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NUMERICAL

One-

MODELING OF GUN EXPERIMENTS WITH IMPACT VELOCITIES
LESS THAN SDT THRESHOLD

THERMAL EXPLOSION INITIATED BY FRICTION HEAT*

by

W. D. Barfield

ABSTRACT

and two-dimensional calculations have been made to
model thermal explosion ignited by friction heat, hypothe-
sized as an initiation mechanism for the unknown XDT phenom-
enon that is responsible for detonations observed in gun ex-
periments with impact velocities less than threshold for
shock-to-detonation transition. Preliminary results re-
ported here suggest that friction-induced thermal explosion
would be quenched by cooling associated with side rarefac-
tions after penetrating only athin layer of the propellant.
Other effects (not modeled here) would be expected to in-
crease the calculated heating rates or speed up the friction-
induced thermal explosion. For this reason, friction cannot
be ruled out as an initiation mechanism on the basis of the
results described here.

I. INTRODUCTION

In gun experiments a cylindrical projectile of the propellant under inves-

tigation is fired at a heavy target, usually steel. The tests show significant

probability of high-level detonation at impact velocities that are below the

threshold for shock-to-detonation transition (SDT)l (see Table I). Because the

process by which such detonations take place is not understood, it has been

called XDT. The phenomenon is further characterized by detonation delays from 2

to 10 times longer than those for SDT in the same test. Similar detonations

have been observed in other types of experiments involving low-velocity impacts.

*
Interim results as of March 1981; work still in progress.
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TABLE I

SDT

TRANSITION THRESHOLDS
(mm/ps)

Projectile Diameter (mm)
18 25 70 155

0 ~3a,b
. o.71a 0.69C 0.54C

>0. 8C

O.36b O.48a o.33a
o ~7d,e

XDT .

0.28 - 0.31e

a“Trident-I (C-4) Final Report for FY 80, Detonation Model-
ing Support Study,” Hercules-Thiokol (December 1980).

b
R. C. Jensen, et al. (Hercules Inc.), 7th Symposium (Inter-
national) on Detonation, Annapolis (1981).

cEstimated Value computed using (extrapolated)normal den-
sity “Pop plot” with run = 0.5 diam, shock-materialveloc-
ity relations, and shock relations (neglectingmaterial
strength).
d,,
High Energy Propellant Safety, Informal Progress Report,”
Lawrence Livermore Laboratory report UCID-17272-80-3
(September 1980), p. 15.

“’High Energy Propellant Safety, Informal Progress Report,”
Lawrence Livermore Laboratory report UCID-17272-80-l
(January 1980), pp. 62 and 64.

This report describes modeling of thermal explosion initiated by friction heat,

hypothesized as an initiation mechanism for XDT.

II. CALCULATIONALMODEL

To model the gun experiments, the two-dimensional, Lagrangian hydrody-

namics, elastic-plastic flow code TDL1 was modified to incorporate friction drag

forces and associated heating along a slip surface, representing the explosive/

steel interface. New boundary conditions for free surfaces and for the heat

conduction equation were also added.

At free surfaces the normal stress and shear stress are set to zero; the

tangential stress is determined by the difference equation that holds within the

material:
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c1 =(J =0 ,
nn nx

‘r I
(no boundary condition) .

A radiation boundary condition is used for the heat conduction equation

VT=AT (A= constant) .

At a slip surface the normal and shear stresses are continuous, and the tangen-

tial stress is again determined by the difference equations within the separate

materials:

(Y
nn

1

continuous
(Y
n~

(3 (no jump condition) .
Tz

In case Onn < 0 on both sides (tension), the surfaces are allowed to separate

(free surface boundary conditions). Separation is also allowed if a gap forms

that is larger than 0.1 times the cell dimension. After separation the posi-

tions of the surfaces are monitored to allow for possible reclosure. Continuity

of temperature and heat flux are ensured by setting

()
2(K@11)(K2/An2)K

G = (K@nl) + (K2/An2)

at a material interface. (K = thermal conductivity, and An = cell dimension

normal to interface.) The normal and tangential components of the stress devi-
*f

ators S..
lJ

are related to the usual X,Z components S by

*
s =P-(sxx xx’ ‘Zz = p - ‘2,$ and ‘x. = ‘X2”



s!. = Z Z R~u (i,j = n,t , k,l
lJ

= X,z) ,
kQ

or, in matrix notation,

s’ = RSRT ,

where R rotates the coordinate frame through an angle 9 (See Fig. 1):

(

cos 0 sin 0
R=

)
.

