4. Calculated temperature evolution of gaseous RDX
ignition at various initial temperatures using the Yetter95
model.

techniques. Fig. 4 shows the calculated temperature
evolution from a zero-dimensional homogeneous ig-
nition study of RDX monopropellant for three dif-
ferent initial temperatures using the Yetter95 model,
exhibiting a two-stage characteristic. Fig. 5 shows a
comparison between the Yetter95 and Lin99 models
for an initial temperature of Ti = 700 K. The latter
predicts a longer ignition delay, indicating a slower
heat-release rate in the gas phase near the surface.

Reactions (R7)–(R18) in the Yetter95 model con-
sist of some of the major decomposition pathways,
Fig. 5. Calculated temperature evolution of gaseous RDX
ignition Ti = 700 K using the Yetter95 and Lin99 models.

conversions of major species in the dark zone, and re-
actions that exhibit strong effects on the temperature
field and HCN production. The rate constant of each
of (R7)–(R18) was artificially increased by a factor
of 10, with all the other kinetic rates remaining un-
changed, to examine the kinetic sensitivity. For (R8),
the dark-zone thickness was shortened to about one-
half. For (R9)–(R11), the dark zone completely dis-
appeared with a 10-fold increase in the reaction rates,
as shown in Fig. 6. Faster reactions of H2CNNO2
with NO2, N2O, and H2O tend to eliminate the dark
zone. This might be a reason that a dark-zone tem-
perature plateau was observed in the laser-assisted
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Fig. 6. Effect of initial decomposition pathway of RDX on
temperature profile with a 10-fold increase of the rate con-
stant.

Fig. 7. Effect of a 10-fold increase of HCN reaction rate on
temperature profile of RDX combustion.

deflagration of RDX monopropellant but not in the
self-sustained deflagration, since the pathways (R9)–
(R11) are favored without external heat flux. A trend
similar to (R9)–(R11) was observed in Fig. 7 with
(R13), whereas (R12) had a negligible effect on the
temperature profile. Figs. 8 and 9 indicate that (R14)–
(R17) did not affect the dark-zone thickness. Reac-
tions (R12) and (R14) are unlikely to influence dark-
zone formation as the energy required for the bond
dissociation is quite high. The reaction channels pro-
ducing HNCO seem to disfavor the dark-zone for-
mation. Faster consumption of CH2O does not affect
the dark zone, possibly due to lower activation ener-
gies and large rate constants of (R16) and (R17). In
contrast, (R18) and (R7) exert a significant influence
on the dark-zone thickness and ignition delay, as evi-
denced in Fig. 10.

RDX (+ M) = RDXR + NO2 (+ M), (R8)

H2CNNO2 + NO2 = CH2O + N2O + NO2, (R9)

H2CNNO2 + N2O = CH2O + N2O + N2O, (R10)

H2CNNO2 + H2O = CH2O + N2O + H2O, (R11)
Fig. 8. Effect of a 10-fold increase of NO reaction rate on
temperature profile of RDX combustion.

Fig. 9. Effect of a 10-fold increase of CH2O reaction rate on
temperature profile of RDX combustion.

Fig. 10. Effect of a 10-fold increase of N2O and HNO reac-
tion rate on temperature profile of RDX combustion.

HCN (+ M) = H + CN (+ M), (R12)

HCN + OH = H + HNCO, (R13)

NO + M = N + O + M, (R14)

NO + OH (+ M) = HONO (+ M), (R15)

CH2O + M = HCO + M, (R16)
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Fig. 11. Effect of surface composition on temperature profile
of RDX combustion.

CH2O + OH = HCO + H2O, (R17)

HNO + OH = H2O + NO. (R18)

Fig. 11 shows the effect of the surface composi-
tion on the temperature profile based on the Yetter95
model [36]. An artificial addition of inert gas such as
argon extends the dark zone, due to the dilution of
reactant species. Addition of HCN also increases the
flame-standoff distance. This phenomenon may result
from the high activation energy for the conversion
of HCN, and the reduction in the concentrations of
other species. Conversely, the addition of OH radical
slightly decreases the flame-standoff distance, since
this radical is reactive and requires less activation en-
ergy to initiate reactions with other species. The pres-
ence of 10% CH2O increases the dark-zone thickness
by 60%. The rapid volume dilatation arising from the
highly exothermic reaction of CH2O and NO2 (R3)
tends to increase the local flow velocity, and conse-
quently extends the dark zone.

The theoretical calculations by Ermolin et al.
[40] for RDX combustion revealed the importance
of (R19) and (R20). When these two reactions were
removed, a dark zone was observed which indicates
that (R19) and (R20) are likely to disfavor the forma-
tion of a dark zone. NH2 is produced mainly through
(R21). This observation is consistent with the afore-
mentioned sensitivity analysis that a 10-fold increase
in the rate of (R13) completely eliminates the dark
zone. The HNCO species in (R13) thus plays a cru-
cial role in determining the formation of a dark zone.

