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ABSTRACT (CFRD)

The work by Herrmann to develop a means for predicting the
dynamic responses of initially heated porous materials is extended to
include porous materials that can be described with an exponential
relation between the distention ratio, ¢, and pressure, P. Examples
are presented that illustrate how Hugoniots can vary with initial heat-
ing. In addition, instantaneous heating is considered, and examples

are shown in which the generated pressure is related to the degree of
heating.
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INITIAL HEATING CONSIDERATICNS FOR
POROUS MATERIALS DESCRIBABLE W/iTH
EXPONENTIAL P-oa RELATION

Introduction

Porous, or distended, materials have long been of interest bacausc of their
excellent stress pulse attenuation properties and because of the low s ress ievels
that are generated as a result of rapid increases in internal energy. In keeping
with this interest, considerable effort has been expended in recent years ts charac-
terize the dynamic responses of these materials tc a variety of different stimuli.
The need for predicting the dynamic behavior of porous materials has been a strong
stimulus to the development of analytical models that can be used in numerical

calculative schemes.

One such model, which is commonly referred to as the P-¢ model, was
developed by Herrmannl-3 and has been widely used to obtain numerical solutions
to wave propagation problems. The formulation of the P-g model is essentially
based on the premise that the equation of state of the porous material can be deter-
mined from the equation of state of the corresponding solid material provided the

distention ratio, ¢, can be specified as a function of pressure, P, and energy, E.

The procedure that is generally followed is to determine the pressure de-
pendence of ¢ from laboratory shock loading experiments, i.e., from the Hugoniot
behavior. The energy dependence of ¢ is considerably more elusive, primarily
because very few experimental data are presently available to provide guidance in
establishing a quantitatively consistent formulation. Early versions of the P-o«
modell’ 2 did not have provisions for specifying an explicit dependence of ¢ on
energy and thus had their greatest utility in dealing with problems where tempera-
tures were near room temperature, i.e., near the temperatiure where the Hugoniot
measurements were made. In a number of applications, however, the expiicit
dependence of ¢ on E can be an important consideration. For example, the response
of a porous material to rapid increases in internal energy is strongly dependent on

the explicit relation between ¢ and E, particularly if the energy range of interest is
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near the region of melt. In Reference 3, IHerrmann presents one method for incorpo-
rating explicit energy dependence into the P-¢ model. This was accomplished by
considering the dependence of the fHugoniot on initial heating. The formalism developed
in Reference 3, however, is specifically applicable to porous materials with Hugoniots
that can be described with a quadratic relation between o and P. Not all porous ma-
terials fall into this category. For example, the llugoniot of porous copper cannot be
adequately descrihed with a quadratic relation but instead is more accurately described
using an exponential relation. 4 A number of other porous materialss can also be de-~

scribed with an exponential relation.

The purpose of this report, then, is to present a method for introducing explicit
energy dependence into the P-¢ model for cases where the Hugoniots of the porous
materials can be described with an exponential relation between ¢ and P. This work
is an extension of Herrmann's work. The major difference lies primarily in the

manner of treating the porous material response near the energy region of melt.

A number of examples are shown, all of which are for a porous copper. While
Hugoniot properties of the porous copper have been determined at room temperature, 4
the behavior of this material at elevated temperatures is completely unknown, Thus,
no claims are made for the quantitative accuracy of the examples. Rather, the work is
intendea to illustrate plausible responses of porous materials, with emphasis placed
on the latitude that is possible by varying the functional energy dependence of the vari-
ous parameters that effect the dynamic response and to illustrate the need for experi-

mental data.

Dependence of Porous Material
Hugoniot on Initial Heating

In the P-¢ model the distention ration, ¢, is defined as

o = V/Vs s (1)

where V is the specific volume of the porous material at a given pressure*, P,
and specific internal energy, E, state and VS is the specific volume of the corres-
ponding solid material at the same pressure and energy state. The underlying as-

sumption in the P-g model is that the equation of state of the porous material can

.

:‘:In this report pressure and stress will be considered to be synonomous.

OOMMBRNENR ()| AS [KED
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be expressed with the same functional relation as is used for the solid material pro-

vided one accounts for the variation of ¢ with P and E. That is, if

P = f{(V, E) (2)

represents the equation of state of the solid material, then

P = {(V/a, E) (3)

represents the equation of state of the porous material. In this work, the equation
of state of the solid material is assumed to be the Mie-Gruneisen equation, ex-

pressed as

- = L (E -
P - Py 7 (E-Ey) (4)

where the Hugoniot of the solid material is used as a reference curve. PH and EH'
respectively, are the pressure and specific internal energy along the Hugoniot of

the solid (evaluated at Vs) and y is the Griineisen parameter. The quantity, y/Vs,
has been taken to be constant and equal to its zero stress value, yo/Vso. Assum-~

ing a linear relation between shock wave velocity, Us’ and particle velocity, up ,

U =C_ +Su_, (5)
s o p

where Co and S are constants characteristic of a material, the Rankine-Hugoniot
equations for conservation of mass and momentum can be combined with Equation

5 to yield

civ. -v)
o] SO S

P 5
CREETREER
SO SO S

H=

for the pressure along the Hugoniot. The specific internal energy along the

Hugoniot can be expressed as

E_ = PH(VSO - VS)/2 . (7

UNCLASETFIED
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Whon combined, Equations 4, 6, and 7 define the function f(\'s, E) in Equation 2.
To complete the description of the equation of state of the porous material, it is

necessary to specily the functional dependence of ¢ on P and E.

