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SOLA-STAR: A ONE-DIMENSIONAL ICED-ALE HYDRODYNAMICS

PROGRAM FOR SPHERICALLY SYMMETRIC FLOWS

by

L. D. Cloutman

ABSTRACT

This report describes a simple, general-
purpose, and efficient algorithm for solving
one-dimensional spherically symmetric, transient
fluid-dynamics problems using a variation of the
ICED-ALE technique. Included are the finite
difference equations, three test problems that
illustrate various capabilities of the program,
and a complete code description, including a
listing, sample data decks and output, a summary
of important variable names, and hints for con-
version to other operating systems.

I. INTRODUCTION

Several years ago we reported a technique for implementing the ICED-ALE

methodology h a form suitable for numerically simulating a wide variety of
1

spherically symmetric fluid flows. An experimental computer program, VEGA, was

written to test this methodology and was applied to the star formation problem.

Although that technique was designed for astrophysical applications, it is by

no means limited to them. In the interim, Group T-3 has developed the SOLA
2,3

series of simplified numerical fluid dynamics programs specifically for

public distribution. In response to requests for copies of the VEGA program,

we are presenting a simplified version, SOLA-STAR, in this report. This code

follows the philosophy of the SOLA series inasmuch as the code is easy to un-

derstand and use, it can be used by persons with little numerical fluid dynam-

ics experience, it is easily modified to include more complicated physics, and

it is useful both as a teaching device and a serious research tool.
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The numerical algorithm used in the present program is basically the same

as reported in Ref. 1, so no derivation of the difference equations will be

presented in this report. The derivation is based on a volume integration of

the governing equations, and the interested reader can find the details in

Refs. 1 and 4-6. The algorithm consists of two phases. Phase I is a par-

tially implicit Lagrangian time step. In Phase 11, the solution is rezoned (if

desired) in a physically motivated manner that conserves mass, momentum, and

internal energy. The only stability requirement is that

(1)

everywhere on the mesh , where u is the velocity, dt is the the step, and & is

the width of a computational mesh cell. This limit requires that the fluid

moves less than one cell width each computational cycle. Observance of this

limit, proper choice of the donor cell parameter a (to be described later), and

choosing the the step such that no variable changes its value by more than

some small amount, say 20%, has been sufficient to achieve numerical stability

for all of the problems that we have run. A more detailed discussion of sta-

bility of the method (and of many other aspects of the method) can be found in

Ref. 1.

II. EQUATIONS FOR SPHERICALLY SYMMETRIC FLOWS

To simplify the program and minimize both computing time and core require-

ments, SOLA-STAR assumes a single-component ideal gas. The differential equa-

tions that we model are

2U a~
+ ——

r&’

(2)

(3)
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and

where t is time, r

the pressure, p is

of viscosity, g is

++]+ A[j--&-(r2u)]2, (4)

is radius, p is the density, u is the radial velocity, p is

the coefficient of viscosity, A is the second coefficient

the gravitational acceleration, I is the specific internal

energy, K is the conductivity, and T is the temperature. Normally we use

(5)

which is accurate for an ideal monatomic gas. If experimental values of ~ are

available for polyatomic gases, they can be used. However, the program will

need modification. The gravitational acceleration is computed from a difference

approximation to

41TG r.—
g– 2

J
px2dx ,

r o

where G is the gravitational constant. This procedure

solution of the Poisson equation for the gravitational

equations is closed by the equation of state, which we

P = (y-l) PI ,

(6)

is more accurate than

potential. The set of

assume to be

(7)

where y is the ratio of specific heats.
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III. DIFFERENCE EQUATIONS

The SOLA-STAR difference

variables p, p, I, r, and u.

