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Preface

This report contains the results of my efforts to develop'and de-
seribe a relatively fast and reasonably accurate computer code designed
to simulate time-dependent, high=-pressure shock propagation through

a gas or solid. The most important result of my work is the one-dimen=

* sional hydrodynamic computer code HUFF that I developed. I have tried

to present a compléte description of the derivation of the model, the
assumptions made, and the steps necessary to define and solve problems
using the code here at AFIT, I made an extensive effort to provide a
simple and flexible program so that HUFF could be used in whole or in
part in solving related problems in the future,

There are many people to whom I am indebted and would like to
thank. First, I would like to thank Captain Clirence Anderson for pro=
viding me with ﬁumerous references and extensive background to begin
my work, I would also like to:thank my advisor, Major George H. Nickel,
for his help, guidance, and encouragement, during the research period;
Last, but most important, I would like to thank my wife Marthae for her

patience, ;ove, and understanding throughout the period of this work,

David J, Peters
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épstract

HUFF ias a one-dimenzional Lagrangian hydrodynamics computer code
daveloped from the basic principles of mass, momentum, and enwvrgy con-
sarvation for strsng shock piopagatibn in a solid or gas. Two equa-
tions of state are uscd - the adiabatic ideal gas law with a varlable
gamma and the Gruneisen solid equation of atate with a constant
Gruneisen ratio, Tha Richtmyer and Myrton difference equations for
strong shocks are used on a spatial mesa composed of up to 100 cells,
Regults for two problems are prauented which show tho usefulness and
limitations of the code and also serve as sample problems, The results

of a one kiloton nuclear explosion are compared to the Nuclear Blast

standard (1KT). The results were within 13 percert for shock over-

pressure and overdensity, 5 percent for shock material velocity, and

2 percent for shock pogition over a range of 20 meters to 2 kilometers
from the burst point. The larger deviatigns occurred at early times
being attributed to.an absence of radiation transport calculations in
the code. The second problem, a megabar compression of uranium, shows
agreement within two percent for all parameters (peak shock pressure,
density, material velocity and shock veloclty) when compared with the
Rankine-Hugsniot compression curves. The egquation of state for a solid
was limited to calculations below 100 megabars due to its asimplicity
and constant value for the Gruneieen ratio. A complete users guiée

and program listing are also provided.

viii

B3N

_ PR

o ogpnr e o




HUFF, A ONE~-DIMENSIONAL
HYDRODYNAMICS CODE FOR

S8TRONG SHOCKS

I. ZIntroduction

one of the primary effects of low altitude nuclear weapon deto-
nations is the development and propagation of strong shock waves,

Large computer codes have been aeveloped to accurately describe the
development and propagation of shock waves in air and in solids (Ref
10:1) . ‘These corputer codns generally require large computer storage
and long computation times,

In 1975, Clavrence L, Anderson developed a computer program based
on conservation of mass, momentum, and energy to calculate hydrodynamic
shock propagation in solids and in air. Qnderson's program used a
course sgpatial mesh (100 cells) with a rezoning capability and some
simplifying assumptions to develop a less accurate but more simple
operating code (Ref 1l:1). The results of Anderson's work was encouraging
and lead ﬁo the develcpment of HUFF,

The primary purpose of this thesia was to develop a simple, stable
aphool use hydrodynamic computer code based on conservetion principles
and including appropriate simplifying approximaticns providiag reascn-
ably accurate results with relatively short computational time require-
ments,

This report presents the conuervaﬁion pzinciples on which the rom-

puter code is based and the application of these principles to the
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computer, Davelopment of the computer vode is discussed and the appli-
cable derivations are presented. Hydrodynamic shock propagation in
air and in solide is developed and sample probloms are presented,

The development of the hydrodynamic shock code is presented in
Chapter II. Chapter III discusues the initial conditions and boundary
conditions applicable to the HUFF program and their coupling with the
HYDRO subroutine, Chapter IV discusses the results of two sample

problams and Chapter V contains tha conclusions of this study.
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II. Hydrodynamic Shock Propagation

Thig chapter presents the basic differential equations that govern
the propagation of strong shocks in both gases and solids. Various
simplifying assumptions aréAmgde to reduce the equations to a one~dimen-
sional form. The Lagrangian coordinate system and subscript notation
ueed in HUFF are presented followed by tha finite difference scheﬁe
used to approrimate the governing equations, >The stability conditions

that cunstrain the size of the time step und the variable gamma modifi-

cations co. ' ite the chapter.

Basic Governing Equations
The basic equations governing strong shock propagation are derived
from the physical laws requiring that mass, momentum, and total energy

be conserved, For propagation of strong shocks in’solids the hydro-

static pressures are very iarge and the solid can be treated as a fluid,

Thus the differential equations expressing mass, momentum, and total

energy conservation apply equally to both gases and solids (Ref 5:7).

The equations are:

%E— + ([@Vip + pVeld = 0 ' (1)
%‘% + @+ %VP =0 (2)
%% + (RVE + -‘1)-‘7-(1'3) -0 (3)

.
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where P is density, 4 s vélocity, t is time, P is'éreasure
and E is energy.

" The gquation of state for the solid or gas is ﬁéed to couple the
differential equations and provide a means of ablution. The equation

of state expressed in its most general form is (Ref B:294):

. 2
I=¢£f(p,V}) =E-~- 3 : (4)
where I is internal energy and
N A
Ve = 5
5 . (5)

Assumptions and Resulting Equations

Simplifying‘assumptions are necessary to reduce the multi-dimen—
sional equations describing shock propagation to the less general one-
dimensiocnal equations solved in HUFF. The assumptions are as follows:

1. The local fluid vélocity is directed Along and dependé

‘on the Eulerian one-dimensionﬁl coordinate.

2. Adiabatic conditions exist throughout the problem.

3. An artificial positive viscosity, & , can be introduced

to spread out the density and pressure discontinuities
that develop at tha shock front due to the adiabatic assump-
tion.

4, The problem is aséumed to ocour in free space with no

‘gravity dependence.

The differential equations in one-dimensional form for conservation

|
}
i
i
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- of mass, momentum, and energy are:

] p du , (L ~1u » ¢
§E+uax+p§_£+_____x )

3u . du . 1 3p
e T ow - ° Q)

3, I 1am, (L-LPu
+ u + S 5% + " 0 (8)

where L is the geometry factor (L = 1 for rectangular, L = 2 for

cylindrical, and L = 3 for spherical).

Langrangian Coordinate System

The spatial mesh used in HUFF is constrained to congerve mass be-
tween the mesh points, fhe volume between two mesh points is defined
to be a cell. Depending on the geometry, the mesh points gefine cell
boundaries that are either infinite planes, infinite concentric ~ylin-
ders, oflconcentric spheres. Each cell contains a fixed mass for all
time -~ except during rezoning in the blast problem where cells are re-
défined by removing every other intermediate cell bouhdary. Requiring
a cell to contain a fixed mass defines vhat is called a lLagrangian
mesh, The position of the cell boundaries are followed in time and no
fluid moves through the cell boundaries (Ref 5:82).

In a Lagrangian coordinate system the mass of each cell remains

fixed. as time progresses, the cell boundary position changes. The

‘density of a cell at time, t , is given by

LT
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-1
oy (%) (9)

P = o) (20 G

where x, and p, axe the original'_position and denzjty respectively.

The velocity of a cell boundary is given by

ox
ue s : (10)

The Lagrangian 'equations for one-dimensional shock propagation

expressing conservation of mass, momentum, and energy are

) o
_§g+9__ Ju +(L-J.)Pu -

at " p, on X (11)
du OP ,x L-1
PoRE *+ 5 &2 = O (12)
.0 7o
aI PV _ '
et 5 (13)

Lagralegia.n Mesh

The Lagrangian mesh material and cell boundary properties are de-

picted on Figure 1, The cell boundary positions and velocities begin

" with x; and u; at the left wall of the mesh., The maturial prop-

erties are cell centered values with Py Pif. . and Q‘_- located

= e e e
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| 1 l 2 | | | 3 ' I+l

n X2 X3 _ pPopition xj‘ v | §5+1 xj+2
_ ui u2 U, ~ Velocity uy A U441 U2
Py Py . Density Py Pj+1
?1 2 | Pressure - Py Pyl
Q Qs Viscosity 25 ' Q49

Figure 1. Labeling Scheme for Lagrangian Cells
and Materials Prcperties

between the cell boundaries at Xj and Xj,j. Program HUFF is dimen-

sioned to contain a grid of 101l values (100 cells). Xy ocan be the left

wall or center of a rectangular geometry problem while it usually rep-

resents the center of a spherical or cylindrical geometry.

Finite Difference Scheme

ihe choice of a properly centered finite difference scheme is orit-
ical in developing a stable code to propagate the shock. The finite
difference scheme must approximate tha solution in a way that strictly
conserves mask, mpmentum, and total energy. Any difference acheme |
that i3 properly centered in hoth time and space can be expressed in a

conservative form (Ref 9:283), Inadvertant changes in the matorial

" conditions or any cell in the mesh can lead to p;ppagaﬁion of unwanted

extraneous waves through the meeh,

L L~ SRR
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- where I is internal energy, Q is artificial viscésity,, and a is

The difference equations used in HUFF are those developed by

Richtmyer and Morton., The equations are

’_‘:l__a__'...’i:L_ - uy™l (14)
t

‘nel n n _ n n_g, .ny n -1
bl B e N . S ) CE
v At p Ax \(XQ)j

vjn+1 - 1 (x?i)L - (1;+1)L
o{(x )j+l} - {(x )y e

{16)

Pn+l

Ixj:+1 _ f(P‘j‘“' v?-q.l) : : (18)

2a? Wtk - u;n-l)" |

o o 12 il - hae (9

the approx_i'mato'number‘ot- cells over which the lhock d;ﬁomtihuity is
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[ ' spread (Ref 8:318).
| " Internal energy is eliminated from the equations by coupling Eq
(17) and Eq (18). Equation (18) is the equation of state for the mat~
_ erial in the problem. The ideal gas equation of state is used for air
and the Gruneisen equation of'stéte for solids,
Gas., The finite difference form of the ideal gas equations of

state is (Ref 5:3)

n+l n+l n+l - (20)
Pj = (Y - 1) pj Ij

Combining Eq (17) and (20) to eliminate internal energy. gives

n+l | . n+l n+l n+l n
= - - - - 21
S gl Bl - of - vh ] 2 Uy °% @
( | : | s(v‘j"l) + (5 -
where Y is gamma and
S=—2 , (22)"

(y - 1)

A complete derivation of Eq (21) is contained in Appendix D.
Solid, The finite difference form of the Gruneisen equation of

state is (Ref 5:3)

n+l n+l pntl | .+l _ 0 40l
Pj (Pﬂ)i A A [Ij (xa)j ] (23)

0 ‘ ‘ | 2, vn+1

a’ (v
(pﬂ)g*l °-

(24)

[Vo ~ 5tV - v"‘“l))2

[P P PSP

'
T e e R~ —————. T 3
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(™ - (25)
: FT
] 2 | v, - sty - vg )
¢ w atl) (26)

where Yg is the Gruneisen constant and ¢ is the normal density speed
of sound in the material.

Combining Eq (17) and (23) to eliminate internal energy gives

. ™

-

n I n +1 n n+l u

. 2vg+l . Y;(V§+1 _ v?)

n+l n+l n _ n+l n+l _ .0
R A P AU R
+ '
2v’j‘+1 + Ys(v;+1 - vg) (z7)

A comélete deribation of Eq (27) is contained in Appendix D,
The difference equations presented above are solved explicitly in

HUFF's Subroutine HYDRO. The solution is examined in more detail in
Appendix A, |

Stability conditions

Constraints must be placed on the size of the time step, A4t , to

10
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ensure sufficient continuity is maintained in tha solution of material
properties in the mesh, If the time step is too large, local instabil-
ities will develop overwhelming the solution,

The Lagrangian qtabil;ty conditipn provided by Richtmyer and
Morton (Ref 8:298) .is used to specify the time step in HUFF, The equa-

tion is

C. At s
A - ) (23)

n n
X341 = Xy

where CA is the local adiabatic sound speed (Ref 5:6). The expression

for a gas is

an 1/2
c; * jn " (29)
€y
and for a solid is
2 n, 2 2. 2 /2
V(v %s + 1) - ¢V "vgs
T ewig o
[?o =8V - v?)]
s = Yg+1l , | } . (31)
; .