NH2 + NO = N2H + OH, (R19)

N2H + NO = HNO + N2, (R20)

HNCO + H = NH2 + CO. (R21)

Ilincic et al. [30] investigated the structure of the dark
zone in nitramine propellant combustion with four
different chemical-kinetics mechanisms. The initial
species composition was prespecified as NO (13%),
HCN (22%), CO (22%), CO2 (8%), N2 (8%), H2
(7%), H2O (20%), and N2O (0 or 2%). The four
mechanisms included a detailed mechanism with 41
species and 190 reactions, a skeletal mechanism with
17 species and 23 reactions, and two reduced mech-
anisms with 10 species and 6 reactions (six-step
mechanism), and 8 species and 4 reactions (four-step
mechanism). The latter two mechanisms consist of
(R22)–(R27) and (R25) + (R28)–(R30), respectively.
The ignition-delay times calculated using the skele-
tal mechanism are found to agree reasonably well
with those calculated using the detailed kinetics. The
ignition-delay times and structures of the dark zones
calculated using the reduced six-step mechanism are
in agreement with those using the skeletal mecha-
nism, but the four-step reduced mechanism predicts
significantly shorter ignition-delay times:

six-step,

2NO + 2H2 = N2O + 2H + H2O, (R22)

H2O + HCN = H2 + HNCO, (R23)

N2O + 2H2 = N2 + 2H + H2O, (R24)

CO + H2O = CO2 + H2, (R25)

2H + M = H2 + M, (R26)

NO + H + HNCO = N2O + CO + H2; (R27)

four-step,

2NO + H2 = N2O + H2O, (R28)

N2O + H2 = N2 + H2O, (R29)

CO + H2O = CO2 + H2, (R25)

NO + H2O + HCN = N2O + CO + 1.5H2. (R30)

Vanderhoff et al. [41] performed a numerical in-
vestigation for the ignition delay of nitramine pro-
pellants using a modified MB89 model. On removing
(R31) and (R32) from the mechanism, the ignition de-
lay for HMX2 (80% HMX, 20% PU binder) increased
from 34.6 ms to 1.85 s. Anderson et al. [38] noted that
the calculated rate coefficient of the reverse reaction
of (R31) (A = 1.9 × 1011 s−1, E = 3400 cal/mol)
used in the MB89 mechanism was not accurate, and
suggested that (R31) not be included in the dark-zone
modeling as its rate under combustion condition is
negligible.

N + CO2 = NO + CO, (R31)

HNO + NO = N2O + OH. (R32)

In the current paper, the effects of the reactions listed
in Table 5 on the ignition delay of gaseous RDX in
a well-stirred reactor were explored using the Lin99
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Table 5
Ignition delay time (ms) of RDX in a well-stirred reactor based on the Lin99 model

Reactions Modification τd, ms τd − τ0, msa

N + CO2 = NO + CO (R31) Removed 6.2676 0.1332
10 × k 5.3054 −0.8290

HNO + NO = N2O + OH (R32) Removed 6.3529 0.2185
10 × k 5.0011 −1.1333

NH2 + NO = N2H + OH (R19) Removed 7.5980 1.4636
10 × k 4.2574 −1.8770

NH2 + NO = N2 + H2O (R33) Removed 4.2824 −1.8520
10 × k 7.5467 1.4123

N2H + NO = N2 + HNO (R20) Removed 6.0958 −0.0386
10 × k 6.1966 0.0622

N2O + O = NO + NO (R48) Removed 6.1359 0.0015
10 × k 6.1227 −0.0117

HCN = HNC (R36) Removed 7.1226 0.9882
10 × k 6.1059 −0.0285

HCN + OH = HNCO + H (R13) Removed 6.1628 0.0284
10 × k 5.9279 −0.2047

HNC + OH = HNCO + H (R34) Removed 7.9870 1.8526
10 × k 5.0612 −1.0732

HCN + NO2 = HNCO + NO Removed 6.1344 0
10 × k 6.1342 −0.0002

NCO + CH2O = HNCO + HCO Removed 6.1342 −0.0002
10 × k 6.1442 0.0098

NCO + HNO = HNCO + NO Removed 6.1225 −0.0119
10 × k 6.2258 0.0914

NCO + HONO = HNCO + NO2 Removed 6.1338 −0.0006
10 × k 6.1305 −0.0039

HOCN + H = HNCO + H Removed 6.2475 0.1131
10 × k 6.0776 −0.0568

HNCO + H = NH2 + CO (R21) Removed 7.6643 1.5299
10 × k 4.8828 −1.2516

HNCO + OH = H2O + NCO Removed 6.0460 −0.0884
10 × k 6.4438 0.3094

HNCO + CN = HCN + NCO (R35) Removed 5.8689 −0.2655
10 × k 6.4228 0.2884

HNCO + NH2 = NH3 + NCO Removed 6.1245 −0.0099
10 × k 6.1997 0.0653

HNCO + O = CO2 + NH Removed 6.1338 −0.0004
10 × k 6.1395 0.0051

HNCO + O2 = HNO + CO2 Removed 6.1344 0
10 × k 6.1343 −0.0001

HNCO + NH = NH2 + NCO Removed 6.1343 −0.0001
HNCO + HO2 = NCO + H2O2 Removed 6.1334 −0.0010

a Ignition delay time based on the Lin99 model, τ0 = 6.1344 ms at 1 atm.
model [35] at 1 atm. Table 5 shows the calculated
ignition delay time for the case when either each of
these reactions was removed or its rate constant was
artificially increased by a factor of 10. The removal
of either (R31) or (R32) has a negligible influence on
the ignition delay with a small deviation of 0.1–0.2 ms
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from the baseline case. A 10-fold increase in the rate
constant, however, results in a noticeable decrease
(around 1 ms) in the ignition delay. The importance
of the (R31) and (R32) indeed depends on their rate
constants. Reactions (R19) and (R33) are vital in af-
fecting the ignition delay. Reaction (R19) tends to fa-
cilitate the ignition delay whereas (R33) exerts an op-
posite trend. Reaction (R20) has no significant effect
on the ignition delay. Among all the reactions involv-
ing HNCO in the Lin99 model, (R21) and (R34) are
the most sensitive ones, and significantly shorten the
ignition delay. In addition, (R13) tends to slightly de-
crease the ignition delay, while (R35) exerts an oppo-
site trend. Rearrangement of HCN to HNC (R36) was
also found to be important. In summary, the reactions
most critically affecting the dark-zone formation in
nitramine propellant combustion include (R9)–(R11),
(R19)–(R21), and (R31)–(R36).

