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mechanisms controlling the transition from deflagration to deto-
nation in solid propellant rocket motors , This interim report
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Research (AFOSR), Directorate of Aerospace Sciences, United States
Air Force under Contract F4462O-75~-C-OO59. The program was nioni-
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1. INTRODUCTION
-

~ 
( In recent years high-energy propellants have been developed

containing cyclotetraine thylenetranitraniine (HMX ) to improve the
performance of rocket motors . In developing such propellants,
several accidental explosions have occurred during rocket motor
firings. The objective of th is study is to identify the causes
of the explosions so that such occurrences may be prevented in
the future.

Of prime concern is the identification of factors causing
pronounced pressure transients within cracks, flaws , or debonds
that may produce detonation. During this and previous lIT Research
Institute (IITRI) studies [1], [2], (3],* a wide variety of ex-
ploratory analyses were conducted. Their purpose was to:

• identify mechanisms and propellant properties
causing pronounced pressure transients within
burn ing cracks ,
• compare predicted pressure transients with
shock wave pressures/durations known to
initiate propellants, and

• design experiments with which to complement
the analytical study and validate its predictions .

Initial studies [1) considered the propagation of a crack in-
p to a region of high-pressure high-temperature gas such as a motor

cavity. This problem is illustrated in Figure IA. The result of
sudden exposure of a crack to high-pressure high-temperature com-
bustion gases yields:

P 1) Rapid ignition of the propellant surfaces and
minimal times for crack expansion

2) Stress waves that act to partially collapse
cracks (say after reflection from the motor case).

This study indicated that stress waves produce accelerating burn
rates that lead to pronounced pressures. Burning rates and pres-

£ sures vary considerably with crack Location. Crack expansion pro-
duced by elevated pressures act to moderate pressure rises.

Bracketed numbers refer to references listed at the end of report.
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4 Next a portion of a crack was studied as indicated by Fig-

- 
- ure lB. It showed that the magnitude and duration of the pressure

transients are highly dependent upon the amount of heat stored
near the propellant surface. Once the excess heat is expended,
pressures decrease as the crack continues to expand. This result
points up the importance of a melt or foam layer. Without a foam
the pressure transients were not sustained long enough to be a
viable cause of detonation.

For this reason this past year was expended in upgrading the
( IITRI computer code to study the consequences of a foam layer.

The revised code provides dynamic predictions of crack widths, burn-
ing rates, gas pressures , foam masses , and temperature profiles
within the solid propellant of a crack element. Burning/crack con-
ditions are consid~red uniform along the length of the crack ele-
ment. The rate of gas loss from the crack element is constant with
respect to time. It equals the rate of mass addition from the burn-
ing propellant just prior to arrival of the stress wave.

The result is a one-dimensional computer code with which to:

• identify propellant properties and crack/stress
wave conditions promoting pronounced pressure
transients

c • assess consequences of multiple burning cracks in
which pressure transients are intensified from
crack to crack due to stress wave amplification.

Predicted pressure transients varied widely with propellant
properties and crack conditions. Under certain crack conditions it
was possible to generate pressures of the order of 10 kbars that
persist for times of the order of microseconds (3Isec). Such pres-
sures are similar in magnitude and duration to those known to m i -
tiate a composite HMX material by impact 4.

In the remainder of this report the analytical basis of the
computer code , and predictions and conclusions drawn from the study
are presented. Included are the design of experimental means for
validating computer code predictions .
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2 . ANALYTICAL/COMPUTATIONAL PR OCEDURE S

The computer code predicts pressure transients by means of the
two models described :

(1) Burn model that predicts propellant burning
dyn amically on terms of
• temperatures within molten and solid

propellant as a function of depth
• gas pressures within the crack

(2) Gas/crack model that predicts gas pressures
and crack widths dynamically in terms of
• stress wave amplitude

• thermodynamic properties of the combustion gases

• propellant burning rate

In this section the analytical basis of the above computer routines

4 are described. Nomenclature is presented following Section 4.

2.1 Burn Model

The burn model provides for various modes of propellant heat-

( ing . Prior to propellant ignition, the heat flow is by convection
from the gas stream. After i~gnition there are two sources of pro-
pellant heating. The first is by conduction from the flame; the
second is by heat ger~rated internally within the melt or foam lay-
er. The latter is termed internal heating.

Figure 2 represents symbols used to represent various tempera-
tures (Ti, Tm s T) ,  heat fluxe s (q f ,  q~ , q) and regression rates
(r f5 r) associated with the melt or foam layer and the two inter-

c faces of the foam layer .

Foam Layer Melt Interface Solid Propellant

• oTemperatures Tf • . T T
Heat Fluxes 0 q ~~~ - q
Regression Rates .... 4tf ~ 

0 • _ _ _ _  r

ligur. 2. Principal Variables of Burn Model

_ _  _____ ______ 
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2.1.1 Melt or Foam Layer

Rates of heating qf of the foam layer during burning are de-
scribed by an equation developed by Krier [5 1.  Introducing the
heat of fusion Q~, at the specific heats C~ and Cm of the solid
and molten propellant , respectively , into his equation yields

(P) 
—

qf 
= r f 

(Cp (Tm
_ T

o) + C (l’f (P) -Ta) + Sn ’
~~s~ 

+ 
~rf ~s + 

(1)
Prf (Cm - Cg) (Tf - Tf

(P) )

Here qf represents the rate at which the foam layer is heated by
heat conduction from the flame and by heat generation within the
melt layer (internal heating). Bars over variables indicate val-
ues associated with steady burning at the given pressure P. Heat
fluxes qf increase as the pressure P and/or burning rate rf rise.
The two major terms of Equation (1) that induce increased heating

• rates are rf (P) and PrfQ8 (internal heating). The dependence of
qf upon P and rf changes as the burning becomes more dynamic. Dur-
ing near-steady burning, P and rf are of essentially equal impor-
tance. As the burning becomes increasingly dynamic , the heating
becomes more dependent upon r f and less dependent upon P. Upward
of 90 percent of the rate of the heating is attributed to internal
heating during periods of highly dynamic burning .