11
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{ A complete derivation of EqQ (29) and (30) is contained in Appendix D,
An additional stability condition is included in HUFF to ensure the i
cell boundary positions do not overlap. This condition is
n n _
(g = U At < 5(X341 X)) A (32)
| B . . o ? :
. _ This condition becomes a contributing factor when converging cell boundary

velocities become very high and'density valués in the cell have not had

time to respond.

The time step is calculated at the beginning of subroutine HYDRO
foi: all the cells in the mesh.  The smallest time step value is used for

: § all mesh point calculations during the same iteration. The next iter-

( ation begins by computing a new time step,

Variable Gamma Approximation

The actual value for gamma in the gas equation of state is not a

U

constant for real gases. The value ranges from 1.4 under normal atmo-

spheric conditions in air to a value as low as 1.1 under‘high internal

energy conditions, A variable gamma is used in HUFF to calcﬁlate the i

ﬁime step and the new pressures in a gas.
A "semi-physical fit" for gamma as a function of internal energy
‘é ' for aix was developed by L. R. Doan and G. H. Nickel (Ref 2:5). A |
'f rough fit to this function was Qevaioped fo; use in HUPFF calculations,
; The ‘HUFF rough fiﬁ gamma function with I expressed in thé units 1010 : 5

ergs/gm is

%
(ﬁ; for 1 ik 1315

(Y~1) = 3981 (33)

12
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for .1315 S151.0

(y = 1) = -.0399(I - .1315)2 + .3981 (34)

for I 2 1.0

624

- = 16
ty-1 16+ (2 + 1)

(35)

A density correction is included for values of T 21,0 and is given by

(Y - 1) = (v = e/ %™ (36)

where

alI) = ,0577{10G(1)} - .0218{Loc(1)}? + .0035{10G(1)}3 +

.ooo'z{noc(x)}4 (37)

Figure 2 compares the HUFF fit to the Doan and Nickel equation of state

for camma in air,

13
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III. Problem Definition and Solution

Program HUFF was developed to be usied with 2 wide variety of one-
dimensional problems. Each task accomplished by the computer code is
contained in modular units called subroutines. All real or integer
values commo® 'mong subroutines are passed through thq'subroutine argu-
ment list, .This type of programming concept is called modular pro-
gramming (Ref 11) .

Program HUFF is designed to solve any one-dimensional single ma- -
terial problem involving hydrodynamic shock propagation in a solid ox
in air, A spherical blast problem in air and a solid compression problem
are included with the program to demonstrate HUFF's capabilities., The
spherical blast problem will be discussed first followed by the solid
compression problem. A discussion of the flexibility of using HUFF in

solving additional hydrodynamic problems is presented last.

Spherical Blast in Air

The spherical blast problem is defined by subroutine BLAST. The
initial conditions are based on the Zfollowing:
1, A large fraction of the yield is absorbed by the air as
interr.al anexrgy.
2., All the absorbed energy is deposited before the air has
a chance to respond.
3, The time required to depouite the blast energy is defined
-a# the time to hydroseparation (ref 4:65),
4. The asbsorbed blast energy is deposited as internal energy

(’X in an isotheyxmal sphere with a radius equal to the fireball

1%
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g Table I

Average Atmoshperic Parameterxs for
Mid-Latitudes (Ref 4:104)

Altitude Scaling Factors Altitude Scaliny Factors
feot) sr 5D ST (feet) sp §D 8T
0o 1,00 1,00 1.00 15,000 0.5 -1.,21 1l.28
1,000 0.96 1,01 1,02 20,000 0,46 1.30 1.39
2,000 0.7 1,03 1l.02 25,000 0.37 1.3% 1.53
3,000 0.90 1.04 1,05 30,000 0.30 1.50 l1.68
4,000 0.86 1,05 1,07 35,000 0.24 1.62 1.86
5,000 0.83 1,06 1.08 40,000 0.19 1.78 2.02
10,000 0.69 1,13 1.17

radius at hydroseparation (Ref 4,65).

Subroutine BLAST contains thoe proper input values for a one kiloten

= T

sea level explosion. The subrOutﬁhe scales the programmed values cal-
culating the proper initial conditions fak a variety of blast prcoblems,

The yield of the explosive and the altitude parameters provided in Table

1 are input by the usar to define the type of blast problem. The param=

eters are defined as !

SP = -:-o- (38) .-
) o 8D = (.:2)1/ 3 (39)
16
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ST = (5;0) 1/3 Z0) 1/2 (40)

e e——

where P, &nd T, are normal sea level atmosphere pressure and tem- ; i
H perature and P and T are the pressure and temperature at altitude, }
These parameters (SP, SD, and ST) are used only to define the proper
initial conditions for a variety of altitude and yield problems and

are not uged after tiie hydrodynamic calculations begin.

Compression of a Solid

!

i

_ : {

The compression prublem is defined by subroutine SQUEEZE. An ' }

: ' |

.initial constant pressure is applied in the outside cell of the mesh,

The compression problem will compress the solid in any of the

three problem geometries (rectangular, cylindrical, spherical)., The {
|

\ ; example problem presented in Chapter IV uses rectangular gecmetry.

) The Gruneisen equation of state used in program HUFF limits the

amount of overpressure that can be applied to the solid. The maximum

density that can be achieved is less than

Eoelats (a1) - %

At this dengity, subroutine HYDRO will calculate an infinite value for

i pressure,

‘Defining Other Problems
Many additional problems can be definead and solved by program HUFF

by dafining the initial and boundary conditiona in a problem defining

(73 subroutine similar to BLAST or SQUERZE, A general understanding of a

few basic concepts used in program HUFF will be helpful whe: defining

17
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a new problem,

The HUFF program flow pattern is depicted in Figure 3. The program
begins by calling subroutine FLAGS to establish the "sign posts® that
identify the route the érogram will follow in sélving the problem. The

main program then transfers cémplete control of the problem solution to

subroutine CONTROL,

Subroutine CONTROL directs the routing of the program during the
solution process, The "problem defining subroutine" is called before

beginning the solution to establish the initial conditions of the problem.

All the remaining task oriented subroutines are called at the proper

times duiing the solution as the program cycles through_each time step.
Subroutine HYDRO calculates all the new material propertiés of the
mesh for one time step each time it is célled by subroutine CON?RDL.
The only exception is the two exterior boundary velocities (v and Yy47) .
If the boundary velocities are constant throughout the problem solution,
no additional adjustments to the HYDRO calculations are required, If
thé boundary velocities change during the problem, un additional entry
from subroutine HYDRO to the "problem defining subroutine” will be
necessary to calculate the outer boundary velocities. This call must
be accomplished after subroutine HYDRO calculates the time step and
before the new cell positions are computed,
The information providsd above should be sufficient to allow ; pro-
qrammer'to use HUFF to solve a variety of additional problems beyond

those provided in the original program., All of the task oriented sub-

_routinus contained in HUFF are well-documsnted to aid the user if

further modifications are required.

e -
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HUFF r
| | |
b FLAGS !
i

' CONTROL ' , :
( srop ) .
e IF BLAST PROBLEM—-—q BLAST '
f bemee IF - SQUEEZE PROBLEM ——| SQUEEZE Y
: cory |- PLOTSM
HYDRO 5 l
¥ i
L !
P .
i IF BLAST PROBLEM —— EXPAND
T ' H
i .
i IF CYCLE . i
; LIMIT NOT ‘| IF SQUEEZE PROBLEM=— CRUSH j <
REACHED Lo ]
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OF TABLE 1 copy i 4
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REZONE ‘ ' |

( 3T0P >

' Figure 3., Program HUFF Flow Diagram
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IV. Results and Digcussion

This chapter, aiong with Appendices B and C, presents and discuéses
the results for two sample problems. The first problem discussed is a
one~kiloton nuclear burst in infinite sea level alr. The second problem
is the one-dimensional compression of uranium both_invréctahgdlar and
spherical géometries. The results of these problems demons£rate_the
usefulness and limitations of HUFF as aﬁ effeétive first ordexr hydro-

dynamic computer code,

1 KT Explosion

The one-kiloton nuclear explosion in infinite sea level air was

. chosen as a sample problem because of the availability of other results

to check those of HUFF., The time used in the initial conditions was
+0368 milliseconds corresponding to the time of ﬁydroseparation (rRef 4:
65, 103). The radius of the isothermal sphere at hydroseparation ié
450 cm. An input overpressure of 1.5 x 1010 dynes/cm2 was used to rep-
resent the total energy deposited in the'isothermal bubble by tﬁe time

‘of'hydroseparation. The input pressure correéponds to the total energy

" ‘deposited in the air by the time of hydroseparation (Ref 4:64). The

time calculated by HUFF is the time after the nuclear blast detonation.
The results frxom HUFF were compared with those from the Nuclear

Blast Standard (1KT) (Ref 7) and BEERAY (Ref 1:36). The results com-

pared quite well with the standard showing a éignifibant improvement
over the resuité of BEERAY,
HUFF was compared with the 1KT standard for all the times pub-

lished in the standard over the time range of three millisecond to two

20
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seconds ﬁfter detonation. HUFF's accuracy.deteriorated after two
seconds due to its fallure in simulating weak shock propagation at
great distances, The rangeAduringvthe first two seconds is from 27
meters to 2.6 kilometers. ‘ o

The phock position calculated by HUFF is within three meters of
the standard throughout . the range from 27 meters to beyond one kilo-
meter, At disthncea béyond one kilometer to'over'three kiiometers,
it agrees with the standard within two percent. Almost all of this un-
certainty can be attributed to the relatiyely larxge cells of the mesh
(.5 metg;s pér cell at 27 meters and 8 meters per cell at one kilometer),

The maximum shock;preéaure agrees generally within seven percent

. of the standurd with a waximum error of 13 percent occurring around 50

milliseconds, The pressure is generally higher at early times then the
standard and lower than the standard at late times. HUFF's deviation
from the standard could be the.reéult of neglecting to compensate for
the energy lost and gained in the air by radiation g;om the fireball
and the early shock., A significant percentage of the total‘weaﬁon

yield is carried away by radiation and deposited ahead of the shock.

' This energy is absorbed by the air changing the normal conditions

asBumed by HUFF, Both pressure and density are sensitive to this

additional enargy tzaaner.

fhé maximum shock density,agxées.generally within five percent of
the standard., The largest deviation was 12 percent occurring around 50
milliseconds cofresponding to the high pressure present at tﬁis time.
Much of this additional enezrgy represented by a high pr;:lu:o and;déh-
ity would be converted to rediation energy and transmitted shead of thq

shock due to the high tenperatures present. HUFF does not contain a
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thermal radiation code to handle this condition properly. At later

times, pressure and d&nsity both return to closer agreement with the

standard and fall below the standard at great distances. This agrces

with what would be expucted from a code néglecting rédiation transport.
The maximum material velocity at the shock agrees within six pex-

cent of thé_standard through?gtithe strong shock qupagation phase,

Thig covers a range from 27 meters to over two kilometers. The material

velocity remains slightiy above the standard throughout the problem.

In general, HUFF. agrees with the Nuclear Blast Standard peak values

within 10 percent with few exceptions, This is a remarkable correlation

considering the small sgpatial mesh used (nine cells initially and 50-
100 cells at lat;r times) and the absence of a subroutine to handle
thermal radiation, Tables II and III give a comparison of HIFF's re-
sults for three milliseconds and one second respectively,

hUFF has also maintained the efficiency of BEERAY even though addi-

tional steps were added to improve HUFF's accuracy. The addition of a

varlable gamma in the egquation of state for air significantly increased

the computational time required to compute each tine step (cyclé).

This additional computational time per cycle was offéet'by the incorpor-
ation of a "hydromatic" time step control which reduced the number of
cyclés required to reach two seconds from 9000 iterations in BEERAY to

2620 in HUEF. Eiéure 4 through 6 further display HUFF's performance.