-sin 9 cos 0

This gives

Sm= Sxx COS2 (3+s
~z sin2e + 2f3xzcos 6 sin 0

s
m = sxz(cos2 e - sin2 e) - (Sxx- Szz)cos e sin e

s s “2
‘CT = xx ‘1*

where 8 = angle of

on the surface have

8 + Szz COS2 e - 2SXZ cos 0 sin e ,

rotation (angle between surface normal and x-axis). Points
*

normal and tangential accelerations.

[

W aa
a

1
=V-*+* ,

n

[

80 au
ax

=V++*
1 , and

a
x
=ancos6-aTsin0,

a =ansintl+aYcosE1.
z

*
The x,y difference equations cannot
cause of the jump in 0

T%“

b

be applied across the slip interface be-
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Fig. 1.
Rotation of coordinate frame.

The friction drag force is incorporated by setting

A

at the slip interface”

gential velocity AuI’=

terface, as required by

[P = friction coefficient, and $ = sign of relative tan-
(1) - u(2)]. Note that a~n

‘T T
is continuous at the in-

boundary conditions. The friction heat flux = work done

by drag force = pUmlAUrl, part of which flows into each material. Heat flux

partitioning at the interface is determiriedby the thermal properties of the two

materials. An approximate expression for the partitioning is derived in Ap-

pendix A.

A
“This is equivalent to averaging over localized friction hot spots at points of
contact on the surfaces. Anderson2 reviewed the friction hot-spot phenomenology
and developed an approximate expression for the friction coefficient of a mate-
rial in terms of the “parameters that control the friction shear. The results
were used in conjunction with the frictional heating equations and thermal de-
composition kinetics to discuss the factors that control the sensitivity of ex-
plosive materials to frictional heating under various conditions. The predicted
effects are in good qualitative agreement with known experimental evidence. On
a more quantitative basis, however, it was shown that the Drocesses involved can
be quite complex. It is evident that the more closely
event is examined, the more closely one arrives at the

the-frictional initiation
proverbial can of worms.”
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III. THERMAL EKPLOSION INITIATED BY FRICTION HEAT

Two-dimensional calculations were done to obtain an estimate of the

friction heat flux at the interface in the gun experiments and to study the ef-

fects of side rarefactions. Figure 2a shows the calculated configuration at 10

ps after impact for the 70-mm gun, where a 72-mm-diam by 76-mm cylinder of VRP

with 0.5-mm/ps initial velocity impacts a steel block. [Because the slip sur-

face in the TDL code is initially at R = constant, the experimental configu-
*

ration was approximated by semi-infinite slabs (x-z geometry> with Ax = Az =

4-mm cells.] Figures 2b, c, d, and e also show velocity vectors and contours of

z-velocity and temperatures. The smaller “Shotgun” test (36-mm-diam by 18-mm

projectile) was also modeled. Table II gives material properties used for VRP
*

and steel. Table III gives the calculated friction-heat fluxes into selected

VRP cells along the interface. The calculationswere terminated when the corner

cells became highly deformed.

A

“Results of cylindrical geometry calculations are described in the addendum.
J.&
. . a

Melting was not allowed. An approximate expression for variation of melting
point with pressure, AT(K) = 20 AP(KB), quoted in Ref. 2, suggests that, at the
impact stresses occurring in the calculations reported here, it is likely that
❑elting does not occur. There is some evidence that a viscoelastic model might
give a better description of VRP than an elastic-plasticmodel can give.

