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‘ HYDROX: A ONE-DIMENSIONAL LAGRANGIAN HYDRODYNAMICS CODE¥

by

Milton Samuel Shaw and Galen K. Straub

ABSTRACT

HYDROX is a one-dimensional Lagrangian hydrodynamics
computer code written in FORTRAN for the solution of prob-
lems with plane, cylindrical, or spherical symmetry. A
user may request automatic problem zoning, rezoning, and
automatic time step controls. Equation-of-state libraries
for HOM and SESAME are available. Input to HYDROX is by
way of NAMELIST and output may be sent to several differ-
ent disk files, including a file that is directly readable
by the interactive graphics code GAS. A restart capability
is also provided. This document is intended to serve as
more than just a manual for problem setup; information has
been included on the derivation of and differencing schemes
for the equation of motion, detailed notes on each sub-
routine, sample problems, and HMLB and SESAME equation-of-
state libraries.

*Los Alamos National Laboratory Identification No. LP-3052.




I. INTRODUCTION

HYDROX is a one-dimensional Lagrangian hydrodynamics computer code .

written in FORTRAN for the solution of problems with plane, cylindrical, or
spherical symmetry. The code may be compiled with up to 20,000 spatial cells
on the CDC 7600 series computers and a potentially higher number on the CRAY-1.
Versions of the code are available on both the above-mentioned machines as
well as the VAX—ll.*

HYDROX draws heavily upon the features incorporated in the SIN hydro-
dynamics code,1 but also includes several automatic features that simplify user
interaction. The user may request the following options: automatic problem
zoning, rezoning, and automatic time step controls. HYDROX has been written

to reference equation-of-state (EO0S) libraries for certain EOS types: HOM,l

the Barnes EOS form,2 SESAME tables,3 and reactive equations of state using
HOM. Eight-parameter polynomial EOS's are also available to the user,

The features of SIN for treating explosives were directly adapted into

HYDROX. These include Arrhenius reaction kinetics, C-J volume burn with
buildup, and Forest Fire.z*—7 Material descriptions for plasticity and spalla-
tion are also included.

Input to HYDROX is by way of NAMELIST and output is sent to several
different disk files. In addition to printer listable files, HYDROX writes
a random access data dump file that is directly readable by the interactive
computer graphics code GAS.8 This file may also be read for cell quantity
data and additional information processing. Other dump files may also be
written for problem restarting.

HYDROX was written to serve the dual purpose of being the core of a

production code for engineering design problems and also a research code

for single precision (32-bit) arithmetic and ten times slower for double-

*Execution times for the VAX-1ll are about seven times slower than the CDC 7600 .
precision (64-bit) arithmetic,

2



for the study and modeling of dynamic flow problems. By using the same code
‘ for both types of problems, improved physical descriptions that are being

developed are most readily available for design studies. For this reason,

we have allowed the user to select options such as extremely small spatial

zones or time steps to minimize any numerical error in describing the physics

of the dynamic flow. When a highly accurate numerical solution is not needed

for a particular portion of a calculation, the user may choose a faster option.

The remainder of the introduction contains a table of consistent sets of

units for HYDROX and some useful conversion factors. Section II of this

manual discusses the equations of motion in plane, cylindrical, and spherical ge-

ometries as well as the accuracy of the finite difference equations. Section III

contains input and output information. Section IV is composed of a subroutine-

by~-subroutine description of the physical models represented in the code and

a listing of each subroutine annotated for ease of understanding. Section V
‘ contains a short selection of sample problems that illustrate procedures for

problem setup and output. Section VI discusses the use of the equation-of-state

library HMLB for use with the HOM EOS and the SESAME tabular EOS library.

CONSISTENT SETS OF UNITS FOR HYDROX

Time us s s
Length cm cm meter
Mass g g kg

3 3 3
Density g/cm g/cm kg/m
Energy 1012 ergs erg joule
Energy density Mbar cm3/g erg/g joule/kg
Pressure Mbar dyne/cm2 Newton/m2

The preferred set of units is in the first column. EOS libraries contain
dimensional constants that are consistent only with this set of units. In us-
‘ ing any other set of units the user must make sure they are consistent with

internal subroutines that also contain dimensional constants.



Useful Conversion Factors

1 kilobar = 10° dynes/cm2

103 kilobars = 1012 dynes/cm2 =g/cm usz

1 megabar
Mbar cm3/g = 1012 erg/g

1 gigapascal = 10 kilobars

1 em/ps = 10 km/s

1 electron volt = 11604.7 K

Avogadro's number = 6.02252 x 1023/mole
Boltzmann's constant = 1.38054 x 10—16 erg/K
Planck's constant = h = 1.054494 x 10'_27 erg s
Atomic mass unit = 1.66043 x 10-24 g/amu

Bohr radius a, = 0.529167 x 107> cm

Rydberg = 2.17971 x 10 “Lerg

1 Rydberg/ag = 147.103 Mbar
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IT. HYDRODYNAMIC EQUATIONS OF MOTION (In collaboration with B. L. Holian)

In this section we try to give an intuitive derivation of the hydro- .
dynamic equations of motion by considering the appropriate volume element
and applying the comservation laws of mass, momentum, and energy. The only
completely rigorous manner to derive the equations of motion is to consider
the full tensor properties of the stress and strain, and then make the appro-
priate coordinate transformations corresponding to the symmetry of the
problem.