Compression of Uranium

The'rectangular geometry compreéaion problem was selected to test

the equation 6: state and the solution process used in HUPF iﬁ solving

problems mirolvinq solids, The material selected for the prqblfe@

22

i e St el ot m et N e ) 5

A =

- a e K et~

bt m et e © e+ A e s Bt e a s e ee e et




o

( . Table II-

Comparison of the Results of HUFF with
the one Kiloton Standard

Time = 3.00x10°> gec (471 Time Iterations for HUFF)

.1KT Standard HUFF , $Difference
shock Position (cm) 2.9x103 2.7x103 -7
Shock Gverpressure : _
(dynes/cm2) 1.45x108 1.52x108 6
Shock Overdensity
(gm/cn3) 7.50x10"3 7.44x10™3 -1

- Shock Material Velocity
(cm/sec) 3.45x10° 3,38x10° -2
(Ref 7:22-26)
(
Table III

Comparison of the Results ¢f HUFF with
the One Kiloton Standard

Time = 1,000 sec (2340 Time Iterations for HUFF)

1KT Standard HUFF" aDifference

Shock Position (cm) - 5.04x10% 5.05x104 0
Shock Overpressure , 4 .
' (aynes/cm?) 4 2.3x10% 2.2x10% - -4
Shock Overdensity ‘ ‘

(gm/cm3) : _ 2.0x10™4 1.94x10"4 -3
Shock Material Velocity . g : ‘ .
{cm/sec) 5.09x10 5.04x10° -1

23
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Figure 4. Comparison of HUFF's Ground Range vs Time
with the 1KT Standard

24

LS b e e e



20—
3
]
15 =
{ &
8
-
)
‘> 10— HUFF
!
o 1KT Standard
o .
=)
m.
7]
0
v
&
5-'1
1 b b { #
0_ 100 200 300 400 500
' Distance (meters) '
0 Figure 5. COmparison' of HUFF's Overpressure va Radius
with the 1KT Standard

25




T T AR 2 g

e ST

TP TR e o)

Time (seconds)

Figure 6, Comparison of HUPF's Time v8, Iterations
with BEERAY in the Blast Problem (total ex-
ecution time for both HUFF and BEERAY
are about equal due to the additional time
per iteration required by HUFF to include
the variable gamma computations)
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was uranium with three percént molyldenum by weight for which well doc-
umented data is available on the Rankine-Hugoniot parametexrs (Ref 6
534), This same material was used in BEERAY providing an additional
comparison for HUFF's results, |

appendix C contains the input data and some of HU#F'S plotted re-
sults for this prublem. Figure 7 shows the peak shock pressure vs,
time and Flgure R shows the peak density vs. time. A constant pressure
of one megabar was applied to the outer cell of the mesh propagating a
shock inward, Figure 9 shows a plot of position vs, time for the shock.

Table IV contains the vesults of HUFF compared to the Rankine-
Q@ :

Hugoniot parameters and BEERAY's results. The values given for HUFF

are an average of 15 data points taken from a time range from 2 x 106
to 2 x 1073 seconds, This corresponds to a shock poéition range from
9 to 1.57cm respectively in the 1U cm initial radius sphere of uranium.

The shock pressure at the shock frout is slightly higher than the
pressure behind the shock. This results in a slightly higher density
and material velocity at the shock front., A two percent increase in
preasurq'at this point on the Hugoniot cuxzves corresponds to a density
incncase of abouﬁ one percent due to the slope of fhe curve at this
point - (Ref 2:87).,

Appendix H contains the plotted results for the HUFF compreasion
probiem'in a spherical geometry, In this geometry, the parameters

change as the shock travels toward the center of the sphere. ‘Cdmparing

the density and velocities at the point in the sphere where the preésure'

is one megabar gives similar results to that observed in the rectangular

geometry,
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Table 1V

Conmparison of HUFF's Compression of Uranium
with the Rankine-Hugoniot Parameters
and BEERAY's Results

Time = 1x10™2 sec (425 Time Iterations for HUFF)

BEERAY Standard HUFF speviation
Shock Pressure . ,
(megabars) 10.06 1 1.02%0.01 2
Shock Velocity
(105cm/sec) ~4,42 -4.44 -4.44%0,37 0
Shock Density .
(gm/cm3) 25.5%0.3  25.465 25.73%0.03 1
. Particle Velooity +
(10°%en/sec) -1.24%0.021 -1.22 -1.26%0.01 3

(Ref 1:39)
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V. Conclusions and Recommendat.ions

HUFF is a simple, aéable hydrodynamic computer code based on con-
servation principles. The computational time is relatively short pEO-
viding results thati are reasonably accurate. The conclusions drawn
from the results presented in Chapter IV will be listed first‘fbllowed

by the recommendations.,

Conclusicng
The conclusions based or the results of the two sample problems are:
1. HUFF is a relatively fast computer code because the spatial

mesh is limited to 100 cells, the equations of state are |
simple, and a variable time step control is employed to
optimize the time step, ‘In the blast problem rezoniﬁg the
mesh at later times results in a significant reduction in_
the computation time when propagating the shock to great
distances.

2. HUFF provides reasonably accurate results when propagating
strong shocks, The results are within‘l3 percent for pressure
anﬁ density, 5 percent for material valoc%ty, and 2 percent
for shock position in the blast problem and within 2 per-
cent for all'parameters {positicn, density,.velocitiea) in
the compression problam.

3., HUFF is a simple code due to the technigues ofinodular pro-
gramming used in its development and the reauction of input
data required to operate the sample proqr?mS.

4. HUPP is a flexible code capable of solving streng shock
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( propagation within larger codes or solving additional problems
with minimum alteration of the existing code. This capability

is a result of the task oriented independent subroutines used

e = e S~ |

-

Nt v col st LI T

in HUFF.

Recommendations

The following recommendations present the author's view concerning

possible extensions to HUFF that may improve its accuracy and provide
an even better code,

1, Develop additi&nal subroutines to handle the radiation trans-
port problem for early times after a nuclear detonation and
couple these subroutines with the blagg expanslon problem,

2, Develop additional subroutines to handle the neutronics in-

"volved in exploding the compressed uranium and couple these
subroutines wiﬁh the compression problem in HUFF, Aan addi-
tional equation of state may be necessary to handle the ex-
tremely high resulting temperatures and pressures,

3. Combine the first two recommendation§ by coubling the energy
-output from the explosion to the expansionrrroblem providing
a complete computer code that calculates the entire explosion

sequence,
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AEEendix A

The HUFF Code

This appendix describes the HUFF computer code written in the CDC
FORTRAN Extended 4.4 language, The first section discusses in general
the program flow and defines the specific task of each subroutine, The
:inal section defines the primary program variables, A éomplete listing

of program HUFF is contained in Appendix E,

Program Flow

The HUFF coCe contaias seven subroutines and two function aubprogram;.
Each subroutine performs a specific task in solving the assigned problem.
All variables common among subroutines are passed through the appropriate’
argusent lists,

Main Program. The main program is very short. 1Its basic purpose
is to ldentify the input, output, and local £iles used by HUFF throughout
the ;togrém. The main program'calls subroutine FLAGS and then transfers
control cf the program to subroutine CONTROL.

Gubyoutine FLAGS., Subroutine FLAGR reads two input data records

that define the physical operation of the program. These "flags" are

used during the program to identify the program flow sequence,

Subroutine CONTROL, Subroutine CONTROL controls the program execu-
tion, all the primary task oriented programs are called in the proper
sequence by upbroutine CONTROL,

Subroutine BLAST, BSubroutine BLAST ias the “problem dsfining sub~

routine" for the blast problem., This subroutine has two entry points,

A call to BLAST will set the initial conditions of the problem, A call
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{ to EXPAND will enter subroutine BLAST and calculate additignal param- o f

r eters for output from the program, | | % ?1
Subroutine SQUEEZE. Subroutine SQUEEZE is“_iv:he "'prqblemAdek.f,'_ini‘r,\g‘ o ,
p subroutine" for the compressioﬂ problep.. Thig subroutine aiéo has ;Qo ' o 3 ;

entry points. A call to SQUEEZE sets the initial éondit}ons while a é ]

; call to CRUSH enters later in the subroutine ax;‘d q"g;c‘u;gtes the same ‘

| parameters computed by'EprND in th;'blagt‘é;oblem.A ; E '
Subroutine HYDRO. Subroutine HYDRO is the'hegrﬁ of HUFF.. Ail the | !

% hydrodynamic shock propggaéibn calculationﬁf&ré'acqgmplighéd by this ‘ i 1

subroutine, The subroutine begins by calculating a propef time step

based on the current material properties, HYDRo;then‘ﬁéléulates the new

g
WA e e e T e R Ao

material propertieé advancing the mesh through one time step. The sub-

ol
A .

routine contains an additicrial time step control to ogtimihe.tha COnN

o ki A

e et 1,04 S

.} 2 puted time step. This additional "hydromatic" control varies the come . : !

puted time step forcing the primary shock to crogé a cell boundary each ;

P P om0

' 5-10 cycles through -subroutine HYDRO, : . - q

Sﬁbroutine REZONE, Subroutine REZéHE exteﬁds-ﬁﬁe’didtance the o ' !

n e e

rl! : expanding blast shock can be followed by reioning the nesh each time the
| shock reaches cell w4, This subroutine carefullyxcogﬁervee the material : 3 !
instabilities present before rezone sc thuy match those present after re-
3 : A zone, This cnables the rezoned shock to continue its_ﬁrOpagation with
minimum interruption. ' ‘ | - o E | . !
Function EIA, ?u@ction EIA deferﬁines the propér internal anefgy A |
corresponding to a given pressurs and dansity.' This Bubroutine is nec-
- . ecsary since gamma is a fuiction of internal eergy mai,ini:emal energy . . S

O is not directly computed and maintained by aub:_:ougih&yf‘qugo. B_;JI;roittine
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{ HYDRO and subroutins REZONE both use function EIA,

Function VGAMMA, Function VGAMMA containg the HUFF rough fit for

the variable gamma function used in the equation of state for air. C |
' This functicn determines gamma based on a given internal energy and
density, Function VGAMMA is used in both subroutines HYDRO and REZONE,

Subroutine COPY. B8ubroutine COPY handles the recording of results

S R e

for the program. A complete listing of all the program arrays are L : [
printed on a local file called files for each result time requeésted by
the user. A rough plot of thelrequested results is also made with
approprigte calls to PLOTSM, |

Subroutine PLOTSM. The last subroutine contained in HUFF is sub-

routine PLOTSM, This subroutine provides a rough plot of the program ’ ‘
arrays on the output file. A rough plot of all the requested results : )

'fox aid in analysis of ‘the output is provided.

Obtaining Formal Output. When the program execution is complete,

- . - the requested results are contained on two local files. A file named ' |

files contains the requesied information. A file named Review contains s

swmary information. The information can be read from these files and

minipulated into any desired form. An additional program called Results

e e G 1

' is listed in Appendix E that will read the data contained on the local

files and raéueat the appropriate formal plots. '

Main Program Variables

Thie section contains a listing of all the program variables uged
"in HUFF, Many of the acronyms suggsst their specific use in the program,
Unlass pt:ﬁc:win'd' indicated, all program variables are in the éxum—ogntin '

(:} meter-second system of unitl; The program variables are;
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CA:

CK(1) /CYCLE/ICYCLE

cx(z)/szzzi

- CKR(3)/DT:

CK(4)/POS

CK(5) /OP:
CK(6) /0D:
CKR(7) /VMAX:

D(I):

-DMAX :

DTJ:
DX.

EI/ElE:

EKJ1/EKJ2/EKI1;
" ELg

ETJ1/ETI2/ETIL;

FLAG(2)/1F2:

/PLAG(3) /IF3:

FIAG(4):

© GEMMA:

GM1/GMONE ;

Temporary storage variable.

Adiabatic sound speed in a solid.

'I‘he square of the number of cells over
%c the shock discontinuity is spread

Counters for the number of cycles through
subroutine HYDRO.

Kdeps track of total real time (sec)
during the solution.

. The time step value (sec).

Sheck position,

Peak shock overpressure.

Peak shock overdensity.

Peak material velocity at‘the shock.

Cell centered density array.

Maximum cell centered density at the shock.
Temporary local time step storage variable,
Original mesh spacing.of the Arraj.

Internal energy in ergs/gram and lolo
ergs/gram respectively.

Kenetic enerqgy storage variables,
Natural léérithm of EIE.
Total ensrgy storage variables,

Flag for the number of results timss
requested, .

Flag for ‘the maximum nuwber of allowed
cycles through subroutine HYDRO.

Flag used to identify the typevbf problem.

Storaye variablo for the Gruneinen con-
stant or gamma.

Storage variable for gauma minus one,

37

e S T

-




HIOLD/HINEW:
HPOLD/HPNEW;

IALPHA/L;
ICOUNT/KFIFTY :
IP/N1ANSAVE:.

MN/M:

MPl:
NM5 /NP5 :
OPOS:

P(I):

P2/PX;:
PRESS

PUD(I,J)

PMAX :

PNORM :

PBLAST:

Q(1):
QMAXx‘
RﬂOZa

RHO

'RADIUSl'

Temporary storage variables used for I
from the sclid eguation of state,

Temporary storage variables used for Py
from the solid equation of state,

Problem geometry factors.
Loop counters,
shook grid position.

Used as a varlable length for do loops in
subroutine HYDRO.

M-plus one,

N1 minue 5 and plus 5 respectively.

0ld positicn of the shock,

Material property array for cell centered
pressures,

Temporary pressure storage variables.
Input pressure for the compression problem.

