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DISPL1: A Software Package for One and Two Spatially
Dimensioned Kinetics-Diffusion Problems

by

G. K. Leaf and M. Minkoff

ABSTRACT

DISPL1 is a software package for solving some second order
nonlinear systems of partial differential equations including
parabolic, elliptic, hyperbolic, and some mixed types such as
parabolic-elliptic equations. Fairly general nonlinear boundary
conditions are allowed as well as interface conditions for problems
in an inhomogeneous media. The spatial domain is one or two dimen-
sional with Cartesian, cylindrical, or spherical (in one dimension
only) geometry. The numerical method is based on the use of
Galerkin's procedure combined with the use of B-splines in order to
reduce the system of PDE's to a system of ODE's. The latter system
is then solved with a sophisticated ODE software package. Software
features include extensive dump/restart facilities, free format
input, moderate printed output capability, dynamic storage alloca-
tion, and three graphics packages.

Introduction

DISPLi is a computer software system for solving a broad class of partial

differential equations. This class includes problems which arise from the

simulation of: time dependent heat conduction in nonhomogeneous media; the

chemical kinetics-diffusion (or transport) of minor chemical species in the

upper atmosphere; the steady state behavior of the boundary layer of a gas

bubble immersed in a moving fluid; a water hammer; tertiary recovery of oil by

thermal methods; steady state heat conduction; and chemical concentrations in

both steady and unsteady tubular chemical reactors (packed or epty). This

class then includes certain systems of partial differential equations of the

following types: parabolic, elliptic, hyperbolic and certain mixed systems of

these three types. Fairly general nonlinear boundary conditions are allowed

and include those for which the solution, its flux or combinations of these

are specified at the boundary, in perhaps a very complicated functional

relationship. The basic set of equations consists of a substantial subset of



2

of the class of second order nonlinear systems of partial differential equa-

tions in one or two space-like variables and one time-like variable. The

spatial domain is rectangular in either Cartesian, cylindrical or spherical

(one dimension only) gee etry. D SPLl permits the presence of several

material interfaces so that a variety of problems involving non-homogeneous

media can be easily solved.

The numerical method used in DISPLl can be described as follows. The

system of partial differential equations is discretized in the space-like

variables. This discretization is achieved by using a Galerkin procedure in

conjunction with B-splines of a specified order and smoothness. This leads

to a system of first order ordinary differential equations (ODE's) in the

-time-like variable which is solved by a sophisticated ODE software package.

Currently, the ODE solver is a variation of GEAR.

The software aspects in DISPL1 of interest to the user are as follows.

Input is via namelist which implies a free field format. An extensive dump

and restart facility is available which has the following features. During

either a steady-state or a transient calculation, a dump occurs automatically

when the computer time allotted for the job has been exceeded. A dump can

also be made at the normal conclusion of a steady-state calculation for use

in starting a subsequent transient calculation. Furthermore, when time is

exceeded, the dump is made in such a way that the internal routines can be

restarted without any significant numerical effect. The restart is effected

via a four-card change in the input deck. There are also extensive output

capabilities including printed output and three graphics packages (one-

dimensional slices, contours, and three-dimensional perspectives). Further

the coding, other than that in the B-spline and ODE packages, and the user

routines, is in MORTRAN. This language is a FORTRAN preprocessor which uses

macro-instructions, adjusts the dimension of internal arrays at compile time,

and allows structured programming.

In the sequel, we describe the problem types which can be solved by
DISPLI in 1. In 2, we describe the numerical methods used in this code.

The package is treated in 53,4,5,6, while sample problem coding and input

are given in 7. Thus 441 and 2 describe the underlying methods and strategies

used in DISPL1, while 513-7 constitute a user's guide with examples.



To solve a given problem, the following two-tier approach to using this

report is recommended.

I. Initial Use of the Package

1. Study 1 and 3. This will provide a basic introduction to the form
of the equation and terminology.

2. Use a previous deck (there are two sample decks provided with the
code) as a basis for the current deck. That is, rather than develop-
ing the user deck from scratch, modify a previous one.

3. Use 5 4 to determine the form of the user routines.

4. Use the Machine Readable Documentation listing to determine Namelist
data.

II. Further Use of the Package

1. Refer to 5 for assistance in modifying the macro variables, using
the restart features, and interpreting error messages.

2. Refer to 6 for interpretation of printed and graphical output.

3. Refer to 7 for further examples.

4. Users interested in the mathematical and numerical procedures used
should study 2.

Finally, some cautionary remarks concerning this code. First, the code

is designed as an engineering tool for use on a reasonably large class of

practical problems. The code is not designed to replace either special purpose

programs or production codes. Second, this code will not solve every second-

order partial differential equation. Some of the more obvious restrictions

include such aspects as rectangular spatial domains, no cross-derivatives, any

side is of one boundary condition type, and second derivative information is

not available for use in boundary conditions. Third, this program is primarily

designed for nonlinear systems of parabolic equations. However, the program

can solve some problems from other classes of PDE's including elliptic, hyper-

bolic, and mixed type problems such as parabolic-elliptic types (cf. 7.

This generality means that the user can specify ill-posed problems either

through a conceptual error or an input error. Moreover, for some hyperbolic

problems, the numerical method used in this code (Galerkin combined with a

stiff ODE solver) will not be stable. Thus when using this code, the user has

an obligation to see that he has formulated a meaningful problem for which a

solution exists.
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1. NATURE OF THE PARTIAL DIi-ERENTIAL EQUATIONS

This program is designed to approximate the solution of a class of non-

linear parabolic systems of partial differential equations in one dimension

(Cartesian, cylindrical, or spherical geometry) or two dimensions (Cartesian

or cylindrical geometry). The approximation is based on the use of a Galerkin

procedure to reduce the system of partial differential equations to a system

of ordinary differential equations. This system of ordinary differential

equations is then solved by means of a variant of the ANL version of the GEAR

code [1]. In the Galerkin procedure, the class of approximating functions is

generated from a tensor product basis of one-dimensional B-splines generated

by subroutines developed by de Boor [2].

The starting point for this work was a desire to provide the capability

for solving some simplified forms of the equation of continuity for a multi-

component chemically reactive fluid. Of course, in most fluid dynamics

problems involving chemical reactions, it is necessary to carry out the

simultaneous solution of the coupled equations of mass, momentum, and energy.

However, there is a substantial class of problems for which a solution of the

equation of continuity will suffice; it is for some of these problems that

this code is intended.

Tfe system of PDE's treated in this program does not have to be con-

sidered in any particular context; however, it may be helpful to use a physical

model in order to provide some motivation for the choice of the class of PDE's

treated here. To this end, consider a multicomponent fluid of M species with

mass concentration p1 for the i-th species, and total mass concentration
M

p = { p1 . Let I1 denote the velocity of the i-th species with respect to
i=1 M

fixed coordinate axes, and 7 = pV/p denotes the local mass averaged veloc-

ity. Let q1 denote the rate of production of the i-th species from chemical

reactions and other volume distributed sources, and 1 = (4i-V)p1 denote the

mass flux relative to the mass averaged velocity. The equation of continuity

for the i-th species is then given by

api
(1.1) + v.(pgi+3) = q1, 1 < i < M

where vs denotes the divergence operator. If the flux 3 can be approximated
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by

= -pV 1V(p1/p) (Fick's law of diffusivity)

then we have

ap.

(1.2) + V(pi1) = V-(pVV(p./p)) + q , 1 < i < M

If we assume that the total mass density p is constant, then V-(pV.V(p./p)) =
M M

V-(V.Vp.). Moreover, since j 5. = q = 0, we find by summing Eq. (1.2)
11 i=1

+ V-(pl) = 0. When p is constant this reduces to V- = 0. Now V-(pt) =
J-Vp. + p V.; thus when p is constant, Eq. (1.2) reduces to

Bp.
(1.3) 1+ -Vp = V-(Vp ) + q , 1 < i < M

or since V-l = 0 we can write this equation in its conservative form

Bp.
(1.4) 1+ V-(p ) = V-(V. Vp.) + q1 , 1 < i < M.

Note: If p is not constant, we can set * = p./p and using the continuity

equation for p, replace equation 1.2 by

(1.3') p-9 + pVVVti = V-(pDV9) + q 1 < i < M.

Equations (1.3)or(1.3') and (1.4) provide a basis for the selection of a

class of PDE's treated by the program. With this physical model in mind, we

consider the following system of nonlinear parabolic equations.

au

(1.5) [PCp]m(t,r,z,) m+ 8V(im(t,r,z,u)um) + (1e) m(t,r,z,u)Vum

M
= V(fm(t,r,z,u,au)Vum) + c um' +

m=1
M M

I Icmmmum'um"e + fm(t,r,z,u,au) for 1 < m < M
m'=1 m"=1

Here um = um(r,z,t) denotes the dependent variable (e.g. concentration of the

m-th species), and we have included the option of considering a system in the

substantial derivative form (0 = 0) or in the conservative form (e = 1). The
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mass averaged velocity has been somewhat generalized by the inclusion of a

two-componentm = (VrVZ)T(t,r,z,u) user supplied function which, as indi-

cated, may depend on the species index m as well as (t,r,z) and u(t,r,z) =

(upu 2,...,mM)T(t,r,z), The coefficient of diffusivityt =m (VrV)T is a two

component user supplied function with the indicated dependencies. The expres-

sion (lmum) is interpreted as the two component vector

r aum n z um)T
m~r' m~~z

so that anisotropic diffusion can be taken into account. The heat capacity

coefficient [pCp]m(tr,zu) is included for heat conduction problems when
n = 1 and u(t,r,z) represents the temperature. Note, however, that this

system allows PCP to depend on the species index m when M > 1; in particular

[PC ]m can be identically zero. As indicated, first and second order reaction
rate coefficients are assumed to be constant. These rate constants are pro-

vided to the program through the input. The distributed source fm(tr,z,u,vu)

is user supplied, and it can have the indicated dependencies when u =

(u1,...,uM)T(t,r,z) and Vu = (Vu1,...,VuM)T(t,r,z). The convection velocity

1m(t,r,z,u), diffusivityt (t,r,z,u,), heat capacity [PC,](t,r,z,u), and the
distributed source fm(t,r,z,I, t) are made available to the program by means

of user supplied subroutines (VEL, DIFUSE, RHOCP, and EXTSRC, respectively).

1.1 Domain of the Equation

Equation (1.5) is considered over a domain R = [R,1?] x [Z,Z] which is

rectangular with sides parallel to the coordinate axes. The geometry can be

either Cartesian, cylindrical or spherical. In order to allow for diffusion

in an inhomogeneous medium, the domain R can be composed of subrectangles

where each subrectangle can have its own material properties. It is assumed

that these subrectangles are formed by a set of NTIR vertical interfaces and a

set of NTIZ horizontal interfaces as shown in Fig. 1.

Here the four sides of the domain R are indexed from 1 to 4 counterclock-

wise starting on the left hand side of R as indicated by the symbols

ITI,...,ITI in Fig. 1. This indexing scheme for the sides is used throughout

this report.

*Here 1' denotes the transpose.



7

z

NTIZ

III

Z i...... - - - - - --__- - - --_-_- -_- - - - ----_

NTI R """
"

"

S

"

r
R

Interface

Figure 1
Partition of a Domain

1.2 Boundary Conditions

This code does not require boundary conditions to be imposed on each of

the four sides for each species. Thus, in principle, this code can deal with

a larger class of problems than the set of coupled nonlinear parabolic equa-

tions. However, this larger class includes problems which are not well posed

as well as problems for which the numerical method used in this code is un-

stable. For this reason, the discussion is primarily concerned with the

class of parabolic type problems.

For each species m, a boundary condition of the following form may be
specified on each of the four sides of the domain R.

(1.6) chum + B mVumn 0syhpm

where ,i z (m,s), s B(m,s), y = y(m,s), 1 < < < M, 1 < s < 4 are specified
constants which depend on the species index m and the side index s. On the
left hand side of R (side 1), we have h = h1(Jm), 1 < J <_ NTIZ+1, 1 < m < M;
and on side 3, we have h = h3(J,m), 1 < J < NTIZ+1, 1 < m < M. On sides 2 and
4, we have h = h2(I,m) and h = h4(I,m) "espectively for 1 < I < NTIR+1,

i

0
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1 < m < M. Recall that NTIR(NTIZ) is the number of vertical (horizontal) in-

terfaces in R; so that for each species m, these mass transfer coefficients h

can depend on the materials which are present on the boundary of R. The func-

tion p0 = p0(t,m,s,x) is specified by the user as functions of time t, species

m, side s, and the position x on side s (thus, if s = 1 or 3, x = z and if

s = 2 or 4, x = r). In addition, the function p0 can depend on i and the

derivative vu-In|, each evaluated at x on side s. Thus the code can handle

nonlinear boundary conditions as well as boundary conditions involving rela-

tionships between the species at the boundary. Here n = (s) denotes the

exterior unit normal for the boundary aR of R. Thus if r and z are the unit

coordinate vectors, we have n(1) = -r, n(2) = -z, n(3) = r, and n(4) = z. In

addition, we allow for the possibility that p0 may 'apend on the sign of the

normal component Vm-n of the convection velocity on the boundary, e.g. p0 = 0
if n < 0.

Since Vm-n is available, boundary conditions of the form

chum - 8(umvm Vmvum)-n = yhpm

can be treated in this code by writing this condition in the form

ahum + 6vum 'n = yhp0 + BumVm-n

and supplying the r.h.s. in subroutine BRHO. The motivation for this type

of condition is provided by the mass transport model where (umVm- mvum)@i

is the normal component of the total mass flux.

1.3 Interface Conditions

Let NTIR denote the number of vertical interfaces and NTIZ the number of

horizontal interfaces in R as shown in Fig. 1. Note that an interface extends

from one external boundary of R.. to the opposite external boundary. Let r de-

note any one of these interfaces and let |n| denote the positive unit vector

r if r is vertical and the positive unit vector i if r is horizontal. If

F(t,r,z) is any given function, F r- will denote the limiting value of F on r
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from the left (below) if r is vertical (horizontal) while FIr+ denotes the

limiting value from the right (above) if r is vertical (horizontal).

This program allows for two possible types of interface conditions to be

imposed on um at an interface r.

A. Continuous Interface Condition

Before stating this interface condition, we impose the following restric-

tion on the behavior of 'm across an interface.

(H1.1) Im(t,r,z,u) as a function of (r,z) is continuous

across an interface r.

The continuous interface condition on r requires that the concentration and

the normal component of the total flux be continuous across the interface r,

that is

(1.7) Jm(t,r,z)|r- = um(t,r,z)Ir+

(Ymum-mvum) I -= (mum-mvum)i I' r+

Since 'm is assumed to be continuous across r, this last condition reduces to

(1.8) bm mI 1r mvum' Ir+

B. Gap Interface Condition

The gap interface condition is intended for use in problems of heat

transfer between solids of different material properties. For this reason it

is assumed in this case that = 0, and the conditions are of the following

form.

a) - mvum'IIr- = h{umr - umlr+}

(1.9)I
b) VmvumII'iIr mvumhI IIr+

Note that if r is a vertical interface, then m "m.ln m r; while
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au

OmvumInI = V if r is a horizontal interface. The gap interface is in-

tended primarily for problems in heat transfer when the number of species M

is equal to one. Although the condition (1.9) can be used when M > 1, the

program imposes the following restriction on gap interfaces.

(H1.2) If r is a gap interface for one species then

it must be a gap interface for all species.

Thus the classification of interfaces into two types -- continuity and gap --
is independent of species.

The gap coefficients h9 can depend on the following parameters. First

consider the set of all vertical gap interfaces and let this sL. be indexed

by I, 1 < I < NIGAP < NTIR. The I-th vertical gap will intersect a set of

NTIZ horizontal interfaces. This horizontal set will subdivide the vertical

gap into a set of NTIZ+1 subintervals. The vertical gap coefficients can

depend on the following parameters.

(1.10) h1V = hV9(m,I,J) where 1 < m < M, 1 < I < NIGAP,

and 1 < J < NTIZ+1.

In the same way, if NJGAP denotes the number of horizontal gaps, then the

horizontal gap coefficients can depend on the following parameters.

(1.11) hHg = hH9(m,J,I) where 1 < m < M, 1 < J < NJGAP,

and 1 < I < NTIR+1.

1.4 Initial Conditions

The system (1.5) - (1.9) will be complete when a set of initial condi-

tions are specified. This program allows for two possibilities. First, an

arbitrary initial distribution {um(r,z): 1 < m < M} can be specified by the

user. The second possible approach is to start from a steady-state or

equilibrium distribution {um(r,z): 1 < m < M}. The program computes this

steady-state distribution (prior to the start of the transient calculation)

as the asymptotic solution (i.e., as the time t goes to infinity) correspond-

ing to specified time-independent convection velocities Vm, diffusion
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coefficients Dm, heat capacity0coefficients [pC ]m distributed sources fm,

and external boundary source pm. Since the program calculates the steady-state

solution as an asymptotic solution in time of a system of first order ODE's,

the program requires an initial estimate for the steady-state solution. The

program allows for two possibilities. First, the user may provide an initial

estimate for the steady-state distribution just as he would provide an initial

distribution for a transient calculation. The second option is to let the

program generate an initial estimate for the steady-state solution.

In summary, this program approximates the solution to the nonlinear

parabolic system (1.5), (1.6), (1.8), and (1.9) over a two-dimensional rec-

tingular domain in either Cartesian, cylindrical, or spherical (one dimension-

al) geometry. The domain may be subdivided into subrectangles having different

material properties with specified interface conditions. The user supplies

the convection velocities I m(t,r,z, ), the diffusion coefficient mm(t,r,z,uv),

the heat capacity coefficients [pC ]m(t,r,z,U), the distributed sources

fm (t,r,z,uu),and the external boundary source p0(t,m,s,x). First and second

order constant reaction rates can be specified on input. Higher order and

variable reaction rates are specified in the distributed sources. The program

can perform either a transient calculation, or a steady-state calculation, or

a steady-state calculation followed by a transient calculation. The program

also has a restart capability which will be described in a later section.
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2. APPROXIMATION PROCEDURE

This program approximates the solution to Eqs. (1.5) - (1.9) by means of

a Galerkin type procedure based on the use of a tensor product basis of one-

dimensional B-splines. The integrals which arise from the Galerkin procedure

are evaluated by means of product Gauss-Legendre quadrature formulas.

2.1 Weak Form of the Equation

The Galerkin procedure used in this program starts from a weak form of

Eqs. (1.5), (1.6), (1.8), and (1.9). In order to simplify the notation, we

will drop the species index m in this discussion. For each species, Eq. (1.5)

has the general form

(2.1) [pC ] j-= -ev-(Vu) - (1-e)V-vu + v-( Vu) + F(t,r,z,u,vu)

where pC = pC (t,r,z,u), I = V(t,r,z,u) and _ = (t,r,z,u). Here we have

grouped the reaction sources and the distributed source into the general term

F. Recall that the rectangular domain R is the union of material subrectangles

{RS) defined by a set of vertical and horizontal interfaces. Let W = w(r,z)

be any function belonging to the class CI(R5) for each s and, for the moment,

satisfying no other constraints. To obtain a weak form, we multiply Eq. (2.1)

by w and integrate the resulting equation over the domain R. If <u,w> = ffuw,

we obtain the expression

(2.2) <[pC ] a, w> = -(1-O)<Y-vu,w> + <v. (Vvu-eOu),w> + <F,w>

To obtain the weak solution, we first apply Green's theorem to the divergence

term over each subrectangle Rs. Before doing this we will introduce some no-

tation for boundaries and interfaces. Let aR denote that part of the exter-

nal boundary 3R for which a $ 0 in the boundary condition (1.6), let aR2

denote that part of the external boundary where no boundary condition is

imposed, and let aR% denote that part where s = 0 in condition (1.6). Thus

aR = aR% u 3R u aR2, and each part 3RO, a~1' and 3R2 may be different for

different species. For the moment we set aR = 3R u a32. Boundary conditions

on aR% are usually referred to as essential conditions. If aRs denotes the
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boundary of a material subrectangle Rs, then let rs denote that part of As

which is an interface, that is rs is not part of the external boundary aR.

Now rs = r u rc where r is that part of rs which is a gap interface and rc

is that part which is a continuity interface.

Consider the divergence term in Eq. (2.2) and apply Green's theorem over

each subrectangle Rs.

(2.3) <v" (Vvu-o7u),w> = JJwv.(Vvu-eu)
s R

= Jw(vu-eu).i-s + Jw(vvu-eu).n + Jw(Pvu-eu).i

s rs DR 3R0

- f(vu-o0u).vw

R

For each rs, the integral over rs appears twice in the above sum with the

direction of integration reversed; therefore, terms of the following form will

appear in the above sum.

(2.4) Jw(Vvu-4 u)-|n s I -w+(Dvu-eOu)+ Iis I

|rs

Here |ns) denotes the unit normal to the interface rs oriented in the positive

coordinate direction; thus (Vvu-eu)insI = _r u - ru if rs is a vertical

interface and (Vvu-efu)-InsI = _Z - eVzu if rs is a horizontal interface.

The symbol f indicates that the integral is taken in the positive coordinate
|rsi +

direction. As usual, w and w indicate limiting values on rs taken from the

left (below) and from the right (above) respectively if rs is a vertical (hor-

izontal) interface. Now rs = r u rs, so consider a continuous interface r.

If e = 1, then condition (1.8) states that

(V u-4u)-In5I (Vvu-Vu)+ .ls

Thus in either case e = 0 or 1, we find that the integral in (2.4) has the

following form on rs.



(2.5) J +(w-w)(Vvu-eOu)~.Iins

Hence if we assume, as we shall, that w is continuous across each continuity

interface rs, then these integrals over rc will not contribute to the sum

appearing in Eq. (2.3).

Next we consider a gap interface r9. At such an interface we have

assumed that $ = 0 or at least that YIn- = 0; hence using conditions (1.9),

we find that integral (2.4) on rs has the following form.

(2.6) -J (w-w+)h9(u -u+)

Irg|

Next, we consider the integral over aR = aR1 u aR2 appearing in Eq. (2.3).

On ARl, e a 0; thus we can use the boundary condition (1.6) to eliminate Vvu.
From (1.6), we have

(2.7) Vvu-n = -841h(au-yp0)

which gives

(2.8) Jw(VVu-euY)-n j= [(-e)uV-n - 8~ h(au-yp0)]

aR aR1

+ Jw[vu-euY]-i."

aR2

Next we consider the integral over aRO appearing in Eq. (2.3). On aRO

we have 8 = 0, so that u = yp /a on aRO. Since this form does not help in

simplifying the integral appearing in Eq. (2.3), we will restrict the class

of test functions from which w is selected by requiring that w a 0 on aR%.

Then this integral will not contribute to Eq. (2.3). The essential condition

u = yp /a will then be applied in a weak form by requiring

(2.9) wu = J p OW

aRO aRO
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From (2.6) and (2.8), we find that Eq. (2.3) takes the form

(2.10) <v-( vu-&Yu),w> = - J (+)h9(uu+)
s 1r9

+ J w[(-e)u in - ah(au-yp0 )] +J [Dvu-9u7].n

aR aR2

-J(Dvu-eiu).vw

R

Using this expression in Eq. (2.2), we find

(a) <[pC ] at, W>= -(1-e)<I-vu,w> - f (w-w+)h tu~-u +

slrs|

r++ -0. I1 AQ

- wuVYn - j w(ahu-yhp ) +

aR aR1  1

- JJ(Vvu-euY).vw + JJFw ,
R R

J w[3Vu-eu].
aR2

(b) Jwu =J1 0 w
aR AR0

(c) ju(t=t0)w = fu 0w

R R

(d) wu(t=t0 ) = n 3  0 (t=t0)

a0

In Eq. (2.lla), w is allowed to range over the set of all functions which

are continuous together with their first derivatives in each material sub-

rectangle Rs, and which are continuous across each continuous interface, and

which vanish on the essential boundary aR%. In Eq. (2.11b), w is allowed to

range over the set of functions w defined on aR% which are continuous together

with their first derivatives in each material subrectangle on aR% and which

are continuous across every continuous interface on 3RO. In Eq. (2.11c), w

(2.11)
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ranges over the same set of functions as in Eq. (2.11a), and in Eq. (2.11d),

w ranges over the same set as in Eq. (2.11b). The system (2.11) represents

the weak form to which the Galerkin approximation is applied.

2.2 Approximating Subspace

A Galerkin procedure seeks a solution in a subspace spanned by a given

basis set. The basis sets used in this program are tensor product basis gen-

erated from one-dimensional B-splines. The B-splines are calculated using a

subroutine package written by de Boor (2]. For completeness, we will des-

cribe B-splines in one dimension. This presentation is based on the work of

de Boor in [2,3].

2.2.1 B-Spline Basis

Let an interval [a,b] be subdivided by a mesh

w: a = X < X2 <...< XR < XR+1 = b .

The points x. will be referred to as breakpoints. In this subsection we

develop a basis for spaces of functions which are piecewise polynomials over

this mesh n. Let

P kT= {f(x): in each interval [X1,X1+1], 1 < i < E,
f(x) is equal to a polynomial of order

k (degree at most k-1)} .

Since there are t subintervals, it is clear that the dimension of Pk,, is k .

Observe that any function in Pk,u may be discontinuous at the interior break-

points {xi: 2 < i < }. We now consider subspaces of Pk,n generated by

imposing smoothness constraints on elements in Pk,F at these interior break-
points. Let v = (v2,...,v,) be a set of specified integers with 0 < v < k-1,

and let Skwv denote the space of function f(x) in Pk for which f(1(X ) =
f) (Xi), O< j <vi-1, for 2 < i < R. At each breakpoint X we have imposed

a set of vi constraints on a function in Pk Thus the dimension of the sub-

space Sk,irv will be

L SR
k - vi - k + (k-vi) .

i-2 iu2
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We now consider the construction of a basis for Sknrv such that each

element of the basis has local support; i.e., is non-zero on only a few sub-

intervals, and furthermore each element is non-negative. The space Skwv
is a space of polynomial splines and a basis of the above type is called a B-

spline basis. To generate such a basis, we will consider divided differences

of order k of the truncated power functions gk(a;s) = (a-s)k-1. To this end,

let { } be any non-decreasing sequence of points (they will be referred to

as knots) subject to the condition that ( <_ i+k for all i. Let M1(s) de-

note the k-th divided difference of gk(a;s) with respect to the knots

Y "..,i+k, that is M.(s) =gk[i'''''i+k;s]. Assuming for the moment that

the knots 4i',...,i+k are distinct, then the divided difference M1(s) would

have the representation

k gk i+j;S)

M.(s) = 0 k
=O n (i+j-i+m)
m=0 + +

m/j

If two of the knots %i,...,&i+k coincide, then the above representation will

involve first derivatives of gk(a;s) with respect to a; if three knots coin-

cide, then derivation of order up to two will appear, and so on. In general,

if ,...,i are the distinct points among the knots {&i} and if each

appears d. times, then M.(s) will be a linear combination of the functions
k-in3(r.-s) , 1 < m < d., 1 < j < J. Note that if v is the smoothness index

of M.(s) at C (M (s) has continuous derivatives at c through order v-1),

then k = d.+v.. It is easily seen that each M.(s) is a piecewise polynomial

of order k with breakpoints Cd,...,tJ at which

M m(c ) = Mi)(t;) for 0 < m < k-1-d = v -1, 1 < j < J ,
I J 1 v3j jl l i J

M1(s) has its support in [CI'i+k1' and each M1(s) is non-negative.

Now consider the subspace Sk,w,v. Define the set of knots
I

1 _ i < n+k} where n = k + I di, di = k-vi, and
1=2
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1= '''......''' ....' k X

tk+1 ='''''''''''''''''' _ k+d2  X2

and k+d2+...+d 1+1 = '...... k+d2+...+d 
X = j _

o+l= *'.................''' +k = X +1

That is, the first and last breakpoints have multiplicity k while the break-

point Xi has multiplicity d; for 2 < j < 2. For each 1, 1 < i < n, we can

form the divided difference Mi(x), and the B-spline basis for Skro is taken

to be the so-called normalized B-splines (Nisk(x): 1 < i < n} where

Ni,k(x) =(i+k-ti)Mi(x) = (ti+k-ti)gki'''ti+k;x]. Explicit representa-

tions of the normalized B-splines are generally rather involved due to possi-

ble multiplicity of knots; however the following properties are useful in

applications of these functions.

n
(i) { Ni k(x) = 1 for a < x < b

i=1

(ii) N1k(X1) = Nn,k(XL+1) = 1; Ni,k(Xl) = 0 for i > 1

Ni,k(XL+l) = 0 for i < n ,

(iii) N,k(Xl) + N2,k(Xl) = 0, Nik(Xl) = 0 for i > 2

(2.12)

Nn-1,k(L+l) + Nn,k(XL+l) 0, NI,k(XL+1) = 0 for i < n-1 ,

NikXl)=,-No ,(X) = (k-i)_
1,k n,kz+1 X X

(iv) Nik(x) 0 if x A [i'Ei+k1 9

(v) Nik(x) >0 for a'< x < b .
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2.2.2 Tensor Product Basis

We now consider the two-dimensional domain R = [R,R]x[Z,Z]. Recall that

this domain may be subdivided by a set of NTIR vertical interfaces and a set

of NTIZ horizontal interfaces. In addition, we will allow for an additional

set of NMR vertical mesh lines and an additional set of NMZ horizontal mesh

lines. The set of interfaces and the set of additional mesh lines are

interior to R; so that the interval [R,R] is subdivided by a set of NTIR+?MR

interior (not including R or R) points. Thus we have a partition

n,: R = r < r2 <...< r9  < r+ = R

of the interval [R,R] with ir = 1 + NTIR + NMR. In the same way, we have a

partition

nz - 1= z1 < z2 <...< z < zZ +1 =

of the interval [Z,Z] with tz = 1 + NTIZ + NMZ. Let kr,kz be integers

greater than or equal to 2 specifying the order of the B-splines basis in the

r variable and in the z variable, respectively. Consider the r variable

first; we must specify a smoothness index ,r = (v2,...,v ). These indices

are subject to the following restrictions: r

(i) 0 < yr < kr-1 .

(ii) if r , corresponds to a vertical gap interface, then

as we have seen, the solution can be discontinuous

across this interface; hence we must have v, = 0 ,

(iii) if r,, corresponds to a continuity interface, then as

we have seen, the solution is continuous across this

interface but the first derivative may be discontinuous

across this interface; hence we must have v = 1

A similar set of restrictions is placed on the horizontal smoothness indices

vz = (v2,...,v ). Let {A(r): 1 < i < Nr} be the set of normalized B-splines
z-
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relative to kr' lr, and vr; and let {B (z): 1 <_ j <NZ) be the set of nor-

malized B-splines relative to kz' wz, and vz. Here

r rz z

Nr kr + (kr-va) and Nz kz + (kz-v).
Q=2 -T2

Let the four sides of the domain R be numbered consecutively from 1 to 4

in the counterclockwise direction starting on the left side. Set

1 if side i has an essential boundary condition (S8= 0 in Eq. 1.6)
5i=i

0 if side i has a non-essential boundary condition (8 0 in
Eq. 1.6 )

2 if side 1 has an essential condition,

i otherwise.

Nr-1 if side 3 has an essential condition,
Nr =N -s3 =

r r s3 Nr otherwise.

n 1 +s2

Nz Nz - s.

For each species m, we seek an approximate solution of the following form

N N

um(r,zt) = Z Um, ,i(t) Aiu(r) B1,(z)
m .~~i=1 j1=1ij i j

Nz N
= s1 Um ,(t) A1(r) B(z) + s2 r' U',1(t) A1 (r) B1(z)

(2.13)

Nz Nr

+rs3 0 ,(t) ANr(r) B ,(z) + s4  L 1',N(t) Ai ,(r) BN (z)
j nz N r i =1 z z

r z
+ ,( ZA Ui, 4 ,(t) A1 ,(r) Bj,(z)
i=nr j =nz

In the second expression, we have grouped the basis functions by identifying
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the set which is associated with the essential boundary aR0. That is, the

set

(2.14) To = {s1A1(r)B,(z), s2A ,(r)B1(z), s3ANr(r)B.,(z), sA.,(r)BNz(z):

1 < i' <_ Nr, riz <j z}

when restricted to aR provides a basis for functions defined on aDR. More-

over, the set

(2.15) T = {A1 (r)B (z): nr i' <Nr' nz< -' < Nz}

will provide a basis for functions defined on R which vanish on aR.

2.3 Galerkin Approximation

Given the basis sets T and TO defined in the last subsection, the Galer-

kin approximation applied to the system (2.11) proceeds as follows. For each

species m, we seek an approximation to the concentration um(t,r,z) of the form

given in Eq. (2.13). Each species m has a weak equation of the form (2.11);

thus for each species, we use the expansion (2.13) in equations of the form

(2.11a) and (2.11b). Then in Eq. (2.11a), we let the functions w range over
the set of basis functions T defined in (2.15). From the definition of these

B-splines, it is clear that every member of T satisfies the required contin-

uity conditions and each member of T vanishes on 3R%. In Eq. (2.11b), we let

the functions w range over the set T0 defined in 2.14. Again we see from the

definition of these B-splines, that each member of T0 when restricted to aR%

satisfies the required continuity properties. For the approximation of the

initial conditions we proceed in the same way in the sense that we seek an

approximation for the initie conditions of the form given in Eq. (2.13). We

then use this expression in (2.11c) and (2.11d) with w ranging over the set T

in (2.11c) and w ranging over the set To in (2.11d). Note that with this

procedure, the approximation to the initial condition is required to satisfy

the essential boundary conditions (in weak form) at the initial time t = t0.

Next we consider the form of the equations generated by this procedure.

First we consider the left hand side of Eq. (2.11a). For each species m, the
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left hand side of Eq. (2.11a) has the following form.

au
(2.16) <[PCp]m(trz,u) ,mA B>

= Nr z 0 I,,JJ[PCp1m(trzu)A(r)B(z)A(r)j(z)d'rdiz

1=1 =1R

for nr < i < Nr, nz < j <Nz

The measures are defined by djz = dz and

dr , Cartesian geometry,

do = 2irrdr , cylindrical geometry,dr 2
4irr dr, spherical geometry (one dimensional only).

For each species m, the right hand side of Eq. (2.16) has the form

Am(tU)0m where Im(t,U) is a rectangular matrix having (Nr-nr+1)(Nz-nz+1)
rows and NrNz columns with

Um = Um(t) = {U',,(t): 1 < i' < Nr, 1 < j' <_NZ} with U = {Um: 1 < m < M}.

Here Ui , d U., ,(t), and the notation Km(t,U) indicates that the elements

of Am may depend on t and U through the presence of the heat capacity

coefficient [pC ]m(t,r,z,u).

Next we consider the right hand side of Eq. (2.11a). For each species,

the right hand side is the sum of several terms. The form of each of these

terms will be displayed.

2.3.1 Non-Conservative Convection Terms

Recall that a can have either one of two values in Eq. (1.5). When

O = 0 we have Eq. (1.5) in substantive derivative (non-conservative) form.

In this case, the following convection term is present on the rignt hand side

of Eq. (2.11a).
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(2.17) -<Im-vumAB Amvum ijdurd1z
R

N Nr z r'

1=1 1 J i m1R

for nr<I < Nr n < j <Nz

Recall that Ym = (Vr,Vz) with, for example, Vr = V(t,r,z,ul(r,z,t),...,

u1 (r,z,t)).

2.3.2 Divergence Term

Recall that when e = 1, Eq. (1.5) is in conservative form so that the

divergence term will include both diffusion and convection terms when e = 1.

From the right hand side of Eq. (2.11a), we have

(2.18) - ( mvum-eum m).v(AiBj)drdz =

N N
Nr 

N

r Um , JJ(mV(A ,B ,) - eA ,B,7m)v(A4B )du dz
i=1 .=1 i R 'Jilim iJ r

R

for nr < i < Nr nz < j < Nz

where the explicit form of the integrand is

(2.19) (VrA ,B , - 0A ,B.,Vr)A!B. + (VZA ,B,- eAi,B ,VZ)A B.

Here, Ai, = dj Ai,(r), B , = B,(z); and, of course, 7m = m(t,r,z,u).

2.3.3 Non-Essential Boundary Terms

Recall that 0"1 is the union of the sides where S $ 0; thus the integral

in (2.11a) over a is the sum of integrals over the sides where B $ 0.

If 0 $ 0 on side 1, then we have a contribution of the form
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(2.20) J Bj-(-9)V um - 1(a hium -Ylh p%)]S6(R)dz
s1

Nz

= NZ1Um [j'{-(-e)Vr - sQa h1 }B ,(z)Bj(z)S6(Jdz
-

=1 1 Am 11A

-Z

+ ' 1 hB (z)pO(t,R,z)S6(R)dz for nz-<_<N
z

Here we have used the fact that on side 1, we have Im-n = -Vr. Note alsomm
that the transfer coefficient h may depend on the materials which are

present on side 1, so that h is a piecewise constant function on side 1.
The factor Sa(B) is defined by

1

S( 2irR ,
24irR

If 8 $ 0 on side 3, then we will have

whose form is very similar to Eq. (2.20).

U .r , subscript 1 by 3, R by R and -Vr by
Nr

Cartesian geometry

cylindrical geometry

spherical geometry (one dimension only).

a contribution from this side

In fact, we just replace U1, by

Vr in the above expression.

If 8 $ 0 on side 2, we have a contribution of the following form.

(2.21) J' Ai[-(-e)Vzum - 81(a2h2um ~ 2h2 0) dyr

2 N2r

== U1. [{-(-e)V - 2 a2h2}Al,(r)Ai(r)dUr
1 =1 1m 2 22r

-1 rRhA r0fo n iA

+8 y I2 R h2AY(r)p(t,r,Z)dr for n - i <2 2 12i( r r - r

Again, if 8 $ 0 on side 4 then we have a contribution from this side

which has the same form as Eq. (2.21) with 1 N, replaced by U ',N, subscript

2 replace: by 4, Z by Z, and -Vm by Vm. In Eqs. (2.20) and (2.21), the con-

vection velocity Vm is evaluated on the appropriate boundary. Thus, for

example, on side 1 in Eq. (2.20), V Vr(t,R,Z,iI(t,R,Z)).

The integral over a2 in Eq. (2.11a) is treated in a manner similar to

the above integrals.

'1



2.3.4 Gap Interface Term

The gap interface term has the following form.