Fig. 2a.
Calculated configuration of 70-mm gun
experiment at 10 ps. Initial veloc-
ity (VRP) uxo = -0.5 mm/p5.
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TABLE II

MATERIAL CONSTANTS USED IN CALCULATIONS

HOM Equation of State Parametersa

Vfw

Thermal Conductivity

Steel - K = 0.1 cal/cm*s”K

~b-K
= 0.001 cal/cm*s*K

Arrhenius Burn Parameters for VROC

Activation energy (kcal/mole) 36.5

Collision frequency (s-l) 3.6 x 10’6

Coefficient of Friction

P = 1.0

aFor V in cm3/g, P in Mbar, I in Mbar*cm3/g, T in K, CV in cal/g*K (Ref. 1).

bGibbs and Popolato (1980). The same value was used for solid and gas. Power-
law extrapolation of conductivity measurements for steam/N2 mixture given in
Touloukian et al. (1970) to 3000 K gives a value within 25% of the value used .
for unburned VRP.

CR. N. Rogers, Los Alamos National Laboratory. The VRO values were used forVRP
in the calculations reported here.
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TABLB III

CALCULATED HEAT FLUXKS

Friction Heat into VRP

Time (10-6 Mbar-cm3/cm2-l.ls)a
Cycle ~ Outside Halfway Center

10 0.8 9.5 2.8 0

20 1.6 7.6 6.8 6.2

30 2.4 2.8 4.7 6.o

40 3.2 1.0 1.9 4.5

70-mm Gunb
10 1.0 25.0 0 0

’106 Mbar-cm3 s 0.024 cal.
b
Friction coefficient set at zero after 1.2 ps.

The resolution of the 2-D calculations is too crude to follow the penetra-

tion of a possible friction heat-induced burn wave into the explosive. For this

reason fine-zoned 1-D calculations representing a slice perpendicular to the in-.

terface were carried out, and the friction heat fluxes into VRP and steel from

the 2-D calculations were included as heat sources in the cells adjacent to the

interface. Two cases were computed: (1) Axo = 10 pm, no heat conduction (lD-l),

and (2) Ax. = 0.1 pm, heat conduction (lD-2). In both cases the friction heat

fluxes were taken to be 6.4x 10-5 (into steel), 5 x 10-6Mbar*cm3/cm2*ps (w).

In problem ID-1 the temperature of the first VRP zone (adjacent to steel) rises

steadily, reaching -750 K at about 1.2 ps, at which temperature the zone burns,

leaving detonation products at about 3000 K (Fig. 3). The temperature of the

second VI@ zone increased to about 485 K at about 1.2 ps, remaining constant

until the calculation was terminated at -1.45 p.s. Figure 4 shows the shocks

associated with the expansion of the burned zone.

Problem lD-2 studied heat conduction as a mechanism for transferring energy
*

from the burned cell. Results show a behavior similar to lD-1, except that the

*
The steep thermal gradients (see Appendix B) are not resolved in a calculation
with Ax = 10 pm, where the largest gradient ~at can be represented is ~
(0.001 cal/cm*s°K) (2500K)/O.001 cm~2.5 kcal/cm ●s.
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time scale is compressed (see Fig. 5). In this case the temperature of the

second VRP zone increases until the time (21 ns) the calculation was terminated.

(The shock associated with the expansion of the burned zone had run through all

the zones available.) Although it is not clear what a 1-D calculation means on
*

this scale, the results suggest that heat conduction may furnish the required

energy transfer mechanism to enable the reaction to propagate into VRP.