To obtain the appropriate partial differential equations we must consider
both Eulerian and Lagrangian coordinates. FEulerian coordinates are a spatially
fixed coordinate system sometimes called a laboratory frame of reference.
Lagrangian coordinates move through space with the body that they describe
and may be thought of as labels for mass points. One may easily transform all

quantities from Fulerian to Lagrangian coordinates and we usually visualize

a mass element in an Eulerian system, calculate the desired quantities, and
transform the results to a Lagrangian system. For a hydrodynamics computer
code, the most useful form of the equations is a hybrid of Eulerian positions
and velocities used to describe Lagrangian mass points.

A. Conservation of Mass

In order to satisfy the law of conservation of mass, we merely require
that the mass of a volume element remain constant even though its shape may

change. That is
Mass = pV = constant, ' D)

where p and V are the density and volume of the mass element respectively. 1In

the following,

r = Lagrangian position,

(2)

R = Eulerian position.



At time t = to we pick the Lagrangian and Eulerian coordinates to be equal,

as well as the length of a mass element:
r(ty) = R(ty) 5 Or(ty) = SR(ry) . 3
At some later time t, the density is p(t) and
r(t) = r(to) and r(t) + 8r(t) = r(to) + 6r(t0) (4)
are unchanged with time. The Eulerian coordinates become
R(t) # R(ty;) and OR(t) # 6R(ty) . (5)

1. Planar Geometry

In Fig. 1 we illustrate a mass element with planar symmetry. The volume

of this mass is dV = SR Ay Az * and its incremental mass is

Am'

I

p(t) SR(t) Ay Az (Fulerian),
(6)

Po 8r Ay Az = constant (Lagrangian).

m' . . s
Defining the mass per unit area as Am = Z;—Zz-and going to the infinitesimal

limit, we have
dm = p dR = p, dr , (7

where dm is also a mass per unit area.

2. Cylindrical Geometry

In cylindrical coordinates the mass elements may be written:

dm'

Py T dr d6 dz (Lagrangian),

(8)
p(t) R dR 46 dz (Fulerian).

*

S8R and Or are used to denote finite distances for the volume elements, while
dR and dr denote infinitesimals. Although not strictly correct, SR and &r
may be interchanged with dR and dr by taking a limit where &R and 8r go to zero.

7




We can define a mass per unit length dm = dm'/dz and, assuming cylindrical

symmetry for the problem, integrate over 06 to get
dm = vao r dr = 2mp(t) R dR . (9)

3. Spherical Geometry

In spherical coordinates the mass elements may be written

dm = dm' = Po r2 dr sin 6 d6 d¢$ (Lagrangian),
(10)
= p(t) R%2 dR sin® d6 d¢ (Fulerian).
Integration over § and ¢ gives
2 2
dm = 4ﬂpo r” dr = 4mp(t) R dR . (11)

B. Conservation of Momentum

To determine the net momentum flux through a mass element at any time, we

use Newton's equation of motion in the form:

force in the R direction _ FR auR
t

unit mass d 9 (12)

&
i
=

where up = velocity in the R direction.

1. Planar Geometry

Figure 1 shows a planar mass element subjected to a stress or in the posi-
tive direction and a stress cr-+Adr in the negative direction. Since stress

is defined as the force per unit area, then

FR =0 Ay Az . (13)

The net force acting on the volume element is FR - FR+6R’ giving




l AY
l AZ

o, | (o, + Ac,)
— | -
) R E—
/
/
7
R R+3R

Fig. 1.
A planar mass element subjected to a stress O, in the positive
direction and a stress Oy + ACy in the negative direction.
The cross-sectional area that these stresses act upon is Ay Az.




BuR ) FR - FR+6R 3 or Ay Az _ (Ur‘+A0r.)Ay Az
ot dm' p SR Ay Az p 6R Ay Az
(14)
_ 1% 1%
p SR 1im S8R0 p SR °
or
1% )
ot p 9R

Transforming to the Lagrangian variables dm = fg dr by using the relation

dr = p dR, we have
Bu) _ 1 80) _ (?0) (
)] = - —) = -l= s 16)
ot . Po or ¢ om ¢

where (Bu/St)r denotes the acceleration of a single Lagrangian mass point

Po

with coordinate r and the stress gradient is evaluated at constant time t.

2., Cylindrical Geometry

For a system with cylindrical symmetry, we must include the contributions
to the stress from the 6-direction as well as the r~direction. Figure 2 shows
a mass element in cylindrical coordinates subjected to the stresses crr and

Oy + Aorr in the radial direction, and stresses 4066 and —cee in the angular

direction., We need only worry about the components of 066 in the radial direc-

tion because the net force in the O-direction at the center of the mass point

is
F, = 40,, cos g-GR Az - o,, cos g-GR Az = 0 Qa7
6 606 2 66 2 '
In the radial direction we have
F, = mu_, = pR SR AB Az O
R R R (18)

A8
=0, R sin A6 Az - (Crr + Acrr)(R + 8R) sin AB Az + 20 sin TT-GR Az

60

. AB
= 0. S8R sin AB Az - Acrr(R + S8R) sin AO Az + 20ee sin —E-SRAZ .