In the simplest formulation, ¢ can be assumed to be a function of P only,
which is what was done in the earliest vcrsionsl’ 2 of the P-g model. The mathe-
matical formalism developed for this simple case provides a convenient means for
introducing explicit energy dependence. Before proceeding with explicit energy
consideratibns, a brief summary of commonly used methods for expressing the

variction of g with P will be given,

Generally, when treating porous materials, precursor waves must be con-
sidered so it is convenient to divide the analysis into two stress regions: one
region for stress levels below the precursor amplitude and one for higher stress
levels. Below the precursor amplitude the variation of ¢ with P is usually assumed

to be linear, i.e.,

o= o - (e - ozl)P/P1 , (8)

where ao and o, are values for ¢ at zero stress and at the precursor amplitude,

1
respectively, and P1 is the precursor amplitude. For stress levels above the
precursor amplitude, several relations have been used. Among the more common

are the quadratic relation,

PS - P 2
@ =1+, - sz : ©)
S 1
and the exponential relation,
o =1 + (oz1 - 1) exp [—z’i(P - Pl)] . (10)

In Equation 9, Ps is the stress level where compaction becomes complete (i.e.,
where o = 1 or where V = VS). In Equation 10, i is a parameter that controls
the rate with which a fully compacted state is reached with increasing stress.

Equation 9 was considered by Herrmann to introduce explicit energy dependence

into the P-o model. Equation 10 will be considered in this work. One of the .

UNCLASEIFIED
\



UNCLASCIFIED

main differences between the two equations is that a fully compacted state is never
actually reached with the exponential equation. It is this difference that necessitates
the diffcrent approach taken in this work as compared with the approach taken by

Herrmann.

In Herrmann's work, three quantities werec assumed to depend on the initial

, P, and P . If the
0 1 s
material is heated to a temperature, Ti' above room temperature, Trm’ the new

temperature (or energy) of the porous material, namely Vs

specific volume of the solid at zero stress is,

Vool = Vo ot s e{ry - Y] 1)

where 8 is the volumetric thermal expansion coefficient (assumed to be constant).
With no change in the initial distention ratio, the new initial specific volume of the
porous material is Vo(Ti) = aovso(Ti)' Other parameters (like Co’ S, and 70)
related to the response of the solid material were assumed by Hermann to be
independent of temperature. Both parameters related tc the compression of the
porous material (P’1 and PS) were assumed to decrease +with increasing tempera-
ture and vanish at some energy where the strength of the material becomes

negligible.

The same basic procedures followed by Herrmann will be used here except
that the energy dependence of the cqmpression of the porous material above the
precursor amplitude will be introduced through the parameter 4, rather than
through PS. Concepts of the formulation will be discussed through use of specific
mathematical expressions defining the dependence of the quantities of interest on
energy. No loss of generality results from this approach if the mathematical
expressions are understood to be illustrative only. These expressions can be

replaced by more appropriate expressions if future experimental data so dictates.

The initial specific internal energy of a heated specimen will be expressed
as Ei’ with Ei = Ei(Trm) = 0 representing the room temperature energy. The
energy level where the strength becomes negligible is taken to be the incipient

melt energy, E_ _, and the ratio, Ei/E , will be designated as Q.

™M M
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A relation hypothesized to represent the decrease in precursor amplitude

with increasing energy for Q < 1 is
P, =P (1 -Q% (12)
1 1o !

where Plo is the precursor amplitude at room temperature. For Q =z 1, Pl is
zero. The basic equation assumed here to represent the variation & with increas-

ing energy is

oA A2
= ao/(l Q7Y , (13}

where éio is the value of 4 at room temperature. When @ = 1, P1 vanishes and a
goes to infinity. This implies that a state of complete compaction is reached even
for infini.esimal increases in stress. Possible rate dependent and small residual
strength effects may impose modifications to this description. Mathematically it
is possible to retain some residual strength effects by defining a new relation for
i as the value of Q approaches unity, i.e., for all values of Q greater than some
value, Q*. This relation would have the property that 4 always remain finite. A

possible form for such a relation is
= 5 < + .
ao(k1 sz) (14)

The constants, kl and kz, can be determined by requiring that the functions in
Equations 13 and 14 and their derivatives with respect to Q be continuous at Q = QT.

With these conditions, the constants are

2
k, = (1 - 3Q*2)/(1 - Q*z) (15)
.22 2
= 2Q* /( ) . (16) .

