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Symbol Table

— RADO) — position (cm) of the i-th cell interface

V1 — VEL( I) — velocity (cm/sec) of the i-th cell interface

p, — RHO(I) —density (gm/cc) of the fluid in the i-th cell

between interfaces i—i and i

P , — PRE(I) — pressure (erg/cc) of the fluid in the i-th cell

—time variable (sec)

j—generalized ID coordinate (cm)

p ( r,t)  —fluid density as a continuum function

V(r ,t)  —fluid velocity as a continuum function

P (r , t)  —fluid pressure as a continuum function V

p~( r )  — density at zero pressure , a Lagrangian fluid property

S ( r )  —entro py constant , a Lagrangian fluid property

~y ( r )  —adiabatic gas constant , a Lagrangian fluid property

A —cell volume

A ( r )  —cross sectional area of the I D computational “volume” as a

function of position

V ( r )  —used briefly (Section II) as an integrated volume variable ,

do not confuse with velocity

a — ALPHA — 1,2 ,3, or 4 to determine ADIWC geometry

— GEOMCO —geometry coefficients for power series coordinates

N — # of fluid cells in the computational domain

A , — LAMC(I) —volume (cm 3 — cc) of the i-th cell

A, — AREA(I) —area (cm 2) of interface I

R , — RADC(I) —cell I center location (cm)— RLNEW — left bounding interface location (cm)

rR — RRNEW —ri ght bounding interface location (cm)

lv
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— VLNEW —left boundary interface velocity (cm/sec)

— VRNEW —right boundary interface velocity (cm/sec)

— DT,DTIN —computational timestep increment (sec)

— EPSR —explicitness parameter , position equation

— EPSV —explicitness parameter , momentum equation

o — old value , as a superscript

n — new value , as a superscript

p — most recent approximation to the new value , as a superscript

<p 8r>~~112 —average mass per unit area (gm/cm 2) in the vicinity

of interface i

P,’ —special acceleration averaged pressure at interface i

Ii — value averaged at the new and old values, as a superscript

—coefficients in the momentum Eq. ( 13) and following

— LAMEOS(I) — estimated new volume of cell i using the equation

of slate , should equal r

A ~ fd)  — estimated new volume of cell I using the fluid

dynamic motion

S, — ENTCU) —entropy constant (erg/cc) of cell I

P (eoa

V — DLAMDP (I ) —rate of change of cell I volume with

pressure from the equation of state.

d,~, d, .  c, — coefficients in Eq. ( 18) and following

A , ,  B,’, C, , D, —coefficients in the tridiagonal equation

derived for (P ’), Eq. (22) .

• ~M, — MASSC( 1) — fluid mass (gm) in cell I

C, —sound speed in the fluid

— DTVAL —times t ep limit (sec) to prevent interface crossing

— DTMAX —the maximum timestep (sec) permitted in the

V
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calculation , chosen by the user 

I

8
~ man — DTMAX — the minimum timestep (sec) permitted in the

calculation , chosen by the user

— GAMMAC(I) —adiabatic gas constant , a Lagrangian fluid

property of cell 1 
V

8 V — DVEL —velocity perturbation (cm/sec) in standard Test #1,

Eq. (28) , and following

E,herm — ETHERM (I) —internal energy density (erg/cc) in cell 1

A7, A~ —partial volumes of cell I (cm 3)

— EKINE (I) —kinetic energy density in cell 1 (erg/cm 3)

k —wavenumber cm~~) in Eq. (35) V

M5, p5, V5 —slug mass, density and velocity in standard Test # 2 ,

a nearly incompressible fluid

P~( i) ,  PL ( 1) — pressure in the gas rgions to the right and left

of the slug respectively

YR~ YL —adiabatic gas constants in the regions to the right

and left of the heavy slug

WR (:) ,  WL ( t)  —width (cm) of the gas regions to the right

and left of the slug

SR, SL —entropy constant in the gas regions to the

right and left of the slug

— angular frequency of slug oscillation

MR, ML — mass (gm) of the gas regions to the right

and left of the slug.

L~ — the size (cm) of the system when p — p,.

V 

V 

T — nonlinear limiting period (sec) of the

oscillating slug
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ADINC: An Impl icit Lagrang lan

Hydrodynamics Code

I. INTRODUCT ION

This paper presents and describes a new software package called ADINC (ADiabatic and

INCompressible flows) which is designed to solve the mass, momentum , and adiabatic energy

equations for a rather general one-dimensional fluid system. To permit accurate representation

of material interfaces , a fully conservative , Lagrangian hydrodynamics algorithm has been

incorporated. Implicit time differing with a quadratically convergent iteration for non-linear

time centering permits ADINC to take long timesteps exceeding the Courant sound speed limit.

ADINC is designed as a user-oriented package with a flexible equation of state which may vary

from cell to cell and provision- for four different geometries. This write-up not only describes

the techniques employed and three different benchmark test problems , it serves as documenta-

tion for the package. To these ends , listings and representative outputs are included in the

appendices.

ADINC was written to circument in a single software package a number of common

numerical dificulties which arise in the simulation of many different fluid dynamic systems. In

some fluids the physical phenomena under study vary slowly compared to the time it takes

sound waves to cross the system. Nevertheless , substantial compressions and expansions occur

so the incompressibility assumption is inv ’alid. In other systems rather sharp interfaces between

chemical species or between different temperature regions must be maintained , yet the fluids

• interact dynamically across the interface.

• The first class of problems demands an implicit treatment of sound waves in general

although the asymptotic “slow-flow ” approach~~
3 works well in many cases. In many combus-

tion systems, for example , heat is being added slowly so the gas expands locally where the heat

is being released. The expansion is so structured that it guarantees continued spatial constancy

Manuscript submitted April 20, 1979.
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of the pressure. Such pressure fluctu ations as do occur4 are consistent with driving the fluid V

flows which bring about the required expansion. In these slow flow systems th e heating and

cooling rates from chemical react ions, thermal  diffusion , and radiation emission and absorption

control the hydrodynamics and hence determine the local density and temperature.  The pres-

sure evolution equation can be solved algebraically for the divergence of the velocity at any

ins t an t  of time while the vor ti c ity evolution equation is integrat ed to advance the curl of the

velocity. ’ Given the curl , the divergence , and reason able boundary conditions , almost every-

thing we need :o know about the flow is known.  When th e pressure f luctuat ions , i.e. the sound

waves , themselves are required , a stiff , implic i t  hyperbolic wave equation results. Such equa- 
•

lions can be solved numerically but in mul t id imensions  the cost is often high and the best for-

malism is by no means clear.

In the study of ablation and deflagrati on phenomena , pressure variations are important

even though the flui d profiles themselves vary slowly. Here again the sound speed in the hig h

temperature region would require very small timesteps if an explici t  integrat ion algorithm is

used . Even though  the slow-flow approximat ion of constant pressure is not valid here , the gen-

eralization to implici t  hydr odynamics is valid — as long as shocks are absent In atmospheric

flows , in t urbulence modelling for reactive systems and in studies of Rayl eigh-Taylor instabi li-

ti es it is the pressure f luctuat ion gradients specifically which interact with the local density gra-

dients to generate v or t ic i t y .  Thus , agai n , some form of implicit hydrodynamics or implicit  pres-

sure sol ut ion ~ required in th ese and similar  cases.

In imploding l iner  and pellet fluid dynamics , solid and higher density “flu ids” such as

cOn)J~~~’.-.c~l I I .  hea ’~% 1u ~~er shells , and liquid metal rotating liners move in a way wh ich is

often shock free and which  generally requires non -tr ivia l  equations of state. In LINUS 6 8 , for

example , an electr ica lh conduct in g cylindrical liquid metal shell is imploded to compress a

fusion pl a ’.ma. The material along the inner  surface of the liner starts out almost perfectly

imcompres sib le but  compresses by as much as 50% when th e dynamic pressure from geometric

2
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convergence reaches its maximum. The liquid compression is important and hence so are the

detailed dynamics le.~~ing up to that compression. The sound waves in the liquid metal lead to

a “water hammer ’ effect 7 - 8 which may have severe engineering consequences .

The second class of numerical problems , maintaining sharp interfaces between disparate
V 

materials or between mater ials in widely disparate states , often demands a Lagrangian descrip-

tion so that the exact interface location is available at any time. Eulerian computations end up

with the real interface spread over several zones from the numerical diffusion needed for stab il- V

ity. While this numerical smearing of gradients is acceptable in many cases , i n many others it

is not acceptable. The ADINC package uses an implicit , fully Lagrangian algori thm to over-

come these two classes of problems. The system as currently modelled is assumed to have no

non-ideal effects such as viscosity. Thus energy conserving shocks are not recovered even

thoug h large amplitude acoustic waves are handled accurately. The entire package is structured

so that rather general equations of state , boundary conditions , and flow geometry are permi t tedV

Othe r non-ideal effects can be introduced to the calculation via time-step splitting.

The Courant t imestep l imi t  is overcome by using an impl ic i t  f ini te  difference algor i thm

with adjustable explicitness coefficients in both the position and velocity equations. Since the

basic equatio ns (Section II ) are nonlinear , ite ration is required to obtain convergence. ADI NC ,

u nlike some implicit  formulations , continually re-evaluates the nonl inear terms after  each itera-

tio n to obtain an accurate as well as a stable algorithm when changes per timestep are large.

Si nce this increased accuracy has the computational penalty that all coefficients for the iteration

must be re-evaluated each iteration cycle , care has been taken to develop a quadratically con-

vergent iteration encompassing both fluid dynamics and equation of state variat ions simultane-

ously.

The interface resolution problem is handled by making  the calculation ful ly  Lagrang ian .

No rezone or remap capabil i ty is included in the basic package so numerical  dif fusion from spa-

tial differences is absent from the model. Future additions to the A D IN C package wil l  include 3



, - -~~ V

a fully Lagran 8ian adaptive griddi ng package so that adequate resolution can be mainta ined in

regions whe re sharp gradients develop or wher e zone sizes become unacceptably large due to

fluid expansion.

Section 11 of th i s  paper discusses the basic dynamical equat ions solved by the AD INC

package and the various choices of geometry which are available . Section lii presents the

nu merical algorithms used to integrat e these equ ations along with the various tricks imple-

mented to maintain accuracy in bizarre situations. The timestep conditions built  into the pack- *

age are also discussed .

Sectio n IV is devoted to the structure of th e ADINC package and reviews the three major

routines. It gives calling sequences and argument lists for the nine entries. AD INC has been

constructed as a utility package to advance the four hydrodynamic variables:

~~V I 
= position (cm) of the /-th cell interface

F V = velocity (cm/sec) of the i-th all interface

p, = density (gm/cm 3) in the i-th cell between interfaces i-I and i, and

P1 = pressure (erg/cm 3) in the i-th cell betw een interface ,-l and i.

ADINC has been cast into a form resembling that of an ordinary differ ential equations package.

The user requests integration of the system of equations to a certain point in time and ADIN C

V the n selects the number and length of timestep s necessary to span this interval.  The user also

has control of various error and integration parameters witho ut  having to modify the ADINC

code.

Section V tells how to use ADINC but a prospective user will probably find Section VI

V whi ch describes three test problems and the Appendices equally instructive. The three test

problems were designed to give a prospective user a usefu l background of experience with the

program in different regimes and with different prob lems. The Appendices contain listings of

4
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the AD1NC package (Appendix A) and a rather general test program with in it ial ization and I/O

routines (Appendix B) . The present version of ADIN C and its test program are writ ten

entirely in 64 bit floating point arithmetic. Thus convergence to better than I part in l0~ is pos-

sible for problems with near incompressibility and/or extreme density discontinuities which

require this accuracy. A quadratically convergent algorithm is used to speed joint convergence

of the nonlinear fluid dynamics and equation of slate physics. The only porti on of the code not V

appearing in the appendices are the vectorized tridiagona l solvers and these are documented by

Boris in NRL Memoran dum Report 3408 , November , 1976.

‘The test program is arranged to handle up to five distinct layers of fluid composed of up

to 200 individual finit e difference cells. Problems in one of four geometries can be set up: V

V Cartesian coordinates , cyli ndrical coordinates , sph erical coordinates , and a variable power series

coordinates for treating one-dimensional nozzle-like geometries. The boundary conditions are

controlled by specifying the position and velocity of the first and the last cell interface. Piston-

lik e conditions coupling the fluid system to external sources and sinks of energy are easy to set

up.

Appendices C, D , and E reprint actual output  from the three test problems for code

verification and illustration purposes. ADINC has been optimized and vectorized for the Texas

Instruments ’ ASC system at NRL.

5
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11. THE BASIC EQUATIONS

V \ D I N C  solves the following equations for mass and momentum transport in one dimen-

sio n:

(1)

and 

p~~~~ = —V P .  (2)

I ne en er g~ evol ution equati on is e l iminated by using an adiabatic equati on of state in which the V

entropy i’~ assumed const ani th roughout the numerical integration. Non-adiabatic processes

such ~ts exter nal heating, thermal conduction , and chemical energy release can be added to Eqs.

( 1-2 )  using time step split t i ng provided suffi ciently short timestep s are used to make the split-

t ing procedur e accurate. In the reference version of ADIN C , reproduced as Appendix A of this

r eport , th e equation of state of the fluid in each cell of the calculation is

V p(P. S, . . . )  = p ,  + (P/S) ! Y . (3)
V 

This equation of state wit h p, 0 is correct for adiabatic compression and expansion of an

ideal gas. In that case 1.2 < ~
‘ < 1.7. When P C � 0, Eq. (3) gives an adequate representation

of a mildly compressible liquid. Water , for example , has p,. 1 gm/cc and S 2.5 x 1O~ in

CGS units.  Thus in this crude model a pressure of 250 Kbar (2.5 x l0~t dynes/cm 2) causes a

substantial increase in the compression.

During an ADINC timestep p, ., y, and S are treated as constants; only the variation of p

with Pis  considered. ADINC does not use the temperature Tanywhere and uses Eq. (3) in the

form specified. Rather than knowing p and asking what the pressure is , ADINC calculates the

fluid density given an approximation to the pressure. This equati on of state density is corn- •

pared to th e density derived from the  fluid dynamics via Eq. ( 1) .  This difference is iteraled to

zero using a quadr atically convergent implicit  solution of Eq. (2 ) which delivers an improved

pressure approximation.  Dur ing  this i teration the analytic derivative 
~~~~~

- is used where A is

_ _ _—  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~

-
~~~~~~

- ~~~~~~~~~
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the volume of a computational cell.

~~~~ -~~~- = -‘- —-‘-— (P / S )  ‘ ‘
~~ ( 3 )

A dP yp P

for the particular equation of state (3) .

The ADINC package is written in a sufficiently modular form that replacement of Eq. (3 )

with another equation of state should be quite straight forward . To do this the common block

/ADICOM/ would have to be modified to include other constants of the fluid motion for the

various materials being represented. Thermochemistr y and thermophysical properties of rea lis-

V tic gases could be inc iuded , for example , so the effective gas constant y ca n be made to display

the correct variation with T. As another exampl e , more involved equations of state for solid

and liquid materials can be included. We plan to use Gardner ’s model 9 in studies where the

transition from solid to plasma must be treated accuratel y.

ADINC uses the equation of state in the form p (P , S, . . .)  beca use the density is a much

less sensitive function of the pressure than the pressure is of the density for l iquids and solids.

During the iteration process , finite errors in pressure and density are expected. In the other

form P(p, S, . . . ) ,  the err ors in density p would appear as wild fluctuations in the pressure.

For gases and plasma the two forms are basically of the same accuracy. There is a second

related reason why ADINC uses -the equation of state in the case p ( P , S, . . . ) , a specific form

of which appears in Eq. (3). The ADINC package is specially designed to deal with discont inui-

ties in zone size and density. When a gas-solid interface is encountered , the press ure is con-

tinuous but the density need not be. Therefore finite differences in the pressure are bound to

be more accurate than transfomed differences in the densit y.

Equations (1-3) are solved in the form shown wr lout non-dimensionalization or scalin g.

The package is designed with CGS units in mind but these appear nowhere explicitly in the cal-

V 
culation. Therefore Vnon dimensiona l calculations are possible without modifying the program

but caveat emptor.

7
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To complete the basic equations of the system , the geometry of the calculation must be

given. ADINC , as presented , allows four one-dimensional systems to be treated by selection of

the integer a. Figure I shows a general one-dimensional region of variable cross section area

A (.‘). The volume of the region is V ( r )  — f  A (r ’) dr ’. The numerical algorithm , discussed

in the next section , uses interface areas and cell volumes exclu sively to convey geometry infor-

mation. Therefore substitution of other 1D geometries than those provided for should be

straightfo rward ,

a = 1, CartesIan coordinates

A (r) = 1.0
V (r) = r (4.1)

a = 2, Cylindrical coordinates

A ( r)  = 2ir r
2 (4.2)V ( r )  = irr

a = 3, Spherical coordinates

A ( r )  4-in ’2 (4.3)
V( r )  = irr3

a = 4, Power series (nozzle) coord inates

A (r) — G 1 + G2r + G3r2 + G4r3 + G5r3

2 r 3 r 4 r 5
V ( r )  = G 1r + G2 -~- + GJ T + G4T +

In principle the volume is ambiguous up to an additive constant , the volume V(r t ) .  In

practice ADINC deals only with volume differences to determine the incremental volume .~t of

a computational cell so this constant cancels out conveniently. Using the symbol -\ also means

that confusion with the velocity V cannot occur.

S

—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I l l ,  THE NUMERICAL ALGORITHM

Figure 1 shows a schematic diagram of the computational region treated by the ADINC

package. There are N cells of volume V~~~, ( i  — 2 , 3 N + 1) bounded by N + 1 interfaces

of area A, (I — I N+ I ) .  The interfaces are located at r (i — 2 , . . . , V + I )  so

A, A ( r )  where A ( r )  is given by one of the choices a — 1 , 2 , 3 , 4 in Eq - (4) . The cell

volumes ~~~ V(r , ) — V( r _ 1 ) are the difference of the volume integral from Eq. (4) at the

two cell interfaces. In the development to follow we will also need the cell center locations

R , (A ,r ,_ i + A ,_ ~r ) / ( A + .4 ~)

which always lies between r _ i and r , provided the interface areas are positive.

In ADINC the first physical cell is I — 2 and it lies between interfaces r 1 and r 2. The last

physical cell is i — N + and lies between interfaces r ., and r .,~ 1. Cells and N + 2 are not

used currently by ADIN C but have been left available for future use in complicated boundary

conditions or extrapolations. Interface I is the left hand boundary of the system (r 1 r L ) and V

interface N + 1 is the right hand boundary of the system (r~~ V~~~J T R ) . The interfaces are V

treated in a fully Lagrangian manner and therefore the interface velocities V,1 are defined as

well as the interface positions { r ,) . The left hand boundar y velocity (V L V 1 ) is established

externally as is the right hand boundary velocity ( V R V ,). The interior interface locations

and velocities are the quantities which ADINC integrates from one discrete time ( t o  the next

+ 81 given the masses, entropies , and other cell quantities which are conserved during the

motio n .

The cell interface positions (r ,) satisfy

dr
- - - m V  ( 5)

which has a straight forward discretization

r7 — r ,° + 8t [
~ r V’ + (1 — ,) V,1. ( 5 )
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Figure I — Grid st ructure and var iable defin it ion for the ADINC package . Position r and Velocity I arc defined at
cell interfa ces while density p and pressure P are defined at alt ceniers Interface area .4 and cell volume t, are
derived from the instantaneous inierface positions ~ I
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In Eq. (5’) and throughout the remainder of the paper the superscript ‘n” indicates variables at

the ~new time t + 8: while superscript o” indicates variables at the ~old~ time 1. The quantity

a , is the explicitness parameter for the interface position , 0 ~ a , ~ 1. When a , < I , the

method is at least partially implicit. When € — 1/2 the method is centered and nominally most

accurate. If long timesteps are comtemplated , a ~ 1/2 is required for Courant stability with

strict inequality usually required to deal with nonlinear effects. When a , — 0, the calculation is

fully implicit , i.e. fully forward differenced. This case is most stable but is only first order accu-

rate. ADINC uses the same value of a , at every interface but this one value is varied from V

cycle to cycle. Generalization to a spatially varying (a ,) is quite possible but left for the future.

The momentum equation (2) for an interface velocity is as follows:

dV, _ —j op
di 

— 

Pinterface, Or interface (6)

where the density and pressure gradient are needed at cell interfaces. The discretization used in

ADINC is

— (P7+~ — P°)
< p 8 r >,+t /2

6t ( 1 — a . )
— (P 7~1 — P 7) (6 ’)

<p8r >,÷i/2

where a , is the explicitness parameter for the interface velocity and has the same properties

described above for a,. The quantities a, and a~ are distinct in ADINC but no reason has been

uncovered to date for using different values in an actual calculation. The interface average

indicated as <p 8r> ,~ 112 i s both a spatial and temporal average as described below. Physical

considerations are used to define < p8 r > ,~ 1 12 so the discret ization in Eq. (6’) is insensitive to

numerical errors arising from large density discontinuities at the interfaces.

Figure 2 shows two cells l and I + 1 which straddle interface I. The pressures P, and ~~~~~

are defined at R, and R, ÷ 1 as shown and the densities p and ~~~ are assumed constant

throughout their respective cells. Because p, and p, +~ differ spatially (ignore their time

11 
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ACCELERATION MATCHING ALGO RITHM

REQIHRE: p

_  
2

a~~~aj 4 
.V

. .

Qu i 
~ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _

r _ 1 R R 1~~1

CELL i V CELL i+1—-...
Figure 2 — Acceleration matching trick for density discontinuities at interfaces. An u~itermediate interface pressure P
is defined such that the accelera tion of material to the right and to the left of the inirrface is matched. Most the pres.

sure gradient thus appears across the denser fluid.
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variation for a moment) , the straight line pressure gradient shown would impart a different

acceleration to the fluid just to the right and to the left of interface i. If the fluid were permit-

ted to move according to these distinct accelerations , the fluids would either overlap or a gap

would open up at interface i after a short while. To prevent this a fictional pressure P , is

defined at interface I such that the acceleration calculated from the left equals the acceleration

calculated from the right.

P ,~ 1f ; 1  + f ~ (
I —

where

1 
_ _ _ _ _ _ _ _  . (8)

— R ,) p~~~ 1 (R ,~~ 1 — r ,)

In terms of the indica ted average <p 8r > ,~ 112 in Eq. (6’) we can eliminate P ” completely from

further consideration and use V

<p8r> ÷~~~ 
p ,~ 1 (R , +, — r , ) + p , (r , — R )  (9)

to define the spatial part of the free average.

V The question of how to evaluate the average (9) in time arises and has not been fully set-

ti ed. The major points to consider are momentum conservation , nonlinear instabilit y of the

V overall algorithm , and time-centering accuracy. Equation ( 6) , when multiplied by <pôr> , 1 2

V and summed , yield s

~~ V’<p8r> ‘ 1 2 = ~~~~ V7<p 6r > + 2  + boundary terms ( 10)

where the telescoping pressure terms cancel except at the boundary of the computational

region. One would like to use the “old” time values on the right and the “new ” time values on

the left to give a true momentum “i ntegral ” — at least in Cartesian coordinates. Since the

quantity <p br> ,1 12 is conserved in Cartesian Lagrangian coordinates , however , it doesn ’t

really matter at what time we evaluate <p8r> - ‘I 2, it is just the mass associated with interface

i . In non-Cartesian coordinate systems the momentum integral has little meaning and the

13
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quantity <p 8r> , 1 V 2  is not really a constant of the motion ... p i t , is. ADINC uses an exactly

time centered average for the geometric parts of <p ö,’ > k I 2 -  The density which appears in

the expression is our best approximation (latest iteratio n) to the new density for reasons of

numerical stability.

Return to Eq. (9) . ADINC actually uses

<p 8 r > V V * /2 [P 
‘
~
. I (R ,’!4. — r ,1’) + ~ 

P( r,” — R “) ( 11)

where superscript “P stands for “previous ” and indicates the latest iterated approximation to the

“new ” value of the variable , in this case (p7) . The superscript “h” is used to indicate the exact

“hair time average. In Eq. ( 11)

4 (r ,° + ~~~ R,~ 4 (R° + R ‘). ( 12)

We make no representation that these are the best averages or that extensive testing of this

aspect of ADINC has been performed. Perhaps the freedom remaining in this region of the V

calculation can be used to further improve the accuracy and veracity of the algorithm. We do

note that no problems arising from this particular choice have been observed to date in

numerous test calculations using ADINC.

Returning to the complete algorithm , we wish to find a tridiagonal equation for (P 7) . The

momentum equation (6’) can be simplified as follows:

V7 — a, — b,(P 7~1 — P 7) for I 2 N (13)

V where

V 81a ,
a, V° — 

< p 8 r > ,~ 1/2 
(~D°~ —

8i ( l — a , .) / < p 8r> ,~ 112. ( 14)

The equation of state is introduced by requiring that the cell volume , ~ ~~~~~ computed from
V the equation of state using the new time values of pressure , equal the new cell volume com-

V 

puted from the fluid dynamics , A7 1
~~. At any iteration P the  difference is

14 
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8Af Af ~~°~~(Pf, S . )  — A f 1~~~~ ( ( r I)  ( 15 )

and should be iterated to zero. Changing p,P to P7 varies both terms in Eq. ( 15) . In the fluid

dynamics contribution r ,~ converges to r7 as a function of the pressure through Eq. ( 13) and

Eq. ( 5 ’) .  We use effectivel y a Newton-Raphson approach to obtain a quadraticall y convergent

iteration to the desired solution at time + 81

it ,’~’°’~ (P 7 .  S ) — A71r’~ ( ( r 7) ) .  ( 16)

The difference between A 1’1t
~
11 whi ch is known at each iteration , and the desired

~~ 
71 (d) — = A 7 can be written in terms of the cell interface areas and the desired new

fluid velocities at the cell interfaces.