NH2 + NO = N2 + H2O, (R33)

HNC + OH = HNCO + H, (R34)
HNCO + H = NH2 + CO, (R21)

HCN + OH = HNCO + H, (R13)

HNCO + CN = HCN + NCO, (R35)

HCN = HNC. (R36)

Tables 6–9 summarize the measured and pre-
dicted chemical compositions in the dark zones of
RDX, HMX, and nitramine-based composite propel-
lants [3,13,18,41–53]. Good agreement is achieved
between experimental measurements [14] and model
predictions [17,18]. The major species in the dark
zone are NO and HCN, and the CO concentration is
about 10%, except for the cases involving BAMO.
The NO concentrations under laser-assisted condi-
tions are higher than their counterparts under self-
assisted deflagration. Homan et al. [54] performed
an experimental study using absorption spectroscopy,
along with a numerical analysis based on the Yet-
ter95 model, on self-deflagrating RDX in air at 1 atm.
The measured and predicted peak mole fractions of
Table 6
Measured and predicted molar concentrations in the dark zone of RDX and HMX combustion at 1 atm

Propellant NO HCN CO CO2 H2O N2O NO2 N2 CH2O H2 Ref.

RDXa 0.21 0.22 0.1 0.02 0.26 0.05 0.0 0.05 0.02 0.05 [14]
Ld = 0.5 mm,
q̇ ′′

laser = 100 W/cm2

RDXa 0.23 0.22 0.1 0.01 0.26 0.04 0.0 0.04 0.02 0.05 [14]
Ld = 1 mm,
q̇ ′′

laser = 400 W/cm2

RDXa,c 0.2 0.045 [13]
Ld ∼ 1 mm,
q̇ ′′

laser = 600 W/cm2

RDXb,d 0.30 0.215 0.10 0.20 0.045 0.04 0.03 [17]
Ld = 2 mm,
q̇ ′′

laser = 400 W/cm2

RDXb,e,f 0.29 0.25 0.09 0.028 0.24 0.062 0 0.033 0.005 0.028 [18]
Ld = 1 mm,

HMXb 0.2 0.2 0.07 0.03 0.2 0.05 0.05 0.1 0.07 0.03 [42]
Ld = 2.25 mm,
q̇ ′′

laser = 100 W/cm2

HMXb 0.25 0.21 0.08 0.02 0.21 0.1 0.01 0.08 0.02 0.03 [42]
Ld = 3.5 mm,
q̇ ′′

laser = 300 W/cm2

HMXb,f 0.26 0.225 0.09 ∼0 [48]
Ld = 1 mm

a Experimental measurement.
b Numerical modeling.
c Td ∼ 1600 K.
d Td = 1500 K.
e Td = 1360 K.
f Self-sustained deflagration.
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Table 7
Measured mole fractions of dark-zone species for self-sustained combustion of XM39a, HMX-2b, and M43c propellants

Propellant NO HCN CO CO2 H2O N2O NO2 CH4 Ref.

XM39 (10–12 atm) 0.15 0.14 0.12 0.04 0.15 �0.02 ∼0.005 [3]
Ld = 1.5 mm
Td = 1150 K

XM39 (1 atm) 0.082 [49]
Ld = 2 mm
Td = 1300 K

XM39 (6 atm) 0.25 ± 0.05 0.15 ± 0.10 0.10 ± 0.05 [51]
Ld ∼ 1 mm

HMX-2 (19 atm) 0.13 [41]
Td = 1310 K

M43 (11 atm) 0.22 [50]
Ld = 3 mm
Td = 1200 K

a XM39: RDX (76%), cellulose acetate butyrate (CAB) (12%), acetyl triethyl citrate (ATEC) (7.6%), NC (4%).
b HMX-2: HMX (80%), PU binder (20%).
c M43: RDX (76%), CAB (12%), NC (4%), and energetic plasticizer (8%).

Table 8
Measured mole fractions of dark-zone species for laser-assisted combustion of XM39, M43, and RDX–CAB propellants

Propellant NO HCN CO CO2 H2O N2O NO2 N2 CH2O H2 Ref.

XM39 (3 atm)a,b 0.19 0.16 0.20 0.005 0.045 [52]
Ld = 3 mm
q̇ ′′

laser = 100 W/cm2

XM39 (1 atm)a 0.21 0.185 0.2 0.08 0.055 0.005 0.02 [52]
Ld = 3 mm
q̇ ′′

laser = 400 W/cm2

XM39 (1 atm)a 0.28 0.12 0.07 0.19 0.08 0.1 0.17 [45]
Ld = 3 mm
q̇ ′′

laser = 400 W/cm2

XM39 (3 atm)a 0.31 0.19 0.08 0.05 0.17 0.06 0.001 0.075 0.06 0.001 [45]
Ld = 3 mm
q̇ ′′

laser = 400 W/cm2

XM39 (1 atm) 0.12 ∼0 [49]
Ld = 4 mm
q̇ ′′

laser = 350 W/cm2

M43 (1 atm)a,c 0.265 0.195 0.135 0.085 0.005 0.005 0.02 [52]
q̇′′

laser = 400 W/cm2

RDX–CAB (3 atm)a,d 0.25 0.15 0.1 0.03 ∼0.27 0.01 ∼0 0.08 0.02 0.04 [45]
Ld = 1.5 mm
q̇′′

laser = 400 W/cm2

a In argon.
b Td = 1200 K.
c Td = 1230 K.
d Td = 1300 K.
NO were 0.25 at 0.1 mm and 0.26 at 0.09 mm from
the propellant surface, respectively. The modeling re-
sult also showed good agreement with that from the
Liau and Yang [16] model, with an NO peak mole
fraction of 0.21 at 0.13 mm from the propellant sur-
face.
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Table 9
Measured and predicted mole fractions of dark-zone species for laser-assisted combustion of RDX, HMX/GAP, and BAMO
propellants at 1 atm

Propellant NO HCN CO CO2 H2O N2O NO2 N2 CH2O H2 CH4 Ref.

