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MSTMCT

The shock interactions formed in nitromethane by corners of

Plexiglas, aluminum, and gold; the resulting formation of a hot spot;

and the buildup to propagating detonation are computed using a high-

resolution, Lagrangian, two-dimensional,numerical hydrodynamic code

with an Arrhenius rate law and accurate equations of state. Excellent

agreement is obtained with the corresponding experimental results.
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.
I. INTRODUCTION

.
To increase our understanding of the basic processes involved in

the shock initiation of inhomogeneous explosives we have studied

theoretically the formation of hot spots from

various density discontinuities. In LA-30771

formed when a shock in nitromethane interacts

In LA-32352 we described the hot spots formed

methane interacts with cylindrical or conical

shocks interacting with

we described the hot spots

with a spherical void.

when a shock in nitro-

voids and with cylinders

and spheres of aluminum. These reports were combined and published as

reference 3. The PIC (Particle-In-Cell)method for numerically solving

the hydrodynamics was used. As described in LA-32352 the PIC type of

numerical hydrodynamics is not sufficiently detailed to describe the

formation of the low-temperaturehot spots formed when shocks interact

with corners. Therefore we developed a high-resolution (62,000 cells),

two-dimensional,Lagrangianhydrodynamic code for solving the problem of

initiation at corners. The method is described in detail in Appendix A.

The equation of state used is described in detail in Appendix B.

Travis4 has determined experimentally the shock-induction times

for nitromethane-filled corners of various types. We have studied

theoretically the corresponding problems for the corners formed by the

intersection of a Plexiglas, al~inw, or gold plate with a Plexiglas

plate, since they represent the more interesting examples, and found

that our computed results reproduced Travis’ experimental results.

11. THE FORMATION OF HOT sPOm AT com.ms
The problems we are concerned with in this report are exemplified

by a plane, piston-supported, flat-topped shock normally incident upon

one side (which we have taken as the bottom) of a cubical, liquid-filled

box of semi-infinite extent. The corner is formed by the bottom and one

of the vertical sides of the box. The problem thus becomes a two-

dimensional one describable in the Cartesian coordinates X and Z.

As long as the extensions of the boundaries are infinite, a

-7-



description of the hot spot at a given time may be scaled as X/t and Z/t

to any other time, t, until a signal returns from a boundary. Therefore,

we can obtain increased numerical resolution of the hot spot by allowing

the problem to run until a boundary is reached and then scaling the

result as desired. For the hot spots described in this report, we had

about 1000 cells in the region of the nitromethane hot spot.

A. Plexiglas Corner

Figure 1 shows the interface positions and the isobars for

the interaction of a 96-kbar shock (shock velocity Us = 0.50 crn/psec,

particle velocity Up = 0.163 cm/psec) with a nitromethane-filled corner

of Plexiglas. The plane-wave-matched nitromethane pressure is 87.6 kbar

(U5 = 0.448, U = 0.174, TH= 1180”K). If the distance units in Figure 1

are centimeter:, then the time since the shock arrived at the nitromethane/

Plexiglas interface is 0.85 psec. The time since the piston started to

move at full velocity is 3.35 psec. The shock moves faster in the

Plexiglas than in the nitromethane, and multiple shocking of the nitro-

methane occurs. The hot spot isotherms are shown in Figure 2. The

nitromethane hot spot has small regions that are 70° hotter than the

bulk of the nitromethane. Since the hottest region is near the shock

front and is soon cooled by the flow, the determination of an induction

time is a complicated problem that must be solved numerically. The hot

spot isobars are shown in Figure 3. The nitromethane hot spot has

regions that have a pressure 7 kbar higher than the pressure in the bulk

of the nitromethane.

B. Aluminum-Plexiglas Corner

Figure 4 shows the interface positions and the isobars for

the interaction of a 96-kbar shock in Plexiglas with a nitromethane-filled

corner formed by an aluminum plate perpendicular to a Plexiglas plate.