10




(. +Ac )

rr rr

(R+3R)sinAg

%e sin A8/72

Fig. 2.
A mass element in cylindrical coordinates subjected to the stresses Oyr

and -(Orr + AOypy) in the radial direction and to +0gg and ~0gg in the
angular direction.

11




Because mass = pR 6R A8 Az, we have

Or sin A0 Vrr (1 N GR) sin A0 . 2906 sin AB/2

Plp "~ "R ~ 88 ~ R ®/) "8 TR X y

In the limit as 8R, AO goes to zero, §i%§é§-+ 1 giving

o] o ag

-« _ __rr _rr 00
puR = R 3R + R + O(SR) + O(Ae) s
where 0(x) = order of x.
Thus,
90 Opn = O
- _ __rr 60 rr
PUp = 3R + R ' (19)

To change to Lagrangian coordinates, we use dm = Po r dr = pR dR =2 dr =

dm/pR, giving

du o) (Oapg — 0.
__R} _ _ rf\ 86 rr
(2), = (o) + 2o =

where ( )r denotes that we are considering a single Lagrangian mass element
(constant r or dm), and the up is the velocity measured in the Eulerian refer-
ence frame.

3. Spherical Geometry

A spherical volume element is shown in Fig. 3. The spherical case is
slightly more difficult to visualize because Ad is measured in the x-y plane
and the arc length swept by a rotation in $® must be projected up to the volume
element. We have introduced the quantity A$' (not equal to A$) to help avoid
confusion. As in the cylindrical case, there are componenté in the radial

directions from Ogg and 0¢¢, but no net force in either the & or ¢ direction.
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_ (R+5R)sindA ¢

(R+3R)siné Ad¢

Fig. 3a.
A spherical volume element subjected to the stresses ORR and -(ORr + AGRR)
in the radial direction, +0gg and -Opg in one angular direction, and
+0¢¢ and ~O¢¢ in the other angular direction. Note that A$ # Ad'.
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(b)

R+3R

+c’¢¢

Rsin 8 A¢ = RAS'

(c)

Rsin8 A¢

Fig. 3b,c.
(b) The stress 40 and O acting on the spherical volume element
depend on the angle A¢' and not on its projection in the x-y plane, A.
(c) For the 6-direction, the stresses +0gg and -0gg are dependent only ’
upon A9.
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Consider first the stresses 0¢¢ acting on the volume element as shown in
Fig. 3b. The net force in the radial direction from the stresses acting on
each side of the volume element is

Ad' A" - A"
(§¢¢ sin 2 + c¢¢ sin 2 ) R SR A6 20¢¢ sin > R 6R A6 , (21)

with 0¢¢ acting on an area R SR A8. By requiring the arc length swept by the

A rotation to be the same as the A¢' rotation, we have

RAG' = R sin O AD
(22)
Ap' = sin 8 A,
or making Eq. (21)
2044 sinf[!% sin 0 APJRGR A8 | (23)
The net force in the radial direction from the Gee's is
20, sin 22 R OR sin 6 A 24)
o Sin - R OR sin ¢ . (
The net total force in the radial direction is
2 ., 2 .
FR = 0'rr R” sin 0 A A - (0'rr + AO’rr) (R + 5R) sin 6 A6 A¢
. A8
+ 20¢¢ sin [% sin © A¢] RSR A6 + 2059 sin < R SR sin 8 A¢ . (25)
Fp ) Fp . 83U, i Fo
unit mass 2 ot R2 SR sin 6 A6 A¢

pR” sin 6 A8 A¢

In Eq. (25) we again take the limit of small A6 and A¢ :

sin ég-*-ég R

2 2

sin[*% sin © Ad] + % sin 6 Ad

15



Thus,

du Ao 2 g o
R __ 2 S8R\ _ "rr 26R , (8R) [0l 6o
P 5t °rr(R+R2 6R<1+R+R2 >+R+R ’
or, taking the limit as 8R goes to zero,
du 'le]
P 3e = - T3r= + §Opy * Ogg = 20py) + OSR) + O(6R)

Because of the spherical symmetry, o,, = ¢.., and if we neglect terms of order

ol 06
S8R and higher, our result is
du 30
R ___r _2 -

To go to Lagrangian coordinates we use dm = pR2 dR, and obtain the acceleration

equation for the mass point labeled with the coordinate r:

EEB) . Rz(aorr) . 2(0yg = Opp) . 27)

ot r om & pR

C. Conservation of Energy

We Wish to calculate the increase in the total energy of a mass element
during some time At due to the work done by the stresses in the radial direc-
tion. The stresses in the angular direction do no work on the mass element
because there is no motion in the angular directions.

1. Planar Geometry

A planar mass element is depicted in Fig. 4 at times t and t + At.
Letting AE be the change in energy per unit mass = p§R Ay Az, we can write

(energy = force x distance):
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UR) At

R(t)

R(t+ At)

U(R+8R)At

R+38R R(t+At)
+ SR(t+At)

Fig. 4.