(2.22) - (A

N

s i'=1

B ) - (AiBj)+ hj ,(AB,) - (AiBj,)

NZ

I (AiBj) - (AB ) hS (A ,B ,)~ - (A ,B ,)
j'=1 1 sI

for nr 1< -Nr nz j <Nz z

We consider vertical and horizontal gaps separately. Let {a9(p):

1 < p < NTIR} denote the set of vertical gap indices, that is, r is a
_

9 (p)
vertical gap interface (when yr = 0), and let {-r(q): 1 < q < NTIZ} denote

a9(p)
the set of horizontal gap indices. Recall that each breakpoint r has mul-

tiplicity d = k - vrand a set of knots {(: IL(a) - d +1<1< IL(a)
a r a 1 Q Ia

associated with r where IL(a) is the index of the last knot associated with
r a. For example, in Fig. 2 we show a set of 5 breakpoints (R = 4) with the

knots distributed on the breakpoints as indicated by the symbol x above the
breakpoints. In this example, k = 4 so that the breakpoint r3 could be a gap

interface. For this example we have:

&1 = C2_ 3 = 4 = r , IL(1) = 4, d = 4, = 0,

5 = 6 =r2 , IL(2) = 6, d2 = 2, v2  2,

&7 =& _& 9= 10 = r 3, IL(3) =10, d 3 = 4, v 3 =0

E11 = 12 = r 4  IL(4) = 12, d4 = 2, v4 = 2, N = 12,

&13 '...' 16 = r5 , d5 = 4, v5 =O.

c4 (10
12 I

I , I4- I-

Figure
Sample breakpoint and

k

knot distribution

25
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For each vertical gap interface r , let 19(p) denote the index of the

last knot associated with the breakpoint r i.e., set 19(p) =
a9(p)-1

IL(a9(p)-1). In the same way, for each horizontal gap interface z 9 , set

J9(q) = JL(T9(q)-1). q

Consider a vertical gap with index a9(p), then at this gap

(A B)-(A B )+= [Ai(rg ) - Ai(rg) B(z) = 0

unless i = 19(p) or i = 19(p)+ 1 , in which case

A9(p) 1 a9(p) [-1

if i = I9(P)+

if i = I 9 (p)+19

Consider the contribution to Eq. (2.lla) frm the vertical gaps. With

i0 = I9(p), we have

NTIR Nr Nz Z
(2.23a) r- UrT JA(r~g ) - A(r+9)B (z)h9

p=1 i =1 j =1 i'j Z-Pg(P)

-[Ai,(rg ) - Aj,(r+g)JBj,(z)S6(rg )dz
.ag(p) ag(p) Iag(p)

NTIR Nz (m

p l j =1 0j '(p0+1 )a(r ) h 9 B B ,dz

NTIR NzmZ
p=(-jU=1 ij i+U0+1,j)Sd(r (P)) h B ,dz

forn _ Nz

if i = i0,

if i = i0+1

In the same way, we find that horizontal gaps will contribute terms of

the following form.



NTIZ

q=1

(2.23b)

NTIZ

q=1

Nr

1 =1Nr

i =

SU, 1UhHA Ad ifr 0

(-U , + i,j +1)
0

hH9A A durq ii'
if J = J 0 +1

for nr r '

2.3.5 Distributed Source Term

Recall from Eq. (1.5) that

M M M

(2.24) F (t,r,z, U C,v+) = M=MCu '+. = C ' u ,mhre m m m=m

where

+ fm(tr z,u,vu)

f m(t,rz,UU) = fm(t,r,z,ui(t,r,z),...,um(t,r,z),

(t- ~ ) (t,r,z),., (t,r,z), (t,r,z)) .

Thus

(2.25) <Fm,AiB> = Fm(t r z,u vE)AiB dydz Tfr nr A A n< A- m d Jrm i~zv)ir nrz-rz
R

We have now accounted for each term which contributes to the right hand

side of Eq. (2.11a). For each species m, the right hand side of Eq. (2.11a)

has a total of (Nr-nr+1)(Nz-niz+1) components. If we denote by 9' the vector

with these components, then Eq. (2.11a) can be written as a system of

(Nr-nr+1)(Nz-nz+1) differential equations

(2.26) 0 M 1 1

for the NrNz functions Um Um, (t): 1 < i' < Nr 1 <' < N.

2.3.6 Essential Bou~t: Condition Terms

This system is augmented by the weak form of the essential boundary

27
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conditions (2.llb) which generates an additional system of algebraic equa-

tions as w ranges over the set T0. Thus if sl = 1, then the set

{A1(r)B (z): z, <J <NZ} is part of T0 and Eq. (2.llb) will provide the

following equations.

N

(2.27a) U m, S6(R) B ,B dz = Sa(R) B 0(t,R,z)dz

for nZ< j3<Nz

If s2 = 1 then the set {A1B : 1 < i < Nr} is part of T0; so that Eq. (2.llb)

will provide the following equations.

Nr
(2.27b)

i'=1

R

UR A. ,Ad d Y2=- Aip0(t,r,Z)d r for 1 < <_1 Nr< 'Aidr =a- r 1 r

If s3 = 1, we obtain the set

N
z n

(2.27c) j iUN 1 rj
S( Of) B ,Bdz = s( f ( , )Bdz

for n zj <N.

Ifs4 = 1, we obtain the set

Nr U
(2.27d) J'=1 ,Nz S R 

Y 4 R
A i, dr "(a R (~,~~dr

for 1 < i <Nr

Equations 2.27 provide an additional system of (si+s3)(N n+1) + (s2+s4)Nr
algebraic equations which when considered together with the system of differ-

ential equations in (2.26) provides us with a mixed system of algebraic and

differential equations whose total number is NrNz'

The algebraic equations (2.27) can be avoided if in the essential

boundary condition u = p0, we take the partial derivative with respect to

time of both sides of this equation. We then have

I= y/ci p
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and the weak form

(2.28) Ju =J 0a p0 .

3R0 R0

From this expression we then obtain a system of differential equations which

have the same form as the system (2.27) with U7,j, replaced by O, , and p

replaced by p0 = ap 0/at. When this differential system is combined with the

system (2.26) we obtain a system of NrNz differential equations in NrNz un-

known functions for each species. This system can be written in the form

(2.29) Am(U)Om = Gm, m=1,. .. ,M

where Am(U) is now a square matrix.

The m xed differential and algebraic system will be called the mixed or

algebraic Boundary condition version. The differential system (2.29) will be

called the differential boundary condition version. Both versions have been

implemented in the same program, and either can be selected on input.

2.3.7 Initial Conditions

The initial conditions are generated from the weak form given by Eqs.

(2.11c,d) as follows. Given an initial distribution u0 (rz), we seek the

projection of this function into the space span.ied by the sets T and T0. That

is, we seek

Nr Nz
(2.30) um(r,z) = i ,U7 Ai, B,.

1 =1 .j .1

and determine the coefficients UmJby the following equations.

N N

(2.31) <u0,A B > = 0 ,<AB ,,A B.> _ <uO,A B >

/ A A A

for nr <I < Nr* nz j Nz

and if s 1 1 (side 1 is essential, o * 0)
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N~

(2.32) - U'1, S6(R) J B Bdz = S (R) B p (t0,R,z)dz

for z- j <Nz

if s2 = 1 (8 = 0 on side 2)

NNr A RY
(2.33) d 1 U ,1 Rk AAdr = jR1Aip0(t0,r,Z)dr for 1 < i < Nr

with similar expressions if s 3 = 1 and if s4 = 1. Note that in determining

{U } we have imposed the initial values of the essential boundary conditions

(i.e. p0(t0) on aR%) even though the initial distribution u0 may or may not
satisfy these conditions. Using p0 (t8) on aRO means that we have selected

one of many possible projections of u into the space spanned by the sets T

and TO.

2.4 Evaluation of Integrals

In the case of algebraic constraints on the essential boundaries, the

Galerkin procedure leads to a mixed system of ordinary differential equations

and algebraic equations. In the case of differential constraints, the

Galerkin procedure leads to a system of ordinary differential equations of

the form given in Eq. (2.29). In either case, a variety of integrals have to

be evaluated. The general procedure for the evaluation is the same for all

of these integrals and can be illustrated by considering the integrals appear-

ing in the coefficient matrix of Eq. (2.29) which arise from Eq. (2.16). From

this equation, we see that the following integrals have to be computed.

(2.34) IA(i,j;i',j') = JJ[PCp](trzu)Ai,(r)Aj(r)Bjs(z)B(z)dyrdz
AR A A A

for nr < i < Nr, nz < j i<Nz, and 1 < i' < Nr' 1l<-j' < Nz.

First we observe that since A1(r)A1 ,(r) = 0 for Ii-i'I > kr and

B.(z)B,(z) = 0 for Ij-j'l > kz, we have IA(i,j;i',j') = 0 when |i-i'I > kr

or ij-j'i > kz. (Recall from (2.12 iv) that A(r) has its support in the

interval [(E, 4 +kr].) The computation of the integrals is accomplished by
r



31

accumulating the integrals over each mesh subrectangle. Thus

(2.35) IA( j;IjI) = Ir 1z IA (ij;i',j')
a=1 T11

where

'-Z r

(2.36) I (ij;i'j') = JT+1 a+1[PC(t,r,z,u)A(r)A,(r)B (z)B ,(z)dprdyz

z r

If IL(a) is the index of the last knot associated with r then if r e [r ,r+1]
we have Ai,(r) = 0 for i" j [IL(a)-kr+1,IL(a)]. Similarly, let JL(T) denote

the index of the last knot associated with z , then if z e [z,z+1], we have

B ,,(z) = 0 for j" J [JL(T)-kz+1,JL(T)]. Considering the integrals in (2.36),

we see then that when r e [r ,ra+ 1], A1(r)A1,(r) t 0 for i < <i and

i < i < iu where i, = IL(a)-kr+1, iu = IL(a), ig = Max(nr ,i), and

iu = Min(Nr ~u). In the same way, we find that for z c [z ,z+1],

B (z)B,1(z) t0 for j < j < ju and j, <_ j' <_ ju where ijju, etc. are defined

as above with JL(r) and kz in place of IL(a) and kr. Thus for each a,

1 < a < 2r and T, 1 < <_ 2z, an integral of the type 2.36 must be evaluated

for

iI <i' <i , i<i<i i ,j j' <ju, and j,<j<j.

Since each integral extends over a rectangular region, a product formula is

a natural choice for a numerical quadrature scheme. This program uses a

product Gauss-Legendre quadrature scheme with NQR points in each interval

[r0,ra+ 1] and NQZ points in each interval [z ,z+1]. The values of NQR and

NQZ can be selected by the user with the restriction that NQR >_kr-1 and

NQZ >kz-1. However, NQR = kr and NQZ = kz are reasonable choices for these

values in the sense that for this choice the error due to the use of quadrature

formulas is much less than the error due to the Galerkin approximation. The

choice NQR = kr-1 and NQZ = kz-1, when it works, appear to be optimal in the

sense that the quadrature error is not greater than the Galerkin aproximations

error. This would be in agreement with the theory for elliptic problems as dis-

cussed by Strang in [4]. However, there are problems for which this choice does

not work. See, for example, the sample problem in section 7 6; in this case one

must use the default values NQR = kr and NQZ = kz (cf. 5.2).
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3. PROBLEM DESCRIPTION

In this section, we describe the class of problems which cap be solved

by DISPL1, as well as its capabilities and limitations. We will also describe

input and output of the code. In short then, this section and the remainder

of this report constitutes a user's guide.

3.1 Domain

R = {(r,z): RLOW < r <.RUP, ZLOW < z < ZUP}

is a rectangular domain with sides parallel to the coordinate axes.

3.2 Geometry

0, Cartesian (x,y),
DELTA = 1, cylindrical (r,z),

2, spherical (one-dimensional only).

3.3 Interfaces

The domain R may be composed of subrectangles such that each subrectangle

has its own material properties.

NTIR ... the number of vertical interfaces.

NTIZ ... the number of horizontal interfaces.

NTIR = 0 (NTIZ = 0) means that there are no vertical

(horizontal) interfaces.

RIF(I), 1 < I < NTIR ... the position of the I-th vertical

interface.

ZIF(J), 1 < J < NTIZ ... the position of the J-th horizontal

interface.

3.4 Additional Mesh Points

In addition to the interfaces, the domain R can be subdivided further by

additional mesh points.

NMR ... the total number of additional vertical mesh points in

the domain R nQZ. including the end points.

NMZ ... the total number of additional horizontal mesh points

in the domain R not including the end points.
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RMESH(I), 1 < I < NMR ... the position of the I-th vertical

additional mesh point. Here RLOW < RMESH(I) < RUP.

ZMESH(J), 1 < J < NMZ ... the position of the J-th horizontal

additional mesh point. Here ZLOW < ZMESH(J) < ZUP.

The program merges the additional mesh points with the interface points to

form a mesh over which the B-splines are defined.

3.5 Partial Differential Equations

The basic equation considered by this program can be viewed as a general

form of the equation of continuity of a multicomponent fluid under the assump-

tion that the total mass density is constant. This particular physical model

provides convenient terminology for describing the equations. From a mathe-

matical standpoint, the equation considered by this program is a system of

nonlinear parabolic equations in two spatial variables.

NSPEC ... denotes the number of species (total number of

parabolic partial differential equations).

um = um(t,r,z) ... denotes the concentration of the m-th

species at the point (t,r,z) (dependent variables for the

m-th equation).
T

u = (u1,u2 ...um) ... denotes the vector of concentrations.

The system of equations has the following form.

au
(3.1) [PCp]m(t.r ,z,u) + ev(m(t,r,z,U)um) + (1-e)7m(tr,z,U)-vum

NSPEC
= v( m(t,r,z,,ti.)vum) + c um'

m =1
NSPEC NSPEC

m' 1 m"-1
c m" m urm, urmi + fm(t,r,z,u,vuI7)

for 1 < m < NSPEC .

When [PC ] (t,r,z,u) i 1 for any m, the program precomputes the integrals
I appearing in (2.34) which can result in a substantial reduction in the

execution time. In Namelist GRID, the flag IREVLA(m)=T, implies that EpC ]
pim

is not identically 1 or 0. IREVLA(m)=F, implies that [pC Im is either
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identically 1 or 0. The flag IRH0(m)=T, implies that [pCp]m = 0 while

IRH0(m)=F, implies [pCp]m 0. The parameter o can have either of the values

0 or 1. When e = 1, we have the conservative form, and when e = 0, we have

the non-conservative form for the equations. The conservative form is used

by the program by setting the logical indicator CONSRV=T, in the input

namelist GRID.

The following user-supplied subroutines provide the coefficient functions

appearing in Eq. (3.1).

RHOCP - supplies the heat capacity coefficient [pC]m(t,r,z,u).

VEL - supplies the convection velocity vector coefficients Vm(t,r,z,u).

DIFUSE - supplies the diffusion vector coefficient m(t,r,z,u,Vu).

EXTSRC - supplies the distributed source fm(t,r,z,uvX).

In addition to the indicated dependence of these functions are the arguments

t, r, z, u, and fu, each of these functions can also depend on the material

index present at the point (r,z). This dependence on the material index can

simplify the task of writing these subroutines when the coefficients depend

on the materials which are present.

3.6 Interface Conditions

If interfaces are present in the domain R, then interface conditions

must be applied across each interface. Recall that NTIR is the number of

vertical interfaces and NTIZ is the number of horizontal interfaces. (If

NTIR (NTIZ) is zero, then there are no vertical (horizontal) interfaces in

the domain R.) As far as this program is concerned, an interface must extend

from one external boundary to the opposite external boundary of R. Let r

denote an interface, then this program allows for one of two possible inter-

face conditions to be imposed on r.

3.6.1 Continuity Condition (continuity of density and flux)

(i) um - umi+

(3.2)

(ii) ma n- ma + , for 1 < m < NSPEC.
rr
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au auaum
Here P = Vm(t,r,z,u, u) and m = D m f r is vertical; while mDr u~m ali mr i etia;whl m antau

Dm m if r is horizontal. In addition, the symbol |r+ indicates a limiting
value taken from the right (above) if r is vertical (horizontal) with the

corresponding meaning for Ir '

3.6.2 Gap Condition (Discontinuity in the density and continuity in the
flux.)

()-m _=- m r- m r+

(3.3)
(ii)m 

= 

a m

ma IEn~ r-~ m 11r+

Let NIGAP denote the set of vertical gap interfaces. The I-th vertical gap
will intersect a set if NTIZ horizontal interfaces. This horizontal set of

interfaces will subd'" 'rd th T-th vertical gap into a set of 1 + NTIZ sub-

intervals. The vertic-1 gap coefficients Vg can then depend on the follow-

ing parameters.

(3.41) hVg = HVGAP(m,I,J) for 1 < m < NSPEC, 1 < I < NIGAP, and

1 < J < I+NTIZ.

In the same way, if NJGAP denotes the number of horizontal gaps, then

(3.4ii) hHg = HHGAP(m,J,I) for 1 < m < NSPEC, 1 < J < NJGAP, and

1 < I < 1+NTIR.

The gap coefficients HVGAP(m,I,J) and HHGAP(m,J,I) are supplied by the

user in the input namelist DATA.

With regard to interfaces, this program is restricted by the following

requirements.

(i) All interfaces must be parallel to the coordinate axes.

(R3.1) (ii) Each interface must extend from one external boundary to the

opposite external boundary.

(iii) For a given species and a given interface, the same type of
interface condition must be applied everywhere on the interface.
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In order to illustrate the last two restrictions, consider the following

domain with three different materials labeled I, II, and III as shown in

Fig. 3.

z

Figure 3
Interface Conditions before Refinement

Suppose that for a given species, we have a gap condition between

materials I and II, and continuity conditions between materials I and III as

well as material II and III. As it stands this configuration cannot be

handled by this program. However, an approximate problem can be handled by

the program. To this end we first extend the interfaces so that they extend

from one exterior boundary to the opposite side. This gives a set of NTIR=2

vertical interfaces and a set of NTIZ=1 horizontal interfaces as shown in

Fig. 4.

1 2

Figure 4
Interface Conditions after Refinement

C III

C

G II C

I C III I III

------ C _------

I G II C III
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Consider the 1st vertical interface which is divided into two subinter-

vals. The lower subinterval separates materials I and II and across this

interface we have a gap condition. But then the program requires a gap con-

dition to be applied across the upper subinterval which separates materials I

and III. However, the original problem required a continuity condition across

this upper subinterval. In order to approximate the original problem, we

observe that the continuity condition is a limiting case of a gap condition

as the gap coefficient increases in magnitude. Thus, in order to approximate

the original problem, we would impose a gap condition across the first verti-

cal interface. There are two gap coefficients associated with this interface

hV9(m,1,J), J=1,2, with h V(m,1,1) the given coefficient for materials I

and II, and h v(m,1,2) an arbitrary but large number. If h g(m,1,2) is

sufficiently large, the original interface condition across the first verti-

cal interface will be approximated as closely as desired. Extending the

horizontal interface implies that we have introduced an interface in material

I, for example, where in the original problem there was none. Interfaces of

this type would cause concern only if very accurate values of the concentra-

tion Ere required in the vicinity of corners.

3.7 Boundary Conditions

For each species m, a boundary condition may be specified on each of the

four sides of the domain R. The boundary conditions have the following form.

(3.5) chum + agmvum-n = yhpm

where n denotes the unit exterior normal on R, and

a = ALPHA(m,s)

B = BETA(m,s) 1 < m < NSPEC, 1 < s < 4
y GAMMA(m,s)

are specified in namelist DATA for each species m and each side index s. The

sides are numbered counterclockwise starting with the left hand side. The

mass transfer coefficients are indexed as follows.
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HU1(J,m) on side 11
h = 1 < J < 1 + NTIZ, 1 <m <_NSPEC.

IHU3(J,m) on side 3

HU2(I,m) on side 2
h= 1<I <1+NTIR, 1<m<NSPEC.

HU4(I,m) on side 4

These coefficients are specified in the input namelist DATA.

The function p0(t,m,s,x) is specified in the user-supplied subroutine

BRHO when the algebraic version is used (ALGBCS=T,). The time derivative of

p is supplied in the user-supplied subroutine BRHODT when the differential

version is used (ALGBCS=F,). The value of pm is allowed to depend on the

normal component " -n of the convection velocity. In addition, the function

0 can depend on u and the derivatives .Jn| evaluated at x on side s. That

is,

P0 = P0(t,m,s,X,ul(x),...,uM(X) ,..., M

Note that if g(t,m,s,x,u(x),v.ui(x)) = 0 is a given nonlinear boundary condi-

tion, then we can achieve the form of equation (3.5) by setting

pm = g(t,m,s,x,u(x),t-u(x)) + aum + 8(Vm m)-n(x) with h 1 and y 1.

It should be emphasized that boundary conditions must be put in the form

given by equation (3.5).

In order to avoid any confusion on signs, we write equation (3.5)

explicitly for each side.

au
lu 8 r au 0

a11 um 1 9) = YihiPi,m

au

a2 2 m s 2 (m 2h2 2,m '

a3h3um + 3 au03h3 ,

4hum + 4 au 04h ,334m 3 mar7 333,m

For each species m, the program requires a set of four indicators, provided

in the input namelist DATA, with the following meaning.
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1 if sideJ has essential boundary conditions
NSJ(m) = 0 if side J does not have essential boundary conditions

-1 if sideJ does not have a boundary condition

for J = 1,2,3,4; and m = 1,NSPEC.

As an example, consider a boundary condition on side 1 given in laboratory

coordinates having the following form.

m ar m g1, m

Since we are on side 1, Vum- nl= - -- where n1 is the outward pointing normal
on side 1; hence the above condition can be written in the form

-0rVum4 , = g1,m

This is the form which is appropriate for specifying the values of a, 8, and

Y. Thus in this example we would set

a= ,1 = -1 , = 1 , h = 1 , m =g1m

Then internally the code uses the condition in laboratory coordinates as shown

in the first form.

3.8 Initial Conditions

This program allows for two possible types of initial conditions.

A. An arbitrary initial distribution {um(r,z): 1 < m < NSPEC} can be speci-
fied in a user-supplied subroutine INDATA. The program will then project

this data into the approximating subspace in order to provide the initial

data for solving the system of ordinary differential equations. The use
of this option is indicated by setting INITSW=T, in the input namelist

GRID.

B. The second type of initial condition is for the program to start from some

particular steady-state or equilibrium distribution {i(r,z): 1 < m <
NSPEC}. The program will first compute an approximation to this steady-

state distribution in the approximating subspace of B-splines by means of

the control subroutine STEADY. The program can then use this steady--state

solution as the initial data for a transient calculation which is done

under the control of subroutine TIMEX. Recall that if all the coeffi-

cients (convection velocity, diffusivity, distributed source, and external
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boundary functions) are independent of time, then the steady solution

exists and can be found by integrating the differential equations out in

time until the solutions are independent of time. The program uses this

approach to find a steady-state solution. A steady-state calculation is
indicated by setting STEDSW=T, in the input namelist GRID. If this

calculation is to be followed by a transient calculation which uses the

steady-state solution as its initial data, then this is indicated by

setting TRANSW=T, in addition to STEDSW=T. When the program performs a
steady-state calculation, it will require an initial estimate for the
steady-state solution. There are two options available for providing this

initial estimate. First, if the user has an initial estimate, he can
provide this estimate in subroutine INDATA and signal the program to use

this estimate by setting INITSW=T, in the input namelist GRID. If the

user does not wish to provide an initial estimate for the steady-state

calculation, the program will generate an initial estimate with the

control program GUESS1. This option can be invoked by setting GUESSW=T,

in the input namelist GRID.

The four switches TRANSW, STEDSW, INITSW, and GUESSW control the nature of

the calculation as well as the nature of the initial conditions. We illustrate

this with some examples.

I. GUESSW=F, INITSW=T, STEDSW=T, TRANSW=T. This indicates that a transient

calculation is to be uone with the initial data provided by the result of

a steady-;.ate calculation. Moreover, the initial estimate for the

steady-state calculation is provided by the user in the user subroutine

INDATA.

II. GUESSW=T, INITSW=F, STEDSW=T, TRANSW=T. This is the same calculation as

in I. except that the user does not supply the initial estimate for the

steady-state calculation.

III. GUESSW=F, TNITSW=T, STEDSW=F, TRANSW=T. This is a transient calculation

with the initial data provided by the user in the user subroutine INDATA.

All four switches have default values T; thus each switch must be explicitly

set to F is that calculation is not desired.

The physical conditions which initiate a transient can be provided in the

appropriate user-supplied subroutines or in the input namelist DATA whichever

is applicable for initiating the transient. Note that two different sets of in-

put data can be provided for namelist DATA. The first set is used in a steady-

state calculation and the second set is used in the transient calculation.
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4. DESCRIPTION OF USER-SUPPLIED SUBROUTINES

This program requires nine 'iser-supplied subroutines each written in

FORTRAN. Every cae of these routines must be present in at least dumy form.

4.1 Subroutine DIFUSE(JMATLKSPECNSPEC,T,RRZZSPDENSPDENRSPDENZDIFUR,
DIFUZ,TO)

Variable Names and Meanings:

KSPEC....Spt.ies index.

NSPEC.....Total number of species.

T........Current value of the time.

RR.......Value of the abscissa.

ZZ.......Value of the ordinate.

IMATL.....Value of the material index at the position (RR,ZZ).

SPDEN....An array SPDEN(K), K=1,NSPEC for which SPDEN(K) = u(K,T,RR,ZZ)

is the concentration of the K-th species at time T and position

(RR,ZZ).

SPDENR...An array SPDENR(K), K=1,NSPEC for which SPDENR(K) = u(K,T,RR,ZZ).

SPDENZ...An array SPDENZ(K), K=1,NSPEC for which SPDENZ(K) = (K,T,RR,ZZ).

DIFUR... .Output value of the r-component of the diffusion coefficient for

the species with index KSPEC.

DIFUZ.....Output value of the z-component of the diffusion coefficient for

the species with index KSPEC.

TO.....Initial value of time at which a transient calculation starts.

This value can be used to distinguish whether a steady-state

(T < TO) calculation is in progress or whether a transient

(T > TO) calculation is in progress.

Given T, RR, ZZ, IMATL, and {SPDEN(K),SPDENR(K),SPDENZ(K): K=1,NSPLC},

this routine returns the two components of the diffusion coefficient for the

species with index KSPEC.

When a steady-state calculation is in progress we have T < TO and this

routine must then return a diffusion coefficient which is independent of time.
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Moreover, if the user does not provide an initial estimate (INITSW=F in name-

list GRID), then the GUESS1 option (GUESSWT in namelist GRID) must be used

to provide an initial estimate for the steady-state calculation. In the

course of the GUESS1 calculation, the program requires that this subroutine

provides an initial estimate for the diffusion coefficient. Since the concen-

trations are not known, this initial estimate cannot depend on SPDEN, SPDENR,

SPDENZ, or T. The flag IPHASE=-2 is used to indicate when this initial esti-

mate is to be provided for a GUESS1 calculation. This indicator is trans-

mitted through the COMMON block BNDCOM which can appear in this subroutine.

The general form of DIFUSE could be as follows.

SUBROUTINE DIFUSE(IMATL,KSPEC,NSPEC,T,RRZZ,SPDEN,SPDENR,SPDENZ,
# DIFUR,DIFUZ,TO)
INTEGER IMATL,KSPEC,NSPEC
DOUBLE PRECISION T,RR,ZZ,SPDEN(NSPEC),SPDENR(NSPEC),SPDENZ(NSPEC),

# DIFUR,DIFUZ,TO
COMMON/BNDCOM/IPHASE,NS1(MAXSP),NS2(MAXSP),NS3(MAXSP),NS4(MAXSP)
INTEGER IPHASE,NS1,NS2,NS3,NS4
IF (IPHASE .EQ. -2) GO TO 10
IF (T .LT. TO) GO TO 5
DIFUR = D(IMATL,KSPEC,T,RR,ZZ,SPDEN(1),...,SPDEN(NSPEC),

# SPDENR(1),...,SPDENZ(NSPEC))
DIFUZ = DIFUR
RETURN

5 DIFUR = DK(IMATL,RR,ZZ,SPDEN(1),...,SPDFNZ(NSPEC))
DIFUZ = DIFUR
RETURN

10 DIFUR = DW(IMATL,RR,ZZ)
DIFUZ = DIFUR
RETURN
END

where MAXSP in COMMON block BNDCOM is the value used in the MORTRAN macros

(cf. 5.1).

Here D is a known expression for the diffusion coefficient which is to

be used during a transient calculation (TRANSW=T in namelist GRID). In the

same way DH is a known expression to be used during a steady-state calcula-

tion (STEDSW=T), and DW is to be used during a GUESS1 calculation (GUESSW=T).
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4.2 SKSL EjN,

Variable Names and Meanings:

KSPEC.....Species index.

NSPEC....Total number of species.

T.......Current value of the time.

RR.......Value of the abscissa.

ZZ.....Value of the ordinate.

IMATL....Value of the material index at the position (PR,ZZ).

SPDEN....The array {SPDEN(K): K=1,NSPEC} of concentrations.

VELR.....Output value of the r-compcnent of the convection velocity.

VELZ.....Output value of the z-component of the convection velocity.

TO.......Initial value of time at which a transient calculation starts.

Given T, RR, ZZ, IMATL, and {SPDEN(K), K=1,NSPEC}, this routine returns

the two components of the convection velocity. Note that in Eq. (3.1), the

convection term appears on the left side of this equation; therefore, this

routine must return values for VELR and VELZ consistent with these terms

appearing on the left side.

All remarks concerning subroutine DIFUSE also apply to subroutine VEL.

The general form of VEL would be the same as that of DIFUSE with the obvious

changes.

4.3 Stbrnutine BRH( TKSPEC,NSPEC,ISIDE,XX,VLBD,SPDEN,SPDENX,RHOV,TO)

Variable Names and Meanings:

KSPEC....Species index.

NSPEC....Total number of species.

ISIDE....Side index. This index can have any integer value from one to

four. The sides of the domain are indexed counterclockwise

starting with the left side.

XX.......The position coordinate of a point on the side with index

ISIDE. Thus if ISIDE=1 or 3, XX=Z is the ordinate of a point
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on either of these sides. If ISIDE=2 or 4, then XX=R is the

abscissa of a point on either of these sides.

VLB!.....Normal component of the convection velocity at the position XX

on side ISIDE for species KSPEC. That is, VLBP=Vr on sides 1

and 3, VLBD=VZ on sides 2 and 4.

SPDEN.....The array {SPDEN(K), K=1,NSPEC} of concentrations.

SPDENX...The array {SPDENX(K), K=1,NSPEC} of derivatives -n-(K,T,XX) of

u on side ISIDE evaluated at time T and position XX on ISIDE.

That is, a on sides 1and 3, on sides 2 and 4.

RHOV.....Output value of the boundary function on side ISIDE at position

XX for species KSPEC at time T.

TO.......Initial time at which a transient calculation starts.

Given T, KSPEC, ISIDE, XX, VLBD, SPDEN, and SPDENX, this routine returns

the boundary values appearing on the right side of Eq. (3.5), i.e., the user-

supplied function p0(T,KSPEC,ISIDE,XX). Note that since {SPDEN(K)} and

{SPDENX(K)} are available, the value for p0(T,KSPEC,ISIDE,XX) can depend on

the values of the arrays SPDEN and SPDENX; thus nonlinear boundary conditions

are allowed. In problems where convective flow is important, it may be use-

ful to have p0 depend on the sign of the normal component of the convection

velocity. For example, if on side 1, we require that p0(T,KSPEC,1,XX) = 0
wh-n VLBD > 0, and on side 3, we require that p0(T,KSPEC,3,XX) = 0 when
VLBD < 0; then with a=O, B=y=;, Eq. (3.5) states that there is no incoming

flux on sides 1 and 3.

Recall that when a steady-state calculation is in progress, the boundary

function p0(T,KSPEC,ISIDE,XX) must be independent of the time T. A steady-

state calculation is in progress when T < TO and a transient calculation is

in progress when T > TO. This routine is called when the algebraic version
(ALGBCS=T, in namelist GRID) is used or when an initial solution estimate via

the user-supplied subroutine INDATA (INITSW=T, in Namelist GRID) is used.
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The general form of BRH0 could be as follows.

SUBROUTINE BRH0(T,KSPEC,NSPEC,ISIDE,XX,VLBD,SPDEN,SPDENX,RH0V,TO)
INTEGER KSPEC,NSPEC,ISIDE
DOUBLE PRECISION T,XX,VLBD,SPDEN(NSPEC),SPDENX(NSPEC),RHO/V,TO

IF (T .LT. TO) G0 T 5
101 RHOV = p1(T,KSPEC,XX)

RETURN
102 RHOV = p2(T,KSPEC,XX)

RETURN
103 RHOV = p3(T,KSPEC,XX)

RETURN
104 RHO/V = p4 (T,KSPEC,XX)

RETURN
5 GO T0(1001,1002,1003,1004),ISIDE

1001 RHOV = S 1(KSPEC,XX)
RETURN

1002 ...

RETURN
END

Here Pi and pi, i=1,4 are the known boundary values.

4.4 Subroutine BDFRD(T,KSPEC,NSPEC,ISIDE,XX,VLBD,SPDEN,SPDENX,RHOUD,RHOUXD,TO)

Variable Names and Meanings:

KSPEC.....Species index.

NSPEC.....Total number of species.

ISIDE....Side index. This index can have any integer value from one to
four. The sides of the domain are indexed counterclockwise

starting with the left side.

XX.......The position coordinate of a point on the side with index

ISIDE. Thus if ISIDE=1 or 3, XX=Z is the ordinate of a point on
either of these sides. If ISIDE=2 or 4, then XX=R is the

abscissa of a point on either of these sides.

VLBD.....Normal component of the convectio:e velocity at the position XX

on side ISIDE for species KSPEC. That is,

VLBD = V" on sides 1 and 3,
VLBD = Vz on sides 2 and 4.
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CPDEN.....The array {SPDEN(K),K=1,NSPEC} of concentrations.

SPDENX...The array {SPDENX(K),K=1,NSPEC} of derivatives au/aInI (K,T,XX)

of u on side ISIDE evaluated at time T and position XX on ISIDE.

That is, au/ar on sides 1 and 3, au/az on sides 2 and 4.

RH0UD....The output array {RH0UD(K') = ap(KSPEC)/au(K'), K'=1,NSPEC}

where p is the boundary function returned in RH0V in subroutine

BRH0.

RH0UXD...The output array {RH0UXD(K') = ap(KSPEC)/auI (K'), K'=1,NSPEC}

where p is the boundary function returned in RH0V in subroutine

BRH0.

Given T, KSPEC, ISIDE, XX, VLBD, SPDEN, and SPDENX, subroutine BRH0

returns pO. Subroutine BDFRD is used to evaluate the Frchet derivatives of

pQ with respect to u and uln|. These derivatives are used to provide an

accurate Jacobian for DISPL1 (just as BDFRDT provides the Frchet derivatives

of BRH0DT and FDEXTU provides the derivatives for EXTSRC).

4.5 SubroutineBRH0DT(T,KSPEC,NSPF'>ISIDE,XX,VLBD,SPDEN,SPDENX,RH0V,TO)

The variables have the same meaning as in subroutine BRH0. This routine

returns differentiated boundary values on sides with essential boundary condi-

Lions and non-differentiated values on sides with non-essential boundary

conditions. Recall that if s = M(K',ISIDE) = 0 for species K', 1 < K' <

NSPEC, then we say that the side with index ISIDE has an essential boundary

condition for species K'. If J = ISIDE, then an essential boundary condition

on side J is indicated by setting the integer flag NSJ(K') = 1 in the input
namelist GRID. When T < TO, this routine is being called from either a GUESS1

initial calculation or a steady-state calculation; in either case, the

boundary values are constant in time. Hence if side J has an essential

boundary condition and if T < TO, this routine must return RHOV = O.DO.

If side J (J = ISIDE) has non-essential boundary conditions for species

K' (NSJ(K') = 0), this routine must return undifferentiated boundary values on

this side just as in subroutine BRH0.

The common block BNDC0M must be present in this routine in order that the

essential boundary indicators NS1, NS2, NS3, and NS4 are available to this

routine. This routine is used when the differentiated version (ALGBCS=F, in
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namelist GRID) is used. If the algebraic version is used, this routine is

ignored.

The general form of this routine could be as follows.

SUBROUTINE BRH0DT(T,KSPEC,NSPEC,ISIDE,XX,VLBD,SPDEN,SPDENX,RH0V,TO)
INTEGER KSPEC,NSPEC,ISIDE
DOUBLE PRECISION T,XX,VLBD,SPDEN(NSPEC),SPDENX(NSPEC),RH0V,TO
COMM0N/BNDC0M/IPHASE,NS1(MAXSP),NS2(MAXSP),NS3(MAXSP),NS4(MAXSP)
INTEGER IPHASE,NS1,NS2,NS3,NS4
IF (T .LT. TO) GO T0 5
GO T0 (101,102,103,104),ISIDE

101 IF (NS1(KSPEC) .NE. 1) GO T 111
RHOV = d/dt p 1(T,KSPEC,XX)
RETURN

111 RHOV = p1(T,KSPEC,XX)
RETURN

102 IF (NS2(KSPEC) .NE. 1) GO T 121

141 RHOV = p4 (T,KSPEC,XX)
RETURN

5 G0 TO (1001,1002,1003,1004),ISIDE
1001 IF (NS1(KSPEC) .NE. 1) GO T0 1011

RHOV = O.DO
RETURN

1011 RHOV = p 1(KSPEC,XX)
RETURN

END

Here Pi and Pi, i=1,4 are the same boundary value functions as in BRHO, and
MAXSP is the value used in the MORTRAN macros. Note that since the concentra-

tions {SPDEN(K)} and the derivatives {SPDENX(K)}, evaluated on ISIDE at the

position XX, are available; nonlinear boundary conditions are allowed in this

subroutine.

4.6 Subroutine BDFRDT(T,KSPECNSPEC,ISIDEXX,VLBDSPDENSPDENX,RH0UDRH0UXDTO)

Variable Names and Meanings:

KSPEC....Species index.

NSPEC....Total number of species.

ISIDE....Side index. This index can have any integer value from one to

four. The sides of the domain are indexed counterclockwise

starting with the left side.
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XX.......The position coordinate of a point on the side with index ISIDE.

Thus if ISIDE=1 or 3, XX=Z is the ordinate of a point on either

of these sides. If ISIDE=2 or 4, then XX=R is the abscissa of a

point on either of these sides.

VLBD.....Normal component of the convection velocity at the position XX

on side ISIDE for species KSPEC. That is,

VLBD=Vr on sides 1 and 3,

VLBD=Vz on sides 2 ard 4.

SPDEN....The array {SPDEN(K), K=1,NSPEC} of concentrations.

SPDENX...The array {SPDENX(K), K=1,NSPEC} of derivatives au/aInI

(K,T,ZZ) of u on side ISIDE evaluated at time T and position XX

on ISIDE. That is, au/ar on sides 1 and 3, au/az on sides 2

and 4.

RHOUD....The output array {RH0UD(K') = ap(KSPEC)/au(K'), K'=1,NSPEC}

where p is the boundary function returned in RH0V in Subroutine

BRHODT.

RH0UXD...The output array {RH0UXD(K') = ap(KSPEC)/au (K'), K'=1,NSPEC}

where p is the boundary function returned in RH0V in Subroutine

BRHODT.

Given T, KSPEC, ISIDE, XX, VLBD, SPDEN, and SPDENX, subroutine BRH0DT

returns the time derivative of p0 . Subroutine BDFRDT is used to evaluate the

Frechet derivatives of the time derivative of p0 with respect to u and ulni'
These derivatives are used to provide an accurate Jacobian for DISPL1 (just as

BDFRD provides the Frechet derivatives of BRH0 and FDEXTU provides the deriva-

tives for EXTSRC).

4.7 Subroutine EXTSRC(IMATL,KSPEC,NSPEC,T,RR,ZZ,SPDEN,SPDENR,SPDENZ,VV,TO)

Variable Names and Meanings:

KSPEC....Species index.

