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Abstract—This work represents the key results of a research project to predict the pressure wave propaga-
tion and flame spreading in a porous propellant charge ignited at one end by a high explosive initiator.
The predictions attempted to model controlled laboratory tests with large grain M30 propellant confined
in a cylinder and ignited by detonating an explosive disc at the open end. It was predicted that the
magnitude of the initiator mass discharge rate determines the convective flame front speed and the

pressure wave propagating into the propellant bed.

NOMENCLATURE

C., C,, specific heat [J/Kg °K];

D,
(/’

particle diameter [mm];

drag interaction term [N/m*];

total energy [J/kg];

total propellant energy release [J/kg];
modified Nusselt number (heat-transfer
coefficient) [1/s];

thermal conductivity [W/em K°];
effective continua parameter;

length of primer [m];

mass of detonator discharge [kg];
burning rate index;

Pressure [N/m?];

propellant regression rate, = bP" [cm/s];

temperature [°K];

time [s];

disc rupture time [s];

igniter action time [s];

velocity;

flame front velocity [mm/ps];
coordinate along propellant bed.

Greek symbols

r, mass source term, = 6[(1 —¢)p,#1/D,
[kg/s-m?];

P density [kg/m’];

) void fraction = gas volume ;
total volume

v, primer mass discharge per unit length

[kg/m-s].
Subscripts

g, gas phase;

D, particle phase;

m, mixture;

0, initial;

12, from solid to gas (21 = from gas to solid).
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INTRODUCTION

THis paper summarizes the research efforts to predict
the pressure wave propagation and energy release rate
in a prorous solid propellant charge ignited at one end
by a detonating initiator. A two-phase reactive code
developed previously (see [ 1-3]) was utilized to predict
pressure, density, propellant grain, and temperature
distributions during the ignition and flame-spreading
sequence. The physical problem may be described as a
solid propellant combustion process which is sustained
by convection of heat into the unignited propellant. In
this application the propellant grains are small and
perforated and contained in a thick wall cylindrical
chamber which is completely filled. At the open end of
the chamber an igniter pellet is detonated, driving high
pressure gases into the charge.

The experiments

Ignition transient experiments have been carried out
by Knapton, Comer, and Stobie at the Interior Ballistic
Laboratory, Ballistic Research Laboratories, APG,
Md. in which a bed of M-30, MP triple base propellant
confined in a fairly long tube was vigorously ignited at
the open end by detonating a tetryl pellet [4]. Figure 1
presents a schematic of the test configuration used at
IBL, indicating the location of the initiator and location
of four pressure transducers used to monitor the
pressure waves during the ignition and flamespreading.
A burst disc was located at the closed end in order to
terminate the test when the bursting pressure of 14 x 10°
N/m? was reached at that point. A typical loading
density resulted in a porosity of ¢ = 0.47. The mass of
the detonator was 38.2 g. Details of the experiments,
data acquisition, and a summary of the results are
presented in [4].

The model
The theoretical model applied to describe the ignition
transient, pressure wave propagation, and the con-
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Fi6. 1. Schematic of vigorous end-on ignition experiment [4].

vective flame front has been developed and studied in
[1-3]. The report by Krier and Gokhale [5] presents
additional detailed discussions concerning the applica-
tion of this particular model to the problem of vigorous
ignition of a bed of gun propellant.

The model and assumptions

In general, studies of the dynamics of multiphase
systems have the two approaches: (1) Treating the
dynamics of single particles and then trying to extend
to a multiple particle system in an analogous manner
as in molecular theory, or (2) Modifying continuum
mechanics of single phase fluid in such a way as to
account for the presence of particles.

The extension of multiple particle system from
dynamics of single particles has not been particularly
successful except in isolated cases. In the continuum
mechanics approach the gas and solid are considered as
separate continua that interact with each other.

The model used in this study, is based upon the
following assumptions [1-3]: (a) the reactions and
transfers are exchanges rather than creation or destruc-
tion, (b) the motion of mixture is governed by the same
equations as is a single body, (c) all species are present
simultaneously at all points in space, (d) each species
may be considered isolated from the mixture when its
motion is calculated, provided that the interaction
between the various species are appropriately accounted
for, (e) the mixture is a homogeneous substance and
obeys the conservation equations governing a single
component Newtonian fluid, and (f) the mixture
pressure is the sum of species partial pressure.