A 7 —  V~~~
,
P ( fd )  (1 — a ,) 84A ”( V7 — Vf’) — A 7 1 ( V 7_ 1  — 

~~ 
(h a)

The same trea tment of the equation of state gives

P lea s)

A 7 —  A ,”~ °’~ (P7 — P!~ 
~

-

~~~~J 

( 17b)

Let

d,~ —( 1 — a ,) 81.4,” and d, —(1 — a ,)8L4 ,’~..1. ( 18)

Then Eq. ( 17a ) becomes

A 7 —  A ’°~~~ d, *(V 7 V,”) + d , ( V7_1 — V,~~1 ) .  ( 17a ’)

Equating A 7 in Eqs. (h a) and (llb ) gives

Pleas )

OAf + (P7 — pP) ~~ j + ( J / n  VP) + d~ (~~~ — ~~~~~~ 
(19)

Define

Pleas)

C, = Pf~-~-~~ + d~ 1’,” — d, i”f.1 — 8A ”. ( 20)

Then Eq. ( 19) becomes

Plea., )

~~ ~
, 

+ d,4 V7 — d, — V71 c,. (19)

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~



This is our tridiagonal , implicit , linear equation for the estimated new pressures (P7) when Eq.

(13) is used to eliminate ( V7) in terms of (P7) . Expanding this out for completeness gives

P( eos)

V 

P 7[ ~~~
J 

+ d,~ [a , — b, ( P 7÷1 — 
V

— 
~~~[a ,_ i  — b, 1 (P 7 — P 71 C,. (21)

Equation (21) is the basic equation solved by ADINC. Iterati on is necessary because Eqs.
V 

(17a ’) and ( 17b) are only equalities to first order. The iteration is quadratically convergent ,

however , because only second order terms are neglected at each stage of the iteration. For the

interior cells I = 3, 4 N Eq. (21 ) may be written as

V A,”P 7..1 + B, P 7 + C P 74.1 — D, ” (22 )
where

A ,~~~ —d, b, 1 ,
P(eos)

D ” .~~~~~ .. c’ .~~~LI , —

C, _ d, ) b ,, , and (23 )

D,” c, — d,~a, — d, a,_ 1 .

V At the right and left boundaries of the system the new velocities are given externally for Eq.

( 19) , ( 19’) . In terms of the tridiag onal coefficients of Eq. (23) ,

D m D (above) + d~~VZ

D~~~1 _D 1.1 (above) — d~~~1 V~ , and (24)
A;~~o , C,~~, ~~~

When integrating the fluid dynamic equations , ADINC assumes that each interface moves

in a fully Lagrangian mann er according to Eq. (5). The change in density from one timestep to

the next in a cell is therefore given simply by the change in cell volume according to the mass

conservation equation

p 7A 7 ~ M , p ,°A ,°. (25)

When individ ual species number densities must be followed , they are also advanced by Eq.

16
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V (25 ) .

The accuracy and stabi lity of AD 1NC presupposes the monotonicity of the interface posi- V

tions {r ,) with increasing , and , of course, the positivity of the interfac e areas (A ,). Si nce th e

algorithm is based on a discret ization of the cont inuum fluid dynamic equations , the possibility

exists for numerical error and even instability caused by non-physical crossing of cell interfaces

V even though the implicit  algorithm given above is nominally stable for sound waves at arbitrary

t imestep. To prevent interface crossings , a Courant condition must still be satisfied for th e flow

velocities { V even though V~ << C, ~~~~~ throughout  the fluid (gas) . In the reference 
V

versi cin of ADINC . reprod uced in Appendix A , the maximum timestep whi ch still prevents

interfaces crossing adjacent interface positions is calculated from the formula

( ( r ÷1 — r )  (r — r 1)
8(~V Q/ 

~ — 2 4 v, I ‘ (26 )

where a very small number is added to I V~ to prevent dividing by zero.

Equation (26) is conservative and even includes the factor of 4 in case two interfaces are

moving toward each other. Generally longer timesteps are quite acceptable. By rights only one

of the two terms should be included since an interface can be moving either to the right  or th e

le ft but not both at the same time. Furthermore , i nterfaces only cross due to a differential

velocity, not an absolute one. The denominators in Eq. (26 ) should be V ,~ — V and

I V — t , _ 1 J when a net motion is superimposed on relative expansions and contractions.

Situati ons exist where the timestep calculated from Eq. (26 ) can lead to trouble. From

Eq. (5’) one can see that the cell interfac e positions are advanced using an average of the new

and old velocities. Since the time step has ~o be estimated at the beginning of a cycle , it is quite

possible for (I ” ,”) to be small or zero while (1/”)  can be large. If J~ beco mes large enough . r ’

can cross adjacent interfaces even though the original t imestep estimate should prevent this.

The test program reproduced in Appendix B aso  contain s a user-supplied max imum timestep

17

~~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~.



_________________________________________ -
~~~~~~~~~

V V-

8
~ mas to provide a limit externally because no fully satisfact ory algori thm has yet been

dev eloped for ADINC to estimate th e l imit  internally.  An estimate of this  effect would require

deali ng wi th  accel erations as well as velo cities. This ~ve nue may be impractical becau se the

acceleratio n calcul ation must be implicit  and would substantially increase the computational cost

of the subroutine.  In the current  algorithm non-convergence of th e pressure iteration by a cer-

tai n amount  (discussed below ) is signalled thr ough a diagnostic message printed by ADIN C but

the calcu lation continues. In principl e non-convergence after a certain number  of iterations

could cause re-init i at ion of the computat ional cycle with a smaller timestep. This is not

V i ncluded in the curr ent version for thre e reasons:

I .  Extra data would have to be stored to re-initiate the calculation at additional space

and ti me expense.

2. The ADIN C algorithm already subcycles the fluid dynamic calculation when the

use r specifies a longer integration interval than Eq. (26 ) permits. Thus the logic

is already q uite complicated.

V 

3. Crossing of interfaces is usually accompanied by rath er drastic numerical errors ,

not nonconv ergence , th erefore recovery is problematical at best. The problem

us ually blows up in the equation of state calculation.

For these reasons I’ ve ch osen to put the onus on th e user to avoid “sn eaky ” interface crossings.

In practice the timestep given by Eq. (26 ) is , in fact , conservative not overly ambitious. Few

pr oblems have arisen to date.

A DINC is designed to be used as a specific partial different ial equation intergrator in

much the same spirit as many ordinary diff erential  equation packages are used. It attempt s to

adj ust the t imestep and number  of iterations at each step internal ly  to maximiz e speed with

good accu racy. Using the timestep estimation algorithm given above , A DINC subcycles the

18

V ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~ .~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~.



- ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ VV-  - ~~~~~~~~~~~~~~~~~ V V  V~ . V V V _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

hyd rodynamics as often as necessary to integrate over the full time inter val which the user has

specified. Since the opportunity exists for an inordinate number of subcyc les if somethin g

unexpected happens during the calculatio n , th e number of subcycles has arbi t rar i ly  been limited

to 100. If AD 1NC performs any subcycles at all , it prints a message to that effect. If the pack-

age detects that more than 100 subcyc ies seem to be required , it ter minates the calcula tion

V printing a suitable diagnos tic message. A user may wish to change these limits.

Within each ti mestep (or subcycle) the package performs a convergence calculation on the

ite rated new pressure solution. The convergence condition used for each cell of the calculation

p,n _ p ,P1 
< iO 9.~~/~~~~

’ 
( 27 )

where P ma, i s the largest pressure in the system , M ma, is the largest cell mass in the system ,

and Mmin is the smallest cell mass in the system. Equation (27 ) is largely heuristic but has

been found to work extremely well. Usin g the timestep condition given above , convergence is

often obtained in two iterations in {P 7) and almost always in three or four. The maximum

number of iterations is limited to six because this should be sufficient to obtain full  double pre-

cisi on accuracy using the quadratically convergent algorithm described.

19
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IV. STRUCTURE OF THE ADI NC PAC KAGE

T’~ AD INC package consists ol three subroutines containing thr ee entries each. These

FORTRAN subroutines are vector ized for the Texas Instruments ASC system at the Naval

Research Laboratory and are reproduced in th eir entirety in Appendix A. A rather general test

progra m and several simple uti l i ty subroutines are reproduced as Appendix B . Here we discuss

the ~u ee major routines of th e package and the interactions between them. The n ext section

considers more practical aspects of how to use ADINC.

The three routines deal with the geometry of th e problem , the eq uations of state of the

fluid , and the fluid dynamics of the problem. The geometry of a probl em is established and

~ont ro ll ed by the subroutin e SETGEO and its two entries USEGEO and DTFLOW . The calling

sequences and arguments for these entries are as follows:

C \ L L  SETGE() A L P H A .  GEOMCO)
arguments:

V~~L P I IV A  integer I (‘artes ian coordinates
2 = Csl indrical coordinates
3 = Spherical coordinates
4 Power Series coordinat es

GEOMCO real”)) arr,,~ contains the five coefficients G — G ç of Eq. ) 4 V 4 )  on entr~and is only used when ALPHA 4

C.V\ LL  IJSEGEO (RAD. AREA.  RADC. LA MC , N)
arguments

R V V~~D real ‘8 ,irr,,’ dimension at least N+ I — contains “1+1 interface positions on entry
A RE.\ real ‘~ a r ias dimension at least .V+ I — contains V - ~- l interface areas on ex i t  (EqV 4 I I
R -~D( real ‘8 ,irra, dimension at least .V+ 2 — contains .V cell center positions on exit

in locations 2 . V V V V+ I lEq. 5 ) )
L ~ ~1C rca) ‘8 array dimension at least ~

V
+ 2 — contains V cell volumes on es it

in locaOons 2 , 
V V 

V+ I (Eq. 4) )
~‘. integer contains the number of interior cells on entry

CALL DI) Lti~ I R V V~~D. V U V I)T V A L V  ~~)
arguments

RA t )  real ‘~ .irra~ dimen~,on at least V+ 2 — contains .V+ I interface positions on entry
\ I: L rea l  ~X .,rr,i~ dimensi,’n .11 least V+ 2 — conta,n~ V+ I interface velocities on entry
I) ~~~ 5,1 real “ 8 ~~‘nt, j i ns est imated max t im estep to prevent numerical error (on cu t )
\ in t ege r  contains the number of interior cells in entry

SETGEO is used to establish the geometry of the problem at the beginning of a calculation.

Therea fter IJSE GEO is called to fill the geometric arrays AREA , RADC and LAMC every t ime

a new set of i nterface positions is obtain ed during the Lagrangian calculation. The routi t , e

re members the  value of A L P H A  (and the coefficients GEOMCO where appr opriate ) unt i l  SET-
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GEO is called to set up a new problem.

DTFLOW is used to estimate a maximum timestep based on Eq. (26 ) for use in the fluid

dynamic calculation performed by ADINC. The reference version present ed in Appendix A

calculates a timestep which prevents a new interface position r , + I” 8z from crossing one of the

orig :r iai adjacent interface locations , ‘,~~t or ,~~~~~ .

The equation of state of the fluids in each cell of the computati on is calculated by the sub-

routine SETMAT and its two entries SETEOS and USEEOS. The calling sequences and argu-

ments for these entries are as follows:

CALL SETMAT ( MATERVMASS ,GAMMA .RHOCON .Nl
arguments

~s1ATER real 8 array dimensi ,t i at least ,V+ 2 — contains 51 cell material identifier s , 2 V V V V V

MASS real 8 array dimension at leasi 51+2 — contains ~ell mas ses on entry
GAMMA real “8 array dimension at least . 51+2 — contains on entr ’, 51 cell y values from Eq i3(
R HOCON real “8 array dimension at least 51+2 — contains on entry  N cell p values from EQ. ) 3)

N integer contains the number of interior cells on entry

C A L L  SETEOS R H O . P R E ,N)
arguments.

RHO real “8 array dimension ii east 51+2 contains \V cell densit ies on entry
PRE real “S array dimension as least N-~-2 — contains .‘~ pressures on entry

VV integer conta ins the number of cells on entry

V CALL USEEOS )RHO .PR LV LAM r) , S .DLAMDP ,N)
arguments

RHO real “5 ar ray  dimension at least N+2 — contains “s cci ) densities p IP . S, V V I on exit
PRE real “S array dimension at least N-i- 2 — contains N pressures on entry
LAMEOS real “8 array dimensional least N+ 2 — co ntaints N cell volumes on exit
DL.AMDP real “8 array dimension at least N+2 — containis d 5/dP  for each cell on exi t
N integer Contains the number of interior cells on entry

SETMAT is used to place the equation of state cell constants into the common block /ADI-

COM/ which communicates equation of state information among the three routines (n ine

entries ) of the ADINC packageV These constants are those conserved quantiti es and local pro-

V 
perties of the fluid cells used to connect the grid confi guration at one t ime to that at another

adiabati cally. Entry SETEOS is called to determine the entro py for given va lue s of cell d ens i t y .

cell press ure and interface positions. Since thermal conduction , exter nal heating, che m ical

energy release , etc. all change the entro ny but not the other constants in the equation of state. V

a separate ent ry  f rom SETMA1 is prov t ded to reduce the cost of resettin g the equat ion of state

to dcco unt  for these non-ideal phenomena.

21
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USEEOS is the entry pr ovided to determine the cell density expected , giv en the cell

pressures and all the equation of state constants in ADICOM. Also returned to the user is the

cell vol ume expected and the rate of change of change of cell volume with pressure. These

quantities depend on the equation of state only and are used in the ADINC itera tion which

reconciles the cell volumes computed from the fluid dynamic equations with those needed to

~i i i s fy  th e equation of state. While SETMAT and SETEOS need only be called only once by

V the u ser in many types of calculations , USEEOS is called at least two times periterat ion by

AD INC and therefore entails the lion ’s share of the computational expense.

The common block /ADICOM/ is declared as follows :

V PA RA M)V F ER NFl — 202
INTERGER NCELLS
REAL “8 MATERC(NPT) . MASSC) NPT ) . GAMMAC ( NPT)
REAL 8 ENTC(NPT ) . RHOC(NPT)
COMMON / \DI CO M/ MATERC , MASSC, (;AMMAC. ENTC. RHOC . NCELLS

and appears in the three ADINC routi nes in exactly the same form. If a user wishes , more

complicated formulae may be used for an equation of state. The additional arrays needed

w ould then be added to each realization of /ADICOM/ and the appropriate computations to

V SETMAT , SETEOS , and USEEOS. The version provided allows a relatively wide selection of

problems to be tack led with a relatively simple formulation that is inexpensive to compute.

The quantity MATERC ( 1) is the material and shell ident ification of cell i. It is a floating

poi n t number of the form L.MM where 0 < L < 10 is the layer identifier and 0 < MM < 100

is the local material identifier. The layer number is used by the diagnostics to perform various

partial sums. The layer can contain different materials from cell to cell but the layer number

must increase monotonica lly from cell 2 to cell N+ 1. The material identifier MM is not used

i n the current version but is available for flagging which of several computa t iona lly distinct

equations of state are to be used in the future.  MASSC (I) is the mass (nominall y in grams) of

cell i. GAMMAC ( 1) ,  RHOC (I) , and ENTC (I) are the equation of state conserved constants

for cell i which appear in Eq. (3) .

Double precision is used throughout the floating point computations so that problems with
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larg e disparity in cell mass or with nearly incompressible fluids can be treated accurate ly Th e

basic convergence criterion of 10 ~ for the quadratically convergent iteration in AD IN C is far

more accurate than single precision on the ASC permits. We are using a 64 wo rd l ength here

with an 8 bit (hexidecimal ) exponent .  The versions of the equation of state and geometry rou-

tines are also fully vectorized for efficient computation on the ASC.

The basic fluid dynamic calculation is performed by ADINC and its two entries ADINCO

and SETEPS.

CALL ADINC (RAD .VEL .RHO ,PRE.N.DTIN V CYCLE.RRNEW .RLNEW .VRNEW V V L N IW
arguments:

RAD real “8 array dimension at least .51+ I — Contains .51+1 int erface positions
VEL real ‘S array dimension at least .51+ I — contains .V+ I interface velocities
RHO real “8 array dimension at least 51+2 — contanis .51 cell densities
PRE real “8 array dimension at  least 51+2 — contains .51cc)) pressures

These four arrays of physical variables contain the old iimestep sal t ies on e nt r y  and will he ti l led s s i t i ~ he
new times tep values DTIN later on eXi . Users should store old sal ues in the ex terna l  program i) des i r ed
The test program shows how to do this.

N integer contains the number of interior cells on entry
DTIN real “S the integration timestep on entry
CYCLE integer the times iep number for identification

V~j RRNEW real “8 on entry the ,ieis right boundary position
RLNEW real 8 on entry the new left boundary position
V RNEW real “8 on entry the new right boundary velocity
V LNEW real “S on entry the new left boundary velocity

The boundary interface values are specified at the end of the desired t imeste p since they are assumed to be 
V
.

dr iven externally. Usually the positions are fixed and the ve loc ies zero. RAD) .51± I). R A l) )  I t  \ V f ~ [ ( S ± I).
( VEL( I)  should contain the corresponding old time values.

CALL ADINCO (MODE . CYCLE)
arguments:

MODE integer 0 ii reinitializing NCALL
= I if NCALL cumulative .as described in the next section

CYCLE integer the times iep number for identification

CALL SETEPS (ERO. EVO. MDAMP. EROUT . EVOUT)
arguments:

ERO real 8 basic position explicitness parameter € on entr y
EVO real ‘8 basic velocity explicitness parameter € , on entry
MDAMP integer number of cycles + I over which initial filtering h~ AI)INC is desired
EROUT real 8 on exit  the most recent value of €~ use d h~ 

V\ l) IN(
EVOUT real 8 on exit the most recent value of €~ used by Al ) I~~(

The next section discusses the use of SETEPS to vary the explicitness parameters. The

arguments EROUT and EVOUT allow the user to query ADINC about the current  values of

€~ €~ being used as well as to change them. The need to monitor  the ini t ia l  f i l tering feature

(discussed in the next section ) and the need to print out the time averaged velocities and

23

V — .-~~~
. - 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~—- -. .~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
---

~~
- L -— ~~~~~~~~~~~~~~~~~~ 

. . A



- V 
~~~~~~~~~~~~~~~~~~~~~ ~~~~~~. . . . .  . . . . V

5~~V

pressures actually used to advance the positions (Eq. (5’)) and the velocities (Eq. (6 ’)) makes

the inclusion of EROUT and EVOUT as arguments to SETEPS a necessity.

Entry ADINCO is provided so the user can monitor the performance of ADINC. Each

time ADINCO is called , the number of calls to ADINC , the number of timesteps performed by

ADINC , and the number of interations used in these timeste p s is printed out. Each call to

ADINCO with MODE 0 reinitializes these counters so we only get the accumulated calls ,

t i msteps , and iterations since the previous call to ADINCO. MODE = 1 controls a special m i -

tial filtering facility described in the next section and MODE > I is currently not permitted.

The major routine ADINC advances the physical variables {r , },  ( Vj ,  ( p , J .  and {P,) from

one timestep to the next .  ADINC uses the geometry and equation of state routines and con-

trols all the logic of the iteration and timestep subcycling. The whole package has been written ,

as nearly as possible , to conform with styles and usage of coupled ordinary differential equation

packages. Thus the user can ask the package to integrate over an interval requiring many

timesteps. The user can also change the convergence criteria and the order of the algorithm via

the €~ and g~ coefficients. Unlike ordinary differential equations , however , partial differential

equations require ooundary as well as initial conditions. Furthermore , the generally large

number of cells and concommitant large number of coupled equations force corresponding res-

traints as the algorithm. Because the number of simultaneous equations is large , the algorithm

must be simple and optimized so the computation time is acceptable. ADINC is second-order

accurate at best but is fully vectorized for parallel computation on machines such as the NRL

Texas Instruments ASC.

The algorithm described in Section Ill is a single-step algorithm so numerous copies of

the physical variables at different time levels do not need to be maintained. Multiple level “

predi ctor-corrector schemes are the norm for ODE packages but require an inordinate amount

of computer storage when many equations are coupled as in fluid dynamic problems. The next

section considers the use of ADINC for the rather general case provided by the test program in
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Appendix B and supported by the utiliti es there. These utilities perform auxiliary functions V

usefu l in the ADINC computation but not crucial to it such as evaluating internal and kinetic

energ ies and initializing a rather general multilayer test problem. These routines and their used

are described via comments in the listings in Appendix B. They would not necessarily be used

when ADINC is being applied as a package within the context of a more complex computat ion V

~
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V. USING ADINC

App endix B contains the listing of a rather general and useful test program for the

ADINC package as well as the various ut i l i ty  programs not called by the user directly. Use of

most of the ADINC facilities is illustrated there and a thorough understanding of thi s program

and the examples provided in Appendices C, D, and E amounts  to a thorough understanding of

how to use the ADINC package. Here I present a general discussion designed to give the 
V

potential user an overall view of the calculation and such specific information as does not

appear elsewhere in this write-up. The three test problems and variations discussed in the next

section will  i l lustrate better than any general discussion how physical problems are solved accu-

rately and reliably using ADINC.

ADINC is applied to a user defined fluid problem via a series of structured calls to the 9

entries in the three major routines dealing with geometry, equation of state, and fluid dynamics.

Figures 3 and 4 outline the correct sequence for this structured series of calls. Figure 3 con-

tai ns the computations and routine references required to initia lize the package and Figure 4

contains those calculations and calls to be performed during the timestep loop.

The first step in the init ialization (Fig. (3)) is to establish the geometry within which the

calculations is to proceed. The integer a is set and the values (G V J  for / = 1 ,2 ,3,4,5 are defined

if required. Then entry SETGEO is called to transmit these values to ADINC. Then the initial

cell interface positions are set by the user so that a call to USEGEO can calculate the interface

areas , cell center positions , and cell volumes for the initial  grid geometry.

The third step is to set the desired explicitness parameters € , and €~ into the ADINC

package. This is done via the entry SETEPS where the number of timesteps in the initial 
- V

damping transicent is also communicated to AIJINC.

Next the physical problem on the grid must be initialized and communicated to ADINC

via the variables in common block /ADICOM/. The physical system has already been divided
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Figure 3. To Initialize the ADINC Package

• Determine geometry ( .  1, 2, 3, or 4 and ~~ if needed)
CALL SETGEO (ALPHA , GEOMCO)

• Determine the initial interface positions ~ and velocities :V~
CALL IJSEGEO (RAD, AREA , RADC , LAMC , N)

to initialize the interface areas , cell centers , and volumes

• Set the desired explicitness parameters and damping period
CALL SETEPS (ERO, EVO , M D A M P , EROUT , EVOUT)

to pass these values on to ADINC
• Determine the desired fluid properties and constants which are conserved

with the cell motion
CALL SETMAT (MATER , MASS , GAMMA , R H O C O N , N)
to set these cell constants into common block
/ADI COM!

• Determine the initial cell densities and pressures
CALL SETEOS (RHO , PRE , N)
to set the current value of the cell entropies ENTC into IADICOM!. This has V
to be repeated in the t imestep loop whenever irreversible and dissipative
phenomena change the entropy.

Figure 3 — Schemai ic or init ial iz ing the VA DINC package . The rather general ease presented mirrors the test program
of Appendix B The test program presents. however , .t number of additiona l facilities li,r use in a seieni i t t ~ rese.ir ~ h
program which are not part of ADINC proper These do not appear in the sche mat ic

27 

V 
V~~ V

t 
— ,~~~~~V_&__a_



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ - V V -.,~~~ V , .

r V V_~~~~~~ 

V V

Figure 4. Application of ADINC During a Timestep

• Establish and limit a monotonically increasing cycle number—
DO 9999 ISTEP = 1, MAXSTP (in the test program)

• Set a timestep DELTAT which depends on geometry, flow and other
considerations. This involves:
CALL DIFLOW (RAD, DABSV , DTVAL , N)
where DABSV is an array containing the maximum absolute value of the
velocity In the previous two timesteps (DABSV - VEL ) works fine in most
circumstances. Other timestep limiting calculations should also be
performed atthistim e

V • Perform diagnostics on the geometry and physical variables. This usually
involves another
CALL USEGEO (RAD, AREA , RADC, LAMC, N)
to update AREA , RADC , and LAMC consistent with current cell interface
locations in RAD
any other diagnostics; IncludIng ERGPRT , are performed

• Advance the hydrodynamic variables by f irst:
setting the new boundary positions RLNEW , RRNEW and velocities
VLNEW , VRNEW before
CALL ADINC (RAD , VEL , RHO, PRE, N, DELTAT , ISTEP. RRNEW ,
R L N E W , VRNEW , VLNEW)

• Reset the Er, €V values by changing EPSRO. EPSVO in
CAL L SETEPS (EPSRO , EP SVO , M D A M P , EPSR, EPSV)
9999 CONTINUE (go back for another timestep)

Figure 4 — Schematic for using the ADINC package to integrate the Lagrangian equations of motion The
upper portion of the figure shows the use of ADINC in diagnost ics and the lower portion , its use in the
integration prope r Additional physics can be added via t tmestep splitt ing This is indicated in the test pro
gram
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into a number of computational cells. For each of these Lagrangian cells a number of qu. ~nt . V

ties must be established which are constant throughout the ADINC integration. These can be

init ialized directly tnto the /ADICOMI variables MATERC , MASSC , GAMMAC , and RHOC V

by the use r or auxil iar y variables MATER , MASS , GAMMA . RHOCON can be setup and the

entry SETMAT called to place these quantities into the common block in the desired locations

The test program fills /ADLCOM/ directly but demonstrates the call to SETMAT anyw ay V

Remember that the N+ 1 NCELLS+ I interfaces and associated interface ~u~t~ tHcs

reside in the first through the N + I -st locations of interface arrays but the V V cells and associ-

ated cel,l quantities must reside in locations 2 through .V+ 1. This offset leaves “cell ” 1 and V

“cell” \+  I available for fancy boundary conditions or other ghost cell applications , in the test

probl em , p rintout s  of Appendice s C , D and F these undefined quantities appear as the number  V
.

2. x lO~ or 111111 or ~~~“ “  depending on the print out format.  Leaving these undefined quan-

tities in the arrays has no adverse effects in the calculations, as will be seen, and does have a

potential advantage. Any off-by-one errors introduced in new code by the user will show up as V

arithmetic exceptions involving the use of these undefin ed cell quanti t ies .