Steady burning rates are described conventionally (5] as a
function of pressure P by

rf (P) aPr~ (2)

where a and n are constants that are determined experimentally.
Nonsteady burning rates r f are predicted in terms of the foam mass

• Mf and foam tempe rature Tf uBing the following Arrheniu s relationship

rf — Mf Z exp (-E/T f )/p  (3)

In Equat ion (3) the expression Z exp (-EITf) represents the rate of
gasification of the foam in a fractional basis at the temperature Tf .

Changes of the foam sensible heat Qf are re ferenced to the
melt temperature Tm as

5
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Qf — Qf
_
~p

_P1
fc~ (Tf

_T
~) (4)

where q~ represents the rate of heat convection from the foam to
the melt interface , and the last term represents the rate of heat
loss carr ied away by escaping gases.

Rates of change of the foam mass Mf are described by

Mf = P(r-r f ) (5)

where r represents the rat~ of melting of the solid propellant.

Foam temperarures Tf at any time are given by

Tf =
~~~~~~

+ T m (6)

2.1.2 Melt Interface -

Heat fluxes differ on either side of the melt interface. At
the foam side a heat flux q~, enters the interface; at the solid-
propellant side a heat flux q leaves the interface. The difference
between the two fluxes is expended in melting the propellant so that

q~ -q = Pr~~~ (7)

The heat flux q~ is described in terms of a heat-transfer co-
effecient h by

— h(Tf~Tm) (8)
r

• Clearly h depends upon movements of the foam produced by escap-
ing gases. For this reason h is assumed to depend upon the rate of
gasification in the following fashion:

( h = c1 exp 
~~~~ 

c2 (9)
• f

where c1 and c2 are constants which remain to be determined.

Substitution of the above expression for h into Equation (8)
yields the following expression for

— cl(exp(_~~_)) c2 (Tf
_T

m) (10)

At the solid propellant Bide of the melt interface, two conditions
must be satisfied.

I~ ____________________ 
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These are

q — -IC ~~~, and (11)

T = T m 

• 

(12)

In view of changes of the temperature distribution within the solid
propellant, it is necessary to compute q numerically. The numeri-
cal procedure is presented in Subsection 2.1.4.

2.1.3 Determination of Constants c1 and c2 of Heat Transfer• Coefficient h

Here we shall determine the constants c1 and c2 of Equation (9)
by use of estimated foam masses during steady burning of HMX. To
this end , two equations must be solved for c1 and c2.

The first equation is based upon Equation (10) for steady burn-
ing as follows :

c1( e xp _ E /j
f (p)

)C2 (~ f
_ T ~ ) (13)

To support steady burning, must also satisfy

Pt
~f

[Cp (Tm_To)4Q~1~ (14)

Equating the above expressions for and using Equation (2) yields

cl(exp-E/~~(p)
)2(Tf_Tm) — paPn (Cp (Tm_To)+Q~n

) (15)

Equation (15) represents the first of the two equations.

The second equation is obtained from Equations (2) and (3) for
steady velocities ?~~. It is given by

I 
- paP~

’ — Mf (P) Z exp(-E/~ (P)) (16)

At any given pressure : all of the parameters of Equations
(15) and (16) are known except for the constants c 1 and c 2, and
the foam mass Mf and temperature Tf at the given pressure . To

( determine the constants and c2 it is necessary to know the melt
mass Mf (P) at two pressures L In this regard , Boggs [6] has

7 
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photographed the “frozen ” HNX fo am layer following extinguishment
of the burn ing by rapid pressure relief. Bogg’s photographs indi-
cate that the steady-state foam thickness decreases as the pres-
sure increases from 1 to 102 bars. The foam layer at 34 bar s is
roughly 25 ~im thick; at 68 bars it appears to be about half as
thick as that at 34 bars of pressure.

Assuming that the density of the “frozen foam” is half the
density (1.9 g/cm3) of solid high-density HMX propellant yields

14f(34) = 0.0024 g/cm2 (17)

Mf(68) = 0.0012 g/cm2 (18)

Substituting each of ~~ P values into Equation (16) and solving
for Tf(P) with the propellant properties given in the appendix
yields

Tf (34) = 689.5°K (19)

Tf(68) = 713.0°K (20)

Substituting the above ‘re, P values into Equa tion (15 ) yields
two equations involving the’ two unknowns C1 and C2. Solution of
the two equations yields

c1 = 7 .6- •l0~ cal/cm2-sec-°I( (21)

c 2 0.338 (dimensionless)

The above values for 01 and c2 may be used in conjunction with
Equat ions (15) and (16) to predict the foam mass dur ing steady burn-
ing as a function of the pressure P. Results are shown in Figure 3.
Notice that the foam mass decreases rapidly with increased pressure.
At a pressur e of 1 bar the pred icted HNX foam mass is rough ly four
times larger than reported values (7] for PBX 9404 and Composition
1, namely 0.008 and 0.010 g/cm2 , respectively. Experimental means

• for checking this result are described in Section 4.

8
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2.1.4 Solid Propellant

•~1. In the burn model the depth of the propellant is assumed in-
finite in that heat penetrates relatively shallow depths compared
to those of propellant motors. Temperatures within the solid pro-
pellant are calculated in a stepwise fashion with respect to time
using a method of sources and sinks described below.