values of variables at points

equations are written in terms of the primitive

Furthermore, simple averages are used to find

other than those where they are defined. Trans-

formations of variables are frequently advocated as a means of achieving better

accuracy on a given computational mesh. However, as discussed in the SOLA-ICE
3

report, this approach has a number of disadvantages and pitfalls for general-

purpose programs. First, it is much easier to create conservative difference

schemes in the primitive variables. Second, transformations commonly introduce

transcendental functions such as square roots and exponential into the equa-

tions, and these functions are expensive to compute. Third, the transformed

equations are usually more complicated , resulting in more debugging effort and

increased execution time. Fourth, the transformation that gives the best accu-

racy is problem dependent and, in general, unknown. Heuristic arguments that

lead to particular transformations are at best unreliable. Finally, if good

resolution is used, all well-behaved transformations will give the same results

as the primitive variables.

Advancement of the variables in time is accomplished in two phases. Phase

I consists of a partially implicit Lagrangian time step, and Phase II consists

of the rezoning procedure. The velocity is defined at cell edges, (or ver-

tices) as shown in Fig. 1 , and all other quantities are defined at cell centers.

Fig. i.

The SOLA-STAR computing mesh. C&l.1centers have integer subscripts, and cell
edges have half-integer subscripts. We specify the cell edge positions and de-
fine the cell center positions by ri = 0.5 *(ri@<+ riJ+). Cells 1 and N-i-lare
fictitious cells.

4



The spatial difference approximations for Phase I are derived by integrat-

ing the dynamical equations over a control volume taken to be a spherical shell

coincident with the computational mesh. This procedure has been adequately

described elsewhere,
1,4,5,6

so it will not be repeated here. The equations are

written as fully implicit , and then they are made linear in the advanced time

quantities. The linearization is illustrated by the equation of state:

n+l n+l ~n+l ~n+l
= (y-l)j j j

0(

n+l n
~ y-l ; p.

n+l

‘j
Ij + p! I.

J JJ
- P? In

Jj )
(8)

where the superscript denotes the time level, and the subscript denotes the

spatial computational cell. We have computed protostellar models through cen-

tral hydrogen dissociation and ionization (where the y of the gas changes radi-

cally) with no sign of instability from the use of the explicit value of y.

In such a case we define y not as the ratio of specific heats, but as y-1 ~

PiPI. The function y-1 is constant over much of the (p,T) plane, so a bilinear

interpolation is accurate. In the regions of the (p,T) plane where (y-1) is not

constant, this interpolation scheme may be preferred over many of the higher

order schemes advocated in the literature, including both second and third or-

der polynomials and splines. Indiscriminant use of some of these schemes

introduce spurious oscillations into y-1, leading to inaccurate numerical

lutions.

Let us write the continuity equation as

~+pD=O ,

can

so-

(9)

where

la
D=p (r2u) . (lo)



Define the quantity

where

(11)

(12)

Then Eq. (9) is approximated by

n+l n+l
Pj ‘D=p~,

‘d; pj j J
(13)

which may be expanded to

\
n+l n+l n n
Pj

(

2
+

1

)

n+l n n

- ‘j#5 ‘j ‘j rj+~+ r. ~
(

2
-u ._l P. d

J -+, rj+~ - rj-~
3 5 J j ‘j+% + ‘j-%

1 )=‘r
P; ●

j+% - =j_~

As with all our difference ‘equations, the geometric

and V)”are the old-time values. The left-hand side

(14)

quantities (that is, r, A,

of Eq. (9) is difference

directly because the control volume integration procedure would provide no ti-

mediate information on new densities. It would merely give us the trivial fact

that the mass in a cell does not change. The advanced-time cell volume, neces-

sary to compute the advanced time density from the cell mass, is not directly

available.
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The equation for the specific internal energy may be written as

apI+l a
at ()

~@r2puI)=-pD+~~ r2K; +0 .
r r

For numerical reasons we have found it expedient to define the flux

(15)

(16)

and carry along this extra equation. For normal gases, K = Vcp/Pr, where Pr

is the Prandtl number and c is the specific heat at constant pressure.
P

For

stellar problems where we are modeling radiation diffusion, K is the radiatfve

conductivity.

specific heat.

general case.