Approximate analytical solutions of the heat conduction equation (Appendix

B) were used to continue the 1-D numerical calculations. Figures 6-8 show the

temperature of the second VI@ zone for ID-1 and ID-2 as given by the analytical
*

solutions. Problem lD-1 was also continued numerically by (1) turning off the

hydrodynamics (that is, setting material velocities to zero) and friction heat

flux at the interface at cycle 3300 (t = 1.32 ps), when the shock associated

with the expansion of the VRP zone on burning had run through the available

zones; (2) turning on heat conduction; and (3) increasing the time integration
Tstep from 0.4 ns to 1.0 ps. Figure 9 gives the calculated temperature and burn

history of the second zone (compare Fig. 6); these results suggest that the

friction-induced thermal explosion “goes,” although penetrating VRP at a rather

slow rate, in semi-infinite slab geometry (no side rarefactions). In problem

ID-1 the initial velocity of penetration at a depth of 20 to 30 pm is (Fig. 6)

For problem ID-2 the initial velocity at penetration depth of 0.2 to 0.3 pm is

(Fig. 7)

(ixZ 0.1 pm
dt - 0.008 ~S

= 10 m/s .

‘The surface asperities responsible for friction have dimensions 0.1-0.5 pm
(Ref. 3).

*
In Figs. 6-8 the zero of time is taken as time of first zone burn. In the

analytical solution the second zone was assumed to start from 460 K at the time
of first zone burn. It would have been better to use 490 K, as in Fig. 3.

?The Courant condition for the hydrodynamics restricted At to the smaller value.
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Fig. 9.
Temperature aad mass frac-
tion of decomposed VRP his-
tories for second and third
VRP zones, problem lD-1,
continued numerically with-
out hydrodynamic motion.
(CompareFig. 6.)

The heating rate caused by heat conduction in Figs. 6, 8, and 9 can be com-

pared with expansion cooling rates associated with side rarefactions as given by
*

the 2-D calculations (Fig. 2d and e, Table IV).

*
The heating rate attributed to friction in the 2-D calculations is small be-
cause friction heating is confined to a thin layer (a small fraction of cell
dimension)adjacentto the interface.

.

.
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TABLE IV

t

.

. (:s)

0.8

2.4

3.6

4.4

5.6

7.2

8.4

9.2

9.8

10-50

50-75

75-1oo

HEATING RATES (K/VS)
(U. = -0.5 mm/vs)

1-D
Analytical (-PdV/dt)/cv

Solutiona Cell (40,2)b Cell (40,10)

+261

-17.5

+2.5

+22.5

-21

-7

+272

+4

o
-1.2

-2.5

-4

-2.5

-5.0

-5.0

%+5

%4

%3

Shear Heat Ratec
Cell (40,2) Cell (40,10)

0.08 4 x 10-8

0.001 0.002

0.33 -0.001

0.25 0.002

0.08 0.002

0.7 0.004

0.5 0.004

aFig. 6, 2nd VRP zone. Rate due to heat conduction (0.02 < x < 0.03 mm).

b(40,2): first rowof VW cells (-33 < z < -31 mm).
(40,10): first rowof VRP cells (-17 < z < -15mm).

[ s , , 1
-35 0 35 (mm)

z

‘Shear heat rate

IV. SUMMARY

One- and

used to model

i=40

i=l

two-dimensional numerical calculations in slab geometry have been

thermal explosion induced by friction heat at the projectile/tar-

get interface as an initiation mechanism for the detonations observed in gun ex-

periments at impact velocities less than SDT threshold. Because of the greatly
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different scales (space and time) for hydrodynamic motions and heat conduction,

it has not been possible to include both in a single 2-D calculation.

Results of 1-D calculations of the penetration of a thermal explosion (that

is, propagated by heat conduction) initiated by a friction heat source (from 2-D

calculations) suggest that the explosion propagates perpendicular to the inter-

face at a rather slow rate (of the order of meters/second) in semi-infinite slab

geometry (no side rarefactions). Results of the 2-D calculations given in

Table IV indicate that cooling by side rarefactions would quickly quench (in

less than 10 ps) such a thermal explosion in the absence of other effects (not

modeled here) that would be expected to increase the heating rates or speed up

the friction-induced thermal explosion. These might include (1) shock-induced

decomposition;* (2) enhancement of shock reflected from the targetby overtaking

shock from the thermal explosion (Fig. 4), which would tend to make the “Forest

Fire” burn at a higher rate; (3) shock damage to propellant**increasing its

sensitivity~ (4) propagation of thermal explosion into resulting cracks in

propellant; and (5) possible orders-of-magnitude shock enhancementof thermal
4

conductivity. Thus, friction cannot be ruled out as an initiating mechanism

for KDT on the basis of the results reported here.
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ADDENDUM
(December 1981)

