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Hot Fragment Conductive Ignition
of Nitramine-Based Propellants

T. H. Huang,* S. T. Thynell, and K. K. Kuoi
Pennsylvania State University, University Park, Pennsylvania 16802

Hot fragments generated during the impact of shaped-charge jets may penetrate the cartridge casing and
induce propellant ignition. The major objective of this study is to acquire a better understanding of hot fragment
conductive ignition behavior of nitramine-based XM39 and M43 propellants. The confinement effect of the
cartridge is simulated by an enclosure within which the pyrolysis products can accumulate and significantly
increase pressure. Both theory and experiments showed that the ignition threshold was a strong function of
confinement. At low pressures, the XM39 propellant was more susceptible to ignition, because its binder
decomposition is more exothermic than that of the M43 propellant. At highly confined conditions, which allow
for chamber pressurization, the M43 ignition threshold became lower than that of XM39 propellant. The
reduction of the ignition threshold is caused mainly by exothermic reactions between CH,O and NO, species,

which are enhanced under gas accumulation conditions.

Nomenclature

Arrhenius frequency factor

area of chamber exhaust port, m?
interface area between liquid melt and gas
bubbles, m?>

interface area between foam layer and
propellant, m?

interface area between foam layer and
gas-phase region, m*

surface area of spall particle exposed to gas
phase, m?

constant-pressure specific heat, J/kg-K
constant-volume specific heat, J/kg-K
activation energy, J/mole

specific enthalpy, J/kg

rate constant specified in Table 2

height of melt or foam layer, m

height of spall particle, m

mass, kg

net rate of production of gaseous mass in
foam layer, kg/s

mass flow rate into gas phase from foam
layer, kg/s

mass flow rate of gas out of confinement
region, kg/s

chamber pressure, Pa

heat flux from spall particle base to gas
phase, W/m?

heat release due to desorption from liquid
melt to gas bubbles, J/kg

heat of endothermic reaction from solid
propellant to liquid melt, J/kg

heat flux from gas phase to liquid phase
through interfaces, W/m?

heat flux from chamber gas to chamber
wall, W/m?

heat flux from spall particle base to liquid
phase, W/m?
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Subscripts
con, 1

con, 2

dgl
8
gf
i

If

heat flux from foam layer to propellant
surface, W/m?

heat flux from spall particle to gas-phase
region, W/m?

universal gas constant, 8314.4 J/kg-mole K
radial coordinate, m

radius of propellant, m

radius of spall particle, m

bulk temperature of gas in chamber, K
mean gas-bubble temperature in foam
layer, K

mean liquid temperature in foam layer, K
melting temperature of propellant, K
temperature of bottom surface of spall, K
time, s

specific internal energy, J/kg

velocity of liquid in foam layer into
gas-phase region, m/s

velocity of gas in foam layer into gas-phase
region, m/s

sinking velocity of spall particle, m/s
mass fraction

axial distance above base of spall
particle, m

heat of formation, J/kg

heat of reaction, J/g

specific heat ratio

thermal conductivity, W/m-K

mass fraction of ith dissolved gaseous
species in jth component of liquid
density, kg/m?

average porosity (void fraction) of foam
layer

rate of formation of ith species in gas
phase, kg/s

conversion of RDX,, to CH,0,,, and
N,O 4q at rate of k,

conversion of RDX,, to HCN 4, and
HONO,,,, at rate of k,

dissolved gas in liquid

gas phase in chamber

gas bubble in foam layer

initial condition

liquid phase in foam layer
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melt = melt layer
pr = propellant
s = spall fragment
I. Introduction

T HE purpose of performing hot fragment conductive ig-
nition (HFCI) studies is to further the development of
technology for better assessment of the survivability of weapon
systems (such as tanks, ships, etc.), containing stowed am-
munition. Hot fragments are inevitably generated from the
penetration of armor plates by shaped-charge jets or kinetic-
energy penetrators. One way to negate the threat of propel-
lant ignition by hot fragments is to use a propellant that is
resistant to conductive ignition. In recent years, considerable
effort has been devoted to the development of low vulnera-
bility ammunition (LOVA) and high energy LOVA (HE-
LOVA) propellants.

Raley et al.! conducted experiments using a chemical en-
ergy (CE) spall test in order to evaluate the response of can-
didate propellants for 105-mm tank cannon ammunition to a
shaped-charge jet-generated spall attack. In these experi-
ments, nitrocellulose-based (M30) and nitramine-based (XM?39
LOVA and M43 HELOVA) propellants were employed. Pre-
viously conducted HFCI tests indicated that the M43 pro-
pellant should be less susceptible to ignition due to spall frag-
ment-induced pyrolysis and reaction than the XM39 propellant.
It was expected that similar results would be obtained with

THERMOCOUPLES———
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CE-spall tests using these propellants confined within am-
munition cartridges. However, test firings revealed that none
of the cartridges loaded with the XM39 LOVA propellant
reacted when attacked by spall fragments, whereas about 25%
of the cartridges loaded with the HELOVA propellant (M43)
exploded after first producing smoke during fizz burning (slow
cookoff) for about 65—125 s. The XM39 and M43 propellants
contain the same nitramine (RDX), and the only difference
is that an acetyl triethyl citrate (ATEC) binder ingredient in
XM39 propellant is replaced with an energetic plasticizer (EP)
in M43 propellant. .