Thus, for examples discussed here, & is defined by Equation 13 for Q < Q“: and by
Equation 14 for Q = Q*. The influence of the gquantity Q:': is not great when con-

sidering the dependence of the Hugoniot on initial heating but does have important

consequences for cases where instantaneous heating occurs. This will be dis-

INCTASYIFIED
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The reason for choosing the particular form for 4 given in Equation 13 can be
seen by considering the stress level where the porous :naterial has been compacted to
some arbitrary state near complete compaction, say where (a - 1)/(0:1 - 1) = 0.01.

This stress level (call it P l) can be determined from Equation 10 to be

0.0
Pior - Py ° 1n(0.01)/4 (17)
or
_ _ In(0.01) . .2
Poor " %1 7 a_ a-Q) . (18)

This type of behavior is similar to the behavior that would result if (PS - Pl) is
assumed to depend quadratically on Q and (nearly) corresponds to one of the cases
considered by Herrmann. The quadratic function of Q in Equation 18 {and also in
Equation 12), while intended primarily for illustrative purposz2s, is however felt

to be quite reasonable. These relations show that the strength of the material
decreases rather slowly for small increases in internal energy. When the initial
energy approaches the incipient melt energy, however, the loss of strength is more

pronounced.

To illustrate how the above defined initial heating considerations affect a
porous material Hugoniot, a number of calculations were made for a porous
copper. These calculations were performed using the comprter program (called
TEMPPL) given in Appendix A of this report. Values for the various constants
required in the calculation are given in Table I. The results of the calculations
are shown on Figure 1. Values of Q equal to 0, 0.5, 0.75, and 0.95 were con-
sidered. The assumed value of Q* for these calculations was 0.95 so Equation 14
had no effect on the results. Figure 1 is a graph showing siress-specific volume
Hugoniots for the porous copper. As is evident, the initial specific volume of the
porous material increases as the initial energy (or the value of Q) is increased.
The Hugoniot of solid copper is also displaced toward larger specific volumes as
the initial energy is increased, however, this is not shown on the figure. The
important features of Figure 1 are that the precursor amplitude decreases with

increasing initial energy and that essentially fully compacted states are reached

at lower stress levels as the initial energy is increased. It should be again

[INCT ASSTRIED




RN

et

§=m-4

FIED

LAY S L A A O ’\_,.»

emphasized that the behavior depicted on Figure 1 is based on the energy dependence

assumed in Fquations 12 and 13.

TABLE 1

Values of Constants Used [for Porous Copper

in the Calculations

Solid Copper Parameters
B R _ 3
P * 1/\/SO = 8.93 g/cm
= 2
CO 4.022 mm/ psec
S = 1.48
= 1,96
Yo -5 o -1
B =6.0x10°°C
Cp = 4.39 x 109 ergs/g/°C
= T 9 /
™ 4.7 x 10% erg/g

Specxflc heat.

......

Porous Copper Paramete . =
o, = I/VO = 6.43 g/cm
PlO = 1.35 kbar
g - 1.93 mm, psec

a 0.254 kbar *

"Precursor wave velocity (assumed to be independent of temperature).

2 T T T T T T
1 I I
P!
\ 1] DISTENDED COPPER
lll | P * 683 glem’
1 P * 135 kbar
l ' N . -1
51— \ | a[J 0.254 kbar ]
“l Ug = 193 mmiusec
i
)
|
- ()
3 |
o 10 /] : —
wy
o HUGON1GT .
= |oF souid
COPPER Q = 0 (ROOM TEMPERATURE
AT ROOM UGONIGT)
TEMPER- H
ATURE ;
51— | -
'!
!
\'
0.10 o1l 0.1z 013 0.14 0.15 0.16 017
SPECIFIC VOLUME - cm’/g

UNCLARSS

Figure 1.

Stress-Specific Volume Graph
Showing Effect of Initial Heat-
ing on Hugoniot of Distended
Copper
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Instantancous leating Considerations

To consider the effect of instantancous heating on the response of a porous
material, it is convenient to define a new quantity as 2n independent variable in

Equations 2 and 3. This quantity is

n=1-VJ/IV o, (19)
which becomes
Vao
n = 1 - (20)
ono

when expressed in terms of the specific volumes of the porous material. Since the
heating process is instantaneous, no time is available for a volume change.
Thus, V = V0 and

aO
=1 - — . 21
n S (21)

When the pressure and energy along the Hugoniot of the solid are expressed in terms

of the quantity n, Equations 6 and 7 become

ci ,
PH', = . S ) (22)
so (I - Sn)
and
EH = PHVSOn/2 . (23)

Substituting Equations 22 and 23 into Equation 4, the relation between pressure

generated in the porous material and the increase in energy becomes

2
yo Co n
P = E + 7 (1 - yon/Z) . (24)
v V. (1 - 3n)
SO o]

UNCLASSIFIED
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Since n, through Equation 21, depends on ¢ and hence on both P and E,
Equation 24 must be solved using an iterative procedure. A computer program
(called TDGEFF) to accomplish this is given in Appendix B of this report. This
program has been used to obtain plots of generated pressure versus the increase
in specific internal energy for porous copper. The results of the calculations

are shown on Figure 2.