A discussion of the consequence of these assumptions
as they effect the governing conservation equations are
presented in [3]. Using these assumptions, the one-
dimensional equations {which are derived in detail in
[1-2]) are:

Mass balances
Gas phase
¢ é
Adpg) + ——(p, Ug =T,
ot X
Solid phase

ol i
=g ]+ —[(1=dlp,U,] = T,
ot X

Momentum balances

Gas phase
bu, ¢ ¢
— - (] — Um 2
g ¢ Dl‘_,, o (d)Pg) + E [( g ) Py ¢]
— (U, =Un) 47, (3)*
Solid phase
DU It
1 — — = T(1- fp— 2
( ‘b)/’p Di, ox [( d))pp((/p Un) ]
[—
1=9)

»(Up—Um)r”—f/Tpk.

Energy balances
Gas phase

DE, ¢
$pap = 7 (UL = PPyt py$(Uy—Un’]
s Ox

¢
+rg( E!(l‘hcm ‘Eg) + 5’\ [(bpg(Ug_ Um)Eq]

-

(
- (Wy= U — P+ dp, (Uy— U,)*]!

+Cy0Gia(T,— T)p,. (5)
Solid phase

DE ¢ ,
D[: = ('g { L P[(] - ¢)pp(LTp - Um)“] }

+rp(E(p‘hem “Ep)

(1—9)p,

+ ;L\— [(1 = $)op(U,— UnE,)

a
- (’T :(Up - b'm)[( 1— (f))pp(ljp - L/’m’z]}

+Coll =)o, G21(1;— T,,). (6}
The auxiliary relations needed are
Py=pyR, T, (7
and

P,=0 (8)
pp = constant (9)
Ey= C 1y - To)+3U2 (10)

L R R .

D1, ot ‘ex’ Dr, Pox
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E,=C.(T,— To)+3U; (11
Pm = Pgas+ Psolid (12
or
Pm = Ppg+(1—=B)p, (13)
and \

Pm Um = ¢Py U9+(1_¢)pPU’"

The drag (viscous gas—particle) interaction in the
momenta balances and the heat-transfer coefficient (the
terms noted as G in the energy balances) are inputs to
the model, usually taken from correlations of steady-
state flow although inert packed beds [6]. Those func-
tions used have been discussed in [2, 3]. In addition
the propellant. once ignited, provides hot gases at a rate
dependent upon the pressure [2].

For ignition the model assumes that during the
unsteady flow process the bulk solid phase temperature,
T, must reach a critical ignition temperature, usually
assumed to be at least 20-25°C above the ambiant
initial propellant temperature. Details of the numerical
integration scheme used to solve this model are also
presented in [3].

The program output gives the values of all the
variables over the entire bed at specified time intervals
throughout the ignition sequence. Also the location of
the flame front is recorded as the bed is ignited.

A typical computer output page as printed is included
in the Appendix.

Limitations of model

The concept of continuum mechanics when applied
to the case of particulate suspension must be properly
qualified by examining the nature of the fluid flow
around the particles. In the absence of shear motion,
body force, and chemical reaction conservation of
momentum of one species of solid particles would be

AUy | dUu_ 2P
a TPar T T

Pe (15)
The above relation is true for identical solid particles
and if we have “slow” relative motion or “high” con-
centration of solid particles. Also, equation (15) treats
particle phase as a true continuum, that is, not only the
gas imparts its momentum to the particles but the cloud
of solid particles can transfer its momentum to the gas.
This is not always true. But to account for all situations,
equation (15) should be modified as

W , o U _ 2P
Pa~g; Prrgr T T

(16)

where K, = | when solid particles are accelerated by
gas; K,, < 1 when solid particles are decelerated by the
gas.

Another limit of continuum approximation is that
the thermal state of a particle is identified by its
temperature. Addition of heat to a moving particle
increases the body temperature of the particle, while its
velocity arises primarily from particle—fluid interaction
[6].

Also with the qualified continuum approximation,
the duality of stream lines of particle and fluid must be
recognized. Further generalization includes multipli-
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city of stream lines due to distribution in sizes of
particles of various material and charges, etc. [7].

The model assumes one dimensionality. Allowing the
fact that the tube diameter is small as compared to the
length of the tube, it does not tell anything about the
proportion of energy and momentum transfer in the
radial direction with the axial direction. Thus, the simu-
lation of three dimensional experiments to one dimen-
sional analytical model needs some kind of correction
factor about which very little is known. That is, some
kind of scaling relations need to be devised.