NSPEC....Total number of species present.

T........Value of the time.

RR.......Value of the abscissa.



49

ZZ.....Value of the ordinate.

IMATL....Value of the material index at the position (RR,ZZ).

SPDEN....The array {SPDEN(K') = u(K',T,RR,ZZ); K'=1,NSPEC} of

concentrations.

SPDENR...The array {SPDENR(K') = au(K',T,RR,ZZ); K'=1,NSPEC} of

r-direction partials of concentrations evaluated at (T,RR,ZZ).

SPDENZ...The array {SPDENZ(K') = au(K',TRRZZ); K'=1,NSPEC} of

z-direction partials of the concentrations evaluated at

(T,RR,ZZ).

VV.......Output value of the distributed source fm(t,r,z,u,iu),

(m=KSPEC) appearing on the right hand side of Eq. (1.1).

TO.....Initial value of time at which a transient calculation starts.

Given KSPEC, T, RR, ZZ, IMATL, {SPDEN(K')}, {SPDENR(K')}, and

{SPDENZ(K')}, this routine calculates the value of the distributed source

appearing on the right hand side of Eq. (1.1). The common block BNDCOM

must appear in this subroutine in order to transmit the IPHASE indicator.

When IPHASE = -2, this routine is being called during a GUESSi calculation.

Recall that a GUESS1 calculation provides an initial estimate for a steady-

state calculation. In this case, this routine must return an estimate for

the distributed source which is independent of the concentrations {SPDEN(K')}

and the gradients {SPDENR(K')} and {SPDENZ(K')}. When T < TO, a steady-state

calculation is in progress. In this case the distributed source must be inde-

pendent of the time T. The general form of this routine could be as follows.

SUBROUTINE EXTSRC(IMATL,KSPEC,NSPEC,T,RR,ZZ,SPDEN,SPDENR,SPDENZ,
# VV,TO)
INTEGER IMATL,KSPEC,NSPEC
DOUBLE PRECISION T,RR,ZZ,SPDEN(NSPEC),SPDENR(NSPEC),SPDENZ(NSPEC),

# VV,TO
COMMON/BNDCOM/IPHASE,NS1(MAXSP),NS2(MAXSP),NS3(MAXSP),NS4(MAXSP)
INTEGER IPHASE,NS1,NS2,NS3,NS4
IF (IPHASE .EQ. -2) GO TO 10
IF (T .LT. TO) GO TO 5
VV = f(IMATL,KSPEC,T,RR,ZZ,{SPDEN(K')},{SPDENR(K')},{SPDENZ(K')})
RETURN

5 VV = f0(IMATLKSPEC,RR,ZZ,{SPDEN(K')},{SPDENR(K')},{SPDENZ(K')})
RETURN

10 VV = f (IMATL,KSPEC,RR,ZZ)
RETURN 0

END
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Here f, f0, and f0 are the known distributed sources, and MAXSP is the

value used in the MORTRAN macros.

4.8 Subroutine FDEXTU(IMATLKSPECNSPEC,T,RRZZSPDENSPDENRSPDENZ,
UUUURUUZTO)

Variable Names and Meanings:

KSPEC....Species index.

NSPEC....Total number of species.

T........Value of the time.

RR.......Value of the abscissa.

ZZ.......Value of the ordinate.

IMATL....Value of the material index.

SPDEN....Array of concentrations.

SPDENR...Array of partial derivatives
concentrations.

with respect to r of the

SPDENZ...Array of partials derivatives with respect to z of the
concentrations.

When T, RR, and ZZ are fixed, the distributed source f, which is pro-

vided by subroutine EXTSRC, is a function of the concentrations

u(1),...,u(NSPEC); the r-direction partials ur(1),...,ur(NSPEC); and the

z-direction partials u (1),...,uz(NSPEC).

UU.......The output array {UU(K') = af(KSPEC)/au(K'); k'=1,NSPEC} of

Frechet partial derivatives of the distributed source with

respect to the concentrations.

UUR......The output array {UUR(K') = af(KSPEC)/aur(K');

Frechet partial derivatives of the distributed
respect to the r-direction partial derivatives
concentrations.

UUZ......The output array {UUZ(K') = af(KSPEC)/auz(K');
Frichet partial derivatives of the distributed
respect to the z-direction partial derivatives
concentrations.

K'=1,NSPEC} of

source with

of the

K'=1,NSPL,.j of

source with

of the
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TO.....Initial value of time at which a transient calculation starts.

As indicated above, this routine provides the Frechet derivatives of the

distributed source. These quantities are used in the formation of the

Jacobian of a nonlinear system which at each time step has to be solved by

the ODE solver.

To illustrate the nature of the computations performed by this subrou-

tine, we will consider the following example. Let NSPEC=2, and let the

distributed sources be defined as follows.

f(1,t,r,z) = u(1,t,r,z) + u(1,t,r,z)u(2,t,r,z) + ur(1,t,r,z)uz(2,t,r,z)
f(2,t,r,z) = u(2,t,r,z) + (u(1,t,r,z)) 2+ (uz(2,t,r,z))

With (t,r,z) fixed, we can write these expressions as follows.

f(1) = u(1) + u(1)u(2) + ur(1)uz(2)

f(2) = u(2) + (u(1))2 + (uz(2))2

Then for KSPEC = 1, we have:

UU(1) = af(1)/au(1) = 1 + u(2)

UU(2) = af(1)/au(2) = u(1)

UUR(1) = af(1)/aur(1) = uz(2)

UUR(2) = af(1)/3ur(2) = 0

UUZ(1) = af(1)/auz(1) = 0

UUZ(2) = af(1)/auz(2) = ur(1)

For KSPEC = 2, we have

UU(1) = af(2)/au(1) = 2u(1)

UU(2) = af(2)/au(2) = 1

UUR(1) = af(2)/aur(1) = 0

UUR(2) = af(2)/aur(2) = 0

UUZ(1) = af(2)/auz(1) = 0

UUZ(2) = af(2)/auz(2) = 2uz(2)

Clearly if the distributed source does not depend on the concentrations

or their gradients, then this source is an external source and this routine

would return arrays UU - 0, UUR - 0, and UUZ - 0 in this case. The general

form of this routine could be as follows.
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SUBROUTINE FDEXTU(IMATL,KSPECNSPEC,TRR,ZZ,SPDEN,SPDENR,SPDENZ,
# UU,UUR,UUZ,TO)
INTEGER IMATL,KSPEC,NSPEC
DOUBLE PRECISION T,RR,ZZ,SPDEN(NSPEC),SPDENR(NSPEC),SPDENZ(NSPEC),

# UU(NSPEC),UUR(NSPEC),UUZ(NSPEC),TO
COMMON/BNDCOM/IPHASE,NS1(MAXSP),NS2(MAXSP),NS3(MAXSP),NS4(MAXSP)
INTEGER IPHASE,NS1,NS2,NS3,NS4
IF (IPHASE .EQ. -2) GO TO 10
IF (T .LT. TO) GO TO 5
GO TO (101,102,...,10 NSPEC),KSPEC

101 UU(1) = af(1)/au(1)

UU(NSPEC) = af(1)/au(NSPEC)
UUR(1) = af(1)/aur(1)

UUR(NSPEC) = af(1)/au (NSPEC)
UUZ(1) = af(1)/auz(lgr

UUZ(NSPEC) = af(1)/auz(NSPEC)
RETURN

102 UU(1) = af(2)/au(1)

UUZ(NSPEC) = 2f(2)/auz(NSPEC)
RETURN

103

RETURN
5 GO TO (201,202,...,20NSPEC)KSPEC

201 UU(2) = af0(1)/au(1)

20NSPEC UU(1) = af0(NSPEC)/au(1)

RETURN
10 DO 15 KP=1,NSPEC

UU(KP) = .DO
UUR(KP) = 0.DO
UUZ(KP) = 0.DO

15 CONTINUE
RETURN
END

where MAXSP is the value used in the MORTRAN macros.

Here f and f0 are the same distributed sources as produced by the sub-

routine EXTSRC. Again we emphasize that if f and f0 are external sources,

then this routine returns zeros in the arrays UU, UUR, and UUZ.
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4.9 Subroutine INDATA(KSPEC,RR,ZZ,UU)

Variable Names and Meanings:

KSPEC....Species index.

RR.....Value of the abscissa.

ZZ.....Value of the ordinate.

UU.....Output value of the initial concentration for species with
index KSPEC at the position (RR,ZZ).

This routine allows the user to specify the initial value of the concentra-

tions for each species at the positions (RR,ZZ). Note that as usual, the

values RR and ZZ passed to this routine are the Gaussian quadrature points

used in the Galerkin approximation of the integrals. The values from this

routine can be used to start either a steady-state or a transient calculation

by setting INITSW = T in the input namelist GRID. The general form of this

subroutine could be as follows.

SUBROUTINE INDATA(KSPEC,RR,ZZ,UU)
INTEGER KSPEC
DOUBLE PRECISION RR,ZZ,UU
GO TO (101,102,...,10NSPEC),KSPEC

101 UU = u0(1,PR,ZZ)
RETURN

102 UU = u0(2,RR,ZZ)
RETURN

RETURN
END

Here u0(KSPEC,RR,ZZ) is the known initial concentrations. For a steady-

state calculation, the user can either use this routine to provide an initial

estimate, in which case he sets INITSW=T and STEDSW=T in namelist GRID; or he

can use a GUESS1 calculation to form a starting estimate (GUESSW=T, INITSW=F,

STEDSW=T). When INITSW=F, this routine is ignored by the program. For a

transient calculation, the user again has two choices. He can use this rou-

tine if he has initial conditions that he wishes to start from. Alternatively,

he performs a steady-state calculation first and uses this solution to start

the transient calculation. If this latter option is to be used, then the

user has the option of using this routine to start the preliminary steady-

state calculation.
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4.10 Subroutine RH0CP(IMATL,KSPEC,r,iR,ZZ,SPDEN,RC)

Variable Names and Meanings:

IMATL....Material index.

KSPEC....Species index.

T......Value of time.

RR...,...Value of the abscissa.

ZZ.......aiue of the ordinate.

SPDEN....Array of concentrations.

RC.......Value of pC returned by this subroutine.
p

For each species KSPEC this routine provides the coefficient

[pC ]m(t,r,z,u) where m=KSPEC which appears in Eq. (1.1). If [pC ]m(t,r,z,u)

1 for some species index m, then the user should set the logical indicator

IREVLA(m)=F, and TRH0(m)=F, in namelist GRID. This will save on computer

time since the integrals IA in Eq. (2.35) are then precomputed. The case

when [pC]m (tr,z,u) = 0 for some m is permitted in this program. In this

case one sets IREVLA(m)=F, IRH0(m)=T, and in this routine one returns

RC=0.D0 for the species index m. The general form of this subroutine could

be as follows.

SUBROUTINE RH0CP(IMATL,KSPEC,T,RR,ZZ,SPDENRC)
INTEGER IMATL,KSPEC
DOUBLE PRECISION T,RR,Z7,RC,SPDEN(1)
RC = PC (IMATL,KSPEC,T,RR,ZZ,{SPDEN(K')})
RETURN
END

4.11 Subroutine ANAL(KSPEC,T,RR,ZZ,VV)

Variable Names and Meanings:

KSPEC.....Species index.

RR.......Value of the abscissa.

ZZ.......Value of the ordinate.

VV.......Uutput value.

T........Value of the time.
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This routine provides the analytic or true solution if it is known, and is

used in testing the program. If the solution is unknown, the following dummy

sub-outine should be provided.

SUBROUTINE ANAL(KSPEC,T,RR,ZZ,VV)
INTEGER KSPEC
DOUBLE PRECISION T,RR,ZZ,VV
RETURN
END

4.12 Master Driver

This is the main routine of the program and from the u,ar's point of view

serves three important functions.

(1) Any preliminary calculations can be done in a call from this
routine.

(2) If the program DISPL1 is going to be used as a subroutine, then the
call is made from this routine.

(3) In the DISPLi program, the bulk of the storage is determined by the
size of two arrays, AL and GPW. The size of these arrays can be set
at run time in this routine.

The first function is self-evident. The second function can be

elaborated on as follows. On each call to EXEC (the main subroutine), the

program processes a complete problem. That is, Namelist GRID is read once and

Namelist DATA is read twice. Control is then returned to the Master Driver

where the user can do further calculations and repeated calls to EXEC. If the

user calls .'EC when there is no further Nameiist GRID input cards, the

program will print

END OF INPUT FILE WHILE READING NAMELIST GRID
PROGRAM STPPED IN EXEC

and the execution will be terminated. If the user calls EXEC when there are

no further Namelist DATA input cards, the program will print

END OF INPUT FILE WHILE READING NAMELIST DATA

and stop. In some cases the user may wish to change some parameters in the

master driver and call EXEC without reading any Namelist input (because

Namelists GRID and DATA are unchanged from the previous call to EXEC). To

avoid reading Namelist make a common block READIN containing only a logical

variable LP~AD
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C0MMVN/READIN/LREAD

available to the Master Driver. The default value for LREAD is set in DISPL1

and is .TRUE. If EXEC is called with LREAD=.FALSE., DISPL1 will not read any

Namelist but will do computation. This feature has been useful in parameter

studies and optimization problems involving simulations solved by DISPL1. In

addition, all Namelist variables for GRID and DATA are available through

COMM0N blocks (see the Macro file). Thus, if desired, some Namelist variables

can alternatively be set in the Master Driver).

The third function requires some discussion. Recall the following

definitions:

NSPEC....Total number of species (number of partial differential

equations).

KR(KZ)...Order of the B-splines in the r(z) coordinate direction.

LR(LZ)...Total number of subintervals in the r(z) coordinate direction.

INUR(I)(INUZ(J))..Vector of continuity indices in the r(z) coordinate

direction. Generally INUR(I) = C0NTR and INUZ(J) E CNTZ with

0 < C0NTR < KR-1 and 0 < C0NTZ < KZ-1.

Let NR(NZ) denote the number of unknowns associated with the r(z) direc-

tion. Then

LR
NR = KR + I (KR-INUR(i))

(4.1) i=2

= KR-LR - C0NTR-(LR-1) when INUR(i) = C0NTR,

and

LZ
NZ = KZ + I (KZ-INUZ(j))

(4.2; j=2

= KZ-LZ - C0NTZ-(LZ-1) when INUZ(j) = CNTZ

Then the number of variables associated with each species will be

NRNZ = NR-NZ ,



57

and the total number of variables will be

(4.3) NVAR = NSPECNR-NZ .

There are two matrices which dominate the storage requirements both of

which are stored as band matrices. For each species k, 1 < k < NSPEC, the

first matrix AL is generated from thu integrals IA appearing in Eq. (2.3.4).

This matrix has NRNZ rows and a band width which will be calculated. Recall

that the variables are {U..9k: 1 < i < N , 1 j < NZ, 1 < k < NSPEC}. Now

the program stores these variables as a singly indexed array, and since there

are three indices i,j,k, there are several possible choices for generating the

single index used in the program. The species index k is the most rapidly

varying index. The order of the two remaining indices is then selected by the

program in such a way that the bandwidth of the matrix AL is a minimum. This

selection is done as follows. Let

(a) H(RHBW = (KR-1)+(KZ-1)-NR , and

(4.4)

(b) VERHBW = (KR-1)-*NZ+(KZ-1)

H0RHBW is the half bandwidth of AL when the index i varies more rapidly than

the index j, i.e. the ordering is (k,i,j) with k the most rapidly varying and

j the slowest varying. VERHBW is the half bandwidth of AL when the index j

varies more rapidly than i, i.e. the order is (k,j,i). Then if H0RHBW <
VERHBW, the program selects the "norizontal" ordering (k,ibj); otherwise the

program selects the "vertical" ordering (k,j,i). For each ordering, define
the following parameters.

Horizontal Ordering

NI = NSPEC, NIH = 1,

(4.5) NJ = NSPEC-NR, NJH = NR,

NCC = -(1+NR)-NSPEC, NCCH = -NR .

Vertical Ordering

NI = NSPEC-NZ, NIH = NZ

(4.6) NJ = NSPEC, NJH = 1

NCC = -(1+NZ)-NSPEC, NCCH = -NZ .
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In terms of these parameters, the single index n corresponding to the triple

(i,j,k) is given by

(4.7) n = i-NI+j-NJ+k+NCC

with this ordering for the variables Uijk = W(n), the matrix AL is a band

matrix with NRNZ rows and a half bandwidth

(4.8) DM = (KR-1)-NIH+(KZ-1)*NJH

-or storage purposes, the bandwidth of AL ;s given by

(4.9) FBW = 3-DM+1 .

This gives the storage requirement for AL as

(4.10) SNAL = FBW-NR-NZ .

If we set NAL = SNAL where SNAL is the numerical value stored in NAL, then the

storage requirements for the matrix AL is set at run time with Lhe statements

appearing in Master Driver

C0MM0N/ALHS/AL(SNAL)
(4.11) COMM7N/ALS I ZE /NAL

NAL = SNAL

The second matrix whicn dominates the storage requirements of the direct

version is the Jacobian matrix PW used by the ODE solver GEAR. This matrix PW

has NVAR rows an; is stored in band form. Note that when NSPEC > 1, the

matrix PW is larger than the matrix AL. The bandwidth of PW is computed as

follows. With DM defined by Eq. (4.8), the half-bandwidth of PW is given by:

(4.12) MBW = (1+DM)-NSPEC-1 .

For storage purposes, the bandwidth of PW is given by:

MFBW = 3-MtsW+1 .(4.13)



59

One might expect MFBW = 2-MBW+1; however, pivotirg is required in the

decompc;ition of PW. Therefore a factor of 3 is required rather than the

factor 2.

(4.14)

The storage requirement for PW is then determined by setting

SNPW = MFBW-NVAR ,

and using the statements

C0MM@N/GEAR6/GPW (SNPW);
COMM0N/PWS IZE/NPW(4.15)

(4.i ) NPW = SNPW

in Master Driver. Here SNPW is the number determined by the user from Eq.

(4.14).

The Master Driver should have the following basic form.

THIS IS THE MASTER
SPACE is ALLOCATED
CALCULATIONS CAN BE
DREAL AL,GPW
C0MM0N/ALHS/AL (SNAL
C0MM5N/GEAR6/GPW (SN
C0MM0N /PWS I ZE /NPW
C0MM7N/ALSIZE/NAL
NAL = SNAL
NPW = SNPW
CAL'. EXEC
RETURN
END

DRIVER FOR DISPL1.
FAR AL and PW HERE.
DANE IN A CALL FRO

ANY PRELIMINARY
HERE.

C
C
C
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5. DESCRIPTION OF USER-SUPPLIED DATA

For the computational phase of DISPL1, the program requires the user-

supplied subroutines discussed in section 4, certain Mortran macro input, unit

assignments, and input daua. In this section we discuss this additional

information as well as the corresponding needs of all three of the optional

graphics programs. In section 5.1 we discuss the Mortran macros and unit

assignments for the computational and graphics programs in DISPL1. The

namelist input for the computational phase is discussed in section 5.2 and

5.3, i.e. namelists GRID and DATA. The graphics namelists are discussed in

sections 5.4-5.7. Specifically, namejist FORMAT is used in all three graphics

packages and is discussed in section 5.4. Namelist CSPIN (section 5.5)

provides the remaining input for the cross-section plot package; namelist

CNTRIN (section 5.6) provides the remaining data for the contour graphics

package; and namelist DIM3IN (section 5.7) provides the remaining data for the

three-dimensional perspective plotting package. The only user-supplied

subroutine in the graphics packages occur in the cross-section plotting

package. In this program the user can plot the analytic solution and, in this

case, he must provide a single precision version of subroutine ANAL.

In section 5.8 we discuss restart procedures used in the computational

phase of the code. Finally, in section 5.9 we describe the organization of

the files containing the DISPL1 code.

Before discussing the macros, unit assignments, and namelists, we begin

with a general discussion of the namelist feature for users unfamiliar with

it. For concreteness we discuss namelist feature in connection with the input

data for the computational phase of the code.

For each problem, three sets of input data cards are required. Recall

that a complete problem may consist of:

(a) a steady-state calculation, or
(b) a transient calculation, or

(c) a steady-state followed by a transient calculation.

Consider the last situation. We divided the input data into three sections.



The first section consists of that data which is unchanged in passing from a

steady-state to a transient calculation (e.g. specification of the domain

including the approximation grid and interfaces, number of species, order of

the approximating piecewise polynomials, etc.). The second section consists

of the remaining data necessary to specify the problem (e.g. boundary values,

gap data, reaction coefficients, essential side indicators, output control,

etc.). Some or all of the data in the second section can be changed just

prior to a transient calculation by resetting this data in the third input

data section. Thus, for example, in situation (c), the program uses the

first two sections of input data for the steady-state calculation, and the

first two sections subject to modifcations in the third section for the

transient calculation.

These three sections of input data are communicated to the program via

the Nam-l1ist feature of Fortran. Namelist uses a free-format similar to

ordinary assignment statements and is described in [11, pp. 54-55]. In

Namelist terms, the first input section is called GRID, while the other two

are called DATA. The data cards thus have the form

&GRIDb free-format statements
free-format statements

&END
&DATAb free-format statements
free-format statements

&END
&DATAb free-format.statements
free-format statements

&END

The "&GRID" and "&DATA" must begin in column 2 and must be followed by a

blank, i.e. the "b" indicated above. All other cards may begin in any column

other than column 1. The "&END" can be on a separate card or at the end of

the last free-format card. The free-format cards have the following form.

A=1.,B=2.,3.,B(3)=4.,

where, in this case, A is a variable set to 1. and the first three elements

of the vector B are set to 2., 3., and 4., respectively. Any number of blank

columns can follow each comma. Thus, one convenient way of using the namelist

format is to put only one variable or vector component on a card, e.g.
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A=1.

B=2.,

3.,

B(4)=4.,

and so allow for easy modification of the input cards. It is recommended that

two- and three-dimensional data be entered with explicit subscripts for

readability.

The three namelist groups must be provided even if they are not used,

i.e. even if there are no variables to be read in, the "&DATA" and "&END" must

be provided for the third set of data cards. The variables within a given

namelist input can be in any order.

5.1 Mortran Macros and Unit Assignments

Before describing these namelist variables we discuss some other inputs

the user must provide which are referred to in the definition of these

variables. First, the computational phase of the program has the ability to

dump information on unit 11 which can be used for later restart calculation.

The restart reads data from unit 10 and when it dumps, the dump is on unit

11. Notice that this procedure will allow multiple restarts from a fixed set

of dump information. The user must therefore assign units 10 and 11 (to disk

or tape datasets). The program also writes data on unit 12, optionally, for

use in later graphical analysis. Again, the user must assign this unit. The

assignment of units 10, 11 and 12 must be done even if the program does not

use these units.

One of the advantages of using MORTRAN is that the size of storage arrays

are specified in macro variables. By changing the values of the following

macro integer variables, the Fortran code produced by the Mortran processor

will be correspondingly changed.

MAXBRK....integer macro for the maximum number of breakpoints in either

the r or z direction. In either direction this number is a

bound on the sum of the interior mesh points, interface points,

and end points.
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MAXTQD.... integer macro for the maximum total number of quadrature points

per mesh interval in either the r or z direction.

MAXSP.....integer macro for the maximum number of species.

MAXGAP.....integer macro for the maximum number of gap interfaces in

either coordinate direction.

MAXK......integer macro tcr the maximum order of splines in either

direction.

MAXN0T. .. .integer macro for the maximum number of spline knots in either

direction.

MXNRNZ....integer macro for the maximum number of variables permitted for

any single species.

MXNVAR....integer macro for the maximum number of total variables.

MXRGRD....integer macro for the maximum number of points in the r direc-

tion for the user-specified grid.

MXZGRD....integer macro for the maximum number of points in the z direc-

tion for the user-specified grid.

INFILE.....integer macro for the standard input unit.

DUMPRD.....integer macro for the unit from which a restart is read.

DUMPWR.....integer macro for the unit on which a dump is written.

GRAPHWR...integer macro for the unit on which the unformatted graphics

information is written.

At the time of compilation, these macros should be selected with some

care since they determine some of the core requirements of the code. In order

to judge the effect of changing these macros, we list the arrays which depend

on these macros.
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Real arrays

A(MAXK,MAXTQD,MAXBRK), APRIM(MAXK,MAXTQD,MAXBRK), B(MAXK,MAXTQD,MAXBRK),
BPRIM(MAXK,MAXTQD,MAXBRK)

AINT(MAXK,MAXBRK), BINT(MAXK,MAXBRK)

AAINT(MAXK,MAXK,MAXBRK), BBINT(MAXK,MAXK,MAXBRK)

HVGAP (MAXGAP,MAXBRK,MAXSP ), HHGAP (MAXGAP,MAXBRK,MAXSP )

HUi(MAXBRK,MAXSP), HU2(MAXBRK,MAXSP), HU3(MAXCRK,MAXSP), HU4(MAXBRK,MAXSP)

H1(MAXBRK,MAXSP), H2(MAXBRK,MAXSP), H3(MAXBRK,MAXSP), H4(MAXBRK,MAXSP)

RGAU(MAXTQD,MAXBRK), ZGAU(MAXTQD,MAXBRK), R2PI(MAXTQD,MAXBRK)

CK(MAXSP,MAXSP), CKK(MAXSP,MAXSP,MAXSP)

ALPHA(MAXSP,4), BETA(MAXSP,4), GAMMA(MAXSP,4)

R (MAXBRK) , Z (MAXBRK) , WR (MAX TQD) , WZ(MAX TQD)

HSIG(MAXBRK), HTAU(MAXBRK), RG2PI(MAXBRK), RIF(MAXBRK), ZIF(MAXBRK),
RMESH(MAXBRK), ZMESH(MAX3RK)

RKN0T (MAXN0T), ZKN0T (MAXN0T)

RGRID(MAXGRD), ZGRID(MXGRD)

Integer arrays

IL(MAXBRK), JL(MAXBRK)

SVGAP (MAXBRK), THGAP (MAXBRK)

MLTAB(MAXBRK,MAXBRK), MATL(MAXBRK,MAXBRK)

IFTYPR(MAXBRK), IFTYPZ(MAXBRK)

NS1(MAXSP), N2(MAXSP), NS3(MAXSP), NS4(MAXSP)

IGDSIG(rMXRGRD), JGDTAU(MXZGRD)

We now consider the unit assignments and macro variables associated with

the graphics programs. In all three cases the graphics programs read the

graphics dataset created on unit 12 by the computational phase of DISPL1. For

a particular graphics run this dataset must be again assigned to unit 12. The

graphics programs are all written in Mortran and utilize the same macro data-

set as was used in the computational phase. This dataset must be assigned to
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unit 2. Except for the assignment of graphics JCL [9] there are no other

units required.

The Macro variables used in a given execution of a graphics program musts

be compatible with the Macros used in the computational phase of DISPL1. That

is, certain Macro variables used in generating the graphics dataset on unit 12

during the computational phase must have the same value when used in a

graphics execution. These variables are MAXSP, MAXK, W'NRNZ, MXNVAR, MAXBRK,

and MAXNOT. In addition, other Macro variables must be set. The Macro

dataset which is on the first file of the tape is designed to simplify this

task. This dataset is compatible with all of the graphics programs as well as

the computational phase of DISPL1. Thus, by using the same version of this

dataset for all of the programs in DISPL1 we assure the compatibility of

MAXSP, MAXK, MXNRNZ, MXNVAR, MAXBRK, and MAXNOT. The following Mortran

variables are used only by the graphics programs and must be set for a given

compilation of a graphics program.

MAXFRM.....integer Macro for the maximum number of duplicate graphs to. be

created by the CSP program. These duplicate frames are gen-

rated only in CSP and only in the cinema mode.

MAXINT.... integer Macro which mist be set to twice MAXBRK. This number

is only used in the CSP program.

NRES1.....integer Macro for the maximum number of points to be plotted

on curves in the CSP program. Notice that this value is an

upper bound on the Namelist FRMAT variable NRESIN when used

in the CSP program.

MRES......integer Macro which must be set to NRES1+2. This value is

used only in CSP.

NRESD.....integer Macro for the maximum number of grid points used along

each axis in the CONTOR and THREED programs. This value is
used only in those two programs and is an upper bound on NRESIN

when used in connection with these programs.

NW0RK.....integer Macro for the size of a workspace array used only in

the THREED program. NWRK should be 2*NRESD+4.
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MXGNUM....integer Macro for the maximum number of time plots generated

by CONT0R or THREED. This macro is used only in those two

programs and is associated with arrays which are used only if

ITIME in Namelist CNTRIN or DIM3IN is true. In this situation

MXGNUM is an upper bound on the Namelist FORMAT variable IGNUM.

MXGRP.....integer Macro for the maximum number of frames to be plotted

for a given time value in the CSP program.

5.2 Namelist GRID

We next describe the input variables in GRID and their

i.e. values used if not specified.

KR........integer variable for the order of the spline

the r-direction.

KR=4, (Default value) (1 < KR < MAXK < 12)

KZ......integer variable for the order of the spline

the z-direction.

KZ=4, (1 < KZ < MAXK < 12)

default values,

approximation in

approximation in

NQR.....integer variable for the order of quadrature formula used for

r-direction integration.

NQR=MAX(KR,1) (1 < NQR < MAXTQD < 12)

NQZ.......integer variable for the order of quadrature formula used for

z-direction integration.
NQZ=MAX(KZ,1) (1 < NOZ < MAXTQD < 12)

However, these are conservative choices. The choices

NQR=KR-1 and NQZ=KZ-1 seem to be optimal. See Sample problem
7.4 for a further discussion.

NSPEC.....integer variable for the total number of chemical species.

NSPEC=1, (1 < NSPEC < MAXSP)

DELTA.....integer variable for geometry selection. Use 0 for rectangu-
lar geometry, 1 for cylindrical geometry, and 2 for spherical
geometry (one dimension only).

DELTA=O,
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RLOW......real variable for the left hand boundary of the domain.

RLOW=0.0,

RUP.....real variable for the right hand boundary of the domain.

RUP=1.0,

ZLOW......real variable for the lower boundary of the domain.

ZLOW=0.0,

ZUP.....real variable for the upper boundary of the domain.

Z ' =1.0,

NTIR......integer variable for the total number of interfaces along the

R axis.

NTIR=O, (0 < NTIR < MAXBRK)

NTIZ......integer variable for the total number of interfaces along the

Z axis.

NTIZ=O, (0 < NTIZ < MAXBRK)

RIF.....real vector of interface mesh points (R coordinate).

RIF=0.0,0.0,... (vector is initialized to zero) (Dimension is

NTIR)

ZIF.......real vector of interface mesh points (Z coordinate).

ZIF=0.0,0.0,... (vector is initialized to zero) (Dimension is

NTIZ)

IFTYPR....interface type indicator integer for r-direction. Use 0 for

a gap interface, or 1 for a continuous interface. (Notice

that all r-direction interfaces at a particular r-coordinate

are therefore of the same type.)

IFTYPR=1,1,... (Dimension is NTIR)

IFTYPZ....interface type indicator integer for z-direction. Use 0 for a

gap interface or 1 for a continuous interface. (Notice that

all z-direction interfaces at a particular z-coordinate are

therefore of the same type.)

IFTYPZ=1,1,... (Dimension is NTIZ)

NMR.......integer variables of the total number of non-interface mesh

points in the r-direction (not including the end Foints RLOW

and RUP).

NMR=0, (0 < NMR < MAXBRK)
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NMZ.....integer variable of the total number of non-interface mesh

points in the z-direction (not including the end points ZLOW

and ZUP).

NMZ=O, (0 < NMZ < MAXBRK)

RMESH.....real vector of non-interface mesh points (r-coordinate). If

the vector RMESH is omitted, the code will use NMR to generate

a set of equally spaced interior points.

RMESH(I), I=1,NMR

ZMESH.....real vector of non-interface mesh points (z-coordinate). If

the vector ZMESH is omitted, the code will use NMZ to generate

a set of equally spaced interior points.

ZMESH(J), J=1,NMZ

CONTR.....integer variable of continuity (in the r-direction) across

mesh points. (0 < CONTR < KR-1)
CONTR=KR-1, (the default value is set to KR-1)

CONTZ.....integer variable of continuity (in the z-direction) across

mesh points. (0 < CONTZ < KR-1)

CONTZ=KR-1,

INUR......integer vector of continuity indices (in the r-direction) at

non-interface mesh points. These values can be used to over-

ride the continuity value CONTR at specified non-interface

mesh points.
INUR=CONTR,CONTR,... (the default value of CONTR is set by

the code) (Dimension is NMR)

INUZ......integer vector of continuity indices (in the

non-interface mesh points. These values can

ride the continuity value CONTZ t specified

mesh points.

INUZ=CONTZ,CONTZ,... (Dimension is NMZ)

z-direction) at
be used to over-

non-interface

MATIL.....two-dimensional integer array of material indices. MATL is

dimensioned (MAXBRK,MAXBRK) and is defined for

MATL(I,J) I=1,...,NTIR+1
J=1,... ,NTIZ+1

The default is MATL=1,1,...
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ALGBCS.....logical indicator for selecting method of treating algebraic
boundary conditions. If ALGBCS is true, the values of the
boundary conditions as provided through the user-supplied sub-
routine BRHO are used. If ALGBCS=F, the user routine BRHDT is

used to provide the boundary conditions. Note that in BRH0DT

one must provide the time derivative of the essential boundary
values. If ALGBCS=F, BRH0 can be a dummy routine, while if
ALG3CS=T, BRH0DT can be a dummy routine.

ALGBCS=T,

C0NSRV....logical indicator of selecting conservative or substantial
derivative form of convection term. If CNSRV is true, the

conservative form is used. If C0NSRV is false the substantial
derivativ: orm is used.

C0NSRV=T,

IREVLA....vector of logical variables for indicating the presence of a
heat capacity coefficient in the time derivative term. IREVLA
has dimension NSPEC and IREVLA(K)=T, indicates that
[PCP]K(T,P,Z,6) , 1.0; in this case the left hand side of Eq.
(3.1) is reevaluated at each time step unless IRH0(K)=T.
IREVLA=F,F,...

IRH......vector of logical variables for indicating whether [PCp]K=0
or not. IRH0(K)=T, implies that [PCP]K E 0. IRH0(K)=F,
implies that [PCP]K $ 0. See Note at end of namelist GRID
(page 78).
IRH0=F,F...

INITSW....logical indicator for using the user-supplied subroutine INDATA
to provide an initial estimate of the solution for the steady-
state calculation or initial conditions for the transient
calculation.
INITW=T,

GUESSW....logical indicator for using the program's initial estimate of
the solution for the steady-state calculation. Whenever possi-
ble the user should provide an initial estimate for a ste 'y-

state calculation.

GUESSW=T,

Note: If [PC ](K) 1 use IREVLA(K)=F, and IRH0(K)=F, (both default values).
If [pC ](K) = 0 use IREVLA(K)=T, and iRH0(K)=T, (IREVLA(K)=F, and
IRH0(K =T, can also be used -- it generates a warning message).
If [pC ](K) 0 1 and $ 0 use IREVLA(K)=T, and IRH0(K)=F,.
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STEDSW.... logical indicator for doing a steady-state calculation.

STEDSW=T,

TRANSW... .logical indicator for doing a transient calculation. A transient

calculation expects initial conditions. These can be provided by

either the initial spline coefficients, a least squares fit to the

initial data (INITSW=T,) or a steady-state calculation.

TRANSW=T,

ISTDFQ....integer variable for the frequency of output from the steady-

state calculation. Output occurs every ISTDFQ time steps

after the first time step. Output also occurs on the first

time step. (Notice that ISTDFQ < 0 is meaningless.) The out-

put includes an evaluation of the approximate solution at the

Gaussian point grid (or optionally on user-specified grid) and

may also give the error at points on the grid via calls to

user-supplied subroutine ANAL.

ISTDFQ=10,

IRGRD.....integer variable of the number of points in the r-direction

for the optional user-specified output grid. If IRGRD=O then

the tensor product of the Gaussian points in the r and z

direction is used to form the output grid. If IRGRD is posi-

tive, then tne grid used is the tensor product of RGRID and

ZGRID (see below). For a one-dimensional problem in z, set

IRGRD=1,.

IRGRD=1, (0 < IRGRD < K.RGRD)

RGRID.....real vector of IRGRD points in the r-direction for user's

specified grid. When IRGRD=O or 1, the vector kGRID is not

needed. When IRGRD > 2, the vector RGRID can be omitted. In

this case, the code generates , set of IRGRD equally spaced

output points RGRID(I) such that the first point is equal to

RLOW and the last point is equal to RUP.

JZGRD.....integer variable of the number of points in the z-direction

for user's specified grid. For a one-dimensional problem in

r, set JZGRD=1,.

JZGRD=1, (0 < JZGRD < MXZGRD)
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ZGRID.....real vector of JZGRD points in the z-direction for user's speci-

fiec; grid. When JZGRD=0 or 1, ZGRID is not needed. When JZGRD

> 2, ZGRID can be omitted in which case the code generates

equally spaced output points, the first and last being ZLOW and

ZUP.

lORD......integer vector indicating order of derivatives computed an the

user-supplied outout grid. The code always provides the

approximate solution (either user-supplied or Gaussian). How-

ever, if a user-supplied grid is used, partial derivatives of

the approximation can be requested. IORD is a vector of, at

most, fifteen components. Each component is an integer of the

form 10*I+J and will cause the mixed partial of order I with

respect to R and order J with respect to Z to be computed.

Thus IORD = 10,11, will Lause U K)and to be computed as

well as U(K) for all K. Notice that the user need not specify

I=J=0 (the function value case).

IORD=0,0,...

IANAL.....logical indicator for giving the analytic solution in user-
supplied subroutine ANAL. If IANAL=F, subroutine ANAL can be

a dummy routine. If IANAL=T, subroutine ANAL is used to compute

the steady state or the transient solution on the Gaussian or

user-specified grid.

IANAL=F,

ISTDRS....logical indicator for restarting the steady-state calculation

from a dump. This indicator and the next two indicators can be

used to restart a calculation from a dump generated during a

previous run. The code dumps information under the following

four conditions: if it detects that time is expiring during a

steady-state calculation; at a normal conclusion of a steady-

state calculation; if it detects that time is expiring during

a transient calculation; and at the normal conclusion of a

transient calculation. Only the last dump during a given run

is meaningful since each dump writes from the beginning of the

file. Thus to generate a dump at the normal conclusion of the

steady-state calculation, set TRANSW=F. (See 45.8 for further
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information about restarting.) The ISTDRS indicator is asso-

ciated with restarting the first type of dump, the DUMPSW

indicator is associated with restarting the second type; and

the ITRARS indicator is associated with the third type. The

fourth type of dump can be utilized as follows: Set up an

array of UT0UT of dimension N2 and set NUT0UT = N1<N2. The

program will then dump at T=UT0UT(N1). On the restart run set

INITSW, GUESSW and STEDSW to false and TRANSW to true and use

NT0UT=N2. The calculation will restart from UT0UT(N1) and

process to UTOUT(N2). To restart a steady-state calculation

set ISTDRS=T, INITSW=F, GUESSW=F, and STEDSW=T. The code will

then read the current value of the approximating coefficients

and time (variables W and T, respectively) from unit 10.