The melt interface is considered to move in a discrete fash-
ion with respect to time within a fixed one-dimensional cartesian
coordinate system as shown by the heavy lines presented in Figure 4.
Prior to the start of melting, the melt interface is, of course,
stationary. During each t ime step ~tj  following the start of melt-
ing, the melt interface moves from a depth X

j...1 
to Xj .  Displace-

ments Xj -xj..1 of the melt interface during each time step At~ are
• represented by Axj .

During each time step ~tj~ a flux q ’j  is applied at a specific
depth X’

j 
between the depths Xj_1 and Xj as shown in Figure 4. The

depth x ’4 is given as a fraction ~ of displacements ~x4 as
( ., J

X ’~~ — X
j

...1
+~~~~ AX

j 

. (23)

Selected ~ values are given in Table 1 as a function of a dimension-
less par amete r B and percentage changes in the rate of melting dur-
ing the time step At~ . The parameter 8 is described:

B — Ax~ / ( 2v’a~ t~ ) (24)

The ~ values of Table 1 were precalculated and stored for the
computer code . They were determii~ed by first selecting various com-
binat ions of and Atj values that satisfied Equation (24) for a
given 8. Each time step ~tj and spacial increment ~x’j was subdi-
vided into numerous smaller increments. Nonuniform spacial incre-
ment s were used to ac-count for exponential changes in the rate of
melting. A given flux was then applied at the midpoint of each of
the selected spacial increments. The increment s were sufficiently
small so that the exact depths at which the flux is applied is not
important.

~~~~•- 
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TABLE 1. ~ VALUES

- 

1 Changes in Rate of Melting ~ Values (dimensionless)
During Time Step
percent

B — 0.04 B — 0.08 8 — 0.12

4 —80 0.289 0.295 0.300
—60 0.321 0.325 0.329
—40 0.332 0.335 0.339
—20 0.336 0.339 0.341

4 0 0.335 0.337 0.341
40 0.3-34 0.336 0.338
80 0.329 0.331 0.332
150 0.319 0.320 0.321
300 0.297 0.299 0.300
600 0.270 0.270 0.270

Then calculations were made of the total heat conducted into
the propellant boundary X

j 
during ~t3. Finally the- depth x’

3 
was

found at which the given flux yielded the same quantity of heat
found above. Solution of Equation (23) yielded the F values pre-
sented in Table 1.

The consequence of introducing fluxes 
~~~~~ 

at various depths
X’
j 

(i = 1, 2 , . . .j-1) within the solid propellant is to create
conduct ive fluxes at the depth X ’ j .  Mean conductive fluxes pro-
duced at X’

3 
during ~~~ by each o~ the prior fluxes q

’
j  
are repre-

sented by 
~ij. 

During the time step ~t3 
the sum of the above

fluxes is q
13 
+ + q

(3 - 1)3’ 
Thus the mean flux q

~ 
at x’ dur-

ing~~t~~ is 
-

3-1
q ’

3 + (25)

The flux q3 
represent s the mean flux entering the solid propellant

dur ing the given t ime step . It equals the q value needed to satisf y
the boundary conditions given by Equations (7) , (11) , and (12) .

.‘• -
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The appl ied flux q ’
1 
required to achieve q

3 
or q is found by

solving Equation (25). ~It is given by
j -l

~~ ~i ,j  (26)

i=1
Me an conduct ive fluxes qjj are given by

At i‘1 x ’

o L 2/c&(t~....1-t~_1 + T

I f
-I

- ierfc ~~~~~ i I d T , i<j-l (27)
2/a(t3.1-t~ +1 J

where t~ = At
1 
+ At2 + At3 

+ . ..  . At~ .

Prior to the start of melting qjj is zero.

Temperatures within the solid propellant at the end of the
time step Atj are given by

• i- i r 
_______  

x-x
T(x) = C V q’. I/ t . -t 4 ..,1 ierfc 

—- L. 

~
-i 3- 21a(t -t~ i

- /t -t~ ierfc 
x-x ’j 1 + C~~~~ q ’

3
-~ 2/a (tj

_tj)J

x-x ’ • 
-

• 
. - ierfc

2i& E~3 +T 0 (28)

where C — 2/IKPC~ , and the depth x equals or exceeds the depth X
i

of the melt interface at the end of the time step At3. At the end
of the time step T(x 3) equals the melt temperature Tm~
2.1.5 Validat ion of Computational Procedures

The computational procedure described in Subsection 2. 1.4 is
- . ( similar to that used in the previous report (12] to compute pro-

• pellant temperatures. The only difference is the lack of a foam
layer in the previous IITRI model. Computational procedures were
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checked by using the previous model to calculate dynamic burn rates
associated with a problem treated by Kooker (8]. Kooker performed
the numerical calculations by conventional means using finite dif-
f erences. Dynamic burn rates predicted by the two methods were
found to be in good agreement [2).

To check the computational procedure with the presence of melt-
ing, the propellant was considered exposed to a constant heat flux
starting at time zero when the propellant was unheated. The con-
stant flux was set equal to the flux during steady burning at a
selected pressure P. This problem was selected to determine whether
or not appropriate steady burning conditions are achieved following
a period of dynamic burning.

Steady burn velocities , foam temperatures and masse s are pre-
sented in Table 2 under the columns titled “Model Predictions”.
Analytical predictions serve as a basis of comparison . They were

obtained by solving Equations (2), (15), and (16).

It may be observed that the model predictions are in good agree-
( ment with the analytical steady-state values for each of the five

pressures considered. It ir~dicates that the cumu lation of errors
by the numerical calculations is relatively small.

2.2 Gas crack Model

The gas/crack model dynamically predicts:

• pressures and temperatures of gases
within the crack

• velocities of each crack wall

• crack widths

It utilizes predicted energy and mass flows into the crack from the
burning propellants. The latter are supplied by the burn model.