A planar mass element at time t (solid line) and t + At (dashed

1ine).
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o, Ay Az u(R) At - (c~r + Avr)/_\y Az u(R + §R)At

AE = pSR Ay Az ’

9E _ cru(R) - (ot+ Aor)U(R + 8R)
P 3t SR

. (28)

We may expand u(R + SR) about R:

u(R + 8R) = u(R) + (g%)gg + oo

Substituting this result to first order in §R into Eq. (28), we get

Aoc_u
3EY _ _ r _ _ (3u) _ du
p(ac) SR °r(aR) A"r(aR‘ y (29)
Taking the limit as &R + O,
(&) - - u(& L ([
P\at 3R, °r(aR

In the 1limit SR =+ 0, then Acr + 0.
Using dm = p dR, we can write

3EY _ 9
a_t)r =~ W, (30)

where the ( )r expresses the fact that we are considering a single Lagrangian
mass element.

2, Cylindrical Geometry

The calculation for cylindrical geometry proceeds in the same manner as
the planar case except that the unit mass element = pRSR A8 Az. The angular
stresses O and the axial stresses o, do no work because motion is permitted
in the R direction only. Figure 5 shows the appropriate mass element at times

t and t + At.
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R(t)+8R(t)
U(R+3R)At <

R(t+At)+SR(t+At)

U(R)AtS
R(t+At)

Fig. 5.
A cylindrical mass element at times t (solid lines) and t + At (dashed lines).
The angular stresses, +0gg and -Ogg, do no work because motion is permitted

. in the radial direction only.
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The change in energy per unit mass 1s again calculated by considering

the distance the forces acting on the mass element move.

g5 = +0£rR(t)A9 Az-Tu(R)At] - (Orr +-A0rr)(R + SR)A® Az[u(R + SR)At] .

PR SR AB Az
3E _ o (R _ @ . +40, ) (R + SR)u(R + §R)
o poR PR 6R

Using u(R + 8R) = u(R) + (Qu/3R)SR + ---, we obtain

ot R rr 3R rr aR SR oR

Ju 9u\SR
00y ar) * 00y BR)'R‘

0(1) + 0(1) + O(§R) + 0(1) + O(Ac,.) + O(Ao_,) + O(AG SR

’ (31)

In the last equation we have written the relative order of the terms for Eq.

(31). Keeping only the leading order terms we have, after taking the appro-

priate limits,

o 3 o b onld) + (G0

Using dm = pR dR or 3R/3m = 1/pR, we write

BE) _ _ 3
at)r 2 0, (32)

for the Lagrangian mass element labeled by r.

3. Spherical Geometry

A spherical mass element is shown in Fig. 6 where a unit mass is
pR2 S8R sin 6 A8 A¢. In the same manner as for the planar and cylindrical
cases, the change in energy per unit mass due to the work done by the radial

stresses is

20



UR+3SR)At <

. U(R)At

A spherical mass element at times t and t + At. The two sets of stresses in the
‘ angular direction do no net work and are not shown here.
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dE =

o, (RA8) (Rsin® A$)[u(R)AL] - (0__+A0_) (R+SR)AS (R+6R) sinO Ad[u(R +8R)AL] ‘
oR% 6R sin 6 A® Ad

or, rewriting, the rate of change of energy is given by

2 2
) OrrR u(R) - (crr + Acrr)(R + SR)“u(R + 6R)

t R? SR

[+%4
]

p

Q

Using u(R + SR) = u(R) + (3u/3R)SR + *-+ , we may obtain

R
28R . {8R\*)/3u
+ A%.-[l xRt (T{) ](TR)}

Keeping only the leading order terms, our result becomes

20__u 30
oE rr rr du
T { R + u( 3R ) + orr(QR)}

Again, %4 and o¢¢ do no work because of the requirement that there be no motion

20__u 0o__O6Ru 2 Ao 2
JE _ rr rr 28R SRY"|{du rr 28R SR
p?a?""{ R T2 +"rr[l+ R +(R>](3R)+ SR [1+ R +(R)]“

in the 6 and ¢ directions. To write in a Lagrangian form, use dm = pR2 dR to

get 1/pR = R 3R/9m, and

9E\ _ 5 .2
<§—E)r = - = ®R%o_) . (33)

4. The Internal Energy

For some calculations, it is more convenient to work directly with the
internal energy than with the total energy. The internal energy, I, may be

determined from
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E = %-uz +I ,

where the first term in this expression gives the kinetic energy. Equations (30),

(32), and (33) may be written in the combined form

oE d-1

_ _ 9 -
<§E)r - Bm(orruR ) s

where d = 1, 2, or 3 for planar, cylindrical, or spherical geometry, respectively.

We now wish to obtain the time rate of change of the internal energy. Thus,

30 :
OB} _  (Qu), (3L} _ _ _d-1{""rr) _ 9 od-1
(ﬁ) B u<8t>+ <8t>r = TuR ( om >t 0rr(?)m uR >t

In analogy with the above expression for the conservation of total energy, we

may write the conservation of momentum relation as

30 (Opqq = 0...)
dgul _ . d-1{ rr _ 06 rr
(ﬁ)r - R <_8m >t - -

Using this expression allows one to write

d-1
oIy _ _ 3uR u(d - 1) _
<st)r B 0rr< om >t TR O ~ e’