ISTDRS=F,

DUMPSW.... logical indicator for reading coefficients from unit 10. If

the dump in a previous run occurred at the normal conclusion of

the steady-state calculation, the code dumped the final coeffi-

cients. By setting DUMPSW=T, these coefficients can be read

from unit 10 and can be used in either a new steady-state or

transient calculation.

DUMPSW=F,

ITRARS....logical indicator for restarting a transient calculation which

ran out of time. If ITRARS=T, then the current value of the

approximate coefficients and time (variables W and T,

respectively) are read from unit 10. When ITRARS is true,

INITSW, GUESSW, and STEDSW must be false and TRANSW must be

true.

ITRARS=F,

ITRC0....logical variable to specify a cold rather than hot restart of a

transient calculation. Normally to restart a transient calcu-

lation we set ITRARS=T. If, however, the problem has changed,



73

e.g. boundary conditions modified, we do not want a hot

restart. In this case specify IrRC0D=T as well as ITRARS=T to

get a cold restart.

ITRC0D=F,

MXSTED.... integer variable for the maximum number of time steps permitted

during a steady-state calculation.

MXSTED=500,

LGST0P....logical variable for specifying a user-controlled termination

criterion (sometimes called a G-stop facility). If LGST0P=T,

the routines GST0PF and EVALFN are intended to be modified and

extended by the user to specify the termination criterion. The

GST0PF routine returns a flag (IGST0P) via COMMON indicat-

ing either no change (IGST0P=O), exit DISPL1 to start a new

problem (IGST0P=1), or exit DISPL1 to change data and continue

the current problem (IGSTOP=2). Note that GST0PF is called

after each successful time-step and is called only if LGST0P=T.

Subroutine GST0PF can use subroutine EVALFN to evaluate the

current solution as an aid in determining whether or not an

exit should occur.

LGST0P=F,
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5.3 Namelist DATA

As mentioned earlier there are two sets of Namelist DATA. The first set

is read once immediately after GRID before any calls to the calculation

drivers. The second set is read just before the call to TIMEX, the transient

driver. Thus the first set is read before either a steady state or a transient

calculation is started, while the second set is read just before a transient

calculation is started. If a steady-state calculation is to be followed by a

transient calculation, the first set is used to define the steady-state case

while the second set is used to define the transient case. If there are no

changes in the variables appearing in the first set of Namelist DATA, then the

second set can be a null set. Furthermore, the second set need only contain

those variables in Namelist DATA which are changed when passing from a steady-

state to a transient calculation. The variables and defaults for Namelist
DATA are as follows.

W.........real vector of spline coefficients. W is an array of dimen-

sion MXNVAR. This array can be used to specify the initial

values for either a steady-state or a transient calculation by
setting INITSW=F, in Namelist GRID. However, since W is an
array of spline coefficients, it can be specified only in

exceptional circumstances (cf. sample problem 7.4). Moreover,

in order to specify W one must know the ordering of W used in

the code. This ordering is discussed in section 4.10.

W=1.0,1.0,...,

ALPHA,....real variable array of boundary value coefficients. ALPHA is

dimensioned (MAXSP,4) and the user must provide

ALPHA(I,J) I=1,2,...,NSPEC
J=1,2,3,4 (side index)

The default is ALPHA=0.0,0.0,...,

BETA......real variable array of boundary value coefficients. BETA is

dimensioned (MAXSP,4) and the user must provide

BETA(I,J) I=1,2,...,NSPEC
J=1,2,3,4 (side index)

The oifault is BETA=1.0,1.0,...,
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GAMMA.....real variable array of boundary value coefficients. GAMMA is

dimensioned (MAXSP,4) and the user must provide

GAMMA(I,J) I=1,2,...,NSPEC
J=1,2,3,4 (side index)

The default is GAMMA=0.0,0.0,...,

NS1(K)....integer indicator for essential boundary conditions of side 1 for

K-th species. If NS1(K)=1 then the boundary condition is essen-

tial, i.e. BETA(K,1)=O. If NS1(K) is 0 then the boundary condition

on side 1 is non-essential for species K. When NS1(K)=-1, no

boundary condition is imposed on side 1 for species K.t

NS1=0,0,...

NS2(K)....integer indicator

the K-th species.

NS2=0,0,...

NS3(K)....integer indicator
the K-th species.

NS3=0,0,...

for essential boundary conditions on side 2 for

See description of NS1 indicator.

for essential boundary conditions on side 3 for

See description of NS1 indicator.

NS4(K)....integer indicator for essential boundary conditions on side 4 for

the K-th species. See description of NS1 indicator.
NS4=0,0,...

For the standard Dirichlet or Newmann condition see the variables DRCHLT and

NEUMAN at the end of this namelist.

HUI..... .real array of boundary function h for side 1. HU1 is dimensioned

(MAXBRK,MAXSP) and the user must provide

HU1(I,K) I=1,2,...,NTIZ+1
K=1,2,...,NSPEC

The default value is HU1=1.0,1.0,...,

HU2.......real array of boundary function h for side 2. HU2 is dimensioned
(MAXBRK,MAXSP) and the user must provide

HU2(I,K) I=1,2,...,NTIR+1
K=1,2,...,NSPEC

The default value Is HU2=1.0,1.0,...,

tWhen specifying the indicators NS1 K), NS2(K), NS3(K), and NS4(K) in Namelist
DATA (pp. 74-75), the user must be sure to also specify the corresponding
values of ALPHA(K,I), BETA(K,I), and GAMMA(K,I). These values can be specified
directly or by use of the logical indicators DRCHLT(K,I) or NEUMAN(K,I).
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HU3.......real array of boundary function h for side 3. Description is

as for HUl.

HU3=1.0,1.0,...,

HU4.....real array of boundary function h for side 4. Description is

as f:" HUl.

HU4-1.0,1.0,...,

HVGAP.....real array of gap coefficients in the z-direction. HVGAP is of

dimension (MAXBRK,MAXBRK,MAXSP) and the user must provide

HVGAP(I,J,K) I=1,2,...,number of vertical gaps along R
J=1,2,...,NTIZ+1
K=1,2,...,NSPEC

Default value is HVGAP=0.0,0.0,...,

HHGAP.....real array of gap coefficients in the r-direction. HHGAP is of

dimension (MAXBRK,MAXBRK,MAXSP) and the user must provide

HHGAP(J,I,K) J=1,2,...,number of horizontal gaps along Z
I=1,2,...,NTIR+1
K=1,2, ... ,NSPEC

Default value is HHGAP=0.0,0.0,...,

TO........real variable for initial time at start of transient

calculation.

TO=0.0,

NUT0UT....integer variable related to the frequency of output during the

transient computation. NUTUT is the number of major time

values in the array UTOUT (see below).

NUT0UT=2,

UTOUT.....real vector of NUTOUT major time values. Note that UT0UT(1) is

the time at which the transient calculation begins and must

agree with TO, the physical initial time. UTOUT is of dimen-

sion 100 and its default value is
UT0UT=0.0 ..0,2.0,0.0,0.0,...,



NUFREQ... .integer variable of the number of equally spaced points on each

interval [UT0UT(I),UT0UT(I+1)]. Output will occur at each such

point. If NUFREQ=1 then output will occur at each time

UT0UT(I), 1 < I ( NUT0UT. Notice that NUFREQ < 0 is

meaningless.

NUFREQ=1,

GRAPH.....logical indicator to write output of unit 12 for later use in

graphic analysis. This output will occur during each ordinary

output for the steady-state or transient calculation.

GRAPH=F,

NUMGRF....number of run. This integer variable is written on unit 12 and

is used by the graphics programs to identify the run which

produced the graphics file.

NUMGRF=O,

EPS.......real variable of accuracy requirement for the GEAR subroutines

used in solving the ordinary differential equations system.

EPS=.0001,

HINIT.....real variable of initial step size for GEAR calculation.

HINIT=.001,

MXGRD.... integer variable for selecting the maximum order used in the

ODE solver. MXG0RD must be between 1 and 5.

MXG0RD=5,

77
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IPRSW1....integer variable for certain additional output from subroutine

INPRUC. If IPRSW1=0 print will not occur. If IPRSW1=1 the

print will occur. (This print switch and the following print

switches are primarily of use for debugging the code.)

IPRSW1=0,

IPRSW2....integer variable for additional output from subroutine INIFIT

and certain output from subroutine INPROC. (See description

of IPRSW1.)

IPRSW2=0,

IPRSW3....integer variable for additional output from subroutine GFUN

and certain output from subroutine PEDERV. (See description

of IPRSW1.)

IPRSW3=0,

IPRSW4....integer variable for additional output from subroutines GUESS1,

RHS, and TIMEX. (See description of IPRSW1.)

IPRSW4=0,

IPRSW5....integer variable for certain additional output from subroutine

PEDERV. (See description of IPRSW1.)

IPRSW5=0,

IPRSW6....integer variable for additional output from subroutine BLKSOR

(in the iterative version of the code only).

IPRSW6=0,

DRCHLT(K,I)..logical indicator specifying that the K-th species on side

I satisfies a Dirichlet boundary condition. DRCHLT(K,I)=T,

will set NSI(K)=1, ALPHA(K,I)=1.DO, BETA(K,I)=O.DO, and

GAMMA(K,I)=1.DO.

DRCHLT(K,I)=F,

NEUMAN(KI)..logical indicator for a Neumann boundary condition.

NEUMAN(K,I)=T, will set NSI(K)=0, ALPHAO.DO, BETA*1.DO, and

GAMMA=1.DO.

NEUMAN(K, I)=FF,
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5.4 Namelist FORMAT

This and the following three namelists provide the input for the graphics

programs which are available with this code. The first namelist, FORMAT, pro-

vides variables common to all three of the graphics packages. The first

graphics package is CSP which provides a one-dimensional cross section plotting
capability. The namelist for this package is CSPIN. The second graphics pack-
age is CONTOR which provides a contour plotting capability. The namelist for
this package is CNTRIN. The third graphics package is THREED which provides
perspective surface plotting capability. The namelist for this package is DIM3IN.

The graphics programs will process files that were generated by several

calls to EXEC. For each complete problem being graphed (that is for each time

EXEC was called), the graphics program reads Namelist FORMAT and either Namelist
CSPIN, CNTRIN, or DIM3IN. For example, if EXEC was called twice and we are using

the CSP program, we need Namelist FORMAT and CSPIN followed by Namelist FORMAT

and CSPIN.

In discussing the namelist input for these graphics packages, the following

terminology will be used. A frame is a physical plotting area, and for each
time value one can have several frames. In the CONTOR and THREED package there
is just one coordinate axis per frame and one curve (contour, surface plot) per
axis. In the CSP package, one can have one or more coordinate axis per frame
with the same number of axis in each frame. it there is more than one axis per
frame, then there can be only one curve per axis. On the other hand if there is

one coordinate axis per frame, then there can be several curves per axis.

The following variables are in namelist FORMAT.

ITRTV.....integer variable indicator specifying which version of the code
was used to generate to graphics dataset. (unit 12). This indica-
tor establishes the ordering assumed for the spline coefficients.

If ITRTV is 1, the ordering assumed is that used in the iterative
version. If ITRTV is anything else, the ordering is assumed to
be that used in the direct version of the code.
ITRTV=O,

IGNUM.....integer variable for the number of curves (or contours or three-
dimensional perspectives) to be produced at each time value.

IGNUM=1, (1 < IGNUM < MXGNUM)

NRESIN.... integer variable for the number of grid points used for

graphical purposes in each coordinate direction. For CSP it
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is recommended to use 200 < NRESIN < 1000. For CONT0R and

THREED recommended values of 10 < NRESIN < 50.

NRESIN=NRES1, for CSP (1 < NRESIN < NRES1)

NRESIN=NRESD, for CONTOR or THREED (1 < NRESIN < NRESD)

ITIME.....logical variable for use in time plots. When ITIME=T, the

graphs generated will involve time as one of the independent

variables. In the case of CSP, the solution at a given point

is plotted as a function of time. At present this plot con-

sists only of points without any connecting curve. In the

case of CONT0R, contours are plotted on a plane in which the

horizontal axis is time, and the other axis is a line parallel

to either the r or the z axis. This line is specified by

setting RMIN,ZMIN,RMAX,ZMAX in Namelist CNTRIN. In the case

of THREED, the independent variables are the same as in

C0NTOR, however, the coordinates of the line are specified in

Namelist DIM3IN rather than CNTRIN. Note: for CONTOR and

THREED, the time values must be equally spaced.

ITIME=F, (Default value)

NTIME.....integer variable for the number of time values usea when

ITIME=T. When ITIME=F, this variable can be ignored.

NTIME=NRES1, (Default for CSP) (1 < NTIME < NRES1)

NTIME=NRESD, (Default for CONTR and THREED) (1 < NTIME < NRESD)
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5.5 Namelist CSPIN

The variables described here are used in the cross section plotting (CSP)

program only.

ICN.....integer variable indicator for cinema mode. If ICN=1 the code
uses its cinema mode to produce multiple copies of each frame
during graphing. If ICN is anything else, cinema mode is not

used and only one copy of each frame may be requested.
ICN=O,

IFORMT....integer indicator for grouping format of graphs. If IFORMT is
set to 1, the graphs will be produced in packed format. That is,

all the curves in a frame will be plotted on a single set of

axes. If IFORMT is set to anything else, the code will use its
separate mode. In this mode each curve on a given frame will be

plotted on a separate set of axes. Thus multiple sets of axes

will occur on a single frame.

IFORMT=O,

IANAL.....logical indicator for graphing the analytic solution. If IANAL
is TRUE, the analytic solution for each species is plotted along

with the numerical solution. In this case the user must supply
a SINGLE PRECISION version of SUBROUTINE ANAL. If IANAL is
FALSE the analytic solution will not be plotted although a dummy

version of SUBROUTINE ANAL must be provided.
IANAL=F,

YAXMIN....real vector used as an estimate of the minimum value of the ordi-
nate for all curves in a given frame (where the frame number for
a given time is defined in LGROUP). This estimate is checked by
the CSP code and is used if it is reasonably close to the actual
minimum value needed for all the curves within the given frame.

By proper selection of YAXMIN and YAXMAX a constant vertical axis

range can be used for all time values in a frame, e.g. for movie
generation. Since there is a separate estimate for each frame
there are max(LGROUP(I)) components in YAXMIN and YAXMAX.

YAXMIN=0.0,0.0,

YAXMAX....real vector used as an estimate of the maximum value of the ordi-

nate for all curves in a given frame. This vector is used with

YAXMIN in establishing an initial vertical axis range for each
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frame.

YAXMAX=1.0,1.0,

ISPCC.....integer vector relating species numbers with curves. The

vector ISPEC is used to identify the Ith curve with a graph of

species ISPEC(I). This vector has IGNUM components. Fre-

quently we select ISPEC(I)=I so that we simply plot each

species. Note, however, that a given species can be asso-

ciated with several curves, e.g. ISPEC(I)=I0 for several

values of I.

ISPEC=1,2,... ,MXGNUM,

LGROUP....integer vector used to associate a given curve with a given

frame. In general, the ith curve is plotted on the LGROUP(I)

frame. Thus the Ith curve plots the ISPEC(I) species on the

LGROUP(I) frame. Notice that if we wish to plot, say, the

first species on frames one and two we use ISPEC(1)=ISPEC(2)=1,

LGROUP(1)=1, and LGROUP(2)=2. There are IGNUM compone:8Ls in

LGROUP.

LGROUP=1,1,..., (1 < I < IGNUM)

LORDER....integer vector used to order curves on frames. If IFORMT=1,

the LORDER(I) ca'conp plotting symbol is used for the Ith

curve (see [10], p. 16) for a sample of these symbols). The

selected symbol will be plotted at a few selected poiri;s along

the Ith curve. If IFORMT#1, the separate axes plots in the

frame will be ordered from the bottom of the frame, i.e. the

Ith curve will be the LORDER(I) plot from the bottom of the

LGROUP(I) frame. There are IGNUM components in LORDER.

Usually we use LORDER(I)=I.

LORDER=1,1,..., (1 < I < IGNUM)

Al........real vector or r coordinates of the first endpoint of the

cross-sections. There is a separate cross-section associated

with each frame and thus there are mgx LGROUP(I) cross-sections

to provide. Each cross-section is provided by giving the r

and z components of the two endpoints of the cross-section

line. Thus, for the Ith frame, the line used for the
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cross-section connects (A1(I),B1(I)) with (A2( I),B2(I)).

A1=0.0,0.0,..., (1 < I < MAX(LGRLP))

Bi........real vector of z coordinates of the first endpoint of the

cross-sections.

B1=0.0,0.0,..., (1 < I <_ I'X(LGR0UP))

A2......real vector of r coordinates of the second endpoint of the

cross-sections.

A2=1.0,1.0,..., (1 < I < MAX(LGR0UP))

B2......real vector of z coordinates of the second endpoint of the

cross-sections.

B2=1.0,1.0,..., (1 < I_ '<MX(LGR0UP))

C0MPS....logical variable to do a composite plot. If set to TRUE, all

plots will occur on a single frame.

C0W0S=F,

SCALE.....logical variable to do automatic axis scaling. If set to TRUE,

axes will be resealed as the solution evolves. If FALSE, the

values in YAXMIN and YAXMAX will be used.

SCALE=F,
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5.6 Namelist CNTRIN

In this subsection we describe the variables in Namelist CNTRIN which,

together with those in Namelist FORMAT, provide the input data for the

contouring program.

ISPEC.....integer vector of species numbers. The vector, just as the

ISPEC vector in Namelist CSPIN, specifies that for a given tirrL

value, the Tth frame will be a contour plot of species

ISPEC(I).

ISPEC=1,2,..., (1 < I < IGNUM)

RMIN......real vector of minimum r coordinate to be contoured on the Ith

frame. There are IGr!UM components in RMIN.

RMIN=0.0,0.0,..., (1 < I < IGNUM)

RMAX......real vector of maximum r coordinate to be contoured on the Ith

frame. There are IGNUM components in RMAX.

RMAX=1.0,1.0,..., (1 < I < IGNUM)

ZMIN......real vector of minimum z coordinate to be contoured on the Ith

frame. There are IGNUM components in ZMIN.

ZMIN=0.0,0.0,..., (1 < I < IGNUM)

ZMAX......real vector of maximum z coordinate to be contoured on the Ith

frame. There are IGNUM components in ZMAX.

ZMAX=1.0,1.0,..., (1 < I < IGNUM)

NRESR.....integer variable for the number of grid points used for the r

direction. This variable defaults to the value of NESIN in

Namelist FORMAT.

NRESR=NRESIN,

NRESZ.....integer variable for the number of grid points used for the z

direction.

NRESZ=NRESIN,
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5.7 Namcl'st DIM3IN

In this subsection we describe the values in Namelist DIM3IN which,

together writer those in Namelist FORMAT, provide the input data for the three-

dimensional perspective program (THREED).

The variables ISPEC, RMIN, RMAX, ZMIN, ZMAX, NRESR, and NRESZ as des-

cribed in section 5.6 are required to specify the species indices and the

rectangular plotting domain in r-z space. These variables are not repeated

here for the sake of brevity. We also need to specify the viewpoint of the

surface and bounds on the function axis.

RVIEW.....real variable describing the r coordinate of the viewpoint. In

terms of actual coordinates we view the three-dimensional

surface from the point (RVIEW,ZVIEW,FVIEW). It is recommended

that the viewpoint be initially selected to be a considerable

distance from the surface. On subsequent runs the viewpoint

may be refined. Note when ITIME=T, RVIEW is associated with

the time axis.

RVIEW=100.0,100.0,..., (1 < I < IGNUM)

ZVIEW.....real variable specifying z coordinate of viewpoint.

ZVIEW=100.0,100.0,..., (1 < I < IGNUM)

FVIEW.....real variable specifying function axis coordinate of viewpoint.

FVIEW=100.0,100.0,..., (1 < I < IGNUM)

FMATMN....real variable used to provide an estimate of the minimum

function value for all species over all time values. This

variable, along with FMATMX, can be set large enough to provide

a constant function axis for all plots in a given run. Ocher-

wise, the code will adjust both FMATMN and FMAT to

accommodate the data.

FMATMN=O.O,O.O,..., (1 < I < IGNUM)

FMATMX....real variables used to provide an estimate of the maximum func-

tion value for all species over all time values.

FMATMK=1.0,1.0,..., (1 < I < IGNUM)
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5.8 Summary of Restart Procedures

Recall that the program writes restart data on unit 11, and reads restart

data from unit 10. Furthermore, the write on unit 11 will always occur when

any of the following circumstances occur.

(1) If time expires during a steady-state calculation.

(2) At the conclusion of a steady-state calculation.

(3) If time expires during a transient calculation.

(4) At the conclusion of a transient calculation. Note that the value of

NUTOUT determines where the transient calculation stops. For example, if

the UTOUT array has 21 time values and we set NUTOUT=8, then the program

will stop at the end of the first 8 time values in UTOUT. If one wished

to continue, then on a subsequent restart, one would set 8 < NUTOUT < 21.

The program will then proceed from UTOUT(8) to UTOUT(NUTOUT).

The general procedure for a restart is as follows.

(a) Assign the previously written restart dataset to unit 10 (it was pre-

viously assigned to unit 11).

(b) Assign to unit 11 the dataset on which the restart data will be written

at the conclusion of this run.

(c) In Namelist GRID set

INITSW=F,
GUESSW=F,

(d) If this is a restart from a steady-state calculation and is a continua-

tion of a steady-state calculation, then leave STEDSW=T, and leave

TRANSW as it was in the previous calculation. Then set ISTDRST,

(e) If the previous run was a normal conclusion of a steady-state cal-

culation with DUMPSW=T, and if one wishes to restart from this run

to do a transient calculation, set the following indicators: STEDSW-F,

TRANSW=T, DUMPSW=T, (in this case DUMPSW=T, serves to indicate that tran-

sient will read the steady-state data).

(f) If the previous run was a transient calculation, and this is a restart to

continue this calculation then set ITRARS=T, and make sure STEDSW=F,.
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5.9 DISPL1 Files

The DISPL1 package consists of the following files:

1. The DISPL1 macros.
2. The DISPL1 numerical package.
3. The CSP graphics program.
4. The C0NT0R graphics program.
5. The THREED graphics program.

In addition the MORTRAN preprocessor consists of

1. The M0RTRAN macros.
2. The preprocessor itself.

To utilize these files, first compile the MRTRAN preprocessor itself into an

executable program (use a Fortran 77 compiler). To conduct any M0RTRAN

compile execute the preprocessor assigning the M0RTRAN macros to unit 1, the

DISPL1 macros to unit 2 and the source MERTRAN code (e.g. the DISPL1 package)

to unit 5. The MORTRAN listing will be generated on unit 6 and the F0RTRAN

translation of the M0RTRAN source code will be generated on unit 7. The

resulting F0RTRAN can then be compiled with a Fortran 77 compiler. Using the

above procedure the DISPL1 numerical package, and each of the three graphics

programs can be compiled. In the case of the graphics programs the resulting

object code can be linked to the DISSPLA library to produce an executable

file.

To run a problem the user file (master driver and user routines) should

be compiled (in M0RTRAN or F0RTRAN) and linked to the DISPL1 numerical object

code to produce an executable file. This file should be executed with the

Namelist assigned to unit 5, restart and dump files assigned to units 10 and

11, and graphics file assigned to unit 12. To execute any of the graphics

programs, assign unit 12 from a previous computational run and assign the

Namelist input to unit 5.
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5.10 Error Messages

This program performs some consistency checks on the input stream. We

distinguish between fatal and non-fatal erors in the input. Whenever possi-

ble an error is interpreted as non-fatal in which case the error is corrected

and execution resunres. When a non-fatal error is encountered, the error is

corrected and a message is printed informing the user of the correction. For

example, if the number of quadrature points per interval in the r direction

NQR is less than KR-1, then the quadrature error may exceed the spatial

truncation error, and even worse, the matrix AL can be so poorly conditioned

that it cannot be inverted. Hence if NQR < KR-1, the code will set

NQR = KR-1 and then continue. This same situation also applies to NQZ.

For fatal errors, the program prints a message and then stops. The

following errors are recognized as fatal errors in the computational phase of

DISPL1.

'-) If side J has a non-essential boundary condition for the K-th species,

we have

ahu+sVvu -, = yhp 0

on side J where a = 8(K,J) $ 0. Thus the code checks that NSJ(K) and

8(K,J) are not both zero. If they are, the following message appears.

***INPUT ERROR.BETA=O. FOR A NON-ESS. SIDE.

(2) Recall that MAXBRK is the Macro parameter for the maximum number of

intervals in either direction. The code checks whether LR > MAXBRK-1 or

LZ > MAXBRK-1, and if so prints

***INPUT ERROR.NUMBER OF INTERVALS NOT CONSISTENT WITH
NUMBER OF BREAKPOINTS.

(3) NRNZ is the number of variables associated with one species, and MXNRNZ

is the Macro parameter for this variable. The code checks NRNZ > MXNRNZ,

and if so prints

***INPUT ERROR.NUMBER OF VARIABLES PER SPECIES EXCEEDS
DIMENSIONED SIZE.

(4) NVAR is the total number of variables for the problem, and MXNVAR is the

corresponding Macro parameter. The code checks NVAR > MXNVAR and if so

prints
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***INPUT ERROR.TOTAL NUMBER OF VARIABLES EXCEEDS
DIMENSIONED SIZF.

(5) NQR(NQZ) is the number of quadrature points per interval, and MAXTQD is

the corresponding Macro parameter. The code checks NQR > MAXTQD or

NQZ > MAXTQD and if so prints

***INPUT ERROR.NUMBER OF QUADRATURE POINTS EXCEEDS
DIMENSIONED SIZE.

(6) NUTOUT is the number of output times in a transient calculation. The

code checks if NUTOUT < 2 or NUTOUT > 100, and if so prints

***INPUT ERROR.NUTOUT IS OUTSIDE THE INTERVAL (2,100).

(7) The PW array is dimensioned at run time by the user setting NPW in the

DRIVER. The code checks whether the user has set NPW large enough, that

is, whether MFBW*NVAR > NPW for the direct version, or FBW*NVAR*NSPEC >

NPW for the iterative version. In either case the code prints

***PW ARRAY IS TOO SMALL.

(8) The AL array is dimensioned at run time by setting NAL in MASTER DRIVER.

For either version the code checks whether FBW*NRNZ > NAL, and if so

prints

***AL ARRAY IS TOO SMALL.

(9) MAXNOT is the Macro variable for the number of knots in either the r or

z direction. If this number is exceeded the code prints

***INPUT ERROR. TOTAL NUMBER OF KNOTS IN
ONE DIRECTION EXCEEDS STORAGE.

The graphics programs generate fatal errors with messages if the Macro

variables used in the graphics programs are not as large as the Macro

variables used to generate the graphics dataset on unit 12 during the execu-

tion of the computational phase. In the following discussion we refer to

the value of the Macros used in the graphics codes by preceding the variable

name with a J. The corresponding value in the computational code will be

indicated by preceding the variable name with an I.

The fatal errors are:

(1) If the original Macro for the number of breakpoints is greater than the

corresponding graphics Macro, the message
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SPECIFIED NUMBER OF BREAKPOINTS (IMAXBRK) EXCEEDS THE
MAXIMUM NUMBER DIMENSIONED (JMA;tBRK). RUN STOPPED.

(2) If the original Macro for the number of species is greater than the

corresponding graphics Macro the following message appears.

SPECIFIED NUMBER OF SPECIES (IMAXSP) EXCEEDS THE
MAXIMUM NUMBER DIMENSIONED (JMAXSP). RUN STOPPED.

(3) If the original Macro for the spline order is greater than the value

used in the graphics program the following message appears.

SPECIFIED ORDER OF SPLINES (IMAXK) EXCEEDS THE
LIMITS OF THE PROGRAM (JMAXK). RUN STOPPED.

(4) If the original Macro for the number of knots in either direction is

greater than the value used in the graphics program the following

message appears.

SPECIFIED NUMBER 0F KNOTS (IMAXNOT) EXCEEDS THE
MAXIMUM NUMBER DIMENSIONED (JMAXNOT). RUN STOPPED.

(5) If the original Macro for the number of variables in either direction is

greater than the value used in the graphics program the following

message appears.

THE SINGLE SPECIES NUMBER OF VARIABLES (IMXNRNZ) EXCEEDS
THE LIMITS OF THE PROGRAM (JMXNRNZ). RUN STOPPED.

(6) If the original Macro for the total number of variables is greater than

the value used in the graphics program the following message appears.

THE SPECIFIED NUMBER OF VARIABLES (IMXNVAR) EXCEEDS
THE LIMITS OF THE PROGRAM (JMXNVAR). RUN STOPPED.

In addition, a fatal error can occur when ITIME=T and if NTIME is

greater than NRES1 (for CSP) or NRESD (for CONTOR or THREED). If this

occurs, the following message is printed.

SPECIFIED NUMBER OF TIME VALUES IS

GREATER THAN { S1}, NTIME= . RUN STOPPED.

where the appropriate Macro name NRES1 or NRESD is printed as well as the

value of NTIME.
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If a fatal error is detected (either due to input or due to computation),

the last message printed in EXEC is

EXIT EXEC WITH ABNORMAL TERMINATION

and control is returned to the Master Driver.

The following non-fatal message is printed by the graphics programs is

ITIME=T and there are more time values on the graphics dataset than the user

requested to be graphed via NTIME.

WARNING *** MORE TIME VALUES THAN NTIME.
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6. DESCRIPTION OF PRINTED AND GRAPHICAL OUTPUT

In this section we discuss the output generated by the DISPLi package.

We first discuss the printed output generated by the computational phase of

DISPL1 in section 6.1. In section 6.2 we discuss the printed and graphical

output which can be produced by the cross-section plot program. In section

6.3 we discuss the printed and graphical output which can be produced by the

contour package. Finally in section 6.4 we discuss printed and graphical out-

put which can be produced by the three-dimensional perspective program. In

all cases, we describe the output with reference to the examples in section 7.

6.1 Printed Output

In this subsection we discuss the printed output of the DISPL1 computa-

tional code. The printed output has three main sections. The first section

is the result of processing Namelist GRID and the first read of Namelist

DATA. The second section contains the results of any initial fit computation

and any steady-state calculation. The third section contains the results of

a second read of Namelist DATA and any transient calculation which may have

occurred. In discussing the results of processing the namelists, we will

discuss only those aspects which are not clear from the discussion of the

namelists in section 5.

Considering the first section, we use example 7.2 as an illustration.

The output begins with a summary of the variables in Namelist GRID. Notice

that INITIAL CONTR=13; this is jLest an indication that the code is going to

set CONTR=KR-1 which is the default value. The next part of the output con-

sists of certain internal arrays followed by a summary of Namelist DATA. The

code first indicates that CONTR is reset to KR-1=4-1=3 and CONTZ is reset to

KZ-1=1-1=0. NVGAP is the number of vertical gap interfaces, and NHGAP is the

number of horizontal gap interfaces. LR and LZ are the number of intervals

in the r and.z direction. The IL array is the index set for the B-splines in

the r-direction. JL is the corresponding index set for the z direction.

IREF is an index set in the r direction for the interfaces. JREF is a similar

array for the z direction.

MLTAB is the two-dimensional table of materials in the domain. This

table is the internal array which is obtained from the Namelist GRID array
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MATL. Next, the code determines whether it is more efficient (in terms of

bandwidth) to store the coefficients with horizontal or vertical ordering.

The ordering used is reported in the output. The next two lines of code deal

with constants involved in the indexing of the coefficients. These constants

are explained in section 4.10.

The output next gives the actual system size for the problem. NR is the

number of variables per species in the r-direction. NZ is the corresponding

number for the z-direction. NVAR is the total number of variables, i.e.

NSPEC*NR*NZ. The output next indicates whether this is the iterative or

direct version of the code. The summary print of namelist DATA then begins.

The reference to PROUT in describing the time and space grid is to SUBROUTINE

PROUT which controls output (both for units 6 and 12) during the steady-state

and transient computation. The variable MF (which is 21) is an indicator for

the ODE solver GEAR and must remain fixed.

Next we consider the second section. After completing the summary print

for Namelist DATA, the code calls SUBROUTINE INIFIT if INITSW=T (which is the

case in this example). The output contains a table of the least-squares solu-

tion evaluated at the quadrature points. In this example the code next reads

amelist DATA for the second time and repeats its summary print. Notice that

the coefficients, W, have changed as a result of the call to INIFIT. If

GUESSW and/or STEDSW were TRUE, calls to SUBROUTINE GUESS and/or STEADY would

have occurred. While the call to GUESS1 would not directly produce any

printed output, the call to STEADY would produce output similar to the tran-

sient output discussed below. Such steady-state output would occur after the

first time-step, after every ISTDFQ steps beyond the first one, and at the

final step. Also, if the code runs out of time during the execution of STEADY,

printout will occur for the last step before doing a dump.

Finally, we consider the third section of output. We first see a message

indicating that the transient solution is beginning. There then follows a

set of small (half page) reports of the solution as it is progressing. Each

report is a result of a call to PROUT and occurs at a time specified by the

user's time grid. Consider the first report in example (section 7.1) in detail.

The time value is given followed by the spline coefficient values. Each

approximate solution is then evaluated on the user-specified grid and, if

IANAL=T, the corresponding analytic solution is given. The output values on
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this grid are arranged as follows: each row represents a fixed value of z

with the first row corresponding to ZGRID(JZGRD) and the last row correspond-

ing to ZGRID(1). On a given row, the first entry corresponds to RGRID(1) and

the last entry corresponds to RGRID(IRGRD).t The message

(FROM PROUT VIA TIMEX)

is a reminder that this is a transient solution. If this call to PROUT was

from SUBROUTINE STEADY we would get the following message.

(FROM PROUT VIA STEADY)

After the final species solution is printed, the time value, TOUT, is again

printed.

PROUT reports other than the first one also include the value DELTA T

and provide information concerning the monitoring of computer time usage.

DELTA T is the current spacing of subintervals on the user's time grid.

Notice that this number will change when we move from one major time interval

to another, i.e. from [UTOUT(1),UTOUT(2)] to [UTOUT(2),UTOUT(3)]. In the

case of a steady-state solution, DELTA T is the actual time step being used

in the ODE solver.

The next two lines deal with monitoring computer time usage. Based on

the amount of time required to solve the problem during the previous call to

the ODE solver GEAR, the code estimates the time required to do the next call

to GEAR. This estimate is given, followed by the amount of computer time

remaining. If the estimate is less than the time left we proceed. If not,

we immediately dump the current results on unit 11, report this fact on the

output, and stop. In the steady-state case a similar situation applies.

Returning to the example in section 7.1, after the transient solution is

completed, the code writes the current solution on unit 11 and reports this

on the output as a normal dump. The value of I (=5 in section 7.1) is the

final index of UTOUT used. Finally, the code checks whether there is another

problem to solve. If not, a message indicating that the end of the input

file has been reached is printed.

tIt should be emphasized that the output from PROUT (whether from STEADY or TIMEX
is laid out just as if one were looking at the domain. That is, the output con-
sists of a series of rows of numbers. Each row has values corresponding to
ascending values of RGRID. The first row corresponds to the largest value of
ZGRID while the last row corresponds to the smallest value of ZGRID.
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6.2 Cross Section Plotting

The output of the cross section plotting program (CSP) is both printed

and graphical. In this subsection we discuss both forms of output by reference

to the examples in section 7. To begin with, all of the graphing programs can

be used in one of two basic modes. If ITIME=F in Narrlist FORMAT, the graph-

ing program will generate plots associated with the solution at a specific

time value. For example, CSP will generate plots of species solutions along

one-dimensional slices at time values associated with the time array specified

in Namelist DATA. If, on the other hand, ITIME=T, the graphing prograr. will

generate graphs with time as one of the independent variables. In the case

of CSP we will obtain plots as specified by the graphing formats in Namelists

FORMAT and CSPIN. The plot involves a graph of a species value uk(r*,z*,t),

at a fixed spatial location (r*,z*) as a function of time t for a given

species k. The point (r*,z*) is specified as follows. Recall that for the

mth frame, CSP requires that a line segment in the spatial domain be

specified by giving its end points (A1(m),B1(m)) and (A2(m),B2(m)). The

point (r*,z*) is specified by setting

A1(m)=r*, A2(m)=r*,

B1(m)=z*, B2(m)=z*,

Note that r* = r*(m), z* = z*(m), i.e. (r*,z*) can change with each frame.

The time values used in these plots are specified through the users time

grid in Namelist DATA. The ITIME=T case for CONT0R and THREED will be dis-

cussed in sections 6.3 and 6.4.

We now discuss the printed output of CSP when using the ITIME=F mode.

For example, consider the output in section 7.2. The printed output begins

with:

BEGINNING CROSS SECTION GRAPHICS PACKAGE

The program then checks the sizes of various macro variables. If these

values are acceptable, no prints occur. The program then gives formatting

parameters and the value of NRESIN. The values of ITIME and NTIME are then

given. Recall that NTIME is used only if ITIME=T. The values of YAXMIN(I)

and YAXMAX(I) are then given in pairs for I=1,...,IGNUM. Next, the user's

graphing format data is summarized on a frame-by-frame basis. Specifically,

for each frame (at a given time value) the ordering of plots on that frame
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and the associated species number is given. In a similar manner. the defini-

tion of the cross section for each frame is reported. Finally, the program

informs the user that the end of data has been encountered anid the total

number of frames produced is reported.

The graphical output associated with an ITIME=F case is also illustrated

in section 7.2. In this example graphs were produced in the separate (not

packed) format. Notice that the legend in the lower left corner of each

graph gives the species number. Further, the time value associated with each

frame is given. (Warning: Since floating point numbers must be plotted in

an F format in the CALCOMP package, we sometimes obtain a double asterisk

when a number, such as time, is out of range.)

We next consider the ITIME=T case, as is illustrated in section 7.3.

The printed output is the same as in the ITIME=F case and for reasons of

space we do not include it. The graphical output for ITIME=T differs from

that for ITIME=F in that the legend in the lower left corner gives the r and
z coordinates of the point where the solution is evaluated rather than a time

value. Of course, the horizontal axis is time rather than r or z. The most
significant difference is that the graph for ITIME=F is a curve whereas the
graph for ITIME=T is just the NTIME points at which we have evaluated the
solution. Finally, we point out that even when ITIME=T we can use the other

options of CSP such as the grouping format (packed or separate) as well as

the ISPEC, LGROUP, and LORDER arrays.
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6.3 Contour Plotting

The contouring program (C0NT0R) can be used in one of two basic modes.

If C0NT0R is used with ITIME=F contour plots are generated in which each plot

is the approximate solution for a particular species over a rectangular domain

in r-z space at a particular time. Thus we generate a series of contour plots

ranging over the species and time values. Thus we generate a series of

contour plots ranging over the species and time values. If C0NTR is used with

ITIME=T, we generate a given contour plot with two independent variables--time

and a space variable. The time values used are those defied in Namelist DATA

and must be uniformly spaced for use in C0NT0R. The spatial variable must be

a line in the r-z domain and must be parallel to one of the coordinate axes.

The definition of this line is transmitted to C0NT0R through the RMIN, RMAX,

ZMIN, and ZMAX arrays (which define the contouring domain when ITIME=F).

