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PRESENTATION ABSTRACT

The combustion behavior of energetic materials (e.g., solid propellants) has long been
of interest in the fields of propulsion and pyrotechnics. In many such applications, it is
becoming increasingly clear that two-phase flow effects play an important role, especially
since, during combustion, most homogeneous solid propellants develop thin multi-phase
layers at their surfaces in which finite-rate exothermic reactions occur. In addition, there
is a growing interest in the behavior of porous energetic solids, since even initially dense
materials can develop significant void fractions if, st any time, they are exposed to abnormal
thermal environments. The deflagration characteristics of such “damaged” materials may
then differ significantly from those of the pristine material due, at least in part, to gas flow
in the solid/gas preheat region. The presence of gas in the porous solid in turn results in
a more pronounced two-phase effect in the multi-phase surface layer, such as in the liquid
melt region of nitramine propellants, which thus tend to exhibit extensive bubbling in an
exothermic foam layer. The present analysis is largely applicable to this latter class of
propellants.

Describing phenomena associated with two-phase flow is inherently much more difficult
than analyzing those occurring within a single phase. There are, first of all, certain funda-
mental difficulties that generally require the formulation of constitutive relations in order
to obtain a closed model (cf. Drew [1], Baer and Nunziato [2]). Second, but of even greater
significance from the standpoint of analysis, is the fact that the degree of nonlinearity in any
model is increased by the appearance of appropriate volume-fraction variables that multi-
Ply each quantity associated with a particular phase. As a consequence, much of the early
two-phase work in this area tended to treat the two-phase medium as a single phase with
suitably “averaged” properties (cf. Maksimov and Merzhanov (3], Merzhanov {4]). This, in
effect, requires the velocity (and temperature) of each phase to be same, precluding many of
the predominant effects associated with combustion processes that involve two-phase flow.
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We have recently addressed some of these concerns in several papers (Margolis, Williams
and Armstrong (5], Margolis and Williams (6], Li, Williams and Margolis [7]). To be able
to focus clearly on the effects of two-phase flow, the description of the chemistry was delib-
erately simplified. In particular, a one-step exothermic process ’

R(c) = P(9) (1)

was considered in [5] and (6], where R(c) is the condensed (liquid) reactant, and P(g) is the
gaseous product. Thus, each phase is 8 pure species, and gas-phase reactions were either
neglected or assumed to be remote, as was the solid/liquid interface. In [7)], a more elaborate
mechanism, motivated by knowledge of nitramine chemistry and given by

R(c) = P(g9), R(c)~R(¢9), R(g)— P(g) (2)

was adopted, where R(g) is a gaseous reactant. In each of these studies, the goal was
to clarify certain two-phase effects associated with different velocities (and, in 3] and (6],
temperatures) for each phase. Though not directly applicable to propellant deflagration,
related two-phase modelling that accounts for velocity differences between phases has been
used in the study of filtration combustion (cf. Aldushin [8], Shkadinsky et al. [9)).

The purpose of the present work is to extend the analysis of (5] in several important
respects. First, we formulate a more complete problem that explicitly includes melting
of the unburned solid. Second, we assume that the unburned solid material has nonzero
porosity, resulting in two-phase flow throughout the preheat and reaction zones. In our
previous work, the effects of two-phase flow were confined to the reaction zone, which would
be equivalent to assuming zero porosity for the solid in the present model. Finally, the
fact that the gas phase exists throughout the unburned solid/liquid material leads us to
relax the constant-density assumption that was adopted for the gas in our earlier work. In
particular, we now allow for variable gas density according to a gas-phase equation of state
that allows us to consider the effects of pressure on the various quantities of interest. These
generalizations lead to a number of interesting effects directly attributable to the influences
of two-phase flow. For the present, we confine our attention to steady deflagration, leaving
consideration of instability and other nonsteady effects (cf. {6]) for future work.

Some of the results that have been obtained thus far are as follows. First, a multi-
phase flow theory has been developed for the deflagration of porous energetic materials,
such as degraded nitramine propellants, that undergo exothermic reactions in a liquid layer
to produce gaseous products. Second, both single- and two-temperature models have been
analyzed, the latter in a perturbative fashion for large, but finite, interphase heat-transfer
coefficients. The combination of porosity and gas-phase thermal expansion has been shown
to lead to pressure-dependent temperatures, resulting in a significant pressure sensitivity
for the burned temperature, and hence the propagation speed. Formulas for the latter have
been derived for the case of steady, planar burning using the method of activation-energy
asymptotics. These formulas demonstrate that increases in the conductivity of either phase
in the liquid/gas reaction region lead to increases in the burning velocity, while increased
resistance to interphase heat transfer generally has a similar effect due to the tendency of

the condensed phase, where the heat of reaction is initially deposited, to have a higher
temperature than that of the gas.
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Overall Program:

Model Post-Ignition Combustion Behavior and Burn Dynamics of

Porous Energetic Solids

1. Predict detailed deflagration structure, propagation velocity, etc.
2. Analyze stability of combustion wave and its nonlinear evolution

3. Determine likelihood of uncontrolled burn (transition to detonation)
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PHYSICAL MODEL

Porous

lunburned |
Solid

=~

= Z—Melﬁng front

(I Multi-phase preheat zone
@ Liquid/gas reaction zone
@) Secondary gas flame

Important Effects:

1. Multi-phase flow (solid/gas, liquid/gas)
2. Porosity of unburned (degraded) material
3. Boundary conditions (unconfined/confiaed)

4. Reaction rate dependencies on pressure, temperature
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Recent Results/Efforts:

. Development of mathematical models for unconfined/confined multi-

phase deflagration of porous energetic solids

. Determination of basic asymptotic solutions for steadily-propagating, un-

confined deflagration waves

Stability analyses of unconfined deflagration for nonporous materials;

prediction of oscillatory burning

Future Results/Efforts:

. Predict stability of deflagration structure for porous energetic materials

in both unconfined and confined geometries (linear, cylindrical, spherical)
Analyze time evolution of confined deflagration; predict onset of transi-
tion to detonation

Determine likelihood of controlled versus uncontrolled burn as function

of model parameters

. Correlate results with LLNL/HEAF strand-burner experiments

FADT
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MATHEMATICAL MODELS FOR MULTI-PHASE REACTING FLOW

Global Reaction Schemes for Nitramine-Type Propellants:
R(c) — P(g) and R(c) « P(g), R(c) « R(g), R(g) — P(g)
Early work: single-temperature, single-velocity models
Maksimov and Merzhanov (1966), Merzhanov (1969)
General models for multi-phase flow:
Drew (1983), Baer and Nunziato (1986)
Present work: Different velocities, single- and two-temperature models

Margolis, Williams and Armstrong (1987), Margolis and Williams (1990)
Li, Williams and Margolis (1990)  (zero porosity, constant gas density)

Margolis and Williams (1994) (nonzero porosity, variable gas density)
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I. Steady 1-D Deflagration of Unconfined Porous Material

Nondimensional variables and parameters:

a Gas-phase volume fraction

Ul,g

#

Dg
Ts,l,g

Liquid- and gas-phase velocities

Gas Pressure

Solid, liquid, gas-phase temperatures

Liquid-to-solid, (ambient) gas-to-solid density ratios
Liquid-to-solid, gas-to-solid heat capacity ratios
Liquid-to-solid, gas-to-solid thermal conductivity ratios
Interphase heat-transfer coefficients

heat release, heat of melting

Burning-rate eigenvalue

1. Overall continuity:

a. as% log(ug +1)], €£<0

b. % (1 — ) + 1) + fapg (ug + 1)}, €0

2. Condensed continuity:

a. uy=0, &¢€<0

d

b. Z (1—a)(w+1)]=-A1 —a)exp[N(1 —Tp/T)],

£E>0

@oos
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3. Condensed energy (using condensed continuity):

dT, d*T,
a. dﬁ = d£2 +K39(T9—T3), E<0
b, r(Q+ B[~ a)u+ )T
= ladg [(1 -a)%§] + 10Ky (Ty —T1), £>0

4. Overall energy (using condensed continuity):

dT, .

dg
d de T dT
“g oo iG] c<o

b, Edg [F(1 — @)+ 1)(@ +BT1) + Phpaa(ug +1)]

d
dé

[ dT
=l~d—£—|:(1—'a)zg+za—a‘£_q], €>0
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5. Equation of State: pyTy = pJ + O(M?) or p, = const.

6. Momentum => constitutive relation: u; = -11: (1-r—sa),
where s is a velocity-perturbation parameter determined by
a. viscous effects (increase i;, decrease i)
b. surface-tension gradient effects (decrease 4;, increase i)

Marangoni effects > viscous effects = s > 0

7. Continuity, flux conservation across melting surface £ = 0O:
a. Ty =T = T, T, continuous
b. atuf —asu; =0 —at =sat(l-at)
c. atdT,/d|,, — a,dT,/d¢|,- =0
d. (1~ o*)dTy/de|y, — (1 - o) dT./dt] -

= (1-as)lys| + (1 —aF)(1 = sa™) = (1 - as)] T

8. Boundary conditions:
a. a= ay, £E<0
b. ug =0, Tg » Ty - 1as§{ — —o0

c. a =1, Ti = Ty — T, (unknown) as & — +00

Solution by asymptotic methods for large activation energy

(exploit largeness of Zel’dovich number 8= (1 — T, * > 1)