Once the initial density and pressure ~n each cell have been set . the cell entro py ENTC

can be determined and placed in /AD ICOM/. The entry SETEOS performs this calculation

using the equation of state funct ion.  A separate entry is provided here for efficiency because I

V anticipate rese lling the entropy whenever non-ideal , dissipative, or energy source terms are

present. In more complicated systems such as detailed chemically reactive flows even the

valu es of {y, } (GAMMAC) change. The ut i l i ty  DUBLOG is provided and used in SETEOS and

USEEOS because the current ASC sysem has an error in the double precision logarithm routine

which prevents vector ization. Efficiency in the SETEOS and USEEOS calculations, particularly

the latter , is extremely important because these transcendental calculations seem to dominate

the ADINC execution time.

The repetitive computations wi th in  an ADINC simulation cycle are listed in Fig. 4. The
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first part of a cycle is to find the correct timestep, 6, ( DELTAT in the test program ) .  Entry

DTFLOW is provided in the ADINC packag e to calculate an estimated timestep which will

p rev ent interface crossing but several other t imestep l imitat ions , which are normally problem V

depend ent , have to be included . Even though the sound speed is nominal ly not part of the

ti mestep calculation , it ce rtainly affects the accuracy and the tende ncy toward non-linear insta-

bi l i ty .  The test program illustrates a number of the considerations involved in timestep selec-

tio n.

Once the timestep has been chosen I usually recommend that all I/O , dumps , and diag-

nostics be performed. Since actual integration of the first timestep has not ocurred , performing

the diag nostics here wi thin  th e timest ep loop allows the init ial  conditions to be printed when

ISTEP = I V Thus diagnostic tests and subsidiary calculations have to appear only one place in

the code. As part to th ese diagnostics the geometry variables should be updated as well via

USEGEOV

Before calling AD INC to integrate the fluid dynamic equation s in the loop, th e boundary

conditions for the integration step must be established. The valu es of RRNEW , RLNEW ,

VRNEW , and VLNEW convey this information to AD INCV On entry { r ) .  { I ’ ) .  {pJ , and ~P

contain the physical quanti t ies  at t ime t, th e beginning of the integration stepV ADINC is being

asked to integrate an internal 8r up to time t + 8 .  At this time the interior values of ~r and

( t ’ . } will be determined but th e boundary velocities V 1 and V., , 1 and hence the boundary posi-

V 
tions depend on external factors. Thus

j RRNE W ~~~ ( t +  6~),

RLNEW E r , (1 + b i) ,

VRNEW V,,~. 1 ( 1  + 81),

VLNEW

Nominally VRNEW and VLNEW can be anything but for internal consistency RRNEW should

satisfy
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with a si milar equation for r t ( 1 + 6 :) .  The test program uses a simplified version of this  to

avoid the co mplications of calling SETEPS again just to set the boundary condition.  Instead the

previous values e , and e ,. are used as these will apply uncha nged throughout  the calculation

except possibly in the first few cycle s. V

If the values {P ,) and { ~~~~
) are stored in auxi l iary arrays { I )  and ~~P’1 before A DI NC is

called , the average velocities and pressures used to advance the interface positions and ~eIoct -

ties can be calculated as shown in the test program. Even though this  information can be

reco nstructed ‘ )ut  special calculation if two sucessive times t eps are pri n ted out , these inter-

mediate values are the basis of the Lagrangian dynamics so the prospective user of ADINC

should be fa miliar with the contents and purpose of DO LOOP 110.

The user of ADINC also has control over the values of the explicitness parameters e , and

e , for the interface position and velocity integrations When e or € ~. 
= 0, the corresponding

equations is fully forward differenced and therefore implicit .  When ~ r and € are both equal to

4, the calculation is fully centered and hence will  be second-order accurate in t ime. The use 
V

of € , > 4 or e~ > 4 can lead to numerical instabili ty and is therefore discouraged . The effect

V of using different values for € ,, € , is disc ussed in the next section as part of the sound wave

test proble m. At any point during the calculation the values of €~~, e~ . can be changed by calling

the entry SETEPS with the desired values as the first two arguments. The defaul t  values are

0.45 , € , = 0.45 so the calculation will be slightly damped. This setting is good for V

moderately long timesteps relative to sonic transit times hut  wil l  eventual ly  damp finite speed

sou nd waves appreciably so the flexibil i ty to change € ,, e~ closer to 4 is important .

A special facility has been built  into AD INC to damp out ini t ia l  t ransients  when long

ti mesteps are being used. The facili ty is controlled by the third argument of SETEPS . the

integer MDAMP.  When M D A M P  — I , the facili ty is disabled making the values of € ,. €
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constant until the next t ime they are changed under user control by call ing SETEPS with  new

~alu es.

Before describing exac  t k  what  t h i s  I ’aci l i ty  does, it  is i m p o r t a n t  to unders tand ~ h ’. ~~ch a

facility can h~ ne cessa ry in some problems. Consider a r e l a t i ve ly  ski~~ flow in which s~~~ ~ i~h

it ge f o r  cornp u ta t i on .t l  efficiency hu t  ~ he € ,, € is de s i r ed  for n u m er t c a ~ i c e u .

LV 

rae’, V c . v.e wan t  to keep the  numer ica l  danip t ng smal l  In such a problem .tnv t n i i a l  cond i t ion

of pressures , pn sn iu ns , and vel~~~t ies can be resolved in high f requenc y sound w a x e s  and slow

flow components  such as migh t  be dr iv en  by the  iii, il conduct ion . ch emtca l  energy re~c,Isc . e~

Wi th  e 1/2 , the  high frequency compon ents  ss i h osci l late  r a p ; i k  and can mask the  des i red

V ~l owl v  varying solut ion even thoug h these osci l lat ions are stabl e V The problem arises h~~V c . I U 5 V,~

V the various in i t t a l  con di t ions  are sl ightly i ncompa t ib l e  w i th  ea~ h o the r  and t h i s  i n c o m p a t i b i l i t y

doe~ not  decay awas q u t c k k  when  € . ar e  n ea r  1/2 . R a t h e r  than  expend ing  a great deal ol

V effort  to f i l te r  the  i n i t i a l  cond i t ion s , it is often perfect ly  adequate  to damp the  first few cy cl es  o~
V 

the A D I N C  calculat ion s t rongly  by u s i n g  s .. e ~ 
-
~

The a lgor i thm implemented  l inea r ly  increases € , .  € , t r am  ERO/~1I)AMP , E\ U \ I i J V V \ \ I P

10 ERO . E \ V ( )  t n  M D A M P - i  successive call s to A D I N C V  i h e  d e f a u l t  values are MD V \ \ i ~~~

10 . ER () = 0.45 . E~~O = 114 5 if the  S IV T EPS en t ~ ’, is not used. The im p i e r n e n i~ i i , t i  is L1~~~1C

t b ,  n u~ in A p p e n d i x  V\ Clear y ‘4DAM P = I c i r c i m  c o t s  the  i i f l f ’  og ‘. , i l i i e s  of €

I en t i r e ly .  Since it ma y  be desirabl e to p e r l u r m  t h i s  f i h e r i n g  opera t ion  more t h a n  uo5c  d u r i n g  a

calculat ion , the faci l i ty  is provided to reset the counter for the M DA M P - l  fihie ~in g steps. l iver )

tn~ t ., \ ! ) l N ( t  is called ~~i i i  \ I O DE = 0, the in teger  N C A L L  gets reset to z c i i  a l t e r  the  t h r e e

in teger s  ir e p r in ted  O U t .  When MODE ~ I , N C A L L  does not get reset and hence the f i l l e r I ,~

V ‘pc rati otl is not performed an e w .

Vt  i c  VV \ D I N C O  ent ry  was pr ovtded so the  us er  Can diagn ose the  I~e r t u r t u . t ~ L e of V\ [) l ~ss i t

a n ’, t i nt  in .t ctile. i~,j tio n. Whe n called , the t u t , t l  n u m b e r  üt  ~ t l l s  to A DI \ ( , t h e  lo ta l  n u m b e r
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of’ subcycle steps performed , and the total number  of iterations performed since the last called

to ADINCO are printed O Ut .  Each t ime AD INCO is called with  MODE 0, the counters are

all reset. Using ADINCO to cornrol re - in i t ia l iza ~ion of the filtering facility MDAMP ensures

that diag nostic prints are obtained every t im e the solution is re-filtered.

33 V



V ~~~~~~~~~~~~~~~~~~~~~~~~ , ~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V V V = ~~~~~~~~~~~~~~~~~~~~~

VI.  DISCUSSION OF TEST PROB LEMS

App endices C, D , and E provide selected printouts  from three test calculations using

ADINCV These test are ch osen to illus trate the use of AD INC in several different and interest -

i n g cases , to demo nstrate the flexibil i ty and accuracy of the package , to demonstrate some of

th e control features the user has at his command , and to allo w positive code “~ rif ic a t io n ~ia

k nown answers for users implementing the code for themsel ves. In addition to providing evi-

de nce that ADINC and its associated subroutines do something reasonab le and accurate in

several cases , th ese test problems provide a jumping off point for many user applications and

may be directly adaptable with little or no reprogrammin g.

The three problems are:

V Vj #1. An Adiabatic Sound Wave Test ,

#2. An Incompressible Slug Between Adiabatic Gases , and

#3. A L INUS Simulation.

Each test has a main calculation , f~r which resul ts are printed in the appendices , alo ng with the

corresponding data for code verification. in this section a number of auxi l iar y calculations are

also report ed to establish properties of the ADINC package with respect to convergence , accu-

racy, and stability.

#1. An Adiaba tic Sound Wave Test (see Appendix C)

The first test problem concerns the abil i t y  of ADINC to capture the properties of a sound

V wave in an ideal gas. The gas is unifo rm with density 1.4 and pressure 1 .0 i n the absence of

the sound wave. The gas constant y 1 .4 ensu res a soun d speed C, = 1.0 V The

gas is contained between two rigid , impermeable walls at x=0 and V \ = l . O  so a sound wave pro-

pagates from x— 0 to x—1 and back in a period of time r=2.0 . The standard test #1 has half a
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wavele ngth between the walls , the velocity bei ng initialized sinusoidally according to

f V ( ) = ST sin i rv  (28 )

where 6 F ( D V E L ) = 0.01 for the standard test The ini t ia l  gr id  is u n i f o r m  wi th  6x = 0. 1 and

the ti mestep is 6: — 0.1. The sta ndard calculation is thus performed with  20 cells per

wavele ngth and 20 timest eps per period.

The data for this standard test #1 are given in the following table:

Table I .  ADINC Input Data for Standard Test #1—Adiabat ic  Sound Wave
Name list /CONTRL/ (program control )
MAXSTP = 26 DTMIN = 0.1
IPRINT = I DTMAX = 0.1
ALPHA = I EPSRO = 0.5
N = 10 EPSV O = 0.5
GEOMCO = (l .0 ,0.0 .OV O ,OV O , OV O) (not used if ,~= l )
LZONE = .FALSE. LTCND = FALSE .
LCHEM = FALSE. LTPRT = TRUE.
LDIFF = FALSE.

Name list /SHL IN I/  ( layer  ( shel l )  in i t ia l izer )
NSHELL = 1 MODE =
RN = l O x  10 2 1) DR HO = 0.0
VN = 0.0 DVEL = 0.01

Name list /SHLDAT/ ( f i rs t  and only layer )
LCELLS = 10 MATERS = 1 0 1
RN = 1.0 GAMMAS = 1 . 4
VN = 0.0 RHOCS = 0.0
RHOS = 1.4 PRES = 1.0
POWS = 1.0

Because the peak ~eloc ity is small compared to the  sound speed, 6 = 10 ~. the  evolu-

tion of nonlinear  effects will  be slow and the pro fi le s wi l l  r emain  s inuso ida l  for a long t one

The period of the oscillation is determined by not ing when r 6, which s tar ts  at OV 5 ~ pa sse’

th rough 0.5 the second time. Since the numerical period compute d by ADINC will  diffe r front

V the exact theoretical period due to finite difference t run :at ion error,  inte rpolation is ne L e ssa r )

betwee n t imesteps to find the numerical period. This in terpola t ion process has an error associ-

ated with it so the numerical period is never found exactly.

V The standard test #1 with 20 cells per wavelength and ~~20 timesteps per cycle has the
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crossing it r~ through 0.5 occur bet ween cycles 21) and 2 1. At i—2.0 , r~ — 0.49976 and .it

i— 2 . l  the code gi ’.es r,  — 0.50074. The period computed from these values is 7
~~~~e

2.0245± .00 1, i n e; or by 1%. This error arises f rom several souroes,, the most important of

which are the finite t imestep and grid size of the calculation. The error from interpolating for

r~ =0.5 is twenty ti mes smaller.

I able 2 below summarizes the period computed using ADINC for several values of grid

‘-i ~e t i n i t i a ! )  and timestep. The number of cells per wavelength and timesteps per period, the V

V r i p t ) r E ai t t  non-dimensional quantities , are also shown.

Table 2. Numerically Computed Penod for Adiabatic Sound Wave

~~~~~~~~~~ ti mesteps 10 20 40
~
‘-

~~~~~ per period
V cells ~~~~~~~ 8: 0.2 0.1 005 0

V wavelength

10 0.2 — 2.0526 — —

20 0.1 2.0714 2 0245 2.0122 —

40 0.05 — 2.0 184 2.006 1 —

00 0 — — — 2.0000

Since the val ues of e , and € ,, are both 0.5 , the time integration is centered as well as the spatial

di fferences. Therefore we expect full second order accuracy. The coefficients in time and space

are different of course since the spatial and temporal algorithms are different. The functional

v i m  ol the computed period is

+ higher order terms (29~

where a -”-l. 6 and ~ 3 2  wh en 8x and 8: are measured in units of wavelengths and wave

periods respectively. ~~~ the above dj ’a in Vr lb l e 2 satisfy Eq. (29f can be seen by the fact

that the error in the 20-20 calculation is four t imes the error in the 40-40 calculation.

In th e se cakulations the lasci  s u mm a t i e s  printed by the sesi program include energy

u ms. Subroutin e ERGPRT and the diagn ostics section of the main program show how these

su ms are cal culated V The interval energy density Ei#,r ,,, is given by
36
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= I~/ (y —I ) (30 )

for each cell of volume \ The kinetic energy densit y is a little more di fli cu li to C , i i t u . e

because the interface veloci ties are known , not the cell center velocities. Averaging the ~
V
~~~i~~~~~~~V

ti es to the cell center introduces a damping term which appear s as an overall small ampli tude

isc i l la t i i i i t  in the total energy as the wave cycles between potent ia l  and k ine t i c  energy .

There is a definition of the kinetic energy which is more consistent wi th  AD INC ’ s f ini te

difference algori thms and which does not display the energy changes that the velocity average

definit ion does. This s imple diagnostic uses the fact t ha i  A Dl ~si. defines e V Il c en te r  pos i t ions

( R )  and matches a~ccIe rati ons across cell interfaces. Let A ‘ anu \ he the  cell par t i d i

volumes to the right and the left ‘it the  eeP center positi on r espe cti vcl ~

= V + .~~~. ‘ 3 1 )

In the test pro~rarn and (A V } at e  e a f t u : V i cd as a s i m p l e  aver a~~’ h ut  I i  ire  , t C L u i , I I L  s a l l i e s

can ~ e determined h~ E S E G F U  for non-Car tes ian  geom et r i e s . The k n et i c  enc1~~’ de t s i ) ~ in

each c e t I  is gi ~~~en h~ IhV V .V fV ) r m u ~ 

= 
~~~~~ k:V V\ + h \ V V~~ 

V ( 3 2 ;

VI he code ~ V J g n h i s fts pr in t  out  the total energy ~ nine  sign V V ~ V i n t  ~~~ m d  to ~~~ am.~ 1V V

racy ene rgY  s user ,:d ident ica l l y .  Since the a 1 :;~’ . i ) h V ~ S V~~V m i n a l l v  r c s e r s b e . ~ ~)V 1 ( ‘r e r g Y

conservat ion is esp em, ted i r  th i s  sound ssav,~ t e st  )V V )  hi Vfl I V 55~V • i V ~V i l y  )V V r f , .~ ener ~’\ cO n s  1~~~ , V

tion here means consistent therma l  and k net i c  energ y de f i n i t i ons  h a , e  been f u nd .

V\ separate calculation with 20 cells was performed in which .  the i n d i v i d u a l  zones v. n e d  ~n

th ick ness b~ a factor of 100 , alte rnating between 6x and h v  i l l  t h e  wa~

.~ ~0 ~~, X = I V  The t : r n L ~ ie p s~as taken to be 61 = 0V05 and the  period wa s determined i l  he

2 0 12 1 , in er ror by 0. 55 rhe conservation of energy for th i s  calcula t ion was again good to

I par ; n l0~ eve n thou gh VV \ i ) I N ( . had to subcycle twice ‘ii e: ieh timestep because some of the
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cell s were so small. The wide disparity in cell sizes did not adversely affect the accuracy of the calcu-

lation, Of course the large cells , not the small ones , determine the overall accuracy of the cal-

culation but more realistic problems with widely, varying characteristic scale lengths and/or

i mbedded discont inuities will be able to take good advantage of this additional flexibility in the

V ADINC algorithm.

A series of calculations was next perform ed (with uniform zoning again ) where the values
‘I of ~~, and E , were varied to determin e the amount of sound wave damping implied by forward

di fferencing . It is important  to understand that the stability properties usually invoked as

benefits of implicit differencing come at stiff price. b0 _ i 3  A user of ADINC should perform cal- 
V

cu latio ns with 
~~~
,, E , as close to 0.5 as possible so accuracy can be maintained as well as stability.

To measure wave damping the energy diagno stic was used to filter out the oscillations. Twenty

cells per wave les~gth and 20 timesteps per cycle were again chosen as the standard conditions.

Figure 5 and Table 3 summarize a number of computations performed with different values of

~~, and ~~~, the ADINC explicitness parameters. The wave amplitu de relative to the init ial  wave

ampli tude , ,, 4/,,4,,, is plotted versus the time measured in wave periods (theoretical ) .  . .4 (t)  is

determined by subtracting from the total energy, th e thermal energy that the system would

have with zero velocity. The linearity of ,4/,.4,, versus h r  on the semi-logarithmic scale demon-

st rates that  the numerical damping is expon ential as expected. Even with the very modest

da mping introduced by e , = — 0.45 , th e sound wave has decayed by more than a factor of

2.5 in only 10 oscillation periods. This means that the use of fully forward differenced schemes

for numerical stability makes the meaningful simulation of sound waves essentially impossible .

Table 3 below summarizes these damping calculations in terms of the per period damping

coefficient. The physical sound wave being studied should undergo no dampi ng at all so the loss

of energy marks a numerical error which is used here to measure the accuracy of the AD INC

algo ri thm V Vari at io n of damping with € , € , ,  ti mestep 6,, and grid size 8: is Sh OWfl .
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WAVE DAMPING IN ADINC
I I I

1.0 
~~~~~~~~~~ 0.5 : 

V

0.7 -
\

\
\ 

~~~~~~~~~~~~~~~~~~~~ 0.475

0.4- \~~~~~~~~~ 
-

- 0.45 -

0.2 — —

0.1 — 

£ r = £ v = 0.3 0.4

1 1 1 1 1  1~~ sJ I i i i

V 0 2 4 6 8 10 12
( t / T )  -~

Figure 5 — Wave amplitude as a function of time illustrates damping introduced by forward differencing Amplitudes
are measured in units of the initial ampiitude. The values of the expiicitness parameters are Sh OWfl . With r V —
14 5 . for esamp ie. the wave has damped by a factor of >2.5 in ten periods of the wave.

.1
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Table 3. Variation of wave damping coefficient (per period ) with numerical
control parameters. The ph ysical wave should be undamped.

cells per timesteps damping
wavelength per period coefficient

0.50 050 20 20 > 998
0.475 0.475 20 20 .953
0.45 0.45 20 20 .909
0.40 0.40 20 20 .826

V 0.30 0.30 20 20 .683
0.40 0.50 20 20 .908
0.50 0.40 20 20 .909
0.40 0.40 10 20 .830
0.40 040 20 40 .907
_ _  _ _  _ _ _  _ _ _  I. 

—

There are no surprizes in these data. They are a quantitative as well as qualitative verification

of the linearized ADINC dispersion relation V

~~~~~~~~~~~~~~~~ 

l V ~
. . •~• •I E r ( 1 —E , ) +e ,  ( 1— c ) ±i/~..VV

/’l_
~~~

..(E i,(l ’.E,)_ E,V(1_ E p )J2

.4(1)

and

I1+/32 ( l E r ) ( l E , V ) J

These formulae predict the symmetric behavior of wave damping and wave period with €~ and

r~ th ey also predict the relative insensitivity of the wave damping to the cell size when 6x is

small  in

2Cç 6t 
sin -

~
-

~~~~
- . (35)

V 2

The next  set of tests performed concerned the nonl inear  beha~ ior of sou nd V~Va V eS corn-

p ute d by ADINC. Three variat ions of the standard test #1 were performed in which 8 ( V  the

init ial  sinusoidal velocity maximum , was increased to 0. 1, 0.3 . and 0.5 times the speed of sound

in th e system. Figure 6 shows four normalized velocity profiles at cycle 40 in the three calcula-

tion s , t wo linear wave periods after the calculation is in i t i a l i zed .  The linear (sinusoidal ) profile

V 40

V _e.a~~~~~~
.V V V V
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NONLINEARITY IN STANDARD TEST #1

1.2

A~~~ 5V~~O.3 . 
V

1.0 oooóV =O.5.,- --....
V .

.8 -

1•  \Q~~~~

0

.2
/ . 0 0

V 

~ i I I I I f I

- 

~~~~0 0 
-

-

‘ .4 I I I I

o .2 .4 .6 .8 1.0
Figure 6 — Nonlinearity in Standard Test # 1 Wi thout damping, In~~r~~V , s I n ~~~
nonlinear initial sound waves develop short wavelength oc m l ( mti ons propor-
tionately fasier. The profiles are scaled , th e sinusoidal linear solution .mft cr t~~o
periods is also shown for comparison.
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is shown as the solid l ine f’or comparison .

In th e 8 I = 0 1 case the ca lcula t ion  required more iterations than in the previous cases

and A D I N C  had d i f f i cu l t y  wi th  convergence crit eria dur ing  some of the t imesteps . The choice

of a , a = 0 5 b r  these e . i t eu la t ions  seems to be p ermi t t in g  the nonlinear growth of short

‘wa~ele ngth perturba t ions which are not preferentially damped in the calculation. At propor-

tio nate ls larger wa~e a mpli tudes  these perturbations get larger. In the & V — 0.5 undamped

case , strong evidence of an even-odd type of grid instabi l i ty  can be seen. Clearly some damp-

ing is necessary for nonl inear  ~ases l ike these even before shocks can be expected to form.

The h i  0 5 calculat ion was repeat ed with e, — 0.45 . with 30 cells in the system

(60 cells per wavelength ) , and with hi = 0.02 . Figure 7 shows the velocity profile at a series of

l imes dur i ng  the calculat ion half a theoretical l inear wave period apart. In the physical problem

simulated here two large ampl i tude  sound waves of equal ampli tude are passing throug h each

othe r travelling in opposite direction s. As the pre ssure increases in the wave so does th e sound

speed. Thus the two waves each steepen unti l a shock (actually a number of shocks) forms. V

Eve n thoug h the re is some linear damping in th e calculation of Fig. 7 , it is not en ough to pro-

vide the r equired conversion of kinetic to thermal energy through the shock. Future empha sis

of research on the ADINC package itself will  be on these nonlinear aspects of implicit hydro-

dynamics.  This is a very diff icul t  problem. Implicit  differencing means that the numerical

‘characte ristic ’ trav els at inf in i te  speed. Thus the possibility always exists for information about

the shocked fluid to propagate nonphysica lly ahead of the advancing shock. My current recom-

mendation for treating shocks accurately is to use the FCT algori thms described in refs . 14- 16.

#2. An Inco mpressib le Slug Between Adr ibat ic Gases (see Appendix D)

The second test problem is illustrated in Figure 8. There are three layers bounded on the

left and on the right by rigid impermeable walls. The center region is an incompressible slug.

The left and right regions are each adiabatic gas Layers of exactly the same properties as the sin- V
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NONLINEAR SOUND 
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Figure 7 — Vet city profiles of nonlinear sound wave steepening. The four c ur s es ire taken hj if
(t heoretical linearl period apart. The r/2 and 17/2 data are inverted + for — and flipped left f i r  right on

V the plot so that the nonlinear evolution is evident With a , a , 0 4 5  as in this calculation , there is

not enough dissipation to maintain monotonicily at the ShOck.
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gl e gas layer considered as standard test #1. The large density discontinuities across the two

lay er interfaces makes this a lest of the acceleration-matching part of the AD INC al gorith m.

Without  this corr ection the effective mass of the slug would vary by half a cell or so hence

finite difference errors would be of order 5%.

Detailed comparisons require an analytic solution. Let the slug have a mass M, per cm 2

and a density p 5 . The right and left hand adiabatic gas layers have densities which are deter-

mined by the location of the moveable slug. At the initial t ime 1—0 the slug is at the equili-

brium position but movin g with a nonzero velocit y V5. The initial pressures are equal ,

= 
~ L’ but th e densities , PR and P L~ 

the width of th e regions , W R and WL, and the gas con-

stants , YR and YL ’ can all be different. This system is soluble both in the linear and in the V

asymptotic nonlinear limit and thus permits a detailed evaluation of the accuracy of the numeri-

cal t echniques.

Let the displacement of the slug from equilibrium be denoted by X ( t ) .  T!,en

WL ( t )  = WL + X ( t )  P L ( t )  = 5L W1~~~( t )  (36)

WR (i ’ ) = Wk — X ( t ) , PR ( t )  = SR w,~ R ( t )

whe re the fixed entropies S, an d SR can be determined from the initial conditions. There are

two equations to be solved ,

dX ( i)
d 

= V( t ) and (37)

M S~~ j ’)  = PIV (t )  — P R ( t ) .