Notice that if the problem is one dimensional in the spatial variable, then a

contour plot cannot be done with ITIME=F,; however, a contour plot can be done

with ITIME=T.

In describing the output of C0NT0R we consider the ITIME=F mode and refer

to the examples in section 7 for concreteness. The printed output of the

C0NT0R program is illustrated in section 7.1. The output begins with the

statement

BEGINNING C0NT0R GRAPHICS PACKAGE

The program then does a series of checks on the sizes of Macro variables. If

these values are within range, the execution continues. The output next

states the VERSI0N C0NT0R being used followed by the value of IGNUM. The

user's formatting instructions are then summarized. Next, the value of ITIME

is given along with the number of points in the r and z directions (NRESR and

NRESZ) each of which is the input value NRESIN.

6.4 Perspective Plotting of Solution Surfaces

The three-dimensional perspective program (THREED) uses the DISSPLA

graphics software package to generate views of the solution surface for a

particular species over a rectangular domain. As with CSP and CNTR, THREED

can be used in two basic modes: ITIME=F and ITIME=T. When used with ITIME=F,

the domain is specified by [RMIN(I),RMAX(I)] x [ZMIN(I),ZMAX(I)]. When used
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with ITI1E=T the domain is defined as for C0NTR. That is, the domain involves

two independent variables: the first is time, and values must be generated by

a uniformly spaced time grid in Namelist DATA; the second independent variable

must be parallel to the r or z axis and is specified by the values of RMIN(I),

RMAX(I), ZMIN(I), and ZMAX(I). Notice that when ITI!E=T, the spatial domain

can, in fact, arise from a one-variable problem (see section 7.3).

In discussing the printed output we refer to the example in section

7.1. While this output deals with ITIME=F, the printed output for ITIE=T is

essentially the same. The output begins with

BEGINNING THREE DIMENSIONAL PLOTTING PACKAGE

The program then conducts a series of checks for the size of certain variables

relative to the size of the macro variables in the particular compilation

being used. If necessary, diagnostic messages are given and the program

stops. In the normal case the program next provides a summary of the input

data. First, the VERSI0N and value of IGNUM are given. This is followed by

the user's formatting instructions and the values of NRESIN and ITIE. Then

the values of ISPEC, RMIN, RMX, ZMIN, and ZMAX are given. Finally the view-

point and FMATNN and FMATW are given.

The graphical output for THREED gives a series of frames which are per-

spective views. Each view is a surface for a given species at a given time.

Notice that each frame gives the title, value of T0UT, frame number, and

specie number. Thus, each frame is clearly defined without reference to the

printed output.

When using THREED with ITIME=T the outputs are similar. The printed

output differs in only one respect:

The user's stated number of time values, NTIME (which is only
required when ITIME=T) must not be greater than the %hcro
variable NRESD. A check of this requirement is made and, if
necessary, a diagnostic message is printed. Further, if the
actual number of time values is greater than NRESD, a warning
message is given and the graph produced represents only the
first NRESD time values.

The graphical output for the ITIME=T plots is similar to the graphical

output already described. Of course, TOUT is not given in the lower left

corner and one of the axes is the time axis.
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7. SAMPLE PROBLEMS

In this section, we will illustrate the procedure used in setting up

problems for this code. The computer output for the problems 7.2-7.5 was

obtained from an earlier version of DISPL1 and differs somewhat in detail and

format from the current package.

7.1 Two-Dimensional Heat Conduction in a Plate

Consider a rectangular plate R = {(r,z): 0 < r < 2, 0 < z < 1} with the

heat conduction equation

(7.1.1) a = + in R for t > 0
3r az

Let the following temperature distribution be specified on the sides for

t > 0.

(7.1.2) u(0,z,t) = *(z,t)

u(r,0,t) = 0 ,

u(2,z,t) E 0 ,

u(r,1,t) = 0 ,

and let the initial temperature distributions be

(7.1.3) u(r,z,O) =0

For *(z,t) we take

(7.1.4) *(z,t) = te(z)

where

r2z for 0< z <1
(7.1.5) 6(z) =

2(1-z) forlk< z < 1

To set up this problem, we have to consider the three Namelists described

in section 5, the user-supplied subroutines described in section 4, and the

Namelist graphics data described in section 5.
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Namelist GRID

1. Spline Order

When in doubt, use a cubic, i.e.

KR=4, KZ=4, (Default) (Default cases do not require any cards.)

2. Continuity at the mesh points

With a homogeneous domain and smooth data, the smooth splines are

a reasonable choice.

CONTR=3, CONTZ=3, (= KR-1 and KZ-1) (Default)

3. Number of species

NSPEC=1, (Default)

4. Domain

RLOW=0.0, (Default)

RUP=2.0,

ZLOW=0.0, (Default)

ZUP=1.0, (Default).

5. Total number of interfaces

None (Default)

6. Interface mesh points

None (Default)

7. Interface type codes

None (Default)

8. Geometry type

Rectangular

DELTA=O, (Default)

9. Total number of non-interface mesh points in each direction. (This total

does not include the end points.)

The numbers NMR and NMZ (and the corresponding positions of the

mesh points) together with the spline orders KR and KZ control the

errors in the approximate solution as far as the spatial approximation
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is concerned. For heat conduction problems with very smooth data

and at points not near the corners, one can expect the spatial

error to behave as 0(hk) asymptotically as h -+ 0. Here h is an

appropriate measure of the mesh width and k = KR = KZ. Thus, if one

is familiar with the mesh requirements for a second order accurate

finite difference scheme in order to achieve a given accuracy, then

for a cubic spline (K=4) one would start by trying to use the

square root of the number of points needed for the second order

method. Of course, this estimate applies only for h rather small,

e.g. h ~ one might use h ~ with a cubic. For illustrative100 10
purposes we use

NMR=4, NMZ=1,

10. Additional non-interface mesh points

These are the NMR and NMZ mesh points discussed above.

RMESH=0.1,0.25,0.5,1.0,
ZMESH=0.5,

11. Continuity indices at non-interface mesh points

Not needed
(Default)

12. Quadrature order

NQR(NQZ) is the number of quadrature points used in each r(z)

mesh interval. The choice NQR=KR and NQZ=KZ is a conservative choice.

NQR=4, NQZ=4,

13. Index for algebraic boundary conditions

ALGBCS=T, (Default) indicates that we will use the boundary

conditions as they are given. If we were to use the differential

version, we would set ALGBCS=F, then differentiate the essential

boundary condition (7.4) with respect to time; thereby generating

(z,t) = e(z),

and use the user routine BRHODT to provide e(z). With ALGBCBS=T,

we use the user routine BRHO to provide te(z).
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14. Conservative form index for the convection term

Since the convection term is zero, use the default value.

CONSRV=T, (Default)

15. Material table

Not needed (Default)

16. Selection of calls to the calculation drivers

INITSW=T, GUESSW=F, STEDSW=F, TRANSW=T,

Since the initial condition for this problem is a zero temperature,

we could have set the initial coefficients to zero in Namelist DATA

rather than having INITSW=T. GUESSW=F, because we have initial con-

ditions and STEDSW=F, because this is not a steady-state problem.

17. Species dependent heat capacity term

Since the coefficient of atin Eq. (7.1.1) is identically one, we set

IREVLA(1)=F, IRH0(1)=F, (Defaults)

18, Frequency of output from a steady-state calculation

Not applicable.

19. Indicator for restarting a STEADY calculation

Not applicable.

20. Indicator for restarting a TRANSIENT calculation

Since this is not a restart we use

ITRARS=F, (Default)

21. Indicator for reading coefficients from unit 10 generated at the conclu-

sion of a previous steady-state calculation

Not applicable.

22. Number of points in R-direction for user's grid

IRGRD=4,
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23. R coordinates for user's grid

RGRID=0.25,0.75,1.25,1.75,

24. Number of z coordinates in user's grid

JZGRD=2,

25. Z coordinates for user's grid

ZGRID=0.25,0.75,

26. Indicator for an analytic solution

For this problem, we can approximate the solution by means of

a double Fourier series.

IANAL=T,

Using the default options wherever possible, we see that the input for this

Namelist GRID requires 10 cards.

Next we consider Namelist DATA. As mentioned before, there are two sets

of namelist DATA, the first set is read before a steady-state calculation

and the second set is read before a transient calculation. Since we are not

doing a steady-state calculation we would fill out the second set of Namelist

DATA and ignore the first set. That is, our deck would read:

&DATA
&END
&DATA
"To be filled in"

&END

From a conceptual point of view this is the proper form for the program; how-

ever, the program will also accept (for a transient calculation) all the data

in the first namelist, i.e.

&DATA
"To be filled in"

&END
&DATA
&END

In this sample problem we will use this last form. We now consider the

variables to be specified in Namelist DATA.
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Namelist DATA

1. Boundary condition switches

Recall that NSI(K) is the switch for species K on side I with

0 non-essential b.c. on side I for species K
NSI(K) = 1 essential b.c. on side I for species K

-1 no b.c. on side I for species K

In this problem we have essential conditions on all four sides.

NS1(1)=1, NS2(1)=1, NS3(1)=1, NS4(1)=1,

2. Boundary value coefficients (MAXSP,4)

ALPHA(1,1)=1.0, BETA(1,1)=0.0, GAMMA(1,1)=1.0,

ALPHA(1,2)=1.0, BETA(1,2)=0.0, GAMMA(1,2)=0.0,

ALPHA(1,3)=1.0, BETA(1,2)=0.0, GAMMA(1,3)=0.0,

ALPHA(1,4)=1.0, BETA(1,4)=0.0, GAMMA(1,4)=0.0,

3. Boundary h functions

Not applicable (Default)

4. Gap coefficients

Not applicable (Default)

5. Reaction coefficients, first order

Not applicable (Default)

6. Reaction coefficients, second order

Not applicable (Default)

7 Initial time for the start of the transient calculation.

For this problem we use 0.0, i.e.

TO=0.0, (Default)

8. Output time control for a transient calculation

NUTOUT is the number of output time values including the initial

and final times.

NUTOUT=5,

UTOUT(I), 1 < I < NUTOUT is the array of output times. For this

problem we use UTOUT0.0,0.25,0.5,0.75,3.0,
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Each time interval defined by the array UTOUT can be subdivided

into NUFREQ subintervals. The output will then be provided at each

time point of this fine grid. For this problem we use

NUFREQ=1, (Default)

9. Internal output control switches

Not applicable (Default)

10. Initial spline coefficients

Since B-splines are not interpolatory splines, it is not, in

general, a simple matter to select the initial spline coefficients.

Thus in general, one would use the least squares fit provided by

setting INITSW=T, in Namelist GRID. However, in some situations,

it is convenient to provide the initial spline coefficients. For

example, in this problem, the initial data is zero everywhere; thus

we could have set W=56*0.0, and INITSW=F,.

Note that for this problem there are 56 variables; however, we could

have used any number I, 56 < I <.MXNVAR. The use of initial spline

coefficients is not recommended for those who are not familiar with

B-splines and the ordering procedure used in this program, c.f.

section 4.10. For this problem, we use the default

W=1.0,... (Default)

11. ODE solver control parameters

EPS is the error control parameter used in the GEAR solver to con-

trol the error in the time integration. For this problem we used

EPS=1.D-6,

HINIT is the initial time step used in the GEAR solver. If this

initial step is too large relative to the size of EPS, the GEAR

solver will reduce the initial step size. For this problem we use

HINIT=1.D-5,

12. Maximum order for the time integration used in GEAR

MXGORD=5, (Default)

Note that one must have 1 < MXGORD < 5.
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13. Graphics output switch

If any graphical output is desired at the end of this computer run

or at some later time, then when this switch is true the data for

the graphics programs will be written on unit 12 for graphical

purposes.

GRAPH=T,

For this test problem, we need 10 cards in Namelist DATA if we use the default

values wherever possible.

Next we will consider the cards which are needed for the user-supplied

subroutines. We shall assume that the user starts from the model subroutines

as described in sections 4.1-4.10.

Subroutine RHOCP

Since the coefficient of in Eq. (7.1.1) is identically equal to 1, we

need only let

RC=1. DO

Subroutine DIFUSE

The diffusivity is identically equal to 1; thus we set

DIFUR=1.DO
DIFUZ=1.DO

Subroutine VEL

There is no convective term in this problem; hence

VELR=0.DO
VELZ=O.DO

Subroutine EXTSRC

The distributed source is identically zero; hence

VV=O. DO

Subroutine FDEXTU

Since the distributed source is zero, the Frechet derivatives are

identically zero.

UU(1)=O.DO
UUR(1)=O.DO
UUZ(1)=O.DO

(This problem has only one species.)
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Subroutine INDATA

The initial data is identically zero; thus

UU=O.DO

Subroutine BRHO

From Eq. (7.1.2), we have u(O,z,t) = te(z) on side 1; thus for side 1

we have

101 CONTINUE
RHOV=2.DO*T*XX
IF(XX .GT. 0.500) RHOV=2.DO*T*(1.DO-XX)
RETURN

From Eq. (7.1.2), u - 0 on the remaining sides; thus we use

RHOV=O.DO

for sides 2, 3, and 4.

Subroutine BRHODT

Since we are using the algebraic boundary conditions, this routine can

be a dummy routine.

Subroutine ANAL

For this problem we can provide an alternative approximate solution to

this problem by using the Green's function for Eq. (7.1.1) (cf. [5]). The

Green's function for the equation

au = Au

with zero boundary values over a two-dimensional rectangle R = [O,ajx[O,b] is

given by

G(x,y: x',y',t-T) = e- (t-T) sinm- sin - 2-sin sin
2 2 m=1 n=1 aaP

where a = nm2 2 n2na
a b

The solution to the problem

u = Au in R, u = " on aR, u = f at t = 0 ,

is given by
t

u(x,y,t) = [G(x: x',y',t]f(x',y')dx'dy' + ('y')8dadT

R aR

where n ie the inward directed normal to aR.
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For this problem, f = 0, a = 2, b = 1, and

Jto(y) on side 1,

0 on sides 2, 3, and 4,

where

6(y) = 0 <Y</

12(1-y), < y < 1

Hence the solution for this problem has the representation

u = i ) m sin !n. sin niry T ea(t-T)dT e(y') sin ny'dy'
m=1 n=1

We have

T ,-a(t-=)dT =2(e-at + at-1)
a

0(y') sin nry'dy' = 2 sin 2, n >1;
0 ,

thus

(7.6) u = 4W j!V (e-at+at-1) sin 2 sin m~x sin n.ry
m=1 n=1 n a

This double series was implemented in subroutine ANAL. The question of

when to truncate the series was settled as follows. For this problem, three

decimal place accuracy is enough to determine the error between the series

solution and the approximate solution. Let N denote the upper limit for the

n index and M the upper limit for the m index. For t=3, x=0.25, y=0.25, the

series (7.6) was evaluated for various computations of N and M with the

results shown in the following table.

LN 10 i 50 15 15 15
M 1000 1000 1000 3000 5000 7500 10000

u .75678 .75675 .75675 .75515 .75483 .75429 .75411

On the basis of these results, we selected the series solution with N=15 and
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M=5000 as being almost accurate to three decimal places.

For this problem, both of the arrays AL and GPW in the Master Driver

routine were of dimension 4100. The program was run on an IBM 370/195 in

410K bytes of fast memory. The CPU time for this problem was about 117

seconds of which 52 seconds were used in computing the series solution

leaving 65 seconds for the computation of the approximate solution on the

time interval [0,3].

The following pages contain the printed output from the computational

phase of DISPL1.
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STORAGE MAXIMA FOR THIS COMPILATION
MAXBRK 30
MAXSP 2
MAXTQD 4
MAXK 4
MXNRNZ 100
MXNVAR 100
MAXGAP 2
MAXNOT 40

XRGRD 20
NXZGRD 20

-J
-J
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READING lAMELIST GRID

KR
KZ
IIS*EC
RICHW
RUP
ZLCN.
ZUP
DELTA
NTIR
NTIZ

CGIMTR

RMESH(
Ri IESH(
RRIESH(
RESH(

COZITZ

ZMESH(
K-R
Ip9z
COUSRV
ALGECS
If ITSW
STEDSH
TP.ANSI4
DLJ.iSW
ISTDIS
ITRIRS
ITRC00

LGSTOP = F

IANAL = F
ISTDFQ = 10
HXSTED = 500

F
F
4

0.2500000000000000+00
0.75000000000000000+00
0.12500000000000000+01
0.1"100000000000000+01

2
0.25000000000000000+00
0.75000000000000000+00

4
4
1

0.0
0.2G00000000000000+01
0.0
0.10000000000000000+01

0
0
0
4

3

0.100000000000000+00
0.25000000G00000D00
0.50000000000000010+00
0.10000000000000000+01

1
3

0.50000000000000000+00
4
4
T
T
T
F
T
F
F
F
F

SPLINE ORDER IN R DIRECTION
SPLINE ORDER IN Z DIRECTION
NUMBER OF SPECIES
LEFT BOUNDARY
RIGHT BOUNDARY
LONER BOUNDARY
UPPER BOUNDARY
GEOMETRY INDICATOR
NUMBER OF INTERFACES IN R DIRECTION
NUI:BER OF INTERFACES IN Z DIRECTION
NUMBER OF NON-INTERFACE R DIRECTION MESH POINTS
NUMBER OF CONTINUOUS DERIVATIVES AT R DIRECTION MESH POINTS
NON-INTERFACE R MESH POINTS

NUMBER OF NON-INTERFACE Z DIRECTION MESH POINTS
NUMBER OF CONTINUOUS DERIVATIVES AT Z DIRECTION MESH POINTS
NON-INTERFACE Z MESH POINTS

QUADRATURE ORDER FOR R DIRECTION
QUADRATURE ORDER FOR Z DIRECTION
CONSERVATIVE FORM INDICATOR FOR CONVECTION TERM
ALGEBRAIC TREATMENT OF BOUNDARY CONDITIONS INDICATOR
INDICATOR FOR INITIAL FIT OF DATA
INDICATOR FOR STEADY STATE COMPUTATION
INDICATOR FOR TRANSIENT COMPUTATION
INDICATOR FOR READING STEADY STATE COEFFICIENTS FROM UNIT DUMPRD
INDICATOR FOR STEADY STATE RESTART
INDICATOR FOR TRANSIENT RESTART
INDICATOR FOR A COLD RESTART HHEN A TRANSIENT RESTART IS DONE.
A COLD RESTART INVOLVES A CALL TO AINVG AND IS USEFUL
IF THE ODES HAVE CHANGED, I.E. THE PDE BOUNDARY CONDITIONS
HAVE BEEN CHANGED
INDICATOR FOR USING 6-STOP CAPABILITY
THIS ALLOWS THE USER TO RETURN TO THE CALLING PROGRAM,
CHANGE SOME PROBLEM DEFINING PARAMETER AND CALL EXEC
TO CONTINUE CALCULATION
INDICATOR FOR USING ANALYTIC SOLUTION
PRINTOUT FREQUENCY FOR STEADY STATE COMPUTATION
MAXIMUM NUMBER OF D.D.E. CALLS
FOR STEADY STATE COMPUTATION
IREVLA(K) INDICATES THAT THE COEFFICIENT OF THE TIME DERIVATIVE
IS NOT IDENTICALLY 1
IRHO(K) INDICATES THAT THE COEFFICIENT OF THE TIME DERIVATIVE
IS IDENTICALLY 0

NUMBER OF USER SUPPLIED POINTS IN R DIRECTION

NUMBER OF USER SUPPLIED POINTS IN Z DIRECTION

1) =
2) =
3) =
4) =

1) =

IREVLA( 1)=
IRHQ( 1) =
IRGRD =
RGRID( 1) =
RGRID( 2) =
RGP.ID( 3) ='
RGRID( 4) =
JZGR'i =
ZCRID( 1) =
ZGRIO( 2) =



READING NAMELIST DATA

VERTICAL ORDERING
HALF BANDWIDTH FOR AL
HALF BANDWIDTH FOR PH
CONSTANTS FOR ORDERING OF VARIABLES

18
18

5
1
-6

5
1
-5

5
2
8
5

T
T
T
T

UM

HI
NJ
"CC

NIH
((Jib
NCCH
NSTAL
HAL
H TPW
HiM

LR
LZ
NR
NZ
NE:NZ
NVAR
DRCHLT(1,1)
DRCHLT(1,2)
DRCHLT(1,3)
DRCHLT(1,4)

ALPHA (1,1)
BETA(1,1)
GAlCIA(1,1)
ALFHA( 1,2)
BETA(1,2)
GAitlA(1,2)
ALPHA(1,3)
BETA(1,3)
6AttA( 1,3)
ALPHA(1,4)
BETA(1,4)
6AtIA( 1,4)

HS1( 13
832( 1)
N33( 1)
NS4( 1)

HU1( 1, 1)
HU3( 1, 1i

HU2( 1, d)

HU4( 1, 1)

=1
-1
=1
=1

0.1000000000000000D+01
0.10000000000000000+01

0. O1000OOOOO00 D+01
0.1300C0O00O00000D+01

CONSTANTS FOR ORDERING OF VARIABLES WITHIN A SPECIES

REQUIRED STORAGE FOR AL
AVAILABLE STORAGE FOR AL
REQUIRED STORAGE FOR P14
AVAILABLE STORAGE FOR PH
SYSTEII SIZE FOR THIS CASE
NUMBER OF R DIRECTION MESH POINTS
NUMBER OF Z DIRECTION MESH POINTS
N"JMBER OF VARIABLES PER SPECIES IN THE R DIRECTION
NUMBER OF VARIABLES PER SPECIES IN THE Z DIRECTION
NUMBER OF VARIABLES PER SPECIES
TOTAL NUMBER OF VARIABLES
DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 1
DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 2
DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 3
DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 4
BOUNDARY CONDITION COEFFICIENTS

FOR SPECIES NO. 1
SIDE 1
SIDE 1
SIDE 1
SIDE 2
SIDE 2
SIDE 2
SIDE 3
SIDE 3
SIDE 3
SIDE 4
SIDE 4
SIDE 4
SIDE INDICATORS
FOR SPECIES NO. 1

BOUNDARY H FUNCTION FOR SIDES 1 AND 3
FOR MATERIAL INDEX 1 AND SPECIES NO. 1

BOUNDARY H FUNCTION FOR SIDES 2 AND 4
FOR MATERIAL INDEX 1 AND SPECIES NO. 1

TIME GRID FOR TRANSIENT PRINTOUT

2200
2200
2200
2200

40
40

0.1000000000000000D+01
0.0
0.10000000000000000+01
0. 100G0000000000000+01
0.0
0.10000000000000000+01
0.1000000000000000D+01
0.0
0.10000000000000000+O1
0.10000000000000000+01
0.0
0.1000000000000000D+01

L4.



NUTOUT = 5
WJFREi) = 1

0.0
0.2500000000000000D+000.50000000000000000+000.7500000600600000+00
0.30000000000000000+01

T

0
0
0
0
0

0.10000000000000000-05
0.1000000000000000D-04

5
0.0

3
3

NUMBER OF MAJCR TIME INTERVALS
NUMBER OF SUBINTERVALS IN EACH MAJOR TIME INTERVAL
MAJOR TIME VALUES

LOGICAL INDICATOR FOR WRITING DATASET FOR LATER GRAPHICS
GRAPH NUMBER TO BE ASSOCIATED WITH THIS RUN
FRINT SWITCH INDICATORS

ORDINARY DIFFERENTIAL EQUATION PACKAGE DATA
LOCAL TEMPORAL ERROR CONTROL
INITIAL TIME STEP
MAXIMUM ORDER OF TIME INTEGRATION
INITIAL TIME
CONTINUITY IN R DIRECTION (MAY HAVE BEEN RESET)
CONTINUITY IN Z DIRECTION (MAY HAVE BEEN RESET)
DEFAULT INITIAL SPLINE COEFFICIENTS (SET TO ONE)

1)
2)
31
4)
5)

UTOUTI
UTOUT(
UTOUT(
UTOUT(
UTOUT(
GRAPH
NUlCGRF

IPRSll
IPP.ZL2
Ir'RSH3
IPRSI14
IPRSN5

EPS
HINIT
MXGO D
TO
CCNTR
CCDNTZ
H

-J



READING NAMELIST DATA

DRCHLT(1,1) =
DRCHLT(1,2) =
DRCHLT(1,3) =

CRCILT(1,4) =

ALPHA(1,1)
EETA(1, ) =
GANA(1,1)
ALPHA(1,2) =
BETA(1,2) =
GAHMA(1,2) =
ALPHA(1,3) =
BETA(1,3) =
GAM!IM 1,3) =
ALPHA(1,4) =
BETA(1,4) =
GAIMA(154) =

l 1S1 ( 1 ) =
NS2( 1) =
NS5( 1) =
tiS4.( 1) =

HUH( 1, 1)
HU3( 1 1) =

HU2( 1, 1)1=
HU4( 1, 1) =

"JTOJT =
I1UFREQ =

UTOUT( 1)=
UTOUT( 2) =
UTOUT 3) =
UTOUT( 4) =
UTOUT( 5) =
GRAPH =
NU!1GRF =

IPRSW1
IPRSW2 =
IFRS3 =
IPNSII4 =
IPRS 5 =

EPS =
HINIT =
MXGORD =
TO =
CONTR =

T
T
T
T

0.1000000000000000D+01
0.0
0.10000000000000000+01
0.1000000000000000D+01
0.0
0.10000000000000000D01
0.10000000000000000+01
0.0
0.10000000000000000+01
0.10000D00000000000+01
0.0
0.10000000G00000COD+01

1
1
1
1

T

0
0
0
0
0

5

3

0.10000000000000000+01
0.10000000000000000+01

0.1000000000000000D+01
0.10000000000000000+01

5
1

0.0
0.2500000000000000+00
0.50000000000000000+00
0.75000000000000000+00
0.30000000000000000+01

1

0.1000000000000000D-05
0.100000G0000DOOGD-04

0.0

CHANGES IN NAMELIST DATA MAY HAVE BEEN MADE FOR TRANSIENT CALCULATION
DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 1
DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 2
DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 3
DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 4
BOUNDARY CONDITION COEFFICIENTS

FOR SPECIES NO. 1
SIDE 1
SIDE I
SIDE 1
SIDE 2
SIDE 2
SIDE 2
SIDE 3
SIDE 3
SIDE 3
SIDE 4
SIDE 4
SIDE 4
SIDE INDICATORS
FOR SPECIES NO. 1

BOUNDARY H FUNCTION FOR SIDES 1 AND 3
FOR MATERIAL INDEX 1 ACID SPECIES NO.

BOUNDARY H FUNCTION FOR SIDES 2 AND 4
FOR MATERIAL INDEX 1 AND SPECIES NO.

1

1

TIME GRID FOR TRANSIENT PRINTOUT
NUMBER OF MAJOR TIME INTERVALS
NUMBER OF SUBINTERVALS IN EACH MAJOR TIME INTERVAL
MAJOR TIME VALUES

LOGICAL INDICATOR FOR WRITING DATASET FOR LATER GRAPHICS
GRAPH NUMBER TO BE ASSOCIATED WITH THIS RUN
PRINT SWITCH INDICATORS

ORDINARY DIFFERENTIAL EQUATION PACKAGE DATA
LOCAL TEMPORAL ERROR CONTROL
INITIAL TIME STEP
MAXIMU.9 ORDER OF TIME INTEGRATION
INITIAL TIME
CONTINUITY IN R DIRECTION (MAY HAVE BEEN RESET)

U,



CONTZ 3 CONTINUITY IN Z DIRECTION (MAY HAVE BEEN RESET)
W INITIAL SPLINE COEFFICIENTS PROVIDED FROM

A RESTART DUMP, NAMELIST GRID,
INITIAL FIT OR STEADY-STATE CALCULATION



BEGIN TRANSIENT SOLUTION

PROUT FCR TIME = 0.0

VALUES OF COrtCEIITRATIZ4S
(FRO1 PRO'UT VIA TIMEX

APPRO%:iKATION IS
0.0

APPROXIMATION IS
0.0
TOUT= 0.0

U FOR THE 1 TH SPECIES ON THE USERS GRID

0.0

0.0

0.0

0.0

PROUT FOR TIME = 0.25000000000000000+00

VALUES OF COtP ENTRATIONS U FOR THE 1 T4 SPECIES (N THE USERS GRID
(FRO:1 PROUT VIA TIMEX

APPROXIMATION IS
0.53746673743587760-01 0.71135000920852180-02 0.87092488067096730-03

APPROXIMATION IS
0.53746673744319500-01 0.71135000921397330-02 0.87092488093316510-03
TOUT= 0.25000000000000000+00 HUSED = 0.23800464284200640-01

ESTIMATED TIME FOR A CALL TO DRIVE 0.0
TIME LEFT 0.10000000000000000D+07

PROUT FOR TIME = 0.500000000C0000000+00

VALUES OF CONCENTRATIONS U FOR THE 1 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA TIMEX

APPROXIMATION IS
0.11754430768593000+00 0.20208845427545460-01 0.34518683934697310-02

APPROXIMATION IS
0.11754480768684910+00 0.20208845427775630-01 0.34518683932658550-02
TOUT= 0.50000000000000000+00 HUSED = 0.39114298900627880-01

ESTIMATED TIME FOR A Ct.LL TO DRIVE 0.0
TIME LEFT 0.10000000000000000+07

0.72292210951511020-04

0.72292210383650380-04

0.48977811470993060-03

0.48977811471147750-03

PROUT FOR TIME = 0.75000009000000000D+00

VALUES OF CONCENTRATIONS U FOR THE 1 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA TIMEX

APPROXIMATION IS
0.1814606219592290040 0.33552480747176120-01 0.62376338354503400-02 0.97837431000903880-03

0.0

0.0



APPROXIMATION IS
0.18146062195903530+00 0.33552480747153050-01 0.62376338350046600-02 0.97837431022897150-03
TOUT= 0.75000000000000000+00 HUSED = 0.69250297728046070-01

ESTIMATED TIr.E FOR A CALL TO DRIVE 0.0
TIME LEFT 0.10000000000000CD+07

PROUT FOR TIME = 0.30000000000000000+01

VALUES OF CNCENTRATIOI1S U FOR THE 1 TH SPECIES ON THE USERS GRID
(FROI PROUT VIA TIMEX )

APPROXI!IATICH IS
0.75674363174142710+00 0.15374259187918380+00 0.31405217392910750-01 0.54151267497946770-02

APPROXIMATION IS
0.7567436817413725D400 0.15374259187895540+00 0.31405217392868170-01 0.54151267495689880-02
TOUT= 0.30000000000000000+01 HUSED = 0.33322242322485450+00

ESTIIfTED TIME FOR A CALL TO DRIVE 0.0
TIME LEFT 0.10000000000000000+07

* *+fHCRMAL DUMP AT END OF TIMEX
I = 5 TOUT = 0.30000000000000000+01

END OF CASE
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We next consider the use of the graphics packages in connection with this

problem. While the cross-section plot program can be used to plot the

solution along a straight line in the domain, we will illustrate the use of

only CONT0R and THREED in connection with this problem. (The CSP program will

be illustrated in the next example.) In either case the graphics dataset

generated on unit 12 during the computational phase must be assigned to this

unit for the graphics run. For either case we will need Namelist FRMAT.

Namelist FORMAT

1. Iterative or direct indicator

Previous versions of DISPL allowed for direct or iterative solution

of certain equations. The current version of DISPL1 only allows for
the direct version; thus the default value ITRTV=O, PJST be used.

ITRTV=O, (Default)

2. Number of curves to be plotted

We have only one equation and thus

IGNUM=1, (Default)

3. Number of grid points in each direction for graphical purposes

This number cannot be larger than the default value NRESD. As the

complexity of the surface increases, this number must increase.

NRESIN=NRESD, (Default) (NRESD=21)

For the C0NT0R program we also need Namelist CNTRIN.

Namelist CNTRIN

1. Vector of species numbers

This vector has, as its Ith component, the species number of the Ith

frame to be contoured. The pattern of plots indicated by the vector

is repeated for each time value. In the current case we have only

one species and so,

ISPEC=1, (Default)

2. Real vector of minimum R coordinate for the Ith frame
We use the same value as RLOW.

RMIN=0.0, (Default)
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3. Real vector of maximum R coordinate for the Ith frame

We use the same value as RUP.

RMAX=2.0,

4. Real vector of minimum Z coordinate for the Ith frame

We use the same value as ZLOW.

ZMIN=0.0, (Default)

5. Real vector of maximum Z coordinate for the Ith frame

We use the same value as ZUP.

ZMAX=1.0, (Default)

For the THREED program we need:

Namelist DIM3IN

All of the variables described in Namelist CNTRIN are used in this

namelist. Also, the following variables are needed.

1. R coordinate of the viewpoint

The viewpoint is given in absolute coordinates. That is, it is

relative to the actual coordinate values used in the graph. It is

usually a good idea to first view the surface from a considerable

distance. Thus, the viewpoint used was (100.,100.,100.).

RVIEW=100.0,

2. Z coordinate of viewpoint.

ZVIEW=100.0,

3. F coordinate of viewpoint

This is the vertical coordinate of the viewpoint (the solution axis).

FVIEW=100.0,

4. Lower bound on function axis

The lower and upper bounds on the function axis can be used to
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provide a fixed vertical axis range for several time values (for

use in movie generation). For most purposes it is sufficient to

use the default value

FMATMN=0.0, (Default)

5. Upper bound on function axis.
FMATMX=1.0, (Default)

The following pages contain selected printout from the execution of
CONT0R, the corresponding plots, selected printout from the execution of
THREED, and the corresponding plots. Specifically, for CONT0R we present

output concerning frame 4 (time = .75) and frame 5 (time = 3.0). For THREED

we present the corresponding graphs and the printout associated with frame 4

only. The other printout and graphs are not included in the interest of

saving space.



BEGINNING CONTOUR PLOTTING GRAPHICS PACKAGE

VERSION NUMBER OF GRAPHS FOR EACH TIME

ITRTV = 0 IGNUM = 1 NRESIN =

USER SUPPLIED FORMAT INSTRUCTIONS

SPECIES RMIN RMAX
1

0.00000000E+00
-THE = F

0.20000000E+01

21

ZIIIN

0.00000000E+00

ZMAX

0.10000000E+01

NRESR = 21 NRESZ = 21

NUMBER FOR RUN IS 1
USING A PRE-ALLOCATED DATASET ON FORTRAN UNIT 11
THE DATASET SHOULD BE "&&LBSCR"
END OF DISSPLA 9.0 -- 8000 VECTORS GENERATED IN 5 PLOT FRAMES.

PROPRIETARY SOFTWARE PRODUCT OF ISSCO, SAN DIEGO, CA.
2192 VIRTUAL STORAGE REFERENCES; 4 READS; 0 WRITES.
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SPECIES = 1

TIME = 0.75000

DISPL1 CONTOUR

0.5 1.0

r AXIS

1.5 2.0

Figure 7.1.1

Contour plot at t = 0.75 (Frame 4)
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SPECIES - 1

TIME - 3.00000

DISPL1 CONTOUR

CD

co

-p

o~

U-)

(N

OD

0D

0.0 0.5 1.0

R HXIS

1.5

Figure 7.1.2
Contour plot at t = 3.0 (Frame 5)
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BEG1.i2ING THREE DIMENSIONAL PLOTTING PACKAGE

VERSION NUD13ER OF GRAPHS FOR EACH TIME

0 1

NPESIN = 21

ITIME = F

JSER SUPPLIED FORMAT INSTRUCTIONS

SPECIES RMIN RMAX
1

0.00000000E+00 0.20000000E+01

VIEWPOINT Iii ABSOLUTE COORDINATES

X Y

ZMIN

0.00000000E+00

ZMAX

0.10000000E+01

FMATMN

0.00000000E+00

FMATMX

0.30000000E+01

z

0.10000000E+03 0.10000000E+03 0.10000000E+03

NRESR= 21 NRESZ= 21

NJMBER FOR RUN IS 1
USING A PRE-ALLOCATED DATASET ON FORTRAN UNIT 76
THE DATASET SHOULD BE "3YS1.DISSPLA.DATA"
USING A PRE-ALLOCATED DATASET ON FORTRAN UNIT 77
THE DATASET SHOULD BE "SCRATCH FILE"
END OF DISSPLA 9.0 -- 8310 VECTORS GENERATED IN 5 PLOT FRAMES.

PROPRIETARY SOFTWARE PRODUCT OF ISSCO, SAN DIEGO, CA.
3926 VIRTUAL STORAGE REFERENCES; 4 READS; 0 WRITES.

-N

a,
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DISPL1 THREED PERSECTIVE PLOT

pgo

FRAME 4

SPECIES I

TIME 7.5000010-' RUN - 1

Figure 7.1.3

Three-dimensional perspective surface for heat conduction problem
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DISPL1 THREE PERSECTIVE PLOT

FRAME 5

SPECIES 1
T IME 3.0000010 RUN - 1

Figure 7.1.4

Three-dimensional perspective surface for heat conduction problem
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7.2 Water Hammer

This example involves a hyperbolic system of flow equations for a water

hammer problem [6]. The model considers the flow of water from a reservoir

down a conduit with a valve-at the exit end. The valve is closed at a linear

rate and, after closure, the flow reverses.

The continuity and momentum equations form a pair of quasi-linear hyper-

bolic partial differential equations in two dependent variables, velocity u
and pressure head H, and two independent variables, distance along the pipe

x and time t. The equations are given by

(7.2.1)

aH u H 2 au
at ax ga

+u -+ g ulu f
at ax+9 ax 2D '

where

= 32.2 ...

= 3963...

= 4253.5..

= 3 ......

= 0.019...

= H(x,t)..

= u(x,t)..

the

the

the

the

the

the

the

the

acceleration due to gravity.
speed of sound in water.

length of the horizontal conduit.

diameter of the conduit.

friction coefficient.
distance along the conduit from the reservoir.
pressure head in the conduit at x and t.

velocity in the conduit at x and t.

The valve is located at x = L, and is closed at a linear rate until it is
fully closed at t = tc = 5.9; thereafter, the valve remains closed.

The boundary conditions are as follows:

H(0,t) = 305.12,
(7.2.2)

u(L-t) =Tu

where

U0 = 3.5 ... the steady-state velocity.

g
a

L

D

f

x

H

u
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H0 = 300 ... the steady state head loss across the valve.

(1 - t/5.9), 0 < t < 5.9

0 , t > 5.9

The initial conditions are the steady-state conditions, viz.

u(x,0) = u0 = 3.5
(7.2.3) (u0)2f x

H(x,0) = 305.12 - 2gD

We shall use this problem to illustrate: the procedures for setting up

one-dimensional problems, nonlinear boundary conditions, and graphical output

for one-dimensional problems.

It is assumed that the reader has already considered sample problem 7.1;

therefore, we shall not discuss those items in the namelists which can be ig-

nored for this problem. Recall that this problem is one dimensional and we

shall arbitrarily take this dimension as the r direction.

1. Spline Order

KR=4, KZ=1,

KZ=1 is one of the parameters which is used in defining a one-

dimensional problem. In this problem we will use smooth cubics, so

that KR=4, is a default value.

2. Continuity at the mesh points

The default values are used, i.e.

CONTR=3, CONTZ=0,

Note that since KZ=1, CONTZ must be zero.