RESULTS OF CYLINDRICAL GEOMETRY CALCULATIONS;
EFFECT OF ENHANCED THERMAL CONDUCTIVITY

By switching the roles of R and Z so that Z = O becomes the axis of cylin-

drical symmetry, a version of the TDL code was constructed that permits a plane

initially perpendicular to the axis of symmetry to be a slip surface. The modi-

fied version was used to model the Shotgun and

drical geometry.

Results for friction heat flux into VRP are

approximation results (from Table III) in Table

cylindrical geometry are significantly smaller

values calculated in slab geometry.

70-mm gun experiments in cylin-

compared with the slab geometry

AD-I. The fluxes calculated in

near the outer radius than the

Compressive heating rates (Table AD-II) can be compared with the slab ge-

ometry values of Table IV. By 15 ps the cooling of the first row of VRP cells

by the rarefaction is essentially over. This suggests that the conclusion

reached on the basis of slab geometry calculations--that is, that the thermal

explosion is quenched by the rarefaction--maybe wrong. (Note from column 2 of

Table IV that the thermal explosion is just getting started at 15 ps after im-

pact.) Figures AD-1 and AD-2 show temperature and radial (z) velocity contours*

at 15 ~s. Figure AD-3 is a perspective plot of radial velocity. In any case,

it is clear from the 1-D results that only a very thin layer of propellant is

penetrated by the thermal explosion in times of interest for XDT.

The effect of an enhanced thermal conductivity on the propagation of the

thermal explosion was estimated by comparing two approximate 1-D slab geometry

analytical solutions of the heat flow equation (Fig. AD-4). In the enhanced

conductivity case the temperature of the unburned propellant does not rise above

510 K.

*
The temperature profile produced by friction heat (that is, the thermal explo-
sion) is not resolved by the coarse 2-D mesh. It is confined to a very thin
layer adjacent to the interface.



TABLE AD;I

FRICTION HEAT INTO VRPa

(10-6 Mbar-cm3/cm2-ps)

Time
(W) Outside

Shotgun (slab geometry) 0.8 9.5

1.6 7.6

2.4 2.8

3.2 1.0

Shotgun (cylinder) 2.0 1.0

4.0 0.5

70-mm gun (slab geometry) 1.0 25.0

70-mm gun (cylinder) 0.8 6.6

Halfway

2.8

6.8

4.7

1.9

1.5

0.4

0.

35.

Center

o.
6.2

4.0

4.5

>0.2

0.7

18

a
‘o = 0.05 cm/ps, p = 1.0. The friction coefficient was set = O after

1.2 ps in the 70-mm gun calculations. 10
-6

Mbar-cm3 ~ 0.1 joule.

o.

7.2

TABLE AD-II

COMPRESSIVE HEATING RATESa

-cjl(p + Q) dV/dt (K/~s)

Next-to-Outside
(is) Axis 1.2 <R < 1.6 cm Cell

0.8 +51. +60. +47.

1.8 +30. +51. +31..

4.8 +1.5 -2.7 -13.

9.8 -0.4 -7.4 -0.8

14.8 -4.0 -2.1 +1.0

aFirst row of VRP cells, cylindrical geometry, 70-mm gun.

‘o
= 0.05 cm/ps.



*

.

14.456

11.565

5 8.674

z

x 5.783

2.891

0.000

TEMP.

“i&l

I m m m

0.0 1._3662.7324.0985.i646.830

[ZI, IN CM
Fig. AD-1.

