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FINAL REPORT
Under Contract No. DAAK1l1-83-C-0015

K. K. Kuo, W. H. Hsieh and K. C. Hsieh
Submitted to

Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

During this contract period, substantial progress was made
in the development of a comprehensive model for simulating hot
fragment conductive ignition (HFCI) of low-vulnerability ammuni-
tion (LOVA) propellants. A numerical code was also developed to
solve the HFCI model. The work has resulted in three major pub-
lications, included herein as Attachments 1, 2 and 3.

Attachment 1: Kuo, K. K., Hsieh, W. H., Hsieh, K. C., and
Miller, M. S., "Modeling of Hot Fragment Conductive Ignition of
Solid Propellants with Applications to Melting and Evaporation of

Solids," to be published in Journal of Heat Transfer.

(acceptance for publication included as Attachment 4)
Attachment 2: Hsieh, K. C., Hsieh, W. H., Kuo, K. K., and

Miller, M. S., "Modeling of Hot Fragment Conductive Ignition

Processes of LOVA Propellants," presented at the 24th JANNAF

]

. Combustion Meeting, Naval Postgraduate School, Monterey,

California, October 5 - 9, 1987.




Attachment 3: Hsieh, K. C., Hsieh, W. H., Kuo, K. K., and
Miller, M. S., "Validation of a Theoretical Model for Hot Frag-
ment Conductive Ignition Processes of LOVA Propellants," Proceed-

ings from the 10th International Symposium on Ballistics (San

Diego, California, October 27 - 29, 1987), Vol. 1, Section 2.

The model and code developed under this contract can be
applied in studying the vulnerability of various propellants

heated by spall fragments.
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Paper No. 87-F-509

MODELING OF HOT FRAGMENT CONDUCTIVE IGNITION OF SOLID PROPELLANTS
WITH APPLICATIONS TO MELTING AND EVAPORATION OF SOLIDS

K. K. KUO, W. H. HSIEH, K. C, HSIEH
Department of Mechanical Engineering
The Pennsylvania State University
University Park, Pennsylvania

M. S. Miller v
U.S. Ballistics Research Laboratories
Aberdeen Proving Ground, Maryland

ABSTRACT

A comprehensive theoretical model has been
formulated for studying the degree of vulnerability of
various solid propallants being heated by hot spall
fragments. The model simulates the hot fragment
conductive ignition (HFCI) processes caused by direct
contact of hot inert particles with solid propellant
samples. The model describes the heat transfer and
displacement of the hot particle, the generation of
the melt (or foam) layer caused by the liquefaction,
pyrolysis, and decomposition of the propellant, and
the regression of the propellant as well as the time
variation of its temperature distributions.

To partially validate the theoretical model in
the absence of the necessary chemical kinetic data, an
ice melting and evaporation experiment was designed
and conducted. These experiments provide features of
the conductive heating, melting, and evaporating
processes. Calculated results compare well with
experimental data in temperature-time traces, spall
particle sinking velocity, and displacement.

NOMENCLATURE

A Arrhenius frequency factor of chemical
reaction of melt or foam layer in Region 1,
kg/m3-s .

Aj Interface area between liquid melt and gas
bubbles, mé

Cp constant-pressure specific heat, J/kg-K

Cor specific heat of LOVA propellant, J/kg-K

Cs specific heat of spall particle, J/kg-K

Db averaged diameter of bubbles generated from
gasification process, m

Ea activation energy of chemical reaction of

melt or foam layer, J/mole
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convective heat transfer coefficient on top
and lateral surfaces of spall particle,
W/m2-K

convective heat transfer coeff;gient on top
surface of LOVA propellant, W/m¢-K

heat of formation, J/kg

latent heat of liquid melt, J/kg
instantaneous height of melt or foam layer
in Region 2, m

instantaneous distance traveled by spall
particle, m

height of melt or foam layer in Region 1, m
height of the spall particle, m

rate of conversion of reactant (R) into
product (P), kg/s

rate of mass generation of reactant species
from the base of spall particle, kg/s

net rate of production of gaseous mass in
Region 1 of foam layer, kg/s

order of chemical reaction in gas bubbles
pressure, N/m

critical heat flux for producing gaseous
bubbles from melt of LOVA propellant on
surface of spall particle, W/

heat flux on submerged lateral surface of
spall particle, W/

heat flux from foam Tayer to LOVA
propellant, W/me

net_heat generation in LOVA propellant,
W/ms

heat flux transferred to LOVA propellant
from meit or foam layer in_Region 1, W/m
net radiant heat flux, W/me

heat flux at base of spall particle, W/mé
radial coordinate, m

Universal gas constant, 8314.4 J/kg-mole-K
outer radius of melt or foam layer in
Region 2, m

radius of spall particle, m

boiling temperature of liquid melt, K

gas temperature, K

bulk temperature of melt or foam layer, K
melting temperature of LOVA propellant, K
temperature of LOVA propellant, K

average surface temperature of LOVA
propellant exposed to air, K

temperature of spall particle, K

average axial velocity of bubbles in Region
1 of foam layer, m/s

radial velocity of melt or foam layer in
Region 1, m/s

axjal velocity of boundary surface of melt
or foam layer in Region 1, m/s




Ymr outward radial velocity of foam layer in
Region 2, m/s

Vg sinking velocity of spall particle, m/s

b3 axial distance above base of spall
particle, m

z* axial distance below instantaneous surface

of propellant under foam layer, m

Greek Symbols

a thermal diffusivity, mé/s .

B bubble contact angle, degree

A thermal cond;stivity, W/m-K

p density, kg/

4 average porosity (void fraction) of foam
layer in Region 1

€s emissivity of spall particle

o Stefan-Boltzmann constant, s 5.6696 x 10~8
W/me-k4

Og surface tension of liquid melt of LOVA
propellant, N/m

M dynamic viscosity, kg/m-s

¥ average void fraction of spall base surface

in contact with gas bubbles

Subscripts

g gas-phase

i initial condition

1 liquid-phase

melt liquid melt

pr propellant

® room condition

1 region 1 of foam layer
Superscript

* T" & T ~ Tref
INTRODUCTION

Ignition of solid gun propellants in go/no-go
tests which employ a hot metallic element of well-
defined geometry as the source of energy has been a i
conventional method of determining the vulnerability
of propellants (Gol'dshleger, 1973), especially in the
Low Vulnerability Ammunition (LOVA) development
program (Wise et al., 1980; Law and Rocchio, 1981; and
Wise and Rocchio, 1981). Hot fragment conductive
ignition (HFCI) studies help to determine the
survivability of weapon systems (such as tanks, ships,
etc.) containing stowed ammunition (Gol'dshleger et
al., 1973; Wise et al., 1980; Law and Rocchio, 1981;
and Wise and Rocchio, 1981). Ignition of propellant
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" charges by hot metallic spall fragments can be
generated through such threats as shaped charges and
kinetic energy penetrators.

Review of HFCI processes indicates that both
experimental and theoretical investigations have been
conducted. The experiments generally employ hot steel
balls of known diameters and temperatures which are
suddenly brought into contact with the propellant
(Gol'dshleger et al., 1973a; Wise et al., 1980; Law
and Rocchio, 1981; and Wise and Rocchio, 1981).

Gol'dshleger et al. (1973a) used a hot steel ball
with a diameter of 0.4-2.5 mm and smooth surface
finish (<0.1 um) to ignite the propellant. They noted
that ignition does not occur when the particle
temperature is below a critical value, and that
results are dependent upon contact between the hot
particle and the propellant. They also proposed a
theoretical model and obtained numerical solutions.

Wise et al., (1980 and 1981) and Law and Rocchio
(1981) conducted similar experiments to characterize
LOVA propellants., They used hot steel balls (with
diameters between 3.2 and 11.1 mm), and a cluster of
propellant slabs. The ignition boundary for
propellants was determined in terms of minimum
temperature for a given size steel ball, using
go/no-go tests. Their HFCI experiments indicated that
the binder composition may be one of the most
important factors in the determination of LOVA
propellant vulnerability.

Kirshenbaum et al. (1983) studied the sensitivity
properties of various candidate LOVA propellants using
various tests, including HFCI. Their study showed
that LOVA candidates are significantly less
susceptible to thermal ignition than conventional
propellants. Caveny et al, (1973) also investigated
the effect of additives on the flammability limits of
propellants, investigated the effect of additives on
flammability T1imits of propellants, and evaluated
three types of additives (including coolants, char
formers, and flame inhibitors) for reducing
flammability.

Prior to the present study, several attempts have
been made to model the ignition process encountered in
HFCI experiments (Gol'dshleger et al., 1973a; Vilyunov
and Kolchin, 1966; Anderson et al., 1972; Gol'dshleger
et al., 1973b; Linan and Kindelan, 1981; and Tyler and
Jones, 1981). However, because most of the existing
models of conductive ignition employ numerous
simplifying assumptions and asymptotic solution
procedures, their validity and usage are limited.
Grossman and Rele (1974) obtained numerical solutions
for the ignition of cellulose by impingement of hot,
high-velocity spherical particles. They concluded
that the total energy of the metal particle (both




" thermal and kinetic) is important in determining
whether or not ignition occurs.

None of the theoretical models to date have
attempted to describe the foam and/or melt layer which
has been experimentally observed on the propellant
surface in contact with hot particles. Nor has the
effect of binder composition been studied in previous
models. A theoretical model! for simulating the igni-
tion processes of solid propellants in HFCI tests is
needed in order to evaluate new propellant formula-
tions with respect to their ability to resist conduc-
tive ignition and thereby reduce system vulnerability.

Specific objectives of this study are: 1) to
formulate a comprehensive model for simulating the
ignition of solid propellants under HFCI situations;
2) to identify chemical and physical input parameters
required for the model; 3) to design and conduct
simplified melting and evaporation experiments to
partially validate the theoretical model under special
limiting conditions; and (4) to demonstrate the
capability of the theoretical model to simulate ice
melting and evaporation processes.

METHOD OF APPROACH

Selection of Particle Geometry and Description of
Physical Events

In actual HFCI processes, the hot fragments
(spall particles) generated from the penetration of
shaped charge jets of armor plates are in different
shapes and sizes. In order to understand the physical
and chemical processes, a particular particle shape
has to be selected in the formulation of the
theoretical model. Since no particular shape can
truly represent the actual geometry of spall
fragments, any particle geometry (e.g. spherical,
cylindrical, cubic, parallel piped) could be chosen,
The cubic or parallel piped particles require
three-dimensional and unsteady solution, which is more
complex than the cylindrical ard spherical cases. The
spherical particle geometry seems simpler than
cylindrical; however, the heat transfer process
involved does not satisfy the point symmetry condition.
Therefore, the cylindrical particle geometry has been
selected. One additional advantage of the cylindrical
spall particle is due to its flat-bottomed surface,
which can easily maintain a good contact with a flat
propellant surface.

Consider a typical HFCI experiment using a hot
spall particle with cylindrical geometry. At time
equals zero, the spall particle is placed on a cold
propellant sample. In the early phase of the process
(Time Period I), heat is conducted from the hot




. particle to the propellant without any phase change or
pyrolysis (see Fig. 1). As time progresses, the
temperature of the propellant increases and that of
the particle decreases. Following a period of inert
heating, the propellant starts to decompose, melt,
and/or gasify (Time Period II). Since the density of
the metal particle is much higher than the density of
the decomposed propellant, it displaces the decomposed
propellant and becomes imbedded in (sinks into) the
propellant, as shown in Fig. 1. The amount of
imbedding depends on the temperature and size of the
hot particle and the composition of the propellant.
The decomposed species can further react

exothermically in the gas and/or condensed (solid or
liquid (foam)) phase to cause ignition. Self-
sustained ignition will occur only if the heat
generated by the exothermic reactions exceeds the heat
losses. The entire process is strongly dependent upon
the energy content of the hot particle and
physicochemical properties of the propellant.

Governing Equations and Boundary Conditions. The
mathematical model consists of governing equations and
their associated initial and boundary conditions for
the hot particle, the propellant, and the melt (or
foam) layer. Figure 2 schematically shows these
regions and the coordinate system, The energy
equations for the hot spall particle and the
propellant are as follows.

Hot spall particle:

P d GTS
Propellant:

d
-f (PprlorTp) = Vs 37 (PpplpeTp) = r ar (Aper 3 )

aT
d SHt
Y%z (Apr 532) Qe (2)
During the HFCI tests, a foam layer could be
generated, and the gases pyrolyzed from liquid melt
may undergo exothermic chemical reactions to generate
heat for further reactions. In order to take the
above processes into consideration, the conservation
equations for the foam region must be formulated. The
following assumptions are adopted:
1) The liquefaction process at the interface of
the propellant and liquid melt involves no
gasification;




2) The gaseous mixtures are produced from the
base of the spall particle or at the
liquid-gas interfaces according to the
Arrhenius rate law; and

3) The energy release process in the gas phase
can be represented by a single-step forward
reaction

R+P (3)
where R represents the gaseous reactant mixtures, and
P represents the gaseous products.