3. Number of species

NSPEC=2,

4. Domain

RUP=4253.5,

The other values are default values.
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9. Total number of non-interface mesh points in each direction

NMR=9,

The value NMZ=O, is default and this value should be used for one-

dimensional problems in r.

10. Additional non-interface mesh points

RMESH=425.35, 850.7, 1276.05, 1701.4, 2126.75, 2552.1, 2977.45,

3402.8, 3828.15,

12. Quadrature Order

NQR=4, NQZ=1,

NQZ=1 should be used for a one-dimensional problem in the r direc-

tion.

13. Index for algebraic boundary conditions

ALGBCS=T,

This is the default value; however, it is worth noting that for

boundary conditions which are not of the form um = pm where pm is a

known function of t and x only, the concept of a time derivative

of the boundary conditions is not feasible in this program. Hence

for non-standard and/or nonlinear boundary conditions, one must use

ALGBCS=T,

.22. Number of points in the r-direction for the user's grid

IRGRD=6,

23. R coordinates for the user's grid

RGRID=0.0, 850.7, 1701.4, 2552.1, 3402.8, 4253.5,

Next we consider Namelist DATA.

1. Boundary condition switches

NS1(1)=1, NS3(1)=-1,

NS1(2)=-1, NS3(2)=1,

Here we have selected the head pressure as the first species and

the velocity as the second species. The default values NS2(i) =

NS4(i) = 0 for i = 1,2 are needed for a one-dimensional problem

in r.
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2. Boundary value coefficients

ALPHA(1,1)=1.0, BETA(1,1)=0.0, GAMMA(1,1)=1.0,

ALPHA(1,3)=1.0, BETA(1,3)=0.0, GAMMA(1,3)=1.0,

ALPHA(2,1)=1.0, BETA(2,1)=0.0, GAMMA(2,3)=1.0,

ALPHA(2,3)=1.0, BETA(2,3)=0.0, GAMMA(2,3)=1.0,

The default values on sides 2 and 4 must be used for one-dimensional

problems in r.

8. Output time control

NUTOUT=21,

UTOUT=0.0, 0.429, 0.859, 1.288, 1.717, 2.147, 2.576, 3.005, 3.435,

3.864, 4.293, 4.723, 5.152, 5.581, 5.841, 5.9, 6.01, 6.44, 6.869,

7.298, 7.723,

If one were ' use, rcr earpl. NUTOUT=8 in conjunction with this

UTOUT array, 1 a program would integrate the equations from t = 0.0

to t = 3.005 wi h output at each of the first eight times in the

UTOUT array. If one wished to restart from t = 3.005 to go to

t = 7.728, for example, then one would use NUTOUT=21 with this same

UTOUT array. Thus NUTOUT is the number of output times desired

counting from the first element of the UTOUT array. This is true

even on a restart.

11. ODE Solver control parameters

For this problem we used

EPS = 1.D-6, HINIT = 1.D-6,

This completes the input for the two namelists for this water hammer

problem. Next we consider the user-supplied subroutines. Again we assume

that the user starts from the model subroutines described in section 4.

Subroutine RHOCP

For both species, the coefficient of the time derivative term is

identically one; thus we use

RC=1.DO

Subroutine DIFUSE

There are no diffusion terms in this problem; hence

DIFUR=O.DO

DIFUZ=O. DO



132

Subroutii;e VEL

This problem was run with the convection term explicitly displayed and

also with the convection term grouped with the distributed term. In the run

shown here we have used the convection term grouped with the distributed

source term. Thus we have:

VELR=O.DO

VELZ=O.DO

Note that the use of VELZ=O.DO and DIFUZ=O.DO are part of the defining relations

for a problem which is one dimensional in the r direction.

Subroutine EXTSRC

The first species is the pressure and the second species is the velocity.

Since we have grouped the convective terms with the distributed source terms,

we have from Eq. (7.2.1),

1st species:

VV = -u -2 au =-SPDEN(2)*SPDENR(1)-ASDG*SPDENR(2)

2nd species:

VV = -u au- g l uluif = -SPDEN(2)*SPDENR(2)-G*SPDENR(1)

-F*SPDEN(2)*DABS(SPDEN(2))/2.DO*D

where G = 32.2D0

D = 3.00

F = 0.019D0

ASDG = (3963.DO**2)/G

Subroutine FDEXTU

Recall that, for each species, this routine calculates the Frechet deriva-

tive of the distributed source with respect to u(k'), a(k'), and az for
k' = 1,NSPEC.

Consider the 1st species. The source term is

VV = -u a- a u = -SPDEN(2)*SPDENR(1)-ASDG*SPDENR(2).
Thus

aVV = 0
au(1) =

i.e.

UU(1) = O.DO.



aVV - N
au(2) ax'

UU(2) = -SPDENR(1).

avv
( 1) =

UUR(1) =

u , (ur(1) = , ur(2) = )

-SPDEN(2).

aVV - a2
aur(2),r

i.e.
UUR(2) = -ASDG.

This is a one-dimensional problem in r; hence

UUZ(1)=0.DO,

UUZ(2)=0. DO.

Next, consider the 2nd species.

VV = -u -au g i - uluif

Thus

aVV
au~i) = 0

i.e.

UU(1) = 0.00.

aVV au luIf
au(2) ax D

UU(2) = -SPDENR(2)-F*DABS(SPDEN(2))/D.

Ur(l)

UUR(1) = -G.

avv
aUr( 2 )

i.e.
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i.e.

i.e.

i.e.
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i.e.
UUR(2) = -SPDEN(2)
UUZ(1)=O.DO
UUZ(2)=O.DO

Subroutine INDATA

The initial conditions are given by Eq. (7.2.3); thus we have:

G=32.2D0
ASDG=(3963.DO**2)/G
D=3. DO
F=0.019D0
IF(K .EQ. 2) GO TO 10
UU=305.12D0-F*(3.5D0**2)*RR/(2.D0*D*G)
RETURN

10 UU=3.5D0
RETURN

Subroutine BRHO

The boundary conditions are given by Eq. (7.2.2). Using the model sub-

routine for BRHO described in section 4, we have:

after 101

RHOV=305.12D0

after 203

RHOV=0. DO
TAU=1.DO-(T/TC)
IF(T .LT. TC) RHOV=U0*TAU*DSQRT(SPDEN(1)/HO)
RETURN

where

TC=5.900

H0=300.DO

U0=3.500

In the Master Driver, both AL and GPW were of dimension 784 (AL could

have been half this size). The water hamer problem was un on an IBM 370/195.

With the same macros as used in the first problem, this problem used 356K

bytes of fast memory and ran with 42 seconds for the CPU time. In [6], this

problem was solved by the method of characteristics and the results are shown

in Table 7.2.1. Since we have selected the output grid and the output times to

be the same as those in Table 7.2.1, the results can be compared and the

agreement is seen to be excellent.

The following pages contain the printed output from the computational

phase of DISPL.



135

Table 7.2.1

Output from method of characteristic solution

TIME T AU X/L- 0. .2 .4 .6 .8 1.

.000 1.000 Ha 305.12 34.1C 303.07 302.05 301.02 300 00
V 3.50 3.50 3.53 3.50 3.50 3.50

.429 .927 He 305.12 30441C 303.07 302.05 310.30 318.93
Va 3.50 3.5C 35C 3.50 3.42 3.35

.859 .854 H 305.12 3C4.10 312.30 32C.90 329.92 339.37
V. 3.50 3.50 3.43 3.35 3.27 3.18

1.288 .782 he 305.12 322.66 331.84 341.24 351.11 361.43
Vs 3.35 3.35 3.27 3.18 3.09 3.00

1.716 .7C9 Hs 305.12 324.44 343.79 363.21 373.93 385.24
V 3.04 3.03 3.02 3.01 2.91 2.81

2.147 .636 Hs 305.12 326.15 347.20 368.33 389.56 410.93
VW 2.70 2.69 2.68 2.66 2.64 2.61

2.576 .563 H. 305.12 327.98 350.87 373.43 392.68 410.99
V. 2.33 2.33 2.32 2.30 2.30 2.31

3.005 .491 Ha 305.12 329.94 350.59 370.63 390.C6 408.83
Va 1.94 1.93 1.95 1.97 1.99 2.00

3.435 .41d H. 305.12 322.97 344.33 364.97 384.88 404.01
V. 1.5 1.58 1.61 1.64 1.67 1.70

3.864 .345 K- 305.12 322.32 339.43 356.38 376.65 396.00
Va 1.29 1.29 1.30 1.31 1.35 1.39

4.293 .272 H. 305.12 321.34 337.46 353.37 368.9 384.19
V. 1.02 1.02 1.03 1.04 1.06 1.08

4.723 .2C0 H. 305.12 319.96 334.68 349.16 366.35 33.85
V .76 .77 .78 .79 .79 .79

5.152 .127 He 305.12 318.11 334.02 350.45 367.36 384.77
Vs .54 .54 .53 .52 .51 .50

5.5U1 .054 KM 305.12 322.63 337.80 353.71 370.34 387.70
Va .29 .29 .27 .25 .23 .22

6.010 .CCO he 05.12 323.23 341.44 359.48 376.26 384.48
V- .00 .00 -.00 -.01 -.04 .00

6.440 .C03 H. 05.12 324.27 343.59 353.99 350.04 358.51
V. -.30 -.3C -.31 -.25 -.12 .00

6.869 .000 H. 305.12 316.74 319.73 322.91 323.37 323.51
V -. 62 -.55 -.42 -.29 -.14 .00

7.29w .JC0 1s 305.12 211.11 244.94 2d4.29 287.08 287.33
V. -.53 -.54 -.46 -.30 -.15 .0

7.728 .000 M- 305.12 231.o 212.49 256.61 248.66 249.08
Ve -.29 -.2S -.27 -.25 -.16 .00
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RFADIG MAMELIST GPID

VF s 1 K = 1

NTII = 0 UTIt = 0
PgPEC * 2
PLOP C.0 RUP =
CLOY " 0.A ZUP

NAR " a MN 
INITIAL CONTP " 13 INITIAL CONTZ" 13

GECNET T INDICATOR * 0
ADDITIONAL A GRID POINT'S

1 PN!.H(I) s .4253500000000000D+C3
I = 2 RN!SH(II = 0.8 70u000033000D+03

T = 3 PMESH(I1 = 0.12765000u00O00D+ O4
T = 'a PPESH(I1 = 1.l1701400000030000D+364
I = S NFSd (I1 = .2126750000000000D+04
I F F RUESH(I) * 5.2552100000010000D+04

T = 7 RESU(II 0.2977450000000000D+04
I " Q RPISM(II = 0.3402800000000000D+04
I = 9 PMESU(T) = 0.38281500')0000000D+34
P( ADDITIONAL Z G'I) POINTS
QUADRATURE ORDER FOR F DIRECTION 4
O ADPATUPE ORDEP FOR I DIRECTION 1
MATERIAL TABLE To G:FN AS NATL(PIND YZINDEI)
MATERIALL TALE FO 7.INDEI = 1

i

CCnSRV= F 0
ALGBCSU T

LOGICAL ShITCHES TO CONTROL PROGRAM
STFDSN " F 'G!ESSN = F TRAINS = T
ISYDIS * F ITRaRS " F IANAL
DUMPS' " f
IRFTLA( 1 * F
ITEVLA( 2) " F
ORDER OF SPL:PW ECR'"ATIVES CCMPUTED I5 0
NUMBER OF USFP SUPPLIED POINTS IN R DIRECTION 6
PyrFID( 1) : 0.0
PGFID( 2) 1.4C070300+01
PGPIDI I) = 0. 17014000D+04

R(FID( 4) a .25'21000D+04

PG!ID( s) O= .36,928600D+04
RGPID( 6) = " .42535000D+04
NUMBER OF USER QDJ LIED POINTS IN Z DIRECTION 1

WGIID( 1) " 0.CO0000D+O0

0.4253500000000000D+00
0. 10000000000000000+01

INITSV s T
F

PEADIc ENAELIST DATA

COMTR TOO HIGH, BIUG RESET TO 4-1
COnPTZ TOO NIGH, BING RESET TO 1-1

NV:AP * n t:GAP = LR 10 LZ " 1 MR 13 N I 1

IL(T)
Y 5 6 ' A 9 10 11 12 13

31(J) _

-J
3



I977fIl =
1 1 1 1

JREF(J) 1
KLTA3( 1, 1) = 1
HLTAD( 2, 1) = 1
MLTAB( 3, 1) = 1
NLTAB( '%, 1) = 1

MLTAI( . 1) = 1
*LTAB( 6, 1) = 1
MLTRS( 7. 1) = 1
ELTAB( 8, 1) = 1
MLTAB( 9, 1) = 1
RLTA3(1O, 1) = 1

HOIZONTAL OPDERING

NWI 2

IE

NJ- 26

NJ N 13

SYSTEM SIZE FOR THIS CASE
LR s 10 LZ 1
NF " 13 NE * 1
NYAN 26

THIS IS THE DIRECT TEPSION

THIS VERSION DOES NOT RECUI2E BOUNDARY CONDITIONS ON EVERY SID?
FOR SPECIES NO. I

SIDE 1 ALPHA - 0.1000000D+01 BETA a 0.0
SIDE 2 ALPHA = 0.(. BETA = -0.10006000D+01
SIDE 3 ALPHA = 0.1000L000D+01 BETA - ). C
SIDE 4 ALPHA fl . BETA = 0.1000CCOOL+1

FCR SPECIES NO. 2

SIDE 1 ALPHA = .10000000D+01 BETA - C.C
SIDE 2 ALPHA = 0.0 BETA = -0.10000000D+01
SIDE 3 ATPHA = .100O0000D+01 BETA - 0.0
SIDE 4 ALPHA = 0.C BETA = 0. 0oooooo0+01

SIDE INDICATORS BY SFFCIES

FOR SPECIES NO. 1 NS1= 1 NS2= 0 NS3= -1 NS4=
POR SPECIES NO. 2 NS1= -1 NS2= 0 NS3= 1 NS4=

CONVECTION VELOCITY IN P DIRECTION 0.0
CONVECTION VELOCI1It IN Z DIRECTION 0.0
BOUNDARY H FUNCTION FOR SIDES 1 AND 3
SPECIES NO. 1 MATEBIAL INDEX 1 HU1 = 0.10000000CO0c000OD+1
SPECIES NO. 2 MATERIAL INDEX 1 F(11= 0.100000COOOOOCO,00+31
BOUNDARY H FUNCTION POR SIDES 2 AND 4

SPECIES NO. 1 MATE9IAL INDEX 1 H
6
12 = 0.10000000000000COD+31

SPFCIES NO. 2 MATERIAL INDEX 1 HU2 = 0.100000000COO0000D+01

GAMMA =
GAMHA =
GAMMA =
GAMMA a
GAHNA =
GAMMA -
GAMMA 3

GAMMA =

0.10000COOD+01
0.0
0. 10000000D01
0.0

0.1000CCO0D+C1
0.0
0.10000000D+01
0.0

0
0

HU3 a
HU3 -

'10 4
q1f34 :

C. 100 COCOOCC000OC0+01
0.10000000000000000.01

0.1000000000000CCOD+01
0.100OO0000000D+01

1 1 1

c-3
00

ICC- -28

NCCH' -13

HBN 7

DM= 3



FACTION PATES
FIRST ORDER RATES
CK INTO 1 FROM 1 IS 0.0
CI INTO 2 FROM 1 IS 0.0
CK INTO I FROM 2 IS 0.0
CK INTO 2 FROM 2 IS 0.0
SECOND OPDER REACTION RATES APE
CFI INTO F - 1 FOR KP s 1 INTO KPP = 1 Ch K( 1, 1, 11 = 0.0
CRK INTO R = I FOP KP = 2 INTO KPP = 1 CFK( 1, 2, 1) = 0.3
CKK INTO R = 1 FOP KRP 1 INTO KPP s 2 CKK( 2, 1, 1) = ^.n
CKK INTO K - I FOR KP B 2 INTO KPP - 2 CKK( 2, 2, 1) = 0.0
CRK INTO K = 2 FOR KF s 1 INTO KPF -=1 CIF( 1, 1, 2) _ o.c
CRK INTO K = 2 FOR KP - 2 INTO KPP = 1 CKK( 1, 2, 2) = n.
CAK INTO K 2 FOP KRP I INTO KPF 2 CKK( 2, 1, 2) = 0.0
CKI INTO K 2 FOR RP = 2 INTO KPF = 2 CKV( 2, 2, 21 = 0.0

ISTDFO 100
TINE AND SPACE GRID FOR PRODT

NmumEw sF MAJOF TIME VALUES 21

NDFRER OF SUPINTERVALS OF EACH MAJOR TIME INTERVAL I
(OUTPUT PILL OCCUR AT EACH SUCH TIME)
':AJO TINE VALUES

0.0 0.4290000000000000D+00 0.R5Qen00O0CO0O00T)+00
0.1717000000000000D+01 0.21470000000000000+01 0.2576: ̂ 0000000000D+01
0.34350000000000000+01 0.3864000000000000D+01 0.4293000000000000D+01
0.5152000000000000D+01 0.558130000'300000D+01 C.5841000000000000D+01
0.6010000000000000'+01 0.644000O0O00O000lOD+01 0.686fq0f0000000D+01
0.772800000000030 L,,+O1

DITASET CREATED FOR 5t IN GRAPHICS
GRAPE " T

PRINT SNITCH INDICATOR
IPISN1 a 0 IPRSN2 * 0 IPRSN3 - 0 IPPSUWI 0 IPps5 = 0
ODE PACKAGE DATA
EPS " 0.1000

000DOO000OD-05 HINIT = 0.1000000000000000D-05
COWTIW1TYV AnE . AND 7 DIRECTIONS MAY HAVE 9E N RESET
CONTR a 3 CORTZ 0
DEFAULT INITIAL COEFFICIENTS

0.1288 C000000000+CCD01
0.1005 CCCOOCCOCOCCD+01
0.4723000OOCOOOCO.01
C. 5900 CCCO 00000COD+01
0. 729C00000000000+01

a 21 MXGORD - 5

0.10000000 OOOD+01 0.100000000000000D+01 0.103000000000000Co+0l 0.1000000000000000D+01
0.10000000000UOOOOD+01 0.100)000000C00CCCD+O1 C.1'000c.0030O000C+01 0.1000000000000000D+01

0.1000000000000000D+O 0.1003030000COCGO0D+01 .10OOOOOOO0OCOO(D.C1 0.1000000000000000D+01

0.100000000000OO0D+01 C.100300000000001'OD+01 C.100000OCCC0OO00D+C1 C.1000000000000000D+C

0.100000000000000D+01 0.1000000000C0COOOD+01 0.130000000000000C+O1 0.1000000000000000D+01
0.1000000nn00nnOO+01 0.1000000000000000D+01 0.110000000000000.+01 0.1000000000000000D+01
0.100000000000000D+01 0.1OC'000OOA.0"0OD+)1

VALUES OF CONCENTRATION U OF THE 1 TH SPECIES AT THE QUADRATPE POINTS IN THE ( 1, 1)-TH RECTANGLE.

(FROM INIFIT)
0.305084u214Q41653D+03 0.304950895401252D+03 0.3u47766811395551D+03 0.30U6431550457051D+03

VALUES OF CONCENTRATION U OF THE 2 TH SPECIES AT THE QUACRATURE POINTS IN THE ( 1, 1)-IH RICTANGLE.
(FPOM INIFIT)

0.3a99999922873080+01 0.35000000112854u1D+01 C.34999999987q174n+O1 0.3499999984133205D+01
VALUES OF CONCENTRATICN U OF THE 1 TH SPECIES AT THE QUACRATUPE POINTS IN THE ( 2, 1-IH RECTANGLE.
(FROM INIFIT)

0.3045719981 4'051D+03 0.304 3847194115300.03 0.30426425767841460+03 0.30413C7315855603D+03
VALUES OF CCNCENTE TICN i 0O ',E 2 Td SPECIES A THE QUADRATURE POINTS IN THE ( 2, 1)-7H RECTANGLE.
(FROM INIFIT)

0.349999999833212200+01 0.3499999996017270D+01 C.3500000020665954D+01 0.35000C02773492CD+01
VALUFS OF CONCP.TRATION U OF T"! 1 TH SPECIES AT THE QUACRATURE POINTS IN THE ( 3, 1)-TH tECTANaLE.

(FPO TNIFTT)
(. 3('O 5 1- ' a- - . 1'492604314810054D+33 0.3037518342182684)+C3 0.30361830912541t1'-

10



VALUES OF L7''r 4 T:,1 :I

(FFO INIFII)
0. 350Ce'0O0219354 11D+01

VALUES OF CQNCENTDATICN U
(OR5 LbIT)

0.303511 71511137148D+03
VALUES OF CONCENTRATICN U

(RO5 ;NI(IT)
0. 34999999f S2741154D+01

VALUES OF CONCENTRATING U
(PRO DI1IT)

0.30303472765356920+03
VALUES OF CONCENTPAICN U
(PR0 INIPIT)

0.3500000061348953E!01
VALUES OF CONCENTRATICN U
(RO5 1NI?)

0.10252230414342410+03
VALUES OF CONCENT3ATCI U
(FO JIIIT)

0.3499999687S608440.01
VALUES OF CONCENTRATION U
(PR0 III?)

0.302009AA07332795D+03
VALUES Of COCENP"ATION U

(PROM INIFIT)
0.350000020670882 50+01

VALUES OF CONCENTRATION U
(P30 M DIP?)

0.30149765727313470+03
VALUES OF CONCEN'RATICN U
(FPO1 MINIIT)

0.3499999631451511D+01
VALUES OF CONCENTRATION U
(PO INIFIT)

0.30098503381298960+03
VALUES O7 CONCENTRATION 0

(FO INI?)
0.350000C5271339660+01

VALUES OF CO3CENTRA*ICU U
(PO NII1?)

0.300172610352840480+03
VALUES OF CONCENBPATICU U
(ROM INIIT)

0.350000081253813D+01

. ,49 SPEC1'ES AT

3.3499999995090316D+01
OF THE 1 TH SPECIES AT

3.303413625023P616 0+03
OF THE 2 TN SPECIES AT

0. 350000001553 4055D+01
OF THE 1 TH SPECIES AT

0.3029012015607162D+03OF THE 2 TH SPECIES AT

0.3499999967545694D+01
OF THE 1 TH SPECIES AT

0.10238877810057160+03
OF ?kIE 2 TN SPECIES AT

0.3500000063001927D+01OF THE 1 TH SPECIES AT

0. 301d763546404265D+03
OF THE 2 TH SPECIES AT

0.3499999766142619D+0'
OF THE 1 TH SPECIES AT

0.3013639311802817D+03
OF THE 2 TH SPECIES AT

0.35000002692771110+01
OF THE 1 TH SPECIES AT

0.30085150772013660+"03
OF THE 2 TN SPECIES AT

0, 34999991'16632425D+01
OF THE I TH SPECIES AT

0.100339084259S919D+03
OF THE 2 TH SPECIES AT

0.35000037701b9525D+01

THE QUAJRATI1RE POINTS IN

10 499999957 2819350+0 1
THE OUA hVkTURE POINTS IN

0.34323941075E. 120D+03
THE QUADEATURE POINTS IN

0. 350000 )R137108 + 01
TN! Q(IIJPATUaE POINTS IN

0.3027269872979790D+03
THE CI'ACPATURE POINTS IN

C.3499999871 89608D+01
THE QUACRA'11R! POINTS IN

C. 302214563837831410+03
THE QUACRATJRE POINTS IN

0.35000002961579610+01
TFE QUACRATIJRE DONTS IN

0 .30170214037768910+03
THE QUACRAT'IRE POINTS IN

0.34999Q94629056890+01
THE QUADRATURE POINTS IN

0 .30118971691754410+03
THE QUADRATIRE POINTS IN

0.35000010217779310+01
TNT 00DRAIIRi POINTS IN

0.300677291 873992D+03
THE OUADRATURE POINTS IN

0.349997948Q9517D+^1
THE QCADRATURR POINTS IN

0.300164A699972544D+3
THE QUADPA'LJRE POINTS IN

C.?4999 9936? 807148+0

TM' ( 3, 1)-TN RECTANGLE.

0.3499999952004673D+01
THE ( 4, 1)-TH RECTANGLE.

0.3031 C588466527C70+03
THE ( 4, 1) -TM EECTANGLE.

0. 3q00 CC0087287737D+01
THE ( 5 , 1)-TN RECTANGLE.

0. 3025934612C51261D+03
THE ( 5, 1)-TH 3ECTAN'LE.

0.349999983836266CD+01
THE ( 6, 1)-TH RECTANGLE.

C. 1020810377 44 9810D+03
THE ( 6, 1)-TN RECTANGLE.

0. 3500000.1J0206845D+01
THE ( 7, 1j-TH RECTANGLE.

0.3015 6F+6142848361D+03
THE ( , 1)-IN RECTENGLE.

0.3499 999L48187522D+01
THE ( 8, 1)-IM RECTANGLE.

0.3010561908246910D+03
THE ( 8, 1)-IH RECTANGLE.

0.3500CCC958966381D+01
THE ( 4, 1)-IN RECTANGLE.

0. 3005 837673E45463D+03
THF ( 9, 1)-TH RECTANGLE.

A. 3499 998916494712D+01
THE ( 10, 1)-TM RECTANGLE.

0. 3000313439C4401uD+03
THE ( 10, 1)-TM RECTANGLE.

0.3349998283346018SD+01

-J
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READING NMMELIgT DATA

:aSANGES IN EAMPLIST DATA NAT HAVE BEEN MADE FOR TRANSIENT
FOR SPECIES NO. 1

S!')E I ALPAaUs 0.10000000D4J1 BETA = 0.0
SIDE % ALPHA s 0.0 BETA = -0.o10000000 01
SIDE ? ALPHA = O.10000000D+01 BETA w- .
SIDE " ALPHA = 0.0 BETA = 0.10,0000C0D+01

FOR SPECIES 50. 2
SIDE 1 ALPHA s 0.10000000D+01 BETA = 0.0
SIDE 2 ALPHA = .0 BETA -0.1000C00CO+01O
SIDE 3 ALPHA a .11000000D.01 BETA = 0.0
SIDE A ALPHA = 0.0 BETA = 0.100U0000D+ 1

SIDE INDICATORS BY SPECIES

FOP SPECIES NO. 1 NS1= 1 NS
FOR SPECIES NO. 2 OS1 -1 WS

CONVECTION VELOCITY IN I DIRECTION C

CONVECTION VELOCITY IN Z DIRECTION C
DOUNDARY H FUNCTION POP SIDES 1 IND 3

SPECIES NO. 1 MATERIAL INDEX 1 H('1 =
SPECIES NO. 2 MATERIAL INDEX 1 HU1 =
BOUNDARY H FUNCTION FOR SIDES 2 AND 4
SPECIES N0. 1 MATERIAL INDEX 1 H02 *"
SPECIES N0. 2 MATEFIAL INDEX 1 HU2 =
REACTION RATES
FIRST OPDER RATES
CK INTO 1 FPROM I IS 0.0
CF INTO 2 FROM 113 0.0
CK INTO 1 FROM 2 IS 0.0
CK INTO 2 FROM 2 IS 0.0
SECOND ORDER REACT ION RATES ARE
CKK INTO K = 1 FOR KP = 1 INTO KPI
CRR INTO K a 1 FO KP a 2 INTO KP -=

CKK INTO K = 1 FOR KP = 1 INTO KPI =
CRR INTO K I FOR EP = 2 INTO KPP =
CKK INTO K s 2 FOR KP s 1 INTO KPP =
CIK INTO K = 2 FOR KP = 2 INTO KPP s

CIR INTO F = 2 FOR KP = 1 INTO KPP =
CiK IN'i0 K = 2 FOR KP = 2 INTO KPP =

IsrtFQ - 100
TIME AND SPACE GRID FOP PROUT

2= 0
2= 0
0.0
0.0

GAMMA
GAMMA
GAMMA
GAMMA

GA'iMA
GAMMA
GAMMA

0. 100000COD.C1
0.0
0.10000C00D+C1
0.0

0.100000COD+C1
0.0
0.1000CCCOD+C1
0.0

NS3= -1 3S4= 0
NS3= 1 NS4= 0

0.10000000000COOOOD+31
0.1000000000000000D+01

0.1000000000000000D+01
0.1000000000000000D+ 01

2
2
1

2
2

CKK(
CKK(
CKK(
CKF(
CKK(
CKK(
CKK(
CKK(

1,
1,
2,
2,
1,
1,
2,
2,

1,
2,
1,
2,
1,
2,
1,
2,

HU.3 = 0.1COCCCCOCCC00000D+01
H113 = 0.IOOCCCCOCCCOCCCOD+01

H'1 = O.100CCCC0OCCCOCCCOD+01
M114 = 0.1000COOCCCCCCCCOD+01

0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0

1)
1)
1)
1)
21
2)
21
2)

NUMBER OF HAJOR TIM! VALUES 21
NUMBER OF SUBINTERYALS OF EACH MAJOR TIME INTERVAL I
OUTPUTT NILL OCCUR AT EACH SUCH TIME)
MAJOR TIME VALUES

0.0 0.4290000000000000D+00
0. 1717C000000000000D+O1 0.2147000000000300D+01
0.3'35000000000000D+01 0.3864000000000000D+01
0.515200C0000000D+01 0.55810000000000COD+01
0.601000000000OOOD+01 0.54400000000000.+01
0. 7728000000000000O+01

DATASET CREATED FOR USE IN GRAPHICS
GRAPH a T
PRINT SNITCH INDICATORS
IPRSN1 - 0 IPRSV2 = 0 IPRSW3 = 0 IPRSI
ODE PACKAGE DAil
EPS = 0.1000000000000000D-05 HINI" 0.10¬
CONTINUITY FOR 3 AND Z DIRECTIONS
CQNTR a 3 CONTZ = 0

0.8590000000000000D+00
0.2576O000000OOOD+01
0.4293000000000000D+01
0.5841000000000000D+01
0.68690000000000000+0 1

vu = 0 IPPSWE = 0

000000CC0000OD-0

0. 1288000000000000D+01
0. 3005CC00OCCCCOOCCD+01
0. 47230C00000000CCCD+01

0.5900C00000000000D+01
0.7298CCCOCCCCOOCOD+01

!F = 21 PXGCC 5

s
s
s
s

s

s

c

=s

=s

s
s
s

M j



INITIAL COEFFICIENTS FCD TRANSIENT
0.305120000000230D+03 0.3499999979998900D+01
0.1046075765398622D+03 0.3499999922026616D+C1
0.303527296195667D+03 0.349999983R219784D+01
0.30255788269927590+03 0.3499999463305600P+01
O.3015330357789858D+03 0.3499 9

981117
9 4

399u* 1
0.30050418885869580,03 0.3499991861774387D+01
0.2999957653985508D+03 0.3499975298071043D+C1

0. 304949192179936CD+03
0. 3040951530797070D+03
0. 303070106'594194D+03
0.30204545923913 U0C.03
0.30102061&2 ?634020+03
0.3001665732 165990D+03

0.35000000477555 O1D+01
0.3500000098689985D+01
0.3500000290486270D+01
0.35000010015985190+01
0. 3500003680296129D.01
0.35000149326739460+01



BEGIN TRA'ISIENT SOL'TIO3

P5OT1'OR TIE * 0.0

" "

0.30512000D+O3
0.30409%1%D+03
0.30255788D0')1
0.30102061D+03
0.29999571D+ 03

VALUES OF CONCENTRkTIONS
(FPON PROUT VIA TIMFI I

0. 35333000D+01 0.30++949190+03 0.35000000D+01
0.35010001D+01 3.30358273D+03 0.3499999AD+01
0.34999995D+01 0.3020S546D+03 C.3501001D+01
0.350000370+01 0.300508190+01 0.34qq9919D+01
0.34999753D+01
U OF THE 1 TO SPECIES ON THE USERS PID

0.30460758D+03
0. 30307C31D+03
0.3C1533CD+.03
0.30016657D+03

0.3v5999999D+01
0.35000003D+01
0.34999981D+01
0.350001 49D+01

APPROXIMATE SOLUTION0. 305120000000('229D+03 0.1040951530797J94D+03 0.303C704061592n0D+03 0. 30204545f23913C30+03
0.2999957653q85507r+C3

VALUES OF CONCENTPATIOIS U OF THE 2 TH SPECIES ON THE USERS GRID
(PRON PROUT VIA TI4E)

APPROIIMATE SOLUTION
0.1199999979998900D+31 0.350000D02583 389D+O01 0.35000C0071245771+01 0.3500000263582345D+01
0. 3499975298071043D+01
TOUT- 0.0

PROUT FOR TIME U

0. 30102 06123188403D+03

0.3500000782458883D+01

0.42900000D+00

0.305120000+03
0.304029640+03
0.302S8892D+03
0.310731200+03
0.31872882D+03

VALUES OF CONCENTRATIONS

(PROM POUT VI4 TTREI

0.35997975D+01 0.3049C589D+03 0.35010219D+01
0.350070320+01 0.3036u543D+03 0.35001866D+01
0.35021127D+01 0.30153048D+03 0.35000112D+01
0.341804210+01 0.31377625D+03 0.339203780+01
0. 33452813D+01
U OF THE 1 TH SPECIES ON THE USERS GRID

0.3C46eCCeD.03
0.3C300766D+03
0.30594146D+03
0.31e12C47D+03

0.34986471D+01
0.34986612D+01
0.34685926D+01
0.33600726D+01

APPROIIMATE SOLUTION
0. 30511999999998D+03 0.3040740120664202D+03 0.301060831R32622D+0 3 1. 1024 587155705833D+03
0.3187284216033961D+03

VALUES OF CONCEITPTIONS U OF THE 2 TH SPECIES ON THE USERS GPID

(RCR ROUT VIA TIREI

APPROXIRATE SOLUTION
0.3499797485771327D+01 0.3500274391204744D+01 0.3499490'74156368D01 0.3495124997415917D+01
0.3345281284030008D+01
TOUT= 0.4290000003000000D+00 DELTA T 0.42p00000C000000D+0

ESTIMATED TTM 'OR A CALL TO DRIVE
TIME LEFT 0.147060C0D+05

0.3104424 178108779D+03

0.34221331556969820+01

0.43631399D+03

PFOUT FOP TIME =

M =
0.305120000."+3
0.30407290D+03
0. 3159C380D+03
0.32958951D+03

0. 85930000D+00

0.349959470.01
0.34989284D+01
0.33873741D+01
0.327242800+01

0. 30496867D+03
0.'0751750D+03
0.32125564D+03
3.33535R24D+03

'.34966589D+01
0.3467is930+01
0.3349-5093+01
0.32196584D+01

0.3C437124D+03
0. 313C2244D+ C3
0.32533242D+03
C.33725E44D+0C3

0.35051747D+01
0.34216478D+01
0.33013590D+01
0.31946876D.01

WA



0.33953476D+03 3.319136970+01 1
VALUES OF CONC'NTRATIOqS U OF THE 1 TH SPECIES ON THE USERS GRID
(FROP PROUTV IA TIME 1

APFIOXIPAF SOLUTION
0.305119999999999R0+03 0.3146967203375276D+03 0.3125851763844824D+03 0.32106313108A0153D+03
C. 31953475Q857876QD03

VALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USERS GRID
(FROB PPOU' VIA TIME )

APPROXIMATE SLIITION
0.1A499%9471135944R9D+01 0.349473fl278803098D+01 0.34235764810462340+01 0.3348C422804567568D+01
0. 31813'9 1Q85A%1ND.01
TOUT- 0.9Q000000000000D+00 DELTA T - 0.430C000000000000D+00

ESTIMATED TIME 'OR A CALL TO DRIVE 0.15663488D+03
TIEE LEFT 0.44549000D+05

PPOUT FOP TIP!!

SV.

0. 3298.14 488540445D+03

0. 3268288241072 877D+O1

0. 12890003D+C1

O.3512 71D+01 0.33494102D+01 0.30810081D+03 3.33511745D+01 0.31418574D+01
0.322474D.+1 0.33508902D+01 0.32767759D+03 0.33076497D+01 0.331356C9D+03
C.3169RR4QD0+3 1.32277283D+01 0.341037140+C3 0.31774192D+01 0.346156080+03
C.351I1Q620+01 0.30363322D+01 3.3557d983D+^ 1  

9.30S62490D+01 C.36CC3677D+03
1 f1475 190+01 0.3-11319910+01

VALUES OF CONCENTRATIONS $ OF THE 1 TH SPECIES ON THE USERS GRID
('ACH ECUTT VIA TIME I

APPPOIINATE SOLUTION
0.3051199994Q99q99D+(3 0.3222819145036616D+03 0.3316643232829942n+03 0.3411981063571791D+03
C. 36475179553051'D+03

TLU'S OF CONCENTRATIONS U OF THE 2 TH SPECIES CM THE USERS GRID

(FROM FOUT VIA TTP!T )

APPROXIMATE SOLUTION
C.334941021927SOf3D+O1 1.3 3a127A69502941D+01 0.326698422655f97D+01 0.3180771879859237D+01
0.300319809949775D+01
TOUT= '.12800300C000000D+31 DELTA T * 0.42900000000000AD+10

ESTIMATED TIME 3P A CALL TO CPITE 3.1M100000D+03
TIME LTFT 3.44409000D+05

PROS" FOP TTM! 3

SV.

0.33535068D.01
0.32666271D+01
0.31472262D+01
0.30198036D+01

0.3512533952052090D+03

0.3091067316282912D+01

fl.17170000D.01

0.3C5121 ̂ 0+03 0.30384720D+01 0.30832460D+03 0.30356893D+01 0.314925CCD+03
0.32022952D+03 0.30311295D+01 0.33456699D+01 0.30334143D+01 0.343280C4D+03
0.354n43110+01 0.30183550D+01 0.36327759D+C3 0.30116741D+01 0.36887720c+03
0.37386936D+03 0.29189712D+01 0.379cb791D+C3 0.28565369D+01 C.38357124D+03
0.385355190+01 0.28123782D+01

VALUES OF C9NCENTPATIONS U OF THE 1 TN SPECIES ON THE USERS GRID
('PON FROUTV IA TIIEt I
APPROXIMATE SOLUTION

0.3051199999999909D+03 0.3244010094392673D+03 0.3a3F2170Q7572645D+03 0.3626717755E95567D+03
0. 3853553997q154240+O3

VALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USERS GRID

0.30365009D+01
0.30179598D+01
0.29523359D+01
0.28282N52D.01

0.3739870964241103D.03

.42h



(FECK ;ROUT TIA TIMRI

APPROXIMATE SOLUTION
0.3038471963006792D+01 0.3032405512722226D+01 C.30206013g5500648D+01 0.3002897857756941D+01 0.2914126270492313D+01
0.2812378172850081D+01
TOUTS 0.17170000000000000+01 DELTA T = 0.4290000000000000D+00

ESTIMATED TIME FOR A CALL TO DRIVE 0.-11827506D+03
TIME LEFT 0.44290000D+05

0.21470')30D+01

0.30512000D.01 0.26951713D+01 0.30863695D+03 0.26 Q7174D+ 01 0.11531739D+03
0.32659718D+03 0.26951396D+01 0.33619348D+C3 0.2684 7 7 61D+01 0.3479C844D+03
0.357172090+03 0.26722768D+01 0.368879650+"3 .266191160+01 0.37905e12D+03
0.38900991D+03 0.26287781D+01 0.40154248D+03 0.26313309D+01 0.4072496CD+03
0.41024526D+03 0.26334897D+01

VALUES OF CONCENTRATIONS U OF THE I TH SPECIES ON THE USERS GRID
(FRCM FPOUT VIA TIME

APPPOXIMATE SOLUTION
0.3051199999999968D+03 0.3263166008477955D+03 0.34749Q8879323223D+03 0.3686247988293743D+03
0.4102452619767139D+03

VALUES OF CONCRUTRATIONS U OF THE 2 TH SPECIES ON THE USERS GRID
(FROM FROUT VIA TIMEXI)

APPROXIMATE SOLUTION
0.26951712704871190+01 0.2693602941899904D+01 0.268410088185144350+01 0. 2663373899677314D+01

0.26034896632795750+01
TOUT* 0.21470000C0000000D+01 DELTA T 0.42999999999Q9999D4 00

ESTIMATED TIME FOR A CALL TO DRIVE 0.13967442D+03
TIME LEFT 0.4415000D+05

PROUT FOR TIM! R

N .