The plane-wave-matched aluminum pressure is 162 kbar (Us = 0.655,

u = 0.089). The plane-wave-matched nitromethane pressure is 87.6 kbar

(:s =0.448, Up = 0.174, TH = 1180”K). If the distance units in Figure 4

are centimeters, then the time since the shock arrived at the nitro-

.
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methane/Plexiglas or aluminum/Plexiglas interface is 0.85 psec. The

shock moves considerably faster in the aluminum than in the nitromethane}

and multiple shocking of the nitromethane occurs. The hot spot isotherms

are shown in Figure 5. The nitromethane hot spot has small regions that

are 260° hotter than the bulk of the nitromethane. The hot spot isobars

are shown in Figure 6. The nitromethane hot spot has regions that have

a pressure 27 kbar higher than the pressure in the bulk of the nitro-

methane.

C. Gold-Plexiglas Corner

Figure 7 shows the interface positions and the isobars for

the interaction of a 96-kbar shock in Plexiglas with’s nitromethane-filled

corner formed by a gold plate perpendicular to a Plexiglas plate. The

plane-wave-matched gold pressure is 261 kbar (Us = 0.365, Up = 0.037).

As before, the plane-wave-matched nitromethane pressure is 87.6 kbar

(us = 0.448, U = 00174, TH = 1180°K). If the distance units in Figure 7
P

are centimeters, then the time since the shock arrived at the nitro-

.methane/Plexiglasor gold/Plexiglas interface is 0.85 Wsec. The shock

moves slower in the gold than in the nitromethane} and multiple shocking

of the nitromethane occurs. The hot spot isotherms are shown in Figure 8.

The nitromethane hot spot has regions that are 170° hotter than the bulk

of the nitromethane. The hot spot isobars are shown in Figure 9. The

nitromethane hot spot has regions that have a pressure 20 kbar higher

than the pressure in the bulk of the nitromethane.

All Lagrangian numerical schemes for solving two-dimensional

hydrodynamic problems become less accurate the more distorted the mesh.

Serious distortion of the ~sh occurs in the gold corner problem, and

we therefore have a less accurate and less detailed description of the

hot spot formed at a gold corner.

III. THE REACTIW Fmw mULATION8

We calculated the induction

interact with corners by repeating

times for explosion when shocks

the previously described calculations

-9-



with chemical reaction permitted. The computed and normalized experi-

mental induction times (obtained by dividing the induction tim for

detonation at the discontinuityby the induction time for detonation in

the surrounding plane-shocked region) of Travis
4 are shown in the follow-

ing table. Since the computed induction time of nitromethane plane-

shocked to 87.6 kbar was 1 ~ 0.05 psec, the computed induction times

obtained

computed

at discontinuitiesare automatically normalized,”and the

and experimental times may be compared directly.

Calculated
Induction

‘lime
System (wsee)

Plexiglas Corner 0.6~0.l

Aluminum-Plexiglas Corner 0.057 ~oool

Gold-Plexiglas Corner

The remarkable

theoretical induction

0.12 ~o.02

agreement obtained between

Normalized
Experimental
Induction Time

(usee)

0.46

0.05

0.16

the experimental and

times increases our confidence in the accuracy of

the theoretical description of the hot spots.

Iv. INTERACTION OF A SHOCK WITH A WATER-FILLED CORNER OF PLEXIGLAS

Venable has taken “Phermex” radiographs of the interaction of a

188-kbar shock with a water-filled corner in Plexiglas. The corner was

formed by cutting a slot 3 inches deep and 2.5 inches wide in a 4-inch

block of Plexiglas. To increase the radiographic resolution, zinc

iodide (60 gm) was added to the water (450 gin).

A print of the radiograph, taken 5.5 ~sec after the shock reached

the bottom of the Plexiglas block,

interface position and isobars are

obsemed flow is described well by

neither calculation nor experiment

the corner.

is shown in Figure 10. The computed

shown in Figure 11. The experimentally

the calculations, and, in particular,

contains evidence of any jetting at

.
.

.
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v. CONCLUSIONS

The shock interactions formed in nitromethane by corners of

Plexiglas, aluminum, and gold; the resulting fomation of a hot spot;

and the buildup to propagating detonation have been computed. The

accuracy of the results was demonstrated by the agreement obtained with

the experimental induction times of Travis and the radiographs of

Venable.

Since the interaction of shocks with density discontinuities as

simple as corners results in a very complicated fluid flow, it appears

that detailed numerical studies are essential for an understanding of

the experimental results of more complicated systems.