12
O N 111 N O B R 11
-
— DISTENDED COPPER
- 00 = 6,43 g/cm3
1011 | P10 = 1.35 kbar ]
= Uy = L 93 mm/ u sec -
— A - 0,254 kbar - 3
- 7
L i
S — =
: - P, CONSTANT} =
X — 2 CONSTANT .
o B _
(24
A — —
e 9
& 10k =
- p VARIABLE§ -
. 1 ]
— A
2 CONSTANT _
~ 108 — _—
- ju—
~ Q* = 0.80 -
_ P VARIABLE -
- AL i 0* = 0.9 —
[ 2 VARIABLE £ b
Q* =09 B susﬁ
| Eim— l
107 L bt Lt R SHET
108 107 1010 101!

SPECIFIC INTERNAL ENERGY - ergslg

Figure 2. Plot of Pressure Generated Versus Increase in Specific Internal
Energy for Case of Instantuneous Heating
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The pressure dependence of ¢ for these curves is that given by Equation 8 and
10. The cnergy dependence is introduced through Equations 12 through 14, except
for two cases where explicit energy dependence is suppresserd or partially suppressed
(the two uppermost curves). All of the curves on Figure 2 depict essentially the
same behavior in the lowest energy region and in the highest energy region. At low
energies, a linear relation between pressure and energy is observed that exists
until the precursor amplitude is exceeded. This region can be interpreted as an
elastic region. Further increases in energy have the effect of causing the fully dense
portions of the porous material to flow plastically into the voids. The effect of the
energy dependence of ¢ be.comes evident for energy levels above the linear region

and into the melt region.

The uppermost curve on Figure 2 illustrates the behavior that results when
both P1 and 4 are considered to be independent of energy. The pressure for this
case increases monatomically with increasing energy, which is probably not physi-

cally realistic.

The effect of allowing only the precursor amplitude to decrease with energy
is depicted by the second curve from the top of Figure 2. Here moderate decreases

in pressure occur as the energy is increased up to the level E__ _, where P1 assumes

IM
a constant value of zero. Further increases in energy produce increases in

pressure.

The effect of allowing the parameter 4 to increase with energy is illustrated
with the three lowest curves on Figure 2. The effect of the parameter Q¥ is also
illustrated here. If Q% were equal to unity, 4 would approach an infinite value as

E approaches E and the pressure generated would approach zero. By assigning

M
various values to Q* which are less than unity, the minimum pressure can be
adjusted. Figure 3 shows values of 4 as a function of Q for the three values of Q%

considered on Figure 2.

In the highest energy region shown cn Figure 2, all of the curves become
coincident. This occurs when the value for ¢ approaches unity, or when the voids
are filled. Thus, the energy dependence assumed for a is no longer of conse-

quence insofar as Equation 24 is concerned and n assumes a constant value

UNCILASSIFIED
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0 0.25 0.50

Q= E/EIM

Figure 3. Values Used For 4 For Cases Where Q¥ is Equal
to 0. 80, 0.90, and 0.95

of 1 - o The rapid increase in pressure with energy occurs at an energy level
just greater than the boiling point of copper EB. This is reasonable since the
vapor can then fill the voids; however, that the model should predict this is con-
gsidered to be fortuitous. No provisions are presently incorporated into the model
which relate EB to the energy level where ¢ becomes equal to unity. The energy
level, ESUB’ shown on the right of Figure 2, is the sublimation energy of copper.
The equation of state to be used in the higher energy region should properly include
vapor considerations to account for the mixed phase region between E_ and ESUB

B

and the all vapor region above E Because the equation of state considered

SUB’
here does not account for vapor, the high energy region shown on Figure 2 does

not represent a truly realistic situation.

It is of interest also to consider an effective Griineisen parameter for a

porous material. This quantity can be defined as

Yers = PVJ/E - (25)

sommponme /N (T ASSIFIED
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Values for Yorp 35 3 function of energy are shown on Figure 4 for the cases con-
sidered on Figure 2. At low energy levels (in the elastic region), the value for
Y off is essentially constant. Beyond the clastic region, values for Y off decrease
and the behavior for all cases considered is similar until the energy level ap-

proaches E At that time rather dramatic decreases in the value of Y off 2T€

M’
seen for the cases where both P1 and 4 are considéred to be functions of energy.
For the cases where P1 and/or i are held constant, the rapid decrease in the
value of Y off does not occur. At the highest energy levels shown on Figure 4,

values for Y off increase rapidly and all cases become equivalent.