It was postulated that the difference in the conditions under
which the HFCI and CE spall tests were conducted may be
the cause of the unexpected results. Specifically, the HFCI
tests were conducted at constant pressures, whereas the pen-
etration of spall fragments through the cartridge casing may
lead to a pressure rise caused by an accumulation of pyrolysis
products within the cartridge and subsequent gas-phase ig-
nition among pyrolysis products. The possibility of pressure
increase could be caused by a rearrangement of the granular
bed, i.e., the entrance hole of the shaped-charge jet for spall
fragment generation is partially blocked, thus preventing py-
rolysis gases to escape.

The overall objective of this study is to understand and
assess the thermochemical processes controlling the ignition
susceptibility of XM39 (LOVA) and M43 (HELOVA) pro-
pellants and to explain the unexpected ignition behavior of
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Fig. 1 Schematic diagram of test rig for conducting confined hot fragment conductive ignition studies.
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M43 propellants within confined enclosures. Such a study
involved the design of a partially confined (PCHFCI) test
setup for simulating the effect of gas accumulation on ignition
within a cartridge damaged by spall fragments and the exten-
sion of an existing theoretical model to include the effect of
the confined enclosure and binder ingredient differences.

II. Experimental Approach

In this study, a stainless steel cylinder of diameter 0.63 cm
(0.25 in.) was used to simulate the spall fragment. The se-
lection of this geometry had two advantages: 1) the bottom
surface is flat, which should enable a good contact with the
propellant surface; and 2) the experimental results can be
compared with results obtained from the PCHFCI model.

The fragment was suspended in the hot-core region of the
tube furnace, shown at the top of Fig. 1, by the suction force
produced from the vacuum in a stainless steel tube. After the
fragment reached thermal equilibrium within the furnace, the
fragment was released, falling downward through an open
section at the bottom of the furnace by gas filling of the
vacuum. A quartz funnel and a stainless steel tube (8 mm
i.d.) were used to guide the fragment into the confined en-
closure. When the cylindrical fragment landed on the sample,
nitrogen gas from a cylinder pushed a sliding plate to close
the opening of the guiding tube to prevent pyrolyzed gases
from entering and igniting within the furnace. Closing the
opening at the top of the chamber also allowed pressure buildup
in highly confined test situations. An O-ring provided a pres-
sure seal under the sliding plate. The nitrogen gas line was
controlled by a remote control ball valve. A perforated ex-
haust hood, located directly below the furnace, was employed
to remove the pyrolysis gases in case of leakage.

The test rig allows for temperature, pressure, and light
emission measurements. The test chamber is made of stainless
steel of circular cylinder shape. The o.d. of the chamber is
12.7 em (5 in.), and the length is 12.7 cm. Graphite and
thermal insulation material were installed inside the chamber.
The internal volume of the chamber is approximately 57 cm?®.
Two sealed viewing windows were set up with double layers
of quartz on the inside and Plexiglas® on the outside. The
landing of the spall fragment on the propellant sample was
recorded by a video camera through the viewing windows.
The test chamber can be highly confined when the relief ball
valve is tightly closed and a high-pressure bursting diaphragm
is installed in the safety head. During the highly confined
tests, the maximum chamber pressure is controlled by choos-
ing the appropriate bursting diaphragm.

A wide variety of measurements was performed in the test
rig while the hot fragment interacted with the propellant.
These included 1) transient temperature response within solid
propellant at several locations, 2) onset of light emission and
subsequent ignition of sample by a fast-response near-IR pho-
todetector, 3) time variations of gas-phase temperatures at
several locations within the enclosure, 4) pressure-time var-
iation within the enclosure, and 5) observation of gaseous
ignition and combustion processes by means of a video cam-
era.

III. Theoretical Study

In the theoretical portion of the investigation, an existing
HFCI model*-® was extended by incorporating a reduced
chemical kinetic mechanism of M43 propellant and by ac-
counting for the gas accumulation effect in the confined en-
vironment. To provide strong linkage between the modeling
effort and experiment, the model was formulated to simulate
the experimental test event including 1) a uniformly heated
metal particle; 2) a realistic propellant sample; 3) heat con-
duction induced ignition phenomena; 4) chamber pressuri-
zation, due to accumulation of gas-phase products; and 5)
effect of chamber confinement on go/no-go ignition boundary.