Ref. 1 did not

length theory.

The quantity Cv is defined as I/T, so it is not always the usual

It is tabulated and treated numerically the same as y-1 for the

Incidentally, the turbulent conductivity defined by Eq. (28) of

wrk well and was replaced by an estimate based on the mixing

The diffusion term in Eq. (15) is replaced by

Carrying the additional flux equation is necessary wherever x ~

log10(K6t/Pcv &2) approaches or exceeds the number of digits carried in the

calculation, because the coefficient matrix has a term like 1+ 2 X 10X. The one

gets lost in round off if x is too large, and the matrix package cannot suc-

cessfully recover the one in the course of solving the linear system.

The expression for the viscous dissipation term in Eq. (15) is

7



(17)

The difference approximation to Eq. (15) is derived by integrating over the

spherical shell between r = r andr=r using the procedure described in
j -~ j +%’

Ref. 1. Define normalized cells volumes

v
3 3

= rj+~- rj_~ ‘
clj –

and normalized vertex areas

Then

n+l
I. =I;+6t

{ [

~@ +~A n+l
-A

n+l

J M
c,j j Mcj j+%‘j#2 1j-~‘j_~s

1[(n+l-r
)(

‘A

c$j
‘j ‘j+% ‘y+% - ‘j-~ ‘~-~ + ‘j j+% ‘~1~

-A
n+l

j-~ ‘j-~
)]}

9

(18)

(19)

(20)

where



M*
Csj

=p; v
cYj s

and

(21)

~ [(+24u!+; +u
n+l

J++ j-~
)

2

[(
2A* I

3(V )2
J~2

Cyj

(n \ 2

)](

-2
u +U:l

)(
-2un +r. l

j~2 J-5 .j+z + ‘;-%,/ )‘j+% J‘~

n+l
u

n+l
j+% )(

- A,_~ Uj_k Aj+z U;+k - Aj_~ U;_k
)

(
2

-A
n

-A
n

j#5 ‘j#2 ) IIj-~ ‘j-~ “
(22)

The viscous dissipation term is positive-definite if all velocities are at the

same time level, but we lose this physical characteristic by using velocities

from a mixture of time levels. This is probably not serious, but it should be

noted.

The flux equation is

2K~A

‘()

n+l
I

n+l
*+1 _ 1+1 li
‘j#z - rj+2,3 - rj_~ cn n

v,j+l Cv,j

. (23)

The momentum equation is given by

_ 2u(2ya) : 2;2 .

r

(24)
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The Lagrangian form of Eq. (24) is difference by integrating over a spherical

shell (momentum control volume) between r = 0.5(r ) and r,j=
j-1 j-3/2 + ‘j-%

0.5(rj+~+ ‘j_~)“
#

(A&2 n+l )=-F’ gl-2v (i&2)
‘j -~

- ‘;-% v,j-% j-% v,j-% rj+~ - ‘j-3/2

[

n+l n+l

+: A.u~
‘i+% - ‘i-b

J J ‘j#+ - ‘j-~

n+l n+l
u

n “.-1+
-A - ‘i-3/2

j-1 ‘j-l r. ~ - r-J-~ j-3/2

s (25)

where the vertex masses and vertex volumes are given by

M = (Mc j +Mc,j_l)/2 ,
V,j-k Y

v
33

=r
v~j-~ j -rj-l “

(26)

(27)

The shell areas, A ,
j

are defined at cell centers, as indicated by the integral

subscripts . To obtain the gravitational acceleration, we perform the sum

4TG j-l

‘j-%= 3r 2 z ‘C,i “
j+ i=z

(28)
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The equations form a banded linear system in the advanced time quantities,

so they may be solved by a banded matrix package,
7

such as the one by Hindmarsh.

The left element of each row of the band is stored in the computer with an in-

dex of 1. A simple mnemonic display of the subscripting scheme is given in

the program listing in Appendix A.