Linea r izi n g gives 
~~~IV ( ’ )  — )‘LSL Wa ” X. With a si milar expression for P R ( t ) .  The

eq u ilib r i um terms ca ncel and

M,. 
d V ( t)  

~~~~~ 
[ 

Y L~~1. 
+ 

‘Y R~~R (38)

Let X ( i )  — X ,,sin~i where V, wX 0. The resul t ing dispersion relation is

— f ~~!~~ L ~~~Y R~~R 
/ ~~~~~~

a
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The test calculations performed on this problem wi th  AD INC have ~ = 4 = 1 .0cm

and the slug d en s ity  p , = 140 gm/ cm~. the slug length  is 1.0 cm , and M , = 14 1) gm/cm 2 . The

i n i t i a l  gas layer pressures are 1.0 dyne /cm 2 and y~ = Y R  = 1 . 4. W i t h  these parameter s  the  I re-

quency w = ~2 8 I 4 0  = 14 142 1  and the period T = ~-~- = 44 428 8 is expected.

V 
Actual ly  we should not neglec t the mass of the gas because AD INC won ’t . When th ~

density ratio is large as it is here , the velocity wil l  va r y  roughly l inearly across the  gas regions in

order that  the densit y and pressure stay spatiall y constant.  The e Tective mass of the slug there-

fore incr eases by half of the mass of each of the gas re gions. Equation (39) becomes

2 ~~~ P1 / ~4 1 ~~YR ~ R/ ~~~RI
(7) = (40 )

which predicts a period r = 44 6504 ~~~ iL
V Here I wi l l  not a t tem pt  stil l  h igher  order correct ions

which  arise from the curva ture  of the gas layer profiles , i.e. the fact that  the densi ty cannot  be

constant if there is a pressure variat ion across the gas layer.  These are of order 1:10 V 3 and are

V 
about as large as the in ter pola t ion error in evaluating the data , ±0.00 1 sec.

The data for the standard test #2 are given in the follo wing table:

Table 4. AD1NC Input  Data for Standard Test #2—Incompress ib l e
Slug Between Adiaba tic Gases

Name list /CONTRL/ (program control )
MAXSTP = 26 DIMIN = 1.0
IPR INT = 1 DTMAX = 1.0
ALPHA = I EPSR O = 0.5
N — 10 EPSVO = 0.5
GEOMCO = ( 1.0 , 0.0 , 0.0 , 0.0 , 0.0) (not used if a = l )
LZONE = FALSE. LTCND = FALSE.
LCHEM = FALSE. LTPRT = TRUE.
LD IFF = .FALSE.

V 
Namelist /SHL IN I/  (layer ( shell )  in i t ia l izer )
NSHELL = 3 MODE = I
RN — l O x  1 0 2  ORH O = 0.0
VN — 0.0 OVEL = 0.0

Namelist  /SHLDAT/ (first layer da ta )
LCELLS = 5 RN = 1.0 VN — 0001
MATERS — 1.01 POWS 1.0 RHOCS = 0.0
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G A M M A S  = 1 4  PRES = 1.0 RHOS = 1.4

N ame list  / S H L D A T ’  ~second layer data )
LCELLS = 5 RN = 2.0 “N = 0.00 1
MA TE RS = 2.02 POWS 1.0 RHOCS = 140
GAMMAS = 0.5 PRES = 1.0

RHOS = 140.000000000140

N~me l i st /S I ILDA T/ ( th i rd  layer data )
LCELLS = 5 RN = 3.0 V N  = 0.0
M A T E R S  = 3 0 1  POWS = l .~ RH OCS = 0.0 V

GAMMAS = 1.4 PRES = 1.0 RHOS = 1.4

In the second layer , absolute incompressibi l i ty is not forced so i can be used as a diagnos-

tic of ADINC ’ s accuracy. The density in th is  slug satisfies

p 5 = 140 + ( P / S) 2  (4 1)

V 
~siher e the  in i t i a l  value of ía . = 140 L 1 + 10~~2] is used in conjunct ion  wi th  p l40 in the  m i -

V 
t ia l izer  to de te rmine  S = 8.45 16x iO~. In this  second test , therefore , densi ty f l u c t u a t i o n s  of

order iO~~1~ are expected physical ly .  This is smal ler  than  rou n doff  erroi . The c a l c u l a t i o n s

described below all have the slug densi ty constant to at least I part in 10 1 . about  the  cor t ver-

gence cri ter ion for the  nonl inear  i t e ra t ion  in AD INC.

The AD IN ( ’  package , of course , accepts a wide cont i nuous  r ange nt ‘s a l u ~ s for p

and S in the formulae for  the equat ion of state but  for only a few values  ( ii  ga m m a  is the

energy integral  readily computable (1 believe ) . When p , = 0 in Eq. 13 ’ i . b r  c~ . implc .  the

energy dens i ty  E is g iven by the fami l i a r  formula

E = P / ( y — l ) .  ( 4 2 )

when p ,  � 0. E i s  given by the  integral

~ f ( p ( L )  )~ dL

where

p ( L )  = I )  L / I .  ( 4 4 1

and L , is the size of the system when ~ ~~ , . The in tegra l  (43 )  is h , is i~ a l l ~ just  an e s a l u a l i o n  of
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I
the fPd work done on the fluid.

When y = 1/2 , as in the test case, the integral can be performed in closed form.

tan ‘ (p/ p _ 1) ) 2

E = P -~-- — l  (45 )
(~ (P 1Pc~~~

) ’ -

This formula for the internal energy density goes to zero in the zero pressure p — p,. l imit .  As

V 
will be seen in the test calculation of Appendix D , the internal energy calculated for the slab is

thirteen orders of magnitude smaller than the thermal energy of the gas layers. This indicates

near perfect effective inco mpressibility of some finite difference cells immediately adjacent to

cells whose equation of state requires compression. Equation (45) is implemented as an energy

diag nostic for all cells having ‘ = 1/2 in the test program so that future  users may see examples

of how the solution quality var ies as a result of varying both physical and numerical  parameters

in the calculation.

Again te mporal and spatial resolution are expected to play major roles in determining the

accuracy of the computed solution. Table 5 below summarizes the results of a number of test

calculations wi th  varying timestep and cell size.

Table 5. Numerically Computed Period for
Oscillato ry Incompressible Sluj

-‘--20 
- 

~~4O

4.0 2.0 1.0 0

3 1.000 45 . 7972 44.9430 44. 7234 —

15 .200 45. 7269 44.8727 44.6534 —

00 0 — — — —44.6504

As ca n be seen , th e timestep plays a much larger role here in the accuracy than the spatial reso-

lut io n. The errors in the temporal integration are about the same as for th e pure sound wave

wh en hi ’ is measured in uni ts  of the appropriate period. Here the slug is very heavy so the

perio d is much longer than in test #1 reported above. At ---20 timesteps per period the error is
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agai n between 0.5% and 1% even thoug h the period is the oreticall y more than 22 times longer

for the slug than for the sound wave. This suggests a useful l rule of thumb .  Expect < 1%

errors in computating phenomena with a characteristic period oJ twenty finite difference timesteps .

Faster phenomena will be less accurate , slow er phenomen a more accurate. Computed periods

V seem to be slower t i tan theoretically expected.

The acceleration matching algorithm in AD INC is the reason that the computed slug

V 
pe riod is insensitive to the spatial resolution. The interfaces are perfectly resolved and any den-

sity disco ntinuities are automatically treated with high accuracy as long as pressure variations

are linear between cell centers and adjacent interfaces.

As with standard test #1 , the nonlinear l imit of this  oscillatory slug problem is interest ing .

Wh en the pressure in the gas layers is low relative to the kinetic energy of the slug, the slug

V travels from one wall to the other at essentia lly constant velocity where it then rebounds specu-

larly. Therefore , to low est order anyway, the period of oscillation will be

V 2 ( W L + WR)
V r =  . (46 )

Equation (46 ) gives only the l imi t in g  value , of course, valid when the gas layer compresses to

va nishing thickness durin g rebound. Figure 9 plots the slug frequency l /r  determined numeri-

cally as a function of the maximum slug velocity. Clearly the correct asymptote is being

approached. As the slug velocity approaches the sound speed of the gas in the adiabatic layers.

however , th e flow becomes complicated and shock dissi pation (which ADINC cannot hand le

properly ) will become important.

V As in standard test #1 , f ur ther  investi gations of steepening sound waves will be deferred

unti l  a future paper . New users of ADINC might find it very instructive to boost the sound

speed (or lower the pressure ) in the gas layers to allow a faster slug velocit y without  generating

a shock in the bu ffe r layers. In princi ple the density of these layers can always be dropped far

enoug h wi th  P 1 so that any given slug velocit y ( V  will  be subsonic t h r o u g h o u t  the
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OSCILLATION FREQUENCY
vs

PEAK SLUG VELOCITY
.14

• • DATA FROM ADINC
V SIMULATIONS
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Figure 9 — Oscillation frequency versus peak slug velocity. For near zero the t

V
rc .

quency is essentially constant at t he theoretical value given by Eq. (40). For large veloci.
t ies the slug a lw ay s travels close to hut below the peak velocity so the actual frequency
lies somew hat below the asymptotic limiting c urve
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V compression and rarefaction phases of the slug oscillation. Whe n shocks do develop , I recom-

mend the FCT algorithms discussed in refs. 14-16.

#3. A LINUS Simulation (see Append ix E)

The problem which necessitated writing ADINC in its current form , more than any other ,

is the s imula t ion  of the slightly compressible liquid liners used in Linus 6 t . Original t rea tment

of the plasma/magnetic field/liner system assumed the cylindrical pla sma/magnetic field core

was being compressed by a constant density, incompressible, ideal liquid flowing radial ly inward

The compressibility of the liner actually can have a substantial  effect on the dynamics , energet-

V ics and dwell t ime of the implosion. Hence the desire to simulate acoustic phenomena accu-

rately for time periods long compared to a sonic transit  t ime became :i necessit y . F u l l y  r cr ss rJ

di fferenced schemes and even the quasi-static it eration used originally for Linus i~i ‘~ wou ld not

V 
perform thi s calculation well. Therefore ADINC was developed with the capabili ty for central

as well as forward differencing under program mer control.

The geometry of the calculation is shown in Figure 10 wi th  the reference va~j es of the

coordinates diplayed. Five cylindrical shells are used wi th  a 100 atmosphere pressure in the

V 

V 
driver gas plenum. The input data for the standard test #3 are given in t he  fol lowin g t ab le :

V 

Table 6. ADINC Input  Data for Standard Test #3—A LINUS Simulat ion

Na me li st /C ONTRL/ (program control )
MAXSTP = 1001 DTM IN = 10 ”
1PRINT — 50 DTMAX =10
ALPHA = 2 EPSR O = 0.45
N = 30 EPSVO = 0.45
GEOMCO = ( 1.0 , 0.0 , 0.0 , 0.0 , 0.0) (not used since a 2 )
LZONE = FALSE. LTCND ~. 1 A L S E V
LCHEM = FALSE. LTPRT = V T R I  F
LD I FF = FALSE.
Na me li st / SHLIN I/ (layer ( shell )  in i t ia l izer )
NSHELL — 5 MODL — I

V RN = 10 2 0  DR HO = 0.0
VN 0.0 DVEL — 0.0
Na me list / SIILDA T/ (plasma lay er data )
LCELLS — 3 RN — 100 VN = 0.0

SI

-- V
V
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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M A T E R S  — 1.01 ( 1AMMAS = 5/3 RHOCS = 0.0
POWS — 1.0 PRES — l 0 ~’ R HOS = I V 2 X I O

Na me l i s t  /S HLDAT /  (B field la~~r d a ta )
LCE L LS 2 R N  15 .0 \ ‘N = 0.0
MATERS — 2 0 2  GAMMAS 2 RHOCS — 0.0
POWS = 1.0 PRES _ l Ob RHOS =1 2 > 1 0
Na me list / SHLDAT/  ( l i qu id  ( s ~a l e r )  l iner )
LCELLS — 15 RN — 30 .0 VN = 0.0
Y S I VV \ T E R S  — 3.03 GAMMAS — 0.5 RHOCS — 1.0

i~ V~’= 2.0 PRES _ l06
kI lO S — l.000000000 1

Na me l ist / SHLDAT/  (pi ston layer )
LCELLS 5 RN = 35.0 VN = 0.0
MATERS = 4 04 G A M M A S  = 0.5 RHOCS = 7 .8
P OWS = 1 5  PRES =IO n
RHOS = 7 80000000078

Na me list /SI-ILDAT/ ( driver  gas plenun )
LCELLS — 5 RN 40.0 VN = 0.0
MATERS 5. 05 G A M M A S  = 1.4 R I-IOCS = 0.0
POWS = 1.0 PRES = 10~ RHOS = 0.12

Several outputs  from the complete calculation are included in Appendix E. A number  of

ad hoc modifications of the test program were also included for this part icular  calculation. In

the t imestep control portion of the program , the ini t ia l  t i mestep is taken as the geometric mean

V ~~
)

V 
the rn in imu :n  and m a x i m u m  valu es specified. In a problem where geometric convergence is

s trong,  as in standard test #3 , the spread betwee n bt m,n and 6’m d \  has to be large Thus  the  ini-

tial t i mestep is unspecified when all the velocities are zero.

This type of calculation starts with an implos ion .  The liner accelerates radial ly  inward

u nt i l  the plasma-magnet ic  field core becomes h i gh ly  compressed. When the  pressur e in t e r io r  to

the li ner is high enoug h , the i mplosion comes to rest and is then converted to an a cc e le ra t ing

explosio n. At “ turn around” th e liner comes to rest. At th : ’. ti me , the t imes t ep  computed h~

V i  DTFLOW is large because the f luid is n iu .~ng s l owl )  even though the a c L e l e r m I m i m s  are m a s. V

i mum.  To avoid the problem of taking too large a I tmestep ,  users might  be w e l l  advised in

i nclude in the timest ep control portion of their  codes , an est imate it the  change in ‘. e l o e i l y

expected d u r i n g  the st ep as wel l as th e actual velocit y at the beginning of th e step. In the es l

program here this  problem has been tackled in two ways. Both the old vcloc i t~ and the  current
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LINUS SIMULATION INITIAL CONDITIONS

V \~~~~~~~VER ~~~~~~~~
PISTON

LIQUID \
q / r~~ LINER N~~~~ \V

/ B-FIELD

10~~
20 cmft\

10c m ~~~~~/ ~~ / ?
~~p lasma 

= 5/3 15 c m  ~~~ 
~~~~

~~B fie ld  
= 2 (

~‘1/ — 1 4
V t driver 

— 
_._/

P . = 10
8 30 cm —

~~~~~ fdriver 35 cm 
~~

-

p . = 106 
_ _ _ _piston 40 cm “ “ V V

P . = 1 0
6

liner liner — 1 gm/cc (P/S liner 
2

6
H plasma = 10 2

P piston = 7.8 gm/cc * (P/S piston )
rB, Id i06

I N I T I A L  V E L O C I T I E S  ZERO
Figur e Ii) — \ schem atic ,l the IVV I \ t  S simulation initial c~~f lJ iii ti* .5 t 5 C  I V I 5 C F  v a I su i a i ~~V V f l  insoRi ni~
liquids . gases , and i~l.ism.i Pa rameters it the ca lculation are CIi isc t i  U 1 V V * e  used in recent V I M  s I experi
menis at ~ RI lb the esce pii i in iii replacing Inc plasma and magneti ’ tk td a ii h a — I 4 ~.is
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se l o c i t y  are used to get the smallest estimate of 8: available. Then the estimated ~ is li mited to

be no more than I .1 t imes the prev i ous  timestep . This last operation ensures that the step

doesn ’t auto maticall y become large when the liner comes to rest.

The test program also has a section of code at the be ginning of the diagnos t ics portion

\V, ~ ~ ~Juees the pr in t  out  interval near liner turnaround.  Since Pus occurs after cscle 650 ,

V L h c sp ec ial  tests have been left in the main program The other  t ests  performed for prob lem

#1 and problem #2 generall y require less than a coup le of hundred steps so th i s  problem

. I V V P C O I J a : I code is never invoked During the deceleratio n and turnaround period the ex pl ic i t -

ness p ara meters E , and ~ are also set to zero , an ad ~~ fi. s for the nonlinear m n s ta b i l t ly  and

iii n - conve r gence  problems which arise when  a centered , non-dissipati ve algori thm is subject to

fast t rans i ents .  The Umita t i on here seems t o  be the  fact that the solid equation of state canno t

V V e r m i t  p < p .  a s i tuat ion which occurs behind the water  hammer  unless strongly damped

hgure  11 disp lays the  r adial  position of the inne r  edge of the linear as a func t ion  of t ime

he i r  urn  a round  Some asymmetry seems ev iden t .poss ib ly correlated wt i h  lI ~~ weak cot: 1 cs

sions of the line r material noted near turnaround in the appendix.
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LINER TRAJECTORY NEAR TURNAROUND
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Figure Il — Trajectory r vs of the inner edge of the liner a t  turnaround. A very slight compression of the
iiner material is expected for these parameters wi ih a corresponding modification 1 the t rajec tor y near tur.
naround,
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V I I .  DISCUSSION

AD INC was originally motivated by four r elated but distinct computational problems , V

The first of these was the need to extend our detailed reacting shock model” to treat flame pro-

pagati on and similar r eacting flow problems where chemistry and fluid dynamics interact on

ti mescales appreciably slower than the sonic transit t ime. t t  The self consistent energy release of

many reacting flows occurs in extremely narrow reaction zones. Therefore Eulerian algorith ms

are dangerous because their unav oidable numerical diffusion t 4 1 6  usual swamps real molecular

diffusion unless the grid resolution is unacc eptable fine. Thus the Lagrangian aspect of the cal-

culation is also important. We could have used the ID analog of our 2D slow flow algorith m 5

for many of the problems but felt that  the abili ty to follow sound waves as well would be

impor tant  in studies of the deflagration to detonation transition.

The second problem which motivated ADINC was the potential  importance of acoustic

waves (weak shocks) and modest compressibil i ty in the physi cs of imploding liner systems

(LINUS ~ V 8 ) as discussed above. Sonic t rans i t  t imes in the l iquid metal l iner are up to two ord-

ers of magnitude shorter than  the implosion t ime thus implici t  integrat ion is again important .

Furthermore , the large density discontinuities , coup led with the diverse materials and discon-

t inuous  properti es in even the simplest  LINUS system clearly demand a Lagrangain treatment

of at least the material interfaces.

The third problem which led to ADINC was the desire to develop a fully compressible

version of our two-dimension al  hydrodynamics code SPLISH l9 V 2O which would allow discontinu-

ous material interfaces and reasonable appr oximations to real equations of state. SPLI SH is

Lagrangian and uses a reconnectabl e grid of triangles to permit long time integration of strongly

sheared flows. Because of the compl exity of the SPLISH variable geometry, it was cl early going

to be profitable to perform tests of the proposed compressible algorithms in one dimension first.

ADINC fills this role as well .
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The fourth probl em which motivated AD I NC is the detailed s imula t ion  of a laser-driven

ab la t ion.  The detailed analysis of the  structure of t h i s  ab lati on 2 l  predicts  a th i ckness  for th e

ablation layer of less than 0.1 ~ but the sound speed in t h i s  region can exceed lO cm/sec .

Thus picosecond timesteps would be required for exp l i c i t  couran t  s tabi l i ty  — a s t r o n g  induce-

ment to look for accurate imp l ici i  algorithms since 10 nsec and longer exper imen t s  h a s e  to be

simulated.  Here , as in the L I N U S  problem , a single ca lcula t ion mus t  span the range of lensi-  
V

ties from solid or greater to a t enuous  gas. Fur the rmore , the  vast span of zone s i / e s  required

for different  regions of the flow clearly requires special t r e a t m e n t  to retain accuracy ,

The three test problems prese nted above were designed to give the prospect is e user of

ADINC a useful  background of experience wi th  the program in different  regimes and wi tn

V different problems. Various types of errors were tested and discussed but clearly a lot of work is V

required on shocks and other strong nonl inear  sonic phenomena .  In pa r t i cu la r , u n t i l  an adap-

tive rezoning algori thm is included , even the flexible in i t i a l  zoning allowed by v a r y i n g  the

parameter  POWS in Name l is t  /SHLDAT/  is not adequate to deal accurately wi th  a n u m b e r  of

problems. Auxiliary reports in this series wi l l  present and test addit ions to the  AD 1NC package

V for this  rezoning, for more realistic equat ions of state , and for propagating d iscont inui t ies  and

shocks.

AD INC is an evolving package and its  users are part of the evolution process Y o u r  coni-

ments  and suggestions for improving or s impl i fy ing  the calculat ion w i l l  cer ta inly  be t aken  i n to

account in future  editions of the package. Comments  on omissions and inaccuracies  in t h i s

doc umentation will also be gratefully received and incor porated.
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Appendi x A
THE ADINC PAC KAGE SUBROUTINES

1 SU3POUTI NE ADIr ~C (RAD , VE L, PHI~, PPE , t~, D’TI t , , C Y C L E ,
V 

2 P RN EW , RLNE~’, VR N EM , v l.~~~w )
3 C
4 C

V AD INC HAS 8EEN C~ N STRUCTE D .AS A UT ILI TY PA C KAGE T i ’  A DVA N CE 1’ Hr
o C F’ O t,jR kyDR~ DY NA ’1IC VARI AB LE S..
7 C
~ C RA p (I) a PØSjy~~~, ( R A D I U S )  ~ E T HE 1—1 k CELL j P.~~rPF~~C~ cC ~’)
9 C V E L C I )  a V F L O c I T Y  ~F TH E 1— 7 k CELL I NT E R F A C E  ( C U / S E C )

to C RMO (I) ~ D~ N51TY IN CELL I BETWFEN INTERFAC ES 1.1+1 (GO/CC)
11 C PRE (I) a PRESSURE IN TOE I— TH COt’PUT A T I~~ i AL CELL (ERG/CC)
12 C
t 3  C L A G R A N G I A N  FLUID DYNA M ICS EQUATI ON S A~ C SS LV [D INCLUD It.G A FLEX .’
14 C I B L E  E Q t I A T I O O  OF S T A T E  W H I C H  C A N  V A R Y  F R O M  C E L L  T~ C E L L  ~
15 C D I S C R E T I Z E D  ~E P R E S E N T A T I ~~N OF Ik E  F L U I D . T HE F Q t .i A T I ~~ V S $ I ~~~~ I~~~(’ 4P 1
lb C

V 17 C D(RAD ) D (VEL ) — I
t B  C a V E L , t~PAD (PcE),
19 C Dl ~T
20 C
?i C A ND Tkt Er ~UA TIO N i’F’ STATE
22 C
23 C C PRr ) ** 1/ G A M M A C
214 C ~ k - ~ a RW O C  • ( )
25 C C E O T C ) .
2ô C
27 C A L L  t .Ot ., I r E A L  E F F E C T S  W H I C H  MIG HT t~E It CLUD EC ~~ A~ A C I ~~C C A L C ~~—

V 28 C L A T I O N  HAVE T~ ~E I N C L U t ~Er t S E P A PA T E L Y  E I T H E R  B Y P H 1 P I ~~M L~~~L~~G I C A L L Y
2c C IM BEbD ING A SP’~~LE MO DEL It~ T”~E C A L C U L A T I ~~ i ’R RY TIOESI’ E R
30 C SP L IT TING.
31 C
32 C EAC H FULLY LAGF ANGI ~ o CELL HAS SEVE RA L O UA t V T ITIES THA T A R E

V 33 C CO NSERVE C M~~V I ~ V G 9TH THE FLL IC AS LON G AS DIFFUS!VE A~ ’r ~T M(P
314 C U~ t .— IDCA L EFFECTS AN D SOURCE TERM S A PE NOT INcLUrFO I~ 

Ti -IF CALC U—
35 C L ATI O N . THI EG4UAT ION ~F STATE IN E A C H  F L t ) I D  C F L I  MA Y r ’ I F F E k .
36 C THE QUA F I TIT IES P VO LVEL I~. 

TOE EQUAT I’~N OF STAT E A t ~E I~, I T I A L I Z E t )
37 C bY T HE T~~i’ E IITRI LS SETOAT A IS C SETEeS At .C THE E (2tJAT l~~’ ~r ST AT E I~c
38 C E VAL IJA TEP DV CA LL I~IG USEEOS . T O ! !C UA T I i ’~ ~ F STA T F flL~A~ ’ T I u I F S
30 C APE COMM UN ICAI L D THp O1JG k~~~T THE AD I N C RA C K AGE IN C~~~~”~~’V BLO C K
‘~O C /A DIC i ’~’/. T H E S E  “ C O N S T A N T S ”  V A r Y  F~~O~” C E L L  T~ CEL t A C C t~PC1 t .C T i’

~ l C IkE I 9T IA L  C O h D IT I O N S . F O L L O W I N G  A P E 7~~L D E F I ~.IT1~~’S ~~ ~ ‘ESE

~2 C Q UA NT I T I E S . .
‘~3 C
‘114 C HA TER C (I) a CELL IDEN T IF IER ~ L •~~ W I’4 E RL Ct L c li~i IS IkE
i45 C LAYE R N U M B E R  A~~L C ‘-‘u t o o  15
‘1b C TOE MA TE R I A L I~~ENT !F!LR .V 
447 C MA SSC (I ) CELL 0*55 • RHO( I)*LA O (I ) — HEL P CAN ST At 1 IN A DINC
‘48 C G A O M A C ( I )  a CELL. A ( ’ IA B A T I C  r~s C i ’ t S T~~~ T — k r 4 p  ~ T X F P  1N
44q  C E~~TC ( I ) a C E LL E~~T P ~~PY — C~’~~S T A P J T  r,LPpiG A DP’ C O V C P I~C Y ’ A ” I C S
So C Pi’i O C ( I )  a UL~~S I T Y  c O , , S T A N T  ~ N T HE E Q U A T I O t .  ~‘F S T A T E  ( G ~’ / C C )

V 62
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SI  C ‘ C E L L S  a I’i I ” t.~~P t~F C E L L S  i’F’ FLUID IN T HF C A L C U L A T I O N
52 C
53 C V4 r I , , BL E  G A ” ~r A  V~D Et T ’~o r Y  * PE L S E P  IN E A C H  LA C RA ~~G Y A N  C E L L .
54 C A~ 11’ PL ICIT  F ’ R IS S UPF I T E R A T I O N  F~V S U P E S  L I N EA R  S T A B I L I T Y  BUT ~‘ IGH

V ~~ C F ~f ~~
IJ E I V C Y  PMLI. ”O EIJ A A P I I N A C C U r A T E LY  Ir . T E G H A T E D  W H E N T HE T I M E S T E P S

St,  C A~~E C~~D S E I 1  T~ [~F A r P P F C I A B L Y  L O N G E P  T H A N  TH E C O U P A N T  TIMESTE P . TH E
V 

5’ C r. t~t~LIr ~~A R  T EV~’MS A ”E ITERATE D W ITH A QLJ~ DP A TI CA L LY CONV IPGEN T A LG O —

~~ C P ITH” . P (F E~~L N C E z  UPL E? PA Nr ~U” R E P O R T a ? ? ? ? .  1979 .
5~ C
~ e C PPI,BLEI’S P4 ~~~ ‘F FO U R G E O M E T R I E S  CAN PE SET U~ FO P A C I N C  BY
e t  C C H A~~G I I V G  THE I t T I G E R  A L P H A  IN THE C A L L  T O S E T GEC .’..