The ignition source is essentially modelled as a very
short region (planar approximation) in which a known
mass is discharged for a prescribed time period. That is,
for the one-dimensional analysis the “primer” is
assumed to be a source of heat and mass distributed
over the first few grid points of the bed length. The hot
gases provided by the primer are assumed to be
identical to the other gases present.

PREDICTED RESULTS

The model in this study was utilized to predict the
pressure wave propagation, flamespreading rate and
the subsequent gas dynamics in a bed of multi-
perforated gun propellant confined in a tube 25.4 mm
in diameter and 191 mm long which is ignited by a short
duration large magnitude blast. The results that are
presented are therefore for cases of large mass discharge
rates inputted at one end of the tube. The overriding
questions were: (i) what amount of mass of the tetryl
blast actually entered the bed. (ii) how rapidly was this
mass discharged. and (iii) over what length was this
discharge distributed?

This dilemma was inherent because with such a
vigorous ignition source there was no diagnostic test
procedure to provide that information. Therefore, we
have a priori assumed that in the 200-mm long bed of
propellant the igniter mass is liberated only in the first
12mm. We have attempted a few cases in which this
length was only 6 mm, but for the large discharge rates
required. the results were no longer numerically stable
due to the extreme pressure and density gradients
predicted. The igniter mass discharge rate, v, was
calculated such that

M

Y= (17)

lp-t,
where M is the mass of igniter material which has
entered the bed, [, is the distributed length of gas
liberation arbitrarily fixed at 12 mm, and ¢, is the action
(on) time which was typically set to 100 us.

Figure 2 presents the predictions of the pressure
history at four locations in representing the position in
the bed where the pressure was recorded in the experi-
ments. The mass discharge rate of y = 3 x 10*kg/sm™!
dumps the entire exploded pellet mass of 38.2 g in form
of a hot igniter gas in the 12mm length for a period
of 100 us. The igniter action time of 100 us was sug-
gested to represent the detonation of the tetryl initiator,
but, of course, the exact time is really not known and
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F1G. 2. Predicted pressure history at the four gage
locations, assuming total mass discharge of the tetryl
initiator.

may even be an order of magnitude lower. The disc is
predicted to rupture at 173 us.

The results shown in Fig. 2. before disc rupture. are
totally out of bounds with the experimental results of
[4] where the maximum pressure at any of the four
gages never exceceded 310MPa (45000 psia). Such
extreme pressures as 7000 MPa (10° psia) are greater by
an order of magnitude. and in the theoretical model
one must reduce the igniter source strength or the total
mass entering the propellant bed.

Figure 3 presents the predictions of the peak pressure
at all points in the bed for three different assumed
values of the igniter mass. all liberated uniformly over
12 mm within the disc rupture time. Any point on these
lines might represent a different time: the results shown
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F1G. 3. Predicted peak pressure distribution for three
different initiator masses.

in Fig. 3 represent those peak pressures until the dise
rupture pressure was reached at the lar end. Tuable |
lists the inputted parameters used in the model for
predictions of the results shown in Figs. 2 12, Such
pressures as 700 MPa (95000 [b n?)still rule out a mass
of ISg(y = ISg/mmms ). Therefore. if our represen-
tation of the spacial distribution of igniter liberation is
approximately correct and we are to match the experi-
mental results. then the results shown in Fig. 3 imply
that typically only a fraction of the mass of the
detonator material enters the tube before disc rupture.

Table 1. Input parameters for University of Hlinois Code

Parameter Value
Propellant
M30 Triple base
{7 perforations)

Outer diameter 7.0 mm
Web [.32mm
Length 15.85mm
Density t.o6g.cm®
Ch_emicul energy relcased L keal

in burning 1.32 x 107 —
Molecular weight of Ib,,

propellant gas 232

mole
Polytropic gas constant 1.23
Burning rate faw i = hy P
. ocm

b 3.60 x 107 ————

( N ‘\}n
SUo3
\m~

n 0.667
Initial bed porosity 0.47
Bulk ignition temperature 308K
Initial bed temperature 305.25°K
Bed length 200 mm

. MN .
Disk rupture 14.3 2 (2045 psi)
Total igniter (tetryl) mass 382¢
Typical mass of propellant

in bed 99 g

[2.5mm

Length of igniter discharge

One way to retain some significant amount of mass
entering the bed. and yet predict peak pressures that
agree with the experiments is to increase the time which
the initiator functions, thereby decreasing the discharge
rate .