#-

:
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Fig. 2. The hot spot isotherms for the hot spot formed upon the inter-
action of a
Plexiglas.

96-kbar shock with a nitromethane-filled corner of
The units are ‘K.
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Fig. 3. The hot spot isobars for the hot spot formed upon the inter-
action of a 96-kbar shock with a nitromethane-filled corner
of Plexiglas. The units are kbars.
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Fig. 5. The hot spot isotherms for the hot spot formed upon the inter-
action of a 96-kbar shock in Plexiglas with a nitromethane-
filled corner formed by an aluminum plate perpendicular to a
Plexiglas plate. The units are “K.
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Fig. 6. The hot spot isobars for the hot spot formed upon the inter-
action of a 96-kbar shock in Plexiglas with a nitromethane-
filled corner formed by an aluminum plate perpendicular to a
Plexiglas plate. The units are kbars.
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Fig. 8. The hot spot isotherms for the hot spot formed upon the inter-
action of a 96-kbar shock in Plexiglas with a nitroxnethane-
filled corner formed by a gold plate perpendicular to a
Plexiglas plate. The units are “K.
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Fig. 9. The hot spot isobars for the hot spot formed upon the inter-
action of a 96-kbar shock in Plexiglas with a nitromethane-
filled corner formed by a gold plate perpendicular to a
Plexiglas plate. The units are kbars.

.

.

-20-



Fig. 10. The Pherxnexradiograph of the interaction of a 188-kbar shock
in Plexiglas with a water-filled corner.
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APPENDIX A

THE HYDRODYNAMIC EQUATIONS

Many finite difference analogs of the Lagrangian equations of

motion of a compressible fluid in two dimensions have been proposed.

We used the “Magee” method developed and used during the last 15 years

by group T-5 of the Los Alamos Scientific Laboratory. The “Magee”

method has been described by Orr5,Herrmann6, Browne and Hoyt7, and

Kolsky8. We shall describe our version of the “Mageellmethod as coded

in our 2DL code for the LBM 7030 and used to produce the numerical

results described in this report.

The problem is divided into Lagrangian cells. At the intersections

of the lines forming the Lagrangian cells are located the X and Z

components of velocity (Ux, Uz) and the coordinates of the intersections

(X,2) . It is necessary to have N -1-1 sets of velocity components

coordinates for each N cells. The rest of the cell quantities

(P,T,W,M,I,V) are cell-centered, and it is necessary to have only

each except that the cell mass has an extra boundary quantity.

The calculations are performed in three phases for each time

and

N of

step.

The 2DL code performs each phase in order for all the cells in a block,

proceeding in layers from cell X = 1, Z = 1 to cell X = N, Z = 1; then

to cell X = 1, Z = 2; etc. The total number of cells is divided into

blocks of X = l-N, Z = 1-8; X = l-N, Z = 9-16; etc. The blocks of

quantities for the cells are kept on the disk with space for two blocks

in the core memory. The calculation alternates between the two blocks

in the core memory so as to overlap the transfer of data between the disk

and core memory. One must save the last layer of the previous block

for the beginning of the calculation of the present block. One must

have the first layer of the next block before finishing the calculation

of the last layer of the present block. The numerical calculations

require sufficient time to permit the data transfer between the disk and

-23-



core memory to be overlapped.

The 2DL code can handle up to 62,000 cells and 7 components. Each

floating point number in the STRETCH computer has three “flag bits”

called T,U,V flags. The cell mass is flagged to describe which component

a cell contains. The initial arrangement of the mesh generally requires

a special routine for each problem> so a general purpose code cannot

exist in the sense that the usual one-dimensionalhydrod~amic codes are

general purpose.

PHASE I

A. The quadrilateral cell is divided

The areas

D H

/7

\u
\*
\

L9\
\

o A

of the triangles are

%= + [(zA- ‘H)(S ‘~)

A=
L + [(ZD - ‘O)(XA - Xo)

The radii of the centroids are

%
= 1/3(~+XD+xA)

~ = 1/3(xD+xo+x) A“

into two triangles.

Lz x

1-(XA - ~) (ZD - ‘H)

1- (XD- Xo)(ZA - Zo) .