1
100 =7 RN R R R R TTTTITE
- DISTENDED COPPER -
B P " 6.43 glcm3 ]
- Pyg = 1.35 kbar
100 - Usl = 193 mm/usec ]
- A -1 —
- 2 = 0.254 kbar 3
= .
o
wd }— -
2
£ = P, CONSTANT 3
= - 1 ! 3
2] = 2 CONSTANT -
=R -
=§ B Py VARIABLE ]
W 2 CONSTANT
= 107 — —
2 - =
[T p— —
o — -
f— —
L \ _J
_ Q* = 0.80— _
- A
1073 :—f1 v RIABLE} o - 0.9 —
= 2 VARIABLE =
[ Q* = 0.95— "
: Fim— Eg Esup, _
10-4 L1 iJlIlll L1 llllllll 1 llJlLLl
108 10° 1010 101!

SPECIFIC INTERNAL ENERGY - ergslg

Figure 4. Values of y ¢ Versus Increase in Specific Internal
Energy for €)C,,:ase of Instantaneous Heating
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Piscussion

The work presented in this report illustrates the general features of the
dynamic behavior of porous materials when subjected to conditions of initial
heating. Explicit energy dependence has been introduced by considering the
dependence of the Hugoniot of the porous material on initial temperature. In so

doing, only the parameters (i.e., P_ and i) that produce the most significant

effects have been assumed to dependlon energy. Other quantities (e.g., the
velocity of the precursor wave in the porous material and the quantities related
to the Hugoniot of the solid material) have been assumed to be independent of
initial temperature, which is justified since reasonable variations of these
quantities with energy do not significantly alter any of the results presented in

this report.

In general, the predicted responses of heat porous materials presented
here are considered to be realistic but not necessarily exact. An exact descrip-
tion of porous material behavior under conditions of initial heating must await
the results of future experimental studies. One of the objectives of this work is
to point out the need for such experiments. Two types of experiments are re-
quired. One is the conventional Hugoniot experiment (probably of the gas gun
impact variety) where the porous specimens are initially heated to various
temperatures between room temperatures and the melting temperature. Such
experiments would yield information about the actual variation of P1 and 4 with
energy. The other type of experiment required is that where the porous speci-
men is instantaneously (or very rapidly) heated, as for example with an electron
beam. These latter experiments would verify that the approach taken in this
work to predict pressure levels is in fact valid or would define areas where

improvement is necessary.

sswmsemesm (12707 A SSIFIED
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Appendix A

This Appendix describes the program TEMPPIL which computes the Hugoniot of
a porous material that has been raiseca to an initial energy, Ei' An exponential rela-
tion between ¢ and P is assumed. The program is written in BASIC language for

Sandia's PDP10 time sharing computer. A listing of the program follows:

eerPl BEERH PURIVEREE YRS

19 sza aenrPl advudvs 1244

23 teAw Jl 51 Lel D4=(uL/(2epl ) sz-p3s/ul

JJ ABRL ndsUdrdauld 923 b1 il=destzopl )=d nitua)

4% AedD WYsLyruv,us 9dJd Ly vemvle(l-=nl)

DY 1EAD RLLKSLIrLIAD o4y Les Llmvi/sve

0J Ll Klatl-sedut2)/ 1=yttt : 934 e IND " PARAPLIEnD Al 12142 5" beustend U
TY Lt A2=2a3b/()1-uKkt2) e 503 rPaldl Te=3uiTedin) ='iali"enud /o

B9 LEC VA2l /i 519 rulal "vdu) Al £ = iv]iTil/au”

94 Lel CeCvizld EX-CREST Ry

144 LED Vé=l/ib Y CUrIN PUnULsD AL ELTAL FArKNEIEnD AL 1
118 Lel >7s50/1v B P INL T HHUGIITT VLT 2, R
129 Les Miars/100) Ol¥ VN 1/vi VT ,1hdaern,n

1344 L2l Lu=zvosvy 024 rrlhy

149 P:AINI™ SULIU MATELIAL CAdANe 1 mr>* CEDEFSIS CTERRYY 6 8 MAFILENFY ¢ 1 A VT B AP N W W Y § 1 1
15y PAINT 643 PRINT Jeaslszvnalasdi,Ll