The mass continuity equation for the reactant

species can be derived from consideration of mass~flux
balance in region 1 of the foam layer as

D 2 _
hia (YRpgl\?Lmnrs ) = 2ursLmYRpg1ver

+m +m_-m (4)
gnet1 98 b

The mass continuity equation for the product species
can be written as

D
e L1 - YR)pgluthursz] .
-2nr L (1 - YR)pglv"‘? + rﬁb (5)

The source terms mp and ﬁgnet can be expressed as
follows according to the Arrhenius law,

E
. n.,n a
fy = Aggr TR expl v::) (6)
E
. ]
M, = Ay Ay py exp(- B 3) (7)
gnet1 i i1 ! u ll

where A, ., represents the Arrhenius coefficient of
the reabgi

on at the interface of 1iquid and gas phases.

10
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- The mass continuity equation for the liquid phase of
the foam layer in region 1 can be given as

D 2
Ut [p,.1 (1 - V)Lmnrs ] =- Z"rsmellvlr(l - ¥)

-m
gnet

1

Rearranging equations (4) and (5), one can obtain the
following equation.

2
05 * PppTs (= vp) (8)

DYR 1 L] L] L]
g - 7 LA-YRd(dy v ) - @] (9)
pglﬂLmnrs net1 B

By coﬁsidering the energy fluxes shown in Fig.
3a, one can derive the following equation describing
the rate of accumulation of the gas-phase energy.

Bt [¥og m "ta(CygTg + MHg2g)] -

vg gl

2
(AHf g Pg 9 )pg £r2nr LY+ qgas?B“r

+ ag (cP’Rrb + AHS R) p ﬁ- (nr 2 n¥)
net1 7

+

¥ mgB(cP,RTb f R) gas-]iqA11 (10)

For the liquid phase, the balance of energy fluxes are
given in Fig. 3b, and the energy equation can be




" written as
D 2 * °
pe L(2 - ¥)pymrg Lm(cv!TI1 + ety

*
- -(AH‘;’1 + cPlTll)plver"rsLm(l -¥)

.“ - 2 - L] *
+ q]iq(l ?B)urs mgnet (cp,RTb + AHT’,R)
1
2 * * 2
* ('vm)ppr"rs (CPITmelt * AH;,I) - qliq-so11d"rs
3 (Co o, + AHS 3 A 11
" Mgy (Cp,RTb * ME,R) * dgas-1ighy, (11)
where
AH;.g - YRA";,R + (1 - YR)AH‘;!P (12)
Cvg - YRC R + (1 - YR)cv,P (13)

both q};, and aiiq-so]id are positive for downward
heat f uges.

Initial and Boundary Conditions. In order to
solve the temperature distributions inside the spall
particle and solid propellant, a set of initial and
boundary conditions must be specified for equations
(1) and (2). There are two sets of conditions: one
corresponds to Time Period I (t < tpejt); the other
corresponds to Time Period II (t 2 tpeit). The
initial conditions for Time Period I are

T(0) = T, (15)

T(0) =T_.

p(0) = T, (16)
The initial conditions for Time Period II are the
temperature profiles solved at the end of Time Period

l.

12




The boundary conditions for spall particles in
Time Period I can be specified readily; some of the
boundary conditions are special cases of those for
Time Period II, Therefore, the are omitted here. The
boundary conditions for the spall particle of Case (a)
in Fig. 1 during Time Period II are given as

tzel : -\ oTs . h (T, -T) +eoT.% 14 (17
at z = Lo 2 =Ag gz = hyy (T = T) + ego(Tg7- T) (17)

ar

. S - o
wz=0:dsgm =M, (CpyTp * M)
S
* quaas+ (1- wb)q;iq ¥
Lo (Cp oT* + 8H,%,) (18)
o 2 "5 {¢P,RTb * Hr R
S
atr -0 g0 (19)
g L -
at r = rs.( ) heffz (tpz)[Ts(t'rSOZ) Tm(t)]
s 1
s J ny (for 0 < z 5 h,) (20a)
= - or F 4 a
=l '

1
k‘r; heffz (t,z)[Ts(t.rs,z) - Tg]
g (for hy <z sL) (200)

The boundary conditions for LOVA propellant in Time
period II for Case (2) can be written as follows

at z = - ; Tp = Tpi (21)
at z = -ly:  Tp = Tpelt (22)
rs&rm
at r = a: Tp = Tpi (23)
aT
atro=r 'xpr 3;2 - qaz (if Vor = 0)
z < hl (24)
Tp - Tmelt (if v > 0)

13




ALY
at r = ' -Apr e qradp + hcz(Tg Tps) (if Vor™ 0)
hy <2 @)
Tp = Toelt (if v > 0)
ot ' .
at z = h: =A,, 332 =he3 (Tps = To) - qradp
"> (26) -

The boundary conditions for the spall particle and
LOVA propellant in Time Period II for Cases (b), (c),
and (d) can be written in a similar manner and are
omitted here to save space.

Simplifications of the Mathematic Model. :
Although the above set of governing equations can be
solved with their boundary and initial conditions,
together with a set of adequate heat transfer
correlations, the calculation of the above PDE model
is extremely time-consuming. In order to bypass this
difficulty in solving many coupled partial '
differential equations (PDEs) and intricate boundary
conditions, the theoretical model has been recast into
a set of ordinary differential equations (0DEs) using
the Goodman's (1964) integral method.

In general, the instantaneous temperature
distribution inside the spall particle with a
cylindrical shape is a function of radial and axial
positions. During the interval of contact with the .
LOVA propellant, the heat fluxes across the boundaries
of the spall particle are high enough to generate
non-negligible temperature gradients inside the
particle. Therefore, lumped-parameter analysis cannot
be used for this situation. To obtain approximate
solution of the HFCI model based upon PDE formulation,
the temperature profile is assumed to obey the
foilowing polynomial form (see Fig. 4).

T(t,r,2)

2 3
To (1 +C(t)r + Cyt)r] -

[1+ Cy(t)(z = 2,) + C4(t)(z - 2,

3 4

v Cy(t)(z - 2)° + Co(t)(z - 2) "] (27)

14




where T, (t) represents either the temperature of the
uniform-temperature zone in the spall or the maximum
instantaneous temperature when the uniform-temperature
zone shrinks to zero. The height zp represents either
that of the midpoint of the uniform-temperature zone
or that of the maximum temperature point. Iy can be
calculated from the following equations

1 for finite uniform-
’Z[cthB * (Ls - GthT)] temperature zone (28)a
Zm'

8¢ after uniform-temperature

B zone disappears (28)b

C1(t) through Cg(t): are time-dependent coefficients to

be determined by various boundary and smooth
conditions discussed later.

Following Goodman's (1964) integral method, by
integrating equation (1) twice with respect to z and r
and applying the polynomial- form of equation (27), the
PDE for the spall particle is reduced to

B wrlaT ()S()  C (29)

where the parameters P(t) and S(t) are defined as

P(t) = itia; [8g(t) + O7(t) + B (t) + 8,(t)] (30)

: c

R e N T

S
[rss - (rg - GthL)SJ} » 2L + 3C5L0L - zm)2 'zmzl
v atgl(Lg - 203 + 231} + 2020, + 3c,r) -

Cy 2 2. .Y 3.3
{Lg + 77 [y - 7)™ = 271+ 9= [(Lg = 2)7 = 27]

Cs a4, .5 _ .5

vl m 2t -z e B - 2% - 2.8 @

In equation (30), Og, 61, and O represent the
thermal energy content in the bottom, top, and lateral
thermal penetrated zone of the spall particle; their
mathematical definitions are as follows:

15
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dtha(t) rs
SB(t) = IO JO CSpSTSZurdrdz (32)
0+(t) JLS I's C p T 2ardrd (33)
- _ P wrdrdz
T Ls GthT(t) 0 s¥s'S
Ls-dthT(t) s ’

- T 4
eL(t) GthB(t) rs'cthL(t) Csps sZurdrdz (34)

The thermal energy storage in the uniform temperature
zone, Oy(t), can be expressed as

L-6,,. (t) r
S thT ( 3

c TSZurdrdz (35)

8,(t) = G (8) sPs

}r -6
s thL(t)

The above four Os are expressed in terms of thermal
wave penetration depths and constants Cy through Cg.
These six constants are solved from a set of coupled
linear algebraic equations obtained from the boundary
and smooth conditions. Their explicit forms are given
by Kuo et al. (1985).

To evaluate the thicknesses of the thermal waves
near the top and bottom of the spall particle, the
following equations, deduced from the expression
obtained by Goodman (1964), can be used.

1
GthT(t) = /6a {Fefflc(t)(TsTc p Tg)
jt 1/2
h t) (T. - T.)dt
o offic (¢ ¢ STC g?t] (36)a
6, (t) = /8 [(—L— | g (t)at]2  (36)b
thy . 0 qspan1

where the subscript TC stands for top center location
of the spall particle. The thickness of the thermal
wave penetration depth in the lateral direction can
also be given in a similar form.




Using a third-degree polynomial in z* to repre-
sent the temperature profile in the solid propellant
and integrate equation (2) with respect to z*, the
time variation of the thermal wave penetration depth
(the thickness of the heated zone), Gpr, can be
determined from

a5, 2(t)
- Ay, + 29 ()6, (t) (37)

The initial condition for &pp is

65(0) = 0 (38)

After 65r(t) is solved, q".(t) can be calculated
from P pr

°w (TmE]t =T 1.)
Apr(t) = 34, "3“TFT'E' (39)

pr

Heat Transfer Correlations Employed in the
Theoretical Model. To complete the model formulation,
the following heat-transfer correlations are presented
as a part of physical input to the model.

a. Heat Transfer at the Base of Spall Particle.
The rates of heat transfer from the spall particTe
base to the 1iquid and gas bubbles in the foam layer
(q?iq and qaas) can be evaluated from

T T

) (40)

q?iq * Mpase(Tsg ~ 1

= h (Tsa -T ) (41)

9

When the average temperature at the base of the
spall particle (ng) is higher than the saturation
temperature of the liquid melt, the boiling heat
transfer correlation should be used. According to the
empirical correlations of Jakob and Hawkins (1957) and
Holman (1977), hb35$ is related to the temperature_

S

difference between Tgg and saturation temperature Tgat
by the following equation.

qSas base
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1042 (TSB if q" < 15770. (42)

Tsat) spall

hpase =

3 5

5.56 (TSB if 15770 < q" < 2.365 x 10

Tsat) spall
This equation was developed from boiling heat-transfer
data of water at one atmospheric pressure on a
horizontal plate. Strictly speaking, this correlation
is not completely suitable for the downward heating
from the spall particle base to the foam layer, but in
the absence of better correlations, it is temporarily
adopted and used with caution. According to

Cheung (1985), the boiling heat transfer for the
downward-heating case may follow the same
temperature-difference dependence, but the constants
could be approximately two to three times higher than
the upward heating. In view of the confined space
available between the base of the spall particle and
the solid propellant, the gas bubble may be trapped
momentarily in this foam layer region. If this
happens, the material in the foam layer could
accumulate thermal energy and reduce the rate of
boiling heat transfer. Because the downward-heating
effect may compensate for the confined-space effect,
equation (42) is used at present for the simulation of
melting and evaporation of ice to be discussed in a
later section.

After the base temperature of the spall particle
has dropped below the boiling temperature, gas bubbles
could still be generated from the spall surface (due
to transient heating of the foam layer) until qspa11
decreases to the level of qm1 o can be
calculated from the following equatqon based upon the
studies of Chang (1959), Zuber (1959), and Lienhard
and Dhir (1980).

¢.9 (pl P ) 1/4
(pl =

$
qnnn 0.177 pg fg |

where g is the gravitational acceleration.
The average velocity of bubbles leaving the heated
surface area is

5. 1/4
Vp = 0.59 [go_ (p, - pg)/py"] (44)

which is based upon the relationship reported by
Rohsenow and Choi (1969). The average bubble diameter




- at detachment from the heating surface, based upon the
empirical formula of Fritz (1935), is

20
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where B is approximately 40° and Cq = 0.0148 for water
in the ice melting and evaporation simulation.

The void fraction at the base of the spall
particle, ¥g, can be evaluated from the following
approximation.

- Q3pa1 ,
vy - Ltan! [a (SR2H) -] . (40)
Imin

where a is a stretching constant in the order of one,
and b is a specific heat-flux ratio at which ¥g versus
qu 11/9piq Nas a point of inflection. This equation
isPPormuTafed based upon the fact that it
satisfies the limiting case of film boiling, which
requires that ¥g + 1 when qua]] >t dmine {t also
satisfies the condition that when qg = Qrins ¥
should approach zero. Ispall = 9min» *B
When Tgg is lower than the saturation tempera-
ture of the liquid melt, the heat-transfer coefficient
between the fluid in the foam Tayer and the bottom
surface of the spall particle can be evaluated from
the following Kercher's empirical correlation taken
from the General Electric Heat Transfer Data Book
(1979).

m 0.091
. C¢1¢2 Xmixture (pgvbnb) (Lm)
base D, Mg D,

where Amixtyre is calculated from

h (Prg) /3 (47)

- ¥) + (1 - ¥g) Mg (48)

Xmixture B” vapor

¢1 and ¢ of equation (47) are correction factors
which depend upon the ratio of bubble separation
distance (X,), bubble diameter, and the Reynolds
number (®pyvp0h/pg). The above equation was initially
developed tor gasgs to flow through an array of
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"circular holes of a porous plate, located at the top
of a horizontal gap. Numerous jets impinge on a
bottom horizontal plate located a small distance from
the top porous plate. The bubbles generated at the
base of the spall can be regarded as gases injected
downward through a horizontal porous plate. Even
though the locations of bubbles vary from time to
time, as long as the bubble sizes and separation
distances are properly calculated, the flow agitation
and heat transfer processes are quite similar to those
of a porous plate. The average separation distance
between bubbles is calculated from the bubble size and
the void fraction in the foam layer by the following
equation.