The chemical composition of XM39 propellant is listed in
Table 1. The RDX crystals are on average 5 um in diameter,
and are bound together primarily by the CAB and ATEC
ingredients. The competing decomposition reactions of RDX
are considered together with the major exothermic reaction
between NO, and CH,O. A detailed description of the chem-
ical kinetic scheme for ignition study of XM39 propellant is
given in Table 2. The mechanism proposed by Brill and Brush¢
and associated kinetic data suggested by Melius” were adopted
for RDX decomposition. The DSC data of XM39 obtained
by Miller® were used for the liquid-to-gas conversion rate.
The global kinetic rates for reactions between NO, and CH,O
were adopted from the work of BenReuven et al.? Because
of its chemical stability, the effects of EC on ignition were
assumed to be negligible.

The simplified chemical kinetics of M43 propellant are also
shown in Table 2. The only difference from those of XM39
is the replacement of ATEC decomposition by EP decom-
position. The decomposition of EP is more endothermic than
that of ATEC.

In formulating the theoretical model, four sets of governing
equations, as well as their boundary and initial conditions,
were derived. These governing equations were formulated by
considering that the hot spall particle be adequately treated
by transient two-dimensional axisymmetric heat conduction,
the LOVA propellant be treated as a transient heat-conduc-
tion region with surface regression, the foam layer solved as
a reacting two-phase region, and the gas-phase region be treated
by a lumped parameter analysis. Reference 2 contains a thor-
ough discussion of most of the HFCI model assumptions. The
lumped parameter analysis is based on the expectation that
the gases evolved from the foam layer into the gas-phase
region have sufficient momentum to mix and slowly react.
This should be a reasonable assumption since ignition delay
times are approximately 60 to 120 s. The governing equations
for each region are given below.

A. Energy Equation of Hot Spall Fragment

To determine the temperature profile in the cylindrical spall
fragment, as well as the average temperature at its base, the
following transient two-dimensional heat conduction equation
is considered:

F) 14 a7, d o7,
= (p,CT) === (Ar==) + = (A, =2
ot (p.\C\ ,x) 7 ar < 5T ar> 9z < i 62) (1)

B. Energy Equation of Propellant

Since the heat transfer is primarily one dimensional from
the spall fragment to the solid propellant, radial temperature
variations in the propellant are negligible. A transient one-
dimensional heat conduction equation is given as

d a aT,,
& (pprCAererr) = & </\pr F;) (2)

for solving the thermal profile in the propellant beneath the
spall particle.

C. Analysis of Foam Layer

The physical and chemical processes occurring in liquid and
gas bubbles within the foam layer are treated separately, as
shown in Fig. 2.

Mass continuity of gas bubbles

D . .
E (mgl) = _mgl\r + mgnct (3)

where m, = p, VYL, 7r3

L fi pre mgf.r = pgl'vlrg\IjAsides and mgnel =
piks(1 — \I,)Lmﬂrfn--
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Table 1 Chemical composition of XM39 propellant

Molecular Mass
Ingredient Chemical weight, fraction, AH, P,
name composition kg/kmole % kJ/kg glem?®
RDX, 5 um C;HNO, 222.13 76 276.86 1.82
CAB* CsH.,04 330.0 12 —4933.76 1.22
NCP CoH; 5505(NO>)5 45 272.3 4 —2583.8 1.655
ATEC CH,,04 318.3 7.6 5459.6 1.135
EC C;H,,ON, 268 0.4 -391.5 i.14

*Cellulose acctate butyrate. PNitroccllulose.

Table 2 Simplified chemical kinetic scheme and rate constants for ignition study of XM39 and M43 propellants

1. XM39 Solid propellant/foam layer interface

RDX,,,
Solid propellant — RDX,, + binder,, (AH, = —265.2 J/g-binder)
binder,,
2. Foam layer
Liquid
k
‘/V 3 CH,Ox) + 3 N;Ouy, (AH, = —894.4 J/g-RDX)
RDXy
3 HCN g, + 3 HONO
Fast N 5 N
——— 3 HCNyy, + 3 NO(yqy + 3 NOyyy + 1 H;Oey (AH, = 587.1 J/g-RDX)
ATEC —— 5 CH,0 4o, + 3 C:Hyggy + 3 €O,y (for XM39)
Fast /," EP —— 4 NO, + 2 CH,O + C,H, + CH, + C,H, (for M43)
Binder,,, .

S~ NC — 2.45 NOyy, + 2 CH,O gy + 2 COpggy + CoHogmy + HZO(‘,g,)} (for cither XM39 or M43)

CAB —— 6 CH,O 4, + 3 C:Hyyy + CHuey + 2 COyy
Liquid/gas bubble interface
ks,
Ay — Ay, (AH, = 322.6 J/g-liq)
Where A, includes RDX, CH-O, N,O, HCN, NO, NO,, H,0, C,H,, CO, C.H,, and CH,
Gas bubbles

Ki_» 3CH,0, + 3N,0O(g) (AH, = —1318.4 J/g-RDX)
RDX(::) — C

}.. 3HCN, + i NOy, + 3 NOy,, + 3 H,Oy, (AH, = 162.6 J/g-RDX)