C
V 63 C ALP HA 1 C A P I t S I A N  C O O R D I N A T E S .

64 C A L P HA  ~ C Y L I N U R I C ~~L C~~~P r’ INA TE S .
H 65 C A L P H A  3 S P H E R I C A L  C~~~P D I N A T E S .

66 C A L P M A  ~ ~ P O~~E2 SCR IFS C~~C PC INA TES.
67 C

V 65 C A D V C  USES T HE UT I L I T Y  LIS EGE C T i’ DET ERI ’ I UE T O E I NS T A l T A N E~~US GRID
69 C C UA ~.T IT I LS . C A L L  L iSEGE C C A L C U L A T E S  TH E IN TERFA CE A R EAS, THE CELL
7& C V O L 1 J ? ’ E S ,  A N D THE C ELL CE NTER PO S I T I O N S . A D I NC DOES NOT UPDA T E ALL
7 j  C T HE G E O M E T R Y  G L iA N T IT I E S  A U T O I * T I C A L L Y  ON EX IT . THU S USE G E 0 M UST
72 C A L S~ BF C A L L E D  EX T E R N A L L Y ’. IN GE N ERAL A DINC DOES NOT HAVE ACCESS
73 C T O T O E t iS EF .~~DEFI N ED A R R A Y S  FO P AR EA , R A D C , A ND LAN C.

C
75 C T HE E O U N C V A r Y  C O N D I T I O N S  T R E A T E D  BY A D I N C  APE QU ITE GE N E RAL .
76 C T HE P O S I T T O ~’S ANL V E L i ’ C T T I E S  “F THE REG IO N BOUNDIN G I N T E R FA C E S
77 C PA D(1) A I D  PAP( NP1 ) C A N BE EXTE RNA LLY DETERM IN ED FUNCTIOI,5 OF TIME
78 C A N D i’T~ V EP P H Y S I C A L  V A R I A B L E S  DUPING THE CA LC ULATION . THE BO UND A R Y
7q C C O N D I T I O F S AR E C C M N L I N I C A T E D  T O THE ADIN C PACKAGE VI A THE FOUR

~ f) C A R G I . V I . E U T S .  .

~ 1 C
82 C pR~jEW • RIUNT b O U N DA RY  PO S I T IO N  R A D ( N + 1 )  AT END OF T I M E S T E P
83 C FLN EW : L E FT BO UN D* Ry  POSITION RA D (1 ) AT END OF TIMESTEP
SM C ~~~~~ 

a RIGHT BOUN DARY VEL OCIT Y VEL (N+1) AT END OF TIMES TEP
85 C V LNE W = LEFT BOUN DARY VEL OC ITY V E LCI) *T END OF TIMESTEP
56 CV 
87 C SEVERAL AUXILIARY VAR IABLES A RE USED B~ ADI NC ITSELF OR 7H~

V 58 C A DI NC Ri ’UTINES WHI CH SHOULD ALS O BE EX PLAINED T~ THE USER,
89 C

~ 0 C N NCELLS • NU~’B(P OF FLU~ O CELLS IN THE AO !NC INT EG RA T ION
C D~~I1~ • TIME P TERVAL FOP THE A DINC INT EG RATIO N WHI CH M A Y

V ~? C SU~ CYCLE UP TO 1 00 TIME S IN TERNALLY IF NEEDED FOP
03 C AC C URACY OP STABILITY .
~~ C CYCLE a TIMESTE P NUM BER USED BY A D INC FOR IDENTI F ICA T ION

V 95 C EP5R :~ a EX PLICITNESS PARAM ET ER F’R THE POSITION IN TEG RA T ION
~~ E~~SV O a E X PLICITNESS PARA M ETER FOR THE V ELO C ITY INTEGRAT ION

~7 C NDA~’P • NUM BER OF CYCLES A T THE BEG INNING OF A CALCULATIO N
ce C P WHICH AD D IT IONAL DAM PI NG /SMOO THING IS A PPLIED.
Qo C E~~S~ • E X PL IC IT NESS PARA M ETER FOR PAl ’  LAST USED BY A D I N C

1 00 C EPSV = EX~ LICITNE$S PAP A~1ETER FOR VEL LAST USED BY A D IN C
1 0 1 C
1 11 2 C THU ~~~~~~~~~~~~~~~~~~~ ,PT , HE RE 202, TM U S T EF A T LEAST T~~O L A R G E R  T~~A ’
1(3 C THE t .L ’BE~ 

O F’ F I t V I T E  r~IFFF PE N C E CELLS BE IN G I ITEGRA T ID BY AD IN C.

1.1 14 C
l i e, C
100 F ’ A H A 1 V E T F R ‘ P T  = 2~ 2, “PT a 2 * NPT
1fl 7 II4TEGF R C Y C L r
t O P  R E A L* 8  P 4 D ( ~~PT ) ,  V E L ( N PT ) ,  R H O ( N P T ) ,  P R E ( N P T )

R E A L * S  Pt O o ( N P f l ,  R H O t , (t ~P T ) ,  P P EC ( ’ : P l ) ,  P’~!’,~~~PT )

l I ~ R EAl *5 LA 1’~~(NP T ) ,  LA MN(NP1 ’ ) ,  PA O C O ( N P T ) ,  PA D C N ( N P T )
1.1 1 R E A L * 8  t~IN (~~PT), VIN (NPT ), DLA O (NPT), LAME i ’S( NPT)

11 2 PE AL A S PBA kT (NPT), P PA R ( N P T ) ,  R D P I ( N PT ) ,  D T O R k O ( r ~~ T )
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1 t 3  F E A L * 8  AA (’V PT)~ P8(MPT), CC (I’PT), ‘~D (MPT)¶ 1 1 4  P~~A La8 A I (i~~T), PI (NPT), C(NPT), DP(NPT)
V 1 1 5  PFAL*8 PN(~~PT), SC A(MPT), SCBCM PT ), DLA M DP (NPT)
V 

I t o PEA L aS ARE A O (NPT), A REA H(N PT), A REA N (N PT)
1 17  R E t L * P  EP PL IM , E R R O A X , ERROR , AMN H* S
118 P E A L A B  PiE~~A X , PREM IN , R P P E MX ,V 11 9 P E A L * 8  V P N E W , V L N E W , RP N E” d ,
12o REA LA B VrOLD , VL OLD , PROLD , PLOLD
12 1 R EA L * 5  ( ‘V PO LC,  r ’V L O L D ,  DPPO L D,  r ’ RL O LD
122 R E A L * 8  EPSP, O N E P S R , EPSV , O M E P S V
123 R EA L * 8  E P S P J , E P S V O ,  OMERDT , AH X UAS
1244 REAL aS UT It~, DTVAL
125 C
12b C D E C L A R A T I O N S  FO P C O M MON BLOC K /AD ICO P / AP PEA R THROUGHOUT THE ADIN C
127 C P A C K A G E  ROUT INES .

V 128 REAL * 8 HASSC (NPT), FNTC(NPT), PHOC (NPT), MATEPC (NPT)
129 PrAL*8 GAMMA C(NP T )
130 CO~ MON /A DICOH / MAT ERC , MA SSC, GAMM AC, ENTC, R HOC, NCELL8

V 
13 1 CV 

132 DA TA NDAM P / 1 0 /,  EPS P , EPSV /0 , 0 00 ,  O .Oro/
133 DATA ‘ 4 CA L L , NITE R , NTI M E /0 ,  0, 0/
13 14 DATA ERPL IM , EPSRO,EPSVO,ITEMAX/ 1.Or)— 9, 0,45(10, 0 . 1 4 5 0 0 , 6/
135 E Q U I V A L E N C E  ( O T O R H O ( ’l ) ,  R D R I ( 1 ) ) ,  ( A R E A H ( j ) ,  A R E A N C I ) )

V 
13ô C V

‘ 3 7  C A D I N C  F O R M A T S  FOR D I A G N O S T I C  AND ERROR P R I N T S .
135 I~,uj FORMAT (‘VA DINC TIMESTEP PROBLEM AT CYCLE’ , IS, ‘ DT S ‘ .
13 9 1 1PDI2. ’1, ‘ AND ITENA X a ‘ , 12, ‘ EPPLIM • ‘ , 012 ,”, /~

2 lOX , ‘ E P R M A X  A T ’ , I’4, ‘ • ‘ , 012 ,14 , ‘ AN D ’ , 13.
144 1 3 ‘ CELLS NOT CONVERG ED. ’)
1~~2 10 02 FO PMA T (‘~~A DINC TIMESTEP PROBLE M A T CYCLE’ , IS, ‘ DTVA L •
114 3 1 1PDI2 .14, ‘ BUT DTIN • ‘ , (112,14, ‘ TIMESTEP SUBCYCLED . ’)
114 14 1o03 FOR HAT (ICADI N C TIMESTEP PROBLEM AT CYCLE’ , IS, ‘ DIVAL • ‘ ,
1445 1 1PE.112,4, ‘ BUT DTIN a ~ , D12.14. ‘ CALCULA T ION STOPPED. ’)

V l~~b 1 O C t 4 4  FOf~MA T (‘nADINC INPUT PROBLEM AT CYCLE’ , 15,
1147 1 ‘ THE. SYSTEM SIZE N ‘ , ~~~ ‘ OUT OF RANGE. N P T  a 1~ 144 ,
1~~8 2 ‘ CA LC ULAT ION STOPPED. ’)
1449 1o05 E’R~’AT (‘OA DINC INPUT PROBLEM AT CYCLE’ , IS,
15 0 I ‘ T”E LEFT BO UN DARY HAS CROSSED THE RIGHT • ‘ , 1P 2 D 12 ,’4,
151 2 ‘ C A LC U L A T I I~ STC PPEL’ . ‘ )
152 l O o  F OR~~AT ( ‘ t A r  I N C I’~P I T  P RO P L F  A T C Y C L E  ‘ ,

153 1 T HE CELL SITE ~AS 
I
, I PI4 12 .44,’ A T C E L L  ‘ , I~~,15/4 2 ‘ CA LCUL AT Im o 5Tt7PF’ E l V .’)

1~~e, 1( i’7 F O R M A T  (‘~~
4pI1 C I r P t V T  ~PORLE ” AT CYCLE’ , I S ,

1 5 5 1 ‘ T~~[ LE IS IT Y  ‘Z N  ~A 5  ‘ , l~~r.i2.L4 , ‘ A T  C E L L  ‘ , I~~,157 2 ‘ C A L C U L A T I O N  5 TOP ~~FC. ’ )
I5~ l O D V ~ FOR ~’A T ( I O A D I N C  INP tJ T  PRO R L E I I  A T  C Y C L E ’ , IS,
1 59 1 ‘ T HE P R ES SU RE “II W A S  ‘ , l P i ~12 .~~,’ A T  CELL ‘ , 144 ,
lbc , 2 ‘ C A L C L L ~~T Ii’I S T O F P ! r , ’ )
16 1 1 ooc F~~PN’ AT C ‘PA UIN C F R EG 1JF 1 V C Y  C A U N T E P S  ( S I NC E  L A S T  C H E C K )  A T  ‘ ,

16 2 ¶ ‘ C Y C L E ’ , I , / , l O X ,  ‘ N O ,  C A L L S  :‘ , IS, ‘ NO , T I ’.’ L ’ ,
163 2 ‘ S T E P S  :‘ ~~ IS. ‘ T O T A L  NO. I T E R A T I O I S  • ‘ , iS,  / )

C
V 165 C

166 C C H E C K THE INPUT T O A D I I C  FO R P E A S O I V I A U L L N E S S .
V 167 UPT O a NPT
V 155 IF ( N ,LE.2 ,Op , 41 .GT .I J P T _ 2 )  W R ITE (6, 1 0 0 4 4 )  C Y C L E ,  t~ , NPT ~V 169 IF C II .L E.2 ~~~~ I$ ,GT .P P T — 2 )  ST i ’ P

V 1~~0 IF ( R P N E W .LE .I~L N 1W) WR ITE  Cs ,  l o o S )  C Y C L E ,  P L N LW , PPN EW
171 IF (PPNEH .LE .~~LNE,4) STOP172 DO 20 I = 1,

2(1 D ” ( I + l )  a P A D ( I , 1 )  — PA D(I)
C A L L  t . A X N t I t  ( U t ’ C 2 ) ,  N , P R E M A X ,  I P A X ,  PP E MV I N , IMI’4 )
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175 IF ( PPEP” IN .LF . 0 .000  WRITE (6 , 1006 )  C Y C L E , P R E M I N , IMI~1
IF (PP EMIN ,LL . U .ODf l )  STO P

1 77 C A L L  M A X ~t IN (P 00 ( 2) ,  N, P PEMA X , I MA X ,  PREMIN , IH IN)
175 IF (PPL~~It~ .LF , O ,00&fl W R I T E  (6 , 1007)  CYCLE , PPEMIN , IMIN
170 IF (PP EMI~1 .LC . O ,oD~’) S TO P

CA LL M A X H I N (PPF (2), N, PREP4AX , IMAX, PPEMIN , 19W)
181 IF (RPEMIt4 .LF . 0,000) ~PITF (6, 1 008) CYCLE , PREM P, IM IN
182 IF (PPCMIN •L[ . 0 .0 00)  STOP
¶ 6 3  C
~81~ C ESTA BLIS H INT EGRA T ION AND CO NTRO L C O N S T A N T S  FOR ‘ HIS C Y C L E .
185 NI .~ • 1
186 CALL MA % M I N  (M A S S C ( 2 ) ,  N~ A M X M A S ,  I H A X , A IINMA S, IMP)V 
187 E R R O R a D S Q P T ( A M X I ” A S / A M N I I A S ) * E R R L I M

13 18 8 R~~O LC a PA D ( i ~’)
189 P LO LD a P A O ( l )
190 V~~OL U a V E L ( N I )

VUO LC I a V E L C I )
‘92 NCALL • NCA LL + I
I~~3 F ICAL IM I MINI) (NCALL,  NDA M P)
1914 EPS R • D F L O A T ( N C A L I M ) * E P S R O / D P ’ L O A T ( N D A H P )
195 EPSV • D F L O A T ( N C A L I M ) * E P S V 0 , D F L O A T ( N O A U P )
19 6 OMEPS R a 1,01)6 — EPSR
197 O M EPSV • I.nC) ft — EPSv
195 C
1Q9 C C H EC K THE TIMESTEP FOP SURCYCL ING AND NOTE A NY PRO BLE MS .
200 CA LL  DT F L O W  (G AD ,  VE L.  F ’ T V A L ,  N),
20 j  O S T E P a 1
202 DT a (ITIN

V 203 IF ( D T V A L  .GT .  DTIN)  GO TO ‘40
204 IF ( D T V A L  ,LT . 0.0 1 0 0 * O T X N )  GO TO 30
2Q5 W R ITE  (6, 1c02 )  C Y C L E .  D T V A L ,  DT IN
206 UST EP a (CIT IN + D T V A L ) / D T V A L
207 CT a D T I N / F L O A T C N S T E P )
205 GO TO £4 0
200 30 W R IT E  (6 , 1003) CY C L E .  D T V A L ,  DTI N
2 t Q  ST O P
21 1  C
2 ’2  C IN IT I A L I Z E  V A R I A B L E S  FO R THE SU BCYCL I NG A ND I T E R A T IO N S .
213 ~J0 CV PO Lr ’  • ( V R N E W  — VROL D) /FLOAT CN STEP)

CVLOLr ) • ( V L N E W  — V L V ~LD )/FLOAT (N51’EP)
2 3 5  DP POL ~ • (RPr J E W — RROLD )/FLOAT (NSTEP)
2 16  DPL~~Lr a ( R L I4 EW — R L O L D , / F LO A T ( N S T E P )
2 17  C O  50 I 2~ ~218 PI’~(I) a RA D( I)  • ( ‘T *V EL( I )

V 219 co V I N C I )  • V E L ( I )
?20 F I P i C I )  a PLO LO + D R L O L D
22 1 P 1 1 1 ( 1 1 )  a R P O L D  • DPPOLD
222 V I N C I )  a V L O L P • D V L O L D
223 V I t 4 ( ~: I )  a VR O L H + D V R O L D
224 DO 55 1 I 2,  Nj
225 P R L O ( I )  a F c L ( I )
226 55 P R E N C I )  a
227 C A L L  Ii$ EG EO (P A D , A~ CA O , R A D C O , LAHO , N )
‘28 CA LL  LiSEL OS ( R HOO , P R F O , L A M E O S , DLA M DP , N )
2 ~ CALL L.ISEGEO (PIN , A~~EAN , RA DE N , LAM N , N )

V - 23o CALL USEEOS (RIIOP., PREN , L A M E O S , O LA MO P , N)
23~ PPR E P x  a I .O D O / P P E M A X
232 C O  60 I • 2, N j

233 ~P E C I )  I 0 .0 0(1
2 3 44 C
235 C PE R FO PII  T T P ’ E S T E P  S U B C Y C L I N G
236 co 550 IST EP • I, NST ~~P
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237 t V T I P 4 ~~ I NT~~M~ + I
235 C
23” C PF~~F~~ PM 

~~~ IT E R A T I O N  F~~P N EW VA LUES PHoN , L AM t ~, PREN , PIN A ND yIN
2 14 0 C O  500 I T E P  a 1, I T E ’ A x
2’4 j . ! T F R  a NIT IR . I
2 44 2 C V

2 14 3  C CA L C U L A T E  4L’A NTIT IES USED IN TR I IIA GO N AL EXPRESSIONS ,
2 414 ~ O 200 1 a I, NI

ARLA (I) = 0.500* (APEAO( I) + A R E A N ( I ) 3
2’ u R~~A P I ( I )  a I..5U0*C RACCI ) • PIN (I))

L’ ” 205 I • 2, N I
2 4 4 8 DLAH(I ) LAN ’ro SCI) — LA I ”NC T )
2 140 205 R B A P C I )  a (4 .5 O G * ( R A f ~C O ( I )  + RA DCN( I ))V 25o C O  2 10 ~ 2, N

V ? S j  P(~~I( 1)  a I H O ’ l( I ) * ( P B A PI( !)  — PBAP( I)) •

252 — r R A p I ( I J )
253 2 1 / V  rT o F I i ’ C I )  : rt ,Pr RI( I)
25 14 C
255 C C A L C U L A T E EX P R IS S I O S USE! ’  THE T R I D I A G O N A L  C O E F F I C t E ~’TS ,
dSb ‘-‘FP DT a — O M L P 5 P * D T
~57 DO ?5o I a 2, N

AI (I) :V E L ( I )  .~~~T O N H O C I *~~P S v * ( P P ~~O (~~.1 — P R E O C I ) )
25Ct 2co P1(I) a C TOR 1 (I)*OMEPSV

1 0  260 1 a 2 , NI
2b t  D~~(I) a O CP(’T*A tt FAH (I)
2*2 0 ( I) 1 OM E P DT *A RE A H (I_ 1)

V 2 83 C C I )  a P p E 4 ( I ) * I ~LA N1I ’ R ( I )  • D P ( I ) * V I N ( I )  — D M ( I ) * V I N ( I 1)
25,44 260 C ( 1 )  = C C I )  . .V J LA ~

. (I)

2*5 C
2*6 C C A L C U L A T E  T HE T P I D I A G O P V .A L C O E F F I C I E NT S  W IT H  B O U N DA R Y  C O N D I T I O N S .
2 b7 r~ • Q~ I a 2 , N I

268 10(1) a C C I )
2*0 3 C~ ) f~F~(!) = DL A M U P( T)
27u D~ 305 I a 2, 1 :

2 7 i  C C C I )  a ~ [‘F ’( i ) * B I ( I )  V
V 27? ~~(I~~I )  x —r’ (I + l ) *R I (I)

273 b H ( I )  a E B ( I )  — CCC I)
V 

?7 14 305 r V r ( I )  • Lj ! ( I)  — DP(I)*A I(I)
275 C~ 3 i o  I a 3~ ~~
270 I) P( I )  a 8 8 ( I )  — AA( I)

~77 ~lo L~r~(I )  : 0 1( I )  + DrCI )*AI(I .1)
CD(2) + !“(2)*VL’.EW

a i 1 ) (~~ 3 )  — C ’ P ( N 1 ) * V R N E W
A A ( 2 )  = •

( V 3 ’ i~~

C C C  1) 1 0 .f~1i1
2~~2 C
283 C SA LVE THE TR I I) IA G OP A L SYSTEM AN D C O~J S T R U C T  THE NEW V A L U E S  A T  ~‘ IM E
2A ~ C • C T F~~’ THE CU HP E T I T E R A T I O N . TP ID DV F A ILS WHE t  N 

~
5 THUS

~~~ C T R IOL ’ S , T HE S C A L A ~ V E P S I O P i , IS US ECI IN T H IS REGI M E INST FA I ) ,
2 86 IF ( ‘ 1 .L T .  ‘5 )  C A L L  T RIDO S (~~, 

A A ( ~~) ,  8 8 ( 2 ) ,  C C C ? ) ,  C”’ (2) ,
287 1 PO L N ( 2 ) ,  S C A ( 2 ) ,  S C B ( 2 ) )

IF ( V.,[• 15)  C A L L T P I D D V  ( 1 . ,  A A (~~), 88(2) , C C ( 2 ) ,  1 ) 0 ( 2 ) ,
I P P L N ( ? ) ,  SCA (2), S C R ( 2 ) )

714 , C
V 2Q~ C IN S~~”E C ! R C U P S T 4 NCE S IT M A Y  BE A P PR OP R IAT E T~ LET THF P R ESS U R E GO

~~~ C V .~ GA T TV F . IS S~ CH C ASES TIlL FO LL OW IN G L~~OP uUS3 ’ P~ RE * ~~~V E C V  O~~
2~~ C P R E M I I  MUST BE A L L O~~F C  T~ GO I (r.AT IVE .

0~ 3~~O ~ a 2, . 1

295 3440 P R E P / C l )  a 1 ’ A X I  (C.O I00* RP E~~IN , PR(’ ( I ))
L.~’ 350 I = 2 , 1,

297 ~~ .( I)  : A I ( I )  •~~~ t C I ) e ( P~~E4 V ( I + I ) ~~~~~P R E N C ! ) )
3c~, ~~~~~ 

a F~A~ ( 1 )  • LV T * C E P S Q * V L L ( I )  + ~
UFPSP*v IJ (I))
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V V 
V • V~~~~~~~

7Qq CA LL I S E G E O  ( R I N , L P L * P V , PA DC N , LA N ’ I , N )

C A LL USILOS ~P 14~~ 4 , PRF ’~, L A M C ~~S, P L A M D P , P4)
30 1 C
302 C C H E C V  r’N l.~i 4 E T H LP T~~l~~ I T E R A T I ~~P. ( A S t ’ NV ( PG E r~.r~ ~on I a 2, 1
30/ 4 S C A C I )  a r t H ( I )  — ~3 1 F ( I)
305 S C A ( I )  ‘ ‘.~~8S (5CA (I )).RPPFrX
3) 6  S C U ( 1 )  = ~~~~~
307 PPL (I ) P REI .(1)
308 N ’ T C O  a U
3~~9 ICELL
3 t ~ EPI~/ M A X  ~ (: .O t ”
3 1 i  C i~ ‘4~~S I a 2, Ni
3 12  Ic C S C A ( I )  .LT . Sc r ( I ) ,  GO T O 405
3 3 3  P.~~T C O N  a I O T C O r .  + 1
33 4 IF (SCA (I ) .GI , EPP H A X )  IC E L L  a
315 E~~R M A X  a 1 ’ ( ’ A X 1 CE~~~ ’ A y ,  S C A C I ) )
315 40 5  CO T I NU E
3 3 7  IF C ’  O T C O N  • E 0 . 0) GO TO 505
3 18 C

V 3 19 500 CO N TI N UE
32o C
321 C P R I N T  DIII IF ~‘L ‘-‘ A V E I~~ 7 C OP V F P C , E0 .
322 IF ( H O D ( C Y C t ~~, I C )  .F0 . 0)
323 1 W R I T E  (6 , Z O v I )  C Y C L E D  (iT, I T E P ’ A X ,  ER~~OP , I C E I L ,  F P R H A X ,
324 2
375 COI1 T I NIJ E
32* C
327 C SET  UP F~~P A N O T H EP S U R C Y C L E  TIHE STE P .

V 37~ IF ( I S T E P  .EG .  ! , S? L p )  GO T O 55 (1
37° ( 0  S2~ 7 a j , p~
330 A Q L A O ( I )  a A i E ~~N( T )
33i ~E L ( I )  I V~~L( I)
332 520 r~A ( i ( I )  a P~~N( I)
333 C O  525 I a I~ ( 1
3 3 4  P ! P . ( 1 )  a F L A O ( I )  + C i*V E L ( I )
335 s 25 V I N . C I )  a V E ( V ( I )
336 RIP(1 ) a P~~!j(1) • C P L~~LD
337 PI ~ ~~~ a PA ((I~l ) + 1JP~~OLI)
338 V i r C i )  a V E L ( I )  • DV L O L D

V 339 V I ( r 1 )  a V E L ( r . I)  + PV R O L D
L’~ 530  I a 2 , NI

~~~~C I) a P d O P J C I )
3~~2 P R L O ( ! )  a
3443 530 R H OO CI) a FHON (I)
3 444 C A L L  t i S E G E ~ (~~j N , A R EA 1 , RAIi CN , LA P’ N , N)
344 5 C A L L  u S E E 0 S  C~~H O N , P R f P , L A M EO S ,  D LA M~~P , II)
3U~ C O N T I N U E
3147 C
3~s C C L E A N  UP FO R E X I T .
34q DO 600 I 1 1, NI
35o V E L C I )  * V I N C I )

• 35 i  P A P ( I )  I

3~~2 C O  6 0 1  ~ 
a 2, ~ tV 

353 60 )  ‘~ - C ( I )  RHOP V (I)
35i~ P E T I P H
355 c.