0.26962833D+01
0.26867501D+01
0.26603204D+01
0.26144062D+01

0.3894393752629132D+03

0.2634460641706568D+01

0.25760000D+ 01

0.30512000D+03 0.23326113D+01 0.3088e527D*03 0.233383130+01 0.31675592D+03
0.327665010+03 0.23277249D+01 0.3399631%D+03 0.2326u32AD+01 C.350272C2D+03
0.36319586D+03 0.230941370+01 0.373436710+03 0.229670260+'1 C. 3E7693SD+03
0.39324124D+03 0.231046860+01 0.40082462D*03 C.23021087D+01 0.409180740D+03
0.41115667D+03 0.230844R9D+01

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GPID
(FROM PROUT VIA TINEX

APPROXIMATE SOLUTION
0.305119999999999D+03 0.32789651565870210+03 C.3507078463373167D+03 0.373)4520128926559D+03
0.411 11%66745952916D+03

VALUES OF CONCiNTRATIONS n OF THE 2 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA TINEXI

APPROXIMATE SOLUTION
0.2332611322'58141n+01 0.2127554844887491D+01 0.2314370734257791t,.,1 0.2298588749976574D+01
0.2308448916163730D+01
TOUT= 0.25760000C00000000+01 DELTA T = 0.4290O0000OO03G0D+00

ESTIMATED TIME FOR A CALL TO DRIVE 0.10200000D+03

0.23279968D+01
0.23125945D+01
0.22953085D+01
0.2306E1698D+01

0.3929264920060352D.03

0.2306548618184080D+01

PRODT FOR TIME

V V

c-Ti



6.46f48lOOD+c 5

0.30050000D+01

0.30S120C00+13 0.19382479D+01 0.30937373D+03 0.1933S977D+01 0.31761221D+03
0.31410012D+01 0.19J22942D+O1 3.340403750+03 0.194126030+01 0.35101292D 03
0.36014241D+01 0.19612835D+01 0.37144820D+03 0.19753239D+01 0.380403570+03
0.j84712 Qb+n3 O.19:943550+01 0.40105180D+03 0.19988751D+01 0.4C4856450+03
0.6f906959D+01 0.20054067D+01

VALUES OF CONCENTRATIONS U OF THL 1 TH SPECIES O THE USERS GRID
(FPOM PROUT IA TI4PI I

AFFPCxIuATE SOLUTTO0
0.705119999g99991J3 0.32911607566410630+03 0.3507663C812735660+03 0.37105646808387710+03
C.4 C90695Q21402164r+3

VALUES OF COuCRNTRATIOS '1 OF THE 2 TH SPECIES ON TP! USERS GRID
(FRO PPOUT VIA TIMEX)

AEPRCOIRATE S.LrTINo
C.191i2A77e6A1R513n+01 0.193540O226251823D+01 0.19577163259653050.01 0.1974386054458316D+01
C.20054067299863S10.01
TOUT: (i.100O5 0000004COD+f1 DELTA I 0. M2a99q9999999g9D+00

*STnR"FD TIME FOP A CALL TO DRIVE 0.102237760.03
TINE L'PT 0.43946000D+05

PICUT ICP TIRE

V s

0.19120041D+01
0.196093850+01
0. 19837370D.01
0.200376220.01

0.3900506562933508D.03

0.1990059028666623D+01

0.34350000D+01

C.305121CID+03 0.158075660+01 0.307906750+03 0.158914710401 C.31372724+03
0.32329315D+01 0.158466d1D+01 0.333673C7D+03 0.159775500+01 0.344120570+03
a.35556%900+07 0.163212410+01 0.364416880+03 0.164083960+01 0.37541837D+03
0.395496S6D+.3 0.166906840+01 0.39361Q64D+03 0.16853475D+01 0.MC190825D+03
0.404152200+03 0. 16972465D+C1

VALUES OF CONCENTRATIONS 0 OF THE 1 TN SPECIES ON THE USERS 'PID
(PFPON FPOUT VIA ?TMET )

APFFOKIPATE SOLDPTOM
O.10511999949999990+03 0.3234295821673209D+03 0.3442d697299333920+03 0.3647752963439456D+03
0.40415211421 131964+03

VALUES OF CONCENTRATIONS U Of THE 2 TH SPECIES ON THE USERS GRID
(FPOP PPOUT VIA TT'I' )

APPIOXITATE SOLUTION
E.1580756626835225D+01 0.158u488811121834D+C1 0.1612709041361831D+01 0.16426C40938343C4D+01
0.1697246466659122D+01
OUT= 0.3435003'000000OD+01 DELTA T = 0.?0000COCCC0002D+00

ESTIMATED I'INE FOR A CALL TO DRIVE 0.91786047D+02
TIN LEFT 0..3953000D+05

PPOUT O TIME *

V s

3.15705055D.O1
0.16115938D.01
0.166C14200.01
0.1692'177D.01

0.38517070.1114112D+03

0. 1670302215263829D+01

0. 38660000D01

0.30819747D+C3 0.12850341D01 0.311411450+03

TIME LEFT

G'OUT FOP TI"E R

V s

C"

0.305120000+03 0. 12936219D+01 0.130074s1D+01



0.32173020D+03 0.128875160+01 0.33117282D+03 0.129646290+01 0.33992789D+03
0.34722'960+03 0.129625140+01 0.35717637D+03 0.13120074D+01 0.3662805CD+03
0.376683190+03 0.13534177D+01 0.38731946D+03 0.13647554D+01 0.392E34 CED+C3
0.39608701D+03 0. 13878047D+01

VALUES OF CONC.NTRATIONS U OF THE 1 TM SPECIES ON THE USERS GRID
(FIROK EPOUT T TIMPEI

APFPOXINATE SOLuTION
0.3051199999999999D+03 0.3220458470221918D+03 0.3396953895690818D+03 0.3570356559552698D+03
C. 3960870119262076D+03

VALUES OF CONCENTRATIONS 0 OF THE 2 TH SPECIES ON THE USERS GRID
IPPCH FPOUT VIA TINEX )
IPPIOIINATE SOLUTION

0. 1293F218165268R7D+01 0.1292035563453516D+01 0.12499130649637110+01 0.1310921062237475D+01
0.1387804656954566D+01
TOUT= 0.38640C000C000000D+01 DELTA T - 0.42 0 0000000000000D+00

ESTTfATF TINE POR 4 CALL TO DRIVE 0.94000000D+02
TINE LEFT 0.43759000D+05

PROFIT F OPTINE

V s

0. 130169100+01
0.13212454D+ 01
0.13809226D+01

0.3767221200403455D0C3

0. 1349945261929964D+01

0. 42930000D+.01

0.30512000D+03 0.10158056D+01 0.30766970D+03 0.10223020D+01 0.3127269CD+03
0.322208210+03 0.102391660+01 0.328815650+03 0.102118310+01 C.33761264D+03
0.34594219D+03 0.10366839D+01 0.35280078D+03 0.103180600+01 0.361eC733D+03
0.3692033110+01 0.10504283D+01 0.37630e15D+03 0.10699975D+01 0.381768C9D+03
l.394?eS54D+03 0.10799251D+01

VALUES CF CONCEUTRATIONS U OF THE 1 TH SPECIES ON THE TSERS GRID
(FPOM PROUT VTA TIME)

APFFOTIMATF SOLU*ON
0.105119999999Q999D+03 0.12172923432130480+03 0.33753471250192731+03 0.3531587689430451D+03
0.3e4118554C6251316D+03

VALUES OF CONCENTPATICUS U OF THE 2 TH SECIE5 ON THE USERS GRID
EFPOM PPOUT ITA TI9EX )

ADPPOITNATE SOLUTION
0.101;8055721523470+01 0.1021486368508123D+01 0.102691794622012RD+01 0.10363776815619390+01
C. 1079925133A421680+01
TOUTS 0.42930Cl000000000D+01 DELTA T = 'O.4289999999999999D+00

ESTIMATED TIME OR % CALL TO DRIVE 0.1032400qD+03
TIMF LF'T 0.4 3F6000D+05

0.101206050+01
0. 102591C2D+01
0.10543581D+01
0.10751828D+01

0.3691527888094773D+03

0.1054344903443059D+01

PPOU' FOR TTME 0.'

t .3C5120"'n.03
0.31893419D+03
0.34200119D+01
0.3f'147c3D+01
0.39361475.D+D3

VALUES OF CONCENTRATIONS
(PCM PROUT VIA TIME

APEOXIMATE SOLUTION

472300000+01

0.7638743 7D+00
0.76331880D+00
0.78122990D+00
0. 79650654D+00
0.789549390+00
U OFTHE 1 TH

0.30775050D+03 0.76076058D+00
3.328342890+03 0.77096881D+00
0.34954447D+03 0.79779002D+00
0.374998180D+03 0.78597958D400

SPECIES ON THE USERS ;RID

0.313315E3D+03
0.33417569D+03
0.35715934D+03
C.3e 1075270+"03

0.76566250D+00
0.774641600+00
0.78499709D+00
0.789167980.00

r

V



0.30511999999999990+03 0.3195659111 45754D+03 0.3345081373037304D+03 0.34955673052958859+03
0. 3R361475389656980+03

VALUES OF CONCENTRATIONS 0 OF THE 2 TN -SPECIES ON THE USERS GRID
(PROM PROUT VIA TIMEX )

APPROKIMATE SOLUTION
0.7638743717518699D.00 0.7649944216308292D+00 0.77512752003332940.00 0.7928978430638333D+00
0.78954939024486479.00
TOUT= 0.6723000000000000D+01 DELTA T = 0.430000000C0000020+00

ESTIMATED TIME PON A CALL TO DRIVE 0.92783721D+02
TINE LEFT 0.43563000D+05

PROUT FOR TIRE =

0.3665912714422677D+03

0.7928338062406194D+00

0.51520000D+01

N.
0.30512000D+03 0.53395729D+CO 0.30714189D+03 0.53324276D+00 0.3107C4CCD+03
0.31927701D+03 0.53892685D+00 0.32463987D+C3 0.53232250D+00 0.33500939D+03
0.34'82616D+03 0.52146924D+00 0.35633662D+03 0.51608373D+00 0.359149490+03
0.36693769D+01 0.50395205D+00 0.37648738D+03 0.51015748D+C0 0.3e152C8,D+03
0.38505810D+03 0.50271314D+00

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID
(PROM !POUT VIA TIME! I
APPNOIIRATE SOLUTION

0.30511999999999990+03 0.3187419812834083D+03 0.33441726461226200+03 0.35C3870223843672D+03
0.38505810255409780+03

VALUES OF CONCEUTRATIONS U OF THE 2 TO SPECIES ON THE USERS GRID

(P30 NPROUT VIA TINEXI

APPROXIMATE SOLUTION
0.53395729140501720.00 0.53763465396474520+00 O.5277435415540189D+00 0.5172649249490291D+00
0.5027131357317251D+CO
TOUTS 0.5152000000000000D+01 DELTA T 0.428999999999999PD+00

ESTIMATED TINE FOR A CALL TO DRIVE 0.97000000D+02
TIME LEFT 0.43466000D+05

PROUT FOR TIME

9 a

0.53 777800D+00
0.52816738D+00
0.51778540D+00
0.50497264D+00

0.3672312724994699D+03

0.5072918448702013D.00

0.55810000D+01

0.30512000D+03 0.29181934D+00 0.3CA19SD+03 C.295029589D+00 0.316799899+0
C.321846620+03 0.29306101D+00 0.33126395D+03 0.28287176D+00 0.316919029+03
0.3460229890+03 0.263633169.00 0.35357948D+03 0.24760937D+00 C.36176713D+03
0.37067810D+01 0.23528125D+00 0.37825202D+03 0.22206476D+00 0.38525881D+03
0.387537909.03 0.215081579.00

VALUES OF CONCENTRATIONS 0 OF THE 1 ?H SPECIES ON THE USERS GRID
(FROM FPOUT VT TIRE! I

APPPOIINATE SOLUTION
0.305119999999990+03 0.3219737210968038D+03 0.33769383368520639+03 0.35368467472511820+03
0.381753790169121859+03

VALUES OF CONCENTR6TIONS U OF THE 2 TH SPECIES ON THE USERS GRID
(FRON PROUT VIA TIME I
APPROIIIATE SOLUTION

0.2918193431746845D+00 0.2905905170698481D+00 0.267121 O'S12756720.00 0.2489223102765522D+00
0.21508156989094050.00

0.28842729D+00
0.26605535D+00
0.2394672%D+00
0.21695265D+00

0.370.556601758719D+03

0.233776165981552D+00

-J

D



TOOT 0.4S8100000000000D+01 DELTA T = 0.42900000000000fD+00

ESTIMATED TINE FOR A CALL TO DRIVE 0.56363636D+02
TINE LEFT 0.43373000D+05

0.588 10000D+01

3 .
0.30512000D+03 0.11862040D+00 0.30812423D+03 0.12826822D+ lO 0.314253ECD+ 03
0.32257718D+03 O.12080672D+00 0.33209857D+03 I..1832R170.00 0.34C84CSCD+03
0.34947846D+03 0.11225439D+00 0.35671107D+03 O.85875126D-01 0.36504950D+03
0.373764180.01 0.63916094D-01 0.3e13(220D+03 0.53272208D-01 0.3Ee50912D+03
0.39078490D+03 0.39946500D-01

VALUES OF CONCENTRATIONS 0 OF THE 1 TH SPECIES ON THE USERS GRID
(FRO PROUT VIA TINEX

APPIOIIuATE SOLUTION
0.30511999999999980+03 0.3227768177585234D+03 0.34082317267458760+03 0.3568967110235479D+03
0.39078890131"'73520+03

VALUES OF COCEUNTFATIONS U OF THE 2 TH SPECIES ON THE USERS GRID
(FROM PROUT VTA TIME!

APPROXIATE SOLUTION
0.11862040032277420+00 0.1181868151915035D+00 0.1109650083616525D+00 0.894155553588614C-01
0.39946499743513340-C1
TOUT 0.5841000000000000D+O1 DELTA T - 0.260000000C000000D+0f

ESTIMATED TIME FOP A CALL TO DRIVE 0. 13388462D+02
TIRE LEFT 0.43314000D+05

PROUT PO3 TINE *

SV.

0.107565830.00
0.108801870.00
0.80738436D-01
0.43313060D-01

0.37356807338500980+03

0.64945836247319280-01

0.59000000D+01

0.30512000D+03 0.79115611D-01 0.30829769D+03 3.79946586D-01 0.315C1731D+03
0.32172128D+01 0.77833234D-01 0.33303651D+03 .75622287D-01 0.34C5.1SCD+03
0.350196070+03 0.709898940-01 0.35815939D+03 C.569891570-01 0.365522CCD+03
0.378844460+03 0.31000172D-01 0.382268090+03 0.10950803D-01 C.389339C1D+03
0.391483600+03 0.20202355D-04

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USEPS GRID
(P3CM lOUT VIA TIME)

APPFOIIEATE SOLUTION
0.3051199999999999D+0C' 0.32248982363910720+03 0.3409000269270767D+03 0.3580!92719C4Ee73D+01
0.3914836003118876D+03

VALUES OF CONCENTRITIONS U OF THE 2 TH SPECIES (N THE USEQQ GRID
(PROP FOUT VIA TIME!

APPROIIMATE SOLUTION
0.79115610771770550-01 0.77435374339353411D-01 C.7300610 88092O91D-01 0.5615494287938823D-01
0.20202358996511920-04
TOUT- 0.5900000000000000D+01 DELTA T = 0.5899999999949994D-01

ESTIMATED TIME FOR A CALL TO DRIVE 0.19201390D+03
TIME LEFT 0.432100000+05

0.77657022D-ul1
0.72856411D-01
0.379831350-01
0.38258330D-02

0.3745279N83209404D+03

0.2882243799326704D-01

PFOUT FOI TIME 0.69100000D+01

PFOUT 7O3 TINE *



su

D.30512n0!1D+03 . I 1 .) o i- 0.30804722D+03 -0.341S8102D-02 0.31355433D0
C.32403527D+01 -0.12631084D-05 0.331S97C1D+03 -0.26231500D-02 0.341791E4Dy03-
f.35035217D.01 -0.10930790D-01 0.36005?68D+C3 -0.5A692050D-02 0.3678727CD+01
0.375904'1D+03 -0.37283151D-01 0.38566963D+03 -0.75892938D-01 0.3e!462CSD+03
0.383099020+03 0.0

VALUES OF CONCENTRATIONS U 0F THE 1 TH SPECIES ON THE USERS GRID
(PRCN EOUT VIA TINP. )

APFEROINATE SOLUTION
0.30511999999999990+03 0.3235554014593303x)+03 0.3415192887166297D+03 0.35973926563C88960+03
0.3030990196265668003

VALUES OF CONCENTRA'IONS U 0f THE 2 Td SPECIES ON THE USERS GRID

(7306 PR00? VIA TIuRI I
IPPROIIKATE SOLUTION

0.4003081159989102n-02 0.1b75110907339278D-02 -0.4C70158013325739D-01 -0.1082785701414R35D-01
0.0
TOUT= 0.6010000n000000000+01 DELTA T 0.11000000C0000001D+00

ESTIMATED TIN! POR A CALL TO DRIVE 0.91863636D+03
TINE LIFT 0.4297000D+05

PRO? POP T1,! 

9 .

0.12679068D-01
0.27780114D-02

-0. 30559532D-01
-0.10602568D-01

0. 376246878C37V0O1D+03

-0.4259564575317032D-01

0.64400000D.01

03C51200)D+O3 -C.29801095D+00 0.3CR2)C27D+C3 -0.79590567D+00 0.314745810+03
0.32416768n+03 -0.29551106D+00 0.333792580+03 -0.29938609D+03 0.34383479D+03
0.353529640+03 -0.30684553D+00 0.35465185D+C3 -0.26074420D+00 0.35386375D+03
0.35684110D+0' -0.12718341D+00 0.35653451D+03 -0.66050139D-01 0.35764976D+01
C.35944244D+03 0.0

VALUES OP CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID

FRON ?POU? TIA TINE! 1

APPPOIIMATE SOLUTION
0.3051199999999999D+03 0.3242015201424632D+03 0.343776A9968809910+03 0.35433349272C9423D+03
0. 35944244351026790+03

VALUES OF CONCENTRATIONS U OF THE 2 TI SPECIES ON TM? USERS GRID
(F70K PROUT VIA TIE41)

APPROIINATE SOLUTION
-6.2980109549035217D+00 -0.2990398086111563D+00 -0.3139500625C55834D00 -0.253528622C663324D+00
0.0
TOUT= 0.6440O01000000000Di01 DELTA T a 0.429999999999Q999D+0C

ESTIMATED TINE FOR A CALL TO DRIVE ').21649535D+03
TINE LFFT 0. 42758000D+05

P3OT POP TINE *

"m

-0.312808540+00
-0.31936719D+00
-0.17134942D+00
-0. 17310502D-02

0.3562937788131229D+03

-0.12435 55315579401D+00

0. 686 90000D+01

0.30512000D+03 -0.62394871D+C0
0.31702958D+01 -0.56538L'82D+00
0.32115018D+01 -0.36226831D+00
0.32330C69D+03 -0.13724414D+00
0.32556991D+03 0.0

VALUES OF CONCENTRATIONS U OF THE 1 TH

4.30891116D+03 -0.63937277D+00
0.31774fR4D.C3 -0.474'7577D+0
0.32285804bD+03 -C.27616171D+00
0.323586100+03 -0.66394964D-01

SPECIES ON THE USERS 'PIP

0.31E0C776D+03
C.32C02481C+03
0.323226140+03
C.32218C47D.03

-0.60147008D.00
-0.41210136D+00
-0.229204680.00
-0.40756950D-01

.. J
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(PION PROUT VIA TINE

APPROIINATE SOLUTION
0.3051199999999999D+03 0.31697881615200R2D+03 0.3198327102971742D+03 0.322701410497888eD+03 0.3233891629508882D+03
0.3255699107527535D+03

VALUES OF CONCENTRATIONS U OF THE 2 TN SPECIES CM THE USERS 'RI)
(FlO PPOUT VIA TIN'. I

APPROIrNATE SOLUTION
-0.62394870684460690+00 -0.5562941910757348D+00 0.4142382536735560o0 -0. 2826866368542663D+00 -0.1407610332609688D+00
0.0
TOUT- 0.68690OO000000C0D+1 DELTA T ^ -290000000O00D+00

ESTINATFD TINE FOR A CALL TO DRIVE 7 .18o00000D+03
TINE LFFT 0.625710000+05

0.72980000D.01

0.30512000D+01 -0.53500556D+00 0.30322811D+03 -0.52424068D+00 0.29877293D+03
0.29218445D+03 -0.53472208D+00 2.7814U993D+03 -0.53887977D+00 C.2e494C27D+03
0.28575612D+03 -0.36756478D+00 0.2Qc07818D+03 -0.315660020+00 0.28754874D+03
0.286019460+03 -0.16587872D+00 0.28844543D+03 -0.57590512D-01 C.287839C9D+03
0.285383110+01 0.0

VALUES OF CONCENTRATIONS U OF THE 1 TM SPECIES ON THE USERS GRID
(RICH FPOUT VIA TINEX I

aPPROIIMATE SOLUTION
0.3051199999999990+03 0.2918267756698038D+03 0.28482788963u3909b+03 0.2R62E96294 7624C4D+03
0.28538310711525710+03

VALUES OF CONCENTRATIONS 0 OF THE 2 TH SPECIES ON THE USERS GRID
(PROM POOT VIA TREI ',

APEPOKIKATE SOLUTION
-0.5380055557433031D+0 -0.5370397971333473D+00 -0.45930p09003758150+00. -0.306937C251372912D+00

0.0
TOUT= 0.7298000000000000D+01 DELTA T = 0.4293000000000000D+00

ESTIMATED TINE POR A CALL TO DRIVE 0.20247086D+03
TINE LEFT 0.42369000D+05

PROUT FOR TIME -

SI.

-0.54447069D+00
-0.46235098D+00
-0.21141730D+00
-0.3803344

5 D-01

0.2866786709408334D.03

-0. 155420281C198169D+00

0.77280000D+01

0.30512000D+03 -0.290356840+00 0.30199187D+C3 -0.2Q4444264D+00 0.297060970+03
0.286557 30D+43 -0.29265326D+00 f.28157238D+0C3 -0.279731890+00 0.27C81172D.03
0.266520200+03 -0.25620446D+00 0.25530049D+03 -0.24935938D+OC 0.246e342D+0'
0.24905795D.03 -0.15191249D+00 0.2474'394D+03 -C.)10007929D+00 0.25139421D+03
0.24741893D+01 0.0

VALUES OF CONCENTRATIONS U OF THE I TH SPECIES Oh TE USERS GRID
(FOE PROUTV IA TIME

APPROITNATE SOLUTION
0.305119999999998D+03 0.2R74770896301570D+03 0.2718R9911470'059D+03 0.255Q593975'F73160+03
0.24741893u9

1 4 203D+03
VALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE VISEPS GRID

(PRCM PROUT VIA TINE)

-0.d8823124D+C 3
-0 26906973D+00
-0.25119788D+00
-0.59618956D-02

0.2486166611812982D+03

PRODT POP TIN !

O s

... J

CT.



APPROIIN.T ESOL'TIO
-0. 29C3684i 05311aD+00 -0.2 97626966755584D+00 -0.2687025442579254D.00 -0.25O8C66439447891+00 -0.15982118743963520+00

0.0
TOUT- 0.7729000000300OCD+01 DELTA = 0.42999 0

999999999D+00

ESTIMATED TIME POR A -ILL TO DRIVF 0.2070000CD+C3
TINT LEFT 0.42162000D+35

**'*** NORMAL DUMP AT END OF IMEI
I - 21 TOUT * O.772d00000COCOCOD+01

END OF CASE
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We next illustrate the use of the cross-section plot (CSP) program to

generate a series of graphs at selected times. Much of the input is similar

to that given in section 7.1. For example, the graphics dataset which was

written on unit 12 during the computational phase must be reassigned to unit

12 for the CSP run.

For CSP, two namelists are required. Th: first is Namelist F0RMAT which

has input very similar to the FORMAT namelist used in section 7.1. The second

is Namelist CSPIN which involves variables specifically for the CSP program.

Namelist FORMAT

1. Indicator for iterative or direct version of the computational code

Previous versions of DISPL allowed for direct or iterative solution

of certain equations. The current version of DISPL1 only allows for

the direct version; thus the default value ITRTV=O, MUST be used.

ITRTV=O, (D'efault)

2. Number of curves to be produced per time value

For this proo m we will generate two curves (one for each species)

on each frame for each time value. Each curve will have its own

axis.

IGNUM=2,

3. Number of grid points for graphical purposes

This number cannot exceed NRES.

NRESIN=NRES1, (NRES1=501)

We next consider the namelist which specifically applies to the CSP

program.

Namelist CSPIN

1. Indicator for cinema mode

We would use this option only if we wished to produce multiple

copies of each frame. This should only be done in movie generation.

ICN=O, (Default)
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2. Indicator for grouping format

When more than one curve appears on a single frame, we can either

produce the curves on : single set of axes (packed format) or pro-

duce each curve on its own set of axes (separate format). Since

the range of values for pressure and velocity differ considerably,

it is not desirable to use packed mode for this problem. We ths

use the separate mode.

IFORMT=O, (Default)

3. Indicator for analytic solution

If the analytic solution is available we can graph the analytic

solution for the Ith species with its corresponding numerical solu-

tion. The analytic solution is supplied via a SINGLE PRECISION

version of the analytic subroutine. Since the CSP program contains

its own dummy version of the analytic subroutine we don't need to

provide the dummy version. For this problem we do not nave an

analytic solution; we use this dummy routine and set

IANAL=F, (Default)

4. Estimate of minimum value of the ordinates

This vector has, as its Ith component, an estimate for the lower

bound of the vertical axis for the Ith curve. Wheni the solution

values lie outside the interval [YAXMIN(I),YAXMAX(I)], the code

will rescale the vertical axis. Hence if the user does not want

this rescaling to occur, he should specify a generous il-erval

which contains a vertical axis range large enough for the Ith curve

over all time values being plotted. Also, such a constant axis is

useful for movie generation. In other cases it is sufficient to

use the default values.

YAXMIN=0.0,0.0, (Default)

5. Estimate of maximum value of the ordinates

YAXMAX=1.0,1.0, (Default)

6. Species number for each curve

This vector has, as its Ith component, the species to be plotted as
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the Ith curve. In the usual case, which we have, we use ISPEC(I)=I,

for I=1,NSPEC.

ISPEC=1,2,

7. Frame number indicator

This vector specifies the frame on which the Ith curve is to be

plotted. In our case we are plotting one frame for each time value.

LGROUP=1,1, (Default)

8. Ordering of the curves on each frame

If IF0RMT=1, the Ith component of this vector specifies the

plotting symbol to be used to indicate the Ith curve. If IFORMT1

(as in this case), LORDER(I) indicates the order of the curves on

each frame.

LORDER=1,2,

9. R coordinate of first endpoint of the cross-section line

This vector has, as its mth component, the R coordinate of the first

of the two points specifying the cross-section for the mth frame.

That is, each frame can have a different cross-section if desired.

In our case we have only one frame and we wish to plot along the R

axis from 0.0 to 4253.5. r rther, since the Z axis defaults to

[0.0,1.0], we can use any constant in the interval [0.0,1.0] for

the Z component. We will use a cross-section from [0.0,0.0] to

[4253.5,0.0].

A1=0.0, (Default)

10. Z coordinate of first endpoint of the cross-section

B1=O.O, (Default)

11. R coordinate of second endpoint of the cross-section

A2=4253.5,

12. Z coordinate of second endpoint in cross-section

B2=0.0, (Default)
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The following page contains the printed output of the CSP run. This is

followed by three of the twenty-one frames generated by the run. Each frame

is for a given time value and consists of two curves: the lower curve (species

1) is a plot of head pressure versus distance; the upper curve (species 2) is

a plot of velocity versus distance. Figure 7.2.1 is at a time (t = 3.435)
before the valve is closed. Figure 7.2.2 is at the time (t = 5.9) when the

valve has just closed, and Figure 7.2.3 is at a time (t = 7.728) after the

valve has closed. Note the flow reversal in this last figure.
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ERS
SPECIES 1

CD-

N

XI
Q6

2

S

KINETICS
SEET IN

9.0 56.71 113.43 170.14 226.85 283.57 340.28 396.99
R AXIS m10'

a)

5.71 113.43 1'70.14 226.85 23.57
R AXIS w10'

340.28 396.99

TIME 3.1435 FRAME 9

Figure 7.2.1
Graph of pressure and velocity for water hamer problem
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SF0
CRS
SPECIES

N

a
a2
'b'. 00

S

K INET I CS
SECT ION

56.71 113.43 170.1i 22865 283.57
R AXIS m.1O0

56.71 1'13.43 1'70.14 226.85 283.57 30.28 '96.99
R AXIS 14I0

TIME 5.900 FRAME 16

Figure 7.2.2
Graph of pressure and velocity for water harmer problem
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2-D

SPECIES '

X0~

]o'

2
OD:i

X0.00

0

N.

N

N

U,

0.
N

OI

1
6'.00

S

K I NET ICS
SECTIONS

56.71 11 5.43 170.14 226.85 283.57 340.28 396.99
R AXIS s10'
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Figure 7.2.3

Graph of pressure and velocity for water hanner problem
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7.3 Diurnal Chemical Kinetics

This problem is concerned with the concentrations of minor chemical

species in the upper atmosphere. A major feature of this problem is the

large time variations in the concentrations of the chemical species. In the

course of solving this problem we shall see how a knowledgeable user can modi-

fy the code (at least its performance) by modifying the user subroutines.

This problem will also illustrate the time history graphical output.

In the following problem, we let c (z,t) denote the concentration of

ozone (03), c2(z,t) denote the concentration of the oxygen singlet (0), and

c3 denote the concentration of oxygen (02) assumed to be constant. This model

neglects convection, uses one spatial coordinate z (the altitude in kilometers),
and a Fickian model of turbulent eddy diffusion. The problem is as follows.

ac = 5 1- K(z) aic + R1 (c,t), i1,2
at az Li=1,2

ac (30,t) = ac1 (50,t) = 0, t > 0
az az

c = (c1(z,t), c2(z,t))T

30 < z < 50,

0 < t < 8.64-104 (one 24-hour day in seconds).

Further,

K(z) = exp[z/5],

R1(c,t) = - k1c1c3 - k2c1c2 + 2k3(t)c3 + k4 (t)c2

R2(c,t) = k1c'c3 - k2c c2 - k4(t)c2

c3 = 3.7.1016

k1 =s1.63.10-16

k2 4.66.10-16
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t exp(-v./sin wt), for sin wt > 0,

0, for sin wt < 0,

v3 = 22.62, v4 = 7.601, and w = ,x/43,200.

c1(z,0) = 106y(z), c2(z,0) = 1012y(z), where

y(z) =1 z- ( )402+(z-40

Notice that the reaction rates k3(t) and k4(t) build up to a peak at noon

(t = 21,600) and are switched off from sunset (t = 43,200) to sunrise

(t = 86,400) which models the diurnal effect. In this model the concentration

c (z,t) rises to a peak value of about 108 at noon, and then falls to zero at

6:00 p.m. and stays zero through the night. This behavior requires a modifi-

cation to the error control mechanism in the ODE solver GEAR. Such a modifi-

cation could have been made in GEAR; however, we choose to make this adjustment

through a user routine in order to illustrate the point that some modifications

can be achieved through these user routines. Let Y(I) denote the I-th compo-

nent of the solution vector and E(I) the I-th component of the error vector,

both considered at some current time t. The version of GEAR which is used in

this code defines a vector YMAX(I) such that YMAX(I) is the maximum value (in

modulus) that Y(I) has achieved in the past, i.e. for t' < t. A relate

error control is used in this code, that is the quotient E(I)/YMAX(I) is com-

pared with a specified tolerance factor. (The code uses an L2 norm so that

the actual situation is somewhat more involved.) Now consider the present

problem as time approaches 6:00 p.m. The concentration c1 has reached a peak

value of about 10 8 at noon; thus YMAX(I) ~o10 8 during the entire afternoon.

Moreover as we approach 6:00 p.m., the concentrations c1 fall to zero very

rapidly; hence we are using the error criterion 10-8-E(I) <tol which is a very

loose error control. In order to correct this situation we could put a floor

value on the error control. For example we could define YMAX(I) as follows:

YMAX(I) = MAX{IY(I)I, 10-20}

This would have the effect of replacing a relative error control by an abso-

lute error control when IY(I)l is small. This change could have been made to



163

GEAR; however, we can also achieve this change through a user routine. Of

course, this requires knowledge of the GEAR code and the DISPL code; so it is

not a casual procedure.

To achieve the above change one must modify the definitions of YMAX(I)

as described above. Moreover, this must be done after the GEAR program has

defined YMAX. The 'AR program defines YMAX in subroutine DRIVE. The subrou-

tine DRIVE calls a subroutine STIFF which in turn calls a DISPL subroutine

GFUN. This latter subroutine calls several user routines such as VEL, DIFUSE,

EXTSRC. Thus we can modify the definition of YMAX in any one of these sub-

routines, for example, subroutine VEL. To modify the definition of YMAX, we

must have YMAX(I) and Y(I) available in this subroutine. The array YMAX(I)

is in the common block GEAR2 and Y is in the common block GEAR10. These

common blocks are invoked in subroutine VEL and the modification to YMAX(I) is

made in this subroutine.

For this problem we use the following data in the namelists.

GRID
KR=1,KZ=4,
NSPEC=2,
ZLOW=30.0,ZUP=50.0,
CONTZ=2,
NMZ=7,
ZMESH=32.5,35.0,37.5,40.0,42.5,45.0,47.5,
NQR=1,NQZ=4,
INITSW=T,TRANSW=T,GUESSW=F,STEDSW=F,
JZGRD=3,
ZGRID=30.,40.,50.,

DATA

NUTOUT=2,
NUFREQ=12,
UTOUT=0.0,86400.0,
EPS=1.LD-3,HINIT=1.D-4,
GRAPH=T,

For the user routines, we used the following statements.

Subroutine RHCP
RC=1.DO
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Subroutine DIFUSE

DIFUR=O.DO
DIFUZ=(1.D-8)*DEXP(ZZ/5.DO)

Subroutine VEL

COMMON/GEAR2/YMAX(1)
COMMON/GEAR1O/Y (1)
DOUBLE PRECISION Y,YMAX
DATA N/36/
D0 5 I=1,N

5 YMAX(I)=DMAX1(DABS(Y(I)),1.D-20)
VELR=O.DO
VELZ=O. En)

The use of this subroutine to modify YMAX was just a matter of convenience.

Subroutine EXTSRC

In this routine we form the sources

R1 = - k clc3 - k2clc2 + 2k3c3 + k4c2

R2 = kc1c3 - k2clc2 - k4c2

Subroutine FDEXTU

In this subroutine we calculate the Frechet derivative of the distributed

source.

For species 1 we have

UU(1) =_-k c3-k2c2

UU(2) = -k2c +k4 .

For species 2 we have

UU(1) = klc3-k2c2

IJU(2) = -k2c1-k4

For both species, UUR(K) and UUZ(K) are zero for K=1,2.

Subroutine INDATA

In this routine we return the initial distributions

c1(z,0) = 10 6y(z), c2(z,0) = 1012y(z) where

y(z) = 1 - z-4 2 + 1(z-40)4
110/ 2 \10 '
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Subroutine BRH0
I i

Since'(30,t) = c-'50,t) = 0, we just return RH0V=0.DO on sides 2 and

4 for both species.

In this problem we used the z axis for the spatial variable and Hermite

cubic (KZ=4,CONTZ=2) B-splines. For spatially smooth solutions, the use of

Hermite cubics is not an advantage; however, we use them here for illustrative

purposes. The output is given at 30, 40, and 50 km at two-hour intervals

during a 24-hour day. Thi' problem was taken from Ref. [7] where a finite

difference solution is given at the above spatial and time values. This data
is given in Table 7.3.1.