Temporary storage array for cell centered
pressure, velocity, and density respectively.

. Maximum pressure at the shock front.

Normal atmospherlc pressure at the burst

altitude.

Input pressure for the blast éroblem.

Material property array for the artificial
cell centered artificial viscosity.

Maximum viscosity at the shock front.
This occurs at the location of the shock
by definition.

Ratio of D(I)/RHO.

Normal‘ﬁaterial density.

Initial yadius of the solid in the compression
problem..

Temporary storage variables for various
functions of gamma. '

g
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8p/SD/ST;
TSTOP:
TFRAC:
TIMIT:

U(1):

 UJ1/UJ2/UIl;

vG(I):

VEL(I) ;

VRHO;

VOILD/*NEW :

VDOT':

VEVOLD/VSVNEW :

X(1):

XI:

KMIL/XMT2/XMIL;

XMOMJ1/XMOMT2 /XMOMIL 3

XNORM:

Altitude scaling parameters for pressure,
density, and time respectively.

Real time limit for the problem,
A variable fraction used to place additional
contxol on the size of the time step to

increase program efficlency.

Used as a loop timer in calculating shock
ppeeda.

Material property afray for the cell
boundary velocities,

Temporary storage variables for cell
centexed velocity in subroutine REZONE,

Variable gamma storage array in subroutine
HYDRO.

Additional array used to temporarily store
velpcity in subroutine HYDRO,

The normal specific density of the material.
Temporary storage variables for cell
centered specific densities used in sub-
routine HYDRO.

Specific density change in one time step.

Temporary storage variable used with the
solid equation of state,

Material property array for the cell boundary
positions,

Real vavriable equal to the integer I,
Temporary storage‘arrays for the mass of
the two 0ld cells and the new cell respec-
tively used in subroutine REZONE,
Temporary storage arrays for the momentum
of the two old cells and the new cell
respectively used in subroutine REZONE,

A variable used in a scaling fungtion rep-

" _ resenting the normal value of the property.

#o be scaled.
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XD:

YKT .

A varliable used in a scaling function
representing the altitude scaling factor,

Input weapon yield in kilotons in the
blast prcoblem, '
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Appendix B

Sample Problem, 1KT Explosion

The data for HUFF is always read by a list directed format to sim-
plify the input cards.

Thé input cards for tliis problem are as follows where the items

-in parentheses are not part of the data deck:

10 3000 1 5.0 ' o {card 1)

.003 ,006 .01 ,02 .05 .1 ,2 .51, 2, {Card 2)

1.1, 1, 1, ' (Card 3)

Figures 4 through 6 in Chapter IV of the text and Figures 10 through

18 of this appendix repfesent sanple output for this problem.
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Appendix C

Sample problem, One Megabar Compression of Uranium

The input carxds forxr this problem in rectangular geometry are as

follows where the items in parentheses are not part of the data deck:

+0 4000 2 1,0 , {Caxd 1)
1.E-5 2,.E-5 3,E~5 4.E-5 5.E-5 6,E~-5 7.E-5 8,E-5
9,E~5 1,E~4 (Card 2)

12,03 18.45 2,.56E5 10, 1.E1l2 (Card 3)

The data 1s in list directed format to simplify defining the problem.

For a spherical compression problem change Card 3 to the following:
3 2.02 18.45 2.%6E5 10, 1.El0 {Caxd 3)

.The compressicn sample vroblems maintain a constant applied pressure
in the outer cell of the mesh throughout the pfoblem solution. This can
be changed to an impulse pressure by removing the card that redefines
the outer cell pressure immediately after ENTRY CRUSH in subroutine
SQUEEZE. A comment card is includad in the program to identify the
looation of this caxd, \

| Figureu 7 through'g in Chapter 1V of the text and Figures 19 through
23 of this appendix reprasent aamplo output for the rectangular geomatry
problem, Figuras 24 through 32 of this appondix rtpranont lnmple output |

for the case of spherical geometry.
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Derivations

The derivations presented in this appendix develop the key equa-
tions used in program HUFF. Coupling of the equation of state with the
Richtmyer and Morton difference equation for energy will be presented
first, Next, the derivation of the aiiabatic sound speed is presented,
The last derivation describes the basis for the equations used in re-

zoning the mesh in the blast expansion problem.

Equation of State Coupling

Hfdrodynamic sbock propagation results from an imSalance of the
interrelated material propertiss of a gas or solid. Each particle iater-
acts with its_adjacent'particle in an effort to maintain or reestablish
an equalibrium condition in the material. This interaction hetwaen
particles is simulated in Huff on a macroscopic level by packaging units
of material in Lagrangian cells. Each cell interacts with its adjacent
cell to maintain or establish equalibrium throughout the mesh, '

The nolutioh of the conservation equations of m&sa, momentum, and
energy is deperdent on the equation of state of the material. The three
equations expressing the conservation laws contain four dependent vari-
ables (Ref Equations 1;3). The equation of state defines an additional
relation betweon thess variables prﬁy#ding a unique solution,

' 8olving the consexvation equatiohs can be simplified by replacing
thi e;ﬁ:ﬁisicn'for eneigy in the energy conaervation equation by its

eguivalence from the equation of state of the material. This rsduces

66

FTT - el e R . 1

. &




e, s ey

e ama

e

the probiem to a solution of three eguations and three unkndwns and
provides for a uniﬁue solution,

The difference scheme used in HUFF provides an explicit solution
of the conservation equations. The energy conservation equétion is

expressed a§

n+l n

o P + P ' . o '
I?ﬂ - I? s 2—3 , ¥ W oy - o (17)

2 4

The next two sections eliminate internal energy using the equation of

state for a gas and for a solid respectively.

Gas. The equation of state for a gas is

P, o= (y - 1)931?

j (18)

Substituting tha expression for I in equation (20) into equation

(17) gives

n+l

Pn+l ‘Pn P + P:l
L w . S L JUy P
(Y - 1)egf (Y - 1).3 2

(42)

Multiplying by 2 and combining terms with P and Q gives

-, r' '
n+l n+l 2 +1
7 L(vj "’;’*‘T“‘-y-n"’? ]+

Y

et i

n [ r+1 2 . _n+l ;1 n, ’
P [(v -v‘;)-(v_:_I)v’.]»f 2y (v’; -V =0 (43)

S —




' B n+l
Solving for P

3 gives
n n n+l n nt+l  n+l n
LRI lovy = vy - v} - 29y vy = vy
n+l n+l n
SVj + (Vj e Vj)

where S = ?"%"I' .

Solid. The equation of state for a solid is

n n n n n

cz(vo -V)

n
{vo - s(v.o - vj)}

n
c(Vo -v,)

3
n

-V° - S(Vo - Vj

R, 1

) |

=

(yg + 1)
2

Solving for Ig in equation (23) gives

n
' n n . v n n
1y - (Iﬂ)j + J.[pj- (Pn’j]
. Vg

Substituting equation (44) into equation (17) gives

68
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{25)

(26)

(44)
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n+l n r

’ Vj n+l 1 Vj ;
‘ P o (p ) @)™l T et - e+ @” fo
, . u H -1 n H ‘ o
e 3 3 3 |y, 3 3 o
p'j”"l + p;‘ : 'l: |

: n+l - +1 ?

v |

Multiplying by 2Yg and cellecting terms with P and Q gives

n+l +1 +1 n n +L nl_ n+l n+l
P [2v§‘ +YS(V‘; +V)]+ Pj[Ys(V’; Vg)-2vj] 2(Pg)j v

3 3 J
) g . . n+l n n+l, n+l . n i
+ 2(PH)§‘V§ + ZYS[(IH)j - (IH)j]+ 2YSQj (Vj - Vj) = 0 ‘ |
(46) L
. /|
Solving for P3+l glves ' %
ntl o pRio® +L My n+l n
P pj{zvj ys(v;‘ - vj)} 2YS{(IH)j (IH)j} . . | P
n+l +1 n, -
v+ wa(v'jl vy)
41, 0+l D n+l, n+l
+ avyae) - Ve - avgeyt vyt - vy |
. |
z»v’;‘+1 + Y (v;“':L . v’j‘) : (27) | !
Derivation of Adiabalic Sound Speed
The adiabatic sound speed is given by
'-‘ . n 1/2 .
e} = %%-5) . (29)
&9




( Derivation of the adiabatic sound speed is presented first for a gas
and then for a solid,

Gas.,
P = (y - 1l)pI. : (20)
The derivation of pressure with respact to density is given by

ap oI
5E)-.(-y- 11 + (Y-l)p-gp- (47)

Replacing I in equation (47) with its equivalence from equation

{20) gives
oP P 9l
P o BEirty-1 (48)
@ P T
) Under adiabatic conditions oL is given by (Ref 3:5)
ap
oI » P . .
B ;2' : (49)

Substituting equation (49) into equation (48) gives

op P P .Y
5-6 - -p—+('Y"1)p p (50)
Thus
P ' 1/2 ) v
c, = [I?L] ' (29)
) o . A

Solid, The equation of state for a solid is-

ef, : _ P = PH+I#(I-IH) (23)
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The derivative of pressure with respect to density is given by

@ _ By Yg (3T 3, - .

The expressions for Py and Iy are

cz(v° - V).
P - (24)
H 2
{vg - stv, -0}
c(Vy - V) 2
1
= 5 (25)
Vo = SV, = V)
Thus the derivatives are
2.2, 2 2
ap, eV v, - SV, = W)} - 2¢°(V, - V) (-8V7)
_—= ) 3 (52)
3p {vg - stvg -}
81H - c(vo -V} cv2{vo - S(v° -} + csvz(vo -V (53)
3 v, -5V, - {ve - Stvg = N}
These expression simplify to the following:
oy VR (L +8) - cAvis | .
9p v, - 8tvg - W}
71
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oI oAV 2 - iy,
= ) (55)
3p {vy - stv, -}
For adiabatic conditions %% is given by
oI P 2 ‘

Substitﬁting the above expressions and the expression for I from

«

the equation of state into equation (51) gives

@ _ AV 4 - APs vy |ev? fevi - Py,
— [ J——
3p {vg - stv, - v)}3 v Vo - stv, = e
Y. | - p~-p
P L (56)

YgP

Subgtituting the value for Py int> equation (56), collecting

texms and simplifying gives

22 C a2u3a o o 2 2
op cVV L + 8 + Ys) eévIs - ygeT VY,

—_— =

3p {v

o - SV = VP

2 -
c (Vo v

-

v, - stv, -0}

* Ry 4 1) (57)

Substituting Yg = 28 - 1 into equation (57), combining terms and

simplifying agives

op 28023y - scPyv ?
= 28VP + ° °
3 (58)
3p vy, - 8(vy =W}
72
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Thus the adiabatic sound speed in solids is given by

2Sc2V2V° - Sc2vvo2 1/2

= |2SVP +

Cy 3 (30)
v, = 8(v, = V)

Fezone Computations from Conservation Requirements

Rezoniﬁg during the blast expansion problem providés the capability
to use small mesh épacing during the early phases of shock development
and also follow the shock to great distances later in the problem. Re-
zoning is accomplished when the shock reaches the 94th cell of the mesh,

Rezonin- +ompresses the information stored in the 100 cell mesh
into the first 50 (ell: and places undisturbed air in ihe last 50 cells,
The rezone process carefully conserves mass, momentum, and total energy
to preserve the material imbalance present in the mesh prior to rezoning.

This section presents the derivations that provide the equations
used in rezoning. The derivation begins with defining the location of
the new cells and proceeds in the order of solution used in subroutine
REZONE ,

Position. The ﬂew cell locations in the mesh are formed by removing
the even.numbered cell boundaries and combining the;adjacent cells, The
old cell positions use the subscript j and the new cell positions use
the subscript i . The location of each new cell boundary is given by

- X1+1

Xi

2 (60)
where J are the even cell boundaries from 2 to 98, Cell boundary
locations after cell 42 are computed from the previous cell position

by
73
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L,

X, = X+ DX (61)

' where DX is twice the original cell spacing existing before the rezone.