X =20.5

%
— D (49)
n ?B

b

The heat-transfer coefficient given in equation (47)
is used to determine the energy fluxes, qaas and q?iq*
until Tgg decreases to Tpelt.

b. Heat Transfer at the Interface Between Liquid
Melt and Solid Material. The heat-transfer process 1n
the foam Tayer at the interface with solid material is
governed by the condensation of bubbles at the
interface. Levenspiel's correlation of steam-bubble
condensation (Soo, 1967) has been adopted to calculate
the instantaneous heat-transfer coefficient and the
heat flux qj; -solide The heat transfer coefficient
can be writgea as

hc(t) = 3.54 Dbeff(t)pg(t)hfg (50)

To adequately calculate the values of h.(t), the
effective bubble diameter is used in the above
equation to replace the instantaneous diameter of a
single bubble. During the condensation process, the
rate of decrease of bubble diameter can be described
by the following equation (Soo, 1967).

d 1n 0 (t)

5 - 7.08 [Tpr(t.O) - Tgl(t)] (51)




Both the propellant or ice surface temperature and the
bulk temperature of the gas bubble are functions of
time. However, experimental evidence indicates that
the bubble lifetime is much shorter than the
foam-layer action time; hence, Tq, can be

treated as a constant in estimat?ﬁg single bubble
lifetime, Setting the propellant surface temperature
equal to Tpejt, equation (51) can be integrated with
respect to time to give

D,(t) = D, (0) exp[-7.08 (Tgl- Trelt) t] (52)

Using the same functional form, the effective bubble
diameter can be expressed as

D, (t) = D, exp[-kt] (53)

eff

where Dp (the average diameter at detachment) is
calculated from equation (45) and k=1 represents the
characteristic decay time. The physical meaning of
the effective bubble diameter is associated with the
averaged void fraction of the surface area due to
bubble impingement on the propellant surface. As the
spall particle sinks into the ice block, the particle
is cooled by transferring the heat to its adjacent
material. The boiling process becomes less intense
and generates fewer gas bubbles to impinge on the ice
block. Therefore, the effective diameter decreases
with respect to time. The k value used in equation
(53) is in the order of 0.2 sec™l. To account for the
above effect caused by the reduction of bubble number
density in terms of effective bubble diameter, the
decay time (k~l) used in the computation is
considerably longer than the bubble lifetime.

c. Heat Transfer at the Top and Lateral Surfaces
of the Spall Particle. The top surface of a spall
particle can be considered as a horizontal plate where
the heat-transfer mechanism is due mainly to natural
convection (McAdams, 1954; and Goldstein et al,, 1973).
The Nusselt number is expressed as a function of the
Rayleigh number in the commonly used McAdams' (1954) -
correlation.

The lateral surface of the spall particle in
contact with the foam layer experiences natural
convection or conduction since the velocity of the
melt layer is quite small. On the other hand, the
lateral surface of the spall particle which is exposed
to the air experiences forced convection due to the
flow of pyrolyzing gaseous species above the melt
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‘layer. In order to consider these two different
mechanisms, it is necessary to determine the different
heat~transfer coefficients caused by forced and free
convection,

For laminar flows, the conventional correlation
for parallel external flow, along the axis of a
cylinder, is used to relate the local Nusselt number
to the local Reynolds and Prandt! numbers (Holman,
1972). For turbulent flows, Schlichting's (1968)
local friction coefficient is used to relate Reynolds
numbers with the local Nusselt number.

Application of the HFCI Model for Simulating the
Melting and Evaporation of Ice upon Direct Contact
with a Hot Element

In order to verify the theoretical model
developed for predicting HFCI phenomena, a set of
input parameters and functions is required. At
present, although some measurements are being
conducted by Miller (1986), many critical parameters
for LOVA propellants are not fully characterized. In
view of this situation, experiments must be conducted
in a simpler system to simulate HFCI phenomena.

One obvious way to simulate the conductive
heating, melting, and evaporating processes of HFCI
tests is to heat an ice block with a hot metal rod.
In such an experiment, uncertainties in chemical
kinetics in the melt layer are avoided, and data from
experiments can be used to validate the theoretical
model under the limiting condition without involving
chemical reactions. The reason ice was selected for
melting and evaporation simulation is due to the
well-known boiling heat transfer characteristics of
water, as well as its thermal properties. The ice
cube is also readily available for experiments.

The regression velocity of the ice surface, vp,
is computed from the heat-flux balance at the
interface between the foam layer and ice by the
following equation.

. q?iq;;olid ~ q;';rgtr
- * - []
m ppr [(Cpr cpl)'Thelt ¥ AHf,pr AHf,lJ

Major and minor unknowns, together with the
numbers of equations for their determination, are
listed in Tables 1 and 2.

v

(54)
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Table 1. Major Unknowns and Equations

Region Unknown Equation
Spall Ts (27)
Particle P (29)
Ty (30),(31-35)
Foam YR =0
Layer Tq1r (10)
Tll (11)
vm (54)
¥ (4)
Ice Spr (37)
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Table 2. Minor Unknowns and Equations

Region Unknown Equation Unknown Equation
op (32) oL (34)
Spall or (33) 8y (35)
Particle
OthT (36)a Othg (36)p
Sthe (36)a & (36)p zm  (28)4 or (28)p
-}
A g (12) Dp (45)
Foam
Layer Cvg (13) Cpg (14)
hpase (42) or (47) a%iq (40)
he (50) 9Gas (a1)
¥8 -~ (46)
Ice pr (39) —-- —--

TEST SETUP AND RESULTS FOR ICE MELTING AND EVAPORATION
EXPERIMENTS

An ice-melting and evaporating experiment has
been devised and conducted. To be compatible with the
theoretical model, a steel cylindrical rod with a
diameter of 1.27 cm and a length of 2.54 cm is
connected at one end to a 10.16 cm-long qQuiding steel
rod with a diameter of 0.3175 cm. Four Copper-
Constantan thermocouples with bead sizes of 0.025 cm
and wire diameters of 0.0075 cm were soldered to
different locations of the heating element (shown in
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"Fig. 5). In these tests, the heating element was
heated inside an oven with preselected temperature.
The heating element was placed on top of an ice cube,
and the temperature-time variations at different
locations were recorded. A typical set of recorded
temperature-time traces is shown in Fig. 5.

In addition to temperature-time measurements, a
video movie camera was used to record the ice melting
and evaporating phenomena. The instantaneous position
of the heating element was recorded on the video
camera. The displacement and velocity of the heating
element were determined by reading the instantaneous
top surface location of the heating element against a
stationary scale and the digital time counter on the
video screen, Time variations of the measured velo-
city of the heating element are compared with theoret-
ical results in a later section.

In order to observe the flow pattern of the gas
and steam surrounding the heating element, a Schlieren
optical system (Settles, 1970; and Kuo et ai., 1985)
was used. A typical color Schlieren photograph
obtained from an ice-melting and evaporating
experiment is shown in Fig. 6. Several interesting
observations are made from the video and temperature
records of these experiments:

1) Although all four temperature-time traces in Fig.
5 showed similar variations, there are some
differences among these traces. The temperatures
on the main body of the heating element decay at
a slower rate than those on the guiding rod.

This is due to the fact that the surface area per

unit volume is much larger on the guiding rod

than that of the main body.

2) Basec upon the slope changes of the temperature
decay, the overall process can be divided into
the three time zones shown in Fig. 5. In the
initial time zone, the temperature of the heating
element decays slowly with time since the element
was taken from the oven and cooled by natural
convection in air and radiation to the
surrounding. A small amount of energy is lost
from the guiding rod to a room-temperature clamp
by conduction. In the second time zone, a
significant amount of steam was generated at the
contact zone of the heating element and the ice.
The flow around the cylindrical rod was highly
turbulent. Associated with steam generation, the
temperatures at all thermocouple locations
decrease drastically in 1.2 seconds, as shown in
Fig. 5. In the last time zone, steam generation
is gradually replaced by ice melting and slow
sinking of the heating element into the ice block.
Eventually, the heating element stopped at a
terminal position inside the ice block.

—_
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3) The downward velocity of the heating element was
highest upon initial contact with the ice block,
and then decayed monotonically to zero velocity.

4) From the color Schlieren photographs, one can see
clearly that the steam-jet velocity is mostly in
the radial direction at the initial time interval,
The steam jet then changed from radial outward
direction to vertical upward direction., Associ-
ated with steam-jet action, the flow field sur-
rounding the cylinder is highly turbulent.
Following the decay of steam generation, the flow
became laminar at the later stage.

COMPARISON OF NUMERICAL RESULTS WITH TEST DATA OF ICE
MELTING AND EVAPORATION

To partially verify the HFCI model, numerical
solutions were compared with experimental data
obtained from an ice-melting and evaporating
experiment. Input data for this numerical simulation
is given in Table 3. Figure 7 presents a comparison
of the calculated sinking velocity of the spall
particle with the measured data. It is quite obvious
that agreement between calculated results and measured
data is reasonably close. The trend of sharp decline
followed by a much slower rate of sinking is exhibited
_in both theoretical and experimental results. Figure
8 shows the comparison of calculated spall particle
trajectory with experimental data. The agreement is
not extremely close; however, the calculated trend of
traveling distance variation with time and the
magnitude of hp are not far from the measured data.




Table 3. Input Data Used in the Ice-Melting and
Evaporation Simulation

Region Parameter Value Parameter Value
Spall re 0.635x10~2 A 6.39x10"!
Particle Lg 2.54x10~2 Cs 4.34x102
Ps 7.83x103 Tsi  4.90x102
Py 9.87x102 A\, 4.52x1072
Foam Cpy  4.18x103 AHg 4 -1.59x107
3 e - 7
Layer Cog 1.87x10 AHE g -1.34x10

Cyg  1.41x103

Ice Cor 2,04 x 103 e 2.2
ppr  9.13x102 MHE, pp=1.55x107

From the comparison of the calculated and measured
temperature-time traces at the thermocouple TC2
location shown in Fig. 9, it is evident that the two
traces are very close. In the same figure, calculated
traces for the average temperature at the base of the
spall particle {Tgg) and the maximum spall particle
temperature (T,) are plotted. It is interesting to
note that the temperature difference between T, and
Tsp is much larger than that between T, and TC2. This
implies that a significant temperature gradient exists
near the base of the spall particle because of the
high heat flux leaving the spall particle base region.
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"The temperature gradient in the radial direction in
the middle of the cylindrical spall particle is nearly
negligible due to relatively low radial heat fluxes
and high thermal conductivity of the material,

Figure 10 shows the calculated radial temperature
profiles at the top surface, middle section, and
bottom surface of the spall particle for various times.
Most of the profiles are quite flat, but there is some
gradient in the radial direction, especially during
the early part of the event. Calculated temperature
profiles in the ice are shown in Fig. 11. It is clear
that the thermal wave penetration depth increases
monoton1cal1y with respect to time, while the surface
temperature is maintained at a fixed vajue.

The calculated time variations of qspa]] and qpr

are shown in Fig. 12, It is useful to point out that
depa1l ¥s significantly higher than q for a long
pe?1o& of time. This indicates that g substantial
amount of energy is carried away by evaporation of
liquid melt 1n the foam layer. The sharp declines of
Qspal) and q in the initial time period dictate the
raB 3 decrea e of sinking velocity with respect to
time.

SUMMARY AND CONCLUSIONS

(1) A comprehensive theoretical model for simulating
hot fragment conductive ignition processes of
LOVA propeliants has been formulated. This model
simulates: heat-transfer processes between the
spall particle and propellant; formation of the
liquid-melt or foam layer; propellant pyrolysis
processes; displacement of the hot spall
particle; and propellant ignition or quenching of
the spall particle.

(2) The partial differential equations governing the
transient heat-transfer processes in the spall
particle and LOVA propellant have been
successfully converted to a set of ordinary
differential equations. This leads to a major
reduction in computational time.

(3) The HFCI model has been applied to the ice
melting and evaporation processes under the
direct contact with a hot element. Experimental
tests were conducted with temperature
measurements and flow visualization using a color
Schlieren system.
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-(4) Good agreement between calculated results and
test data of ice-melting and evaporation
experiments shows that the HFCI model is capable
of predicting the major heat- and mass-transfer
characteristics in the melting and evanoration of
a solid with known thermal properties and boiling
characteristics of its liquid melt,

(5) During the initial contact between the spall
particle and ice block, a strong steam jet in the
radial direction is generated. As time
progresses, the steam jet changes from the radial
to the vertical direction as its strength decays.
A substantial amount of energy is carried away by
the steam Jet generated from evaporation of
liquid melt in the foam layer.