The specific volume of the cell is

- a-l
p+l . %!5)

+ A&)”-l

M
●

.

.
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B. The energy of the cell is calculated from dI = -PdV, which in

difference form is

p-l-l = In

(
- V*l - V“)(P; + /) ●

c. *1 n+lKnowing I , V , and ~, we use the HOM equation of state$

described in Appendix B)to find P~+l, Tn+l.

D. 1 avThe artificial viscosity i’scalculated from q = ~ ~ , which

in difference form is

q
n+l SK

— (V*l - Vn) .
v“

If (V*l - n-l-lVI > 0, then q = O.

E. Pn+l = P*l
i-qn+l

1 ; thus the viscous pressure is included in

the following pressures.

F. Knowing 7?+1 we calculate ~+1 using the Arrhenius rate law

@y
= ZWe

-E*/RgT .
dt

In difference form this is

#+1 = T# - At Z* # e-E*/RgT*l

PHASE II

●

G. The accelerations are calculated using the

method”7 wli~chis derived at the end of this appendix.

force gradients

G ‘D H

4 1
c I\

‘- L

z

3 2

F B
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(Pl - P4)(ZD - Zo)

%=- (% + M4) (1
(P2 - P3)(Z0 “ Z&

.
(~ + ~) (1

(Pl - ‘2)(ZA - ZO)
+

(Ml + ~) (1

(P4 - P3)(Z. - Zc)
+

(M4 + MJ (1

1)XD -i-X. a-l
~

1)X. + ~ ‘-1
T

X*+X
a-l

o
~ 1)

1)

X. -1-xc a-~
~ ●

.

(P1 - P4)(XD - Xo)

%
=1-

(T + M4)
(p%:xoly-’

(PZ - l’3)(X. - XJ
+

(M2 + WJ)
(lxo:%l~-’

(P1 - ‘Z)(XA - xo)
(M’1+ NJ

(lxA;xol~-’

(P4 - P3)(X0 - xc)

(M4 + WJ (Ix+lr’ ●

H. The accelerations of the cells at the boundaries are computed

separately using the above equations and the boundary conditions

given below. The cells at boundaries are detected by testing

on the cell pressure U flag. The type of boundary is determined

from the flags of the cell energy as shown below.

-.

●
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4
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v
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“s
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u z

Boundary Conditions

‘3>P2 = ‘~isf--n

‘C=-XA

‘3$P2 = ‘p.f~~on

%=%

‘3~p2 = ‘~ist-*

%=XD

M2JfyM~=Ml P4=P1

‘B
= 2Z0 - ZD ‘#B>xo = 0

%’”l %=M4

‘B
= 2Z0 - ZD

~=M4 ~=M1 P1=P4

‘B
=2Z0-ZD ZA=ZCXA =2X0- xc

‘1=P4 ‘2=P3 ‘A=ZC ‘A =2X0-XC

‘2$P1>P4 = ‘3 ‘4=% ‘1=%2 ZA=ZC

‘A
=2X0-XC xD=~ ZD=2Z0-ZB

5. p1=p2 P4=P3
‘1=%2 ‘4=%

‘D=% ‘D=2Z0-ZB



I.

Jo

K.

6

7

P3F4J’1 = P2 ‘3~”4J\ ‘“2
Xxx=o
D) B} O

‘D
=2ZO-ZB ZC=ZA XC=-XA

‘4=P1 ‘3=P2 1*4=M1 %=%

‘C=ZA ‘C=-XA xD,~,xo = o

The cell particle velocities are calculated from

%+1
= g+ ~ At

%+1
=~+az At.

PHASE 111

The cell boundary locations are calculated from

Xn+l . ~n +
&l At
x

z
n+l U*1= Zn+z At ●

The total time is incremented by At,and the calculation starts

again with Phase I.

THE “FORCE GIUiDIENTS”EQUATIONS

The following derivation of the “force gradients” equations for

calculating the accelerations is almost identical to the derivation

presented in reference 6.

In two dimensions,the conservation of mass and momentum may be
68

expressed J as

.

.
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.

.

MJz (~ap~-_

)()

ap ~ x_ ~-1
at—=az =-—

‘o azl axl axl azl x’
.