Conservation of Mass. Conservation of mass provides an explicit

solution of the new cell density and mass. The equation for conser-

vation of mass is

3 3 3 3 3 3
The expression for density is
3. mx) v (3. - %3 )
Py - Ui+l 3 J+1 7 5+2 j+l
(63)

3 3
(Xj+2 - Xj)

i+l
Cell Centered Welocity. The time step calculations accomplished

by program HUFF use the cell boundary velocities to change the cell

positions, To conserve momentum and energy in the cells during rezone,
the average velocity of each cell is required. The average cell velo-
city is computed by averaging the cell boundary velocities assuming the
velocity varies linearly across the cell. The average cell velocity is

given by

uj = O ¢ nj'.'l
2

(64)

where uj is the cell centered velocity for the jth cell.
Total Energy. The total energy of each cell is computed from the
cell centered velocity and the equation of state. The equation for

total energy is given by
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WS,

- 2 A
(u;) P
B o —— 4 —d (65)
3 2 (y - 1)p
b
where Ej is the total energy of cell j and a variable gamma is used
computed from the pressure of cell 3 .,
Conservation of Energy. Conservation of energy provides an expli-
cit solution for the total energy in the new cell. The equation for

conservation of energy is

3 _ 3. o 3 _ 3 3 _ 43
Qix; . - XE Py(RyLy = XPEy + Oy Ky = X50)Ey, (66)

The expression for the new cell enexgy is

3 3 3 3
Py (X341 = X30E5 + €541 Kjyp - X540

Ey (67)

3 _ 3
pi(xj+2 kj)

Conservation of Momentum. Conservation of momentum provides an

explicit solution for the cell centered velocity of t:.he new cell. The

egquation for conservation of momentum is
3. .3~ 3 _ 3, 3 3 |-

0 Xy = X w = Ry ~ XDwy + 0y, X - Xy yn (68)
The expression for the cell centered volo«:ity of the new cell is

3 3, — 3 3 =
- ej (x:’,.,l - xj)uj + !j+L(xj+? - Xj+1)uj+1

(69)
L 7 (x§+2 - Xg)

Yy

Cell Boundary Velocities. The new cell boundary velocities are

recomputed using a proredure similar to that used in computing the cell
centered velocities, The cell boundary velocity is computed by averaging

the cell centerod velocitiea of the adjacent cells assuming the velocity

75
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varies between the adjacent cell centers in a manner that gives an average
velocity at the _common boundary. The expression for the cell boundary

velocity of the new cell is given by

vty
lli =

2 S L)

The cell boundary velocity at the center positionm, u . is defined as

zero and is not computed by equation (70).

Internal Energy. The internal energy of the new cell .is calculated
by the application of the conservation of total energy. The kenetic

energy of the new cell is calculated first and is given by

(71)

where KE, is the kenetic enerqy of the new cell i . Total energy

conservation expressed in its most simple form is

Ei = lcEi + Iy (72)

~where 1I;. is the internal energy of the new cell.

The expression for the internal energy of the new cell is given

by:
44 - Ei - KEi . (73)

Pressure, Pressure is computed using the egquation of state. The

expression for pressure is

Py o= (Y- VI (20)

e 3

erblat <o+

el S i e 2]

o g e e

m ———
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" . where (y - 1) is a function of internal energy. The value of (y - 1)

is computed dirxectly usiny the internal energy already computed for the
new cell.

Computing the pressure complétes the rezoning process and the re-
zoned mesh ia‘;eturned to subroutine CONTROL to continﬁe the shock prop=-
agation. The mesh will again return to subroutine REZONE when the shock

position again reaches the 94th cell.
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16p=
118=
128=
138=
14g=
156=
140=
179=
188=
198=C
200=
218=
-

230+C--==- INITIALIZE CONTROL PARAHETERS ==-s--msmemmommramssnoammranacns

. 248
250=
2=
2=
289=C
2%0=C
300=C
31d=C
328=
330:C
M=

T
36950~

M=
368=
3=
Hi

A=

420=
43g:
Rigs
. 45§=
4ids
418
48d=
499«
596
=

-

Ageendix E

Program Listing of HUFF

PROCRAM HUFF {INPUT=/80,0UTPUT) TAPEL=INPUT) TAPEZ=0UTPUT
§+FILES,REVIEN, TAFE7=FILES 1 TAPES=REVIEW)

DIMENSION FLAG!4),TABLE(18)

INTEGER FLRG

CALL FLAGS(FLAGsTABLE)TSTOP)

CALL CONTROL (FLAG, TABLE, TSTOP)

PRINT#,"TIKE LIMIT EXCEEDED"

STOP .

END

SUBROUTINE FLAGS(FLAG TABLE»TSTOP)
DIMENSION FLAG(4),TABLE(10)
INTEGER FLAG

00 18 1=143

18 FLAG(I)=8

D0 38 1=110

38 TASLE(1)=8

I READ FLAGS AND REAL TIME LIHIT 1

-==-1 FLAG{Z)=# OF TAEBLES REQUESTED R

I FLAG(31=# OF CYCLES THROUGH HYDRO I
I FLAG4)=TYPE PROBLEN (1=BLAST,2=5QUEEZE}I
READ: (FLAG(I) 112244} TSTOP

== READ REQUESTED TABLE TIMES ---vevemmmemmmmemmeseenns

IF2=FLAG(2)
READHs (TABLE(1)11=1+IF2)

==~HRITE QUT INFORMATION PROVIDED BY FLAGS =====eseieccee

IF(FLAG(4) .EQ.1)MRITE(Z+480)

IF(FLAC &) (EQ.ZINRITE(Z)578)

IF(FLAG(4)  NE. 1. AND.FLAG(4) .NE.ZIURITE (20488} FLAG(Y)
URITE{Z220BIFLAGI2)» (TABLE(T) s 1214 IF2!
URITE(2+36B) TSTOPVFLAG(3)

200 FORMAT(////1T182"TABLES FOR THE FOLLOWING “113,

1" TIKES WERE REQUESTED:"+//»2(T15:S(IPEIR.3:2X)s/))

308 FORMAT(////,T18,"NAY TIME 10 RUN IS “:F4.10" SEC."

1e/+718:"MAX CYCLES THROUGH TIHESTE? IS":194™.")

408 FORMAT (1HL,T48,"THIS 15 A BLAST PROGLEM")
300 FORMAT(1HL1T4B+“THIS IS A SQUEEZE PROBLEM")
600 FORMAT(1H11T40,"NO SUCH PROBLEM NUMBER = "413)

RETURN
END
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S28=  SUBROUTINE CONTROL IFLAG:TAELEYTSTOP)

S3=  DINENSION K{161),U(161)1P(181)+D(161)1QC181) oFLAGIA)

S48=  1)TABLE(1811CK(T)

§50=  INTEGER FLAG

§60=C-~~=~-CALL T0 SET INITIAL CONDITIONS ---=-==-=nn=- “eemmesn
574- IF(FLAG(A)  EQ.1)

50¢=  1CALL ELAST(CA+ TALPHAIGANMAINE 1M DXsRHO1P+D1XsGrUsBTsCK)

S99: . IFIFLAGIN.ED.2)

b1 CALL SUUEEZE(CAYIALPHA CAHNANL s DKIRHDIP D1 Xr 0101 C24DTaCK)
b1 Ni=p

628=C-=~==-LIST IKITIAL CONDITIONS m=m=meesemmmsmeransmmmmnm e mcsinenes
638=  TINESCKI2) _

SAg=  CALL ICOPY(XoUsPyDr@iFLAG(Z) o TIMEI TABLESCK)

§50=  IF3FLAGIS!

s68= DO 15 ICYCLE=1,1F3

870=C-=~=--CALL T0 ADVAKCE ONE TIMESTEP =-----=-nvsssmmmmmomnnecmnnaaean

688 CALL HYDRO(D+PtXsS1UeDXCRr IALFRA/RHO»CAMNAL N1 DT 2 TIHESFLAG C2)
69 {-nvaun CALL TQ SET BOUNDARY CONDITIONS AND TRACK SHOCK ------=-------
T08= IF{FLAG(4) EQ.1)

8= 1CALL EXPANB(CA» TALFHAGARHAINE 1M1 DX 1RHO P12 X482 U2 DTACK)
1ig= IF{FLAG(4} .EQ.2) '

138= 1 CALL CRUSH{CAsTALPHA:GARHAINLDX:RHOWP D1 Ka@oUsC20 DY TK)
M= TINE=CK(2) .

758=C--~--- CALL T0 COPY REQUESTED TABLES ---=--=--mmm=ccocuaee

168= IF(TIME.GE.TSTOP.OR. TIME.CE.TRELE(1))

178= 1CALL COPY{XsUsP1D+8+FLAG(Z) 1 TINEL TABLE LK)

788=C------ ABORT IF TIME LINIT REACHED =---e=e-scmrmacccnmenccccamaanoa-
79%-= IF{TIME.CE.TSTOP}RETURN '

§09=C- - CALL FOR REZOME IF REQUIRED =--=---=~-=-=s-nenomscescancencas
810=  IF(NL,LT.94.0R.FLAC(A) NE.1)C0 TO 15

§28=  CALL REZONE(X+UsPyD+QrDK,CAHMAS ICICLE TINEsNL 1RHO)

838= 15 CONTINUE

849:C------ CALL RESULTS AND ABORT PROGRAN IF CYCLE LINIT REACHED =-eerov
058 * CALL COPY(X)UsPyD)G FLAG(2) 1 TIHE, TABLE ) CK)

888z PRINT#:"Y0U REACHED THE CYCLE LINIT OF *)ICYCLE

876:  PRINT#:"TINE IS ")TIME," SEC."

886 RETURN
8%9: - END
9993

916=  SUBROUTINE RYDRO(D:P+X+@)UsDXsCAILIRHO» CAHNAINY DT TIME/FLAGIC2)
Cg28=  DINENSION DU181):P(181) k{1811 4Qi181)14L181) +FLAGIA)

938 1,VGL181) VELLIGY)

9= INTEGER FLAG

[T — INITIALIZE LOCAL PARANETERS ----
9%8= - VEL(1)eg

o= OTef,

9gs  NeN1+3

@ IFIFLAG(A).EQ.2)N=108
1080 IFOMLT.SINGLS
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1819=C---~---- INITIALIZE HYDRDHATIC TIHE STEP ==ermcveniacccceacaan
1826= TF(NLLNE.B1GO T0 19
19382 B0 5 I=1,181
- 104= S VC(D=14
1654= © TFRAC=.1
16848= TE(FLAG(4) LEQ.2INE=9S
1878s IF(FLAG LAY LEQ 1IN =18
i E [COUNT=8
1096= 16 ICOUNT=ICOUNT#
1188=  NSAVE=N{
1it@= 19 CONTINUE
1129= D0 20 J=2:M
1138 IFIFLAGW4),EQ. 2160 TO 17 .
11402C-----~ COMPUTE GAS TIHESTEP PARAMETER =-cmsmsemcmmccmccmasn..
11582 A=D(J) /(UG (JIeR ()Y
1160= G0 70 18
1178= 17 CONTINUE , Lo
1188=C--=ev-- COMPUTE SOLID TIHFSTEP PARAHETER --------—-*4*‘ﬂ-9-*7-
1194= V=100 ’
1288= VRUB=1./RHR
1218- S« (CAMMA+L ) /2,
1220-= Az1, T2, 358P (I 24V4 (C2eV4224VRHO® {1, 45) -5
1239- 1CZaV2VRHO2+2) / {VRHO- S+ LVRHO- U))*iS)
1248= 18 CONTINUE
1258=Cemmene COHPUTE LOCAL TlnESyEP - -
f28¢= IF{A.LE.8.1G0 YO 20
1478-= DTd= (X (J+1) -X (31 Y 4TFRACESORT (A}
1280=Cem=-- LOCATE HINIKUN TIMESTEF . ~eww-- - )
1299= IF(OTJ.LT.DTIDT=DY
1308= 28 CONTINUE
1313= DO 25 I=2:M ‘
13282(~--=---~ CONRYTE NEW CELL BOUNDARY VELOCITIES -vevwmevammuceas
1338- =1
1392 VEL(I)!U(I)+DTI(P(I =11-P1)4QU1-1) (1))
1356= FERROHDDS U AL T-1) 400 M (L-1)
1388=Cumenen CHECK COMVERGENCE VELOCITY GF CELL BOUNDARIES smmveons
. 1378 TFOCVEL LT-1)-VEL (L 10T LT, 5o (XCTE-X{1-1) 1160 Y0 25
1308= TERAC=TFRACH.S
1396= PRINT#" CONVERGENCE ?ROBLEH:TFRncs“’IFRﬁC
14d8s €0 10 1%
f419= 25 CONTINUE
1429= DO 38 1=248
39 ULIE=VELLT)
. 14AfsCeenenen COMPUTE NEW CELL BOUNDARY POSITIONS e=vevecemensencna
1w KD =D ATID .
A4b8= 38 CONTINE
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T470=C------- COHPUTE NEW DENSITIES AND SPECIFIC VOLUMES ==re=ne-s-
148g= VRHO=1 . /RHO

14982 GNAX=1d,

1508= D0 A9 I=i:M '

1516= 1101

1529= VoLE=1./D(1)

15382 DCID=RHORLCXTaDX) a0 ({XI-1,)4DK) 44L)/

154ge 10 aL-X 1T #L)

1558= VHEW=1./0(1)

1568= VDQT=VNER-VOLD

157g=C-----~- COMPUTE NEW VISCOSITIES -------orecmececcmconnacances
1588= QUI¥=2.4CA/ (VNEW+VOLDY # (U(T41)-UCT)) 142

1598= IF(UCI+ 1) -UC1) LGE. 8. 1001} =8,

1668= . IF(FLAG(4).EQ.1)GO TO 36 .
1619=Ce ===~ CONPUTE PRESSURES FOR 8O0LID ~----se-memeomeecmcmaceans
1628- S=(CAMMA+1.) /2.