GAP/HMXa,c 0.17 0.28 0.10 0.03 0.16 0.08 ∼0 0.12 0.045 0.002 [46]
Ld = 2 mm
q̇ ′′

laser = 100 W/cm2

Td = 1400 K

GAP/HMXb,c [47]
Ld = 2 mm
q̇ ′′

laser = 400 W/cm2

Td = 1500 K

GAP/RDXa,c 0.07 0.19 0.175 0.035 0.22 0.02 ∼0 0.23 0.02 0.05 [46]
Ld = 2 mm
q̇ ′′

laser = 100 W/cm2

Td = 1360 K

GAP/RDXb 0.24 0.255 0.065 0.035 0.22 0.05 0 0.08 0 0.005 [53]
Ld = 1 mm
q̇ ′′

laser = 100 W/cm2

Td = 1350 K

BAMO/RDXa,c 0.2 0.2 0.02 0.02 0.05 0.08 0.005 0.095 0.015 0.006d [43]
Ld = 2 mm
q̇ ′′

laser = 100 W/cm2

Td = 1200 K

BAMO/RDXa,c 0.2 0.195 0.02 0.07 0.045 0.04 0.02 0.14 0.01 ∼0.02 0.006d [43]
Ld = 2 mm
q̇ ′′

laser = 400 W/cm2

Td = 1500 K

a Experimental measurement.
b Numerical modeling.
c In argon.
d C2H4 + C2H2 + CH4.
At the end of the dark zone, NO and HCN are con-
sumed rapidly to produce N2 and CO. The concentra-
tions of radicals CN, NH, and OH increase sharply
and a luminous flame appears. NH and CN radicals
show a maximum concentration peak near the burning
surface, while the concentration of OH remains nearly
constant, except for a sharp increase in the primary
flame zone. For RDX and HMX, the predicted pro-
files of CN, NH, and OH concentrations agree reason-
ably well with the measurements [13,19,20,54,55].

Table 9 summarizes the dark-zone properties of
nitramine pseudo-propellants with energetic binders.
For HMX/GAP and RDX/GAP binary pseudo-propel-
lants, the concentration of HCN seemed to be higher
than NO [46]. As with other nitramine-based com-
posite propellants, the addition of GAP into HMX
and RDX lengthens the dark zone and decreases the
extent of the primary reaction zone [51]. Litzinger
and co-workers observed the existence of a dark-zone
temperature plateau in RDX/BAMO combustion [43].
RDX/BAMO burned unluminously at 1 atm with a
laser flux of 100 W/cm2, whereas an unstable lumi-
nous flame appeared at 400 W/cm2.

3.2. Double-base propellants

It is well established that the thermal decompo-
sition of nitrocellulose (NC) and nitroglycerin (NG)
in the condensed phase of a DB propellant produces
RCHO and NO2 [1]. Reactions between aldehydes
and NO2 further produce NO, CH2O, CO, and CO2
[27,28]. In the primary flame zone immediately above
the propellant surface, (R37) is dominant, and (R38)–
(R40) of CH2O + CH2O, (CHO)2 + (CHO)2, and
NO + C also occur. In the secondary flame zone,
(R41) is the major reaction contributing to the forma-
tion of final products. It should be noted that (R37)–
(R41) are not the elementary reaction steps.

NO2 + CH2O → NO + CO + CO2 + H2O, (R37)

CH2O + CH2O → CO + C2H4 + H2O, (R38)

(CHO)2 + (CHO)2 → 4CO + 2H2, (R39)
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NO + C → N2 + CO, (R40)

NO + CO → N2 + CO2. (R41)

Ilincic et al. [30] performed a numerical study on the
dark-zone structures of DB propellants using a well-
stirred model for various initial pressures and tem-
peratures. The initial dark-zone composition was set
to be NO (24%), CO (33%), CO2 (10%), N2 (4%),
H2 (8%), and H2O (20%). Three chemical-kinetics
schemes were employed: a detailed mechanism con-
sisting of 41 species and 190 reactions, a skeletal
mechanism including 15 species and 22 reactions,
and a three-step reduced mechanism represented by
reactions (R25), (R28), and (R29). The predicted τd
based on the three mechanisms were 0.1142, 0.1147,
and 0.1142 s, respectively, for Td = 1400 K and p =
5 atm. It was found that the temperature and species-
concentration profiles using the reduced mechanism
agree closely with those calculated using the skele-
tal mechanism, except for times close to ignition.
The simplified mechanisms performed better for DB
propellants than for nitramine propellants, a fact at-
tributed to the higher chemical complexity of the lat-
ter.

Fifer et al. [29] used a four-step global mecha-
nism (R42)–(R45) to predict the ignition delay for
DB propellants. The rate coefficients of the four
global reactions were obtained empirically and the
predicted ignition-delay times agreed well with those
predicted using a detailed kinetic mechanism involv-
ing 234 reactions. The model, however, used the
kinetic parameters for (R31) which were not accu-
rate [38].