= reaction zone becomes a thin front located at £ = &,

=>U2xA~BAo+B A +-+)

@olo
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Asymptotic Approach

Consider Arrhenius factor A exp (—E‘z / R°T):

E, / R°Tb > 1 => rewrite reaction term as

- Ez e El Tb
Ae —— | =A —_——— —_ -1

ReT
A= Aexp ———:El—.—
R°Ty

Result: N = E}/R°Ty > 1=

where

reaction rate exponentially small unless T ~ T, — O(N 1)
=> thin two-phase reaction zone following reactionless multiphase preheat zone

=> Tractable solution in each region, matched asymptotically
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Solution to Single-Temperature Model (K4, Kj; — 00):

Outer Solution:

— Qg, €<£"'
a‘{l, > &
Uy, = T_ls €<§T
Tl taf) T~ L S Uy, €34
( ‘ 1+ a,(fb— 1)
14 ’Im_le T | ! <V
( )exp 1+as(l—1)£:| ¢
T(€) = { b(l—a )+7"5a
B+ (Tpn—B)e ———¢|, 0<€<&
(Tim )xp[l(l-as)+las€ §<¢
kay E>§r:
where
g = (1= = |n)) + fbas
b(1 — ) + 7ha
I(1-a,)+la, I, - B
& = —1n
b(1 - a,) +7ba, \Im—B

Ty = (1-ag)(Q+1—|v|) + 'f‘Bas

A

b1+ as(f —1)]

@o12
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Burned Temperature: T}, = (1- as) (Q+1— [l) + 7bas
b[l + ay(f —1)]
Py 2
where f = £ = — g =
Ps psCq(l — 71Ty
2. v= 1.0
b= 1.0
Q= 8.0
ly,l= 0.5
S
-
a,=0
<
a, =025
S
24
«, =05
e
o
a, = 0.75
o | a, = 0.99
0.0 0.2 0.4 0.6 0.8 1.0

10



04719/94

15:57

510 294 1004 CRF-1st. FLOOR do14

Final Gas Velocity: ug,0c = 1t asET — 1)Tb -1
a

I
I
[

o = 1.0
) b= 1.0
Q= 8.0
b,
o
g,
g.®
<
9)‘..
<
@
e
<
) a, = 0.99
O. T T 'ggn*—_—ﬁ
0.0 0.2 0.4 0.6 0.8 1.0

<D

11
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Inner (Reaction-Zone) Solution

-1

6=Tb-—1’

n=pE-¢&), B=01-T, )N>1
Seek solutions as
a~ag+ ey + 200+,
ug ~ o+ 87w + 2z 4
O~1+6710+8%02+---,

A~BAo+ B AL+ 872N +---).

=
da
—6-1-1;0- = TAo(l - CM())CO1
. de D
[l+(l—l)ao] dnl = (1 - o)

Matching conditions:
ap — 0, O ~Enasn— -

op—1, 6 —0as n— 40

where
1
To —1dE |eg;

D=(b-bT,+Q, E=

12

@o15
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=
¢ D l‘ R
- m{ - } L#1
Ag = ¢ (T} ;l)r(l—l) I+ (- 1as
(1-a, 1=1.
\ (Tb —I)Tl(l « ),

lni-]n[l+(f~l)as]

Qg — Qg
Lh‘(l—as)’

fm(m[z+(z‘—t)ao]—-m[z+(i—z)as}>’ o

61(ag) = T

|

| 2., ABRTRe BURD oo o
tion Speed U? ~ —2 - f(Xg, A1)
Ao = Deflagration Spee T DO g

: Go/A) =1 _ o
.,f_—- ln(;\g/)q)—h1{1+[(5\g/z\z)—1]C¥s}’ o7

——

l 1/(1'—03)’

where

13

do16
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Deflagration Speed: U? ~ 2 fg M)
i P D(Q)psEl !
- (5‘9/5\1) -1 }'\ # 5\
= = = ’ l
where g\‘. = { Im(y/2) ~n {1+ [(Xg/A) — o} 7
: 1/(1 - a), Ag = N

a, = 0.85

14

do17
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Some General Conclusions on the Deflagration Speed

. U increases as the thermal conductivity of either phase increases

(8F/8N\g >0, 8f/8X\ > 0)

. U more sensitive to the conductivity of the more thermally conductive

phase

. To leading order in 71, U is independent of the thermal conductivity of

the solid

U is exponentially sensitive to the burned temperature, which decreases

with increasing porosity and pressure

15

@o18
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Results from Two-Temperature Analysis:

Consider regime of large, but finite K;, Ky4:

Kig=PB%=>U2ocho~p+kuy+k2pp+---,

Zel'dovich Number g = (1 — Tb"l)N

1. First effects of finite rates of interphase heat transfer felt in the liquid/gas

reaction zone

2. Resistance to interphase heat transfer = implies that 7} generally exceeds

T, since heat of reaction is initially deposited in the liquid phase:

LT, ~ u(Tb )(1 o)e Q){qz_qlu{H(i—z);l—a)]},

L+ (- Da 1+ (= a
(b= +Q _ Q+bT
ST -1 ) T

3. As K, decreases, burning velocity increases due to excess temperature

of the reactive liquid phase:

Va7l R VRO =
i =l P GRS CRS) IS

16
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STABILITY RESULTS (a, = 0, ps = const.)

Extend asymptotic model to time-dependent, 3D case:
. weak nonplanarity = ug) = (0,0, ug,)

Ugl = Ug1(Z1, T2, 1)

. reaction zone: z3 ~ ®,(11,z2,t)

. nondimensional liquid, gas temperatures ©(z,, z3, z3,t), ¥(1,Z2,t)

(neglect ~,, distinction between solid and liquid phases)

Asymptotics: N > 1

. outer zones (preheat, burned regions)

1. exponentially small reaction rate

2. a =0 (preheat region) or a = 1 (burned gas)
. inner reaction zone (asymptotically thin)

1. quasi-steady, quasi-planar

2. 1Ty -Toil<«1l (Kig>1)

. matching of inner and outer solutions:

1. Closed Outer Problem with

2. Nonlinear Jump Conditions across thin reaction zone (sheet)

17
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do21

The Asymptotic Model:

L=Xg/N, b=0,/8, T=/e/p

In terms of z = 1, y = 22, z = T3 — ®(T, T2, 1),

60 90,
-é-t--%—(l—@t)-—é;-V@, z2<0,
oy 1 80 1 _,
o TRy =YY 220,

Boundary Conditions:

©—0 as z — —00
¥—1as z— +00

Jump Conditions:

0| _,- =Y

z=0" z=0+
31# 00 _ Q)t -1
laz z=0+ - 0z 2=0- - 1+¢3‘ + @32/ [(1 b)qllz=0+ +b]
ov o
+(1-=-0)( P, — + &, — )
( ) ( 81} =0+ v 8y ot

Relation for ®;; e.g.,

(@ —1)*=(1+@% + sz) exp (B (¥],=0+ —1)] (s=0, K = 0)

18
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Basic Solution for Steady, Planar Burning:

®g = 0; Q=¢€* z2<0; Yo=1, 2>0

Linear Stability Analysis:
P=¢p, O=e*+0+pe*, ¥T=1+¢

Substituting into asymptotic model and linearizing =

(¢ (1 )
Q9 p =eiERstitay L oo pr 8 b= k2 4 k2,
\ S J \ c2e%* )
p= -;- [1+ VT @@+ 7)), q= 21-1 bV F 4Gt + 2R

+ dispersion relation for w(k)

Linear Stability Determined by w(k):
a. neutral stability = Re(iw) =0

b. Im(iw) # 0 on neutral stability boundary

= Inirinsic Oscillatory Stability Boundary B(k)

Related to well-known condensed-phase combustion instability for
a. SHS (combustion synthesis); cf. Makhviladze and Novozhilov (1971),
Margolis (1983, 1985)
b. nonporous solid propellants without two-phase flow; cf. Denison and

Baum (1961), Margolis and Williams (1988)

19

do22
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Neutral Stability Boundaries (a, = 0)
PULSATING STABILITY BOUNDARY

10

unstable

r=2, (=2 r=2, l=] r=2, =5

r=2, =2

r=5, =1

=0 (r=0,.2,.5)

© - b= 10
0.
stable
w T T T L T T 2!
0 04 0.8 1.2 1.6 2 24 2.8
k

Neutral stability boundaries in the limit X = co and s = 0, for various values of the remaining
parnaters. Decreasing values of r and ! are destabilizing.

20
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Neutral Stability Boundaries (¢, =0)

PULSATING STABILITY BOUNDARY

unstable

stable

0N -~

k

Neutral stability boundaries for K = oo and 1 € K < oo, showing that finite values of K are

-. .destabilizing. 99
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Stability Conclusions
1. Increasing values of 7 and [ are stabilizing (gas has stabilizing effect on
what is essentially a condensed-phase instability)

2. Decreasing values of K, are destabilizing (less thermal coupling between

gas and liquid reduces gas-phase damping)

3. Increasing values of velocity-perturbation (Marangoni) parameter s is

destabilizing (increases discrepancy between liquid- and gas-phase veloc-

ities)

23