After some additional cases for other combinations
of i, it was decided that the best representation of the
experiments with our one-dimensional model was to
assume = 1783.5kg/ms '. and let 1, equal the time
until disc rupture, giving a typical mass of M = 123 g,
since 1, = 14 = 505 us. This. of course. means that
25.90 g of the detonator charge was liberated after disk
rupture or outside the bed, which is about what would
be expected if the detonated pellet formed a spherical
blast and only that section of the surface with the one-
inch diameter opening entered the bed. The pressure
history at the same four locations in the bed is shown
as the dotted lines in Fig. 4 for these values. Thesc
pressure histories more closely reflect the peak pressure
data of [4].
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FI1G. 4. Predicted pressure histories at the fair gage
locations for a source strength assumed to represent
the test conditions.
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F1G. 5. Porosity history at four locations, indicating
loci of flame front, maximum gas pressure and
maximum particle velocity.
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FiG. 6. Flame front locus for both blast start and
ambient start conditions.

The solid lines represent a calculation in which the
pressure at the first 25mm igniter was exponential
decreasing from 70 MPa to 0.1 MPa at time t = 0. The
purpose here was to blast start the sequence of ignition.
In order to maintain static equilibrium at time ¢ = 0,
the porosity must be variable to maintain this initial
pressure gradient. As expected and shown in Fig. 4, this
type of simulation results in greater peak pressures, but
the pressure wave propagation and flame front are not
greatly altered when compared to the ambient start.
The predicted maximum gas velocity at the 100 mm
location for the standard case of y = 1784 was 370 m/s
and the maximum particle velocity was 265 m/s.

Figure S depicts the porosity history at four different
locations, showing that, in the interior of the bed, one
first observes a compaction (reduced ¢) and then bed
expansion. Part of this is due to the fact that the
propellant has been ignited and is therefore loosing
solid mass, and hence volume. Also indicated on this
figure are the instant at those locations when the flame
front arrives, and when the maximum pressure and
velocities occur. Note that as one proceeds deeper into
the bed that these “fronts” coalesce.

The flame location history is shown in Fig. 6
indicating that for this case the average flame velocity
(which is the slope of the X vs ¢ plot) was 0.352 mm/us.
The propellant ignition criterion was simply that the
solid phase has been raised in temperature to the point
where a critical energy of ignition has been deposited
to the propellant [1].

Comparisons of the predicted maximum pressure
with test results for actual M-30 propellant are shown
in Fig. 7. Several different mass discharge conditions
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Fi1G. 7. Comparison of the peak pressure distribution
predicted to those observed in the BRL experiments.

were compared on those figures. From peak pressure
comparisons one might conclude that the one-
dimensional flamespreading code used in this study
simulates the bulk phenomena occurring in these
packed beds which have been vigorously ignited. How-
ever, for some tests the peak pressure at the first gage
location was much greater than the observed peak
pressure at the interior gage positions. The model does
not predict this at all, indicating to us that additional
analysis will be required to adequately describe the
blast ignition sequence.

Figure & (at two positions in the bed) shows that
there is very little difference in the predicted pressure
history for an inert bed. of the same size and loading
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as a propellant bed. In the simulations for the inert bed
(dotted lines on Fig. 8) the burning rate coefficients
were simply set to zero. Notice with the condition of a
very vigorous ignition source, the pressure wave pro-
pagation is basically determined by the strength of the
initiator.

Wave propagation discussion

The pressure wave from the vigorous igniter pro-
pagates into the bed at a typical speed of 320 m/s. Here
the pressure wave front is defined as the time at every
location in which the pressure rises abruptly. For
example, in Fig. 4 this is said to occur at 140 us at
x=6lmm, at 267us at x = 100mm, at 375us at
137mm. and so on, giving an average speed of
0.320mm/us. This wave is preceeded by the flame front
which propagates at a rate close to this value. Figure 9,
however, shows the remarkable result that the flame
front is a linear function of the source strength, i, i.e.
the vigour of the igniter. In fact, for our configuration
(I, and t,) one can write from Fig. 9 that the flame front
velocity. V;. in mm/us can be expressed as

0.027 -y

1000
for 1500 < y < 30000kg/m-s and the mass distributed
within 1.25 cm. Therefore. as increasing mass discharge
provides for larger pressure and temperature gradients,
as well as greater initial bed compaction, there results
larger potential to drive the wave fronts.