Temperature contours (K) at 15 ps after
impact for 70-mm gun experiment simula-
tion calculated with cylindrical geome-
try version of TDL code. The interface
was initially at x = 7.6 cm; Z = radial
coordinate. Limited velocity (VW) =
0.05 cm/pso p = friction coefficient =
1.0 (t < 1.2 ps). The highest tempera-
ture in W is about 406 K near the
axis (Z = O).

z

Z-VELOCITY
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G
8.674

i

/

5.783

2.891

1 1%9●

o.000~
0.0 !,3662,7324.0985.4646.830

(ZI,IN CM
Fig. AD-2.

Contours of radial velocity (cm/ps)
at 15 ps after impact for 70-mm gun,
calculated with cylindrical geometry
version of TDL code.
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Z-VELOCITY

>

U.QOO

TlfK 1.490CC.01 Cruc 150

+ 1 I
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+

O K= .004
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+ K=40

+

o

0

+ 9 d)

Fig. AD-3.
Perspective plot of radial ve-
locity, 70-mm gun, t = 15 Ps.
The side rarefaction in VRP is
conspicuous.

,

.

Fig. AD-4.
The effect of enhanced thermal con-
ductivity on propagation of a temper-
ature wave into VRP. The circles
indicate the temperature profile at
100 ps after time of first zone burn,
calculated assuming the normal value
of K for unburned VRP (O < x). The
other profile (+) was calculated as-
suming a conductivity for unburned
w arbitrarily enhanced by 104.



APPENDIX A

FRICTION HEAT FLUX PARTITIONING AT INTERFACE BETWEEN MATERIALS
* WITH DIFFERENT THERMAL AND CONDUCTION PROPERTIES*

r. BOTH MATERIALS INITIALLY AT ZERO TEMPERATURE (Fig. A-1)
.

Let the time-dependence of the interface temperature be f(t) (O S t), and

the flux into material i be

()oi(o, t) = -Ai : , (i = 1,2) .
X=o

Straightforward application of Laplace transform (LT) methods to the heat con-

duction equation for the case of a material in O S x with surface at T(O,t) =

f(t) gives for the LT of $(t)

~(O,s) = a~l qf’(t)]q(7rt)-l’2] .

+%
The first part of this appendix is based on a 1979 informal report by J. N.
Johnson, Los Alamos National Laboratory.

T(x,t)

Material 1 (inert) Material 2 (explosive)

A A
1 ‘ CVl 2 ‘ CV2

/
x

\
X.o Sliding interface: heat generated/time

= 40 “ TAv = pculv

Fig. A-1.
Solution for both materials initially at zero temperature.



By the convolution

@(O,t) = a~l

theorem,

~: (&’2f’(t - ~)d~ ,.

is a function only of the temperature history at x = O. ai =that is, a.$(O,t)
-t/2

(f3iCvi~i) . Thus, if two thermally dissimilar materials are placed in con-

tact so that the temperatures are equal at x = O and the total flux from the

friction source is $0 (assumed constant), then

-al@l(o,t)= a2@2(0,t) s

and

-f$@,t) + @2(o,t) = $JO.

The minus signs appear because the $i are algebraic quantities; that is, $1 < 0

and O < $2. The preceding equations can be solved for @1Y@2:

$1(0,0 ‘-
a2

, 00=
al + az

$2(W) =
al

s@o=
al + a2

This gives the flux partitioning

the fraction ~ into VRP is -0.07.

-(1 - f)$o ,

fl$o .

at the interface. In the case of steel/W,

II. TWO MATERIALS INITIALLY AT DIFFERENT TEMPERATURES

The solution is given by adding to the solution above, the solution for the

case where the two materials have temperatures T;(x < 0) and T;(O < ‘) ‘ith ‘0

heat source at the interface (Fig. A-2). Using LT techniques, the solution

gives a contribution

.

.
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T

p- , c;
K-

0
Fig. A-2.

Partial solution for two materials
temperatures.

4@,t) =-7T-1’2+ (T;
y+ + y_ - T;)t-112

where

Yi = (PicviAi)l/2 “

In the case of VRP impacting steel, this gives

x~

initially at different

0.55 x 10-9 Mbar.cm3

)
1/2 (T; - T~)t-1/2 ,

cm2”K*ps

which is a contribution directed from the VRP into steel because the initial

shock heating in steel (--314K for an impact velocity of 0.05 cm/ps) is less

than in VRP (*41O K). That is, $11 should be added to $1 (steel) and subtracted

from u2(VRP). This contribution is significant

friction heat fluxes in Table III.