Tod PAINT " mHUGII"L™ VI LU, o™, GAMNMA G 630 ralN

174 PRINI 03 sv0sC3,5269 653 Pulnt

180 PAINT 613 PUINL " LT T, UL get,t ALPHA
194 PrING " CP"L' QETA™," (L 669 Lot Feve

2499 PuINI C9,39,u9 293 Lat Aznslysd

216 PuINY Tud Ley Fl=dl/a

22¢ PriINT Tl Fug ved U J3

234 Plng v PURUYS wATE AL PAAML LB 120 LEl e edae]

cud Pl 139 LET ra=e

234 PAINE ™ AHUCYI",™  VESI'"  C1L," 210, ALPHA (™ 149 If F=5 THEN 9490

cdod PAlINl nbsvordosrosly 133 Fln x=l Tu s

279 PrINT To¥ Lea Lzs)]e(Ll-l)eexXP(=A®(r=rr))

280 PrIND " UISTARIT," AL, Ke' 179 Lei Hl=2edera/r4

294 PAINT wB,Kl,K2 THI LEr N2=(HI=dwe(Hl 12-495%35))/C(2e545)

39 PrINT 193 Let Vesvlis(l-Nd)

31¢ BRINP HYQ Lel vosL2esve

324 PrIND B1d LEl fOs(rsiVE=VI=1/u)+28+(vI-VY)I/(Jl=-Ve=]/0)
339 snAL o 8ed IF A3S((F5>=ra)/in)<=.0ydddl THeN 879

343 LET Pu=r/={l=y12) H3v Lr..T FY=ra

959 IF wWl [HEN 3K BaJ LEl ra=r>

36y Let A=AD/ (1 =u12) 859 NeAl A

319 GO TU 399 B6Y PUINI "ITeRACIUN DIV MNUT Cuavenue™

JB¢ LEN A=Ab*(Kl+K2*a) K1y LED S8=UT+VBeSQR(F-PE)I/(VE=-V9))

399 LeEt wl=2aa9 . BEA LET Ub=J7+3un((r-PHI®(VE-vI))

499 Loi [=al/Cy BOY PRINT L0I3ar,v9,1958,19268,02

41lv LET Vi=vde(l+89%1) 939 NEMT o .

Q28 Lef vil=V1sLy U1a PiiIN

4390 LET ni7=l/vi 929 PrRINT

449 Lel J71=PB/tI*5() POCTS BECIU R VN KTY)

459 LEl vesv/ sl =Jdl/57) 943 DAYA

468 LET u=ud/s(2edl) Y50 pALA

474 Letl ro=C»C/V] Cad DAlA

4uY LET D3aPde(l-Gs(v7-Vnd)) 914 DATA

49 LETV DI=S5*35aD3s+LsKaat] 983 VATA

3¢9 LETD D2=2+53D3+xd 2930 edd

Input instructions can be made in statement numbers 940 through 980 as follows:

Statement 940: Enter J1, the number of points tc e calculated. The first

calculation is made at the precursor amplitude. Subsequent calculations are made
at increments of stress that increase in such a way that 20 calculated points usually

cover the stress range of incomplete compaction quite adequately.
INCLASSIRIED
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Statement 950: Enter solid material parameters for room temperature; Dgo

{initial density in g/cm3), Co (bulk sound speed in mm/ ysec), S (slope of Ug - up

line), and Yo (zero stress Griineisen parameter).

Statement 960: Enter the parameters; EI’VI (incipient melt energy in ergs/g),
i

C_(specific heat of solid in ergs/g/ C)C), B (volumetric thermal expansion coeffi-

. . -1 .
cient in °C ), and Q% (see Equations 13 and 14 of text).

Statement 970: Enter porous material parameters for room temperature; o,

(initial density in g/cms), Usl (velocity of precursor wave in mm/ysec), P10

(precursor amplitude in kbar), and éo (parameter in Equations 13 and 14 in kbar ).

Statement 980: Enter values for Q = Ei/EIM to be calculated.

The printed output of the program includes values for most of the important
parameters affecting the solution and values for spccific volume (V), shock wave
velocity (US), particle velocity (UP), and a (ALPHA) for various values of pres-
sure (P) above the precursor amplitude. The first values printed for US and UP
are not correct since the pressure is at the precursor amplitude and no additional
shock wave exists as yet at that level. A sample calculation is shown in the

following:




SRR
UNCLASSIFIED

940 TATA 20

950 TATA B.93, 4.022,1.488,1.9€
96 DATA 4eTEQ, «i39F 7,60 F=65.95%
970 DATA €.43,1493,1.35, 254

980 DATA .S

FUN
TEMFPL 13:040 e7-NoU=-7n
SOLID MATFWIAL PAFANFTEFRS
FHO () v e s CAMMA(PR)
893 Pe111982 0,022 1.4 1.96
Ce PETA FECIM)
HRGACR0 6C.ONC00 E-5 L. TO0RR F+9
PCROUS MATFEIAL FPARAMETEFRS
¥HOM) vea) c1 Blees ALTHACR)
6.43 Me155521 1.93 1435 1.358¥8
CCETAR) K1 Xe
PAe95 -179. €19 199.869
EAFANMFTFT S AT T= S555.3MKTDEGYFRES C
F= (LSFECIMY = P.SSCF” F+9FRGS/G
V(EAY AT ¥ = f.115%79CC/C
FORFOUS NMATFFIAL PARANMFTFVS AT T
THOCM) Ve Pl p
€.22991 felE0516 1.0128 338667
UL ECL)Y PO ALFHAC1)
Ne159816 6.25721 B 02086 F-2 1.38374
P \Y Us U ALFPEA
1.6125 159816 Bo02068€6 F-3 Yo li2006 F-2 13372
1.3077¢& Q@.155574 Pe 4398 1.9€11& F-2 1.324722
1.89833 Te 148265 Ces51CAL L0479 E-2 1.28228
2.78415 Ge1397007 (e LE2TOL C.H1BREC E-2 1.2106
3.96526 M.131635 e 585727 G.96410 E-2 1.12117
Sell162 Ne125159 e STQTS 01222315 1.2RSA2
7.21329 FelPL62E Ce €L 20 Fel16£309 1.0L£699
G.2RMA2D Ce117806 e 71 TLEZ PelCGlTRE 1.72233¢
11.6224 Cellb21F B.797537 .223703 1eG16G29
14.2999 Pel115272 POREDETS R.251229 1.00026
17.2527 fel11£921 e9€69626 PAeZTRLIO 1.0¢157
205207 PelllEls 1.0R81¢ G«308122 1.000652
SHn bl Pell 2432 1.14691 AeR3177€ 1l.0¢1¢€
27 .882¢€ Cel)u236 123548 P e 3BEGERE 1.0GCQ0
32.0142 Pe112027 1.32364 fe3BE]1 80 1.00001
364056 Pel1GRT 1.01127 fe.u12081 1.
41417 Me113€123 1. 49835 e 1201 R 1.
46,1897 Mel1133K5 1eCHLKE Mo HREULR 1.
51.50F0k 7113147 167076 CeLiIGARLE LIS
57.1149 7112601 1.75€667 S21456 1
63.020¢ Flell2€4S 1.84076 549251 1
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Appendix B