1434= YSYGLD=VRHO-S+ {VRHO-VOLD)

. 164 VSVNEW=VRH0- S (VRHO-VNEK)

1458= HPOLD=C2+{VRHO-VOLD} /VSVOLD##2

164d= HPNEW=CZ# (VRHO-VNEN} /VSVNEN 42

167¢= HIOLB=C2#( (VRHO-VOLD} /VEVOLD} #32/2.

1688+ HINEW=C2# ( (VRHO-VNER] /VSUNEW) 44272,

1499= P(I)=(P(1)#(Z, #VOLD-GAHNALVIIOT) -2 4CANNAR (HIREW-HIOLD) +
1748- 12 # (VNEW3HPNEW-VOLDIHFOLD) -2, 4GAKNAQ (11 $VDOT)/

1710= 2(2.4VNEW+CARRARVDOT)
1726+ G0 T0 40

173g= 38 CONTINUE
1749:C----- COKPUTE PRESSURE USING VARIABLE CAMMA <----e-ccoseeae
1759= §22./(¥G(I)-1.)

1760= PX=(P(1}#(S4VOLD-VDOT) -2.4Q(1)+VDOT} / {SHVNEN+VDOT)

1778+ EI=EIAR(PX:D(T)1RHO)

1784+ VG(1)=VGAMHA(EL,D(I) +RHO)

179¢= 82,7061 -1.) ,

18d9= P(I}=(P(1)#(58VOLD-VDOT) -2, 4Q(11 +VDOT}/ (SAVNEN+VDOT)
1816= 48 CONTINUE

182¢5C------ LOCATE NEW SHOCK POSITION «-eevescccsccacc —an-
1839= NP3=N143

184¢= KH5=N1-5

1850+ DO 52 I=NNS/NPS -
1858+ IF (QMAX.GT.Q(1))60 TO 52
187gs amAY=Q(1)

1889= Nzl

1899 52 CONTINUE ,

19082C- +---~ AIVANCE TIHE ----esesoemmeoranmomeenemaccansns weeees
(9= TINE:TINESDT :

L7 L — HYDROWATIC TINE STEP CONTROL ----s=sesesasecnccnee

1938+ IF (NSAVE-K1.EQ.BIRETURN

1948= IF{ICOUNT.LE.5) TFRAC=, 58 TFRAC
1958 TF (ICOUNT.CT. 1) TFRACSTFRAC+, 1
1948s 1COUNT=g

1978 RETURR

1984= END
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-2608= SUBROUTIKE SQUEEZE(CA)LtGAHHAtHlvDXvRHOvPvaXIQvUvCZvD";’CK)

une- DIMENSION PLIBL)(DLIELY X (101001811 UC1E1)HCKIT)

220- CA=4

2830=Crmnne- READ PROBLER CEOMETRY,GAMNA,DEMSITY,SOUND SPEED,
2040=C RABIUS OF METEL» END HASS OF HICH EXPLOSIVE -e-sse-==-

- 2058 READ# 1L +CAMNA 1RHO+C1RADTUSHPRESS

2068 WRIYE® L CANNAIRHDCoRADIUSPRESS

207828~ ~=~- COMPUTE INITIAL CONDITIONS FOR PROBLER =--=-=v=s-ee=e=
2080« DX=RADIUS/100.

2098= C2:Cha

2184= PRINTE"DY="1DYs* AND C2:"4C2

2118= PNORN=1.014Eb

2128:C--=--~ ASSIGN SCALED VALUES TO PROBLEM ARRAYS ==----c-~euween

2138= Do 18 1=1,181
2148= Uil=Qil)=¢
2158= P(1)=PNORM

- 2od= D(I)=RHO
2= IF(LLEQ DXUT) =6
2189= IFULCTL X =X - 1) 4DK

2198= 18 CONTINUE

2200:C-~==-- INITIALIZE LOCAL PARAMETERS =======scuemacacmcacoaesa-n
a2Ue= HN=N1=1a0

2220= GPOS=X (N1}

2238= FINIT=CYCLE=KFIFTY=8

22M= P(10@) =PRESS

2254= RETURN

268=C
27 ENTRY CRUSH ‘
2080=C----~-- INPUT A CARD HERE. FOR CONST APPLIED PRESSURE =--~=--

2298=Ce-=-- CARD SHOULD READ {P(109)2PRES3) -~-=---sevmemmcncnones
2308= IF (P{100) .LT.PNORNIP {186} =PHORH

23109=¢------ RESET SEMETRIC U, C. AND ADVANCE TIME ----==s-eeom==--
2320= - Xt=U(D =4,

2338=C---=-- TIME SHOCK PROGRESS FOR 58 ITERATIONS =s=eevev=-- eeune
2344: KFIFTY=KFIFTV+

235¢= TIRIT=TIRIT4DT

2369~ COXPUTE OVERPRESSURE AND OVERDEREITY -esesewevee snemen
2379=C------ PLACE COMPUTED VALUE® IN CHECK (CK} ARRAY -«---cwse-e-
2384= IP=H1

2399= CK{1)=CYCLESCYCLE+!,

8= CRU2)=TINEsTINE+DT

P K307

2U28-= CK14) =POS=X (1P}

2438 PHAX=DMAX= VAL =D,

2440+ NNS=N1-3

2458 NP5zN1+5

(LU L D0 26 1=NMS.NPS

- TF (VNALLLT.ULTHIVNAX=ULT)

2480« IF (P(I) .CT.PHAYIPHAY=P(1)

2U99= IF(D(I}.CT.DMAXIDIAX=D(T)

9= 24 CONTIRUE
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28id= CK{5) =0P=PHAX-PNORM

2926+ CK(5)=0D=DHAX-RHO

253@zC---~-~ COMPUTE NEW MATERIAL VELOCITY ~-c-eemececccccccnane
2540= CK{7) =VRAX

2558= IFIKFIFTY.LT.S81GO TO 46

23602 0P0OS=P0S

2578 TINIT=KFIFTY=8

2580:C~--=-- RRITE CHECK VALUES EVERY 59 ITERATIONS =-ccecccccncea.
2599= . RRITE(842888) (CK(D)sI=147}

2686= 49 CONTINUE

2618= 110 FORMAT(/»18Y+"CORE IS SOLID WITH "iG18.2," GMS HE.™ /)
2620= 2080 FORMAT(1X)"CYCLE="+FS.Bs" T(SEC)=",IPED.2)" DTI(SEC)s"
2638= 1987,.8," POS(CH)="4€9.2:" OP{D/CHEAZ) ="1E9.2o" OD{G/CHRR3}=®
2648 2189.2+" NVEL(CH/SEC)="4E9.2)

2658= RETURN

2648 END

2678=

2688: SUBROUTINE BLAST(CAsLoGAMBAINI M DX +RHE+P 4Dy X2 @)U4DT»CK)
26982 DIMENSION PU161),D1181),X(181),Q 11810, L(161)CK(T)

2768= SCALE (XNORM) XD) = KNORM# YKT+#(1,/3.14XD

28 CA=4 :

2728=0-~---~ READ YIELD)SCALING PARAMETERS)AND PROBLEM GEOMETRY -~--
2138 READ®, YKT+SP2SD1ST

2744 L=3

2758= WRITE#+YKT1SP4SDHST:L

2768:C- -~ CONPUTE INTTIAL CONDITIONS USING SCALING LANS -=-~c--- '
218= PNORM=1.014E82SP

2180= CK(2)=TINE=SCALE (3.468E-5:ST)

2198= PBLAST=1,5E1B5P

2800= BX=SCALE (56.15D)

2010= RHD=1,293E-3%5D

2028= Ni=9

2838: OP0S=X(N1)

26840 PRINT#,"PNORN=")PNORM, " PBLAST="yPBLAST

i858= PRINT#s" TIME="yTIMEs" DX="sDXs" RHO=":RHO»® Nis"sN1
2868zCe---- ASSIGN SCALED VALUES TO PROBLEM ARRAYS -===ee= esvennse
2876= 00 19 I=14181

2886 UN=U(TI=0

2898= D(E)=RHO

2994= TFULLEQ.IX(T) =0

291¢= IFULLGT. D XU =K AT-1) 4D

2928= IFCLLLELRDP(D) =PBLAST

2938 TF{LL T RLYP (1) =PNORN

2940= 10 COKTINUE

29592C~ocue- INITIALIZE LOCAL PARAMETERS ------
2968= KzN1+45

2978= TINIT=CYCLE=KFIFTY=0

2988 RETURN
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3014=C---

3020=

3= -

3080=C---

399¢-
3108=
3118
3128=
3.38-
314=
3130=-
3140
3=
318¢-

3198:C---

J208=
kel L
3228=
32%-=

ENTRY EXPAND

~-~ RESET SEMETRIC B. C. AND ADVAMCE TINE ------vsomevee--

K1) =U(1)=0,

=== LOCATE NEW SHOCK POSITION -es-s=emscecsccocuecacannans
~Ip=NL , ‘

=== TIKE SHOCK PROGRESS FOR 5@ ITERATIONS --e<ss-vsevecne
. KFIFTY=HFIFTV44

TINIT=TINIT+DT

==~ CONPUTE QVERPRESSURE AND QVERDENSITY =--e-eeeesennnnu-

PHAY=DHAX=VHAK =8,
NM3=N1-5

RPS=R145

D0 20 [=NH5\NPS
IFCUCT) LGT. VHAKIVNAR=U(T)
IF(PCL) CT.PRAKIPNAX=P (1)
IF(D(I).GT.DRAXIDNAX=D(T}

28 CONTIRUE

CK{5) =0P=PHAK-FNORM
CK(6)=0D=DMAX-RHO

=== PLACE COMPUTED VALUES IN CHECK (CK) ARRAY o~==-<-=--e-

CK (1) =CYCLE=CYCLEH,
CK(2)=TINE=TINE+DT
CK(31=07
CK(4)=P052X(TP)

=== COMPUTE NEW SHOCK MATERIAL VELOCITY --e-ceececoseee

CK(7)=VNAX :
IF(KFIFTY.LT.50)CQ TO 38
0P0S=POS

TINIT=HFIFTY=P

=== WRITE CHECK VALUES EVERY 58 ITERATIONS -----v~o=-ossee

WRITE (8120001 (CK(1) 1 I=1s7)

- WRITE(2+180) (CK(K) 4K2147) .