APPENDIX B

CONTINUATION OF NUMERICAL HEAT FLOW SOLUTION BY

The temperature profile in the Shotgun 1-D

only at early times; compare the

APPROXIMATE ANALYTICAL TECHNIQUE

numerical simulation at the time

that the first VRP zone burns is approximately as shown in Fig. B-1. The

first VRP zone extends from x = O to x = xl ~ 2Ax0. Ax. = initial n~erical

23



Steel

I
VRP

~~

n.. TI s 3000 K

T-=308K ‘-K”p’l_2L-T+S 460 K

o xl x

Fig. B-1
Shotgun Temperature profile.

integration zone size in VRP. The zone consists of burn products (mainly N9,

H20, C) at about 3000 K. PI ~ 0.5P+ ~ 0.5P0 (VRP). The parameters ar@

P- = 8.1 g/cm3 PI ~ 1 g/cm3 ‘* 2.2 g/cm3P

c- = 0.107v

K- = 0.1

Extrapolation of

= 0.001 K+
‘1

x 0.001 cal/cm”s.K

thermal conductivitymeasurements for steam/N2 mixture

Touloukian et al.5 to 3000 K gives a value within 25% of the value K+

unburned VRP. The solution of the heat flow problem after this time is

&

given by

used for

not very

sensitive to material density variations, which, in any case> are not greater

than about 15% in unburned VRP (see comment 5 below). The temperature versus

time is particularly interesting in the second W? zone after the time when the

first zone burns.

An approximate analytical solution of the heat flow problem, with initial

conditions as shown in Fig. B-1, is obtained by superposition (difference) of

the solutions of two simpler problems with initial conditions as in (a) and (b)

(approximation1).

(a)

T-

24

‘-c’ VT’
K- 1 K,

I 1
0 x

.

.

.



(b)
T, -T+

.

.

P, Cvl KI
I

P+ Cv+ K+

o xl x

‘hat‘s’‘(l)(x’t) = ‘a(x’t) - ‘b(x’t)’ ‘here

[-

Y1
— (Tl

‘+ Y-+Y1

Ta(x,t) =

- .-) erfc[-~(~)l”x] (x< 0)

y_ (T [-(fij”x],0..,‘-T-) erfc ‘ Klt
‘1 - Y_+Y1 1

I
o+

‘+
(Tl

Y~ + Y+
- T+) erfc[-+(~f”,x-x,]] 6< xl)

Tb(x,t) =

Y~

‘l-T+- (Tl - T+)
Y1 + Y+

in which expressions y E (pcvK)l’2 and

readily verified that Ta and Tb satisfy

erfc = error function complement. It is

the heat conduction equation

respectively.

(approximation 2) is given by T2(x,t) =

and the initial conditions (a) and (b),

A different approximate solution

Tc(x,t) - Tb(x,t), where Tc(x,t) is given by expressions similar to those for Ta

above, with pl, Cvl, Kl, yl replaced by p+, c;. K+, Y+.
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(c)

Other

P- cv- F--”
0

solutions are T3x,t) = Td(x,t) - Te(x~t)

x

(d) T,

P, Cvl
“+P Cv+

K,
K+ ‘+

I 1

0 xl x

(e) T1- T- ?

P- cv- . P, Cvl

K- KI

0 x

and T(4)(@ = Td(%t) - Tf(x,t)

(f) Tl-T-

are equivalent to

.

P- cv- 1 p+ c“+

K- 1 K+

0 x

approximations 1 and 2, respectively. These were used as

checks on the computations.
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Figures 3 and 5 show temperature histories of the first two VRP zones for

two different numerical integrations of the 1-D slab geometry, elastic-plastic

flow equations, carried out with different initial Ax [&O = 0.001 cm (lD-l) and

‘o
= 10-5 cm (ID-2)], up until the time at which the first VRP zone burns.