This appendix describes the computer program TDGEFF which computes the
pressure generated in a porous material that has been instantaneously heated to an
energy level, E. An exponential relation between ¢ and P is assumed. The program
also computes the value of the effective Griineisen parameter, Y off? as a function of
E. Like the program described in Appendix A, TDGEFF is written in BASIC lan-

guage for Sandia's PDP10 time sharing system. A listing of the program follows:

TCGEFF 13:36 27-NCU-70

18 REM TDGEFF BOACF 122¢ 580 LET D2=2eSsD3I+KJ

20 PFINT “UNLESS SPECIFIEL, UNITS AFE G/CC, MM/USEC, OF KBAF(OF 1/KBAP)" 55@ LET Das=(D2/(2sD1))r2-D3/D}

3 @ PRINT 56¥ LET NsD2/(2eD1)=Suic(ia)

48 PRINT 576 LET Visvos(l-N)

S® PEAD R@,C0, S, G0 588 LET L1=V7/vi

6¢ READ Q8,El1,E2,N1,N2 594 IF P<P¥ THEN 659

79 FEAD R6,P6,S6,AC od@ IF ABSC(A®(P~PK))I»2H THEN 630
86 LET V@=1/RO ©ld LET Lsl+(L1-1)eEXP(~As(P~PB))
9@ LET C=COx1.ES 620 GU TO 67¢

100 LET vé=1/R6 639 LET L=t

110 LET P7wP6x1.E9 649 GO TC 670

120 LET §7=56%1.ES 659 IF P8=@ THEN 610

130 LET AlxA@#*1.F-9 660 LET L=L3-CLB-L1)sP/PH

140 LET LO=V6/VQ 678 GO SUB 96@

150 LET GaG@R/¢(2%UQ) 688 LET F3sP-F]-F2eL

160 LET Ko=C#C/V0Q 699 LET Pgwp

170 LET Ki=(1=-3%0812)/(1-0812312 180 LET P=Pa».999

180 LET K2=2%08/(1-0812)12 119 Fut M=l TO 59

190 PRINT * SOLID MATERIAL PAFPAMETERS" 720 IF P<P8 THEN 780

200 PRINT ** RHO(@)'"," CO","™ S",' GAMMA(B)"," FEC(IM)-ERGS/G" 738 IF ABS(A®(P-P§))>235 THEN 768
210 PRINT RO, CR.S,60,E2 740 LET L=l+(L1-1)%EXP(~Ae(P~PE))
227 PRINT 756 GO TO 809

230 PRINT 760 LET L=l

240 PRINT ™ POFOUS MATERIAL PAFAMETERS" 776 GU TO 8089

250 PRINT ™ FRHOC@)'"," P18, US(1)"," ALPHACA)I", " A(B)" 7823 IF P8=@ THEN 73¢

26@ PRINT FR6,P6s56,L0,A0 799 LET L=l@-(LO-L1)*P/PB

270 PRINT . 880 GO SUB 968

280 PFINT " OQCSTARI™,"™ K1%," K2" 810 LET F6=P-F1-F2eE

290 PRINT 08,K1,K2 828 LET PS=pP

30@ PRINT §30 LET P=PS-F6#(PS5=-PR)/(F6-F%)
318 PRINT 84¥ IF ABS((P-PS)/P)<=.00885 THEN 899
320 LET N3=101C1/100) 858 LET Pa=P3

330 LET E=E1/N3 860 LET FS=F6

340 LET G6=G@ 870 NEXT M

354 PRINT ™ CGS UNITS" 888 PHINT " ITEKATION DID NOT COMERGE™
360 PRINT ** E™,* P'"," ALPHA"," GAMMACEFF)" 890 LET G6=V6sP/E