. k 2 5
NOy, + § CH.O,, —> NO,y + 3 COy, + 3 COy,, + 3 HiO,, (AH, = —4182.5 J/g-NO,)
3. Gas-phase region

k'/v 3 CH,O, + 3 N,O,

RDX,,
b,‘ 3HCN,, + 3NOy, + i NO,y, + 2 H,0,

, k , i
NO., + 3 CH,O( —> NOy + 7 COyyy + 3 €O, + F HO,,,

k; = A exp[— E/RuT] A E, Kcal/lg mole  Reference
k, 1 % 103, (1/s) 36.0 6 and 7
ks 2 x 10, (1/s) 45.0 6 and 7
ks 1.98 x 10, (1/s) 38.2 8
k., ‘ 102, (cm®/g mole-s) 19.0 9
Mass continuity of liquid melt Energy conservation of gas bubbles
S m) = iy = i, 4 D
~n, Wy) = m, — m fr mA ne . -
D¢t " P " snet E (mgfugf) = _mgf.l‘hgf + mgnleL

where my = py(1 — V)L, 7r, iy, = piVi(1 — V) A,
and mpr = ppl’(_VIN)A\" + \I,q.;,aswr;z)r - q-;us-liin

)
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Fig. 2 Schematic diagram showing certain heat and mass fluxes as-
sociated with foam layer.
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Energy conservation of liquid melt

D )
Hf (myuy) = =ty By —

+ q,g,us-liin + mpercl( - q’;liq-snlidA.v (6)

Myoee@r + (1 = W)qiigmrs

liq

Species conservation of liquid phase

D ) ) )
—D_t (er.lmn‘) = (—my, — mgnm)Ynzn — Meona

- n.2 + Ypr‘ lmpr (7)

co

D . . .
’15; (Ylf‘zmlf) = (—my, — mgncl)Ylf.Z + Meon.t (8)

D . .
_D—t (Yn’.smu') = (—mn:r - mgnm)erxs T Meon.2 (9)

where Y, , is the mass fraction of RDX in the liquid, Y, is
the mass fraction of CH,O and N,O (low-temperature path-
way), Y, is the mass fraction of HCN, NO, NO,, and H,O
(high-temperature pathway), Y, is the mass fraction of binder
decomposition products in liquid, and Y, , is the mass fraction
of RDX in the propellant.

Conservation of ith gas-phase species in bubbles (including
RDX, CH,0, N,O, HCN, NO, NO,, H.O, C,H,, CO, CH,,
- CH,, and CO,)

D . : s
E (Ygf.imgf) = _mgf.rYgf,i T Wy T Mg El Yn‘./f/.i (10)
i<

where @, is the rate of production of ith species in the gas
bubbles based upon the kinetic rates of k,, k,, and k,.

D. Analysis of Gas-Phase Region Inside Test Chamber

The major assumptions in deriving the governing equations
for the gas-phase region include 1) uniform temperatures,
pressure, and species concentrations; 2) approximately con-
stant total gas volume; 3) gaseous mixture containing only
RDX, CH,O, N,O, HCN, NO, NO,, H.,O, C,H,, CO, C,H,,
CH,, CO, species, and any diluent gas such as N,; and 4)
applicability of ideal gas law.

Mass conservation

D
B‘; (mc) = mlf.r + mgf.r - mnux (11)

where

Mout = APy V2C, TPy P)”” — (P )17
for the unchoked flow condition, and

Mo = [2(y + D]+ 1207 DA PVYIRT,
for the choked flow condition.!

Energy conservation

2(mu)=rr‘zh—mh + G el — G A
Fatt'd inf*in out’ fout qsp—gas sp qgas—wall wall

D¢
(12)
where u,, the specific internal energy, is defined as
13 T
U, = 2 u, Yy, and ug; = AHP; + f C,.dT
i=1 Ty
Species conservation
D . : X
—D_f (thmg) = mgf‘rYgf,i - Yg.imnul
4
+ mliﬂr 2 Ylf.jgjj + d)g‘i (13)
j=1
Equation of state
13 Y,'
Po= pRT 2 4 (14)
i=1 w.i

where P, is gas pressure, T, is gas temperature, and M, ; is
molecular weight of ith species.

IV. Experimental Results and Discussion

The results described in the next sections were obtained by
using a spall fragment of 0.63 cm diameter and a propellant
sample of 1.1 cm diameter. Variation of mass was achieved
by using different heights of spall and propellant samples. The
gas present initially within the test chamber was regular air.
The size of the exhaust port in the test chamber for the par-
tially confined enclosure was approximately 0.3 cm? when the
relief ball valve was open. The test chamber can be operated
at either the highly or partially confined conditions discussed
below. In these experiments, K-type thermocouples with an
approximate bead size of 500 and 75 um were used to record
temperatures in the gas-phase region and foam layer, re-
spectively.