NO + M = N + O + M, (R42)

N + N + M = N2 + M, (R43)

O + CO + M = CO2 + M, (R44)

H2 + CO2 = H2O + CO. (R45)

Miller and Anderson [56,57] studied various dark-
zone properties in the combustion of NG. The initial
overall decomposition pathway of NG in the con-
densed phase was (R46). At 10 atm, Ld and Td for
NG propellant combustion were 10 mm and 1700 K,
respectively. On adding 5.3 and 10% NH3 to NG,
Ld decreased to 8 and 3.5 mm, respectively, whereas
the burning rate and Td increased. On the other hand,
when HNCO was added to NG, both Ld and the burn-
ing rate decreased. The addition of HNCO caused the
global reaction rate to decrease in the primary flame,
but increase in the dark zone. The phenomenon may
be attributed to the fact that the OH/H concentra-
tion ratio favors the production of OH near the sur-
face and H in the dark zone. Consequently, different
HNCO pathways dominated and affected the radi-
cal pool, as explained in detail in Ref. [56]. Adding
2.7% CH2O to NG decreased the burning rate and in-
creased Ld slightly. The addition of NH3 increased
the heat feedback from the gas phase to the surface,
whereas HNCO and CH2O decreased such heat feed-
back. The decrease in Ld can be attributed to the re-
duction of NO by NH3 and HNCO. The heat release
rate in the dark zone was enhanced with (R19), (R21),
(R33), and (R47). The combustion of M30 propellant
(NC 29%, NG 22%, nitroguanidine (NQ) 47%, stabi-
lizer 2%) exhibited no dark zone, possibly due to the
substantial amount of NH3 produced by NQ decom-
position.

NG → 2NO2 + HONO + 2CH2O + CO, (R46)

NH3 + OH = NH2 + H2O. (R47)

Vanderhoff et al. [41] studied numerically the in-
fluences of (R31) and (R32) on τd for DB propellants
using a modified MB89 model. The measured and
predicted ignition delay times were 3.6 and 1.7 ms, re-
spectively. When either (R31) or (R32) was removed,
τd became 5.4 or 2.6 ms, respectively. If both reac-
tions were excluded, τd increased to 23 ms, indicat-
ing that (R31) and (R32) are the key reactions in the
dark zone. Anderson et al. [38], however, pointed out
that (R31) was not important in the dark zone. In ad-
dition, the dark-zone formation for DB propellants
was moderately sensitive to (R48) [58]. In short, the
key reactions in the dark zone were (R32) and (R48).
Small amounts of NO2, CH2O, NH3, CH4, and C2H4
in the dark zone may shorten its length.

N2O + O = NO + NO. (R48)

Table 10 summarizes the measured and predicted
species compositions and temperatures in the dark
zones of DB propellants [3,8,27,41,59,60]. The NO
mole fraction was in a range similar to that for
nitramine propellants, but the CO concentration was
higher for DB propellants. HCN was absent in the
dark zone of DB propellants. Under the laser-assisted
combustion of JA-2 (NC 58.2%, NG 15.8%, DEGDN
35.2%) and M-9 (NC 57.6%, NG 40%), the NO
mole fraction in the dark zone seemed very high
(about 33%) [41,59].

The dark-zone chemistry of DB propellants ap-
pears to be less complicated than that of nitramine
propellants, due to the absence of species HCN. In
general, the chemical-kinetics models for DB propel-
lants lead to results in good agreement with experi-
mental measurements. The reduced four-step [29] and
three-step [30] mechanisms predicted the ignition de-
lay characteristics reasonably well, with an average
deviation of 5% from the results using the detailed
mechanisms. The simplified mechanisms, however,
failed to predict the ignition delay time closely for
nitramine propellants, with an average error of about
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Table 10
Measured and predicted mole fractions of dark-zone species for self-sustained and laser-assisted combustion of DB, JA-2a,
M-9b, M-10c propellants

Propellant NO HCN CO CO2 H2O N2 NO2 H2 CH2O CH4 C2H4 Ref.

DB-1 (16 atm)d 0.24 0.004 0.33 0.10 0.20 0.04 0.08 0.008 0.008 [3,44]
Td = 1600 K

JA-2 (10 atm)d 0.22 0 0.38 0.11 0.23 ∼0.005 0 [3,50]
Td = 1400 K

JA-2 (1 atm)d,e 0.33 0.33 0.095 0.14 0 0.015 0.025 0.065 [41]
Td = 1820 K

M-9 (16 atm)d 0.30 [59]
Td = 1500 K

M-9 (1 atm)d,e 0.33 0.33 0.11 0.16 0 0.003 0.043 0.024 [59]
Td = 1900 K

M-10 (11.3–18.9 atm)d 0.145 ± 0.015 [59]
Td = 1325 ± 75 K

DB (15 atm)d 0.065 0.38 0.15 0.09 0.1 0.25 [8]
Ld = 6 mm
Td = 1480 K

DB (11 atm)d 0.26 0.34 0.18 0.14 0.04 0.007 [60]
Td = 1700 K

DB (10 atm)f 0.25 0.33 0.21 0.135 0.03 0.006 [27]
Td = 1600 K

a JA-2 (NC 58.2%, NG 15.8%, DEGDN 35.2%).
b M-9 (NC 57.6%, NG 40%).
c M-10 (98% NC).
d Experimental measurement.
e Laser-assisted combustion with q̇′′

laser = 100 W/cm2.
f Numerical modeling.
15% as compared with the detailed mechanisms. The
rate constants of elementary and global reactions ex-
ert a significant effect on the modeling results.

3.3. ADN propellant

The combustion of ADN propellant exhibits sev-
eral distinct characteristics, including a substantial
heat release in the condensed phase and a weak heat
feedback from the gas phase. The ADN decompo-
sition process is assumed to be initiated by (R49)–
(R51), followed by (R52)–(R56) among the subse-
quent decomposition products [9,10,61–64]. In the
primary flame, along with (R52)–(R56), NH3 + NOx

and NH2 + NOx are the main reactions [9,10,61–64].