2.2.1 Combustion Gases

Conservation of gas mass is expressed by

~~~ 
~~~~~~~~ (29)

while conservation of energy e is expressed by

14
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— (Qg_ Pãw_ e !:tg)f(~gCw) (30)

The mass and energy flows Mg and Qg La Equations (29) and (30) are
calculated in terms of rf~ Tf~ and qf as -

Mg 2f P (r
f-~f

(P0) )  (31)

Qg — Mg(Q.~
+Q.~

+CpTm+Cm(Tf
_T

m) )  - 2fqf (32)

The factor f represents the ratio of the area of the propellant
crack surf ace to that of a planar surface. Reactions of the

evolve d gases are assumed to be instantaneous.

The term rf(P0) of Equation (31) is introduced to provide for 4

a constant rate of mass loss from the element of crack. It equals
the rat e of mass flow into the crack element just before the stress
wave arrives so that pressure uses are initiated solely by the
stress wave. The effect of the mass loss upon subsequent pressure
rises is relatively small due to the short times (_0.l ms) in-
volved in the production of the pressure transients.

Combustion gases within the crack are assumed to obey the
Nobel-Abel equation of state

P( l/ Pg~’~b) — RTg (33)

Internal energy e is given by

e — P(l/Pg~b)/(Y••~l )  
- (34)

where the ratio y of the specific heats is assumed constant. In
terms of e, the pressure P is given by

P — (?~ l ) e/ ( l / Pg~b) (35)

2.2.2 Velocities of Crack Walls

The two walls of a crack move at different velocities in that
only one of the crack walls is subjected to a stress wave of ampli-
tude A?. The velocities of the two crack walls are represented by

and W2, where V1 equal s the velocity of the crack wall upon
which the stress wave is incident.