3320s 36 N=NI+S '
3330 108 FORMAT(2Xo"CYCLE="sFb.0r" TINE="11PE9.3+" DT="1E9.3)

R4
33592

1" § POS ="+E9,3:" O PRES=":E9.3:" 0 DENs"E9.3," S VELs"
2:E9.3)

336@= 2008 FORMATU1X"CYCLE="1F5.0+" TISEC)s"+1PET.2+" DY(SEC)s"

3374s
338k
3=

L

3419=C
34241
3430«
Mg
H5e=
kLT D

M0

LiE7. 8" POSICHI="1E9.2," OP(D/CH#Z="+E9,2+" OD(G/CHER3)="
2E9.20" NVEL(CH/SEC)="1E9.2)

RETURN

EXD

SUBROUTINE REZONE{XsUsP1D+Q5DX,CANMA) JCYCLE) TIMENTRHO)
DIKENSION X(101) U(181) P(161)+D(181)+PUBL1D1»3)+Q(101)
Ni1=N1/2
WRITECZ/10B) TIME, ICYCLE

D0 (§ J=319792

Is(d+1)42

84

- B
e ey i ——r— - e

g -



348geC --=n-e- COHPUTE CAMMAS <=eseccemccccmcscmucmoncncacacccnns
3490= ETVI=ETA(P{J11D(J) 1RHD)

3308= EIVZ=EIA(R{J+1))D(J+1}RHD)

3518= AGANA=VCAMMA (E1J11 D(J) sRHB)

3528+ BGANA=VOAMMA (E1J21 D (J+1}1RHO)

393020~ rnnes COMPUTE MASS AND NEW DERGITY =seemsmemcencacousn.

kLT D IMJ1=D LA H{X U+ 13- (31 143)

35%8= KNJ2=D{J+L) X (J42) #23-X{J41)943)

3568= PUD(T3)= (XML XRUZI/ (X (J42) 433-1{J)33])

3578= KNI1=PUD (1230 #{X{J+21443-1{J) 423]

39802C---=---- COMPUTE OLD CELL CENTERCD VELOCITY --c-ssccevcene
3590 U= (UL +U (U4t /2,

3608= UJ2= (ULJ+) +ULI2)) 12,

3616=C~===s-- COMPUTE OLD ENERGIES (KENETIC) INTERNAL, TOTAL) ---
3628= EKJI=UdL442/2,

3638 EKJ2:Ud2432/2,

3648= ELSi=P(J)/((ACANA-1.14D(J1)
3650=  ELJZ:P(JH1)/L(BOANA-1,4DIJH))
8= ETJISERJISELUL

36T ETSLSERJTELSR
3680<C-=nnnnn=- CONPUTE NEW TOTAL ENERGY =-s=n-cnerssscemmasanace
9= ETIN: (NJLETILOXHIZEETIZ) JIHTY
L B CONPUTE MOMENTUN =--==r=semsssnmmerenannansansanns
A= INONIL=XNILRUL
M= XNON2=XNIZAUNL

3738= PUR(142) = (XHOMJL4XHONJZ) JANTE
4= KHOMI1=XRI1#PUDIT2)

375G=Cnemnmnee COKPUTE NEW KENETIC AND INTERWAL ENERGY =--=n==e=-
3740 EKT1:PUD(1,2) 40272,

- ELNIETIL-EKIY

378§2C-mm - COMPUTE NEW PRESSHRE «=v-vsseeveermecsnsscmancannes

3798 GANMA=VGANNAIELT1 PUR(T43)+RH0)

3808= PUDT2 1) =E1114 (CAKNA-1.)3RUDLT43)

3810:C-o0-- BYPASS LENCTHY REZONE PRINVOUT ==veescesacmecncocaconacconcncnc
382 IFN1.GT.181GO TO 10

3834= WRITE(Z,208) X (J) 1 US14P 1IN DAY+ KAJL KNOMSL 4 ETILHERUIVET Y

3844= WRITE(2:2001 X(J+1)2UJ2oPLU+1) o DL&HT) 1 XNIZ) XMORIZIETUZVERUZIETI2
3856= WRITE(21236) 2 (41 U1 PURLTo 1) o PUBLTH Q) o XMT 0 XMOHTTHETULEKTLOETTM
3668= 10 CONTINUE

3MsCe-eemen ASSIGN VELOCITY FOR CENTER AND RESET DX ---==e-e-

3889= PUD(1+2)=0

38949 DX=2.40%

3909=(-wmvveen STORE NEW VALUES IN PROCRAM ARRATS «-esec-esecceee

3910 D0 28 1=144%

3928 J228]-4

3938 1K)

39Ug= PULIsPUB(Le 1)

3954+ D(1)=PUD(13)

3968 IF(1.EQ.1060T0 26




397§eC-mnerenan CONPUTE NEW BOUNDARY VCLOCITIES ===~ecccnccances

398¢= U =(PUDUI-1, 21 +PUDLTI2)) /2,

3998= 26 CONTIRUE

4909=C-~==~--- DEFINE VALUES FOR UPPER HALF OF ARRAYS =---==--s--
4018: 00 25 I1=58101

Ag28= YD) =X{1-1}+0X

4030- Ul =G(1=g

4944= P =P (161D

4050+ D(I}=0(181)

4060= 25 CONTINUE

407g=C--=~-- COMPUTE NEW VISCOSITY -=-evemecmcccoccannaccaannes
4480= D0 36 I=1,50

469¢= QD) =8. 4B {11 e (UII4+1) 4T }2e2

4180 TP+ UL LCEBVaLT =B

4116= 38 CONTINUE

412g=C--vneee SET BOUNDARY CONDITIONS =--ev--mecmcmsocnnacacans

4138= Ut1)=x(1) =g

4148= P{1)=P(2)

4136 0(1)=012)

4168= b(1)=B(2)

4170= 109 FORMAT(IHL)T26)"REZONE TIHE = "+G9.3)" ITERATION NUMBER “+17y
4184= 1710 T4 POSITION"  T18 "VELOCITY" 1 732, "FRESSURE" 1 T4, "NENSITY")
419g= 21622 "MASE" 1 T74, "HOMENTUM"+ TG, T ENERGY™1 T162+"K ENERGY™»
4200= 3111601 ENERCY™1 /977 "CH" 1 T192 "CH/SEC" 1 733, "D/ CH 323"y

4218= ATAGy "G/CHE43" TE3» "EH" 4 T76+"G-SEC" 1 T91 4 "ERC/C" TIBS1 "ERG/C"
4228= ITHNMERG/C" /11

4238= 208 FORMAT(3X19(69.3:5X))

4248= 250 FORHAT(IX19(69.3:5K)47)

425¢= RETURN

8= END

-

0288=  FUNCTION EIAIP/DiRHO) o

4299=0C---~--- QUESS GAIMA HINUS ONE -<-=e=rrssememrmsmrmennannan

4388 GH1=.28
431¢= 00 3% 1=1:16

4320=C--c---- COMPUTE AN INTERNAL ENERGY ==s-scccaseaccccmcanc
4330 EIsP/{GNI4D)

A348sC- -~ ooeee CORFUTE A NEW GAMMA NINUS GNE ----=-v-===cmene- .-
4358= CH1=VOAHMALEL,D\RHOI-1,

4368=C--~----- COMPUTE A PRESSURE «~-=-ew=ssccmccccuacncciacacen
4370= P2=GN1sDE] :
4389:C----=--~ COMPARE PRESSURES ~-s-ewmm-ccmcoiocuaaasccrescnne
43%: IF(ABS(P-P2) .LE,.001%P)C0 TO 40

4499=C--~~--— GAMNA 15 CORRECT WHEN THE PRESSURES IGREE ---~----

4419= 39 CONTINUE
4429« PRINT# " [=*s ]
4039= A8 EIA:E]

4443 RETURN

4459 END
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74 FUNCTION VCANMACET»DRHO)
4488=C-nnneen HUFF ROUGH VARIAELE GAMMIA COMPUTATIOR -----------
4490= EIE=E1/1.E1D
4508= IFEIE.CT.. 1315160 TO 18
4516- GHONE=, 3961
4528 G0 T0 38
4538= 18 CONTINLE
4548- IF(ETELCT.1,)G0 TO 28
4558+ GHONE=-.8399+ (EIE- 13151 432+.3981
4548~ G0 T0
4578= 20 CONTINUE
4384~ GHONE=. 164,624/ (2, +E1E)
4398-C--=-=--= ADJUSTNENT FOR DEMSITY ---eseeseccccncmccncacnan.
4660= RHQZ=D/RHO
4619= EL=ALOGIB(ELE)
4620= ALPUA= ASTTREL- C2184EL £42+4,8035HEL 434, 00024EL 434
4638 GHONE=CHCNERRHOZS%ALPHA
4640 38 VGANMA=CHONE+L.
4658~ RETURN
4648- ERD
467¢-
4680< SUBROUTINE COPY(XsUsP1D1GsFLAGY TIHETABLENCK)
4699= DIMENSIOR X(181),UL181),P{1B1),D(161),Q(181): TABLE(16)
4789= L CKN
4710+ INTEGER FLAG
4720=C------- RESET CALLING PARAKEYERS --===emeccceoccccccuncncn.
4730 FLAG=FLAG-1
474¢- 00 19 I=1,9
4750= 16 TABLE(I)=TABLE(I+1)
4748- IF(FLAG.LT.BITABLE(!)=1608.
47718:C-------- WRITE IMFORMATION ON LOCAL FILE (FILES) ----------
4788= ENTRY ICOPY
4798= WRITE(7/1E6BY TTHE, (X410 U1 PALDAD) AU 4 1214 181)
4r9g- BRITE (720081 (CKIK) 1K=147)
4818- KRITE(Z) 181 TIHE
4824- CALL PLOTSH(X,P:108)
4833: WRITE(22888) (CK{K) 1K=1+7)
4849=  WRITE(Z/102D)TIHE
- 4858: CALL PLOTSHIX)Dy 1800
4860= BRITE(2:2085) (CKK}1X=147)
187¢- WRITE(221BBL) TINE
4880= CALL PLOTSH(X) U 108)
4899 WRITE(22068) (CKIK) 1K=147)
4980= WRITE(2/1B30) TIHE
4919« CALL PLOTSN(X,0+108)
4920= WRITE(2,28060) (CKK) 1K=1e7)

87

,
4
Y
k
!
e
t

e




‘

1936 1800 FORMAT(1X)"TIME 15"/ F9.5+"SEC"s/ /217, POSITION"T22

434g= 1y VELOCITY" s T37y"PRESCURE™ T522 "DENSITY", T67,"VISCOSITY"

4958= o119 " {CHE "4 T22y" (CH/SEC) "4 7372 " (D/CHBZI "1 TS14 " (C/CHE43)"
4948= 3eT67, " {D/CHERZY " 712 10LISISKSLPELB.3)/))

4570= 1601 FORMAT (1H1, 746, "VELOCITY(CH/SEC) VS POSITIOM(CM) AT TIME = "
4988= 1»1PE18. 30" SEC™)

4990= 1810 FORMAT (111,748 "PRESSURE(D/CH#32) VS POSITION(CH) AT TIME =
a8 111PE16.3:" SEC")

9816= 182d FORMAT(IH1,T48,"DENSITY(G/CNt43) VS POSITION(CM) AT TIHE = *y .
S828: 11PELB. 34" SEC")

W38 1030 FORMAT(INL,T46,"VISCOSITY(D/CHESZ) VS POSITION(CH) AT TIME = *
5043- 1+1PEL8.34" SEC™)

5850= 2008 FORMAT(IX,“CYCLE="+F5.0," T{SEC)="11PE9.Z»" DT{SEC)="

S068: 11E7.00" POS(CHI="ES.2+" OPID/CHERZ)="E

S060=  1yET.B1" POSICHI="1E,20" OPID/CHHZ)="1ES.24" ODIG/CHA3)="
S476:  2)E9.2," NVEL(CH/SEC)="+E9.2)
5888 RETURN
5698 END
5164
S116=  SUBROUTINE PLOTSM(XyY4N)
§128=  DIKCNSION X(108) 1Y (166) N(186)46) WL (40)
5138= NPI=N#
S148=  DATA SLASHiDOT:STAR)OH:BLANK/1H/ +IH. » 1HE, IHOy" */
S156:  XNAX=X(N+1) :
S168:  YHAX=YHIN:8
5178= D0 19 J=1N
5188 IF(YCI).CT.YHAX) YHAX=Y (1)
5196= IF{Y(T).LT,YNIN YHIN=YAD
5200= 18 CONTINUE
5216=  YOVER=YHAX-Y(186)
Se28= 00 26 1:10140
5238 D0 26 J=1:49
5240 W(LiJ)=BLANK
5256 IF(1EQ.1)H(1sd) =SLASH
5268:  IF(J.EQ.2004(1,J1=00T
S270=  WU16120)=H(20+26)=H(30120) W (401 20) =N {58, 26) =N (99, 20) ="
5268 W(bB126)=H(76126)<H (501 26) =W (96, 201 =H(108,26) 10"
5298 W(9120)=H(98:20) 1"
5300 W{19,26)="2"
0= W(29,200="3
5328:  W(39,20)="4
5338 W(49,20)="5"
S  W(59,Z0) ="
5356 W(69,200:%7
5368 W(19,28) =g
5378 H(89,26)="g"
_5368= 26 CONTINUE
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3398=
v468=
9418
J428=
9430=
S448=
5450=
9460=
3470=
9484=
a49¢=
9588=
J51d=
5528=
9538=
5546=
3550=
5560=
3578=
9580=
9578=
S665=
Sei8=
420=
5638=
So48=
9650=
S60=
S678=
5688=
5690=
9748-
3718-
9728=
3738=
5748
5758=
3768=
5718=
5780=
5790=
5808=
9818=
5828=
5838
o840s

| 5g50s

586
5674
Seed-

SCALE=YNAX/28.
STORE=-YNIN/28,
IF{SCALE LT, STORE) SCALE=STORE
DX=ANAX/S,
SCALE=SCALE+, 145CALE
(MAX=70.4SCALE
D0 38 I=1,21
XIKt=(1-1)
STORE=1IM1#SCALE
K=21-1
L=19+]
WL{L)=-STORE
KL (K} =STORE
36 CONTINUE
00 48 1=1126+5
A (I-1)
1=(1-1)/5
NL(T)=X13DX
46 CONTINUE
DXX=XMAX/ 168,
DO 58 [=14N
DO 44 K=1\N
K=K