D. Summary of Equations

In this section we shall summarize the equations obtained by the applica-
tion of the conservation laws of mass, momentum, and energy on a one-dimen-

sional Lagrangian mass element under stress.
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Conservation of mass requires

dm = pdR = podr (planar),

= 2mpRdAR = 2ﬂp0rdr (cylindrical),

= 4ﬂpR2dR = 4ﬂp0r2dr (spherical),

Conservation of momentum gives

(gg_ 1 aor) - 8Or) (planar),

ot . po ar ¢ om ¢

om A PR
Cpn = 0_.)
2(301_1_) + 2 06 rr
= - R4\—— R
am t

Conservation of energy gives

- (Oru) (planar),

N
&
N
]
§
O)IQ)

= - 55-(0ruR) (cylindrical),

__ 9 2
o (oruR ) (spherical).

24

30 (Can - 0_)
- R( rr) +—98 __TT (cylindrical),

(spherical)

(34)

(35)

(36)




‘ E. Finite Difference Equations

In the present section we will present the procedure for evaluating the
differential equations for fluid motion on a finite Lagrangian space-time grid.
We begin with a general discussion of Taylor series expansions of known func-
tions and then use these results for the fluid equations. At the end of this
section the conservation properties of the difference equations are discussed.
For simplicity we give only the results for planar geometry.

1. Expansions of a Function on a Lagrangian Lattice

Consider some function f(r) of the Lagrangian coordinate r on a grid of
Lagrangian points as shown in Fig. 7. The distance between the j-% and j+s
boundaries is called rj for cell j. The function f(r) evaluated at the center
of the cell is written fj and the same function evaluated at the j+)s boundary
is written £, ,.
j¥s
‘ Assume that the values of f(r) are known at the cell center and we want
to calculate spatial derivatives of f at cell boundaries; that is, we know
fj’ fjil’ fjt2’ +*+ and we want to calculate (af/ar)j+%. Because j+s is the

boundary between cell j and cell j+l1, we will need to use fj and fj+l to

determine the derivative. To do this, we make a Taylor series expansion of

our function about the point j+s.

2 r
= of i, 1€ 3 3
fj - fj*"'é “\or "y 2 2<8r2> (2) + o(rj) s (37)
; 3+

where % rj is the distance from the cell center to the boundary and O(rg) indicates

that the next term in the expansion is of order r?- Similarly, we may write

c e 4 f3E) Tyl ! e Titl 2 + o) (38)
JHL T T or s 2 2\,,2 2 j+1/
\OL L 51 )
: s
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fj-3/2 fi-172 fieir2

fj+3/2
fj-1 fi fien
j=3/2 ' j=172 jri/2 j+3/72
CELL j-I CELL j CELL j+l
Fig. 7.

A function f evaluated on a Lagrangian coordinate
system in one dimension. Integer values of the

subscript denote cell centers and half-integer values
denote cell boundaries.




Subtracting Eq. (37) from Eq. (38), we obtain the desired result:

_ 1f3f 2
A ar)j%(rj trg) o))

- £))
( 54(i+1 +3j) +0(r) . (39)

If we multiply Eq. (37) by rj+l’ Eq. (38) by rj, and add, we get

£, = 3
j+1fj+r 41 rj+lfj+15+rjfj-l-$§+o(r) s
f.+r.f.
+
Fiy = ji3+rj 4 o® . (40)
j j+1

This result gives us the value of a function at the boundary between two cells

knowing only the values at the adjacent cell centers.

To obtain the derivative of a function at the cell center, we make a

different expansion:

2
2 r
_ f) Ii |, 1/6%F\(%i 3
fj-!-%— £+ Sr)j 2 +§(8r2 (2) +0(rj) ?
h|
2 T \2
_¢ - (3F) Li, 1/%F\y 3
fs = &y (Br ) +% 2 2) +o@ry).
j or 3
Subtracting,
of
4 5 S_r)j rj + 0(r})
or
£.,, - £
ifi) B . S b S (41)
Sr‘j rJ. J
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The results of this section (Eqs. (39)-(41)) will be used to obtain .

the finite difference form of the equations of motion. As will be seen, we
will have information about different quantities at different Lagrangian
positions (cell centers or boundaries) and must use the results of this sec~
tion to evaluate the function or its derivatives where they are needed.

2. Space and Time Grid

In writing down the finite difference solutions for the differential equa-
tions of motion, we must make some decisions about where in the space-~time
grid the various dynamic and thermodynamic quantities should be evaluated.
Any choice we make will not be unique. Figure 8 illustrates the space-time
grid we will be using. Cell j has boundaries at j#s and we associate with the
center of the cell the density (or volume), mass, stress, total energy, and

internal energy.

1

Vj = volume of cell j (V=p )

Mj = mass of cell j (Lagrangian variable)*®
Py = density of cell j

Oj = stress of cell j

Ej = total energy of cell j

Ij = internal energy of cell j

We locate the positions, R, of the cell boundaries at ji!s as measured in the

laboratory coordinate frame. This also locates the velocities at the bound-

aries.
Rj+1/2 = position of one boundary of cell j
3R-+&
= —J%v3 _
uj+% = Nt velocity of one boundary of cell j
*
Mj is equivalent to the differential mass element dm introduced in Sec. III.A; ‘

that is, dm = Mj.
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TIME

rp+l r."” r."“
fnol 4 j-1/72 j+1/72 j+3/2
n+1/2 n+l/2 n+!l/2
o2 Yiciz2 Y12 Yis3/2
t 4 —¢
n n n
r. r. r.
-1/2 +3/2
n I Q__itl2 f j
j- 172 j+1/72 j+3/2
CELL j CELL j+I
DISTANCE -