In Phase 11 we are modeling the convection term

J PQ(u -@Of ids ,
s ‘%

(29)

where u is the grid velocity and ~ is the fluid velocity at the end of Phase
-g

I. We define the difference velocity for our one-dimensional problems,

w ❑ U - G._b,
j-~

which is the velocity of the mesh relative to the fluid.
g,j-~

Then w ~ A. 6tJi~ the volume relative to the fluid that is swept out by thej-+ J-z

moving grid point. One might be tempted to take for, say the density, simply

an average of the densities on either side of the moving mesh point. This is

called centered differencing, and it is unstable. For this reason we use a

mixture of centered differencing and donor cell differencing. The donor cell

component adds a strong stabilizing ”diffusional truncation error that compen-

sates for the destabilizing diffusional error of centered differencing.

Define the donor cell parameter, a. by
J+&

(30)

where the function sgn is

()<&<l. As an example

cell centered quantity,

the sign of the argument, and & is a constant,

of the difference form of the convection term for a

(31)

11



The tildes denote results from Phase I. This is a straightforward approxima-

tion to Eq. (29) for Q = 1. The density is obtained by calculating volumes

from the new mesh position

n+l
‘j-~= ‘~_~+ug,j_~6t“

Then

(32)

which ensures mass

9 (33)

conservation. The convection of internal energy is handled

h exactly the same manner.

For momentum the control volume runs from cell center to cell center, and

a slight modification is necessary. The difference velocity must be obtained

by averaging the difference velocities of the neighboring vertices. This leads

to

) (+(& Ctj_l)tij_% - ~j(wj_% + Wj+z) Aj (1 + ~j) ~j_z

where

(34)

(35)

It is not necessary to use the same & in the momentum equation as in the equa-

tion for the mass or energy. We have found empirically that we need more donor

cell in the mass and energy equations to keep cells from emptying out in the

neighborhood of steep gradients.

12



For problems with strong shocks , an explicit artificial viscous pressure

is helpful in attaining numerical stability and accurate jump conditions. The

form we have chosen is

n .- A Pn (x , - xj_~)2 D~min (0, D;) ,
‘j j j++

(36)

where A is a constant of order unity. TO the right side of Eq. (20), we add

- (St q? D!. To the right side of Eq. (25), we add 2V (q~_l-q~)/ (rj+k -
JJ vYj-~

In regions of expansion, q vanishes. In regions of compression, the
‘j-3/2)”
q terms provide velocity diffusion in the momentum equation and “viscous” con-

version of kinetic energy to thermal energy in the I equation. These terms

have an effective kinematic viscosity that is roughly the fluid velocity times

a mesh cell size in the neighborhood of a shock. The artificial viscous ef-

fects are concentrated in

they are needed the most.

Iv. NUMERICAL EXAMPLES

the regions of strongest compression, precisely where

For problems with no shocks, A = O is recommended.

This section contains three numerical examples that illustrate the kinds

of problems that may be solved with SOLA-STAR. The first example provides a

test problem to be used to check out new copies of the code. These examples

are crude simulations of physical problems, and are not intended to be compared

to observations without some refinement. The first problem is the early col-

lapse phase of a protostellar cloud. This is basically the same problem solved

by Larson.
8

The second test problem is a simple blast wave for which there is

an analytical solution. The third problem is the solar wind solution by

Hundhausen and Gentry.
9

They considered the effects of transients imposed on

a steady state solar wind.

A. Collapse Of a Protostellar Cloud

The first numerical fluid dynamics calculation of the collapse of a dense

interstellar cloud to form a protostar was published by Larson.
8

His initial

condition was an isothermal cloud of uniform density that was just unstable to-

ward gravitational collapse according to the Jeans criterion. The outer bound-

ary condition was u=O at just under the Jeans’ radius. Larson’s solution for
1

a one solar mass cloud was confirmed by Ruppel and Cloutman, and the results

13



presented in this subsection and the code listing

for a similar one solar mass cloud.