A. Partially vs Highly Confined Enclosure
Figure 3 shows a set of temperature-time traces and near-

IR photodetector response for the M43 propellant, which first

pyrolyzed less than 1 s after contact with the hot cylinder and
later ignited around 9 s. The initial temperature of the spall
fragment was 1473 K. The near-IR photodetector response
reveals a sharp spike shortly after the initial contact. The
reduction in recorded response that follows is due to the gen-
eration of highly opaque pyrolysis products. From ¢ = 9 s,
the near-IR photodetector response shows a plateau level with
slight oscillations over a 10-s time interval due to the ap-
pearance of flamelets near the sample surface revealed from
video images. Thermocouples A and B, initially located at
0.19 cm and 0.67 cm below the sample surface along the edge
of the propellant, show a rapid increase in temperature at
t = 18 s, and the gas temperatures approach approximately
773 K. Thermocouple C, located at the bottom of the pro-
pellant, showed a rapid temperature rise to 1103 K when
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. A: Gas Temp. below Initial Surface 0.19 cm
Spall Size: D= 0.63 cm, L= 1.27 cm, M= 3.2 gm ”
B: Gas Temp. below Initial Surface 0.67 cm
llant: M43, D= 1.1 cm, L= 1.8 cm
Propellan C: Bottom Temp. of Propellant
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Fig. 3 Recorded temperature-time traces and near-IR photodetector
response for M43 propellant in an HFCI test (initial spall temperature
= 1473 K).

Spall Size: D= 0.63 cm, L= 1.91 cm, M= 4.7 gm
Propellant: XM39, D= 1.1 cm, L= 2.1 cm
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Fig. 4 Recorded temperature and pressure-time traces for XM39
propellant in an HFCI test (initial spall temperature = 1123 K).

burning reached that position. The M43 sample was almost
completely consumed by pyrolysis, ignition, and combustion.
Only a trace of residue remained. The pressure in the chamber
remained at 1 atm throughout this test and is therefore con-
sidered as one of the partially confined test cases.

Figure 4 illustrates a typical set of recorded temperature-
and pressure-time traces in a test using XM39 propellant in
a highly confined enclosure. Note that only a negligibly small
amount of gas departed from the test rig. The initial tem-
perature of the spall fragment, with a1.91 cm (0.75 in.) length,
was 1123 K. Thermocouple A, used to record the gas-phase
temperature, was placed 0.55 cm above the top surface level
of the propellant. Inspection of Fig. 4 reveals that the gas
accumulation of pyrolysis products caused pressure to build
up in the chamber. In the early period, the gas temperature
and pressure increased gradually due to pyrolysis and decom-
position of the propellant, and no luminous flame was ob-
served. At t = 43 s, gas-phase reactions were violent, and a
luminous flame was observed within the entire chamber. As
a result, the gas temperature and pressure increased rapidly,
which is an indication of gas-phase ignition. This rapid ignition
caused an abrupt pressure rise from 0.515 to 0.86 MPa. The
diaphragm rupture at 0.86 MPa resulted in rapid depressur-
ization of the chamber, flame disappearance, and quenching
of the propellant combustion.

Figure 5 also shows the recorded gas-phase temperature-
and pressure-time traces caused by pyrolysis of the XM39
propellant in a highly confined enclosure. The propellant was

Spall Size: D= 0.63 cm, L= 191 cm, M= 4.7 gm
Propellant: XM39, D= 1.1 ¢cm, L= 2.0 cm
ST N SV MU NN NNV NV ENIN U MR B 1

600
550
500
450
400
350
300
250
200 T T T T T 1 0

-10 10 30 50 70 90 110
Time, Sec

Propellant

Gas Temperature, K
BJIN ‘QInssaid

U RS e N R S RN R R

Fig. 5 Recorded temperature and pressure-time traces for XM39
propellant in an HFCI test (initial spall temperature = 1023 K).

Spall Size: D= 0.63 cm, L= 1.91 cm, M= 4.7 gm
Propellant: M43, D= 1.1 ¢cm, L= 2.1 cm

600 L PR I RSN RSN SRRV RUNT NNNVIN RRNTIN RER N | Rt 1

550 © ]
v : Jo.8
s 500F ‘ ] ~
g g ] g
8 450C ) - A
g 50 F Propellant e e 0.6 g
E 400 ] ;
s 3500 S 104 3
S

300 ¢ 8 0.2

250 F

200 R e e e B e L e s s K

210 10 30 50 70 90 110

Time, Sec

Fig. 6 Recorded temperature and pressure-time traces for M43 pro-
pellant in an HFCI test (initial spall temperature = 1023 K).

subjected to a spall fragment of the same size as in the previous
case, but with a lower initial temperature of 1023 K. Upon
contact with the spall fragment, the chamber quickly filled
with a brownish gas. The gas temperature and pressure grad-
ually increased, but the rate of pressurization was much slower
than that of the previous case. Because no significant exo-
thermic reaction occurred in the gas phase, the gas temper-
ature remained steady for about 40 s. At this time, the pro-
pellant was completely consumed by pyrolysis. As a result,
the gas temperature began to decrease due to heat loss to the
chamber wall, and the pressure, therefore, also decreased
slowly. No sign of ignition (usually accompanied with a visible
luminous flame and an audible diaphragm rupture) was ob-
served in this test. The mass loss of the XM39 propellant due
to pyrolysis was much larger in the highly confined enclosure
than in the partially confined enclosure.