ADN → NH3 + HN(NO2)2, (R49)

ADN → NH3 + HNO3 + N2O, (R50)

ADN → NH4NO3 + N2O, (R51)

HN(NO2)2 → HNO3 + N2O, (R52)

HN(NO2)2 → HNNO2 + NO2, (R53)
NH3 + HNO3 → NH4NO3, (R54)

HNNO2 + NO2 = HNO + NO + NO2, (R55)

HNNO2 → N2O + OH. (R56)

The combustion wave of ADN exhibits a two-zone
flame structure in the pressure range of 5–20 atm [6].
Below 3 atm, the secondary flame was not seen.
Fig. 12 shows the predicted temperature and species-
concentration profiles above the propellant surface at
6 atm, where the primary flame is not shown [65].
The analysis contains a gas-phase chemical kinetics
scheme of 33 species and 180 reactions, using the
measured surface compositions as an input. The first
dark-zone temperature plateau is seen around 900 K,
followed by a secondary flame with a sharp increase
from 1000 to 1500 K. The second dark-zone temper-
ature plateau occurs around 1500 K at the end of the
secondary flame. Reactions continue beyond the sec-
ond dark zone until the final adiabatic temperature
is reached. According to the experimental results of
Zenin et al. [6] and Fogelzang et al. [10], at 5–20 atm,
the first dark-zone temperature plateau is in the range
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Fig. 12. Predicted profiles of temperature and species con-
centrations in the ADN flame above propellant surface at
6 atm.

of 850–1250 K. The temperature range at the end of
the secondary flame is about 1250–1650 K and no fi-
nal flame is detected [6]. The reported final flame tem-
perature below 40 atm never reaches its counterpart
of about 2070 K at 60 atm [6], possibly due to heat
loss to the ambient environment. In the experiments
performed by Korobeinichev et al. [9], however, the
measured final flame temperature at 40 atm is about
2000 K. The dominant species at the end of the sec-
ondary flame are mainly NO, N2O, N2, and H2O [63].
Hence, it is reasonable to consider the reaction zone
after the secondary flame of ADN as a second dark-
zone temperature plateau similar to that in the DB and
nitramine propellant combustion with a temperature
range of 1200–1600 K.

NH3 + NOx reactions have been extensively stud-
ied [66–75] in the past decade, and they have been
found to exert a significant influence on the combus-
tion chemistry and the dark-zone characteristics of
ADN. Reactions (R19), (R33), and (R57)–(R64) are
important in the NH3 + NO2 system. In the primary-
flame zone, the global reaction of NH3 and NO2 is
believed to be a major source of heat release [64].
Park and Lin [70] observed that in the reaction system
of NH3 + NO2, the species-concentration profiles ex-
hibited two different regimes. Below 660 ◦C, concen-
trations of NH3 and NO2 decreased quickly, and those
of NO and N2O increased rapidly with increasing
temperature. Above 660 ◦C, variations in species con-
centration tended to diminish. There seemed a plateau
zone for NO concentration with increasing tempera-
ture. It was noted that the reduction of NOx by NH3
was the most sensitive to the NH2 radical reactions.
The species NO has a tendency to inhibit the reaction
by destroying the NH2 radicals and forming stable N2
and H2O species by (R33) [66–69]. The experimen-
tal data obtained by Bedford and Thomas [68] and
calculations by Thaxton et al. [69] showed that the
addition of NO significantly decreased the decay rate
of NO2. Thus, NO accumulation may cause the re-
Fig. 13. Sensitivity coefficient of temperature with respect to
chemical reactions for ADN combustion at 6 atm.

duction of NH2 radicals and affect the propagation of
chain reactions. Reaction (R33) inhibits the chain re-
action, whereas (R19) propagates the chain reaction
by producing an OH radical. Reaction (R57) is con-
sidered a sensitive initial step, and the branching ratio
of (R33) to (R19) is critical. According to Park and
Lin [71–73], the branching ratio of (R33) to (R19)
was 0.9/0.1 at 300 K and 0.78/0.28 at 1000 K, respec-
tively. Above 1000 K, the ratio sharply decreased with
increasing temperature.

NH3 + NO2 = NH2 + HNO2, (R57)

NH2 + NO2 = NH + HNO2, (R58)

NH2 + NO2 = N2O + H2O, (R59)

NH + NO2 = HNO + NO, (R60)

2HNO = H2O + N2O, (R61)

NH2 + NO = N2 + H2O, (R33)

NH2 + NO = N2H + OH, (R19)

2HNO2 = NO2 + NO + H2O, (R62)

HNO2 + M = OH + NO + H2O, (R63)

HNO2 + OH = NO2 + H2O. (R64)

Liau et al. [65] performed a numerical analy-
sis on the sensitivity of temperature and species-
concentrations for ADN combustion. The sensitivity
coefficient was defined as

(13)Sij (x) = ∂(lnXi)

∂(lnAj )
,

where Xi is the temperature or the mole fraction
of species i,Aj the kinetic prefactor of reaction j ,
and x the distance from the propellant surface. Fig. 13
shows that (R19) had a positive effect, whereas (R33)
had a negative effect on the gas-phase temperature,
and ∂(lnT )/∂(lnA) reached a maximum value at
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Table 11
Measured and predicted mole fractions of dark-zone species for self-sustained and laser-assisted combustion of ADN propellant

Propellant NO NH3 N2 H2O N2O HNO2 NO2 HNO3 O2 Ref.