(6) The input parameters and types of correlations
required for studying the HFCI processes of a
given solid propellant can be identified from the
theoretical model presented in'this paper. The
full validation of the HFCI model cannot be
performed until a set of input parameters and
correlations become available.
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Fig. 1 Physical Event of Hot Fragment Conductive
Ignition (HFCI) Processes Represented by
Various Cases in Two Different Time Periods
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MODELING OF HOT FRAGMENT CONDUCTIVE IGNITION PROCESSES OF LOVA PROPELLANTS

K. C. Hsieh,* W. H. Hsieh,* K. K. Kuo'
Department of Mechanical Engineering
The Pennsylvania State University
University Park, PA 16802

and

M. S. Miller#
U.S. Army Ballisti. Research Laboratories
Aberdeen Proving Ground, Maryland 21005

ABSTRACT

A comprehensive theoretical model and an efficient numerical program have been developed to
simulate the hot fragment conductive ignition (HFCI) processes for characterizing the degree of
vulnerabdbility of various gun propellants. In the formulation of the theoretical model, three se:s
of governing squations and their boundary conditions were derived for different regions consisting
of the hot spall particle, the LOVA propellant, and the foam layer produced by liquefaction,
pyrolysis, and decomposition of the propellant. In terms of chemical kinetic scheme, a two-step
reaction model is proposed, based upon DSC experiments. The model contains an endothermic
decomposition process followed by an exothermic pyrolysis of the propellant. Calculated results
compared well with experimental data in temperature-time traces, trajectory of spall particles
sinking into the LOVA propellant, and terminal position of the particle for qQuenched cases.

NOMENCLATURE
A Arrhenius frequency factor of chemical reaction of melt or foam layer in Region 1,
kg/m3~3
Ay Interface area between liquid melt and gas bubbles, al
Cp constant-pressure specific heat, J/kg=-K
Cs specific heat of spall particle, J/kg-X
Dy averaged diameter of bubbles generated from gasification process, m
Ea activation energy of chemical reaction of melt or foam layer, J/mole
AH? heat of formation, J/Kg
Ly height of melt or foam layer in Region 1, m
ﬁgnet, net rate of production of gaseous mass {n Region ? of foam layer, kg/s
QL : heat release due to exothermic reaction from liquid melt to gaseous products, J/kg
Quelt ~ heat of endothermic reaction from solid propellant to liquid melt, J/kg
&;,, heat flux transferred to gas phase from spall particle base, w/m?
agas-liq heat flux tranaferred to liquid phase from gas phase through interface, W/m?
611q neat flux tranaferred to liquid phase from spall particle base, W/m?
6§1q-,°115 heat flux transferred to propellant surface from foam layer, W/mZ
&e, heat flux tranaferred to LOVA propellant from melt or foam layer in Region 1, W/m
aspall heat flux at base of spall particle, W/m?

*This work was performed under contract DAAK11-83-C-0015, sponsored by the Applied Ballistic Branch
of the Ballistic Research Laboratories under the asupport and encouragement of Dr, Joseph J. Rocchio
and Mr, Norman Gerri., The authors would like to thank Dr. M. Kumar for his participation in the
early stage of this research,

*Research Aasistant

Distinguished Alumni Professor of Mechanical Engineering
#Research Physicist

Approved for public release, distribution is unlimited
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Ry Universal gas constant, 8314.4 J/kg-mole-K
rs radius of spall particle, m
Tp(=Taar) Dboiling temperature of liquid melt, K

TS gas temperature, K

T bulk temperature of melt or foam layer, K

Thelt melting temperature of LOVA propellant, K

Tp temperature of LOVA propellant, K

Tps average surface temperature of LOVA propellant exposed to air, K

Te temperature of spall particle, K

Vor radial velocity of melt or foam layer in Region i, m/s

veg Or -vy Sinking velocity of spall particle, m/s

z axial distance above base of spall particle, m

FAd axial distance below instantaneous surface of prcpellant under foam layer, m

Greek Symbols

a thermal diffusivity, m2/s
cp, thermal penetration depth from propellant surface, m
A thermal conductivity, W/m=-K
[ density, kg/m3
v average porosity (void fraction) of foam layer in Region 1
u dynamic viscosity, kg/m-s '
Subseripts
8 gaa-phase
i initial condition
p liquid-phase
melt melt liquid melt
pr or p propellant
- room condition
1 Region 1 of foam layer

Superseript
* T & T - Trer

INTRODUCTION

In the selection of low vulnerability ammunition (LOVA) propellants, go/no=-go ignition tests
with hot metallic elements are often conducted to simulate hot fragment conductive ignition (MFCI)
processes. These hot fragments can be considered as those generated from the penetration of armor
plates by shaped charge jets or kinetic energy penetrators. One way to negate the threat of
propellant ignition by hot spalls is to use a propellant which is resistant to conductive ignition.
A number of investigations on this subject have been conducted, both theoretically and
experimentally, in recent years [1-12]). Since a review of pertinent work is given in the paper by
Kuo et al. [12], detailed reviews are omitted here. Only major findings of HFCI processes are
listed delow.

1. Binders of nitramine composite propellants were found to have a strong effect on conductive
ignition. Some binders can act as fire retardant coolanta.

2. The relative susceptibility of LOVA propellants to ignition by spall particles can be determined
from ignition map based upon the plot of the initial temperature versus weight of the spall
fragment.

2. The contact reaistant between hot particle and propellant significantlyaffects the delay time
for onset of runaway ignition.
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4, Binders which endothermically decompose under acid catalysis are more desirable for LOVA
propellant binder ingredients.

5. The ignition temperatures of LOVA propellants are similar to their nitramine fillers.

6. For certain LOVA propellants, liquefaction and bubble formation were observed during conductive
heating. This suggests that the thermal insulation properties of binder products may be
important in the determination of ignition sensitivities of LOVA propellants.

7. Based upon surface thermocouple measurements during HFCI tests, the i{nitial condensed phase
reactions are endothermic. The endothermicity of these reactions showed good correlation with
propellant sensitivity for thermal ignition.

8. The minimum spall particle temperature (for a fixed spall particle weight) depends strongly on
binder composition,

9. Chemical reactions leading to ignition of certain LOVA propellants during HFCI experiments can
be idealized as a two-step sequence of global reactions in which an endothermic reaction is
followed by an exothermic reaction.

Several attempts were made to model the hot fragment conductive ignition processes [9-11];
however, these models have serious limitations in simulating actual HFCI processes. The model
proposed in Ref. 9 is strictly one-dimensjonal, and allows no space for the products in the gas or
liquid phases to exit at the interface between propellant samplea and hot inert fragments. The
model proposed in Ref. 10 requires no depletion of propellant when the hot fragment penetrates the
combustible material. Also, no surface reaction is allowed in the model. An interesting
theoretical analysis of the ignition of reactive solids by direct contact with a hot inert body was
performed by Linan and Kindelan [11). Their analysis considered both cylindrical and spherical
geometries., Asymptotic solutions for large activation energies were obtained. The solution
indicated the existence of an ignition boundary beyond which runaway ignition occurred. Although
the theoretical results indicated the correct trend in terms of inert particle initial temperature
and particle size, their solutions were not compared with any experimental data. Furthermore, the
assumption of high activation energles are invalid for various LOVA propellants, There was no
provision for the development of a foam layer at the interface region between hot fragment and
propellant.

A comprehensive theoretical model was recently developed by Kuo et al. [12] to describe the
heat transfer processes in hot fragment and solid propsllant, as well as the development of a foam
and/or melt layer which has been experimentally observed at the interface zone between solid
propellant surface and hot spall particle. In this model, the liquefaction, surface reaction, and
gas-phase reactions in the foam layer were considered. The effect of binder composition can also be
atudied by using measured kinetic data from separate DSC experiments for LOVA propellants with
various binders. Thus, the adllity of resisting conductive ignition of new propellant formulations
can be evaluated for achieving reduced system vulnerability.

Although the model presented in Ref. 12 includes both reacting and non-reacting cases, only the
non-reacting part of the model was verified by ice-melting and evaporation experiments. The main
objective of this paper ia to verify the chemically reacting part of the model, The latest reaction
mechanism and data obtained by Miller et al. [8] have been incorporated intc the model. Numerical
simulation of HFCI processes of certain LOVA propellants have been conducted, and the results are
compared with the data obtained by Miller and Cohen [13] for model validation.

METHOD OF APPROACH
DESCRIPTION OF PHYSICAL EVENTS

In an HFCI experiment, a hot metal particle comes into contact with a cold propellant at Time O.
In the early phase of the process (Time Period 1), heat is conducted from the hot particle to the
propellant without any phase change or pyrolysis (see Fig. 1). As time progresses, the temperature
of the propellant increases and that of the particle decreases, Following a period of inert
heating, the propellant starts to decompose, melt, and/or gasify (Time Period II). During Time
Periocd II, a foam or melt iayer usually exists near the interface region between the hot fragment
and solid propellant. Since the density of the metal particle is much higher than the density of
the decomposed propellant, it displaces the decomposed propellant and becomes imbedded in (sinks
into) the propellant, as shown in Fig. 1. The decomposed species can further react exothermically
in the gas phase, foam layer, and/or condensed (solid, liquid) phase to cause ignition., If the rate
of heat release {n the foam layer is lower than that of the heat loss to the surrounding and ambient
materials, the spall particle will dbe quenched without introducing lgnition., Self-susi.ainaed
ignition will cccur only if the rate of heat generated by the exothermicC reactions exceec~ the rate
of heat loss, In view of the importance of chemical reactions in the foam layer and surface region
of solid propellants, effective kinetic mechanisms must be determined and accurate kinetic data
obt 1ined. This information and data are then fed into the theoretical model for realistic
sinulations.
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TIME PERIOD 1 (BEFORE THE FORMATION OF A MELT LAYER)

TIME PERIOD IT (AFTER THE PORMATION OF A MELT LAYER)

FOAM LAYER

Fig. 1 Physical Event of Hot Fragment
Conductive Ignition (HFCI) Processes
Represented by Various Cases in Two
Pifferent Time Periods

JETERMINATION OF EFFECTIVE IGNITION KINETICS FOR THE SAMPLE PROPELLANT

Efforts to identi{fy elementary reactiona and measure their reaction rates were ruled out as
probably infeasible from a technical standpoint,and certainly inappropriate to the scope of the
modeling effort and the resources availadble for numerical computations.

Since the main interest in these reactions is the energy socurce (or sink) terms {n heat
transfer equations, Differential Scanning Calorimetry (DSC) was chosen as a suitabdle technique for
measuring reactive heat exchange of decomposing propellant in contact with a metal surface.
Operated in ramp mode, this instrument can increase the sample temperature linearly with time at
rates up to 100°C/min. Although ignition by hot fragments oould involve much higher instantanecus
heating rates, these high rates cannot be sustained for any appreciable time due to conductive and
conveotive losas mechanisms. Because observations of hot fragment ignition under controlled
conditions indicate that 5 seconds or more are required to establish ignition, the 100°C/minute
limication may not de too restrictive.

The propellant used in this study has a unimodal distridution of RDX particle sizes (about 5
micron average). The DSC test samples were amicrotomed to a uniform thickness of adout 0.4 mm with
mass of about 1 mg (15%) and placed in covered and crimped pans perforated in four places with a
atraight pin. The pan perforations allow for presaure release, while retaining the bulk of any
decomposition heat resulting from reactions occurring at or very near the propellant surface. Thus,
the technigue does not distinguish between energetic reactions in the solid, liquid, or gas phase;
the goal 1s only to measure net "localized" energy release (or absorption).

DSC thermograms for the test propellant used here typically exhibited an endotherm of about 20
cal/g, starting at about 185°C and followed by an exotherm of about 300 cal/g whic. peaks at about
260°C. At the onset of this study, the intention was to treat the exotherm as a simple global
reaction and the endotherm as a phase change. Ultimately, both were deacribed as separate single
reactiona, each with its own set of kinetic parameters. A detailed analysis was reported in Ref. 8.
The reaction mechanism proposed by Miller et al. [8] is a two-step sequence of global reactions
represented by the following equations,

Sol1d 1 Liquid X2 Gaseous )

Propellant Melt Products .

where the specific reaction rate constants ky and ky can be expressed in the Arrhenius form
E

1
Ky = A, exp(- i:f) (2)

E
k2 - ‘2 exp(~ -R—u?) (3
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I2 the curve-fitting process, Miller et al. found that the Arrhenius coefflcient, Ay can be
satisfactorily represented by a constant, and Ay can either be approximated by constants or
expressed as a power law of heating rate (r) in their DSC experiments, i.e.,

b2

A, - conatant or AZ = a,r (u)

A typical comparison of the data with the fitted curve 1is shown in Fig. 2. The conatant A, fitted
curve is slightly different from the curve shown in Fig. 2, and is equally acceptable for numerical
simulation of HFCI processes. Considering the enormous simplification of the actual chemistry
afforded by the irreversible two~step idealization, the quality of representation is quite good.
Good representations of the data are found for a wide range of heating rates and inert gas purge
flow rates. The DSC data for the sample propellant is summarized in Table 1, where Qi and Qp are
tne specific heat release for endothermic and exothermic reactiona.