In a highly confined enclosure, Fig. 6 displays the recorded
temperature- and pressure-time traces for the M43 propellant
that was first pyrolyzed immediately upon contact with the
hot spall cylinder and finally ignited at 55 s. The propellant
was subjected to heating by a spall fragment of the same size
and initial spall temperature of 1023 K, as in the previous
case using XM39 propellant (see Fig. 5). The thermocouple
used to record the gas-phase temperature was placed 0.55 cm
above the top sample surface level. After the spall fragment
landed on the top surface of the propellant, the propellant
slowly produced pyrolysis gases that filled the chamber during
the first 50 s. At¢ = 55 s, the species in the gas phase reacted
violently and a luminous flame was observed within the entire
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chamber. At the same time, the gas temperature and pressure
went up rapidly. The sound from the rapid gas-phase reaction
and diaphragm rupture was heard immediately after the lu-
minosity was observed within the test chamber. The pressure
rose sharply from 0.79 to 0.96 MPa, followed by a rapid
chamber depressurization due to rupture of the diaphragm.
Thus, the propellant combustion was quenched. Approxi-
mately 0.18 gm of unburned propellant was recovered.

Figure 7 shows a set of recorded pressure-time traces for
the M43 propellant in a highly confined enclosure for various
initial spall temperatures ranging from 773 to 1123 K. The
mass of the stainless steel spall fragment (4.7 gm) was held
constant during this series of tests. As clearly depicted in this
figure, the ignition delay time increases with the decrease of
the initial spall temperature. Ignition was reached at 112 s for
the test with the spall initial temperature at 793 K. The go/
no-go ignition boundary for M43 propellant heated under this
highly confined condition lies between 773-793 K. It is in-
teresting to note that this ignition temperature range is about
650 K lower than the ignition temperature of the same pro-
pellant heated under nearly constant pressure conditions of
1 atm.

B. Go/No-Go Ignition Boundaries for Nitramine-Based Propellants

Figure 8 shows the go/no-go ignition boundaries of XM39
and M43 propellants in both partially and highly confined
environments. The change in the mass of the cylindrical frag-
ment was achieved by altering its height; the diameter was
held constant at 0.63 cm. As expected, the minimum fragment
temperature for igniting XM39 and M43 propellants was found
to decrease with increasing fragment mass. As the mass of
the spall fragment was increased, its heat content also in-

Spall Size: D= 0.63 cm, L= 1.91 cm, M=4.7 gm
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Fig. 7 Recorded pressure-time traces for M43 propellant in a highly
confined enclosure for various initial spall temperatures.
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Fig. 8 Experimental go/no-go ignition boundaries for XM39 and M43
propeliants in different confined enclosures.

creased. Smaller fragments require a higher initial tempera-
ture to ignite a propellant.

The XM39 propellant was found to be more susceptible to
conductive ignition by the spall fragment than the M43 pro-
pellant in the partially confined enclosure. For example, with
a 3.2-gm fragment, the ignition temperature of M43 measured
was about 1473 K, the maximum temperature of spall heated
by tube furnace, but the ignition temperature of the XM39
propellant was about 1273 K, 200 K lower than that of the
M43 propellant.

Under highly confined conditions, which allow for chamber
pressurization, the M43 ignition threshold becomes lower than
that of XM39. For example, with a 6.4-gm fragment, the
measured ignition temperature of M43 was about 823 K, but
the ignition temperature of the XM39 propellant was about
1023 K, 200 K higher than that of the M43 propellant. This
result can be used to explain the unexpected ignition behavior
of the M43 propellant observed in shaped-charge jet impact
tests of cartridges where the M43 propellant grains may lead
to a pressure rise caused by an accumulation of pyrolysis
products within the cartridge and subsequent gas-phase ig-
nition among pyrolysis products.!

By comparing of the experimental go/no-go ignition bound-
aries between partially and highly confined enclosures, the
extent of the chamber confinement was found to have a sig-
nificant effect on the go/no-go ignition boundaries, especially
in the case of the M43 propellant. In a partially confined
environment, the pressure of the gas-phase region remains at
1 atm, and ignition most probably occurs in the foam layer.
An extremely high initial spall temperature is needed to ignite
the propellant. In a highly confined environment, the chamber
pressure reaches several atmospheres prior to rapid gas-phase
ignition. Even at a much lower initial spall temperature, the
propellant can still be ignited.

V. Theoretical Results and Discussion

Governing equations for heat conduction within the spall
particle and inert heating of the propellant were recast into
ordinary differential equations by the integral method.!' The
overall PCHFCI model consists of a total of 34 ordinary dif-
ferential equations solved simultaneously by Gear’s method. ?