Since some results of VEGA calculations were

to Larson’s results in reference 1, we will limit

use of this problem as a test case for new copies

provides the actual computer output at O, 1, 500,

and output in Appendix A are

described fully and compared

the present discussion to the

of the program. Appendix A

and 3000 cycles. The follow-

ing physical events can be seen in the solution as it develops. First, a rare-

faction is created at the outer boundary at t = O by the collapse of the cloud.

It travels inward at the speed of sound. The density is spatially constant but

temporally increasing inside the rarefaction , and it falls off as I/rz out-

side. This behavior is illustrated in figure 2 with the curve from cycle 300

(t = 2.981 X 10
12

s). The velocity profile consists of tm linear segments

with the minimum at the rarefaction , as illustrated in figure 3. The material

is isothermal at 10 K. When the rarefaction reaches the center, the embryonic

star is formed. The density becomes peaked at the center, forming a body near-

ly in hydrostatic equilibrium, surrounded by an accretion shock. The central

body contains roughly 10
-3 14

solar masses and has a radius of about 10 cm.

Upon its creation, the protostar may oscillate briefly. Cloud material falls

supersonically to the accretion shock, is decelerated, and added to the proto-

star. The central density continues to rise. When it reaches about 10-13

3
g/cm , the central taperature also begins to rise. This phase is illustrated

in figures 2 and 3 with the curves from cycle 900 (t = 8.578 x 10 s). when12

the central temperature reaches 2000 K, the calculation is terminated. Figure

4 shows the structure at 3500 cycles (t = 8.653 x 10
12

s), shortly before ter-

mination. Real gas physics is needed to go farther because of the importance

of H dissociation.
2

This has been done in VEGA by making tables of (y-l) ~

p/pi and c ~ I/T using the equation of state in Paczynski’s stellar envelope
1Ov

program. This pseudo-y and pseudo-specific heat are easy to insert into the

code, and they need to be evaluated only at time level n for use in the coeffi-

cient matrix. In addition, they are constant over large parts of the p-T plane,

so bilinear interpolation is sufficiently accurate.

B. Spherical Blast Wave

The spherical blast wave is a classical test problem for numerical fluid

dynamics codes , and it is a much more severe test than piston-driven shocks or

shock tubes. In these latter cases, the solutions are piece-wise constant ex-

cept for the expansion wave in a shock tube, which generally has only modest

14
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-14

-15

-18

-19

300

+~ ~
5.OXIO” Loxlo‘2 L5X10’2

Radius(km)

Fig. 2.

~
5.OXIO” 1.0XIO’2 L5X10’2

Radius (km)

Fig. 3.
Runs of density at cycles 300 and 900 Runs of velocity at 300 and 900
in the protostar calculation. h the protostar calculation.

5.0X108 I.oxlo= 1.5X109 2.0X109

Radius (km)

Fig. 4.
The protostar solution at 3500 cycles.

cycles

The vertical axis runs from -3 x 105
-1

to O cm-s for the radial velocity (u),

o to 1.5 x 10
-8 -3

g-cm for the density

(P), and O to 1011 for the specific in-
ternal energy (I).



.

curvature. On the other hand, the blast wave solution is sharply peaked, pre-

senting a real challenge for finite difference methods.

The sample problem discussed in this section is based on a 10
51

erg point
-9

explosion in a 10,000 K and P = 2.4 x 10 g/cm3 ambient medium with y = 5/3.

Appendix B gives UPDATE modifications and the data deck.