Space-time grid for the evaluation of cell quantitiés as used
in HYDROX.
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The choice of the time grid is slightly more difficult and we introduce

the notion of a "half time step" to avoid confusion. By inspection of Eq. (39)
of the previous section, assuming that we replace the spatial variable j by

the time variable n, we see that knowing a quantity at time t = n and t = n+l
allows a straightforward determination éf derivatives at t = n#s. The same
argument applies for quantities known at t = nHs and t = nt+34 when we need to
evaluate derivatives at t = n+l. Thus, we make the following choices at integer
values of n (indicated by a superscript):

n n .n
I

n n _n
E *
fyop Uy Py Op0 By Ny
At half-integer values of n we choose

n#s
Uj% .

The mass of cell j, M,, is a constant in time and does not need the time

superscript.

The velocity 1is given by

n+l n

nts R - R ;
s At

(O(Atz) means order of At squared; not to be confused with At™ meaning the
value of the time step for the nth cycle) which can be rewritten to give the
position of the cell boundary at t = n+l, knowing the position at t = n and
the velocity at t = n¥s:

n+l n n+l n 3
Rj+45 R_-]-Hi"'“j-féi“ + 0(At™) . (42)

The volume of a cell can be calculated from a knowledge of the boundaries

and the relation ‘

30 dm =p r(d_l) dr
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where d is the dimension (1, 2, or 3). Integrating both sides over a single

cell of mass Mj’ density pj, from Rj—lg to Rj-IJ/z’ we get

R.

_ ¥ (@-1) . _Pifd d
Mj —pjf r dr = d(Rj-P»i_Rj—l/z)
Ry

Using Vj = p}l, we obtain for t = n

% =3 - (5] -

3. Momentum Equation

We want to write

du) _ _ _82)
ot \ om
r

in finite difference form, or more specifically, evaluate

t

gl—l.)n - a_o,)n
/54 om /g

For the left-hand side, we make Taylor series expansions of the velocity in

time about t = n:

n n 2 \" 2 2
e (O, 0 () 9w

I+ & g

n n 2 \" n 2
I a_u) A” (a u> (350 HPNE
jHs jHs at /. 2 2 8

jPs ot Py

Subtracting and solving for (au/at)?_%, we .get
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o
.a_t) = — 2 4+ o(AtY) . (43)
j+s At

For the stress derivatives, expand o and c?+1 about the point j+s and denote

the Lagrangian incremental spatial variable dm by M,:

n n o0 - M'+1 2
o =0,,. + [— + 0(M,,.)
a0t (52) 5 :
bl M
n_ n _ (30 j 2
cj = °j+$«2 _am).# > + O(Mj) .
JTs

Subtracting and solving for (80/8m)?+%, we get

n n
3o\ 9541 ~ 95
= =—1/(§{ +§4)+0(AM) . (44)
jHs 2+ h|
where AM = M - M.. Our final result obtained from Eqs. (43) and (44) is
j+ h|
n+s n-% n n
u, -u o, - O,
e i IR o + ot
At 541 5

which can be used to obtain the velocity at t = n#s by knowing the stresses at

t = n to 0(AMAt) in the cell size and O(At3) in the time step.

n n
o, — O,
uz;g _ u?j: N ;é(j i s AL+ 0(amAE) + o@at®y . &)
J

Mo

4. Energy Equation

The energy equation is

9EYy _ _ 3
at)r == 3p OW -
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In finite difference form, we will want to evaluate this equation at t

for mass element Mj:

445

n
IR
For the left-hand side, we make a Taylor series expansion about t =

n n
E31+1 _ 31-*45 . (at) A; . <a E) (A; ) 4oty |
ot
n-s s n, 2
- oo () () e

ot~ /,
J

Subtracting and solving for (8E/8t)?+%, we get

+; AL _ g0
(‘g%)n ’- I+ oath
3 A"

For the right-hand side, we note that the mass element dm = Mj’ the jth

Lagrangian coordinate. Expanding cu, we get

n+¥

+Hs M, 2
s ot | (dou\" 2 (a cm) J M3
(ou)? (ou) + + {(—— +oM;) |,
J+1»5 j (Bm) 2 8m2
+k
n+s M, 2 C .
n+s _ n+*5 dou j 3°0u 3
(owilg = ewi™ - (B ) S+ (amz > 5+ 00
h

Subtracting and solving for the quantity of interest, we get

_ n+Hs
aou)’“’l’i (Ou) ,é (ou) ik oad)
om /, M, 7
J J

=n+-;§

= niHs:

(46)

(47)
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We still have the task of evaluating (o'u)?_ﬁ:. This can be written as ‘
nts _ nts ot

O a5 = T Uy
-y

and uj s is calculated from Eq’. (45). For the stress, we shall approximate

the time evaluation by

n n+1

O, + 0
gg‘iz S e B 5 5 4+ oat?)