A. Temperature and Pressure Variations for XM39 Propellant

Figure 9 depicts the calculated time variations of temper-
ature and pressure for the XM39 propellant in a partially
confined enclosure (A, = 3.17 x 107 m?). The spall size
of L, = 1.27 cm and R, = 0.317 cm with an initial spall
temperature of T,; = 1203 K was employed in the numerical
simulation. Initially, the solid propellant was subjected to an
inert heating period of about 1 s duration. Once the inert
heating period was complete, both the calculated gas-bubble
and liquid-phase temperatures increased rapidly. The initial
temperatures of the liquid 7, and gas T, in the foam layer
were assumed to be 460 K. Peak values of these temperatures
occur 3 s after the spall impact, and beyond these peaks, the
foam-layer temperatures gradually decrease due to heat losses
to the propellant and surroundings. The temperature along
the bottom surface of the spall Ty decreases due to heat
transfer to the foam layer by conduction and to the gas-phase
region by both convection and radiation. The thermal re-
sponse by the gas-phase region T, is delayed slightly, but
rapidly reaches a value of about 530 K and then reduces
gradually. Because of the relatively small size of the spall
fragment and its low heat-transfer coefficients, its contribu-
tion to heating the gas-phase region is small; most of the spall’s
energy is conducted into the foam layer. Since calculations
showed a gradual decrease in all temperatures beyond a time
span of about 3 s, no ignition was predicted. In the partially
confined enclosure (A, = 3.17 x 1077 m?), the accumu-
lation of pyrolysis products does not cause a pressure rise
within the enclosure. The pressure remained steady at 1 atm.
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Fig. 9 Calculated time variations of temperatures and pressure for
XM39 propellant (initial spall temperature = 1203 K).
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Fig. 10 Calculated time variations of temperatures and pressure for
M43 propellant (initial spall temperature = 1203 K).

B. Species, Temperature, and Pressure Variations
for M43 Propellant

Figure 10 illustrates the calculated time variations of tem-
peratures and pressure when the M43 propellant is subjected
to the heating of a spall fragment of the same size and initial
temperature as in the previous case. The decomposition of
the EP in M43 propellant is more endothermic than that of
ATEC in XM39 propellant. Therefore, the temperatures of
the T; and T, in the foam layer in the M43 propellant were
slightly lower compared to those in the XM39 propellant. The
T decreases due to heat transfer to the foam layer by con-
duction and to the gas-phase region by both convection and
radiation. Again, no ignition was predicted.

Figure 11 shows the calculated species mass fractions in the
gas-phase region for the same simulation case for M43 pro-
pellant. Due to pyrolysis and decomposition of the propellant,
the mass fractions of CH,O and NO, increase near the end
of the inert heating period. Examination of the calculated
results reveals no rapid reaction between CH,O and NO,
species, and the extent of RDX decomposition is quite lim-
ited.

C. Effect of Chamber Exhaust Port Size on Ignition

To study the effect of the chamber exhaust port size on
ignition of the M43 propellant within a partially confined
enclosure, two different sizes of chamber exhaust ports (3.17
x 1075 and 3.17 X 10-? m?) were considered for simulation,
using the same size of spall particles (L, = 1.27 cm and
R, = 0.317 cm) and a spall initial temperature of 1203 K.

For the larger opening case (see Figs. 10 and 11), accu-
mulation of pyrolysis products is limited, causing essentially
no buildup of temperature and pressure within the enclosure.
The calculated time variations of temperature, pressure, and
species composition in the gas-phase region indicated that no
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Fig. 11 Calculated time variations of species composition in gas-phase
region for M43 propellant.
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Fig. 12 Calculated time variations of temperatures and pressure for
M43 propellant in a highly confined enclosure.
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Fig. 13 Calculated time variations of species composition in gas-phase
region for M43 propellant in a highly confined enclosure.

ignition occurred. For the smaller size opening case (shown
in Figs. 12 and 13), the pressure inside the enclosure increased
above the ambient pressure. Self-sustained ignition occurred
at about 7 s when the rate of heat generated by the exothermic
reactions exceeded the rate of heat loss. It is of interest to
observe that the predicted mass fraction of NO, is higher than
that of CH,O in the gas phase for the M43 propellant and is
opposite to that for the XM39 propellant.

D. Go/No-Go Ignition Boundaries of Nitramine-Based Propellants

Figure 14 shows the calculated go/no-go ignition boundary
in terms of initial spall temperature vs chamber exhaust port
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Fig. 14 Calculated go/no-go ignition boundary in terms of initial spall
temperature versus exhaust port size for XM39 propelant.
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Fig. 15 Comparison of experimental data with calculated go/no-go

ignition boundaries for XM39 and M43 propellants in a partially con-
fined enclosure.

size for the XM39 propellant. The size of the spall fragment
was held constant at 6.4 gm mass with a geometry of 2.54 cm
length and 0.63 cm diameter. For an exit area larger than
107 m?, pressure cannot be built up by accumulation of py-
rolysis product gases. Therefore, the minimum ignition tem-
perature is approximately 1240 K. For an opening area smaller
than about 10-7 m?, the pressure inside the enclosure in-
creases to levels above the ambient pressure. The exothermic
reaction between CH,O and NO, species is enhanced under
gas accumulation conditions, which reduces the ignition
threshold to T; = 920 K as the chamber approaches a highly
confined environment.