Figure 5 shows the numerical solution for the density at two different

times. The solid curves are for a = 1.0 (pure donor cell transport) and the

dashed curve is for a = 0.6. Note that decreasing a reduces the numerical dif-

fusion, thereby sharpening the peaks. Note also the improvement in the density

jump condition as the wave progresses. This is due to two phenomena. First,

the initial condition is not the Taylor-Sedov solution, toward which the solu-

tion evolves. Second, and more importantly, the resolution of the sharp self-

similar peak improves as the radius of the shock grows to include more cells.

c. Solar Wind

A simple solar wind model. is presented to illustrate use of the code with

inflow and outflow boundaries. It also has the left-most vertex away from the

u
0 2 4 6 8

rx10-’2cm

Fig. 5.
Runs of density for blast wave solutions. The solid curves are
for a= 1.0 at 150 cycles (t = 96.5 S) and 300 cycles (t =
216.5 S). The dashed curve is for a = 0.6 at 300 cycles (t

= 212.3 S). The peak of the analytical solution is 9.6 x

10-9
-3

g cm at r = 7.2X 1012 cm at 300 cycles.
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origin. This feature is also useful for running a Cartesian problem merely by

making X(2) much larger than the total width of the mesh.

The sample solutions presented here are repetitions of solutions by

Hundhausen and Gentry (HG).9 The first step in this problem is to find a steady

state solar wind solution. This could be accomplished by letting the program

go through a transient phase. However, the computational effort was minimized

by using an inviscid analytical solution as the initial condition. Then tran-

sient disturbances were introduced into the solution to represent perturbations

by solar flares, and their propagation was followed.

The initial condition is an inviscid adiabatic radial expansion of an

ideal gas:
Q

and

P = (y-l)pI = Clpy ,

2
rpu=C

2’

GM
!42+-=~+–

u dr
o,

p dr r2

(37)

(38)

(39)

where M is the mass of the sun. Substituting (37) into (39) and integrating,

we find

(40)

which is the Bernoulli equation for this problem. The constants Cl, C2, and C3
12

are evaluated by specifying the values of all variables at r = 1.25 x 10 cm,

which is outside the critical point of the inviscid solar wind. Elimination of

all dependent variables except p leads to a transcendental equation for p:

( GM

)

C22
‘cl y-~

P2 c3+-y-~P ‘—
2r4

(41)

17



This form is solved iteratively by the program, and then the other variables

are found trivially by using equations (37) and (38).

The inflow boundary at the left is straightforward, as can be seen from

the UPDATE modifications given in the appendix C. However, outflow boundaries

are always more troublesome. One simple form that is frequently useful is the

conttiuative boundary, where all gradients are set to zero on the boundary.

This procedure is often adequate for supersonic flows, but can reflect unwanted

signals into the mesh for subsonic flows. We use an alternate approach, the

radiation condition

ac+u*=o
at & s (42)

where c is one of the flow variables, in place of the continuative boundary.

A small bump in the velocity at the right end of the mesh is strictly a numeri-

cal artifact of the outflow boundary. It is slightly smaller using equation

(42) than the continuative boundary, and the supersonic outflow prevents it

from propagating into the mesh. The user may have to develop a better outflow

boundary condition for some problems.

The first numerical solution we ran was the generation of a steady state

solution. The analytic solution from equations (37), (38), and (41) was used

as the initial condition. The parameters of HG were used. The problem was run

beyond the time it takes an element of fluid to cross the mesh, and the numeri-

cal and analytic steady states were compared. During the transient, the inter-

face between the fluid originally in the mesh and the fluid that subsequently

flowed into the mesh propagated to the right, showing a small disturbance of

increasing amplitude that exited the mesh without reflection. Comparison of

the computer-generated plots shows the analytic and computational solutions

are almost indistinguishable. Examination of the numerical output shows that

the worst errors are near the left boundary where gradients of the variables

are the largest. The mesh has been compressed in this region to reduce the er-

ror, which has a maximum of 4% in the pressure. The other variables are com-

puted more accurately, and the accuracy of all variables improves at larger r.