The Lagrangian gradients

as

shown as the shaded zone may be expressed

-!-z

x

Writing similar expressions for zone

the X gradient at O by

Noting that

% = *@~+M4) = ‘o(jl - ‘i)@ - ‘~) (~’,a-’, et.,

and using the approximation (X)8 = +(XD +xO), etc, we obtain for the

-29-



acceleration in the X direction

(Pl - J?4)(ZD

()

-Zo) ~+x~
a-1

%=- (Ml + M4) 2

(PZ - p3)(z~

()

-zB) Xo+q
a-l

(M2 + M3) ~

(P1 - ‘2)(ZA

()

- Zo) XA +X.
a-l

+
(Ml + Q ~

(P4 - P3)(Z.

()

- Zc) X. +Xc
a!-1

i-
(M4 + ~) 2 .

.

.

.
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NOMENCLATURE

. .

*

%

%
E*

I

K

M

P

q

R

Tg

‘x
Uz

v

w

:1

z

Z1

CX

At

P

acceleration in X direction

acceleration in Z direction

activation energy

internal energy

constant used to compute artificial viscosity

cell mass/(2fl)U-1 = PO AX AZ for slabs;

‘(.2)
X +~ PO AX AZ for cylinders (if cells

are rectangular)

pressure

artificial viscosity

gas constant

temperature

particle velocity

particle velocity

specific volume

in X direction

in Z direction

mass fraction of undecomposed explosive

spatial (Eulerian) coordinate in X direction

material (Lagrangian) coordinate in X direction

spatial (Eulerian) coordinate in Z direction

material (Lagrangian) coordinate in Z direction

= 1 for slab geometry; = 2 for cylindrical geometry

time increment

density

Superscript

n the cycle number

Subscript

o initial condition
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APPENDIX B

THE EQUATION OF STATE

The Fickett and Woodg beta equation of state was chosen as the

equation of state of the detonation products off the C-J isentrope. The

pressure, volume, temperature, and energy values along the C-J isentrope

were computed using the BKW equation of state10-12 as recently
13calibrated by Mader . The Griineisenequation of state was used for the

undetonated explosive off the experimental Hugoniot. Pressures and

volumes on the Hugoniot are available from experimental data. Temperatures
14

on the Hugoniot were calculated using the technique of Walsh and Christian .

The equation of state for mixtures of condensed explosive and detonation

products was computed assuming pressure and temperature equilibrium.

Knowing 1, V,

A. Condensed

THE HOM EQUATION OF STATE

W, calculate P, T.

component (If W = 1, then I = 1s, V = Vs).

For volumes smaller than V. the experimental Hugoniot data are

expressed as a linear fit of the shock and particle velocities. The
15 14

temperatures are computed using the technique of Walsh and Cristian .

(0 U5 = C+su
P

C2(v

‘H=* .

(2) h TH = Fs +GslnVs +Hs(lnVs)2 + Is(lnVs)3 i-Js(lnVs)4

.

.

(3) %
= * PH(VO - V5)
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v
(4) P. =

(5) T. =

B. Gas component

thenI=I V
g’

= Vg).

The pressure,

+ % - ~) + PH where
s

(Is - IJ(23,890)
TH +

Cv

(detonation products, for example) (ifW = 0,

volume, temperature, and energy of the detonation

products along the C-J isentrope are computed using the BKW equation of

state12J13 and are fitted by the method of least squares to Equations (6)

through (8).

(6)

(7)

(8)

(9)

(lo)

(11)

in Pi = A+ BlnVg+C(lnVg)2 +D(lnVg)3 +E(lnVg)4

in I. = K+ LlnPi i-M(lnPi)2 +N(lnPi)3 +O(lnPi)4
1

Ii=I - Z (where Z is a constant used to change
i

the standard state so as to be
consistent with the condensed
explosive standard state)

in Ti = Q+ RlnV8+S(lnVg)2 +T(lnVg)3 +U(lnVg)4

--=
:

R+2SlnVg+ 3T(lnVg)2 +4U(lnVg)3

P
g

()
= $ (Ig

()
-Ii)+Piwhere~=~& v

(1 - Ii)(23,890)
T = Ti+
g %’
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C. Mixture of condensed explosive and detonation products

(12) v = WV5 + (1 - W)vg

(13) I = WIS + (1 - W)Ig

(14) p = Pg = P.