Figure 15 shows the calculated and experimentally deter-
mined go/no-go ignition boundaries for a partially confined
enclosure (A, = 3.17 X 10~° m?). The calculated ones, for
partially confined environments, were found to be in very
good agreement with the measured data. The XM39 propel-
lant was found to be more susceptible to ignition than the
M43 propellant in a partially confined environment. The rea-
son the M43 propellant is more resistive to conductive ignition
is that its binder decomposition is more endothermic and the
foam-layer ignition occurs only at an extremely high initial
spall-fragment temperature. ‘

Figure 16 presents a comparison of experimental data with
calculated go/no-go ignition boundaries for XM39 propellant
in different confined enclosures. Both theoretical calculations
and experimental data show that the go/no-go ignition bound-
ary of the highly confined case is lower than the partially
confined case. The calculated go/no-go ignition boundaries of
XM39 propellant for the range of spall fragment sizes tested
are consistent with the measured values. Smaller spall frag-
ments were not used in experimental measurement since they
must be heated to temperatures beyond the maximum tem-
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Fig. 16 Comparison of experimental data with calculated go/ne-go
ignition boundaries for XM39 propellant in different confined enclo-
sures.
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Fig. 17 Comparison of experimental data with calculated go/no-go
ignition boundaries for M43 propellant in different confined enclo-
sures.

perature of the furnace. Figure 17 compares experimental
data with calculated go/no-go ignition boundaries for the M43
propellant in different confined enclosures. For the M43 pro-
pellant, the extent of the chamber confinement was found to
have an even stronger effect on the go/no-go ignition bound-
aries than XM39 propellant. For a larger size spall within a
highly confined enclosure, the M43 propellant was found to
be more vulnerable to HFCI than the XM39 propellant. Al-
though the match of the highly confined case is not extremely
close, calculated results show the same trend and are also
useful in explaining the unexpected ignition behavior ob-
served in shaped-charge jet impact tests of cartridges loaded
with M43 propellant grains.! In these tests, penetration of
spall fragments through the cartridge case could therefore lead
to a pressure rise caused by an accumulation of reactive py-
rolysis products such as NO, and CH,O within the cartridge.
Exothermic reactions between these gaseous species could
cause subsequent gas-phase ignition and further chamber
pressurization.

VI. Summary and Conclusions

A comprehensive theoretical and experimental investiga-
tion has been carried out to characterize the ignition behavior
of XM39 and M43 propellants in partially and highly confined
enclosures. In the experimental portion, a test rig was de-
signed and constructed for dropping a heated steel cylinder
at a known initial temperature onto a propellant sample. In
the theoretical portion, an existing HFCI model was extended
by incorporating a reduced chemical kinetic mechanism and
by accounting for the effect of gas accumulation in the par-
tially confined environment. The effects of initial temperature
of spall particle, size of spall particle, and size of chamber
exhaust port were examined.
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The go/no-go ignition boundaries were predicted for both
XM39 and M43 propellants under various degrees of con-
finement. Good agreement was obtained between the cal-
culated and experimentally determined the go/no-go ignition
boundaries for these propellants in a partially confined en-
closure in which the pressure was maintained at 1 atm prior
to ignition. Both calculated results and experiment data show
the shift of the go/no-go ignition boundary from the highly
confined case to that of a partially (weakly) confined condi-
tion. The XM39 propellant was found to be more susceptible
to ignition by the spall fragment than the M43 propellant at
low pressures because binder decomposition of the M43 pro-
pellant is more endothermic than that of the XM39 propellant.
At highly confined conditions that allow for chamber pres-
surization, the M43 ignition threshold became lower than that
of XM39 propellant. It is believed that the reduction of ig-
nition threshold is caused mainly by the exothermic reaction
between CH,O and NQO, species; their concentrations and
collision rates are increased under chamber pressurization
conditions. This effect is more pronounced for the M43 pro-
pellant, which generated a higher concentration of NO, from
its energetic plasticizer.

VII. Future Research

The preceding discussion of results was focused on an over-
all assessment of 1) the thermochemical processes controlling
the ignition susceptibility of XM39 and M43 propellants and
2) the unexpected ignition behavior of M43 propellants within
confined enclosures. Because of the lack of detailed knowl-
edge of binder decomposition kinetics, a thorough discussion
about the established temperatures in the gas-phase region
and foam layer, the effects of basic input data (such as liquid-
to-gas conversion rates, heat transfer coefficients, etc.), has
been omitted. Future research efforts should be focused on
experimentally determining the products and rates of binder
decomposition, bulk temperature variations in gas-phase re-
gion, the effect of free volume size, role of other reactions
on the ignition susceptibility, and the possible condensation
of NO, on chamber walls.
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