V 35* C
357 E~ T R Y  API I ’ C 0  ( h O L E , CYCLE )
358 C - —
350 C

V 
36u  C A r I N L ~ P 

~ TS CU ? THE . L .~P’ RE P ~E C A L L S  TO A D I N C ,  TH E NI l I R ER  OF
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351 C T IM EST I PS INCLUDI NG SLLCYCLPG P E PF8P M ED ~Y ADI N C (iUPIlG THO5E
362 C C A L L S ,  A N D T H E T i T A1 ~ L~~R!P OF IT E PA T I 0 ~.S F E P F O P I E C  S I NC E TH E L A S T
353 C C A L L  T O A D I 1 V C O .
35u C
365 C HOuE a 0 P~~I p T  O L T  A P r  PESE T THE C O U P T E P S  IN A D I I V C .

V 366 C P OSE • NE , (4 ~ES1 T ALL 8LJ T NC A L L  C~~UP ~~~ FOR FILTENINr, IPE RA T IO P ,
367 C CYCLE * T I M ES T E P N( i MP ER FO P IC E N T I F ICA T ION PI PP~~SE S
368 C

V 359 ~P1T[ (6, 1009) CYCL E . N CA LL, IJT I IE , NI~~~ P
IF (‘~O[)L •EQ . H )  P~C A LL a o

3 7 1  IJT I I4 E a (I
372 £ ; IT ET a 0
373 PETII PN
37 14 C
375 C
375 E’~T PY S FV T FPS (L~~), FV ~~, (- IPA MP , EMO L IT , EV O U T
3 77 C ~~~— 
378 C
370 C SFV T E PS PLP~’ ITS T HE us~~ T O RESE T  TH E FV X P L I C I T N F S S  P A R A M E T E R S  ~ O P

380 C LI FFE PEN T TYPES O~ ST AGES OF FLUID PPO( ,LLMS . THE E X P L I C I T N E S S
V 3 8 j  C P A R A M E T E P S  A PE MA PP ED I NTO T UE FANGE ‘~p ~a EPS ~a 1• 

V
3H2 C
3~~3 C E~~o = TIlE NEW POS IT IO I .  E X P L I C I T N E S S  PA PA M E ? E P
3 844 C EV~ a TH E ~~~ V E L O C I T Y  EX P L I C I T I J ES S  P A P A H L T E Q
355 C (1DA HP a THE NEW V A L U E  ‘F P / D A M P , ~ OF ( )A I P I~ ’G C Y C L E S
38~ C E PO UT a T ’~E MA S T  P E C E P T  P O S I T I O N  FX P L I C I T I I E S S  PA R A M ET E R

~~ C EV O U T  a TH E MO S T PFC FI~T IdE L O CI TY EXP LI C IT P~FSS  P A P A MI T E~
3~~P C
3 9  ~E AL * 8  EHO , EV O , E PO L’ T , E V O U T
3° o C
39 j  = I~A X C  ( I ~0A MP , I)
392 = [ M I N i  ( E PP , 1 . t~D0 )
393 L P S V U  = DI~IN1 ( E V u ,  I .uQ ~~

)
39~i L~~SPo a LMAX I (E PSFO , r .0 0 0 )
395 E P S V O  a C~’ A X 1  ( E P S V O , .000 )
39* E POU T a IFSP
397 EV O U T  a E PSV
39~ RETU RN
399 L P~D
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V V V~~VV 
_ _ _ _ _ _ _ _ _ _ _

1 S U BROUTI N E S E T G L O  ( A L P H A , G F O M C O )
2 C
3 C
‘I C SETGLO CON TROLS THE GEOM ETP IC AS PECTS OF AN A DIN C I~,TEGR A T IO
S C S E T G E O  IS C A L L E D  Rv 1HE USER TO T ELL THE A r 1 IN C PAC IAG F EX A C T L Y V

V a C W H I C H  OF T IlE FO U R PO5SIRLF GEOM ETR IES HE W ISHES TO iiSr ,
7 C
8 C A L P H A  I 3 CA ~~T E S I A I :  C O O R D I N A T E S .
9 C A L PHA • 2 CYLIN[ :RICAL COO PO IP4A TES .

to C AL PHA I 3 SPHL R ICAL CO O RDI NA TE S .
lj C ALP HA a 14 P O W ( P  S E° IES  C O O R D I NA T E S .

V 3 2 C G E O M C O C I . . 5 )  • A P ’ ~~Y OF F I V E  COE FF ICIENTS IN THE FX~~PESSI~~’ FOR
13 C C ELL A R E A  A I D  I LT E G O A T E D  V O L U M E  USED BEL~~~ .144 C
15 C SETGEO IN ITIALIZE S THE 0UA~~TIT IFS GAL PHA , ~A L PhA , C C I ) ,  A ND H (I)
16 C FO R L A T E P  REPEAT ED USE III E N I P Y  USEGE0 PELO . ’ .
17 C
18 P A P A P E T E R  P P ~ a 202
19 I NTEG ER ALPHA , A L P H H
20 R E A L * 8  G A L P H A ,  H A L P W A .  G ( 5 ) ,

V 21 PEA L ~~8 G L D ’ C D ( S ) ,  P I A I I I C N P T ) ,  D E L R ( I I PT ) ,  T V O L ( N P T )
22 PE A L A B  PT M I N ( N P T ) ,  A B S V ( N P T ) ,  (IRMIN , P1
23 EQ U IV A L E N C E  ( L ,T M I I J (j ) ,  T V O I C I ) ) ,  ( A 8 S V C I ) ,  O L E R r I ) )
244 EQ U IV A L EP4 C C ( R I A M I ( 1 ) ,  T V O L C I ) )
25 C
2a C C34ECIc THE INPUT ~O SETCEO A NC IN IT IALIZE.
27 IF (AL PI~’A .LT .I • OR . A LPIIA .r.T.4 4 )  ~PITE (6, 1 001) ALP HA, G E O M C O

• 1 28 IF CA LPHA .LT .1 .OP . AL PIIA .GT .4) STOP
V 29 t o n i FORMAT C ’ O S E T G E O  INPUT PR O BL E M . ALP HA OU T OF PA~ r,F• ‘~~

30 I 144, 2X , l~~5Di2.44)31 P T a 3. 1 / 4 1 5 9 2~~535~~0 79 D0
32 AL PH H a A L P H A
33 GO TO (30, 20, 30,  41 0 ) ,  A LPHII
3~i C
35 C ~‘OcE I I P E S ET A DIV N C FOR CA RTES IAN COORDINATES .
36 10 GAL PHA S
37 HA LPI-l A I
38 RETURN
3q CV 44 Q C PV 0 0 f  I 2 R E SET  A D I N C  FO R C Y L I N D R I C A L  C O O P D I N A T L S .

V 4 %  2o GA L P H A  I
HA LP HA S 2.0D (*PI

V 83 RETURN
“ 4 C
45 C MO D E I 3 RESET A DINC FOP S P H E R I C A L  C OO R r I I I~~T ES .
44 5 30 G A L P H A  S 4.G00*PI/3 .0f~Q14 7 ~i A L PhA • 44 . 0 ( O * P I
~8 R ETUR N
“ Q C
5~ C a 44 RES ET A OINC FOR POWER SEPIES C O A R D I N A T E S .
Si 40 DO 4 1 I • 1. ~52 CC I )  • G C O H C O ( I )
53 14 1 h ( I )  • G ( I ) / D F L O A T ( I )
54 RETU R N
55 C
56 C

V 
37 EN TRY USEGED CRA D, AREA , RAOC , LA MC , N)

V 38 C
39 C
60 C G IVEN A M O N O T ON ICA LL Y IN CREAS ING SET OF CELL IN TE RFA C E POS ITION S ,
SI C THE INT ERFACE A REA S, CELL CEN~ EP LO CA ’I~~~S , AN~ CELL VO LU MES APE
52 C CA lC U LA T E D IN A FILLY VECTORI ZEC ’ MANNER . T~~IS GE OM ETR IC U T ILI T Y
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63 C IS USED BY ADINC , D I A G N O S T I C S  ROU TINES A N D THE MAIN P R O G R A M .
64 C WHENEVER THE CELL INTERFACE CONFIGU RATIO N IS CHANGED TO UPDATE
65 C THE GEOM ETR IC QUANTITIES.
66 C
67 C R A D C I )  • P OS IT I O N  OF THE 1—71-4 I NT E RF ACE (I a 1 , N+ 1) ( C M )
68 C A R E A C I )  I A R E A  IN TH E CO MP U T A T I O N A L  D O M A I N  OF TH E I — T N  C E L L  V

69 C II IEREA CE (CM**2)
7o C R A D C ( ! )  • POS IT ION OF THE !.TH CELL CE NT E R CI  a 2, N + 3 )  (CM)

~ 1 C L A M C ( I )  a VOLUME OF CELL I BET W EE N I N T E R F A C E S  I, 1+ 1. (C M ** 3)

~2 C N * NUM BER OF INT E RIO R CELLS IN THE S Y S T E M
73 C
7 4 REA L* 8  RA D ( N P t ) ,  A R ( A ( N P T ) ,  R A O C ( N P T ) ,  LA M C C N P T )
75 C
7~ C
77 C C H E C N THE INPUT T0 USEGE D FOR R E A S O N A B L E N E S S .
78 NPTO a NPT
79 IF (P4 .LE .I .O~~. N ,GT .NPT.2) WR ITE (6, 1002) N , N P T O

IF (N .LE .i • O~~. N .GT .NPT.2) STOP
‘1

V 82 50 TVOL (I+1) = RA DC I+1) — RAD(I)
83 CA LL MAX H IN (T VOL (2), N, TVOL (1), IMA X , DPl ’IN , IMIN)
$44 IF (0P(~l~ .LE. 0,000) WRIT E (6, 1’~03) 1)R~~I~4 , I~~I~ 

V

85 I~ (D~ M IN .LC. O,OCO ) STOP
8~ 1 0O2 FO RM AT C ’OUS EGEO INPUT PROBLEM . 1 OUT OF R A N G E .  . I” , I~~,87 1 ‘ C A L C U L A T I O N  5 T OP P E CV .~~)
88 30 03 FORMAT C ’QUJ SE GE O INPUT PRO BL VC M . CELL SIZE ‘/EG ATI V E ,
So I 1RDI2 .44, AT CELL ‘ , I~~, CALCUL ATIO N STOPPED. ’)
90 C

V 
~ 1 NP = N + I

G O TO (1 00, 20o, 300, 4400), ALPHH
93 C

1O~ (iO 101 1 I i~ NP
95 101 R I AM I ( I )  ~ t~~”D0

GO TO 500
97 C
95 00 2 01  I a i, NP

20i  P I A M 1( I )  ~A 1 ’ ( I)
100 GO TO 500
101 C
1 02 300 DO 303 I a 1 , ip
1 03 381 R IA M I (I )  • PAL ) (I)*RAD(I)
1044 C
105 C FOR THE REGUL AR GEOM ETRIES CALCULA T E THE AR EA AN( ~~ L L ~ E .
106 500 DO 501 I a I , pip
in, A R E A C I )  a HAL PHA *PIA MI( I )
108 501 TVOL(I) a GA L PHA *PIA PI I(I) *RA DCI)
too GO TO 60°
i t o  C
311 C F OR THE POWER SERIES (NOZZLE) COD R DI 1 IAT E S TH E LISP U L S Y  SP Er I FY
1 12 C ALL OF THE GEOM E TR IC CO E F F ICIE PT S VIA THE I .IIT IA L IZT N G A P ~~ A y
1 3 3  C G F OM C O IN THE CAL L TO S ET GEO . HERE G ( 1 )  I GE~ MCO (I), F T C .
134 C A PEA (R ) a Cl 4 C2* R + G3.R*.2 + G4*P**3 •
115 C TV OL (P) Ht *~ + H2 * R* *2  + k3 *R **3 • H L J * P * * 4 4  • H5 * P * * 5
116 400 CO ‘ 401 I I ~~ NP
117 ARE A C I )  • G (5)*PA CCI)
ii, TV O L (I) ~ (1 (5)*PA (iC! )
119 A R E A C I )  • PA D( I )* (A PEA (I) + G(~4))
‘20 TVOL (I ) a RA r cI) *cTv oL (T ) + H ( 4 ) )
121 A PEA C I ) • RA E P (I)a (APEA(I) + G ( 3 ) )
322 T V O L ( I )  I PAC (I)* (TVOL(I) + H C 3 ) )
123 A~~E A C I )  I R A ( ( I ) * C A R E A ( ! )  + 0(2))
12~ T V I L ( I )  a R A (  (I)* (TVDL(I) + H C 2 ) )

70

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~ V V ~~~~~~ “V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V~~~~~



- -~~~~~~~~~~~ V- ~~~~

125 A P E A C I )  I A P ( A ( I )  + C C I )p 126 403 TVOL (!) a R A L (I ) * C T V O (  C T )  + M Ci))
127 C

V 128 C C O M P U T E  T HE LELL V O LU M E AN D CELL C E l T EF L O CA T I~~NS .V 129 bOQ CALL M A XU I I , ( A R E A  Cl) , r P , R * O C C 1 ) ,  I MA X , rPU IN , ~~~~ ) V

130 IF (LPIIIN .LE. Q • 0(if l )  W r I T E  (6, 2OC I) c s P4 1~~~, ~~~~V ! ’
V 131 I~ 

( D PMIN .LL. o ,(iN ~) S T O P
132 2~ O t FO R M A T  (‘QUS E GL O P R O B L E M , N E G A T I V E  A~~EA ‘ , In

V 133 ‘ A T CE LL ‘ , I~~, ‘ C A L C L L A T I ~~ S T 4 P P E~~. ‘ ) V

1344  DO 60 1  I a 2, uP
135 LAII C (I) S T V C L ( I )  — T v ’ L ( I — l )  V

136 601 RA U C CI ) I ( RAP ( I ) * A P C A ( I . 3 )  4 R A P ( j — I ) * A ~~F A ( I ) )’  V

137 I (A REA (I) • AR EA (I.3))
135 ~ETU PN
139 C
140 C
144 1  E N T RY  L T F L O H  ( R O t , V E L ,  D T V A L ,  N )
144 2 C ~~~—
143 C
143 4 C C T F L 0 W  CA LC UL~~T F!  ~ PEP~~I5 S IEL E T I ’~EST 1P ~ T V A 1 G IV L F’ c [ T  - r

144 5 C N + I CELL P ,T E P FA C ES A N D T l~UI P  V E L O C I T I E S .
V % 4 ~ C

147 C R O O C I ) a P O S I T I O P  OF T H E I— T I-  C E LL P T F P E A C E  c~~148 C VE L I a V L L~~C IT Y  OF TI -E I— T ’ ~ CELL  Ii.T~~P F A c r  ( c - ~/ 5~~C )
1419 C DT V A L I T UE T I~~AT EC V A t  iJE ‘F A rr~~~I S s T , L  r ‘~‘Y (  ~‘

I5~ C ni~E V E r  T 5 P T F r FA C E  C’~O S S T r . E ~ ~ S S ! V~~’I~~( 
T i~ 4 V~~~• 7 j ~~ c : . v

151 C N a T HE NU MO EP ‘F I N T E R I O R  C E L L S  P T k~ C L P r F  T 5 Y S ~~ F , V

152 C
153 PEA L* P  R O D C N ) ,  V E L f t ) ,  ( ‘ T V A L, Er’S. PV S A F F ,  “T~~~x
15 44 C
155 C
ISo C CHECK T HI INPUT T 0 C ’ T F L O /~ F O E P F A S O N A l ~LE~~ES S .
157 u PTO s Ne T
155 IF (N .LE .2 .OP . ~.~~T .NPT. 2) W P I T E  (6 ,  1’~i’ ’~) ,
159 IF CN .LE .2 •OP . N ,G T .N P T_ 2 ) S T O P
160 N I  a N • I
161 (~PS ~ u.44900
162 r e  715 I a 2, ~‘:I
163 715 (~~L P( T ) 

a R O( ( I )  —
V I 1644 C ALL M A X M I P I  ( LE L R C2 ), N , D E L P C I ) ,  I M A X , C R~~I~~ I”r’ )

165 IF (DP141 h .LE. 0.DDD) W P I T E (6 , if l0~~) r R M I , P ‘‘
166 IF (1~RMIN .Lt . (‘.0C11 ) STOP

V (67 1004 F O R M A T  ( ‘ C D T F L O W  It ,FUT RE’O LE” . N DLI ~F P A N G r~ ‘ , j 1 4 , 1 ’ 4 ,
165 1 ‘ C A L C U L A T I O N  S T O P~~EC. ’ )
(69 1q05 F O R MA T  C ’ O O T F L O , ’  INPUT PRO B LE M . CELL SIZE NEO A T 1V U ~ ,
170 t IPDI2 . ’4, ‘ AT CEL L I , lu , C A L C I J L A T I ~~N S T O r P E C .’ )
171 C
3 72 C P(Q11IRE VEL*DT M IN IM UM OF CEL L H I r T H$  C EL~~.
173 DO 720 1 • 2, N
174 720 DT M I N ( I )  ~ E PS * 0 I ’ I N I ( , E Lc ( I ) ,  r~~L~~( T ~~1 ) )
175 D TMPI C1 ) ~ PILP(2)
17o D T P :IN(N1) a ( E L P ( P - 3 )
177 DO 725 I ~ 1 , l,~
17$ 725 A B $ V C I ) ~ [ V A II, S C V E L ( I ) )

V 179 DV SA F F  •
1~~o t’~ 730 I * ‘ , N i
18j 73o U T M I N C I )  a D T I I M C I ) / C A B S V ( I )  + DV S # F E )
182 C A LL HA X U I N  (UT P”I N , N~ , P T M A X ,  I~V A X , P T V A L  , I”I~~)
153 RFTU PN
18 44 END
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I 5 L~~ l.O UT p ;~ Si T l A T  C M A T L R , ~ A SS,  G A M M A , RllO C~~N. N)
2 C

V 3 C T M I S  P O U T I E ~R’V It ES A I~E C T O R I Z E D  ~ OU U L E PR EC ISION ECL ~A T IO N

~ C ~F S T A T E C A L C I L . A T I O P J  FO R A r P • C ,  .‘HEN T~~E E1~U 8 T I O ~
, OF S l A T E IS

C~ C C~~A~ GE L), A ~~~~~~ OF O T H U P  R O I T T r .ES 1’ US T R[ i O 1 ~I FV I E D  AS ~ELL .
V
I 0 C

V 7 C E( .~~9 T I’N ~F 5 1A11 , ..  PI. P ’~’C •

~l A~~~~
p
~~~~) a C I L - L ~r,~~N T j F J~~P : L, P”~’ .‘ HL PE 0 L ~ 10 IS T HE

V o C L A Y E R  NL~~~ER AND 0 ~~M ( 100 IS
V 10 r T HE M A T ~~R IA L  I O E N T I F I E P .

11 C A~~SC( I ) I CE LL  HA S S  •
l~~ C GA ’”~~A C(I) a C E L L  A D I A F A T I C  G A S  C O i .S T A V T  — FIXED DUPIN G ADI N C
13 C E~~TC(I ) = CL LL ENT ~~O PY — CONSTA N T DUPING AD IN C HYO ROr YNA M ICS
I~o C PH~%C (T ) a [)[~~SIT Y C O N S T A N T  IN THE EQ i JA T IO ~ VV 0F STATE
15 C
16 rA ~~A l F~~E k V~~~ 7 = 20~1 7 ~ E A U *5 ILL ~ ( P T ) ,  rEL C N P T )  , C R M A ~ , rP~ II-t o  r E A I* p  A T L~~(N P T ) ,  ~ 4 5 5 ( N P T ) ,  G A M M A ( ~J P T ) ,  P H O C O N C N P T )
19 ‘ FA L* b  ‘ A S S C ( N P T ) ,  E N T C ( N P T ) ,  PHO C C N P T ) ,  MA T E P C C N P T )
20 P E A L * 8  G A M~~IC ( N P T ) ,  D E L R H O C N P T )

C 0~~MO~ /A D ICOM, UA TE PC , MASSC, GA~.’MAC , C NT C , RH O C,  NC E LLS
V I ?? C

23 C
2 4  C C H E C K  T i~E INP UT T O S ET ~~A T  FOR R EASONAB LE N ESS .
25 NP TO a
26 IF (r .LE .2 •OI-. r~.G T .N P r 2) WRITE (6, jOOl) ~; , N PT O
27 IF ~ i V .L E .2 r ’P ~~~G 7 N P T .2)  STOP

C A L L  ~~~~~~ (“ATEP (2) , N~ C P M A X , II AX , D P M I N , I M I N )

4 29 iF ( C VP H P .  .L L - . °~~0D0) ~PITE (6, 1002 )  C P M T N , I~~I~3i ~~ (~‘R~~I~. .LL. i~.O1 0)  S T r ~P
31 C A L L  M A X 1 l l ,  (~~AS S ( 2 ) ,  N~ [ P ’ ~ A X , I MA X ,  r PM~~I, IH P)
32 IF rP’ I~ .L F  . ‘~.

( L 0 )  ~PI~~E (6 ,  1 0 0 3 )  DPM I~~, IMP.
33 J R ( O P I i N  .L F . 0 .I’L0 )  S T O P

CA L L  ~A X M I,  C ’~~O C O N ( 2 ) ,  N , OR M AX , I MA X , D RM IN , T~~IN)
35 IF CL ~~’ I 3 ~ ,LT .  ‘~.o D0 )  A P I T E  (6 , 1 0 0 4 4 )  DRM IN , T HIN

IF CD P I P. .LT.  0 .O t ,0) S T O P
V 37 100 1  F O R P A T  ( ! V S E T M A T INP UT PRO~~L E U . N OU T OF RANG E.  ‘ , I” , I~~,38 I ‘ C A L C U L A T I O N  S T O P P E D . ’)

30 100 2  F O R M A T  ( t l S E T M AT INPUT PRO B LE M . CELL M A T E R I A L  N E G A T I V E  ‘ ,

~0 I 1PM2. ’4 , ‘ AT CELL ‘ , I” , ‘ C A L C U L A T I O N  ST O PP ED. ’)
‘4 1 10 0 3 F O R M A T  (~~u S E T H A T T IN PUT PR O BLE M . CEL L MASS NEGA TIVE ‘ ,
‘42 1 1PDI2. ’4, A T  CELL ‘ , I’~, ‘ C A L C U L A T I O N  ST O PP E D .’)
(4 3 1 i C ~ F O k M A T  ( I L i S ET M A T  INPUT PROBLE M . CELL RHO CO N NEGAT IVE ‘ ,

V 4444 I iPDI2 . ’4, ‘ A T  CEL L ‘ , P4 , ‘ C A L C U L A T I O N  S T O P P E D .’)
44 5 C
‘4 6 NP a N
447 00 t o o  I a 2, NP
.48 ‘A T E~~C ( I) a P A T E R ( I )
140 A S S C ( I )  • P ’ A S s ( I )
So G 4 ” M A C C I )  • (~A MM ~~(~~)
5j 

~~~ 
RHO C ( I )  I F ’ H O C O N ( I )

52 NC ELLS I N
53 RE TU RN
514 C
55 C

E N T R Y  SFT !O S ( R H O ,  PR 1, N)
57 C
58 C
50 C SETEOS COMPUTE S TME EN TROP Y CELL CONS TAN TS (ENTC) GIVEN KNOWN
60 C VA L U ES OF THE DENS ITY A~~D P R E S S U R E  IN THE C E L L S .  S E T E O S  IS USED
61 C AT THE BEC , INNING OF C A L C L 1 L A T I O N S  FOR P IT IAL I ZA T ION AN D DURING
62 C C h L C U L A T I O ~.S P~I-E P4EVER 

1 ON. IDEAL , SOURCE, Op DISSIPA TIVE E FFECTS
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03 C ~A V E  C UA t . GED THE C E L L  E N T R O P I E S . Si NCE A DINC IS PREDICA TED ON THE
64  C C ’ .STA NCY OF THE LAG R AN CI*N CELL ENTROPY DURING A FLUID TIMESTEP ,

V 65 C T~~IS A~~OL NTS TO A FOPH OF TIMESTEP SPLITTING.
b~ C
07 C F’-~~(1 ) 

a DE~~5TT Y OF MAT ERIAL IN CELL I (I 1 2. N + 1 )  ( G M / C C )
68 C T H E S E  Q U A N T I T I E S  A PE G I V E N  AS IN PUTS TO SETEOS
69 C P P E ( I )  a P R ESSURE G I V E N  IN CEL L I BETW EEN INTER FACES I A~~D
7, C I — I s TH ESE V A L U E S  A R E INEUT TO S ET EOS ( E R G / C C )

V 7i C ‘ . ~ JM~~~p OF INT ER IO R CELLS IN THE SYSTEM

~2 C
7 3 R EA L * 8  R H O ( N P T ) ,  PR E ( N P T )
‘~ C

V 75 C
7o C C HL~~ T HE I~~FUT T O S ET E ’ S  FOR R E A S O N A B L E N E S S .