_ n lfn+l n ~ D
" g *+ 2 (050 - Shug) = Gy ¥ 0000

cglﬂé will be evaluated later from the equation of state using the results for
Vr,l+l and II.H-l.
J J

To evaluate the stress at the cell interface, we use Eq. (40):

M, o+ M.on

n _ j+l7j 33+l 2
o] = +o(My) . (48)
j¥s Mj M 3
We can now write the result using Eqs. (46)-(48):
n+l n n n n n
E.’L__—_Ei - L [MJ'HGJ - Mjcj+l]un+45 _ [Mjoj—l + Mj—loi]un-k‘q
AR Mj Mj + Mj+l j+s M_’]—l + M, j-%
+000) +0(ke) 49)

This equation can then be used to solve for E§+l.

5. Kinetic and Internal Energies

We shall define the internal energy IJ. by the relations
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gl ( n-*-’»s) ’ (50)

ET = Ig + %(ug-li)z . (51)

To calculate un#i, we expand about j to get

3

n‘*’*‘i n+‘»5 @_n-l-’»i M 2

YiHs T +(am)j 2 +0(Mj) ’

SO . ot (du o+ M 2
j-k = Yy Bm)j —-2-1- + O(Mj) .

Adding gives

n-P!s 1/ n¥s n+1»5)
(J+‘1 )t O(M)

Substituting the result in Eqs. (50) and (51), combining with Eq. (49), and

solving for In+1

j s we get
2
n+l n+s n+s n-;i n-%
5 I:i+8:l+‘+j35) i\ “Ja)
n It n
, At [Mjcj_l + Mj_lonum,? i [MJ+10'j + Mij+l] ntls
M, M M 3% MM Ui
+ 0(M§At) +0(At2) . (52)

This result is the expression used for the SIN difference equationms.
For the HYDROX difference equation, the change in internal energy is
calculated from the results of Sec. 4 above. In planar geometry, the time

rate of change for the internal energy I is given by
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aIly _ du
ac) ——o(am) . (53)
r t
n+l .
We can evaluate Ij by using a Taylor series expansion at t = n:

s

n+l _ .n nf 9L " 2
I =L+ A (at)j + 0(At™)

which can be written, using Eq. (53), as

n+l n n n/3u n 2
I =1, - At — + O(At .
Th=1 - Gj(am)j (ac?y (54)

The derivative in Eq. (54) can be readily evaluated from Taylor series ex-

pansions about t = n and j:

n n :
n#s n At /Bu 2
u = u, ~— + o(At") |, (55)
4+ jHs 2 \at ey
n-% _ n At“(au)“ 2
u =u,, --=-"I[= + 0(AtS) (56)
+5 ’
n n gi du\" gﬁ_ 2u 5 3
uJ'*“ff = uj + 2 En—) + ) _2) + O(Mj) s (57)
i om
h|
2 n
M n M 2
n _ . n_ _jfou _Jf3u 3
oy = o Z(m), *g ( 2) +oen) . (58)
3 om
J
Adding Eq. (55) and Eq. (56), we get
1 21
u?-**‘»i = %‘—(u?:j; + u?_é) + O(Atz) . (59)

Subtracting Eq. (58) from Eq. (57) leads to
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a) —1———3—+0(M) . (60)
™3 Y

Combining Eq. (59) and Eq. (60), we get

duy' | 1 ((nth | ok oot nh
('c)mj zuj Uipg U T Yy, T ;5) + O(M ) + 0@t . (61)

Inserting Eq. (61) in Eq. (54), we have the HYDROX difference equation for

internal energy:

AP
n+l n ____J_( n+% g n+% n-% 2 2
I = 1 - _

One can, at the expense of iterating on the equation of state, get a result
for the internal energy with error 0(At3) provided the velocities are cal-
culated to 0(At3). The error in Eq. (45) reduces to O(At3) for the special
case of all Mj's equai. Future versions of HYDROX will include this iterative
difference equation as an option.

6. Conservation Properties for the Difference Equations

In this section we shall investigate to what degree our difference
equations conserve momentum and energy. To do this we sum the total momentum
and energy of the system at two different times and compare the results. At

t = n+s, the total momentum is

o)™+ = Z 2(M M )“*J"E ;
3=0

where N is the number of cells. Using Eq. (45), we have
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“ : @
() =3 %(Mj + Mjﬂ)ug‘j: +y O A o(at?) + o(amat)
3=0 3=0

N
- o)™ % 4 Atnz (o’j‘ - o?+l) + 0(At3) + 0(AMAL)
j=0 A

- )™ + Ac“[(og -~ o) + (o] = Q) + *** + (o g - o) + (of - o§+1)]
+ 0(At3) + 0(AMAL)
= )™ 4 PR - B, ) + oty + 0caMAr)

But the j = 0 and j = N+l are effectively boundary cells that give free surface

n n
boundary conditions such that M0 and Mn +1 0 and oo °N+l 0 giving our

conservation of momentum result,

)™ = o)™ 4 0aed) + o(aMAL) .

The total energy at t = n+l is

N
n+l n+l
(ME) jE=1 M 5 E § .

Using Eq. (49), we have for the SIN difference equations:

N n ol 3 n n
om™ =3 Lo g 4 4" 5001 T M0y ] s [ M4%) M0 | e
~ 55 MM §-3 MM 4

+ O(MjAtz) i

When the summation over j is performed, the first term is just the total

energy at t = n. In the second term, let k = j-1 such that .