376 LET N9=1 988 IF Na>=N9 THEN 929

382 FOR N4=1 TO 108%N1 918 GO TO 94e

4¢¢ LET ExE#N3 920 PRINT E»P,L.GS

41% LET P=G6*E/U6 9328 LET N9aN9+108/N2

420 LET Q=E/E2 ! 949 NEXT Na .
430 IF 0<i THEN 460 958 GG TO 2800

449 LET P8=p 960 LET N=1-LB/L

45¢ GO TO 470 978 LET P1=KAeN/(1-S*N) 12

468 LET PB=PT7#(1-012) 984 LET W1=PlaV@eNs2

47@ IF 0>Q8 THEN 500 9990 LET F2=2eG

480 LET A=Al/(1-012) 1008 LET Fl=pl-F2eu)

493 GO TO S1@ 1818 RETURN

58@ LET A=Al#(K1+K2+Q) 1028 DATA

§18 LET V7=U6#(1-PB/(R6x5712)) 1838 DATA

520 LET D3=P8#(1-G*(U6-VTY) 1940 DATA

530 LET D1sS#SsD3+GaK0A*UR 290@ END

UNCLASSIFIED
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Input instructions can be made through statements 1020 through 1040 as follows:

Statement 1020: Enter solid material parameters "~r room temperature; Py

(initial density in g/cm ), C, (bulk sound speed in mm/usec), S (slope of U U, - Up

line), and 7, (zero stress Gruneh,en parameter).

Statement 1030: Enter the parameters; Q% {see Equations 13 and 14 of text),

El (minimum energy to be considered in ergs/g), E_ (incipient melt energy in

. m™m
ergs/g), N1 (number of orders of magnitude over which energy variation is to be

considered), and N2 (number of calculations in each order of magnitude).

Statement 1040: Enter porous material paremeters at room temperature; p

(initial density in g/cm ) P (precursor amplitude in kbar), Usl (precursor wave

velocity in mm/usec), and ao (parameter in Equations 13 and 14 of text in kbar_l).

_ The printed output of the program includes most of the input parameters and
calculated values for generated pressure (P), o (ALPHA), and the effective
Griineisen parameter (GAMMA(EFF)) for the specified values of energy (E). A

sample calculation follows:

. RIS (/N\(].ASSIFIED




108G IATE
1623¢C I'ata
10640 TATA

RN

TILCEFF

UNLEES SPICIFIED,

FROCG)
8493

THOCE)
6el!3

CCETAY)
De9

CGS TWNI
F
1.000080
1.348G6
1.77428
2.398E3
3.16228
Le.26570Q
S.62341
78577
1.00C00
134896
1.77828
20239¢83
3e.162282
Le26579
562341
TeSESTT
9.99696
1.34829¢€
1477628
2.39883
3.16227
L 42€579
S5.62341
7.58577

HeClsN1al’CP5 101, 149F
e Dl eFS, a7l iy, 3,8

ColilslelfyleQR, 450

IWITS ARE G/CCo

2T-NOV-T0

SOLIT MATFRIAL FATAVFTERS

ce «

L0222 1o 28
PCICUE MATEFIAL PATAMETERS

P1CO) BEC1)

1.3% 1.02

K1 ue

-39.6147 49.8615

Te

¥ ALTHA
E+8 Q.BGTEL F+8 138724
4+ J38090GR T+8H 13RO
F+8 Se156F7 F+8 13862
E+8& €eITUGE T4+E 163850
F+ 8 Se17054 F48 1.3843¢
F+8 123943 E+9 1.38279
E+8 134857 E+9 1.3807 %G
E+8 126699 E+9 1.3772¢6
E+© 1.38259 E+9 1.27313
E+9 138993 E+¢ 1.3C¢711
E+9 137187 F+&  1.359¢6
E+9 1.28¢007 E+9 le482885
F+0Q 1eRA26C F+9 133457
E+9 34859036 F+¥ 1312355
E+92 SA3GE0ED 1.282733
E+9 N3229183 1.24821
E+G L0666 L E+T 1.10606¢
F+i( 42021180 1.11596
L+10 135538 T+E e33R
F+10  1.073248 E+11 1
E+188 Z2.4@0672 E+11 1
F+i0  £,340119 E+11 1
E+1R  6.71740 E+11 1
E+10 1.001521 E+i2 1

TIME: ©2.03 SECES.

FEALY

{2
—
rz
premnd
=
-,

MM/ZUSEC, OF VLAY (OF 1/7V7 A7)

FAMMACE) FCIK)=ETRE/C
1.906 V7P 12T Yat ol - 1
ALFHACM) XD

1.38RE P50
GAVMA(FFF)

7o BLRAERD
e iISCTEC
NG LIBEQOG
Gol51166
Me 45145

Pel51869
0e372%¢

G DROCEE
re215G22
21602482
f.11906087

829897 E-2
512753 E-2
140703 F=2
1e6LEFE F=21
EeRLT6 F=0
€ 26228 F=u
S«3G575 F=2
116836 F=2
Ce695961
1.18511
18827
1.85776
2.0813%
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