MEATING RATE r=40 deg C/min ’ :
ENOOTHERR:A=canet  EXOTHERM:AIr 1

/un Spell Porticle

foam layer
region 2

AORISTED NERT NLOW 7 tu/gl
& &

B
i
||
|
H

foam layer
cogion |

NG v rsron
Fig. 2 Comparison of Composite DSC Thermograms —

(Points) to Fitted Curve Using Heating

Rate Dependent A Factor Fig. 3 Schematic Dlagfam of the Model

Table 1, Kinetic Constants Determined from DSC

Ay Ay £y Ez as b2 Q Q@
(Keal/ (Keal/ . °
(s=h) (s=V) mol) mol) (s°27 /K1)  (-=) (cal/g) (cal/g)
1.31xw3'3 1.98x10])  69.4  38.2 R —_— 21,1 297
£0.57x10 +0.80x10 0.4 0.4 mmes g oo 15.6 £26
cwaa LIT ———— 47.2 7.79!10’7 -0.516 Lt 297
———- ——— ———- $0.4 +2,89x10 +0.014 o——- $26

Incorporation of Two-Step Clobal Reaction Kinetics into the HFCI Theoretical Model

Before describing the specific steps taken in incorporating the two-step global reaction
<inetics into the HFCI model, it is useful to give a brief summary of the model structure, As
deacribed in Ref. 12, the physical model is divided into various regions (see Fig. 3): 1) spall
particle region; 2) foam layer region 1; 3) foam layer region 2; and 4) LOVA propellant region.
Eacn region has its own governing equations and boundary conditions.

_ In order to incorporate the two-step global kinetices iato the HFCI model, the main modification
;; Joncentrated on the formulation of foam layer Reglon 1, waich is the area controlling the onset
of ignition,

Due to the limited kinetic data resources avallable for LOVA propellants at the time the HFCI
model was initfally formulated, a more general consecutive three-atep reaction from solid propellant
r.C gaseous products was adopted, l.e.,

k K K

1
Solid —= Liquid 2 Gaseous S Gaseous (5)

Propellant Melt Reactants Products
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With the conaideration of the third reaction, the heat released in the gas-phase reaction could
increase the temperature of the gases in the foam layer. However, from the DSC experiments (8], a
two=-step global reaction was proposed, as discuased above. -

Based upon two-step reaction kinetics and energy flux balance shown in Fig. 4a, the equation
describing the rate of change of gas-phase temperature can be derived as follows.

DT ]

2 —L o g 2.
Wsanngg Dt q;asws q;;a"liqA!.1

. * o L4 (o}
- T
+ m‘not, [(cplrl + AHr.'.) (Cpg P nAHr'g)J

+ RT ersl.nvf (6)

retPg’ire

where n can be considered as the combustion efficiency in the foam layer,

s
SPALL ?Aﬂﬂcgl

/f =P )wed R
.
-,

R T I U\ B Cpg T B 2w Ll 1= 9)
AH1 g+ CogTor 2 2ir 27 rela¥ ce Al e

4 CoNTS+OHE ) (= ) D P (M Cyg Tgp + 8K} g)

X

Saar (G, ATE 48K, 0)
Fig. %a Energy Fluxes Assoclated with the Gas Fig. b Energy Fluxes Associated with the Liquid
Phase in Region 1 (The Thickness of Foam Phase in Region ! (Thickness of Foam
Layer is Highly Exaggerated) Layer is Highly Exaggerated)

For the liquid phase, the balance of energy fluxes are given in Fig. 4b, and the equation of
tiquid~phase temperature can be written as

(1-)11'21. C 1y—l.-'i-v n'zc (T, =T )
v AT mppr spiit ps

. - 2 . 2 .
*Qfgq (1IN - AT oso11a™ s * Ygas-11q"1, (n

From the mass balances for both gas and liquid phases, the following equatfions can be obtained after
certain manipulations,

Dy _ (1-y)R

Dt 2
=y fw) ariL,CooP

. 2 - o"
{“Eaa“"s qgaa-uqkl‘l

+RT__,p v, 2%r L ¢ + m qQ !l
ref g irt sm 8mt1 L
Iil‘n
(1-w)plorwa] et . rm:oj,”~ . 8
(Y=y+f¥) Pg “m‘"’i“z (1w f¥ilL o, 'm

where

. o * o
QL - (CplTl + AHr,l) - (Cpng . nAH{’g) (9)
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In addition to the above four governing equations (three ODES, one algebraic equation), the
perfect gas law is used to evaluate gas density. The energy flux balance at the interface between
1iquid melt and propellant surface can be given as

quq-aolid “ q;r * Qmelt(vs)ppr an

where the heat of reaction Qpe)t 18 defined as

o * )

O
(aH f,pr * cpr‘rnolt

f.1 . cpl ) = (aH

Q

melt 7

#*
melt (12)

The endothermic reaction from solid propellant to liquid melt abaords heat from liquid phase
via the last term . in Eq. (11). The liquid phase is heated by energy transferred from gas phase
through bubble interfaces in the foam layer. This mechanism is modeled as qgas-liq'Ai in Eq.
(7). The exothermic reaction (from liquid melt to gaseous products) releases heat to elevate
gas+-phase temperature via the source term associated with Bgnet in Eq. (6).

In order to close the above system, the parameter f, which relates v (the radial velocity
of the liquid phase at the lateral surface of foam layer in region 1) and erg (Verg -f vlrl)’ was
expressed as )

n
Enet,
" a3
L (-vmoc)p8

t=cl

The above equation is based upon various limiting conditiona given below.

Case 1: f » 0, when the volumetric gas generation
rate is much smaller than the volumetric
regression rate of the melt layer, i.e.

2 .
’rs ( vm) »m /p

net ,

2 .
Case 2: f + 1, when LR ( vm). ns /pg
net1

Case 3: f >> 1, when wrsz(-vm) «m !
net
1
To avoid singularity at the onset of melting or liquefaction of LOVA propellants, a small parameter,
€, in the order of 0.0001 is inaserted in the denominator of Eq. (13). The coefficient C and
exponent n are taken to be the unit in the HFCI simulation.

g

The foam layer region 1 thus contains six major unknown parameters (y, Tg. T

v T
pgs» solved from Eqs. (6), (7), (8), (10), and (13), and the perfect gas law. trt

EMPIRICAL CORRELATIONS AND INPUT PARAMETERS

The exothermic chemical reaction plays an important role in the HFCI process, aince high rates
of heat release could lead to runaway ignition. Therefore, it 1s necessary to acquire an
appropriate correlation for the chemical reaction rate. The kinetic data used in numerical
calculations was obtained from Miller's DSC experiments [8). The rate of production of gaseous mas:
in Region 1 of tne foam layer is expressed as
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: - 2.4 -
m cmmers (1 w)pzAlexp(

E
g, (14)
Enet,

RuTl.

where Ay is the same as A; given in Table 1, and cy is a constant smaller than 1. The temperature
discribution in the liquid phase of the foam layer is not strictly uniform. Most of the liquid is
at a temperature lower than the liquld surface temperature of bubbles. This can influence the value
of cy. Also, the reacting surface layer of bubbles could be a amall fraction of the liquid in the
foam layer. Furthermore, the Arrhenius law is highly nonlinear. All of these factors could
influence the effective mass generation rate. In the present lumped parameter analysis for the foam
layer, the selected value of cy in HFCI simulation is 0.02 for all cases studied.

In addition to the kinetlc correlation, suitable empirical correlations for heat fluxes (e.g.,
Q'l'iq-solld- qliq' qga,. and qgas-liq) are also needed to properly predict heat transfer rates and’
system eigenvalues, that is, the sinking velocu:y (vy or -vm) and the propellant surface temperature
(Tps). The heat transfer coefficients for qliq-soudr qnq. and qg as are adopted in the combined
form of forced convection and conduction. In the early stage of tjme period Il (described in
physical events) or before propellant ignition, the radial velocity in Region 1 of the foam layer
can be quite high. Therefore, the forced convection effect dominates heat transfer among the spall
particle, foam layer, and propellant. However, in the quenched cases, the conduction heat transfer
is not the main mechanism during most of time period II. Some of the heat trarisfer correlations
used are given in Ref. 12, In conalderation of various forms of heat tranafer correlation, it is
noted that the heat transfer measurements available for foam layers are very scarce. In fact, heat
transfer rates of foams generated by liquefaction and pyrolysis of solid propellant are completely
unavailable. This ia an area requiring further research. The heat fluxes mentioned above can be
expressed asa follows:

ans “Beonv (Tss ~ Tg) (1)

91q " Poonv Tsg = Ty . (e
" -
9 4q-so11d ~ Moonv (T Tps) an
(1 -¥)p,C +ypwC T
z 11 * Mg pgTg
where T 18)
(i~v)
" ¥19Coe * "’scps

The heat flux at propellant surface (qp,-) is calculated from the following equation, as
desacribed in Ref. 12,

T - T
i, = 34 (-&6-—2&) (19)
pr

where the coefficient 3A‘ results from a third-order polynomial approximation for the temperature
profile. The time variation of the thermal wave penetration depth, Gp,.. is determined from

2 2
a4 24 aT
_Pr__ . ~2r ____ __PBS
at 24 %or * 8 vmapr (1‘ps - Tpl) d (20)

After Gp,. is solved from Eq. (20), the propellant surface temperatwre can be determined from Eq.
(11) through the use of Eqs. (17) and (19).

The sinking velocity can then be calculated by

aﬂ ) - a"
v = 1iq-solid gr) (21)

s °prqmelt

In addition to the above correlations and data provided in Table 1, a set of input data was
prepared and listed in Table 2. The thermodynamic and transport properties were obtained from open
literature [14-19].

OVERALL STRUCTURE OF THEORETICAL MODEL

The theoretical model consists of governing equations and their associated initfal and boundary
2rnditions for the hot particle, the propellant, and the foam layer. Joverning equations for the




Table 2. Input Data Used in the HFCI Simulation
Region Parameter Value Unit
Spall ra 0.3175 x 1072 or o
0.4851 x 102 m
Particle La 0.3937 x 1072 or o
0,98 x 1072 m
As 16.246 W/m-K
Cs 5.02 x 102 J/kg=K
Ps 8.0 x 103 kg/m3
Ay 2.094 x 1077 W/ m-k
Py 1.60 x 103 kg/m3
Cy 1:465 x 103 J/kg=K
Foam My 0:832 x 10~3 kg/m-3
Layer Ea,tg 15597 x 105 J/mole
A 1,98 x 1018 /s
K, -6.695 x 105 J/xg
a8 -1.912 x 106 J/xg
Ag '8 36:29 x 1073 W/meK
Cpg 1,465 x 103 J/kg=K
n 0.80 ~——
Cor 3.552 x 102 + 2,598 * T(K) J7kg~k
Ppr 1.678 x 103 : kg/m3
LOVA Apg 2.094 x 10-1 W/m-K
Propellant Aﬁ,,p,. -7.579 x_103 J7kg
Ea,p 2.9 x 105 J/mole
A 1.31 x 103! /s

energy
transfer

Foam Layer

Hot Particle

energy
Instantaneocus loss to the
Temperature —"" surround ing
Distribution

is solved from

the transient mass loss
heat conduction energy due to
equation. transfer gasification

Instantanecus values of porosity, bulk temperatures of gas

and liquid phases, radial velocity of foam layer, density of

the gas phase, and sinking velocity are solved from a set of mass
and energy conservation equations and flux balances at boundaries.

energy
loss
to the
surrounding

Solid Propellant

mas= conversion
due (o fusion
and liquefaction

energy transfer

Instantaneous temperature distribution is solved from the
transient heat conduction equation.

Figure 5.

Block Diagram Showing the Mathematical Formulation

and Coupling Relationship Between Hot Particle, Foam
Layer, and Solid Propellant
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hot particle and the propellant are transient heat conducticn equations written in two-dimensional

cylindrtcal form.
methods.

These equations were recast into ordinary differential equations by integral

In these two regions, instantansous temperature distributions are solved from the
governing equations coupled to the foam layer through flux balances at their boundaries (see Fig, 5).
The solution of major unknowns in the foam layer is also delineated in the same figure.

DISCUSSION OF RESULTS

In the following, one set of HFCI simulation results i{s compared with experimental results, and
two sets of parametric runs are presented and discussed in detail. To study the initlal temperature
effect of the spall particle, two different temperatures (768 and 1000 K) were considered for the
same spall particle size (Lg = 0.3937 cm, Ry = 0.3175 cm). The calculated results from the case
with an initial temperature of 768 K are compared with experimental data obtained by Miller and

Cohen [13].

The third set of results was obtained for studying the masa effect on the HFCI process

using a large spall particle (Lgq = 0.98 cm, rq = 0.4851 cm).

Figure 6 shows a set of propellant subsurface temperature profiles at different times before
the spall particle begins to sink into the LOVA propellant. As one can see from the temperature
profile variation, the thermal wave penetraticn depth becomes deeper as time 1ncreaaes. However,
the surface temperature remains approximately at the 735 K rlngo.

The axial temperature variation at the center line of ths spall particle is shown in Fig. 7 for

different times in time period I.
distance far from the spall particle base.