The predicted disk rupture time as a function of
source strength is shown in Fig. 10. It appears that a
limiting asymptotic disk rupture time (at x = 200 mm)
is being approached as the source strength becomes
extremely large.

The computer code was set to read out a pressure
gradient, dp/dx at every location at every time calcu-
lation. Figure 11 presents these values for the negarive
pressure-gradient history at four different locations in
the bed for the standard case. Between 61 and 100 mm
the time between peak negative pressure gradient is
138 us, corresponding to a “compression” wave speed
of 0.278 mmy/jis.

V,=0215 + (18)



Predictions of vigorous ignition dynamics for a packed bed of solid propellant grains 921

Finally, to conclude the predictions, Fig. 12 presents 4007
the locus of points for the flame front, the pressure 1
wave front, the arrival of a 70 MPa pressure magnitude, - M =1250g
and the maximum negative pressure gradient magni- & M30.MP
tude. It is evident that the slope of these loci are all o 200} b= 047
very nearly equal, suggesting a regular pattern to the 'vzi t,=100us
wave dynamics in a bed vigorously ignited at one end. _:
There does not appear to be a coalescing of the pressure &

—
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10 20 30

wave front and the flame front, a condition that has
suggested to Bernecker and Price [8] which would lead
to a deflagration-to-detonation transition (DDT).

o

¥ Source strength, xI10% kg/ms

F1G. 10. Predicted disk rupture time as a function of
ignitor source strength.

CONCLUDING REMARKS

After a total evaluation of the comparison of the
theoretical predictions to the limited but informative
experiments, the results lead to the following con-
clusions:

1. Vigorous ignition, that is, dumping hot exploded
gases into a propellant bed, within durations of the
order of 100 us results in extreme pressures in the bed
interior. Experiments with the configuration depicted
in Fig. | have observed pressures in excess of 310 MPa
(45000 psia).

2. The one-dimensional code predicts pressures in
order of magnitude greater than those observed, if one
assumes that all of the mass of the detonated initiator
enters the packed propellant bed. But fairly good pre-

/Al

‘urdad _ul

Pressure gradient [‘AP/Ax].XlO‘z‘ MN/m2

dictions {when compared to the tests) for the peak
pressure distribution result if one assumes that only a l 5
fraction of the blast, typically a third of the mass, enters ¢ i
the bed. Actually, if the detonated initiator results in ! W=17835 kg/ms |
a truly spherical blast, then only a maximum of . ’ 200
approximately a third of the mass can enter the tube P
since the opening of the carriage is less than the ‘2[
diameter of the pellet. . .

3. Tt is obvious that the model can be evaluated as ° 0 Time. ps = .
to its correctness. only if additional experimental data
can be had. For example, information such as blast F1G. 11. Predicted time variation of the (negative)
duration. flame front history, disk rupture time, and pressure gradient at the four gage locations, until disk

rupture time (y = 1784).

guarantee that the tube did not expand radially during
the ignition sequence can be compared to the
theoretical predictions.

4. With the vigorous initiation. the pressure history
at the gage locations is predicted to be mainly due to
the blast gases themselves. That is, before disk rupture,
the predictions of the code for an inert propellant bed
are often close to those of the actual propellant of the
same geometry and loading. The experiments of [4]
secm to indicate that this is true.

S. The code predicts that typically less than 309, of \
the propellant has been consumed before disk rupture. 100}
In certain experiments. the recovered propellant was
weighed and it was reported that 31-46%, was con-
sumed [4]. :

6. The flame front and the subsequent pressure wave
front is predicted to be a strong function of the initiator
mass discharge rate. Therefore, conclusions as to the 0 5% 100 150 200
potential hazard of blast initiation of an ammunition Time, s
box. from experiments vyith only one i.nit?ation strength, FiG. 12. Pressure wave propagation and flame front
must be carefully considered. That is, if a detonating lociin a 20 cm long bed of M-30 propellant [y = 26.7
blast dumps in mass such as considered in the calcu- g/mmms™'].

200r

mm

Pressure-wave front

x, Distance ,

Y=267x10%g/ms 2
1= 100 s




922

lations shown in Fig. 2, the code predicts pressures in
the excess of 250000 psia (1750 MPa). It is recom-
mended that if more tests are to be performed in the
same configuration, that different masses of the tetryl
initiator be considered to confirm this concern.