(15) T = Tg = Ts

The equation of state parameters and rate constants for nitromethane are

given in Table I, and the sources of the data from which they were

obtained are described in reference 16. The equation of state parameters

for Plexiglas, aluminum, water, and gold are given in Table II. The data

used to obtain the parameters are described in reference 17 for gold, in

reference 14 for aluminum, and in reference 18 for water> and the data

for Plexiglas are unpublished data obtained using the method described

in reference 17.

.
.

.

-

“
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NOMENCLATURE

C,s

%
Cv !

I

P

T

u

u:

v

V.

w

constants in a linear fit of Us and U
P

heat capacity of condensed component in cal/gm/deg

heat capacity of gaseous component in cal/gm/deg

total internal energy in mb-cc/gm

pressure in megabars

temperature in ‘K

particle velocity

shock velocity

total volume in cc/gin

initial volume of condensed component in cc/gin

mass fraction of undecomposed explosive

Subscripts

g gaseous component

H Hugoniot

i isentrope

s condensed component
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TABLE I. EQUATION OF STATE AND RATE PARAMETERS OF NITROMETHANE

Condensed

c

s

v
o

Y5

To

+ 1.647

+ 1.637

i-5.41170789261

- 2.72959322666

- 3.21986013188

- 3.90757138698

+ 2.39028184133

+ 4.14

+ 3.0

+ 8.86524823

i-0.6805

+ 3,()

- 001

+ 000

i-000

+ 000

+ 000

+ 000

+ 000

- 001

- 004

- 001

+ 000

i-002

Reaction

E* + 5.36 + 004

z + 4.0 + 008

BRW CJ Parameters

‘CJ + 1.30 - 001

‘CJ i-6.463 - 001

‘CJ + 3.120 + 003

A

B

c

D

E

K

L

M

N

o

Q

R

s

T

u

z

- 3.11585072896

- 2.35968123302

+ 2.10663268988

+ 3.80357006508

- 3.53454737231

- 1.39936678316

+ 4.79350272379

+ 6.06707773429

+ 4.10672785525

i-1.13326560531

i-7.79645302519

- 5.33007196907

+ 7.09019736856

+ 2.06149976021

- 5.66139653675

+ 5.56

+ 1.0

-1-000

-1- 000

- 001

- 003

- 003

+ 000

- 001

- 002

- 003

- 004

i-000

- 001

- 002

- 002

- 003

- 001

- 001

.

.

-36-



TABLE 11. EQUATION OF STATE PMTERS

Plexiglas

c + 2.43 - 001

s + 1.5785 + 000

F~ + 5.29380243506 - 001

G - 4.24950371368s + 000

Hs - 1.55055576332 + 001

Is - 3.08638075572 + 001

J~ - 1.46708193739 + 001

Y + 2.157
s + 000

Cv + 3.5 - 001

u + 1.0 - 004

V. + 8.47457627000 - 001

Water

c

s

Fs

Gs

H~

Is

Js

Y5

Cv

a

+ 2.264

+ 1.325

+ 5.69903609370

- 2.66572128557

- 1.53713920377

- 7.58607109147

- 2.78464374578

+ 1.65

+ 1.0

+ 6.0

+ 1.0

- 001

+ 000

+ 000

- 001

+ 000

+ 000

+ 000

+ 000

+ 000

- 005

+ 000
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Aluminum

+ 5.35 - 001

+ 1.35 + 000

+ 7.96115866874 + 001

- 3.17533561633 -1-002

- 4.38525371533 + 002

- 2.64248248960 + 002

- 5.79734965732 + 001

-1-1.7 + 000

-1-2.2 - 001

+ 2.4 - 005

+ 3.59066427289 - 001

Gold

+ 3.075

+ 1.56

-I-1.79784577873

+ 2.08878975374

+ 8.97413382421

+ 1.68445378136

+ 1.16776763945

+ 2.12

+ 3.12

+ 1.42

-i-5.19750519751

- 001

+-000

1-003

+ 003

+ 002

+ 002

+ 001

+ 000

- 002

- 005

- 002
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