This figure indicates the decay of maximum temperature at a
The temperature gradient at the base of the spall drops

from a large value upon initial contact, to a much lower level at 1.3 s. At the snd of time period
I, the axial temperature distribution becomes quite uniform.
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In time period II, the spall particle sinks {nto the LOVA propellant. The calculated sinking
jistance versus time is compared with measured data in Fig. 8. The calculated sinking velocity s
also shown in this figure. Note that the sinking velocity (the slope of the curve) increases
rapidly at the very beginning, starts to decrease at t = 0,75 s, and approaches zero at the end of
the calculation (t=34 s). The final calculated sinking distance is about 15% larger than the
measured one. This discrepancy could be caused by errors in experimental measurement as well as any
inappropriate of heat transfer correlation used in the foam layer of the theoretical model. In
general, this comparison shows a reasonable agreement between calculated and measured results.

The calculated time variation of the void fraction in the foam layer [y(t)] is shown i{n Fig. 9.
When the spall particle starts to sink into the LOVA propellant, ¢ increases drastically due to
intensive heating, and then alows down significantly as time increases at the end of computation;
only 72% of the space in the foam layer is occupied by the gas. The calculated time variations of
center and base temperatures of the spall particle are compared with thermocouple measurements at
corresponding locations in Figs, 10 and 11, respectively. Comparison of the predicted base
temperature is better than comparison of the predicted center temperature with experimental data.
Both of these temperatures decline monotonically as the particle begins to sink into the LOVA :
propellant and approach asymptotic levels near the end of computation,

The calculated time variation of the instantaneous subsurface temperature of the first
thermocouple location (6 mm below the initial propellant surface) compares well with measured data,
as shown in Fig. 12. Like the measured data, the calculated subsurface temperature at the second
thermocouple location (12 mm below the surface) shows no reponse at the end of calculation (t=34 s).

Comparison of bulk temperatures of gas and liquid phases in the foam layer is shown {n Fig. 13.
During time period II, the gas-phase temperature is always higher than that of the liquid. The
temperature difference decreases monotonically and reaches a samall difference near the end of

computation.
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Comparisons of Predicted Temperature-
Time Traces at the First and Second
Thermocouple Locations (6 and 12 mm
Below the Propellant Surface) with -
Experimental Data

Fig. 12
Calculated Tempersture-Time Traces ol

Fig. 13
Cas and Liquid Phases in the Foam Layer




58

In addition to the quenched case discussed above, two separate HFCI tests were conducted by

Miller and Cohen [13], using different spall particle sizes and initial temperature.

The amall

cylindrical particle has a radius of 0.3175 cm and a length of .3937 cm, with an initial temperature
of 986 K at the time of contact with the LOVA propellant.
radius of 0.4851 cm and a length of 0.98 cm, with an initial temperature of 95! K at the time of

contact with the LOVA propellant.

In both cases, the propellant ignited.

not luminous near the base region of the spall particle.

initial propellant surface. The flame widens
and large particles, respectively.

ignition from the experimental point of view.

The large cylindrical particle has a

The pyrolyzed gases are
The observed luminous flame is above the

abruptly at 5.2 and 1.2 8, coresponding to the smal:
Widening of the flame could be considered as onset of sustaline:

7L vaildate the tneoretical model w#ith the ignited cases, both tests were simulated. Zesults

are discussed below.
with experimental data.

Figure 14 ahows the comparison of calculated trajectories of spall particles

The small particle has a slightly higher {nitial temperature than the large
one, and hence sinks into the LOVA propellant at a slightly higher velocity (see Fig. 15).
later time, the velocity of the large particle 18 higher since it contains more thermal energy.

At a

calculated trajectory shown in Fig. 14 overpredicts the experimental data by 25% at the end of the

run.

However, the agreement s still acceptable for most of the event.
particles sink continously as the propellant reaches sustained ignition conditions.

For these two cases, the
The calculated

sinking velocity variations with respect to time, shown in Fig. 15, exhibit apikes during the
initial interval when the particles are extremely hot.
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Figure 16 shows the comparison of calculated temperature-time traces at the base of :he spall

particle with experimental data,

During the early phase, the base
is higher than that for large particles; the trend reverses a: the
(when spall particles sink into the LOVA propellant).

temperature for amall particles
later phase of Time Period II

Calculated results are in good agreement witn

experimental data in terms of the trend mentioned above, as well as the magnitude and slope of theae

traces.

It is interesting to note that the average temperature at the spall particle base drops

continuously even after onset of sustained ignition; this 1s believed to be the result of {ncomplate

combustion in the foam layer.
fully reacted satate.

Gaseous pyrolysis products in the bubbles take time to reach the
Heat relsase in the foam zone is sufficiently low o produce a relatively crol
“ayer of foam material which reduces the energy of the spall particle.

The above effect can bde seen
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from the plot of the calculated bulk temperatures of the gas and liquid phases in the foam layer
(see Fig. 17). The temperatures of both phases are lower than the average temperature of the spall
particle base. The calculated vold fraction variations with respect to time is shown i{n Fig. 18,
After the initial intensive heating in time period II, the void fraction reduces slightly with
respect to time. :

Comparisons of calculated temperature-time traces at the center of spall particles with
experimental data is shown in Fig. 19, Agreement ia quite reasonable, and the trend is identical %o
that described for spall particle base. Before completion of the computation of 10 s for the time
seriod II, the center temperatures are always -igner than those at the spall particle base.
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Fractions in Foam Layers

Based upon these comparisons, it i{s quite obvious that the HFCI model is able to predict the
quenched and ignited cases uaing different spall particle sizes, Also, by comparing results of the
small particle (L = 0.3937 cm, rq = 0.3175 cm) at an initial temperature of 986 K with those for the
same sized particle at 1000 K, one can observe the strong difference in sclution from a quenched
case to a runaway ignition. According to the test data of Miller and Cohen [13]), the small particle
can ignite the LOVA propellant at 986 K, which is in agreement with the prediction of ignition at
986 X.

SUMMARY AND CONCLUSIONS

1} The two-satep chemical kinetic mechanisam, proposed by Miller et al. [8], based upon DSC
measurements, was incorporated into the theoretical model [12] for simulating hot fragment
conductive ignition processes of LOVA propellants.

Calculated results compared well with experimental data in temperature-time traces of spall
particle and propellant,

Reasonable agreement was achleved between theoretical prediction and experimental measurements
in terms of the terminal position and particle trajectory of the quenched spall particle which
is partially submerged in the LOVA propellant. The predicted trajectory of the spall particle
also agrees quite well with measured data for ignited cases,

The controlling mechanism in the HFCI process is the competition between the rate of heat
release from exothermic reactions introduced by the spall particle and the rate of heat loss to
the surrounding.

The present two<step reaction model gave areasonable numerical solution in HFCI simulation.
However, a more complicated reaction model may be needed for various types of LOVA propellants,
Also, additional heat transfer correlations in the foam zone of the pyrolysis product of various
propellants should be developed for more accurate predfctions of HFCI processes.

From HFCI point of view, it is highly desirable to have LOVA propellants with cool pyrolysis
products in the foam layer which can effectively quench the hot spall particle. Also, it is
desirable to have LOVA propellants which require extended distances for development of

flames,

2)
3

4)

5)

6)




7.

8.

9.

14,
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VALIDATION OF A THEORETICAL MODEL FOR HOT FRAGMENT
CONDUCTIVE IGNITION PROCESSES OF LOVA PROPELLANTS*®

K. C. Hsieh
Sverdrup Technology, Inc.
Middledburg Heights, OH 44130

and
W. H. Hsten,T K. K. Kuo*
Department of Mechanical Engineering
The Pennsylvania State University
University Park, PA 16802
and
M. S. Miller?

U.S. Army Ballistic Research Laboratories
Aberdeen Proving Ground, MD 21005

A comprehensive theoretical model and an efficient numerical
program have been developed to simulate the hot fragment conductive
tgnition (HFCI) processes for characterizing the degree of
vulneradility of various gun propellants, 1In the formulation of the
theoretical model, three sets of governing equations and their
boundary conditions were derived for different regions consisting of
the hot spall particle, the LOVA propellant, and the foam layer
produced by liquefaction, pyrolysis, and decomposition of the
propellant., In terms of chemical kinetic scheme, a two-step reaction
model 1s proposed, based upon 0SC experiments. The model contains an
endothermic decomposition process followed by an exothermic pyrolysis
of the propellant. Calculated results compared well with ~xperimental
data in temperature-time traces, trajectory of spall n=.-.icies sinking]
into the LOVA propellant, and terminal position of the particle.
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NOMENCLATURE

A Arrhenius frequency factor of chemical
reaction of melt or foam layer in
Region 1, kg/m3-s

Ay Interface area between liquid melt and
gas bubbles, m?

Cp constant-pressure specific heat,
J7xg=K

Ce specific heat of spall particle,
J/7kg=K

Jp averaged diameter of dubbles generated

¥This work was performed under contract
DAAK11-83~C-0015, sponsored by the Applied
Ballistic Branch of the Ballistic Research
Laboratories under the support and encouragement
of Dr. Joseph J. Rocchio and Mr. Norman Cerri.
The authors would like to thank Dr, A. Cohen
for his input in supplying HFCI data.
&Research Engineer

TResearch Associate

*Distinguished Alumni Professor of Mechanical
Engineering

fresearch Physictst

from gasification process, m

Ey activation energy of chemical reaction
of melt or foam layer, J/mole

SHR heat of formation, J/kg

La height of melt or foam layer (n Region
1, m

ignet, net rate of production of gaseous mass
in Region 1 of foam layer, kg/s

QL heat release due to exothermic
reaction from liquid melt to gaseous
products, J/kg

Qmelt heat of endothermic reactlon from

- solid propellant to liquid melt, J/kg

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

i;as-llq heat flux transferred to liquid
phase from gas phase through
interfaces, W/m2

&;1q heat flux transferred to liquid

. phase from spall particle base, W/me

d11q-solid heat flux transferred to propellant
surface from foam layer, W/ml
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Superscript

»

heat flux transferred to LOVA

propellant from melt or foam layer in

Region 1, W/m2

heat flux at base of spall particle,
w/m2

Universal gas constant, 8314.4
J/kg-mole K

radius of spall particle, m

boiling temperature of liquid melt, K

gas temperature, K

bulk temperature of melt or foam
layer, K

melting temperature of LOVA
propellant, X

temperature of LOVA propellant, K
average surface temperature of LOVA
propellant exposed to air, K
temperature of spall particle, K
radial velocity of melt or foam
layer in Region 1, m/s

sinking velocity of spall particle,
m/3s .

axi{al distance above base of spall
particle, m

axial distance below instantaneous
surface of propellant under foam
layer, m

Greek Symbols

thermal diffusivity, m2/s

thermal penetration depth from
propellant surface, m

thermal conductivity, W/m=K
density, kg/m3

average porosity (void fractiom) of
foam layer in Region 1

dynamic viscosity, kg/m=-s

Subscripts

gaa;phaae

initial condition
liquid-phase

melt liquid melt
propellant

room condition

Region 1 of foam layer
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INTRODUCTION

In the selection of low vulnerability
ammunition (LOVA) propellants, go/no-go ignition
tests with hot metallic elements are often
conducted to simulate hot fragment conductive
tgnition (HFCI) processes. These hot fragments
can be considered as those generated from the
penetration of armor plates by shaped charge jets
or kinetic energy penetrators. One way to negate
the threat of propellant ignition by hot spalls {s
to use a propellant which is resistant to
conductive ignition. A number of investigations
on this subject have been conducted, both
theoretically and experimentally, {n recent years
[1-12]. Si{nce a review of pertinent work is given
in the paper by Kuo et al. [12], detailed reviews
are omitted here, Only major findings of HFCI
processes are listed below.

1. Binders of nitramine composite
propellants were found to have a strong
effect on conductive fignition. Some
binders can act as fire retardant
coolants.

2. The relative susceptibility of LOVA
propellants to ignition by spall
particles can be determined from
ignition map based upon the plot of the
initial temperature versus weight of the
spall fragment.

3. The contact resistant between hot
particle and propellant significantly
affects the delay time for onset of
runaway ignition.

4. Binders which endothermically decompose
under acid catalysis are more desirable
for LOVA propellant binder ingredients.

5. The ignition temperatures of LOVA
propellants are similar to their
nitramine fillers.

6. For certaln LOVA propellants,
liquefaction and bubble formation were
observed during conductive heating.
This suggests that the thermal
insulation properties of binder products
may be important in the determinaticn of
ignition sensitivities of LOVA
propellants.

7. Based upon surface thermocouple
measurements during HFCI tests, the
initial condensed phase reactions are
endothermic. The endothermicity of
these reactions showed good correlation
with propellant sensitivity for thermal
ignition.

8. The minimum spall parti{cle temperature
(for a fixed spall particle weight)
depends strongly on binder composition.

9. Chemical reactions leading to ignition
of certain LOVA propellants during HFCI
experiments can be idealized as a
two-step sequence of global reactions
in which an endothermic reaction is
followed by an exothermic reaction.,

Several attempts were made to model the hot
fragment conductive ignition processes [9-11];
however, these models have serious limitations in
simulating actual HFCI processes. The model
propnsed in Ref. 9 1s strictly one-dimensional,
and allows no space for the products in the gas or
liquid phases to exit at the {nterface between
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propellant samples and fhot lnert fragments. The
model proposed in Ref., 10 requires no depletion of
propellant when the hot fragment penetrates the
combustible material. Also, no surface reaction
is allowed in the model. An interesting
theoretical analysis of the ignition of reactive
solids by direct contact wit! a hot {nert body was
performed by Linan and Kindelan [11]. Thelr
analysis considered both cylindrical and spherical
geometries. Asymptotic solutions for large
activation energies were obtained. The solutlon
indicated the existence of an ignition boundary
beyond which runaway ignition occurred. Although
the theoretical results i{ndicated the correct
trend in terms of inert particle initial
temperature and particle size, their solutions
were not compared with any experimental data.
furthermore, the assumption of high activation
energies are invalid for various LOVA propellants.
There was no provision for the development of a
foam layer at the interface region between hot
fragment and propellant.