I V N~~T O = NPT
7~ J F (~~~L, E .2 • 5 14~ N .GT .NPT.2) WR ITE (6, 1005) N , NPT O
79 IF ( N .LE .2 .O~~. N .GT .I P !_ 2) S T O P
5 V)  C A L L  U A X ’ 4 1 N  ( P HO( 2 ) ,  N~ LR MAX , P-tAX, OPHIN , IM IN )

V S i  IF (D PM I N .LL.  0 .0 0 0)  W R I T E (6 , 1106) OPHIN , T H I N
$2 IF C D R~1I~ .LE. 0. UDO )  STO P
03 C A L L  M A X H I N  (~~P E C 2 ) ,  N, O R M A X , IMA X , DPM J N , T H I N)

V 04 IF ( r V P N I N  .LE, . 0 .C C t O )  W R IT E (6, 1007)  DRMIN, tH IN
• 85 IF (L)~ 

I~~N ;L~~. 0 .O C O )  S T O P
8~ 1~~O~ F O R M A T  ( ‘ U S E T N O S  INPUT P R O L ~LEM . N OUT OF RANG E. ‘ , P4 , 14 ,
87 I ‘ C A L C L I L t T I O I J  S T O P P E D . ’ )
88 IOOb EO PUA T (‘USETEOS INPUT P P O I~LEM . CELL DENSITY NEGATIV E ‘ ,

4 89 1 ¶ P L ) 1 7 , 44,  ‘ A T  CELL ‘ , P4, ‘ CALCULATIO N STOPPED .’)
0~ 1:)07 F~~PMA T (‘“SETEOS INPUT P R O E LE M . CELL PRESSU RE N E G A T I V E

V 

~ 1 lPU l 2. 4 , ‘ A T  CEL L ‘~~ 14, ‘ CALCU LATI O N STOPPED .’)
0? C
93 ,9 I N • I
01. ~~~ I a 7~

I ~S 200 OELRHO(I ) = N~~A X 1  ( 1 .O C — 3 0 , ( R M O ( I )  • P 4 4 O C ( I ) ) )
C A LL r)uBL~~G (DELPH ~~(2), ENT CC2) , N)

V~~

j  
97 C’~ 210 I a 2, N P

2 IU  E N T C ( I )  a L N T C C I ) * G A M M A C ( I )
V 99 C p i~ I = ~~, ~p

110 2 3 5  E~~T C ( I )  :,.E X P ( E l . T C ( I ) )
14 ’ I D~ 220 1 = 2 , ~

2 21’ E . T C ( T )  = P H L ( I ) / F N T C ( I )
19 3
l ’~. C
105 C
10~ E~~T~~Y IS IFO S ( 4 ) H O ,  P0(, LA ~IEOS , ~‘ LAH L , P , N )
10 7 C — —  

10 e  C
l O g  C US E E O S  T A K E S  T~iF S~~T OF CELL 0 R F S S L ’ R E S  (

~~~E) ANC C A L C U L A T E S  TH E
1 3 0  C C F LI  D E N S I T I E S  E X P E C T E D  FOF’ THAT PRESSURE BAS E D O N T I- E E 0 U A T I O ~i
1 1 1  C 0~ S T A T E  C O N S T M J T S  FOP T UF CELL  S T O R L O  I~- C O M M O N  R L O C K  / A D I C O M / .
~~~ C T HE E X P E C T E D  C E LL ~ V O LU M E ( L A V E O S )  IS C O M P U T E D  FOR E A C H  C ELL AS IS
1 1 3  C T HE J A C O B E A N  O L P I V A T I V E  DL4 M D P .

V . 1 1 4 4  C
1 1 5 C P M C ( I )  t DE ’4STTY ‘F ‘~AT EPIA L I N CELL I (I a 2’ \ + 1 )  ( G M / C C )
1 1 6 C T U ES I  Q LI * IV V T I T I F S  A P L  C O M P U T E D  AS O UT P UT S OF USEECS

V 1 17  C P~~E( I )  pp~ SSU RI GIV EN IN CELL I BE TW EEN I N T E R F A C E S  I A I D
I 1 ~ C I — i . THESE V A L U E S  AP I J NF~iT TO L ’ S EE OS ( E R G / C C )
119  C L A U E O S C I )  a TH r  CELL V’LU’ F P F C I ’ IPFD BY THE E~~UA T I O ,  OF STATE
L 2 ~ C G I V L ’~ T I- F CELL  P R E S S U R E  P R E ( I )  A N C  1.0.5. C~~NST A NT S
121 C 1’L A~~CP (I) ~ R A T E CF CHaN GE OF CELL V O LUM E W I T H  PPESSUPE IN THE
122  C E U U A ’ I O r ~ OF S T A TE
12 3  C N I ~U’N,F4-’ ~F T I ,T IPI’ P  CELLS IN THE SYS TEF ’
12 14 C
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V 
125 P F A L * 8  LA H V E N S C N P T ) , PLa MI~P( PT )
126 C

V 1 27 C
128 C C H ECK THE. INPUT T 0 15 1 1 0 5  FO P P 1A S C N A 8 L E F ~ESS .
129 FJ PT O a ‘PT
130 J R (F ~

V .L F .2 .~~~~~. I..0T .NP~~_ 2) W R I T E  (6 ,  ~f l 0~~) F , ‘ P T ~
V 13 1 J F  (‘ .LE .? •r,4. i,• GT .j~’ I’ 2)  STOP

132 C A LL M A X F I F  (rpE (2), N , ( P P ’ A X , I M A X , OR M IN , IM I I )
V 133 I F ( L V R F I t  .Lt • 41 .14( i) ) W R ITE (6 , j~~09) (‘Pill ., T h I N

43 4 IF (~~~~ ‘I ~~V .LL . D.(’CD) 5 T OP
135 1 c ’oB F m P ’ A T  (‘‘~~S 1EO S I ’ V PV T  P P O P L C M . ‘ . Ci ~T OF R A N G E . ‘ • I’~, I’s,

V 136 1 ‘ C A L C U L A T I O I V ST~~’P E r . ’)
I 

137  l~j0Q EO PI’A T (‘l,USEEOS I’P)”T P PO D LE TM . CELL PPFS5U~~[ F .EC.A _ I , E  ‘ ,
V 138 1 I PL V,12. (J , ‘ A T  C E L L  ‘ , P4,  ‘ C A L C I I L A T I C ’ J  ST ’~ R rfl .’)

13 q CI 1L4 0 N I N • I
V I  I~41 ~O ~~(0  I a ? , ~

1442 300 UFLV( I) I DI~A *1(PPE (I ),0 .OC fl )/tNTC (I )
V 1 1 4 3  CA L L UU PLCG ( LV (fl, rEL~~(?), 

N)
l~~L4 D’ 320 I z ?, NI
111 5 320 L ’ F L P ( I )  = C EL~’ ( I ) / G A ”i~i~~C ( I )
1446 ~

V
I~~ 314(1 a ~~, t I

V 14 4 7 3440 LFL P (I) : LEX 2 (rFELf(I))
I44~ C
l L 4 ’~ C E V A L U A T E  T HF F V 4 ( I f ~T I O . ~~ S T A T E  ~ HO a P~~~C • (PPE/F.~~TC )* *t /GA ’ ’ A C
lSe 0’ 3~~o I a 2,  r i
15 1  ~~~~( J )  • I-’~~L( I)  • CEL ~~( I)

V 152 360 L A ” E O S ( I )  a ‘ 4 S S C ( I ) / P I - O ( I )
V 1 5 3 C~ 350 I = 2, t

15 44 380 D1A ~~~P (I) ~ —

155 R E T I 1 - i.
156 EN L
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Appendix B
TEST PROG R AM FOR A D I N C  A N D  U T I L I T I E S

1 C 4 U P V C  — S I ’ R L I F I E P  F IV E  L a Y E R  T~~ $ ~~ ;V ~~~~ ,I 4 A ”  ~~~~~~~~ l g 7 o
2 C
3 C .~~V 1 A P A T I C  T ” P O U G H  I ’ C O P

~~E 5S:~~L E  ~~~~~~~ I’ ~~.E ‘IME .$ION SA NS S— ~ C~
‘. C
5 C Ti— IS P.RO C .PA M L E . ~

r
~
IV 5 ~~~’ A T E S  L O F T . E  ADI I .C ~AC ’~~GE TO SOLVE

6 C A IL I .P1P  OF O N E_ c I~~F ’~SIr~ AL, ‘_ 4GR&~~GI A’ F L V V T r V  ~v’ A~~:CS 
P~~~ELEM 5 .

7 C A (IC CL A SS P~~~0LE ’S CAN 5E 5E L~ uSI ’,~ T~’E DA TA ~R :V E 1 , I’. —

~ C IT I AL I ZFR . FLEXI 6L[ C i ~~~G ’ V~~~5 T I C 5  ~~~ EAC ~ OF THE ~L~~I D L A~~LRS ~PEV V 
0 C I’ C lC rE r S~ EC IaL A TT I V T I~~~. H A S  ~EE’4 ~A ID T~ 

¶
~~E & T I i - 4 G  D E , S I T ~ D15

10 C C ON T IN U ITI E S AI .C  Zo:E SIZF DISC I .T IN LITIE S A C C U PA T E ~~Y . T~~E PpESE 1,
1 1  C ~Fp 5~~~. r’F AO l’ C A~~D ITS TEST PP~~G NA P’ A 0 1  A R I T T E’ ~~ T~~~ i’~~Y .
I? C ~ 1’ (r~~ Il 9L~ PR E C I S I O N )  FL~~AT ING rV

~~~~INy  A R I’ — ’ L T I C . T~~ L V S  C O N ,E~~G E N C
1 3 C T C P E T T E R  T HA I : I ~ A P 7  I~~V i O* * 7  13 ~OSSI9LE ~O P PROBLE M S ~T —  ~Ei~c
1( 1 C IIJC~~M PPFSS IO ILI TY A N D/ CR EX ?PF~’E DENSITY L’ISC ’1TP- .U TIES —‘ - ‘Ic’-
IS C F E C U I P E  T H IS A C C L~

P A C Y . ~~~ SO ’ - E W ” ~A LES S E~~T Pr ’ - E ~LUI’ SYSTE~~S ,V t o  C 32 ~JT FLOA TING Pt ’ INT  C O M P U T A T I O N S  S ‘ LLD RE A~~~~~
V A TE A N U ~ - E

17 C C~~R R15 PO ,~DIN G SI~~GLE PRECISI ON TP1~~1 A GC N~~L S’LVEPS AR E A V A I L A B L E .
18 C
19  C A D I~~V C  ~A 5 ()EE1 CO ’.STRUCTEC aS A U T I L : T y  P L C K A G [  T~ A DV A ’~CE ~~~

‘-
V 

20 C F’ ñ LI R Hy L) ror~~ J Ar’ IC V A R I A P L F S .
?1 C
22 C P A D ( I) 1 POS~~T~~O~. (RAD IUS) ‘F T~ E I TH CE LL INT E~~~A CE (Ci-’ )
23 C V E L C I )  = V E L O C I T Y  ‘F T~~ I.TM CELL T V  ~E P F A C E ( C H / S E C )
244 C P H O ( I )  I L) 1” S I TY  T ’~ CELL  I RE TH E E ’ IN T E PRA C ES ~~~~~ ( c . M / C C )
2~ C rR 1r1 )  a P~ ESSL~’E p T .~~ I~~T M  C O1 C L I T AT ~~~NA L CEL L (1140/CC)

V 2 0 C
2~ C L L G P A I V~~IA N  F LUID LV ’ .A ~~J C 5  E Q UA T IO N S A RE S’LVED I NC L I V 11 ,G A ~~EX—
2~ C I~~LE F U).IA T ’ V O~ ~~ 1C~ C A ~ V j P Y  F P ’ ~ CELL TO 5E~.L I~2~ C C I S C R E 7 I Z E ~ 

q , t
~~

P
~~~ 5~~~~ V T L T I • ~~, O F  ~~~~ ~LL I ’~ AD I ’ C  H A S  ~EE\  ç A 5 T  IN~~30 C A ~~~~~ PtV SE F ~~~~I~~V G T ’- ’AT ‘F A ’ OPDI NA PY r I F R E R E N T I A L  ~5u4 T I ’.S

C P A c V ~~C.E~ T~’E J5 E~ C a ~ R E C I h E S T  I N T E G 4 4 A T I O~ T~ a C E D T A I ~ T :i- ’E INDE.
32 C r F ’ r A ( T  OW ~~~~~ 

1
~~” ’~E~ ~~ C Y C L E S  RE’ ) I O E )  P. A C P V C .  TH E 1’5F~ A L S 0

33 C HA 5  C O N T R O  ~~ V 4 M I O ~V~S E~~ R P  A ’,D IN TEG Ra ?IO~ ~‘A P 4’-’(TEPS ~I ’-O~~3~ C M A V I t  T O ~ LLNCJE I Tt’ T H (  p’ .~r r _~ ~ F T H ( 5~~L UT  V u E t 1 . . D  I T S E L F .
35 C T i -~~ EOU A T I O ~~S SO L VID A C E
3,, C
37 C l i C R A D )  D ( \ E L )  — I

V 38 C — V IL ,  a — — — — — G PAD (D~ E),39 C ~ T IT
£4 3 C

V 

~‘l C A~ ’1~ P’E E . O U A T I O N  t’r ST A TE
C

443 C ( Pp~ ) s a  I /GAN ’~A C
44il C ~~~~~ • PHrF C + ( ——-- ..—)V 
~5 C ( ( E T C ) .

C
447 

~ TH~ T E S T 
~P O c ,~-’ A~

- IS A R R A N G E D  ~~ 4 V A ~~
i
~~~~~~~ UP ~O F IV E  D S T NCT

44 5  1 LA Y E R S  ~P rLUI~ ( ‘ “ PO S E D  O F U~ T’ ?co IN’ !VTDL’ A L F141T 1 DI FF E R E N C I
‘49 C C E L L S . FA C~ C f LL IS L A r , R a i - G I A N  A ’sD H4S SEVE RA L O L A I V T I T I E S  T i.~A T A P I

~o C C~~i~SEP V FD “~~V I ’,G ~IT~ TH E F L L V 1 D  AS LO~’C- AS  D I F F U S I V E  a 1 D
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I

V 51 C NON—IDEAL A ND EXTERNAL  SOURCE EFFECTS A R E ICt ORED . THESE CONSTA NTS
V 52 C ARE COMM UNI CATED THROUG HOUT THE A DINC PAC KAGE IN COMM ON BLOCK

53 C /A DICO M/ . THESE “CO NSTANTS” VARY FROM CELL TO CELL ACCORDI N G TO
5 C THE IN ITIAL CONDIT IONS . FOLLO W ING ARE THE DEFII~ITIONS OF THESE
55 C Q UAN Ti TIE S. .
56 C

V I 57 C 1AA TERC( I) I CELL IDENT IFIER a L .MH W H E R E 0 L c in IS TH E
58 C L A Y E R  NUMBE R A N D (j ( M~~ ~ 100 IS
SQ C 7”F M A T E R I A L  IDE P~~IFIER .
60 C HASSC(I ) a CELL MASS • R I-4’(I)*LA”(I ) — HELD C ON ST A NT It , A D I N C
61 C GA M M A C C I )  S CELL A D I A B A T I C  GAS C O N S T A N T  — HELD F ’ X F D  Ii-’ A D I N C

V 62 C ENTC (I) a CELL E N T R O P Y  — CO I JSTA II T DUR ING A D I N C HYD RODYN A M ICS
63 C RHO CC I ) I D E N S I T Y  C O N S T A N T  IN THE E0 ) J A T I O N  OF ST A TE
b~ C IICELLS a NUMBER OF CELL S ‘F F L L ) T C V  IN Tii~ C A I C U LA T T ON
65 C
66 C V A R I A B L E  G A M M A  A N D ENTROPY AR! USED IN E A C H  L A G R A I .G IA N CELL
67 C AND AN IMP LIC iT  PRESSURE IT ER , .TION EN SURES LI N EA P S TA P IL IT Y, IF V

V 65 C NOT A C C U R A C Y , FOP TTIIE$TEPS LOt~GEP THAI THE CO U PA i - :T CONDI T ION . ~rff
69 C NO N L I N LA P  TER M S A RE I T E P A T E C  W I T H  A Q U A D R A T I C A L L Y  CONVE R G E N T A LG O V

7o C R ITHM . ADI N C IS DESCRI BED 1’ DCL V E M O PA I D U i - I RE POR T #

V 71 C j970~ THL T P IDIA GO N.’LL S0LVE RS USED A r !  D O C U M E N T E D  IN NPL M E M O P A i - _
72 C O H M RE FOPT 131108, N O V EMI4 EP 1976 .
73 C
7’4 C RPOB LE 1IS IIJ ON E OF FO U R G E O M E T R I E S  C A N  5[ SET U~ F O P  A D I I C  BY
75 C C HA N G I N G  T HE I n T E G E R  A LP HA IN THE CA LL T O S E T G E O . ALL f .~~’ — I D E A L
7~ C EF FECTS HAV E TO BE TREAT ED SE PARATELY EITH E R BY PV D E D D I N G  O R BY
77 C TIMEST EP SPLITTING .

~8 C
79 C AL PHA I I C A R T E S I A N  C O O R D I N A T E S .

~

C C AL PHA = 2 C Y L I I ,1V R IC A L C OO P O T I VA T E S .
S i C aL PHA 1 3 SPHE PTCA L C OO R D INA TE S .

~2 C A LP HA a ~4 P0)-ER SEPTES (N O ZZLE) C~~O PD II:ATES .
83 C

t 5~ C T HE P. ,UNCAF ’ Y C 0ND 1T IO~.JS TREATED PY ~ ‘I I.C A PE QU ITE GE.NE PA L .
85 C THE PA SITI ON S AN D VEL O CIT IES OF THE REG ION ~iO U NDI N C I I T E R F A C E S
86 C RA D( I) A I D RAD(N+1 ) CAN RE E X T E R N A L L Y  C E T E P F I N E D  F U N C T I O N S  ‘F TI’~E
87 C AN D O T H E P  PHYS ICA L VAR IABLES DUPING THE CA L C L L A T I O N . THE k O L V L V  A~~Y V

88 C C’NDI T ION S ARE COM HUNI CA TF r ) 7’ ThE A D T I V C PA C M A G F  V I A  T HE F’UP
~° C A R G U ” E N T S .  . V
gui c

~ i C k R N !~, a R~~G~-~T B O U N D A R Y  R~~S I T I O N  R A D ( ’ .+ J  ) A T  E N D  OF T I - - E S T E R

~2 C FLN EW = LIFT H O I ) I V C A R V  P O S I T I W I ;  P a O ( j )  A T  C u D  O~~ T I’~~ 5 T E P
V 93 C V Rl ,E~’ a PIr,t T R O L I N J r A R V  V E L O C I T Y  vF L (i -.i) A T EV I D  ~ f T I ’ V E b T ( P

V 9~ C VL N E~ a L IFT  6~~~~’,[’~~~V V VEL O CI T Y VEL (i ) ~ T I ’ D  “~~

95 C
Q6 C S E V E R A L  A U X I L I A R Y  V A P T A R L F S  ARE uSED ~Y A 1 INC A~’D T H E C’ V T P O L ~~
07 C LING T E S T  PPCGP ,~~r ,HICI SHOULD ALS O BE FX P LA I IE C  T t ~ TH E uSL~~.
95 C
Og C N a IC E L L S  a NU~~HEP OF FLUID CELLS I’. THE A D IN C I JT FG R A TI~~.

V 100 C ( I ELT AT a T I ”~ I ’ T E R v A L  F P  T i - I  A I’c I’~TE G PATIO’ ‘hICk ~~A Y
101 C S LJB C V CL E’  UP TO 100 ~ li-’ES I N T E R N A L L Y  IF NE ED E D FOR
107 C aCC tiRArY OP STA BILIT Y .
1 03 C ISTFP a TI [STFP NUM BER US ED L Y  aDIN C FO P ICEP.T IFIC4TI~~ V
1 044 C EPS~ 0 I E X ~ LIC ITNE5S PA FA I ’FTE FI FO R THE PO SIT ION IIV T E G R A T I O N
105 C EPSVO • EXPLICIT NESS PA R A F I ET E P  FOR THE VEL ’CTTY It~TEG PA TION V

V lOb C F’D A TM P a NUMB FP OF C Y C L E S  A T TH E BLG Ii- IN INr~ OF A C A L C U L A T I ’ ”
107 C IN W HIC H A D D IT r~~IlA L D A M P I NG / S O O T H I N G  IS ~~PL1ED .V lOP  C [P$ P I EX PLIC ITNESS PA PA FI E T ER F’P PA D LAST USED BY A PI1 ,C

V 
109 C E~~SV a EX~~L I C IT N . E S S  P A R A M E T E R  FO R V EL L A S T  USED BY A DI’4C

V Iii) C GEO” CO(I ..S) • AR R AY OF F IVE C O O R D I NA T E  C O E F F I C I E N T S  FO R A L P H A  1 44
V t 1 ~ C A P E A ( I )  S A P E~ O F THE I.TH CELL INTE RFA C E
V 11 2 C PA ~~C(I) • P O S I T I O I  OF THE I— T M  C EL L C E N T E R
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1 1 3  C L A M C ( T )  a V O L U M E  OF T HE I .T N ’  F I N I T E  1~I F F F P E t C (  C E L L
1111 C EKINE (!) a K~~N~~7~~( E N E R G Y  0E V S I T Y  1r~ T Hf  I.TH C E L L
115  C ET H R H ( I )  I T H E R M A L  ENE P OY DE~4 S I T Y  IN- TH E I~~?H C E L L
lit C
117 C

V 1~~8 PARA N FI ER NPT a 2 U 2
119 It TE GE P ALPI- A
12o L O G I C A L  LT PPT , LC H E~M , LTC N-D , I C I E r
121 LOGIC AL L ZOrI
172 R F A L * 8  L A f P C N P T ) ,  D A E S V ( N P T ) ,  E T O T L ( N P T ) ,  ¶ i -~F R 4 C ( I P T )
173 REA L aB !TH~~H( N P T ) ,  F K I N E ( N P T ) ,  ~~~~~ E P S V
12a PEAL*8 CT f’A X , DTI’IN , DELT A1’,

R€ A L* 5  RLN[i-1 , VLNLI” , RRN E H , V k’~E~
126 R FAL *~ [PSFQ O , FPSVO , Oh M!.
127 REA L *8 PAR C ,, rV T P~~F , U T V A L , GE0 C O (5)

R E A L A B  PA P ( N P T ) ,  V L L ( I . P T ) ,  R I - I O ( N R T ) ,  PP F ( ’ P )
l2q REAL * B  A P E A ( N P T ) ,  P A D C ( N P T ) ,  LA H C ( PT )
130 REAL*S POLC.(NPT), VOLC(N PT), P A V G ( 1 V PT ) ,  V A V G r P T )
131 C
132 C TH E F O L L O W I N G  D E C L A R A T I O N S  A P P E A R  IN AD I I V C  ~~~ THE E .’.S. R~~ V T I N E S

133 C POP THE C OM M~~i BLOCK A DI C OM WH IC H C O N V E Y S  A N- I) 5T~~R ES r ,1)~~S , :‘ “ O R —
13 44 C HAT ION . IT IS NEEDED IN THE MAIN PR O GRA M FOP D IAG N OS T IC ~EA SO. S .
135 REA L* 5 M AS5C (NPT), ENTC (NPT), R H O C ( N P T ) ,  HA TE PC (’,P7)

l3o REAL * S GA M I I A C ( F J P T )
137 C O M M O N  / A rj I C O M ,  HA T E R C ,  MA S$ C ,  G A M M A C ,  E N T C ,  R H O C , ,C E L L S

V 
138 C
139 DATA P- I A X 5TP , Ir Pp, T , IPL 0T , AL PH A /26, 1 , C, 4 /
140 D A T A  DT M I N , D T M A X ,  N / 1 .0 0— I, 1 .OD~~I, 10/
14j  D A T A  FF$R0 , E P S V L  / f l ,S C O Q ,  0 .5 0 0 0 / , T I M E D  / I 1* 0 .H D 0/
142 L A T A  G E O t C O  / 1 .0 ( 0 , u.000, (‘ .O CO,  (i~~O D 0 , 0 .O C O /
144 3 DATA LZOI,E /.F A L S F ./, LC HEM /.E A LSE ./, L U I F F  / .F A I V S E ,/
144 D A T A  L T C N D  ,.F A L $ F ./ ,  LT P P T  / .TPU E ,/~ ‘ O # ’ F  I ’t /
145 C
146 NAM EL I ST /CONT RL/ MAXS TP , IPRI NT, ALPH A , LT’~Jt , D T MAX , I.- ,
1 4 4 7  1 EPSPO , EPSVO , G E O~ C C , ,. Z O ~ V c , L C H~~~,
1~~8 2 LC IFF ,  LT C N D.  L T P P T , ~~~~~~

V 140 C
iSo I QOQ FO PMA T (‘1 A FTER STEP NO . ‘,IS, ’ DT = ‘ , D16 .R ,

V 151 1 I TH E TI l’( IS • , C 1 6 . E, / )
152 1 001 FORMAT (2x , ~~~~ IP9DI2 . ’4 , 0P 2F8 .4 4 )
153 1 002 FORMAT (‘ I ~OSIT1’N- V EL O CI TY LE N S IT Y ~,
15 44 1 ‘ PR ESSU R E E N E R GY A V G  PR ESS A V G  V E L O C  ‘ .

155 2 ‘ CELL V OL U M E F I N T R O P Y  T H F P A C  G A M M A  I , fl
ISo l~~O3 FORMAT (‘C F ,A PELI ST /COH TPL / C’LFAU LTS .~~~~~

‘ )
V 157 10044 FOPI AT ( ‘ O I V A N ’ F L I S T  /C t T(

~L/ UPD A TES ~~. )
V 158 1 01)5 FOR MAT C ’ A T STEP ‘ , 15. T i -~~ ~E I1 4 r r .  T I N - F 3 T E F  ‘ , 1’ L I? .  ~,

159 1 ‘ B E CA ~’E S N A L L E V~~ T H A t . T I.’L t u I L I P u I1I S T E P  I D 1
ibo 20 0 1  F O R M A T  ( I O T I ’ I N C .S AT C Y C L E  ‘ , IS, ‘ TI’-’E a , t r C I 2 .

V
~~, / ,

161 1 I c~~Z~~~f T I I E S TEP CELL P~~1N T A ”E~ 
P r ’ T  ‘ ,

162 2 G R A P H I C S  C H F H I S T R Y  1 I F F U S I ’ N  C O ’ V D U C T T ~~~’V I

163 3 ‘ A DINC I)
1644 2o02  F O R M A T  ( 7 X , lP iC iO t2 44)
165 ?~to3 FO RMA T C’ TOO HA N Y  PE7 Or ~E S  A T CY CLE ‘ , ~ 44 . ‘ NX = ‘ , I..)
166 C
167 C
165 C * * * * * * * * * * * * * * * * * * A * * * * * * * * * * * . *
169 C C O N T R O L  PA R A M E T E R S  AP P .  I NT T I a L I Z E ~~. CH a u G E F” P  C I r E E ~~r . T C A S E S ,

V 17~ C * A * * *  * * * * * * * * * * * * * * * * , * * * * * * ~ * ~ ~ *
17 1 C A LL C0 1’P ’V 0 F 4

V 
172 TIM E ~
173 W R I T E  (6 , 1 ( C 3 )
j 7 4 4  W P IT C ~~~ CO ~ T F L)
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175 FV F A ! ~ S. C ON T P L
176 ,R IT E (b , 10 0 41 )
177  ‘~~I~~E (6, C O N I P L )

V 17 R LV T P R E  a OSORT (OT~~I1 *PTI’A~~)IT o  C
180 C * * A * * A * * * * * A * * * * * * * * * * * * A * a * * * * * *10 1 C I N IT I A L IZ E  TN- I PHY SIC A L [1ATA FOP THE C A L C U L A T I O N  T 1 r L ~~c T . r ,  T~ ’E
152 C ~~~~~ ‘ A T F R I A L , A lIt . FLUID ~POPERTI [S . A LiS~ P M A Y  W IS l .~ 

¶ A  r E~~E L~~pE
153 C HI S ~~~ r POELEH IN IT IA L IZE R
1044  C * * * * * * * a * * * * ~ * * * * * * * * * * * A * * * *
185 CALL  I ) I T A L  (M A T E E C ,  C- /~~’ A C ,  PHA C, P A P , V F L ,  PH 0 , FP[ ,  I

186 N P  = N 4 4
157 PLNEi- , a P A C ( 1 )

VL NF~ a V E L Ci )
109 &RN -UH a RA L (IIP )
190 V O N E W  a V E L ( ~

V I R )
19 1 C V

192 C * * * * A * A * * * * * * * * * * * * * * $ * A * A * A * * * * *
V 193 C IN IT IAL IZE  TH E ~~V I I .C G E O M ET R Y  A N - C  F Q U A T I O N _ O F _ S T A T E  i - O D U L E S  A N - C

IOU C T HE V A R I A R L E  EX ~~L IC !T r  155 P A R A M E T E R S  ~ IT l— I I  A P I N C . i - H F I A T E P C ,
V I9~ C I ’A SSC ,  G A M ) ’ A C ,  AN t ) PHO C APE C I FV E D  IN PLA CE AS THEY A R )  H E R E ,  T i - F