The second numerical solution was the same as the transient shock problem

solved by HG. A disturbance lasting 2.1 hours was introduced into the mesh at

18



t =2 X105S. This initial period was introduced to allow the inner boundary
o

perturbation to propagate well into the mesh where it could be ignored. This

procedure is probably not necessary. Figure (6) corresponds to figures (l)-(3)

of HG, and the interested reader is invited to compare the results. The top

row of figure 6 shows the solution at 2.0 hrs. after t . The analytical solu-
0

tion has a velocity of 1570 ion/sjust behind the shock, in good agreement with

our calculation. The velocity jump in HG’s figure 1 is a bit too high. Our

velocity profile has a spike behind the shock. As we are running with a = 0.5,

this feature is probably a dispersive truncation error. HG show no spike, ;ug-

gesting that perhaps their solution was obtained using full donor cell trans-

port (a = 1). However, Gentry (private communication) has pointed out that at

least part of the HG work was done with a scheme that was more closely related

to the truncation error cancellation technique of Rivard and collaborators,
11

which is similar in principle to locally computing and applying the minimum a

needed in each cell to get numerical stability. This procedure often allows

significant dispersive errors to occur, especially near a strong shock, so it is

not

the

tor

clear what di.fferencing scheme HG used to obtain their published results.

An unexpected feature of the numerical solutions is the density jump across

shock. The analytic value is a factor of four. Our solution gives a fac-

of seven, and HG’s jump is about the same in spite of the label on their

graph showing good agreement with a factor of four jump. The explanation may

be that the density gradient is quite large in this region, so shocked material

compressed by the correct amount is more than four times as dense as the materi-

al ahead of the shock, several cells away.

The second row of figure 6 is taken at to + 4.3 hr. The agreement with HG

is better than at to + 2.1 hr, especially in the velocity field. The density

jump in the SOLA-STAR solution is still apparently a bit higher than expected.

The bottom row of figure 6 was taken at to + 20.1 hr, as was HG’s figure

3. HG’s velocity curve is slightly broader and smoother. Their density jump

and ours now are close to the desired factor of four, but the velocity and den-

sity profiles differ somewhat h detail. Although our solution is in qualita-

tive agreement with that of HG, it is clear that some unanswered questions about

these solar wind solutions remain.
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APPENDIX A

SAMPLE PROBLEM

This appendix provides a listing of SOLA-STAR, a list of main variables,

and some information to help the new user convert the code to a non-LASL oper-

ating system. We begin by noting that, for the most part, the code is written

in ANSI-standard FORTRAN. The CDC computers carry approximately 13 digits,

which has proved adequate. However for machines with a short word length, such

as IBM, it will be necessary to use double precision throughout the code.

This is good practice for any hydrodynamics program, but especially so for

SOLA-STAR with its large linear system solver.

SOLA-STAR can be used on quite modest computers. This version of SOLA-

STAR requires 77 K8 words of memory. However, this number can be reduced if

necessary by adjusting the size of dimensioned arrays or by sacrificing the

plotting capability. The arrays B and AA are dimensioned for a maximum of

JBAR = 150 real cells. The grind time, that is the time required to complete

one time step for one cell, is 5.3 ms on a CDC 6400. This is approximately a

factor of 10 longer than for a CDC 7600 and a factor of 2 larger than for a

CDC 6600.

The main system-dependent feature is the graphics package. Logical unit

7 is the film file, and it can be eliminated if graphics output is not desired.

The following is a list of graphical output routines used by SOLA-STAR. These

routines will have to be replaced by the non-LASL user’s local equivalent or

deleted

1.

2.

3.

40

from the program.

CALL ADV(NF): If 1 < NF < 21, the film is advanced NF frames. Other-

wise, the call is ignored.

CALL EMPTY: Empty the FILM file buffer onto disk. Unless the run

is unexpectedly almrted, this routine is superfluous.

CALL LINCNT(N): N is modulo ti. The next line of output directed to

the film file is directed to the Nth line.—

CALL SPL@T(IOP,N,X,Y,ICHAR,IC@N) : Standardized plot routine. Four

types of grid: I@P = 1, 2, 3, or 4 gives linear-linear, linear-log,

log-linear, or log-log plots respectively. N successive points are

plotted from the tables X and Y (abscissas and ordinates respectively).