N N-1

j > ktl
Z*Z and j=% > kHs -
i=1 k=0

In a similar manner to the conservation of momentum calculation above, all
terms cancel between the two summations except the k=0 term in the first
summation and the j=N term in the second. Again, free surface boundary con-

n

n -
ditions give effective values of Mo MN+1 0 and oo °N+1 0 to obtain

n+l

(ME) = (ME)™ + O(MjAtz) .

Similarly, for the HYDROX difference equations, the conservation of

total energy can be evaluated. The change in internal energy is given by

N
AGID) =) M, (1’3““1 -1
J=0
( n+% niz n&% n+: AR 5
- = Yy 2
zg: Mo, ZMj +o0at®) +00r)

which can be rewritten as

N
AMI) = -Z (031 - og‘ﬂ) %—( j% ""z)At + O(M At ) + O(Mj) .
=0

The change in kinetic energy can be written as

N
b3 %jz=:0 %(Mj+Mj+l) [(n% - (“::‘2)2] +oqmiAe)
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which can be rewritten, using Eq. (45), to get
a 1/ n# 35
1. 2Y _ n_ n 1/ nts n-
A(2 Mu ) -Z (oj cj+1) 261:“% + uj_*_!i)At + 0(M,AMAL)

j=0

The total energy is then conserved to O(MjAtz) + O(Mf;) + O(MjAMAt).
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‘ III. INPUT AND QUTPUT

The input file for HYDROX is a namelist read file called DATA. HYDROX
creates the following output files.
DOUT - a summary of all material and EOS constants for the entire problem
XOUT - the cycle print file
OUTPUT - a summary of material energies plus records of zoning, spalling,
EOS errors, void closures, and restart dumps
GASSIN - random access graphics file ready to be processed by the LTSS
utility GAS (LTSS-523)
DUMPO - a dump file for restarting a problem
Section A describes the variables for the input file DATA. Section B
describes the output files. Section C tells how'to process the GASSIN file
for graphical output.
. Defaults
The default value for all parameters listed in the namelist statements

1s 0 unless otherwise specified.
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A.

Namelist Input for the Input File DATA

Problem input to HYDROX is handled through the file DATA. The structure

of the file is given by:

42

P$INP Parameters for problem control

P$SU Parameters for Material 1

PSESC EOS constants for Material 1

PS$BURN Reactive EOS constants for Material 1

P$SU Parameters for Material 2
PSESC  EOS constants for Material 2

PSBURN Reactive EOS constants for Material 2

Repeat SU, ESC, BURN for each material

Required

Required

Required only if ME # O
in the SU namelist

Required only if IBRN # 0
in the ESC namelist or in
data read from a library

Required
Required for ME # 0

Required for IBRN # 0




l, Namelist INP

MM = number of material regions.

TIALPH = 1,2,3, for plane, cylindrical, spherical geometry (default = 3).

LABEL = up to 80 characters of Hollerith data to be used as a label on
the printout. Also, the first 30 characters will be used as a
label on the GAS plots. |

TEND = ending time (if NI is large enough). For TEND = 0, no check for
TEND is made.

NI = maximum # of cycles the problem may run (default = 10000).

NDF = type of difference equations used. 1 = HYDROX, 2 = SIN (default = 1).

ND = approximate # of cells in the problem if the automatic zoner is
used (default = 180).

MSFF = flag to use Multiple-Shock Forest Fire (MSFF = 1) instead of the
usual Forest Fire (default).

PRINT and GASSIN Dump Controls

NP = print every NP cycles. For NP & 0, no check for cycle print is made.
NG = GAS dump every NG cycles. For NG € 0, no check for cycle GAS dump
is made.
TP = tl,Atl,tz,Atz,-o-,Atn_l,tn; print every Atl Us from t, to t,, every
At, from t, to t,, etc. (must end with t , not At ). For At € 0,
2 2 3 n n
no check for time prints is made.
TG = same as TP except for GAS dump instead of print.

Automatic Time Step Parameters

NDELT = 0 for automatic time step control; 1 for At = DTO of the last
active material region.
DICF = automatic time step control parameter; At = DTCF* AX/C for all

materials (see SU namelist).
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Active Cell Control Parameters

NADD

add NADD new cells when the last cell becomes active.

;

# of cells used initially (for NADD < 0, all cells are used).

Piston Boundary Conditions

UL = initial piston velocity for HE initiation (no piston if UI = 0).
UF = final piston velocity for HE initiation.
RO = initial radius for piston.

UIL = same as UI except for inside piston rather than outside piston.

UFI = same as UF except for inside piston rather than outside piston.
Restart Control Parameters
MML = minimum region # for which data will be read in (default = 1).

Used primarily for a restart in which regions NM1 to NM are changed

or added. If NMl = 1 for a restart, no new data is read in except ‘

for that in the INP namelist.

IDMP = restart the problem at the IDMPth dump. If IDMP = 0, initialize
problem from the data set.

IV = see SU namelist. Used in INP namelist only for restart with NMl > 1
where IV(¥M1-1) is set. (Default = -1.)

NDUMP = make a restart dump every NDUMP cycles. After MXDUMP (set in
parameter statement, usually = 30) dumps, the code will stop.
(Default = 10,000.)

TD = same as TP except for restart dumps.

SESAME Interpolation Option

IFN = 0 for rational function algorithm (default), 1 for bilinear

algorithm.