A comprehensive theoretical model was
recently developed by-Kuo et al, (12] to describe
the heat transfer processes in hot fragment and
solid propellant, as well as the development of a
foam and/or melt layer which has been
experimentally observed at the interface zone
between solid propellant surface and hot spall
particle. 1In this model, the liquefaction,
surface reaction, and gas-phase reactions {n the
foam layer were consi{dered. The effect of binder
composition can also dbe studied by using measured
kinetic data from separate DSC experiments for
LOVA propellants with various dinders. Thus, the
ability of resisting conductive ignition of new
propellant formulations can be evaluated for
achieving reduced system vulnerability.

Although the model presented in Ref. 12
includes both reacting and non-reacting cases,
only the non-reacting part of the model was
verified by ice-melting and evaporation
experiments. The main objective of this paper is
to verify the chemically reacting part of the
model. The latest reaction mechanism and data
obtained by Miller et al. [8] have been
incorporated into the model. Numerical simulation
of HFCI processes of certain LOVA propellants have
been conducted, and the results are compared with
the data obtained by Miller and Cohen [13] for
model validation.

METHOD OF APPROACH .

Description of Physical Events

In an HFCI experiment, a hot metal particle
comes into contact with a cold propellant at Time
0. In the early phase of the process (Time Period
I), heat (s conducted from the hot particle to the
propellant without any phase change or pyrolysis
(see Fig., 1). As time progresses, the temperature
of the propellant increases and that of the
particle decreases. Following a period of inert
heating, the propellant starts to decompose, melt,
and/or gasify (Time Period I[I). During Time
Period II, a foam or melt layer usually exists
near the interface region between the hot fragment
and solid propellant., Since the density of the
metal particle {s much higher than the density of
the decomposed propellant, Lt displaces the
decomposed propellant and becomes {mbedded {n
(sinks into) the propellant, as shown in Flg. 1.
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TIME PERIOO | (BSFORE THE FOAMATION OF A MELT LAYER)
'_"‘ R

IL H0+ METAL CYLINDER

SOLID PROPELLANT

TIME PERICO I {AFTER THE FORMATION OF A MELT LAYER}

; FOAM LAYER
Z

Fig. 1 Physical Event of Hot Fragment
Conductive Ignition (HFCI) Processes
Represented by Various Cases in Two

nirferent Time Periods

The decomposed species can further react
exothermically {n the gas phase, foam layer,
and/or condensed (solid, liquid) phase to cause
{gnition. If the rate of heat release in the foam
layer is lower than that of the heat loss to the
surrounding and ambient materials, the spall
particle will de quenched without {ntroducing
ignition. Self-sustained ignition will occur only
if the rate of heat generated by the exothermic
reactions exceeds the rate of heat loss. In view
of the importance of chemical reactions in the
foam layer and surface region of solid
propellants, effective kinetic mechanisms must be
determined and accurate kinetic data obtained.
This {nformation and data are then fed into the
theoretical model for realistic simulations.

Determination of Effective Ignition Kinetics for
the Sample Propellant

Efforts to identify elementary reactions and
measure their reaction rates were ruled out as
probably infeasible from a technical standpoint,
and certainly {nappropriate to the scope of the
modeling effort and the resources avajilable for
numerical computations.

Since the main interest in these reactions s
the energy source (or sink) terms in heat transfer
equations, Differential Scanning Calorimetry (DSC)
was chosen as a suitable technique for measuring
reactive heat exchange of decomposing propellant
in contact with a metal surface. Operated in ramp
mode, this {nstrument can increase the sample
temperature linearly with time at rates up to
100°C/min. Although {gnition by hot fragments
could {nvolve much higher {nstantaneous heating
rates, these high rates cannot be sustained for
any appreciable time due to conducti{ve and
convective loss mechan{sms. Because observations
of hot fragment ignition under controlled
conditions indicate that 5 seconds or more are
required to establish ignition, the 100°C/minute
limitation may not be too restrictive.

The propellant used {n this study has a
unfmodal distribut{on of RDX particle sizes (about
S micron average). The DSC test samples were
microtomed to a uniform thickness of about 0.4 mm
with mass of about ! mg (+5%) and placed in
covered and crimped pans perforated {n four places




with a straight pin. The pan perforations allow
for pressure release, while retaining the bulk of
any decomposition heat resulting froam reactions

occurring at or very near the propellant surface.

Thus, the technique does not distinguish dbetween
energetic reactions in the solid, liquid, or gas
phase; the goal is only tc measure net "localized"
energy release (or absorption).

DSC thermograms for the test propellant used
here typically exhibited an endotherm of about 20
cal/g, starting at about 185°C and followed by an
exotherm of about 300 cal/g which peaks at about
260°C, At the onset of this study, the intention
was to treat the exotherm as a simple global
reaction and the endotherm as a phase change.
Ultimately, both were described as separate single
reactions, each with its own set of kinetic
parameters. A detailed analysis was reported in
Ref. 8, The reaction mechanism proposed by Miller
et al. [8) 1s a two-step sequence of global
reactions represented by the following equations.
Solid *,
Propellant

Liqutd X2

Gaseous
Melt m

?roducea

where the specific reaction rate constants k¢ and
ky can be expressed in the Arrhenius form

E,

ky = A exp(= i_?) (2)
u
EZ

ky = AZ exp(- -RF) ) {3

In the curve-fitting process, Miller et al. found
that the Arrhenfus coefficient, Ay can be
satisfactorily represented by a constant, and A
can either be approximated by constants or
expressed as a power law of heating rate (r) (n
thelr DSC experiments, {.e.,

D2

A, = constant or ‘2 = a,r (4)

A typical comparison of the data with the fitted
curve is shown in Fig. 2. The constant Ay fitted
curve {s slightly different from the curve shown
in Fig. 2, and {s equally acceptable for numerical
simulation of HFCI processes. Considering the
enormous simplification of the actual chemistry
afforded by the irreversible two-step
fdeal{zation, the quality of rspresentation {s
quite good. Good representations of the data are
found for a wide range of heating rates and {nert
gas purge flow rates. The DSC data for the sample
propellant {s summarized in Table 1.
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where Qi and Q; dre the specific heat release for
endothermic and exothermic reactions.

“€ATING RRTE r~40 deq C/min -
EXOTHERM:Ar)

ENOOTHERR:Reconst

ADAISTED HEAT FLOM 7 1W/g)

e e B Do W m m W %
TEPERATURE / degrees C

Comparison of Composite DSC Thermograms
(Points) to Fitted Curve Using Heating
Rate Dependent A> Factor

Fig. 2

Incorporation of Two-Step Global Reaction
Kinetics into the HFCI Theoretical Model

Before describing the specific steps taken in
incorporating the two-step global reaction
kinetics into the HFCI model, it is useful to give
a drief summary of the model structure. As
described in Ref. 12, the physical model is
divided into various regions (see Fig. 3): 1)
spall particle region; 2) foam layer region !; 3)
foam layer region 2; and 4) LOVA propellant region.
Each region has its own governing equations and
boundary conditions. ?

In order to incorporate the two-step global
kinetics into the HFCI model, the main
modification {s concentrated on the formulation of
foam layer Region 1, which {s the area controlling
the onset of ignition.

Due to the limited kinetic data resources
available for LOVA propellants at the time the
HFCI model was {nitially formulated, a more
general consecutive three-step reaction from solid
propellant to gaseous products was adopted, l.e.,

k 4 >
—2’ Caseous -}-. Gaseous
Reactants Products
(5)

K
—e Liquid
Melt

Solid
Propellant

With the consideration of the third reaction, the
heat released in the gas-phase reactfon could
increase the temperature of the gases in the foam
layer. However, from the DSC experiments (8], a
two-step global reaction was groposed, as
discussed above.

Table 1. Kinetic Constants Determined from DSC
Ay Ay £y 2 ap LF) Q1 Q2
(Kcal/  (Kcal/ 5.<1 . b
(s~ (s~1) mol) mol)  (s°% '/k°?)  (~-) (cal/g) (cal/g)
1.3mo3’31 1.98x10,,  69.4  38.2 R —_— 211 297
$0.57x10 +0.80x10 0.4 +0.4 ST RN +5.6 +26
o - --e- 47.2 7.79x10,7 -0.516  =~=-- 297
-—-- —--- ~--- 0.4 +2.89x10 ' £0.018  ---=  :26
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Fig. 3 Schematic Diagram of the Model

Based upon two-step reaction kinetics and
energy flux balance shown in Fig. Y4a, the equation
describing the rate of change of gas-phase
temperature can be derived as follows.

DT
2 —8 . gn 2 |
Vs b pscps 114 qsasw'rs qgas-llq“l1

- L} o * o

+ ms [(CDIT! i AHf,l) (Cpng . "AHr,g)]

net‘

. 6

RTrerpsvlrLZwrsmef (6)

where n can be considered as the combustion
efficiency in the foam layer.

For the 1iquid phase, the balance of energy fluxes
are given in Fig. 4b, and the equation of
1iquid-phase temperature can be written as

oT

i }
- - T
Q] w)wr L Dchl ot v ppr'racpl(rl ps)

qaas-nqki1
n

2 . 2
(1=¥)wry = Q)4 4-s011d"s *

* qilq

From the mass balances for both gas and liquid
phases, the following equations can be obtained
alfter certain manipulations.

0y . (1=-¥)R {q,, 0‘"_2 . a" A
Dt R gas s gas-liq 11
(1 w*fw)wrsLmegP
- mlr-ef"'g"!.x-!.z’"'sL'm""r " msnet QL}
1
rl"8
(1-w)plofwn8 net., fvgpr .
(l-w't'w)a8 L "2 b, (!-wrw)mel m
nos (8)
where
Q- (T ° 3o T v ) 9
=(C T, + 8H - +n
L pt & £, L Pg g £.8
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Energy Fluxes Asscciated with the Cas
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In addition to the above four governing
equations (three ODES, one algebraic equation),
the perfect gas law {s used to evaluate gas
density. The energy flux balance at the interface
between liquid melt and propellant surface can be
given as
qglq—:olld “ q;r * melt(v )p an

where the heat of reaction Qpejt L8 defined as

Q.. maH e c T ) - (aK®

melt f.2 pt melt £, pr M ) (1 2)

pr melt

The endothermic reaction from solid
propellant to liquid melt absorbs heat from liquid
phase via the last term in Eq. (11). The liguid
phase (s heated by energy transferred from gas
phase through bubble 1nterraces {n the foam layer,
This mechanism is modeled as qg as-11q°At in Eq.
(7). The exothermic reaction ?rrom liquid melt to
gaseous products) releases heat to elevate
gas-phase temperature via the source term
assoctated with ﬁSnet‘ in Eq. (6).
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In order to close the above system, the
parameter ¢, which relates \ (the radial
velocity of the liquid phase 5& the lateral
surface of foam layer in region 1) and Verg (verg
- ¢ v, ), was expressed as

irt

]
8net, n
r - ¢ [——1 3

2
L ( vmw)as

The above equation is based upon varicus limiting
conditions given below.

case 1: f + 0, when the volumetric gas generation
rate 18 much smaller than the volumetric
regression rate of the melt layer, l.e.
2 .
wr “(=v.) >>n /0
s n 8net1 g
Case 2: f + 1, when =r 2(-v ) = o /0
) ’ s n g g
net'
Case 3: £ >> 1, when wr 2(cv ) < i
) ' s m g

/o
net, §

To avoid singularity at the onset of melting or
liquefaction of LOVA propellants, a small
parameter, ¢, in the order of 0.0001 is inserted
in the denominator of Eq. (13). The coefficient C
and exponent n are taken to be the unit in the
HFCI simulation.

The foam layer region ! thus contains six
major unknown parameters (v, Tg. Tg, v l.r
pg, Solved from Egs. (6), (7), (8), (1&5. and
(?3). and the perfect g3as law.

Empirical Correlations and Input Parameters

The exothermic chemical reaction plays an
important role in the HFCI process, since high
rates of heat release could lead td runaway
ignition. The. efore, it 1s necessary to acquire
an appropriate correlation for the chemical
reaction rate. The kinetic data used {n numerical
calculations was obtained from M{ller's DSC
experiments [8]. The rate of production of
gaseous mass in Region 1 of the foam layer ls
expressed as

E
L - cmmersa(l-v)otklexp(- ié%.) (14)
net, u i
where Ag Is the same as Ay given in Table 1, and
cm i3 a constant smaller than 1, The temperature
distribution in the liquid phase of the foam layer
1s not strictly uniform. Most of the liquid is at
a temperature lower than the liquid surface
temperature of bubbles. This can {nfluence the
value of ¢y. Also, the reacting surface layer of
bubbles could be a small fraction of the liquid in
the foam layer. Furthermore, the Arrhenius law is_
highly nonlinear, All of these factors could
{nfluence the effect{ve mass generation rate. In
the present lumped parameter analysis for the foam
layer, the selected value of ¢, in HFCI simulation
is 0.02 for all cases studled.