Second dark zone (6 atm)a 0.26 0.012 0.1 0.42 0.22 ∼0 [9]
Ld = 14 mm
Td = 1460 K

Second dark zone (6 atm)b 0.17 0 0.17 0.40 0.26 0 [8,65]
Ld = 14 mm
Td = 1510 K

First dark zone (3 atm)a 0.16 0.07 0.08 0.31 0.25 0.03 0.03 0.08 [8]
Ld = 2 mm
Td = 810 K

First dark zone (3 atm)b 0.143 0.10 0.085 0.29 0.235 0.075 [8]
Ld = 2 mm
Td = 785 K

Second dark zone (3 atm)a,c 0.191 0.003 0.155 0.435 0.179 0.019 [7]
q̇ ′′

laser = 100 W/cm2

Td = 1328 K

Second dark zone (5 atm)a,c 0.162 0.012 0.169 0.435 0.184 0.019 [7]
q̇ ′′

laser = 200 W/cm2

Td = 1385 K

a Experimental measurement.
b Numerical modeling.
c Laser-assisted combustion.
Fig. 14. Sensitivity coefficient of NH3 with respect to chem-
ical reactions for ADN combustion at 6 atm.

about 11 mm from the surface. For NH3, the effect
of (R33) was positive, whereas the effect of (R19)
was negative, and ∂(ln NH3)/∂(lnA) had a maximum
at about 12 mm from the surface, as shown Fig. 14.
Reaction (R33) exerted a negative effect on the H2O
concentration, whereas the influence of (R19) was
positive. Reaction (R47) was the most sensitive with
respect to the variations in temperature and concen-
tration profiles of H2O and N2O, as it produces the
NH2 radical. The maximum value of Sij (x) occurred
at 11–12 mm from the propellant surface, a position
slightly above the secondary flame.
The existence of the first dark-zone temperature
plateau in the range of 850–1250 K may be attributed
to the inhibition in the progress of the exothermic re-
action between NH3 and NO2 by the species NO. The
second dark-zone temperature plateau at the end of
the secondary flame can be explained on the basis
of high concentrations of NO and N2O which un-
dergo reactions that require high activation energies.
Table 11 summarizes the dark-zone species concen-
trations for ADN combustion at various pressures.
The model predictions [8,65] are in good agreement
with experimental results [8,9].

4. Sensitivity of dark-zone formation to physical
parameters

A higher flow velocity in the gas phase causes the
dark zone to be stretched, as the intermediate species
are able to travel a longer distance prior to the occur-
rence of exothermic reactions. In most cases, the dark
zone exists in the range 1–50 atm and disappears at
higher pressures. The decrease in the flame-standoff
distance with increasing pressure mainly results from
the increase in the gas density ρg. It is worth noting
that the transport velocity of the gas mixture ejected
from the surface does not increase, but rather de-
creases slightly with increasing pressure, despite the
enhanced burning rate. The data given in Table 12



R. Yang et al. / Combustion and Flame 145 (2006) 38–58 55
Table 12
Burning properties of RDX/PU = 80/20 propellant [22]

Pressure, atm 15 20 30

Burning rate, cm/s 0.085 0.11 0.15
Surface temperature, K 670 680 690
Density at surfacea, kg/m3 7.94 10.6 15.9
Velocity at surfaceb, cm/s 17.1 16.6 15.1
Flame-standoff dist., cm 0.54 0.3 0.12

a Calculated using the NASA chemical equilibrium code.
b Calculated assuming propellant density of 1.6 g/cm3.

Fig. 15. Effect of propellant burning rate on temperature pro-
file of RDX combustion.

elaborates this point. Such a phenomenon can be at-
tributed to the fact that the density increases faster
than the burning rate at a higher pressure. Thus, the
increase of reactant concentrations and decrease of
transport velocity both contribute to the reduction of
the flame-standoff distance with increasing pressure.

A parametric study by Liau et al. [17] on RDX
monopropellant combustion clearly shows the strong
influence of burning rate, propellant surface temper-
ature, and flow expansion on the dark-zone char-
acteristics. In Fig. 15, the temperature increases
monotonically without any plateau at a low burning
rate of 0.374 mm/s. If the burning rate is greater
than 0.64 mm/s, however, the combustion wave is
stretched to form a dark-zone temperature plateau.
Further increase in the burning rate extends the tem-
perature plateau. An increase in the burning rate rb
amounts to an increase in the gas transport veloc-
ity Vd, according to Eq. (2). Thus, there exists a criti-
cal value of rb to establish a noticeable dark zone for
a given pressure. Fig. 16 shows the effect of propel-
lant surface temperature on the temperature evolution
in the gas phase. The shorter chemical induction time
associated with a higher surface temperature reduces
the dark-zone thickness. Results presented in Figs. 15
and 16 are based on the assumption of constant flame
area. In reality, the flame expands laterally as the flow
travels downstream from the propellant surface, as ev-
Fig. 16. Effect of propellant surface temperature on profile
of RDX combustion.

Fig. 17. Effect of flame-area expansion on temperature pro-
file of RDX combustion.

ident in Figs. 1 and 2. Such an expansion process ef-
fectively reduces the local gas transport velocity, and
consequently shortens the dark zone. Fig. 17 shows
the influence of the flame-area expansion. An artifi-
cial increase of the flame area by a factor of 2.4 almost
eliminated the existence of a dark-zone temperature
plateau. Davidson and Beckstead [18] adopted an
optimal area expansion correlation in their model-
ing of RDX combustion to obtain a better agreement
between the measured temperature profiles and pro-
pellant burning rates. Flame-area expansion, thus, is
an important parameter in determining the extent of
the dark-zone length.

Only limited studies are available regarding the
effect of propellant preconditioned temperature, Ti,
on the dark-zone behavior. The modeling results of
Bizot and Beckstead [28] for DB propellant combus-
tion indicated that Ld decreases as Ti increases from
−20 to 60 ◦C, showing good agreement with exper-
imental data. On the other hand, the study on ADN
combustion by Zenin et al. [6] showed that Ld in-
creases slightly from 2 to 2.5 mm as Ti varies from
−150 to 20 ◦C at 20 atm. The different trends of Ld
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with respect to Ti for DB and ADN propellants may
be attributed to the different chemical pathways and
species in their respective dark-zone regions.