7. The results shown in Fig. 12 indicate that the
packed propellant bed will not itself detonate. The
DDT mechanism concept of Bernecker and Price [7]
were used to arrive at this concluston. Only if con-
siderable grain fracture from the initiation blast can
produce propellant particles of much smaller size (and
greater compaction) might there be appropriate con-
ditions for detonating the bed. It is recommended that
additional calculations be carried out with the code to
study this possible hazard.
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APPENDIX
Typical Computer Printout Puage

Z P DP/DX Gas vel. Part.vel.
(in) (psi) {(psi/in} (in’s) (in/s)
0.0 173370 0.0 0.0 0.0
0.200 17304.0 —2593.0 3045-3 939-96
0.400 17207.0 —6371.0 5982.5 1909.16
0.600 16986.0 —11100.0 8720.0 290595
0.800 16652.0 —13839.0 11178.0 3908.85
1.000 16294.0 —13937.0 13208.5 4889.05
1.200 15955.0 —12472.0 14768.2 5816.88
1.400 15670.0 —9488.0 15868.5 6664.50
1.600 15481.0 —4277.0 16476.3 7405.57
1.800 15456.0 4583.0 16544.1 8013.74
2.000 15710.0 20183.0 16171.6 8463.46
2.200 16465.0 40763.0 15302.0 8746.49
2.400 17748.0 66917.0 143224 8865.35
2.600 19811.0 93574.0 13316.3 8850.51
2.800 22427.0 112218.0 12304.3 8741.07
3.000 25422.0 135572.0 11649.3 8563.31
3.200 29205.0 134415.0 11458.6 8328.55
3.400 32143.0 26992.0 117758 8001.30
3.600 30555.0 —~123139.0 12707.9 7471.67
3.800 25986.0 —~239310.0 12688.5 6679.26
4.000 18590.0 —297748.0 12412.8 5493.21
4.200 11099.0 —266923.0 10875.5 4117.69
4.400 5243.0 — 180804.0 8845.1 2779.40
4.600 2058.0 —87937.0 6991.0 1708.68
4.800 847.0 —33405.0 5513.5 983.22
5.000 388.0 —12684.0 4515.3 344.39
5.200 212.0 -5170.0 3951.9 296.84
5.400 130.0 —2567.0 3674.5 161.97
5.600 84.0 —1450.0 3561.4 89.14
5.800 57.0 —869.0 34789 49.57
6.000 41.0 —533.0 3346.0 27.77
6.200 30.0 —329.0 31231 15.60
6.400 24.0 —-203.0 2799.4 8.74
6.600 20.0 —124.0 23913 4.85
6.800 18.0 —75.0 1938.2 2.65

Gas Gas Part.
¢ density temp. temp.
Porosity (1b,/in?} (degR) (degR)
0.793 0.268D-02 8035.0 495.0
0.792 0.269D-02 7977.2 4971
0.791 0.273D-02 7822.8 501.6
0.787 0.277D-02 7601.6 507.6
0.782 0.281D-02 7326.9 5144
0.773 0.288D-02 6996.7 521.5
0.760 0.297D-02 6612.5 528.3
0.742 0.311D-02 6171.6 560.0
0.7t7 0.333D-02 5668.6 560.0
0.683 0.365D-02 5100.1 560.0
0.641 0.415D-02 4494.3 560.0
0.589 0.489D-02 3906.9 560.0
0.529 0.586D-02 34029 560.0
0.465 0.703D-02 30394 562.0
0.400 0.831D-02 2782.1 561.7
0.339 0.963D-02 2590.7 560.0
0.289 0.110D-01 24548 560.0
0.257 0.124D-01 2281.8 560.0
0.250 0.129D-01 20309 560.0
0.250 0.131D-01 1682.3 561.4
0.250 0.128D-01 12534 566.0
0.250 0.115D-01 875.9 56K.9
0.265 0.899D-02 586.8 569.0
0.309 0.579D-02 400.1 566.5
0.357 0.346D-02 296.7 562.6
0.397 0.202D-02 243.6 558.9
0.426 0.118D-02 234.3 5559
0.444 0.695D-03 2455 553.8
0.455 (.420D-03 265.4 5524
0.461 0.263D-03 289.6 551.5
0.465 0.171D-03 316.6 550.9
0.467 0.118D-03 345.5 550.6
0.468 0.862D-04 3753 550.4
0.469 0.672D-04 404.7 550.2
0.470 0.557D-04 4322 550.1
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z
(in)
7.000
7.200
7.400
7.600