;_ - -‘~

16

• -Ji____
____ 

•~~~~~~~~~~~~~~~~~~~~~ i T
~~~~~~ 

—.--,-- — - 
~~~~~~

- -  - -

- ~~~~~~~;_~~~~ _ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘

~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Velocities W1 and W2 are considered positive when they act to
incr ease the crack wid th Cw and negative otherwise. The velocity
V1 of the crack wall subjected to the stress wave is given by

• ‘ t  - -

w = r + P+p o _ 2Ap (36)
1 1(P )

The velocity W2 of the other crack wall is

W = r +~~~~~
0 (37)

2 f 1(P)

Notice that W1 may be either positive or negative while is al-
ways positive . This , of course , is because the gas pressure and

- - burning act to expand the crack , while the stress wave acts to
contract the crack .

Rates of change of the crack width Cw are given by

— W1+W 2 (38)

Initially a stress wave contracts a crack; thereafter elevated
pressures coimnence to counter the effects of the stress wave so
that the crack comences to expand.

2.3 Computational Procedures

Burn and gas/crack predictions are made in a stepwise fashion
with respect to time. Each model uses output supplied by the
other. The burn model supplied rates of energy and mass flows in-
to the crack for the gas/crack model; the gas/crack model supplies
gas pressure for the burn model . Time steps are selected by the
burn model.

2.3.1 Burn Model Computational Procedures

The burn model calculates:

- 

- • foam temperatures Tf
• burn rate s r f
• melt rates r
• foam mass Mf and

• sensible heat Qf in the foam
following each time step At 3.

17
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Time step s are calculated as

14a 82 0.~1PrflAt = minimum I 2 ‘ M ~~
- •  - (39)

Lr j f J

where r
3 
represents the mean melt velocity during At3. The first

expression within the brackets of Equation (39) is obtained from
Equation (24). It is arrived at by replacing Ax

3 
by r

3
At

3 
and

solving for At 3 . The second expression is used to limit the frac-
tion of the foam gasified during At

3 
to one-tenth.

Burn conditions are predicted by solving Equations (1) to

( 7) , (10) to (12) , and (23) to (28) by means of successive approxi-

mations. The solution is found by adjusting the melt velocity r
3

until the above system of equat ions is satisfied.

Each trial r
3 

is checked by using the resultant values for

the foam temperature Tf and the heat flux q3 
or q into the solid

propellant. The trial value is checked by substituting Tf into
Equation (10) to f ind q

~ • Then the boundary condition given by
Equation (7) is solved for r. If r does not agree with the trial
value r

3 
within 0.3 percent , r

3 
is revised and the calculations

repeated. Usually one to three trials are needed to achieve the
above accuracy.

2 .3 .2  Gas/Crack Mode l Computational Procedures

During each time step At
3 

the gas/crack model upgrade s val-
• ues for:

V
• velocities W1, V2 of the cr ack walls
• crack width

• gas density Pg
• internal energy e

• gas temperature Tg and
S gas pressure P.

Ve locities W1 and W2 of the crack walls are computed by sub-
stituting the burn ve locity r f and the pressure P into Equations
(36) and (37). Changes of the crack width C~ are computed by

18
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r
substituting the velocites W1 and V2 

into Equation (38) and multi-

• plying by the time step. The gas density p and the internal en-
- ergy e are computed by mean s of Equ at ions (~ 9) through (32) . Gas

- 
pressures and temperatures are obtained by solving Equations (33)
and (35).

C

•
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3. MODEL ~REDICTI0NS

Thi.s section is concerned with examining the influence of
• various factors upon pressure transients produced in burning

-

• cracks. First the consequence of altering various propellant
properties and crack conditions upon pressure transients within
single cracks is examined. Then the consequence of applying pres-
sure transients (or stress w-aves) from one crack to the next in a
sequential fashion is determined. Table 5 in the appendix de- —

scribe s property values used for the HMX propellant and combustion
gases.

Six parameters were varied during the course of this study .
Two of the six parameters are propellant properties . These are:

• internal heat
• propellant impedance 10 at ambient pressure

Remaining parameters are:

• initial crack width

• initial gas pressure P (foam temperature
adjusted accordingly) °

• amplitude A? of incident stress wave
• initial foam mass Mf0 

-

The adjective “initial” refers to values immediately before the
stress wave arrives. Each of the above conditions can vary widely
from crack to crack depending upon how the crack develops , ignites
and burns. Uncertainties also exist in the propellant properties.
For these reasons, three values were chosen for each of the six
parameters cited above. They are listed in Table 3.

Initial propellant temperatures were varied with the initial
pres sure P0 to reflect the fact that propellant heating increases
with the pressure. Temperature distributions within the solid
propellant are presented in Figure 20 in the appendix. Foam tern-

• peratures were set equal to their value during steady burning at
the., specified initial pressure P0. 

-

‘(I
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TABLE 3 .  PARAMETRIC VALUES SELECTED FOR SENSIT IVITY STUDIES
i t  -

Parameter Nominal value ± perturbations

Q 150 ± 50 cal/g

I * 0.45 + 0.15 bars sec/cm0

C 0.10 + 0.05 cmV —

34 + 17 bars0 —

68 ± 34 bars
Mf 0.010 ± 0.005 g/cm2

* Impedance 11 (1+0.0002 P(bars)) 
-

** Foam temperature and temperature distribution in soild propellant varies with
P as described by Figure 20 in the appendix.

Values of the internal heat Q5 and propellant impedance 10
were estimated . The Q5 values are slightly smaller than cited in
the literature [9] for IIMX. The values for the initial gas pres-
sure P0 and the amplitude AP of the incident stress wave are con-
sidered typical of the magnitudes one may encounter in a crack.
In this regard P0 varies with time and gas flow into a crack while
AP depends ~~on the cavity pressure and rocket motor geometries.

Foam masse s Mf0 presented in Table 3 are -larger than the val-
ues presented in Figure 3 for steady burning at the pressure P0.
Implicit in this assumption is relatively low heating rates prior
to ignition, or the cumulation of melt due to melt flow by gas flow
into the crack.

To better appreciate model predictions a few salient features
of the problem should be noted. First burning will accelerate when-
ever the foam mass and/or temperature exceed their steady-state val-
ues at the given pressure. Foam masses may be augumented by the
processes described in the previous paragraph. Foam temperatures

• will increase with pressure in that increased pressures raise the
foam heating. Pressure increases are initiated by stress waves
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acting to partially collapse cracks. Thereafter pressure increases
are sustained by accelerated burning and by the stress wave acting
to retard crack expansion caused by elevated gas pressures.

A key factor in the production of pronounced pressures is the
amount of readily available foam present. In this regard the
amount of foam needed to maintain burning decrease s as the pressure
rises. Transient burning continues until the “excess” foam or
“melt” is expended. That is why large foam masses are conducive to
detonation .

Figure 5 is presented to illustrate salient features of the
problem. It presents transient crack widths, melt masses and pres-
sures using the unperturbed values presented in Table 3. Time
starts with the arrival of the given stress wave.

Initially the stress wave partially collapses the crack. The
result is increased gas pressures which cause increased propellant
heating (see Equation (1)). The result is accelerated burning that
supports progressive increases of the pressure.

Early during the pressure buildup the crack commences to ex-
pand in response to the elevated pressures. Pressures continue to
rise during crack expansion until the “excess melt” is consumed by
burning. The pressure spikes are due to the fact that much of the
melt is consumed within short t imes of the order of a few ~seconds .
Thereafter the burning rates and pressures commence to decrease
due to continued crack expansion.

3.1 Consequences of Varying Individual Parameters

This section indicates the effect of perturbing individual
parameters upon pressure transients and crack widths. The pertur-
bat ions in question were presented previously in Table 3.

Figures 6 and 7 show the effect of varying the propellant prop-
erties Q5 and I~, respectively. Figure 6 indicates that higher
internal heats Q5 promote higher pressures at earlier times. The
latter is due to greater propellant heating with higher Q5 values.
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Figure 7 indicates that slightly higher pressures will occur with
- 1. propellants with higher impedanceS 10. The higher pressures are

primarily a consequence of less crack expansion.

In Figure 8 the initial press~re 
~~~, 

and foam temperature were
varied simultaneously. The figure shows that the increased initial
pressures and foam temperatures produce substantial pressure in-
creases at earlier times. The pressure increases are due to more
rapid consumption of the “excess melt or foam” which in turn yields
smaller cracks at the t ime at which the pressures peak .

Figures 9 and 10 indicate consequences of varying the initial
crack width C~0 and the amplitude AP of the initial stress wave .
Smaller crack widths C~0 or higher stress wave amplitudes AP in-
crease gas pressures by lowering the crack volume. For the given
values, the pressure transients are not highly dependent upon the
initial crack width or the amplitude of the incident stress wave.

Figure 11 shows the effect of varying the initial foam mass
Mf0. As indiacted earlier larger foam masses produce more pro-
nounced pressures. There are two reasons for the higher pressures.
The first is the larger amount-s of gas evolved. The second is the
more rapid gasification of the foam layer. The latter is explained
by the cooling effects of the molten propellant entering the foam.
Temperatures rises- are inhibited less by the incoming melt with
layer foam masses. The result is more rapid gasification of the
“excess f oam”. In turn rapid gasification yields less time for
crack expansion and hence higher pressures.

3.2 Consequence of Varying All Parameters Simultaneously

In this section three sets of values for the six parameters
presented in Table 3 are used to gain a better appreciat ion of
the range of pressures that may be produced in cracks. The three
sets of values are presented in Table 4.