. profile.
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In addition to the kinetic correlation,
Suitable emplrical gorrelations for heat fluxes
(e.g., dl1q-solid: Qliqs dgas: and Qgas-11q)
are also needed to properly predict heat transfer
rates and system e{genvalues, that is, the sinking
velocity (vq or -vy) and the propellant surface
temperature (Tpg). The heat transfer coefficients
for qQl1q-solids Q1iq+ 3nd Qgas are adopted in
the combined form o? forced convection and
conduction. In the early stage of time period II
(described in physical events) or before
propellant ignition, the radial velocity in Region
1 of the foam layer can be quite high. Therefore,
the forced convection effect dominites heat
transfer among the spall particle, foam layer, and
propellant. However, in the quenched cases, the
conduction heat transfer is not the main mechanism
during most of time period II. Some of the heat
transfer correlations used are given in Ref. 12.
In consideration of varifous forms of heat transfer
correlation, it i{s noted that the heat transfer
measurements available for foam layers are very
scarce. In fact, heat transfer rates of foams
generated by liquefaction and pyrolysis of solid
propellant are completely unavailadble. This is an
area requiring further research. The heat fluxes
mentioned above can be expressed as follows:

QSOS * Monv (TSB - Ts) (15)

- - ‘
qliq hconv (TSB Tl) (16)
" - T - 1
qliq-solid hconv (Tm rps) ( 7)
. (= o T, » Yo Lo T, .
uhere Tu = (1-!)9264; Vo C (18
L7ph g8 p8

«n

The heat flux at propellant surface (Qpp)
is calculated from the following equation, as
described {n Ref., 12.

. Tos ™ Tpt
=3
or p(

) (19

pr
where the coefficient 3, results from a third-
order polynomial approximation for the temperature

The time variation of the thermal wave
penetration depth, §pp, is determined from

dé rz : 25 2 dT
B T R T . S——— - T,
dat pr o pr (Tps ~ Tpl) dt

After 4pn 18 solved from Eq. (20), the propellant
surface temperature can be determined from E£q.
(11) through the use of Eqs. (17) and (19).

The sinking velocity can then be calculated

by
o "
q - - q
vy - (_liﬂgigéiﬂ____ﬂﬁ) (21)
pr melt

In addition to the above correlations and
data provided in Table 1, a set of {nput data was
prepared and listed in Table 2. The thermodynamic
and transport properties were obtained from open
literature [14-19],




Table 2. Input Data Used in the HFCI Simulation

Region Parameter  Value Unit
Spall ry 0.3175 x 1072 or m
0.4851 x 1072 o
Particle Ly 0.3937 x 102 or =
0.98 x 10-2 n
g 16.246 W/m-K
Cq 5.02 x 102 J/vg-K
Ps 8.0 x 103 xg/m3
Ay 2.098 x 1071 W/m=k
oy 1.60 x 103 kg/m3
¢y 1.465 x 103 J/kg=K
Foam ug 0.832 x 10-3 kg/m-s
Layer Ea,gg  1-597 x 105 J/mole
A 1.98 x 1014 /3
aHO -6.695 x 105 J/xg
ot -1.912 x 106 J/xg
xgr'g 36.29 x 1073 W/m=K
Cpg 1.265 x 103 J/7kg=K
n 0.80 -—=-
Cor 3.852 x 102 J/ug=K
+ 2,598 * T(K)
Ppr 1.678 x 103 xg/m3
LOVA Ape 2.094 x 10-! W/m=K
Propellant AH¢ pn  =7.579 x 105 J/kg
Ea,py 2.9 x 105 J/mole
A 1.31 x 1031 /3

Overall Structure of Theoretical Model

The theoretical model consists of governing
equations and thelr associated i{nitial and
boundary cond{tions for the hot particle, the
propellant, and the foam layer, Governing
equations for the hot particle and the propellant
are transient heat conductlion equations written in
two-dimensional cylindrical form. These equatians
were recast into ordinary differential equations
by integral methods. In these two regions,
{nstantaneous temperature distributions are solved
from the governing equations coupled to the foam
layer through flux balances at their boundaries
(see Fig. S). The solution of major unknowns in
the foam layer {s also delineated {n the same
figure.

DISCUSSION OF RESULTS
In the following, one set of HFCI simulation

results {s compared with experimental results, an.
two sets of parametric runs are presented and

discussed {n detail. To study the initfal
temperature effect of the spall particle, two
different temperatures (768 and 1000 K) were
considered for the same spall particle size (Lg =
0.3937 cm, Rq * 0.3175 cm). The calculated
results from the case with an {nit{al temperature
of 768 K are compared with experimental data
obtained by Miller and Cohen [13]. The third set
of results was obtained for studying the mass
effect on the HFCI process using a large spall
particle (Ly = 0.98 cm, rq = 0.4851 cm).

Figure 6 shows a set of propellant subsurface
temperature profiles at different times before the
spall particle begins to sink into the LOVA
propellant. AS one can see from the temperature
profile variation, the thermal wave penetration
depth becomes deeper as time increases. However,
the surface temperature remains approximately at
the 735 K range.

The axial temperature variation at the center
line of the spall particle is shown in Fig. 7 for
different times in time perf{od I. This figure
indicates the decay of maximum temperature at a
distance far from the spall particle base. The
temperature gradient at the base of the spall
drops from a large value upon i{nitial contact, to
a much lower level at 1.3 s. At the end of time
period I, the axial temperature distribution
becomes quite uniform.

In time period II, the spall particle sinks
into the LOVA propellant. The calculated sinking
distance versus time (s compared with measured
data in Fig. 8. The calculated sinking velocity
ls also shown in this figure. Ncte that the
sinking velocity (the slope of the curve)
increases rapidly at the very beginning, starts to
decrease at t = 0.75 s, and approaches zero at the
end of the calculation (te=34 s), The final
calculated sinking distance is about 15% larger
than the measured one. This discrepancy could be
caused by errors in experimental measurement as
well as any Lnappropriate of heat transfer
correlation used in the foam layer of the
theoretical model. 1In general, this comparison
shows a reasonable agreement between calculatedq
and measured results.

The calculated time variation of the void
fraction in the foam layer [3{t)] is shown in Fig.
9. When the spall particle starts to sink into
the LOVA propellant, ¢ lncreases drastically due
to intens{ve heating,-and then slows down
significantly as time increases at the end of
computation; only 72% of the space {n the foam
layer {s occupled by the gas. The calculated time
variations of center and base temperatures of the
spall parti{cle are compared with thermocouple
measurements at corresponding locations {n Figs.
10 and 11, respectively. Comparison of the
predicted base temperature is better than
comparison of the pred{cted center temperature
with experimental data. Both of these
temperatures decline monotonically as the particle
begins to sink into the LOVA propellant and
approach asymptotic levels near the end of
computation.

The calculated time varfation of the
{nstantaneous subdbsurface temperature of the first
thermocouple location (6 mm below the {nitfal
propellant surface) compares well with measured
data, as shown in F{g, 12, Like the measured
data, the calculated subsurface temperature at the
second thermocouple location (12 mm delow the
surface) shows no reponse at the end of
calculation (t=34 s),
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Hot Particle

energy

Instantaneous loss to the

Temperature — surrounding

Distribution

i{s solved from

the transient mass loss
energy heat conduction energy due to
transfer; equation. transfer gasification

Foam Layer

Instantaneous values of porosity, bulk temperatures of gas

and liquid phases, radial velocity of foam layer, density of

the gas phase, and sinking veloci{ty are solved (rom a set of mass
and energy conservation equations and flux balances at boundaries.

energy
loss mass conversion
to the due to fuston energy transfer
surrounding \Soud Propellant / and liquefaction

Instantaneous temperature distribution {s solved from the
transient heat conduction equation.

Figure 5. Block Diagram Showing the Mathematical Formulatfon
and Coupling Relationship 3etween Hot Particle, Foam
Layer, and Solid Propellant
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Comparison of bulk temperatures of gas and
liquid phases in the foam layer Ls shown in Fig.
13. During time period II, the gas~phase
temperature {s always higher than that of the
liquid. The temperature difference decreases
monotonically and reaches a small d{fference near
the end of computation.

In addition to the quenched case discussed
above, two separate HFCI tests were conducted by
Miller and Cohen (13}, using difrerent spall
particle sizes and initial temperature. The small
¢ylindrical particle has a radius of 0.3175 cm and
a length of .3937 cm, with an inttial temperature
of 986 K at the time of contact with the LOVA
propellant. The large cylindrical particle has a
radius of 0.4851 cm and a length of 0.98 cm, with
an initlal temperature of 951 K at the time of
contact with the LOVA propellant. In both cases,
the propellant ignited. The pyrolyzed gases are
not luminous near tha base region of the spall
particle. The observed luminous flame is above
the tnitial propellant surface. The flame widens
abruptly at 5.2 and 1.2 s, coresponding to the
small and large particles, respectively, Widening
of the flame could be considered as onset of
sustained ignition from the experimental point of
view,

To validate the theoretical model with the
ignited cases, both tests were simulated. Results
are dlscussed below. Flgure 14 shows the
comparison of calculated trajectories of spall
particles with experimental data. The small
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particle has a slightly higher initial temperature
than the large one, and hence sinks into the LOVA
propellant at a slightly higher velocity (see Fig.
15). At a later time, the velocity of the large
particle is higher since it contains more thermal
energy. The calculated trajectory shown in Fig.
14 overpredicts the experimental datz by 25% at
the end of the run. However, the agreement is
still acceptadble for most of the savent. For these
two cases, the particles sink continously as the
propellant reaches sustained ignition conditions.
The calculated sinking velocity variations with
respect to time, shown in Fig. 15, exhibit spikes
during the {nitial interval when the particles are
extremely hot.

Flgure 16 shows the coaparison of calculated
temperature-time traces at the base of the spall
particle with experimental data. During the early
phase, the base temperature for small particles |{s
higher than that for large particles; the trend
reverses at the later phase of Time Period II
(when spall particles sink into the LOVA
propellant). Calculated results are in good
agreement with experimental data {n terms of the
trend mentioned adbove, as well as the magnitude
and slope of these traces. It |s interesting to
note that the average temperature at the spall
particle base drops continuously even after onset
of sustained ignition; this is believed to be the
result of incomplete combustion in the foam layer.
Gaseous pyrolysis progucts in the bubbles take
time to reach the fully reacted state. Heat
release in the foam zone is sufficiently low to
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produce a relatively cool layer of foam material
which reduces the energy of the spall particle.
The above effect can be seen from the plot of the
calculated bulk temperatures of the gas and liquid
phases in the foam layer (see Fig. 17). The
temperatures of both phases are lower than the
average temperature of the spall part{cle bdase.
The calculated void fraction variations with
respect to time is shown in Fig. 18. After the
initial intensive heating in time period II, the
void fraction reduces slightly with respect to
time.

Comparisons of calculated temperature-time
traces at the center of spall particles with
experimental data {s shown in Fig. 19. Agreement
{s quite reasonable, and the trend is identical to
that described for spall particle base. Before
completion of the computation of 10 s for the time
period II, the center temperatures are always
higher than those at the spall particle base.

Based upon these comparisons, {t (s quite
obvious that the HFCI model is able to predict the
quenched and {gnited cases using different spall
particle sizes. Also, by comparing results of the
small particle (L = 0.3937 cm, rq = 0.3175 cm) at
an initlal temperature of 986 K with those for the
same s{zed particle at 1000 K, one can observe the
strong difference in solutlon from a Qquenched case
to a runaway ignition. According to the test data
of Miller and Cohen [13], the small particle can
fgnite the LOVA propellant at 986 X, which is in
agreement with the prediction of ignition at
986 X.
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SUMMARY AND CONCLUSIONS

The two-step chemical kinetic mechanism,
proposed by Miller et al. (8], based upon psc
measurements, was incorporated into the
theoretical model (12] for simulating hot
fragment conductive lgnition processes of
LOVA propellants.

Calculated results compared well with
experimental data in temperature-time traces
of spall particle and propellant.

Reasonable agreement was achieved between
theoretical prediction and experimental
measurements in terms of the terminal position
and particle trajectory of the quenched spall
particle which Ls partially submerged in the
LOVA propellant. The predicted trajectory of
the spall particle also agrees quite well with
measured data for ignited cases.

The controllling mechanism in the HFCI process
is the competition between the rate of heat
release from exothermic reactions introduced
by the spall particle and the rate of heat
loss to the surrounding.

The present two-step reaction model gave a
reasonable numerical solution in HFCI
simulation. However, a more complicated
reaction model may be needed for various types
of LOVA propellants. Also, additional heat
transfer correlatfons i{n the foam zone of the
pyrolysis product of various propellants
should be developed for more accurate
predictions of HFCI processes.

From HFCI point of view, it is highly
desirable to have LOVA propellants with cool
pyrolysis products in the foam layer which can
effectively quench the hot spall particle.
Also, it is desirable to have LOVA propellants
which require extended distances for
development of flames.
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