7.800
8.000

Gas Gas

P DP/DX Gas vel. Part.vel. ¢ density temp.
(psi) (psi/in) (in/s) (in/s) Porosity (Ib,,/in®) (degR)
17.0 —44.0 1488.0 1.42 0.470 0.486D-04 456.9
16.0 —26.0 1079.4 0.74 0.470 0.442D-04 4778
15.0 —15.0 732.7 0.37 0.470 0.414D-04 494.6
15.0 —8.0 448.4 0.17 0.470 0.398D-04 506.7
15.0 —-30 211.9 0.07 0.470 0.389D-04 514.1
15.0 0.0 0.0 0.0 0.470 0.386D-04 516.5

Part.
temp.
(degR)

550.1
550.1
550.0
550.0
550.0
550.0

Time: 0.31274D-03s.

Position of leading edge: 8.0in.

Velocity of leading edge: 0.0 in/s.

Wall temperature: 579.983 deg R.

Number of steps: 680, delta t, 0.49194D-06s.

PREVISION DE LA DYNAMIQUE D’IGNITION BRUTALE
D'UN LIT DE PARTICULES DE COMBUSTIBLE SOLIDE

Résumé —Cette étude contient les résultats fondamentaux d’un plan de recherche destiné a prévoir la

propagation de onde de pression et le développement de la flamme dans une charge de combustible de

propulsion, poreux et allumé a Pune de ses extrémités par un détonateur explosif. Les prévisions effectuées

s’attachent a décrire les tests controlés en laboratoire réalisés avec de gros grains de combustible M30

confinés dans un cylindre et allumés par la détonation d’un disque explosif a son extrémité libre. On a

trouvé que la valeur de la vitesse de décharge massique du détonateur détermine la vitesse du front de
flamme convectif et 'onde de pression se propageant dans le lit de combustible.

BESTIMMUNG DER ZUNDDYNAMIK EINES TREIBMITTELFESTBETTS

Zusammenfassung—In dieser Arbeit werden die wichtigsten Ergebnisse einer Untersuchung wieder-

gegeben, die Ausbreitung der Druckwellen und der Flammen in einer pordsen Treibmittelladung zu

bestimmen, die an einem Ende durch eine hochexplosive Initialziindung geziindet wurde. Die kon-

trollierten Laborversuche mit groBkornigem M30-Treibmittel, das in einem Zylinder eingeschlossen und

durch eine Explosionsscheibe am offenen Ende geziindet wurde, sind modellmiBig dargestellt. Es zeigte

sich, dafB die GroBe des Initialziindungs-MassenausstoBes die Geschwindigkeit der konvektiven Flammen-
front und der sich ausbreitenden Druckwelle im Treibmittelbett bestimmt.

PACYETHI JUHAMUKHN UHTEHCUBHOIO BOCIIJIAMEHEHUS Cl04
TBEPOOIO PAKETHOI'O TOIUJIMBA

Amdotaimmst — [IpeacTasieHbl OCHOBHBbIE pe3yJIbTaTbl [0 PACYETY [BUXXEHHs BOJIHbl CXATHS M

pacmpoCcTpaHEeHUs TUIAMEHHM B MOPHUCTOM 3apAfie PaKeTHOrO TOMJIMBA, BOCIUIAMEHSEMOTO C OAHOTO

KOHIia ¢ TIOMOIIIBIO CMIIBHOTO JIeTOHATOpa. PacyéTel nposepaiuch 1a00paTOPHLIMH HCCIEIOBAHUAMHE

C KPYNHO3EPHUCTBIM PAKEeTHbIM TOMIMBOM M-30, BOCIIaMEHSAEMBIM NYyTEM OETOHALMH AHCKOBBIM

B3pHIBATENIEM ¥ OTKPBITOTO KOHUA. IT0xa3aHO, 4TO HHTEHCMBHOCTH Pacxoda Macchbl BOCTIIAMEHHTENS

OTpenenseT CKOPOCTh KOHBEKTHBHOTO (GpOHTA IITAMEHM M BOJIHY CXATHS, PACIPOCTPAHSIOILYIOCS B
cJ0e TonJInBa.