ICHAR is a code number for a character to be plotted at each point
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(ICHAR = 42 is a dot). If ICON # O, the points are connected by

straight lines.

5. CALL WLCH(IX, IY,CN,NCH,NS): Writes large horizontal characters begin-

ning with SC 4020 coordimtes (IX,IY). SC 4020 coordinates define a

location on the film frame, with (0,0) at the upper left hand corner

and (1023,1023) at the lower right hand comer. NC is the number of

characters to be written beginning with the variable NCH. NS is an

integer character size parameter, 1 ~ 11S< 5.

The sample problems in the Appendixes require minor changes to the basic

code, and it is convenient to specify the changes in CDC UPDATE format, even

though many users will not have this software. A statement of the form *INSERT

SV.n means insert the FORTRAN statements between the *INSERT card and the next

statement beginning with an * behind statement number SV.n The card

*DELETE Sv.m,SV.n means delete statements SV.m through SV.n and replace them

with any statements between the *DELETE and the next * card. The *IDENT state-

ment merely specifies a name to be associated with the set of modifications and

may be ignored by users not using the UPDATE utility.

Table I lists the major program variables and their definitions. The re-

mainder of this appendix is a program listing and sample output suitable for

testing new SOLA-STAR decks. It is recommended that the new user try these

problems to become thoroughly familiar with this code before embarking on his

or her own research program.
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TABLE I

DEFINITION OF SOLA-STAR VARIABLES

AA

M

B

CND

@m

D@M@M

DT

DTK

DTMAX

DX

EI

EM

EMc

FMAss

FM@M

FOURPI

G

GAMMA

GRDVL

JBAR

JPl

JP2

JP3

KPR

LFILM

MUVISC

Definition

Coefficient matrix (band only) of the linear system.

Areas of cell faces.

Right hand side of the linear system.

Thermal conductivity.

Donor cell parameter a for the p and I equations.

Donor cell parameter for the u equation.

Time step.

Maximum allowed value of ludt/6xl, normally about 0.25.

Maximum value of DT allowed in the run.

Width of the innermost two real cells and left hand fictitious

cell.

Specific internal energy I.

Vertex masses.

Cell masses.

Total mass of the system.

Total momentum of the system.

Four times m.

Gravitational constant.

y, the ratio of specific heats.

Velocity of grid points as fraction of fluid velocity; zero for

Eulerian run, unity for Lagrangian calculation. Can also be

fractional or SUBR@UTT.NE GRID can be rewritten to provide an ar-

bitrary, user-chosen grid motion.

Number of real cells.

JBAR+ 1.

JBAR+2.

JBAR+3.

Get one line summary print every KPR cycles.

Get film output every LFILM cycles.

Coefficient of viscosity U.
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NDIM

NDIM2

NDT

NEQ

NM

P

PDVCEN

RCV

RI@

RHOL

RMIN

RSAV

T

TIM

u

UD

UG

UT1

UTMAX

VJC

V.JV

VLAM

UT

x

Dimension of B and first dimension of AA. Must be at least

NEQ * JP2.

Second dimension of AA.

Number of time steps.

Number of dependent variables in the linear system.

Get full printout every NM cycles.

Pressure p.

Time centering parameter for pVO~ in the I equation.

Reciprocal of the specific heat, T/I.

Density p.

Density at the end of Phase I.

Coordinate r of the right hand boundary.

Coordinate r of the left hand boundary.

Central density (RHO(2)) as a function of t. Saved for plotting

purposes only.

Time t.

Array containing t for use in plotting RSAV.

Fluid velocity u.-J_$”

Difference velocity w
j-%”

Grid velocity.

Fluid velocity

Fluid velocity

Cell volumes.

at the left boundary.

at the right boundary.

Vertex volumes.

A, the artificial viscosity parameter.

Velocity after Phase I.

Vertex positions r.-J_~”
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