The case 2 values represent nominal values presented in Table
3. The case 1 values represent perturbed values that yielded the

- 

C, smallest pressures; the case 3 values are perturbed values that
- 

- yielded the highest pressures.
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TABLE 4. PARAMETRIC VALUES FOR THREE SELECTED CRACK CONDITIONS

Case 1 Case 2 Case 3
Parameter Values Values Values

Q 100 cal/g 
- 

150 cal/g 200 cal/g

1* 0.30 bars sec/cm 0.45 bars sec/cm 0.60 bars sec/cm

( C 0.15 cm 0.10 cm 0.05 cm

tiP 34 bars 68 bars 102 bars
17 bars 34 bars 51 bar s

2 2 2Mf0 0.005 g/cm 0.010 g/cm 0.015 g/ cm

* Impedance I — 10 (1+0.0002 P (bars))

** Foam temperature and temperature distribution of solid propellant var ied with
P according to Figure 20 in the appendix

Re sultant pressure transients are presented in Figure 12 for
the three cases. Notice that peak pressures differ by an order of
magnitude. It suggests that pressure çransients will vary widely
from crack to crack depending upon the propellant properties and
how the crack develops , ignites and burns.

To assess the likelihood of detonation by the predicted pres-
sure transients we shall use the threshold shock wave ampl itude s (P)
and durations (t) found by de Longuiville (4] to initiate a compos-
ite }IMX-nylon by impact . Results are presented in Figure 13. The
curve represents a constant weighted impulse P2t. It separates
test results in which detonation did and did not occur. Notice
that weighted impulse represents a good criterion for constant
shock wave pressures.

In that our pressure predictions are time dependent , the re-
sul ts of Figure 13 are not directly applica4ble . Nevertheless one
can gain a rough measure of where we stand with respect to detona-
tion by integrating the square of the predicted pressures over small
times of the order of pseconds following the peak pressures.
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3.3 Multiple Cracks

From IITRI experience with burning explosive materials in
closed bombs (10] it has been found that Composition B and PBX 9404
imdergo multiple cracking prior to a violent explosion or high-
order detonation. Two facts support the presence of multiple
cracks. The first is random firing of ionization probes placed
within 4 x 4 inch cylinders of the two secondary explosives. Ran-
dom firing commenced when the pressure reached about 70 bars. The
second is fragments of Composition B (see Figure 15) found in the
bomb following sudden venting of the bomb . Explosive fragments
varied in dimension from about 1/10 inch to 1 inch. All fragment
surfaces were covered with a “frozen” melt layer indicating that
they were burn ing prior to sudden pressure relief.

The presence of multiple burning crack s introduces the problem
€ of the effect of pressure transients upon neighboring cracks of

similar orientation. Of concern is the fact that the pressures pro-
duced in a crack are greater than the applied stress wave. The re-
suit is an enhanced stress wave leaving the crack that can then
interact with the next burning crack. By this process more and more
pronounced pressure transients and stress waves can result.

Here we shall consider three sets of identical parallel cracks.

• 
The cracks are identical to those considered earlier. They are de-
scr ibed by case 1, case 2, and case 3 in Table 4.

Figure 16 illustrates the results for a series of identical
case 1 cracks. Notice that the pressure transients become more
pronounced with each succeeding crack in an accelerating fashion.
Much of the pressure increase is attributable to progressive de-
creases of the crack width. At least seven cracks are needed to
achieve pressures of the order of 10 kbars.

Figures 17 and 18 present similar results for case 2 and 3
cracks , respectively. In each of the above cracks the pressures
r ise more steeply to their peak s than illustrated for case 1 crack s
in Figure 16. Steep pressure rises, ar e of course , more conducive
to detonation. Also fewer cracks are needed to develop pressures
of the order of tens of kbars with case 2 and 3 cracks than re-
quired with case I cracks.
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The resul ts of Figures 16 , 17, and 18 suggest that multiple
-

• 
-

‘ 
cracksmay lead to detonation provided enough cracks are involved
in the sequential fashion indicated.- This hypothesis suggests that
large propellant motors are more susceptible to detonation than
small motors. It is consistent with unreported IITRI observations

I in which a few hundred pounds of secondary high explosives (HE)
• burned freely, without event , while a few thousand pounds of the

same HE detonated under the same burn ing condition. Each test re-
sult was replicated several times. 

-

Figure 14 illustrates values of the integral of the square of
the transient pressures represented in Figure 12 as a function of time.
Notice that the values of the integral for cases 1 and 2 are at
least an order of magnitude less than the threshold value of 900

- (lcbars)2 psec cited in Figure 13 for constant pressures. On the
- 

- other hand the integral for case 3 achieves values of similar mag-
nitude after several pseconds.
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4. SUMMARY, CONCLUSION-S AND FUTURE NEEDS

( 4.1 Summary/Conclusions

This sttidy examined the consequence of various propellant prop-
erties and crack conditions upon pressure transients produced in
burning cracks. Pressure transients are accentuated with propellants
having large :

• internal heats Q8
• propellant impedances I

• melt layers

Of key importance in the production of pronounced pressure transients
is the presence of

• substantial foam masses and temperatures that
cause rapid gas evolution early in the crack
expansion phase
• large amplitude stress waves tha t accelerate

burning by partially collapsing cracks and
• minimizing subsequent crack expansion -

It was shown that pressure transients produced in a single crack
can vary widely depending upon propellant properties and crack con-
ditions. Pressure transients produced in cracks are always greater
in magnitude than the applied stress wave . As a consequence more

- 

- 

pronounced stress waves are applied to neighboring cr acks of similar
orientation which in turn produce more pronounced pressure transients.
By this process pressure transients become more pronounced with each
succeeding crack.