For laser-assisted combustion, the primary flame
and dark zone are known to stretch, mainly due to the
enhanced transport and chemical effects. In the exper-
iments on RDX combustion by Hanson-Parr and Parr
[12,13], a dark-zone temperature plateau was clearly
observed. Such a plateau, however, disappeared un-
der self-deflagrated conditions, a phenomenon also
predicted by the analyses given in [16,57]. Laser heat-
ing tends to increase the burning rates and surface
temperatures of RDX and HMX [42,43]. Therefore,
the resultant stretching effect on the dark zone can
be attributed to the increase in the gas velocity and
the dominance of the reaction mechanism (R2) over
(R1) at higher heat flux. The combustion of nitramine-
based composite propellants exhibited a more notice-
able dark zone than RDX and HMX monopropellants.
XM39 (RDX 76%, cellulose acetate butyrate (CAB)
12%, nitrocellulose (NC) 4%) has a longer flame-
standoff distance under self-deflagration at 1 atm [45].
It is believed that the gaseous products from the in-
ert binders dilute the concentrations of the reactive
species above the propellant surface and thus stretch
the dark zone.

For pure AP and AP-based composite propellants,
no dark zone is observed at atmospheric pressure and
above. Krishnan and Jeenut [11], however, reported
the existence of a dark zone for the combustion of
nonmetallized AP/HTPB composite propellant with
copper chromite as a catalyst in nitrogen, under sub-
atmospheric pressures (∼10−2 bar). The dark-zone
thickness increased with increasing concentration of
copper chromite and decreasing pressure or AP parti-
cle size. Korobeinichev [8] also studied the combus-
tion characteristics of pure AP and AP/HTPB propel-
lants at low pressures (∼0.5 atm) using a microprobe
technique along with a modeling work. Results of
measured and predicted species concentration profiles
suggested that the AP flame exhibits a two-zone struc-
ture: a narrow zone (∼0.1 mm) where NH3, HClO4,
and ClO2 concentrations decrease and NO2 concen-
tration increases; and a wide zone (∼1.5 mm) where
NO2 concentration decreases while NO and O2 con-
centrations increase. The AP/HTPB composite pro-
pellant exhibited a similar two-zone feature. Although
Korobeinichev did not describe it as a dark zone, the
wide zone could be interpreted as a dark zone at low
pressures.

In light of the aforementioned discussions, a dark
zone exists in homogeneous propellants under low
and moderate pressures. Owing to the strong oxida-
tion of AP decomposition products, combustion of
oxidizer-rich AP generates a diffusion flame and does
not produce a dark zone at atmospheric pressure and
above. When pressure is as low as 24 mbar, however,
a dark zone is observed [11]. The phenomenon may
be attributed to the fact that AP and AP/HTPB propel-
lant combustion becomes kinetically controlled under
very low pressures, similar to those of homogeneous
propellants.

5. Conclusions

The key physiochemical mechanisms involved in
the formation of a dark zone in solid-propellant com-
bustion have been investigated for a variety of pro-
pellants. Emphasis was placed on the sensitivity of
the dark-zone behavior to various chemical pathways
and physical parameters. The existence of a dark-zone
temperature plateau can be attributed to the presence
of species such as HCN, NO, CO, and N2O, which
undergo reactions involving high activation energies.
The species require a finite residence time commen-
surate with the chemical induction time to complete
their reactions. The chemical and transport processes
of the intermediate species thus play a vital role in the
formation of a dark zone.

A dark zone is usually observed in the combus-
tion of homogeneous propellants up to 60 atm, and its
length can be correlated with pressure in the form of
Ld = apd . High gas-mixture velocity above the pro-
pellant surface favors the formation of a dark zone.
Higher surface and preconditioned temperatures of
propellants reduce the dark-zone thickness due to
the decrease in the chemical induction time. Un-
der laser-assisted conditions, the primary flame and
dark zone in RDX monopropellant combustion are
known to stretch due to enhanced transport and chem-
ical effects. Such phenomenon can be attributed to
the increase in the gas velocity and the dominance
of the reaction mechanism RDXl (HMXl) → 3(4)
(H2CN + NO2) (R2) over RDXl (HMXl) → 3(4)
(CH2O + N2O) (R1) under intensive heating.

NO is a critical species in the dark zones of most
solid propellants. Other important species include CO
for DB propellants, HCN for nitramine propellants,
and N2O for ADN propellants. For DB and nitramine
propellants, the dark-zone temperature plateau usu-
ally ranges between 1200 and 1600 K, in which
species concentrations vary moderately. ADN com-
bustion exhibits two dark zones. The formation of
the first dark zone (850–1250 K) near the propellant
surface results from the NO inhibition effect in the re-
action between NH3 and NO2. The second dark zone
at the end of the secondary flame arises from the high
concentrations and weak reactivities of NO and N2O.
The second dark zone in ADN combustion is similar
in nature to those observed in nitramine and DB pro-
pellant combustion.
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For nitramine propellants, the most sensitive reac-
tions affecting the dark-zone characteristics are those
proposed in the Yetter95 mechanism: H2CNNO2 +
NO2 = CH2O + N2O + NO2 (R9), H2CNNO2 +
N2O = CH2O + N2O + N2O (R10), and H2CNNO2
+ H2O = CH2O + N2O + H2O (R11), as well as
the following elementary reactions: HCN + OH =
HNCO + H (R13), HNO + OH = H2O + NO (R18),
NH2 + NO = N2H + OH (R19), N2H + NO =
HNO + N2 (R20), HNCO + H = NH2 + CO (R21),
HNO + NO = N2O + OH (R32), NH2 + NO =
N2 + H2O (R33), HNC + OH = HNCO + H (R34),
HNCO + CN = HCN + NCO (R35), and HCN =
HNC (R36). In the case of DB propellants, the most
sensitive reactions in the dark zone are (R32) and
N2O + O = NO + NO (R48), and for ADN propel-
lants, they are (R19), (R33), NH3 + OH = NH2 +
H2O (R47), and NH3 + NO2 = NH2 + HNO2 (R57).
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