IFCXCT) GT.XKRDKX-DXK/2. AND XAT) LEXKRDXX4DXX/2,1GO T0 45

44 CONTINUE

45 CONTINUE
00 58 J=1.43
LHL=d-1
W=d

IF ((GHAX~XJMI#SCALE GT, Y (1)) AWD. (GHAY-XJASCALE

LLE D IWLK ) =04

96 CONTINUE
WRITE(2:188) XHAK s YMAX: YMIN: YOVER
K=3
WRITE (2,260) GHAX
D0 68 J=1,48
1F{J.EQ.KICO TO S5
WRITE(Z+400) (H(Tad) v I=1aN)
60 Y0 &0

59 K=K+

WRITE(Zo2600UL () ¢ (HUT 214 1=50N)

66 CONTINUE
WRITE(2+3008) (RLLI) o 1=012643)

188 FORNAT(///+738,"THIS PLOT HAS XMAX= "+{PE1D,3," YHAXz *
11E18,3:" YHIN= "9E18.3+" AND ¥ OVER= ":E18.30//1)

200 FORMAT(SX+G10.3:2Y4106A1)
300 FORMAT(///1T146(1PELD.3,16X))
400 FORMAT(17X,166A1)

RETURN
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Appendix F

User's Guide for HUFF

This appendix describes the data card input, the scope control
cards, and selecting the output when operating program HUFF, fThe data
card input will be presented first followed by a discussion of the scaope
control cards, The last section will discuss the types of output avail-

able to the user,

Data Cards for LUFP
HUFF is programmed to solve two types of problems. The flrst type
of problew is the nuclear blast in air and the second type involves the
compression of solid materials with a constant applied pressure. Both
problems regquire an input of three data cards., The first two data cards
establish the.parameters used in operating the programs and will be dis-
cussed first, The }ast card is the problem defining card and has a for-
mat based on the <type of problem. All the data is read by HUFF with a
ligt directed format allowing the user maximum flexibility in defining
the input numbers.
Parameté?q. fhe two input cardsAdefining the program paramveters
are as follows:
1. Card l‘~ FLAG (2), PLAG (3), FLAG (4), TSTOP. This card con-
tains the input flags defined as follows:
FLAG (2) is an integer representing the number of result
times listed on card 2.
FLAG (3) is an integer representing the maximum number of

time step iterations. The program will stop if it reaches
90
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Problem Defining Card,

this many iterations.
FLAG (4) is an integer representing the type of problem to be
solved

l for a problem in air

2 for a problem in a solid
TSTOP is the maximum problem time allowed. The program will
stop if it reaches this time., Results for this time will be
plotted in addition to those requested on Card 2.
Card 2 - TABLE (1), TABLE (2), ..., TABLE (FLAG({2)). This card
lists the requested result times. A maximum of 10 times can be

requested due to the dimension of the array TABLE,

to define the problem.

by the compression problem.

lo

Card 3 - YKT, sp, 8D, ST is the problem defining card for the
blast problem, The variables are defined as follows:
YKT - Yield of the blast in kilotons.

SP, 8D, ST - Altitude scaling factors from Table I on page 15

©of the text.

Card 3 - L, GAMMA, RHO, C, RADIUS, PRESS are the problem de-
fining variables for the compression problem. These variables
are defined as followa:
L - Problem geometry factor
1l - Rectangular geometry
2 - Cylindrical gecmetry

3 - Spherical geometry

9l

This is the third and last input card needed

The blast problem will be discussed first followed

B "




GAMMA - Gruneisen ratio fcr the solid

RHO - Normal density of a solid

C - Normal density sound speed in the solid

RADIUS - Uncomprassed radius of the solid

PRESS - Pressure applied in the problem by the

outer cell

The pressure in the compression problem can be applied throughout

the problem solution by including the card (P{100)=PRESS) after ENTRY

CRUSH in subroutine SQUEEZE,

the pressure will be applied only in the initial conditions corresponding

If this fortran card is not incluied,

. to an impulse pressure. A comment card is included at the proper loca-

tion in subroutine SQUELZE to identify this option.

Scope Control Carxds for HUFF

This section presents the scope control cards necessary to executé

the HUFF program at AFIT. The sequence of control cards used will depend

on what the user plans to do with the program and its results, A number

of options will be discussed and explained to provide flexibility for

the user.

Permanent File, To place HUFF on permanent file and execute a pro~

gram simultaneocusly, the following control cards are necessary:

job,T200,problem
REQUEST , HUFF , *PF.
COPYBR, INPUT ,HUFF,
REWIND ,HUFF ,

CATALOG ,HUFF ,RP=999 ,

REWIND ,HUFF,

FTN, I=HUFF ,

LGO,

7/8/9

HUFF DECK

7/8/9

DATA Cards for HUFF
7/8/9

6/7/8/9 (Orange Caxd)

92
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i After HUFF is on permanent file, the following control cards can

be uged;

job,T200 ,problem
ATTACH , HUFF ,

FTN, I=HUFF,

1GO.

7/8/9

DATA Cards for HUFF
1/8/9

6/7/8/9 (Orange Card)

Single operation, The following cards use HUFF to solve a single
problem without using a permanent file:

job,T200,problem
FTN.

GO,

7/8/9

HUFF ‘PROGRAM

1/8/9

DATA for HUFF

1/8/9

6/7/8/9 (orange Card)

Listing Local Files, HUFF writes all the plotted information and

summary information on local files called FILES and REVIEW respectively.

The following cards will route a listing of the local files to the

printer:

job,T200.problem

FIN,

LGO.

REWIND ,FILES.

ROUTE ,FILES, TID=BB ,DC=PR,FID=jcb,
REWIND , REVIEW.

ROUTE , REVIEW, TID=BB ,DC=PR,FID=job,
7/8/9

HUFF PROGRAM

7/8/9

DATA

1/8/9

'6/7/8/9 (orange Card)

Save Local Files. To save local files on a permanent file, the

(f} following cards are necessary:
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job,T200.problem
Request,lfn,*Pr.
FIN,

1GO,

REWIND,1fn,
CATALOG,l1fn,RP=999,
7/8/9

HUFF PROGRAM

7/8/9

DATA for HUFFR

7/8/9

6/7/8/2 (Orange Card)

There are many more corbinations available in using scope cards to
run a program. The above listings should provide sufficient examples
to operate the program.

HUEF Output. A large amount of useful information is generated
during a problem solution. This information is easily analyzed if it
is prescented in graphic form. However, if a more detailed analysis of
the results is required, a tabular output may be preferred. For this
reason, a variety of outputs are generated by HNUFF. A tabular form of
all the results is placed on a local file called FILES, a summary of
the parameters of the problem is placed on a local file called REVIEW

and all the information is plotted on the output file by subroutine

 PLOTSM,

Plot'routines using DISSPLA or CALCOMP can also be used with HUFF
by replacing subroutine PLOTSM with the desired plot routine. If FILES
apd REVIEW are placed on a permanent file, selected data can be read
from these files and plotted, after examing the results displayed on

the output file, without reexecuting the entire program,

94

s
!
[
31




O

Vita

David J, Peters was born on 23 December 1948 in Kenosha, Wisconsin,
He graduated from Tremper High School in Xenosha, Wisconsin, in 1966,
He attended wisconsin State University at whitewater graduating May 1970
with a degree of Bachelor of Science in Mathematics and Physics, 1In
November 1970, he entered the Air Force rcceiving his commission from
Officer Training School in February 1971. He then attended Undergraduate
Pilot Training at Webb AFB, Texas, receiving his aviation wings in
Faebruary 1972, AFter pilot training, he completed transition training
for the C-141 aircraft at Altus and was assigned to the Bth Military
Alrlift Squadron, McChord AFB, Washington as a C-141 pilot. While sta-
tioned at McChord AFB, he pursued a Masters Degree in Business Admini-
stration sponsored by Southern Illinoils University -~ Edwardsville and
yraduated with a MBA in December 1975. In January 1976, he was assigned
to Air Training Command through a MAC exchange program. He completed
the T-38 Pilot Instructor Training program at Randolph AFB, Texas, in
July 1976 and was assigned as a T-38 Instructor Pllot in the 50th flying
training squadron at Columbus AFB, Mississippi. He performed as an
Instructor Pilot until entering the School of Enginecring, Alr Force

Institute of Technology in June 1977,

Permanent Address: 2600 Fasske Street
Sulphur, Louisiana 70663

95

T e A o Sl AR e 1 e




- i O e -

P ——

o " g

—UNCLASSIFIED .
SECURITY CLASSIFICATION OF THIS PAGE (When Data Bnnud) '
EAD INS '
g / % REPORT DOCUMENTATION PAGE HEFORE COMBL ETING FORM '
2. GOVY ACCESBION NQ| 3 RECIPIENT'S CATALOG NUMBER

O e Y

. A _TITLE (end-Subiltle) F )3 0 ’ Ry LRED
I/ HuFr, A ONE. PIMENSTONAL HYDRODYNAMICS gonj { i dins f:‘ub <
v} For s'rao'NG SHOCKS, :
> e ________——-—-‘"’""_' 8. PERFORMING ORG, REPORT NUMBER
+ AUTHOR(a) § CONTRACT ON GRANT NUWBER(S)
oy ,&_Divi.g.
-1 Captain ]
¥ PERFORMING ORGANIZATION NAME AND ADDRESS 6 BROCRAN ELEMENT FROIECT. TAIK

Alr Force Institute of Technology e
Wright-Patterson AFB, Chio 45433

1. CONTROLLING OFFICE NAME AND ADDRESS
Air Force Institute of Technology
Wwright-Patterson AFB, Ohio 45433

4, MONITORING AGENCY NAME & ADDRESS(If dilferent from Controlling Ollice) 18. SECURITY CLASS. (of thig

UNCLASSIFIED ; i

‘ 80, L Né.aa:l:lCATIOH/DOVNﬂlADING '
: 18. DISTRIBUTION STATEMENT (of this Report) : J
t Approved for public release; distribution unlimited. ‘ .

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, it dillecant {rom Report)

18. SUPPLEMENIARY NOTES

Approved £ ublic release; IAW AFR 190-17
JOSEPH P\ \HIPPS;

USAF
Director of Info io;: / X3 77

19, KEY WORDS (Continue on revarse alde if necessary and identify by block number)

1 20. ;A._iTRACT (Continue an reverse aide It necessaty and identify by black number)
i N HUFF 1is a one-dimensional Lagrangian hydrodynamice computer code develope
: from the basic principles of mass, mowentum, and enexgy conservation for
{ strong shock propagation in a solid or gas. Two equations of astate are used :
v - the adiabatic ideal gas law with a variable gamma and the Gruneisen solid
( equation of state with a constant Gruneisen ratio. The Richtmyer and Morton ?
LY
1
i

difference equations for strong shocks are used on a spatial mesh composed _ | ,
of up to 100 cells, Results for two problems are presented which show .——7f"- '

L

DD , 208" 1473  «oimion oF 1 NOV €8 18 oBsOLETE

——JNCLASSYIRIED . .
BECURITY CLAS3IFICATION OF THIS PAGE (When Dafa Bntersd) ;

Oili‘;




o Yl A

o e e

- .
L h e

R T 2 e e

PR TS YRy

~

INCLASSTFIED

SEBURITY CLASSIFICATION OF THIS PAGE(When Data Nntered)
Zhn usefulness and limitations of the code and also aerve as sample problems.

The results of a one kiloton nuclear explosion are compared to the Nuclear
Blast Standard 1KT, The results were within 13 percent for shock over-
pressure and overdensity, 5 percent for ®shock material velocity, and 2

« 1xcent for shock position over a range of 20 meters to 2 kilometers from
the burst point. The larger deviations occurred at sarly times being
attributed to an absence of radiation transport calculations in the code.
The second problem, a megabar compression of uranium, shows agreement within
two percent for all parameters (peak shock pressure, density, material velo-
city and shock velocity) when compared with the Rankine-Hugoniot compression
curves, The equation of state for a solid was limited to calculations below
100 megabars due to its simplicity and constant value for the Gruneisen
ratio. A ccmplete userxs guide and program listing are also provided.w

UNCLASSIFIED '
SECURITY CLASSIFICATION OF TH1* PAGE(When Date Entered)

[ OTOPUI R

e

H 'Aﬁ"

.