Numbers of sequential cracks needed to yield pressures/durations
known to initiate HMX-nylon 14 )  vary with crack conditions. For

the most severe crack condition considered (see Figure 18) only a few
cracks are needed; for the least severe crack condition considered
(see Figure 16) 10 or more cracks may be needed.

The above detonation hypothesis, of course is predicted upon
the presence of multiple burning cracks. It suggests that huge
rocket motors are more conducive to detonation than -smaller motors.
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• 4.2 Future Needs

4.2 .1 Analyses

While -the previous tesul-ts suggest a likely mechanism of det-
onation, it remains to determine whether or not the assumed melt
masses, crack widths and pressures are realistic. Such answers
can be achieved by providing a foam layer in the IITRI computer

• I code [ 1]  used to study the dynamic effects of gas f low into cr acks
from a cavity of high pressure/temperature combustion gases. At
present this code accounts for propellant heating by convection
and burning. It predicts dynamic burning rates, crack contraction!
expansion by stress waves, and gas pressures. Each of the above
vary with crack location as well as with time.

Once revised the code can be used to determine transient foam
masses/temperatures and crack widths following exposure of a crack
to cavities containing gases at elevated pressures and temperatures.
Of key concern are the conditions (propellant , cr ack , cavity) pro-
dticing pronounced foam masses and temperatures and minimal crack
widths .

4.2.2 Experiments

In addition to the above analyses , certain experimental data
are needed. The first is to verify the heat-transfer coefficient
used to describe heat flow from the fo am to the melt interface.
Two endeavors are required. The first involves m iasurement of the
mass of the foam layer during steady burning at ambient pressure.
This may be achieved by extinguishing the burning, and removing the
“frozen foam” by use of acetone . The “frozen foam” would then be
weighed and used in conjunction with the foam mass at 34 or 68 bars
(Subsection 2.1.3) to define the heat-transfer coefficient as a

• function of foam temperature.
(I

- 
Secondly experiments are needed to test the detonation hypoth-

esis advanced in Section 3. Of key concern are means for achieving
substantial foam masses/temperatures and small void volumes such as
may occur in cracks. Figure 19 illustrates an experimental setup
with which to achieve such conditions. -
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c
Optima]. foam masse s (see Figure 3) are produced by allowing

the propellant to burn at ambient pressure for several seconds

4 
until steady burn ing occurs. To achieve higher foam temperatures
it is necessary to contract the void volume within which gases are
evolved (see Figure 19). Contraction must be -slow enough so that
the foam can thermally respond to the increased heating brought
about by the increased pressure. The above contraction does not
relate to crack contraction. It merely represents means to ele-
vate foam temperatures while decreasing the void volume. Crack
simulation starts at the end of the contraction.

Preliminary calculations indicate that a contraction period
of about 10 msec will be needed to achieve foam/crack conditions
of comparable or greater severity as considered in this report.
Foam temperatures/masses and void volume may be varied by altering:

• altitude of the driver

• height of void space

• pressure at which the propellant
is allowed to burn pr ior to r eleasing
the driver

In doing so foam masses will decrease only slightly during contrac-
tion of the void volume. Void volumes may be varied by at least
an order of magnitude while foam temperature may be varied by at
least lOO0K.

Crack simulation starts with max imum contraction of the void
volume. Subsequent displacements of the piston should have a neg-
ligible effect upon the void volume provided one uses a massive

C driver. In the simulation , the height of the void space corre-
sponds to hal f that of the crack in that there is only a single
burn ing propellant surface.

Following contraction , pressures will r i se to their peak s in
a matter of a few pseconds. Resultant pressure transients will
vary with the foam mass/temperature and void volume. Pressures of
about 10 kb ar s or higher are anticipated provided the foam mass
approximates the value presented in Figure 3 at 1. bar of pressure
and the height of the void volume is reduced to a few hundreths

- 
- ~~• - 

of a centimeter.
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Several phenomena need to be considered in finalizing the de-
sign of the experimental setup shown in Figur e 19. The first is
heat transfer from the foam to the piston during any period of con-

tact. In this regard the foam could be in contact with the piston
for a few milleseconds and lose an appreciable fraction of its
heat. Analysis suggests that the heat losses may be held to a few
percent by coating the piston surface with a high-temperature
paint. A layer of paint would be effective because of the short
contact times. Moreover it will survive the heating.

Secondly the surface of the propellant will become concave
during burning. It is caused by higher radiative fluxes at the
center of the propellant surface than at its edges. Excessive
deviations from the pistons surface are not desirable in that they
limit the minimum void columns. In this regard deviations of the
order of one-tenth of a centimeter are not of great concern be-
cause of foam displacements. Larger deviations will necessitate

• contouring of the piston surface to match that of the surface of
the burning propellant .

Thirdly, displacements of the piston caused by elevated pres-

sures must be insignificant as indicated earlier. For this rea-
son the driver weight should be at least 1 kg per unit area of

— piston surface.

The fourth concern has to do with ignition of the propellant.
Here it is desirable to achieve rapid ignition without introduc-
ing any foreign residues. One ignition possibility is to spread
a layer of HMX particles over the propellant surface and ignite
the particles by a flame. Ignition may be effected by directing
a flame through one of the vent holes shown in Figure 19. Flames

may be produce d by burning a propellant within a metal tube.

The final concern has to do with gas leakage. In this regard
it is expected that a close fitting piston will deter appreciable
gas leakage over the short times of concern. Undercuts around the
piston would create additional resistance to gas flow.
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Through careful design, it should be possible to generate a
wide variety of crack conditions by varying the initial burn pres-

V sure, the height of the void space, and the altitude of the driver.

- 
Initial experiments should attempt to produce detonation by simulat-
ing severe crack conditions (high foam mass/temperature , small void

I volume). -Once detonation is achieved , followon experiments should
be concerned with establishing threshold crack conditions needed to

j  

initiate the propellant.