~~~ C C A L L  TO SETMAT BE LOW IS , S T R I C T L Y  S P E A K I N G , S r F R F L I o S .
197 C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *198 CALL SETGEO (ALPHA , G FOM CO )
lQq CALL USE- G lO (R A D , A PE~~, FA D C ,  LA ~~C , N )

V 200 00 1~ I ~ 2, ~r
20 1  V O L O ( T )  P VEL (I)

V 707 1 )  M A S S C ( I )  a P h O ( I ) * LA I V ~C ( I )
V 2(i 3 V O L D ( 1 )  a V E L ( I )

20u CALL SETHAT CM A TE PC, MA SSC, GAM MAC , RHOC, N)
205 CA L L  SE T E 0 S (R HO , PR !,  N)

V 20~ CA L L  3 C T E~~S ( L P S PO , E P S V O ,  M O A M P , EP$~~, E P S V )
V 20 7 C

208 C * * * * * * * * A * * * A * * * * A * * * * * A * A * * * * * A *
7flo C 144! LOOP OVER TI MESTEPS. THE V A R I O U S  SU B SE CTIONS ARE T IMED FO R

V 21o C DIAGN OSTIC PURFOSES .
21j c * * * ~ * * * * * ~ * ~ * ~ * * * * * * * * * * ~ * * * * * * * *
2 12 DO 9999 IST EP a t ,  N’ AX ST P
2 1 3  C
2 1 4 4  C W A R N I N G  •~~~. T HE F O L L O W I N G  BL O C K OF CO DE C O NTR O LS TH E PRINT O UT
215 C I N T E R V A L  A ND THE EX P L I C I T N ES S  PA R A 4 E T E R S  NEAR TURNA RO UND IN THE

C LINUS S I M U L A T I O N . 144EV ARE PROBLEM SPECIFIC AND SHOULD BE REMOVED
V 2 17 C OR B Y P A S S E D  FOR GENERAL  A P P L I C A T I O N S .

21 5 IF ( IST EF ’ .GE .b6S .A N 0~ ISTEP .LE .710 )
21~ C & L L . S L T E P S  (0 .000, 0 .0 00, M DAP-I P , E~~59 , EP S V )
?2o IF ( IST EP.IQ .b5o)  I P PYN T • 5
22 1 IF ( I ST E P .EQ .bbS) IPR T NT I I
222 IF ( IST EP.EQ .6 75) IPRV.T I 5
223 IF (ISTEP .EQ .71 0) IPRINT a 50
7244 C
225 C * * * A * * * * * * * * * * * A * * * * * * * * * * * * * A * * *
22ô C LA G PA N G I A N  R EZONE F A C I L I T Y  ** TO BE D E V E L O P E D
277 C
228 IF (• NOT . LZ O N - E )  GO T O 15
220 CALL  SE CO4 ’ L? ~I, DTIME

V 23o C * * * *
231 C * * * AV 

232 CALL SEC ON D (0, OTI ME)
233 TIM€0 ( 1) a T I M E O (  1) 4 OT IME
2344 1~ CO NT INUE
235 C
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I
23~ C
237 C CALCULATE THE TIMESTEP BASED ON FLO W VE LOC ITY AND EXTERNAL LIP4ITS.
23 0 C * * * * * * * A * * * * * * * a * * * a A * * * * * a • * * * * *
239 CALL SECOND ~1 , Oh M!)
24 u 00 20 I S 

~~
2~~l LA U SV (I) a DA B SCVELC I) )
247 2o PAB SY C I ) I DM A X1 (C’ABSV (I), DA BS (VOLD (X)))
244 3 CALL OTFLOW (~~A0, DA BSV, DTVA L , N)
2 4 44  D E L T A T  • Dt~INt (DTMAX , o.3500*DTVAL )
2145 DELTAT I PMIN~ (DELTAT, 1.100*DTPRE)
24~ IF (DEL TAT .17 , OT MIN ) WRIT E (6, 1005) ISTEP , DELTAT , DTMIN

V 2~~7 D E L T A T  * D M A X I  ( D E L T A 7 ,  OTHIN )
D T F’RE a DF. L T A T

V 
. 749 C A LL S E C O ND (0 , OTIME)

250 T I N E C ( 2) a T I I I ED(  2) + [iTIME
25~ C
252 C v 4 * A * * * * * * * * * * * ** * * * * * * * * ** a A * *  *
253 C ~ TH~ R ESUL TS A N D U IA G I J O S T I C S  A R E PR I NTE C RY CELL. AN D eY LA Y E R . THI
254 C UTILIT Y EPGPRT 0515 THE CELL IDENT I F IE R MA TERC(I ) TO p I5T IN 1*UIS I~

V 255 C LAYER BOUNDA R IES Fop CERTAIN IM POR TA N T CON S F PVATI O4 SI ”S .
2~ b C * * * * * *A * * *A * * * * * * * * *A * * * * $ A * a *  * *  *

257 IF ( IP R IN T  .E~~, 0) C0 TO 30
258 IF ( M O D ( I S T F L P I , I P PI N T )  .ME. ~‘) G~ T O 30

V 25o C
260 C * * *  * * *  * * *  a * * * *  * * * * * * * * * * * * s * * * * $ *
261 C C A L C U L A T E  T HE EN E RGIES A Nr O T H E R  Q U A N T I T I E S  AS D I a G t O S T I C S .
767 C * * * * * * * * * * * * * * a * * * a * * * * . * * * * * * * *
263 C ALL SECOND (1, OTI ME,
264 CALL uSEGEO (~~A0, AR E A, R ADC, LA M C , N)

265 (0 25 I • 2, N p

266 ET HPt’(I) a P t ~~ (~~~ /CGA N’~ AC (I) — 1.QD0)
267 C
26 8 C THE FO LLO W I NG EUIV ~C T I O N  E V A L U A T E S  T HE E N E R GY I NT E G R A L  FO P  A GA M P ’ A
269 C EQUA LS 1/2 “5 0110” F DUA T IO N J OF STAT E.
27o IF (PN4OC (I) NE 0~~Ot)~’t)
27 1 1 C A R G  S P’I~~X I  ( R H O ( I ) / R H O C ( I ) , 1 .OAODC’)00000IC’ 1 )
272 IF CGA N IN ’AC (I) .EQ . 0.500) ETNIP~’(I) a — P D E  ( I ) * ( 1 . O r I
273 1 — L IA R G * P A T A N J  ( D S G P T ( D A P G  — I .OD O ) ) / u I S D P T ( C A P G  —

274 C
275 LA IIP (I ) I CRA C’ (I) — R A C C ( I ) ) A ( L A ” C ( I )  ~ 1 1 5 0 1 t * ( PA P C ( I )  —

V 276 1 RA D (I 1))*(AREA (I) — A REA r I—I )) )/CPA(’(I) — RAr (I— 1 ))
V 277 F.M I N E U )  a 0.500ARHO (I)*(VEL .(I)**2*LAMP (I) + V EL (I~~I)*A2 *

278 1 ( L A M C ( I )  LA M P C I f l ) , LA M C ( I )
279 E T O T L ( 1 )  a E K I H E C I )  4 IT H R H( I )
2Bo  25 THFPAC (I) a

JSTEP = ISTEP —

202 WR ITE (b, 1~’00) JSTEP . DEL V T A T ,  T I M E
283 w R IT E  (6 , 11402)

V 2 044  NPIT E (6, 1001) (I, ~A DCI ), V EL CI ), RHO (I), RF1 (fl~ ET L (I).
285 1 PAVG (I ), V AVG (I), LAMCC!) , E~ TC(I), THFRAC(I ), G,~’”AC (I),

2 I • 1, N P )

287 W RITE Ct ’ , 2I~ I 1 3  ISTE~~, TIME
288 HPI T E (6 , 2002) (TIME’) (JJ), JJ 1 , ~~
189 C
2~ o C * * * A * * * * a * * * * * * * * * A * * * * * A * * * * * * *
29 1 C C H EC K ON T HE 1 I ; T L C P A T O F ’  PE P FO PMA ICE VIA A D IN CO . T H E ~~ G U f t ’ .T I

2°2 C PREV E NTS T HE R ESE T  ‘F T HE N CAL L P0 I N T E F  IN A P I N C  TO Z EP’ . T HJ S
2
~
3 C SMOO T HING IS ON LY ENABLED ON THE IN IT IAL ~A T # .

294 C * A * * * * * * * * * * * * * ~ * . * * * * * * a * * * * * * * *
CALL A L I I JE r ’  (I , IS T E P )
-R IT E . ( I, , l( ’ 1 )

V 
2~ 7 CA LL S IC O ICJ ( N - , PTI~~r
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V V~~ 298 TIN ’EC( 3) a T I ’FN ( 3) + TI~~E
V 2~~9 C

30 Q C * * * A A * * A * * * * * * * * * A * * * . * * . . * . * • 1  *

3’ ) i  C ( N E P G Y  A r t .  OT NI L P T M I A G N O S T I C S  SHELL ~Y SHELL. TH E MA T E R IA L  C A N  v A R Y
302 C ~, I T H I N  A SHELL NUT THE SHFLLS M UST HE EN CO UNT E RED IN NLJHEP ICAL

V V 3 0 3  C S E C U E r C E  P R O ”  1 7”  AT HO ST 5 .
30~ C * * * * a ~ * * * * * * * * A * * * A ~ * * * * * * * A * * •

CALL S L C O l~C ( 1 , NTI” [ )
C ALL t : V G R P T  (4A0, VEL , A~’EA , L AM C, RHO , ~~~~ N, EKI kE , ET~~P1A )
C A LL $LC r~’~[ ( 4 , I V T I M I )

3 ’)~ TI MED ( 4 )  a 7 I4 1t ( £2 )  + CTIME
3(~g ~3 1 0 3 C 0 4 . T I N ,JL
3 1 1 C
3 1 2 C * * * a  * * * * I * * a * * * A * * * * * * * A * * * * * A A * *
3 ) 3  C ~ LPF~~f~ ’ G PA ~~’ I C S  $~~ T O BE UEV EL O~ EC’
3 l~ c * * * * * * a * * * ~ * * a * * * * * *  * * * a * * * * * A A * *
315 Ir ( IFL’T  .fl.. (

~) GO T~ 35
V 3 1~- IF (“ f l I I ST E P j ,  I P L O T )  .4 ! .  ~ ) C0 T O 35 V

31 7 CALL SECOND ( 1 , CTIN ’E)
3l~ C * * * *
3 1 9 C * * A *
32~ C A LL 5~~C I~ N~~ ( ‘

~ , ~TIH~~)
3? j  T IHE( (  5) a T I ’ -~E0 (  5) + UTI M E

V 322 35 C O N T I 4 V U E
323 CV 
32 44 C * * ~ * * * * * * * * * * * A * * * * * * * * * * * * A * A * * *
325 C I N T E G R A T E  THE CHEM ICAL K I N E T i C  P A T E  EQ U A T I O N S  ** TO BE DEV ELO P ED
32~ c * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * * * * * *
327 IF (.~~O T .LC HE’~ ) GO To £2 4 )
328 C A L L  S E C O ~V U ( 1 , DT I M E
32o C * * * *
3 3o  C * * *

CA L L  S L C O ~~ (~ UTj ’ - ~~)
332 T I N ’ F C C  t ’) T 1 4 - ’ E P(  6 )  + OTIHE
333 C ON .TI NUE
33~ C

V 3’s c * A * * * * ~ * * * * * * * * A * * * * * * ~ * A * * * * * A * *
336 C P E P F O P’ I  C I F F U S I O V N C A L C U L A T I O N S  ** T O BE DEVEL O PED
337 C
33~ IF (.NOT .LLIF F ) GO T’ So

C A L L  SLC~~N -C V ( 1 , O T I M E ,
3441 C * A * *
3 ” 1  C * A * A
3~~2 C A L L  S E C O N - C  (II , OTIME)
343 TI rD 7 a T I M E D (  7) + LV T I M E

5 C ON T IN -u F
345  C
3~ A C * * * * * * * * * * * * * * * A ~ * * A ~ * * * * * * * A * A A *
347 C P FR FO PM COND UCTI ON AND ENERGY A DDITIO N S ** TO BE D EVELOPED
3~~8 C * * * * * * * A * * * * * * * * * * * * * * * * * * * * * * A *

IF ( r 1~~T LT C ~~Jj ) GO TO
350 C A L L .  S E C O ~~C C l , DTIM ~~5~ C * A * *
352 C * * *
353 C A LL SECON -D (0, DTIPE )

V 35~ TI UE U( 5) a T I M E O C  8) + CT I N E
V 

3 CO~JINUE
336 C
357 C * * * * * * * * * * * * A * * * * * a * * * * * * A * * * * A * *
35~ C CA L C LV L A I E  T ME AUG M E NTED PRESSURE A ND UPf)ATE THE ENTPOPY IF N O N —

35o C IPI~~L P H Y S I C S  15 INCLUDED . S A V E  T HE OL D PRESSURE AND V E L O C I T Y .
3bo C * * * * * * * * * * * * * A * A A * * ~ * * * * * * * * * ~ * * *
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361 QO £4014 I ?~
362 C * * A
363 C * * A ~
3644 404) C O N T I N U E

V 365 IF (L CHE M .~~P. LO IF F ~OR . LT C N D)  C A L L  S E T E O S  (R H O , PRE , N )
36a C’ 100 I • 7, NP
367 POLD(!) = P~ L (I)
368 lOG V ’LUCT ) a VEL (I)
369 vOLP(1) = V E L . ( 1 )
37o C

V 3 7 t  C A * * * * * * A * * * A * * * * * A * * A * * * * * * * * * * * *
372 C I N T E G 4 A T E  A H Y D R O D Y N A M I C  T I N E S T E P  OF LENGTH DELTA T AFT ER RE SE TTING

V 373 C THE F 3 0 1 N , ( ’A RY C O N D I T I O N S  T O TH E END OF THE T I M E S T E P .
37u C * * a * * * * * * * * * * * * * *  ~~~~~~~~~~~~~~~~~~~~ A * A * * *
375 IF (.~~~~~.L. TP PT ) GO T o 7.~37o C A L L  SE C~~~u (

~~, DTI ~~L )
377 V P p ~E~ a V EL ftP )

V 37s ~ P~~E~— = PRJ J E H i- D E L T A T A V R N E W
37q V L 1j E . -~ = V E L C 1 )
3P~ PL NFK = PLNE~ $ D E L T A T a V L N E ~38 1 C A L L  A D I N C  (N A 1 ,  V EL ,  RH O, PR!, N, D E L T A T ,  IST EP ,

V 382 i RRN[* , R L NEW . V R N E W I V L PJE~~)V 383 C~A L L.  S E C O P D (I ’ , C l IM E)
35~ T I N E 0 (  9) a TIM ED( 9) + ClIME
3~s To C ON T I NUE
30o C
3 87 C * A * * * * * A * * * A * * * * A * * * * * * A * * * *  * * * A *
3~a C C A L C U L A TE TH1V A V E R A G E V E L O C I T Y  A N D PNFS5L R~ A C T U A L L Y  USED El AOIN C
3~~ C TO A D VA N C E THE POS ITION S (HA D) A N D V E L O C I T I E S  ( V E L )  F’P c I A G ~~OS IS .

V 3Q~ C * * A * * * * * * * * * * * * * * * * * A * A A * * * * A a * A *

391 C A L L  S ET E PS (E F S H U , E P S V O ,  M O A M P , EPS~~, I P S Y )
oo i~~ I a ?, N P

393 V A V G ( I )  = E P S R * V O L L  ( I )  + (1. 000 E P S R ) * V E L ( I )
3~~ I t o  P A v G ( T )  a E P S V * P O L r V ( I )  + (1. 000 — EPSV) *PPECI )
395 VA V G( 1 )  = L P S P * V O L r ( 1 )  + ( 1 .00 0  — EPSP)AV !L(1)
3~ b C
397 T I P !  a T I~~L + LE L TAT
39R qqqq C O N T INUE
309
‘400 LNt. V
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5L J B R D L I T  TN - f. € rr,r~~T (pA i r , V~ EW , A PE A , L A M , N V 4 ) J .~~, PlrJ[.~,
2 I ‘ , x , 4 ’ L V~~~ ~~~ ~~ )
3 C

. 4 4 c ~~~- C ; V  
~ ~~ a F 5  T ’~F C E L L  A N D IN T E R F A C E  D A T A  A ’ D  u S E S  T HE “ A T E R I A L

5 C I t E ’ .TIr !I~~ A P I~ A Y  V l 47L~~C TO PETAI 1ULL TE V A R IO US PHY SICAL QUA N T IT IES

~ C E~ L A Y L ~ ~V J T b [~~ ~“
A 4 - R ’ ~ CELL . T H E  ( I A G H O S T I C  IS P A R T I C U L A R LY U SE—

V 
V 7 ~ 1~~ r~~- u - E r o G E Jr~~ ’s C A L C u L A T I O N S . O N L Y  F IV E  L A Y E R S  AP E P C p4 ~IT T E p

I C I 1~~L~ VT L. Y [LI T T HiS  C D ~~V L D  PL I N - C P E A S E U  E A S I L Y  BY C HA N G I I  C So~~ ‘FV 

~-~E L ~~ ‘~~‘ U i~’ IT &  A L  fl’ M A T S  T~- A 4 ~~ S T E L L I ~~(2 rFi~T F O R D EV E L O P I N G
0 C T ’~~S ~C) T I E  ~~ ~UI NC .

V I I  C
I 

~ F A 4 . A I pT E H  ‘ P T  a
1 3 r F A L * a  ‘ ‘F~~( 4 JP T ) ,  P : E ~~( r, P T ) ,  MN F K ( l : PT ) ,  E E J ( N - P T )  V
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V 

V STANDARD TEST #1

V A N  A L I A R A T I C  SO UN D H A V E  T E S T

3 & LOl , T U

5 & S F~L I N I
~
7 &SN ~L D A T
ô LC E L L S a I u ,  ~Na l . vr 0 ,  G A ” ’ A S 1 1 ,4400 , RHO SI1. 44 00,  P R E S a 1 , 000,

FO~~S:1 .000 ,
V I~~ &INI.

V 
I l

V 
12
13 TH E T I P It lC.5 F O R , 4CI ’JC, E V E N  TH O UGH 7T IS VECT OP IED , ARE A LOT

V 1~~ SL0~’LR T H A I  C O R R L S F O N C ’ I N G  EX P L I C I T  AND EULE R IAN C A L C U L A T I O N S . THE
V ¶5 A n NE PACKAGE IS CONSTRUCT ED FOR FLEXIBILITY AND A C C U RA C Y , NOT

V Ip kA ~ SPI E D . SEVERA L CALC ULA T IONS USING STANDA PD TEST ~j HAVE BCEN
1 7 P F . 1 r 0 P r ~EU T O C G ) S T R U C T  T~~E FO L L O , I N G  T IMING T A B L E .  NO T E I  M OST OF

V I~ T~~~ L O 4 V P L  T i N D  1~ A IV I N C  O C C U R S  IN THE T1~A N $ C E N D E 7  T A L  FU NCT I~~N
L V A L U A T I O N S  N O )  TH E E Q U A T I O N  F S T A T E .

7’,
2 t~CLL LS C c D  T~~HE. OCH CA L l CPU T IME PER IT E RA T I O N  

V 23
~ .t~o8? SEC u. 0~~23 SEC

2~
V 15 ~~~~~~ ~~~ 0 .0f l 26  SEC

27
v .0 1 3?  sE C o .O°36 SEC

?o
3,) 3~~V c . 0 1 7 5  SE C 0 .0 046  S EC
3 1

V 3~ ~ )U o . C276 S E C o .u0 73  ~EC
- 3

V 3’. ~~I 4 4  U .v ~4 7S SEC 0 .0 110 SEC
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Appendix D
STANDARD TEST #2

1 4’~ II’t~~~~ LSSI~ LE SLUG T~4EE~ A10. 1I~~A TI C GAS ES

~ 1 !U~ 1.OC~u, ~~~~~~~~~~~~
5 I(Pflj

b
7 t.$hELLs3, ~V LL~ fl ,c~I,~O ,
8 I LN LO
9 ISHLc’AT

1(1 LCLLLS.5 , PN.1.Ot ~o, VN.1,UD— 3 , HAT (RSi1 .~~1N , GA Mr AS.1 .~U’O,
Ii ‘ elOSa1 .i~DO , r~HaCS ~~ .oDo . PP~ Si* .uDu,
1~ ~.LNL ~13 &SI4LDA’

LtLLLS~5, RNt~ .(&U, V NsI . OD— 3, MAT ERS.? 102D0, ~~~~~~~~~~~~~
15 P~ WS i1 ,oDn , ~‘HO C Ss1,~ D2, PRF8i 1.000, PH~ 5i1.’4O O OOOQ UO (~~14D 2,
lb ILP ’ L~17 ISHLDA 1’
18 LCLLLSaS, Pt 13,000,  V P4co ,O(~O, MAT LRS’ 3.O 1L~O, GA P4~ A Ssl .~~ (~,19 RNOSsI .4C0 , RH CC3s~ .vr~U. P~ ES.1.UDO,
?u IiNt~
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Appendix E
STANDARD TEST #3

1 A LItUS SIIIULATIGN
2
3 &C ep ~TR ~
‘4 L T M I N . 1 . O D — 7 , D YMA X s 1 . D ~~.’I,
5 EPSPOIO. ’45P0 , LPSVU.O,44500.

b PIAXSTP .1001. IPRINTuSO ,
7 AL P~ AI2. t4 I~AMPs 1U.
8
9 I5 H LIN!

NSIIFLL.5, DVL LIO ,O L)O ,
i i
12
13 LC~ LL$. 3, PN. 1O. O L O ,  V NIO .OD. 3, NA T ERS I I IO ICf l , GA1 ”AS . l ,bbb YDU,

RHOS. I•20—3, PI-i~ C8.fl.OOO , PRES~ 1,O~ b,
15 I CN L
lô I 5 H LC A T
17 LCtLLS.2 , RNsIS .ODO , VN.O.OD—3 , MATI PS .2. o? DO, GA U4A $c? ,oo A c (~o,
18 kHOS.t . 2U—3 , P14ec8. o .ODO, PPE$u1- ,00b ,
19 I~ NL ,
20 I5I-4LDAT

LC~ LL$.15, RN.30,OCO, V~vtO .OO—3, MATt PSa31Q3D~ , GA~5MA $z O ,5QOL’ t) Q,
22 P~ W8p�.ODO, f~I4OC 5s 1,ot~~, PR ES .j .UD6, PhOSr 1.O OOO oeoc ~~1oDo,
23 l~~NO
2a 15 N LCA T
25 LC~ LL$.5, PN.351OL~O, VNsf~.oD.3, MATEP S .4,O~4t~O , GA~’MA5 z(~.5ooorc,

P~ w$.i•5Do, PHCCSa7.8Dq, PNESI1.UDb , ~Ht~S’7,8~oOooQoQ78t’Q,
27 IIND
2b ISHLOAT
29 LCLLLS~5, 

Pt1s~~ .oto, VNIO .OD— 3, MATEPS,5,050fl, GA~’P~A$’’ ,~~e(,oDc .,
3u RHO 5~~1.2L ,—j . Ph~C$uo.ODo, PRIS’i .0D8, P~ W$:t,ODO ,
31 li P4~
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