Problem lD-2 also included numerical integration of the heat conduction equa-

tion. Both problems included the same constant friction heat flux source at the

steel/VRP interface obtained from a coarsely zoned 2-D calculation. The values

of the parameters given above were obtained from the 1-D calculations. Problem

ID-1 was terminated at t = 1.45 IJSbecause it did not include heat conduction,

which is an important effect after the first zone burns. Although problem lD-2

had heat conduction, it too was terminated just after the first zone burned,

because the shock propagating into VRP associated with the expansion of the

first zone at time of burn had run through all the zones available.

The approximate analytical solutions of the heat conduction equation given

above were computed to extend the numerical calculations results, in particular

to determine whether the second VRP zone is heated to ignition temperature

(750-800 K). Results given in Figs. 6-8, B-2, and B-3* indicate that the tem-

perature of the center of the second zone rises steadily, reaching 800 K after

280 ps (problem ID-1) and 0.01 ps (problem lD-2). Until these times, approxi-

mations 1 and 2 give essentially the same result.

Although the combination of numerical integration and approximate analyt-

ical solutions may not constitute exact inductive proof, it suggests that when

expansion cooling is neglected (comment 6 below), the friction-induced burn

reaction propagates into a semi-infinite slab with velocity ~ (0.01 cm/x) cm/s.

On the other hand, the time scales indicate that during times of interest only

very thin layers of VR.Pwill burn by the hypothesized Arrhenius burn mechanism.

COMMENTS

(1) The true temperature profile is not a step function as in Fig. 1. The step

function represents the result of zoned calculation.

(2) The assumed initial temperature profile (Fig. 1) neglects the heating of

the first steel zone (adjacent to VRP), which is at substantial temperature

i%
The zero of the time scales corresponds to the time at which the first zone
burns.
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Fig. B-2.
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Fig. B-3.
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VRP zones, problem ID-2, as given
by two different approximate ana-
lytical solutions.

●

o 10 20 30 40

Time (ns)

28



[~2400K (ID-1), ~1100K(lD-2)]. Thus the analytical solution is consena-

tive; that is, it overestimates the cooling rate of the burned VRP zone and

the time to ignition of the second zone. Here we noted that Td(2.5 x 10-5

cm,t) is practically indistinguishable from T2(2.5 x 10-5 cm, t) for t S

0.2 PS (lD-2). The value used for T+ in problem II (393 K) should have

been 2430 K = temperature behind second shock moving into VFU?,again caus-

ing an error on the conservative side.

(3) The first I?RI?zone expanded only about 11% before it burned; thus the as-

sumption of constant p+ appears justified.

(4) At early times the flux at xl, F(xl,t) - t-1’2 (see Figs. B-2 and B-3). The

largest (absolute value) heat flux that can represented by a zoned numeri-

cal integration is K (AT/Ax) ~ 10-3 (3000 - 450)/Ax) - 2500 cal/cm2 s

(lD-l) and 0.25 cal/cm2 ps (ID-2). The plots of F(x1,t reveal that the

flux at early times after burn will be significantly underestimated in

zoned calculations. This probably explains why the temperature versus time

curve for the second VRP zone in Fig. 5 appears to be leveling off at 0.02

ps < t.

(5) TO investigate the sensitivity of the solutions to density variations,

problem lD-2 was also run in approximation 1 with p+ arbitrarily increased

by 10%. The temperature versus time curve for the center of the second VW

zone T (2.5 x 10-5 cm, t) is within 5% of the curve with p* unchanged.

(6) The analytical solution of the heat flow equation neglects expansion cool-

ing, cv‘lpav/at. Figures B-4 and B-5 show this quantity and the net heating

rate for the first (ID-1) and first two (ID-2) VI@ zones, from the zoned

hydro calculations. In these cases the expansion cooling rates are about

20% of the heating rates. In the 2-D case there will also be expansion

cooling associated with side rarefactions (Table IV).
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