I c
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NOMENCLATURE

a Rate of steady burning at 1 bar of pr essur e
— (See Equation (2)), cm/sec.

C Constant given by 2//1~ C~ , ctn2°K(sec)112/cal.

C1, C2 Constants used to describe heat-transfer
coefficient h where h—c1(Zexp _E/Tf)C2.

C Specific heat of gases evolved by foam atg constant pressure , cal/g- °K.

Cm Specific heat of molten HMX, cal/g-°K.

C~, Specific heat of solid HMX, cal/g-°K.

C~ Crack width, cm.

( Cwo Crack width just prior to arrival of stress
wave, cm.

e Internal energy of combustion gases, calf g.

E Activation energy of propellant divided by
c gas constant , OK. •

f Ratio of crack area to that of planar sur-
face , dimensionless.

h Heat-transfer coefficient associated with
heat transfer from foam to melt interface ,

- • cal / cmL_ sec_ °K.

j  Subscript used to indicate value of param-
eter during time step ~t3.

I Mechanical impedance of solid propellant,
- 

• equal s 10+ O.0002P, bars sec/cm.

10 See I•

K Thermal conductivity of solid propellant,
cal./cm-sec-°K.

Mass of unit area of foam layer , g/cin2.

Mass of foam just prior to arrival of stress
wave g/cm2.

Mg Mass of combustion gases, g/ cm3.
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NOMENCLATURE (continued)

n Exponent of pressure_P used to describe
steady burning rate rf (see Equation (2)).

P Pressure, bars or kbars.

tIP Amplitude of incident stress wave , bars.

Initial pressure of combustion gases in
crack just prior to arrival of stress -

wave, bars. 
-

Qf Sensible heat per unit masä of foam ,
cal/cm2.

Latent heat of fusion of propellant ,
cal/g.

Heat of reaction of propellant , cal/g.

Q8 Heat generated within foam per unit mass
of evolved propellant , cal/g.

q Rate of heat’ flow- entering solid propel-
lant, cal/cm2-sec.

q’ ~ Heat flux applied at depth x’ 
~ 

dur ing
time step tItj~ cal/cm’-sec. -‘

qf Rate of heating of unit area of foam,
cal/cm2-sec.

Rate of heat flow from foam to melt inter-
face, cal/cm2-sec.

Mean conduct ive heat flux at depth Xj
during time step tIt4 from heat flux 

~~~~~~

,

cal/cm2-sec. -~

r Rate of propellant melting, cm/sec.

rf Rate of propellant burning, cm/sec.

Rate of steady -burning of propellant at
given pressure, cm/sec.

R Gas constant, °K. k.
i ( T(x) Temperature of solid propellant at depth

x beneath melt interface, °L

~
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j  
I NOMENCLATURE (concluded)

Tf Foam temperature, °K.
—

Tf Foam temperature during steady burning
at given pressure.

N Tg Temperature of combustion gases , °K.

Tm Melt temperature of propellant , °K.

Ambient temperature of propellant , °K.

t Time , sec.

jth time step

W1 Velocity of crack wall exposed to stress
wave, cm/sec. -

W2 Velocity of crack wall, not exposed to
stress wave, cm/ sec.

x4 Depth of melt interface at end of time
step. tIt3, em.

• x ’ 4 Depth at which flux q ’4 is applied dur-
ing time step tIt~~ cm.-’

Z Frequency factor, one/sec.

Thermal diffu4vity (K/(pC )) of solid
propellant , cmh/ sec . - P

- Dimensionless term (see Equation (24))
used to determine t ime steps.

• 
y Ratio of specific heats of combustion

gases , dimensionless.

Factor used to determine depths x’j at
which fluxes q ’4 are applied (see Equation

v~ 
(23)). -‘

- 

p Density of solid propellant, g/cm3.

- 

- 

Pg Density of combustion gases , g/cn*3.

(
.
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APPENDIX: IRIX PROPERTIES AND INITIAL TEMPERATURE DISTRIBUTION S

Properties for HNX propellant and evolved gases are presented

in Table 5. - 
-

TABLE 5 PROPERTIES OF HMX PROPELLANT AND CASES -

/

Parameter Value Source

Constants a, n of Equation (2) a — 0.030 cm/sec Reference (9]
n — 0.86 (dimensionless) Reference (9]

Constants c1, c2 of Equation (9) c1 ~7.6.1O cal/cm 2—sec— °K See Section 2

c c2 — 0.338 (dimensionless) See Section 2
g 0.5 cal/g—°K Assumed

C 0.4 cal/g—°K - Reference ( 7]

c’~ O.5 cal/g—°K - Reference (1]
( f 1.5 (dimensionless) Assumed

E 27 ,000°K Reference ( i i ]

K 0.0013 cal/cm—sec— °K Assumed

Sn 50 cal/g Reference ( 7]

Q 1300 cal/g Assumed
r

R 3517 ~~~/°K Assumed

T 555°K Reference (71
m 2z O.5•10 Reference ( ii ]

I V - p 

- 
1.9 g/an2 Reference (91

y 1.2 Assumed

Internal ?~eats Q3 and propellant impedances I~ are presented in
Tables 3 and 4.

Initial temperature di stributions within the foam and sol id
propellant were varied with the initial gas pressur e P0. They are
shown in Figure 20. The distributions were computed by considering
constant heating of the propellant initially at a uniform initial
temperature of 294°K. The constant heat fluxes correspond to those
associated with steady burning at the given pressure P0. Because
of heat flow prior to the start of melting, the temperatures decay
more slowly with depth than steady-state temperature distributions
shown in Figure 21 at the same pressure P0.
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