The following pages contain the computational phase output for this

problem.
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TABLE 7.3.1. Finite Difference Solution for Atmozpheric Model

Time 30 km 40 km 50 km

2.10-1011 4.12.104 2.22-1048:01 AM 5.06.10 9.96.10 5.36.10

10:00 AM 1.31-10 2.54-101 1.44-10
5.09-10 9.91.10 5.60.101

2:00 4.741011 8.68-101 5.29-10
12:00 5.49.10 10.2.10 6.10.1011

72207, 1 7
2:00 PM 1.5210 2.721011 1.72-10

5.91 10.6-10 6.71-10

2.46-104 4.37.10 2. 4-10
5.94.10 10.5.10 6.84.1011

60PM 0 11 0 11 0
6:00 PM 5.9610 10.5.10 6.9510

80PM 0 11 0 11 08:00 PM 5.97.1011 C.5-10 7.05-10

000 P 1 0 11 0
10:00 PM 5.99.101 0.410 7.14.10

02000 4.o1 012:00 6.0110 0.410 7.2210

20AM 0 11 0 11 0
2:00 A 6.0310 10.310 7.29.10

40AM 0 11 0 11 0
4:00 A 6.04-10 10.3-10 .36-10

6 : 0 0 A M 0 0 . -0
6:0~ 6.0)61011 10.2.10 i421



STORAGE MARINA FOP THIS COMPILATION
!1I0K 10
MAISP 2
KAITQD "

1Ips 100
*I3i & 100
EtIPOT S0
NIlGID 20
NIZG9D 20

W-j
Q1



LEADING NAMFLTSf GRID

1R 3 1 IZ "4
NTIR " 0 NTIZ " 0
NSPEC " 2
PLOY 0.0 ROPa
2LON * 0.3000000000000000D+02 ZUPa
NIas "0 MHz " 7

INITIAL CONTR 13 INITIAL CONTZ " 2
GEOMETRY INDICATOR " 0
MO ADDITIONAL NON-INTERFACE R MESH POINTS
ADDITIONAL NOM-INTERFACE Z MESH POINTS
I I I ZMESH(II * 0.3250000000000000D+02
I " 2 7MESM(I) 0.3500000000000000D+02
I " 3 ZMESH(I) - 0.3750000000000000D+02
I 4 2 MES1(I) * 0.S0000000000000000+02
I a 5 ZMESI(I) * 0.0250000000000000D+02
I " 6 Z!SE(t) * 0.4500000000000000D+02
I 7 ZuES(I) * 0.475000000000000D+02
QUADRATURE ORDER FOR I DIRECTION 1
QUADRATUE ORDER FOR Z DIRECTION 4
MATERIAL TABLE IS GITFE AS NATL(RINDEIZINDEI)
MATERIAL TABL! POP ZINDEX = 1

1
CONSRV= F
ALGCS. T
LOGICAL SWITCHES TO CONTROL PROGRAM
STEDSR " F GUESS a F TRANSIT * T
ISTDRS a F ITRARS " F IANAL

DUNPSN a F
IREYLA 1) " P
IRETLA( 2) " F
ORDER OF SPLINE DERIVATIVES COMPUTED IS 0
NUMBER OF USER SUPPLIED POINTS IN R DIRECTION 1

RGPID( 1) 0.500000000.00
08BER OF USER SUPPLIED POINTS IN Z DIRECTION 3

ZGID( 1) 0.30000000D+02
ZGRID( 2) a 0.0000000D+U2
ZGRID( 3) 0.50000000D+02

0. I000C00000000000D+01
0.5000000000000000002

INITSH * T
0 F

READING MANELIST DATA

CONTR TOO HIGH, BEING RESET TO

NYGAP * 0 NHGIP 0

IL(I) "
1

JL(J) a
r 6 B 1 e

IREF(I) a

JREF(J) a 1 1
MLTAB( 1, 1) a

1-1

LB - 1 LZ - 8 MR * 1 NZ - 14

2 14 16 18

1 1 1 1 1

s

2

1

3



ULTAI( 1, 2) 1
HLTA3( 1, 3) 1
ILTAI( 1, 4) * 1
*LTAS( 1, 5) * 1
ULTAE( 1, 6) * 1
HLTA( 1, 7) * 1
ULTAI( 1, 6) * 1

*OSIZOSTAL ODE1G

Ulu 2 IJa 2

NI.. 1 NJ.. 1

STST3H SI:,
Ll " 1
U 5 1
.. A. " 36

FOR THIS CASE
LE S
z. Is

THIS IS THE DIRECT T ESIOI

THIS VERSION DOES NOT 2EQO9E
FOR SPECIES HO. 1
SIDE I ALPHA * 0.0
SIDE 2 ALPHA " 0.0
SIDE 3 ALPHA 0.0
SIDE " ALPHA * 0.0

FOR SPECIES 90. 2
SIDE I ALPHA * 0.0
SIDE 2 ALPHA * 0.0
SIDE 3 ALPHA " 0.0
SIDE " ALPHA * 0.0

SIDE INDICATORS Dy SPECIES

9OUHDARY COIDITIOIS ON EYEST SIDE

BETA *
BETA
BETA
BETA

BETA -
BETA
BETA
BETA

FOP SPECIES N0. 1 HS1* 0 HS2=
POp SPECIES H0. 2 USla 0 HS2-

000EDART H FDUCTION FOB SIDES I AHD 3

SPECIES HO. I MATERIAL INDEX 1 801 0
SPECIES 10. 2 MATERIAL INDEX 1 801
SODNDART B FUNCTION FOR SIDES 2 AND A
SPECIES HO. 1 MATERIAL INDEX 1 802 -
SPECIES 50. 2 MATERIAL IHDEX 1 802 a
REACTION SATES
FIRST ORDER PATES
CK INTO 1 FroH 1 IS 0.0
CE INTO 2 PON 1 IS 0.0
CE INTO 1 F3OH 2 IS 0.0
CT INTO 2 PHOR 2 IS 0.0
SECOND ORDER REACTION RATES ARE
CKK INTO E a1 FORSRP "I INTO KPP = 1
CEE INTO I * I FOR RP * 2 INTO IPP 1

CII INTO * 1 FOR P I INTO KPP s 2
CIE INTO 9 a1 PORSIP 2 INTO [PP a 2

0
0

-0.10000000D+01
-0. 100000000+01
0.10000000D.01
0.10000300D+01

-0. 10000000D+01
-0. 100')0000D+01
0. 10000000 D+01
0. 10000000D+01

S3- 0 uSc= 0
HS3= 0 S14= 0

0.10000000000000000+01
0.10 00000000000000D+01

0.1000000000000000D+01
0.10000000000000000+01

CFK( 1, 1, 1 a
CK( 19 2, 1) 
CAR( 2, 1, 1) a

CKE( 2, 2, 11

GAMIN
GANNA
GARNA
GARMA

GAMNA

GANNA
GANIIA

0.0
0.0
0.0
0.0

0.0
0.0
0.3
0.0

053 s D.100000000COOOOOOD+01
803 a 0.100000000C0000COD+01

804 * 0.10fC000O0CCOCC00OD+1
H04 - 0.10000000CC0000COD+01

0.0
0.0
0.0
0.0

ICC. -.

MCCI. -1

Ia a -

DN= 3

oY1

s
s
s
s

s
s
s
s



CKN INTO K m 2 FOR KP = 'P * 1
CKK INTO K - 2 POP KP ;'I ia KP = 1

CKK INTO K 2 P0o P = 1 INTO KPP - 2
CIK INTO K * 2 FOR KP 2 INTO KPP * 2

ISTDFQ 100
TINE AND SPACE GRID FOR PROUT

CKK( 1, 1, 21 " 0.0
CKK( 1, 2, 21 = 0 0
CKK( 2, 1, 2) " 0
CKK( 2, 2, 21 = 0.0

8123 OF dAJOR TIDE VALUES 2
lOUDER OF SUEINTERVALS OF EACH NAJOB TINE INTERVAL12
(OUTPUT VILL OCCUR AT EACH SUCH TINE)
MAJO TIME VALUES

0.0 0.8640000000000000D+05
DATASET CREATED FOR USE IN GRAPHICS

GRAPH F
PRIW SNITCH INDICATORS
Ir:aSi - 0 IPRSW2 = 0 IPRSN3 - 0 IPRSW4 * 0 IPRSN5 - 0
ODE PACKAGE DATA
EPS - 0.1000000000000000D-02 !UNIT 0.10000000000000000-03
CONTINUITY FOR R AND Z DIRECTIONS MAY DAVE BEEN RESET
CONTR 0 CONTZ - 2
DEFAULT INITIAL COEFFICIENTS

IF = 21 NIGORD s5

0.10000000rOOOOOOOD+01
0. 10000000oooaoo'o+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D.01
0.10000000000000000.01
0.1000000000000000D+01
0. 1000000000000000D+01
0.100000000)0n0000D+01

0. 100000000000COCOD+01
0.1000000000000000+D01
0.1000000000000000D+01
0. 1000000000000000D+01
0. 1000000000000000D+01
0.10000000000000000+01
0.10000000000000000D01
0.1000000000000000D+01
0. 1000000000000000D+01

0. 10000000000000000+01
0.1000000000000000C+01
0.1000000000000000D+01
0. 1000000000000000D+01
0.1 0000000000000 00D+01
0. 1000000000000000D+01
0.1000000000000000D+01
0.10000000000000000+01
0. 1000000000000000D+01

0.1000000000000000D+01
0.1000000000000000D+01
0. 1000000000000000D+01
0. 10000 )0000000000D+01
0. 1000000000000000D+01
0. 1000000000000000D+01
0. 1000000000000000D+01
0. 1000000000000000D+01
0. 1000000000000000D+01

VALUES OF CONCENTRATION a
(73O INIFIT)

0.5845507605104101D+06
0. 54707296901689230+06
0.51253133979232570+06
0.50058232635877770+06

VALUES OF CONCENTRATION 0
(Froo INIFI?)

0. 5845507605104100D+12
0.5470729890169923D+12
0.512531339792 32570+12
0.50058232635877770+12

VALUES OF CONCEITRATION U
(FRO INIFIT)

0.7682092330596029D+06
0.7182242384883945D.06
0.6536905503209 3S3D+06
0.60734437217407260+06

VALUES OF CONCENTRATION U
(FROM INIPIT)

0. 7682C9233C596027D+.12
0.71822423848839460+12
0.6536905503209353D+12
0.60734437217407260+12

VALUES OF CONCENTRATION 0
(FRIO INIFIT)

0.931128751 3666886D+06
0.69552291524255160+06

OF THE 1 TH SPECIES AT THE QUADRATIlRE POINTS IN THE ( 1, 1)-TI RECTANGLE.

OF THE 2 TH SPECIES AT THE OUADR.TUR1 POINTS IN THE ( 1, 1)-TH RECTANGLE.

OF THE 1 T8 SPECIES AT THE QUADRATURE POINTS IN THE ( 1, 21-TI RECTANGLE.

OF THE 2 TH SPECIES AT THE QUADRATURE POINTS IN THE ( 1, 2)-TI RECTANGLE.

OF THE 1 TH SPECIES AT THE QUACRATURE POINTS IN THE ( 1, 3)-TIH RECTANGLE-

C0



0.8408606696138081006
0.7942432856181262 0+"06

VALUES OF CONCENTRATION U
(FRO I7IFIT)

0.93112875136668880+12
0.89552291524255180.12
0.84086066961380810.12
0.79626328561812620+12

TALONS OF CONCENTRATION 0
(FRO I3IFIT)

0.99975483578175100+06
0.9931863542315364D+06
0.97230891063230480+06
0.94739859506625810+06

VALUES OF CONCENTRATION U
(FROM IIT)

0.99975483578175060D+12
0.99318635423153630+12
0.972308910612 3048D+12
0.9473965950662584012

VALUES ( COWCENTRITION U
(FRO INIFIT)

0.94739859506625910+06
0.97230891063230550.06
0.99318635423153570.06
0.99975483578175050+06

VALUES OF CONCENTRATION U

(FRO INIIT)
0.94739859506625960.12
0.97230891063230600.12
0.99318635423153570+12
0.9997548357817502D+12

VALUES OF CONCENTRATION U
(FO INIFIT)

0.7942432856181271 0+06
0.8408606696138088D+06
0.69552291524255120+06
0.9311287513666804D+06

VALUES OF CONCENTRATION U
(FRO INIIT)

0.7942432856181271D12
0.66086066961380860+12
0.89552291524255120+12
0.93112675136668870+12

TALUES OF CONCENTRATION 0
(FION INIFIT)

0.60734437217407110+06
0.65369055032093571+06
0.71822423848839440.06
0.76820923305960290+06

VALUES OF CONCENTRATION 0
(FPO IIFIT)

0.60734437217407300+12
0.653690550 3209 3560.12
0.71822423848839450+12
0.76820923305960300+12

VALUES OF CONCENTRATION U
(7RO INIFIT)

0.50058232635877770+06
0.51253133979232690+06
0.54707298901689230+06
0.5845507605104101D+06

O THE 2 TR SPECIES AT THE QUADRATURE POINTS IN THE ( I, 3)-TI RECTANGLE.

OF THE I TI SPECIES AT THE QUADRATURE POINTS IN THE ( 1, 4)-TN RECTANGLE.

O THE 2 TH SPECIES AT THE QUADRATURE POINTS IN THE

O7 THE 1 TN SPECIES AT THE QUADRATURE POINTS IN THE

OF TIE 2 TI SPECIES AT THE QUADRATURE POINTS IN THE

Of THE 1 TH SPECIES AT THE QUACRATURE POINTS IN [HE

O THE 2 TH SPECIES AT THE QUACRATURE POINTS IN THE

OF TIE 1 TH SPECIES AT THE QUADRATURE POINTS IN THE

Of THE 2 TH SPECIES AT THE QUADRATURE POINTS IN THE

OF THE 1 TB SPECIES AT THE QUADRATURE POINTS IN THE

1, 6)-TH RECTANGLE.

1, 5)-TN RECTANGLE.

1, 5)-TH RECTANGLE.

1, 6)-TH RECTANGLE.

1, 6)-Til RECTANGLE.

1, 7)-TN RECTANGLE.

1, 7)-TH RECTANGLE.

1, 8)-TH RECTANGLE.

v



VALUES OP CONCENTRATION U OP THE 2 TH SPECIES AT THE QUADRATURE POINTS IN THE ( 1, 8)-TH RECTANGLE.
FRONTN IMIFIT)

0.5005823263587776D+ 12
0.5125313347923258 0 . 1 2
C.5A70729890168923 D+12
0.5805507605104102D#12



READING NANELIST DATA

CHANGES IN Nk4'LIST 04
FOR SPFCIES NO. 1

SIDE I ALPH = 10.4
SIDE 2 ALPHA " 0.0
SIDE ALPHA 0.0
SIDE A ALPHA 0.0

FOR SPECIES NO. 2
SIDE I ALPHA " 0.0
SIDE ALPHA * 0.0
SIDE 3 ALPHA a 0.0
SIDE ALPHA * 0.0

SIDE INDICATORS BY SPECIES

FOR SPECIES NO. 1 MS1=
FOR SPECIES NO. 2 NS1.
BOUNDARY H FUNCTION POR SIDES
SPECIES NO. 1 MATERIAL INDEX
SPECIES NO. 2 MATERIAL INDEX
BOUNDARY H FUNCTION POR SIDES
SPECIES NO. 1 MATERIAL INDEX
SPECIES NO. 2 MATERIAL INDFX
REACTION RATES
FIRST ORDER RATFS
CK INTO 1 FROM 1 IS 0.0
CE INTO 2 FRONT I IS 0.0
.K INTO 1 FROM 2 IS 0.0
CK INTO 2 FRO 2 ;S 0.0
SECOND ORDER REACTION RATES Al
CKR INTO R 1 FOR EP " 1IN

CRR INTO E 1FOR P " 2I
CRR INTO R 1 FOR RP " 1IN
CRK INTO a 1FR P " 2I1
CRR INTO K 2 FOR KP a 1 IN
CRR INTO K 2 FOR RP a 2 IN
CRE INTO R * 2 FOR P a 1 IN
CKK INTO K 2 FOR P - 2 IN

ISTDFQ "100
TIEF AND SPACE GRID FOR PROT

%Vr BEEN HADE FOR TRANSIENT

BETA U

BETA
BETA =
BETA =

BETA
BETA 3

BETA 3

BETA

0 NS2=
0 MS2=
1 AND 3
1 801 =
1 H01 =

2 AND 4

1 1U2 =
1 HU2 =

QE
ITO
ITO
ITO
ITO
ITO
ITO
ITO
ITO

KPP
KPP
KPP
KPP
KPP
KPP
KPP
KPP

0
0

-0.10000000D+O1
-0. 10000000D.01
0. 10000000D.01
0. 10000000D+01

-0.10000000D.01
-0.1C000000D.01
0. 100000000.01
0.100000000+01

NS3= 0 S141 0
MS3z 0 NS4= 0

0.10000000000000000.01
0.1000000000000000D.01

0.1000000000000000D+01
0.1000000000000000D+01

CRR(
CRR(
CIK(
CK( 
CRR(
CIK (
CRR(
CKR(

1,
1,
2,
2,
1,.
1,.
2,.
2,

1,

2,
1,
2,
1,
2,
1,
2,

GAN0A
GAMMA
GAM4A

GAMNA
G(MMA
GARMA
GAI'A

0.1)
0.0
0.0
0.0

0.0
0.3
0.0
0.0

1103 s 0.1000000000000000D+01
1103 " 0.100000000C000000D+01

H5l * 0.1000000CCCCOOOOOD+01
M9l " C.1000COOCCOOOnOCOD+01

1)
1)
1)
11
2)
2)
2)
2)

0.0
0.0
0.0
0.0
0.0
n.O
3.0
0.0

2
2
1

1
2
2

NUMBER OF MAJOR TIME VALUES 2
NUMBER OF SOBINTERVALS OF EACH MAJOR TIME INTERVAL12
(OUTPUT WILL OCCUR %T EACH SUCH TIME)

NAJOR TINE VALUES
0.0 0.86400000000300000D+05

DATASET CREATED FOR USE IN GRAPHICS
GRAPH" F
PRINT SNITCH INDICATORS
IPRSVI 0 IPRcN2 - 0 IPRSW3 = 0 IPPSi
ODE PACKAGE DATA
EPS " 0.1000000000000000D-02 HINIT 0.10C
CONTINUITY FOP R AND Z DIRECTIONS
CONT3 * 0 CONTZ = 2
INITIAL COEFFICIENTS FOR TRANSIENT

u4 s C' IPPSWS = 0

OOOO0000OOOD-03 qp = 21 MIGORD = 5

0. 499Q264413 423072D+06
0.540Q738759634485D+06
0.7187855915021812D+06
0.9004477533441054D+06
0. 1000064170975785D+07

0. 5999264413423071D+12
0. 54037387596334484 D+12
0. 7187855915021813D+12
0. 9004477533441058D+12
0. 1000064 170975785D+13

C. %V322217C8789411D+06
0.65061l55792121 3 46D+06
0.84 383288f82F0228+C6
0. q7g5851462945553D+06
0. 10^0064 170975782D+07

0. 5003 22217 387 8942D+12
0.6505195792121346D+ 12
0. 8438328868260226D+12
0. 978585146 2945552D+ 12
0. 1000064 170975782D.13

WI

s
s

s

s

s

s
s
s
s
s
s
s
s

s
s
s
s
s
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s
s



C.Q7R%'S1462Q455o10+06
0.8438 328868260250D+06
0.650519579212135oD+06
0.500322217087895 on.+06

0. 9785d51462945591D+12
0. 843d328d6826C246D+ 12
0. 6505195792121353D+12
0.50032221708789460+12

0.9104477533441027D+06
0.7187855915321796D+.C6
0.54097387596344 76C+06
0.4999264413423069D+06

0.9004i477533441026D12
0.7187855915021800D+12
0. 5409738'59634480D+12
0.4999264413423070D+12



BEGIN TRANSIENT SOLUTION

POUT FOP TINE * 0.0

0.49992644D+06
0.65051958D06
0.900447750+06
0.1C000642D+07
0.843832890.06
0. 5109738RD+06

VALUES OF COMC!UTNTTIONS
(FROM PROUT VIA TIREK 1

APPROIIMATE SOLUTION
0.4999264413823069D+06

APPPOIIATE SOLUTION
C. 1000064176g975780+07

APPIOIIfATE SOLUTION
0.8999268813423072D+06

VALUES OF CONCEUTIATIONS
(P08 PR00? VIA TIMEXI

APPOXIMATE SOLUTION
0.69992681 138230690+12

APPPOIIMITE SOLUTION
0.100006817097578$0+13

APPROXIMATE SOLUTION
0.49992644134230710+12
TOUT* 0.0

0. 499926440+12
0.65051958D+12
0.90031775D+12
0.10000642D+13
0.84383289D"12
0.511097388D+12

0.500322220' C6
0.718785590+06
0.97858515D+06
0.918585150+06
0.718785590.06
0.50032222+0.06

O.50032222D+12
0.71876559D+12
0.Q78.S515O'+12
".9 7 858515D"12
0.71878559D+12
0.500322220+12

C. 540973 SOD+ 06
0.54383289D+06
C.1000C6,12D+07
C.90014775D+06
0.65C519580+ 06
C.49992641D+06

0.54097388D+12
0.814383289D+12
0.100006142D+ 13
0.90044775D+12
0.65C51958D+12
0.499926u*D0+12

U OF THE 1 TH SPECIES ON TIE USERS GRID

U OF THE 2 TM SPECIES ON TIE USERS GRID

PROUT FOP TIME U

NI
0.20761057D+00
0.27001837D+05
0.37299108D+05
0.N11922680+05
0.31666610+05
0.230135230.05

0.72000000D04

0. 50111956D12
0.6517635SD+12
0.90033601D12
0.994315370+12
0.83195927D12
0.55621476D+12

0.20778145D+05
0.29824085D0 CS
0.404689720+05
0. 402262 37D'05
0.29365839D'05
0.22175029D+05

0.501r3205D"+12
0.7199QOO40+12
0.976854740+12
0.97099507D+12
0.70892837D+12
0.53525069D+'12

0.22e67506D+05
0. 31917656D+05
0.4130C910+"0
0. 368663750.05
0.26722360+05
C.222C1937D+05

0.54231046D+12
0.844294510+12
0.997111350+12
0.859887980'12
0.64501745D'12
0.53590019D+12

VALUES OF CONCENT3ITIONS U OF THE 1 TH
(FRO PPOnT VIA TIME)

SPECIES ON THE USES GRTD

APP3OXIMATE SOLUTION
0.2220193664096921D+"5

APPPOXIIATE SOLUTION
0.4125017945629122D0C5

APPOIIMATE SOLUTION
0. 2 076105699898 301D05

VALUES OF CONCENTRATIONS U OF THE 2 TN SPECIES ON THE VSEPS GPID

M-J

U,



CN

(FCM FFCIIY VI A rIM? )
APFFOIIKATE SOL'I?1O4

0.53590C185393981Q0+12

APPROIIMATE SOLUTION
0.9957133627 75984M D+12

APPROIIMATE SOLUTION
0. 5011195625010761 D+ 12
TOUT= 0.720000000000000D+04 DELTA T = 0.86400000000e0000D+05

ESTIMATED TINE 'OP A CALL TO DRIVE 0.2279000OD+04
TIME LEFT 0.17535000D+05

PPOUT FOR TIME a

V 0

C. 144 30000D+05

0.129086900+7R 0.50256248D+12 0.12919537D408 0.
0.16761929D+08 0.65323157D+12 0.18500455D+'8 0.7
0.23082767D+08 0.90039636D+12 0.2499635l+D.C8 0.9
0.253388141D+08 0.98860347D+12 0.24696308D+C8 n.9
0.21052400D+Oq 0.82100180D+12 0.18020727D+C8 0.7
0.14733354D+08 0.573910114D+12 0.16353287D+C8 0.5

VALUES OF CONCENTPATIONS U OF THE 1 TH SPECIES CN THE USES GRID
(FROU POUT IA TTEI)

APPPOIIIATE SOLUTION
0.1436251371761089D+08

'.PROIINATE SOLUTION
0. 256108503627779D+08

APPROIINATE SOLUTION
0. 1290869C0271S100+08

VALUES OF CONCENTRATIONS OF THE 2 TH SPECIES ON THE USES GRID
(FROE FROUT VIA TIN!)

APPROIIMATE SOLUTION
0.5594094582439390D+12

APPROIIMATE SOLUTION
0.9914349285140650D+12

APFPROINATE SOLUTION
0.5025624774o0h308D+ 12
TOUT= 0.14400000^C3O300.+05 DELTA T = 0.8 00000000010CD+0C

ESTIMATED TINE FOR A CALL TO DRIVE 0.65000000D+02
TINE LEFT f.1770030D+05

029866 3D+12
2121258D+ 12
75226200.12
63119304D.12
r245396D+ 12
5906690.12

0.13965495D+08
').216644C3D+08
0.2548325eD+08
0.22154 66D+ 08
C.16574036D+08
0.143625140+08

0.5'438851 1D"+12
0.8486933310.12
0.99026639D+12
0.87972254D+.12
0. 6.58847I D+ 12
0.55960946D+12

PROUT FOR TIME

y s
0.4682996+1D.OR
0.59313040D+08
0.79666118D.OA

0.21600000D+05

0.5426946 2D+12
0.69330767D+12
0. 9389d406D+ 12

0.4686c844D+08
3.64IalA75D+C8
0.857192610+03

0.54312753D12
1.76110231D+12
0. 1119220D+13

0.502637C2D+08
C.7512C973D+08
0.8719365 3+08

0.584123660+12
0.M1406200.D+12
0.102971270.13

- . .AIr 1% d% _.AA w eA



0.864854 36D+08 0.10211681D+13 0.84 259683D+C8 0.994 312250.12
0.72265038D+08 0.84982666D+12 0.63019632D008 0.73803042D+12
0.5389185QD+08 0.627895280.12 0.529225270.08 0.616199460.12

VALUES OP CONCENTRATIONS U OF THE 1 Td SPECIES ON THE USERS GRID
(P10K lPOUT VIA ThNEE
APPPOIIKATE SOLUTION

0.5294171211892320D+08

APPO!IIKATE SOLUTION
0.6683954413069259D.08

APPROIIKATE SOLUTION
0.16829963018326020.08

VALUES OP CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USERS GRID
(P10K FPOUT VIA TINE

APPROKIKATE SOLUTION
0.61643098018352800D12

APEROIINATI SOLUTION
0.10258039276054.0D+13

APPIOZIIATE SOLUTION
0.58269862486882140+12
TOUT= 0.2160000000000000D+05 DELTA T * 0.8640000000000000D+05

ESTIMATED TIN3 FOR A CALL TO DRIVE 0.290000000+02
TINE LEFT 0.174410000+05

C. 77144.31 4D+08
C.58909990D08
0.52941712D+08

0.90845849D+.12
0.68944363D+12
0.61643094D+12

PFOUT FOR TINE *
VN.

0.288000000.05

0.14969979D+09 0.58302301D+12 0.14981232D+0e8 '
0.18821154D+08 0.73357993D+12 0.20550515D+08 0.
0.250616390+08 0.97755126D.12 0.26883157D+08 0.
0.270136320+08 0.10538653D+13 0.26283501D+C8 0.
0.225794470+08 0.88050751D+12 0.199084 79D+C8 0.
0.17451'15D+08 0.68002149D+12 0.172033'9D+08 C.

VALUES Of CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID

(PRO PROUT VIA TINE

APPROIIUATI SOLuTION
0.17207414942941800+09

APPPOIIKATE SOLUTION
0.2715965397759396D+08

APPROEINATE SOLUTION
0.14969979304843540+08

VALUES OF CONCENTRATIONS U Of THE 2 TN SPECIES ON THE USERS GRID
(P10K POUT VIA TIBET

APPROXINATE SOLUTION
0.67049463430017490+12

APPROIINATE SOLUTION
0. 1059574509224302D+13

.59346290D12
87118807D+12
10487649D#13

.1)253197D+ 13

.77608782D12
670334930+12

0.16032302D+08
0.2367494.2D.08
0. 273C5676D+08
C.24052492D+08
0. 18788753D.08
C. 172C7415D08

0.624552700+12
0.92333751D+12
0.10652837D+13
0.9380964.60.12
0.73231391D.12
0.67 049463D+12

mmi



APDFOTIPk'TE SnLnTIOI

TUJT= 0.28R000'000000000D+35 DELTA T = 0.864000OOC0000000D+25

ESTIMATED TIME FOR A CALL TO DRIVE
TINE LEFT 0.17263000D+05

PROT FOR TIRE =

0.24231271D+05
0.'0472392D+05
0.405234770+05
0.434404300+05
0.36232941D+0
0.28676764D+05

0. 17000000.03

0. 36000000D+05

0. 5e44925 4D12
0.735014551D12
0. 97751316D+12
0.101478820D13
0.874')09300.12
0.69173001D+12

).24249749D.0%
0.33268451D+05
0.43400314D+05
0.4219C936D+C5
0.32201044D+05
0.28333922D+05

0.584938290+12
0.83249533D+12
0.10469143D+13
0. 10177389D+13
0.776746110+12
0.68345973D.12

0.2595738ID.05
0.39301332D+05
0.44C317C2D+ 05
0.355119831D.05
0.305836250+05
C.2833e678D.05

0.62613056D12
0.92390628D+12
0.106214610.13
0.929900940+12
0.73772907D+12
0.663574460+12

VALUES OF CONCENTRATIONS U OF THE 1 TH
(PROS PROUT VIA TINEI )

SPECIES ON THE USEPS GRID

APPROXIMATE SOLUTION
0. 2833867787659093D+05

APPROIINAT! -OLUTION
0.4373606636f63932D+05

APPPOXINATE SOLUTION
0.24231270656202740+05

VALUES OP CONCENTRkTIONS U OF THE 2 TN SPECIES ON THE USEPS GRID
(IFRON ROUT TIA TINNE I
APPROZINATE SOLUTION

0.68357445604034855D+12

APPROXIMATE SOLUTION
0. 1055014053S882990+13

APPROXIMATE S'LUTION
0.584925488915659D+12
TOUT= 0.3600CO0000000000D+05 DELTA 7 0.86400000000)000D+05

ESTIMATED TINE 'OR A CALL TO DRIVE
TINE LEFT 0.170600000.05

PROUT FOR TIME *

V.
-0.21014397D-32
-0.26417000-32
-0.35077433D-32
-0.37426049D-32

-0.31120793D-32
-C.2%194c9fD-3?

0.20300000D03

0.432000000.05

0.55570450D12
0.736247190.12
0.977182920.12
0.10416156D+13
0. 36858686D+12
0.70189792D+12

-0.21030572D-32
-0.28833606D-32
-0.37518285D-32
-0.362-5360D-32
-0.278'e237D-32
-0.21Q24711D-32

0.586155070+12
0.A0351557D.+12
0.101447384D+013
0. 10130597^"+13
0.774 '1845D 12
0. 648753D+ 12

-0.22512015D-32
-0.3317C183D-12
-0. 39029635D-32
-C.33C742C0D-32
-0.26639527D-32
-0.24945257D-32

0.6274470D12
0.92419502D+12
0.10586571D13
0.92237716D+12
0.742916850+12
0.69477214D&12

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES CN THE USERS GRID
(FRCN ROUT VIA TIME )



APPROIIMATE SOLUTION
-0.21945257183069790-32

APPROEIMATE SOLUTION
-0.3772794142334187D-32

APPROIINATE SOLUTION
-0.210163965895S863D-32

VALUES OF CONCENTRATIONS U 0F THE 2 TH SPECIES ON THE USEPS GRID
(PRO FOUT VIA TINE!!

APPPOII! TE SOLUTICW
0.696. 7214063718D+12

APPROXINATE SOLUTION
0.1050136336078117D+13

APPROKINAT3 SOLUTION
0.58570119622816300.12
TOUT. 0.632000000C0000000D+05 DELTA T = 0.861()00000000000+D05

FSTINATED TINE FOR A CALL TO DRIVE 0.14290000D+04
TINE LEFT 0.15631000D.05

PROUT FOR TINl S

V.

0.50400000D+05

0.3583000'D-31 0.58691929D+12 0.35857567D-33 2.59737383D+12
0.45C41975D-33 0.73744049D+12 0.49161185D-33 0.804561350.12
0.59804735D-31 0.97680245D+12 0.63963794D-33 0.10424769D+13
0.638104590-33 0.10353538D+13 0.618672770-33 C.10026250D+13
C.5311124SD-33 0.86422227D+12 0.47554004D-33 0.779769404+12
0.42918450-31 0.71104532D+12 0.1'2480838D-33 0.70466939D'12

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID

(IRON PP"GT VIA TINE!

APPPOIIHATI SOLUTION
0. 42485843U413672S9D-33

APPIOIINATE SOLUTION
0.6432215564252698D-33

APEDOXINATE SOLUTION
0.3583000734683872D-33

VALUES OF CONCENTRATIONS 0 OF THE 2 TH SPECIES ON THE USERS GRID
(PROE PROUT VIA TIME! 1

APPROIIRATE SOLUTION
0.7047325472749630)+12

APPROIIKATE SOLUTION
O 1045206174614651D+13

aPFRCIIHAT! SOLUTION
0.58691928782655145D12
TOUT= 0.5040000010000000D+5 DELTA T 0.8640000000000003D+09

ESTIMATED TIME FOR A CALL TO DRIVE 0.130000040.02
TINE LEFT 0.15618000D+05

0. 38383273D-33
C.56553916D-33
0.64033852D-13
C.56436148D-33
0.454 i934D- 33
0.424e584?D-33

0.62875501D+12
0.92444982D+12
0. 10550586D+ 13
0.91572796D+12
0.747984 18L"+12
0. 7047 3255D+ 12



PRODT FOR TINE _ .%7e 1'"''..

" _
-0.33601R070-32 0.58813672D+12 -0.33627652D-32 0.588594520.12
-C.4224089%D-32 0.73862508D+12 -0.46103912D-32 0.8057224D+12
-0.560852380D-32 0.97637015D+12 -0.59985176D-32 0.10401304D+13
-0.598'0431D-32 0.102914160.13 -O.58017916D-32 0.99549984D.12
-0.49807432D-32 0.86073430D+12 -0.44596898D-32 0.781858540+12
-0.402505990-32 0.71932546D+12 -0.3984C2800-32 0.71362016D+12

VALUES OF CONCENTRATIONS U OF THE 1 TI SPECIES ON THE USES GRID
(FROM PROUT VIA TIME

APPIOIINATE SOLUTION
-0.3984697290889737D-32

APPROXINAT! SOLUTION
-0.6032060695f887'0D-32

APEROKIRATE SOLUTION
-0.3360180682110748D-32

VALUES OF CONCENTP6TIONS U OF THE 2 TH SPECIES ON THE USERS GRiD
(FROM PROUT CIA TIME)

APPROXINATE SOLUTION
0.71366775672281900+12

APPROIIMATE SOLUTION
0. 10402490813353290.13

APPROXIMATE SOLUTION
0.58813672167255790.12
TOOT= 0.5760000000O0000D.O5 DELTA T O.8E4000000000000CD05

ESTIMATED TIME 'OR A CALL TO DRIVE 0.60000000D*0
TIME LEFT 0.15612000D+05

-3.35996303D-32
-0.5303673ED-32
-L.6080783D-32
-0.529211975D- 32
-0.12592249D-32
-c.39844973D-32

0.63006164D+12
0.92466995D+12
0.10513566D+13
0.90989185D+12
0.75287283D+12
0.11366776D+12

PPOUT FOP TIM! = 0.

V s
0.3038613RD-27

-0.75341548D- 28
-0.36948267D-2q
0.608581070-29

-0.83396883D-30
0.15853991o-3Al

VALUES OF C0NCENvRATIONS
(FROM PPOUT VIA TIME

APPROXINATE SOLUTION
0. 2878171600293861D-31

APPROIIMATE SOLUTION
-0.1998068320656972D-29

APPROXIMATE SOLUTION

64600000D+05

0. 58935656D+12
0. 739800650+12
0.975887?00.12
0.102 30224D+13
0.85796519D+ 12
0.7268678D+12

U OF THE 1 TH

-0.'1970727D-27 0.589916990+12
-0.8I22E325D-28 0.00656783D+12

0.21 U2513CD-28 0.10377023D+13
-0.28767135E-29 0.9887165CD+12
0.49225267D-10 0.79415812D+12

-0.1121171776-3C C.7170530D+12

SPECIES ON THE USERS GRID

0.2571157'0-27
0.67862933D-28

-0.10C819470-28
0.1712647?D-29
-0.26736526D-0
C.2878171 D-31

0.63136474D+12
0.92485467D+12
0.10175656D+13
0.90177923D+12
0.75756311D+12
0.72171159D+12

0m~



0.30 3 8613630b 3 237QD-27
VALUES O CONCENTRATIONS U Of THE 2 TH SPECIES ON THE USERS GRID

(FEO HPROUT VIA TIME )

APPROIINATI SOLUTIOd
0.72176 15928622239D+12

APPROIIUATE SOLUTION
0. 1035296006560360D+13

APPROZIATE SOLUTION
0.5893565638615197F+12
TOUT. 0.6680000000000000D'05 DELTA T * 0.8640000000000000+05

ESTIMATED TINE POP A CALL TO DRIVE 0.15000000D+C2
TINE LEFT 0.15%970000.05

PROOT FOR TINE

P s

0.72000000D+05

0.124351320-26 0.590578650+12 -0.294522850-26 0.5
-0.30828976D-27 0.74096695D+12 -0.31464615D-27 0.8E
-A.142976900-27 0.975345190+12 0.87720251D-28 0.1(
0.2494717SD-28 0.10170267D+13 -0.11731379D-28 0.9E

-0.33776693D-29 1.85581402D+12 3.20050135D-29 0.7E
0.677216920-30 0.73374306D+12 -0.676032360-30 0.7

VALUES O CONCENTRATIONS U 0? TE 1 TN SPECIES ON THE USERS GRID
(PRON PROD? VIA TINE! I

APPPOIINATE SOLUTION
0.14%9220425798624D-30

APEROIINATE SOLUTION
-0.8134079675338683D-29

APPROIINATE SOLUTION
0.1243513217593859D-26

VALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USERS PID
?R80N ROOT VIA TIMZI )

APEbOIINATE SOLUTION
0.72905501n9117528D+12

APPROIINATE SOLUTION
0. 1030361394204445D+13

APPROXINATE SOLUTION
0.5905786519410201D+12
TOOT= 0.72')0000000000000D.05 DELTA T 0.864000000CC000D+O05

ESTIMATED TINE POR A CALL TO DRIVE 0.102000000D01
TINE LEFT 0.155960000D.05

910G114D+12
0754782D+12
0351956D+13
A229692D+12
96603 88D+ 12
2902665D+12

0.10522 1D-26
0.27767C54D-27

-0.41215333D-29
0.7046C292D-29

-0. 10640576D-29
0.145922C4D-3 3

0.632664370+12
0.925003400.12
0.10436981D+13
0.90032421D'12
0.762C4910D+12
0.729055010'D12

PROUT FOR TINE u

O s

0.28281610-26

0.79200003":+05

0.59180276D+12 - 0.6F988365D-26 0.59 2 2 6 g64D+ 12 0.23933193D-26 0.63396069D+12

00_a



- .113172D-2' . ''3D+12 -3.78381750D-27 0.608511A4D+12
-^.32511^'8D-2' . - ':;'Jo0+12 0.19961859D-27 0.10326123D+13

0.56841621D-24 u.10111917D+13 -0.26586406D-28 0.976259'13D+12
-0.759963510-29 0.85411740D+12 0.1163455610-29 4.789069270+12

0.16072F73D-29 0.7s009108D+12 -0.14713669D-29 1.73575751D+12

VALUES OF CONCENTRATIONS U OF THE 1 Td SPECIES CM THE USERS GRID
(FPOK PROUT VIA TIME I1

APPPOIINATE SOLUTION
0.39816783124937330-30

APFROIIHATE SOLIITIOW
-0.1613f55695135602D-28

APPROIINATE SOLUTION
0.28284 .105680836D-26

VALVES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USERS PID
(P101 EOUT VIA TIE)

APPROIINATE SOLUTION
0. 7357795'66N929150+12

APPROIIIATE SOLUTION
0. 102547937937624 D+13

APPDOIIMATE SOLUTION
0.5918027643486777D"+12
TOUT. 0.79200000OOOOOOD05 DELTA T * 0.86400000OOOCOOOOD+05

ESTIMATED TINE FvO A CALL TO DRIVE 0.100000000.01
TIME LEFT 0.155950000.05

0.63164705D-27
-0.9364273!D--28

0. 16114147D-28
-0.23493493D-29

7.39816783D-3l

'."-o511y9D+12
0. 10397651D.13
0.89644236D+ 12
0.7663C449D+12
0.735779500412

PROUT FO TIlE *

9 V

0.86400000D+05

0.360586330-27 0.59302869D+12
-0.89374795D-28 0.74327055D.12
-0.41440967D-28 0.97409980D+12

0.72529621D-24 0.1 055667D+13
-0.96346771D-3l C.65274712D+12
0.20924981D-30 0.74600926D+12

VALUES OF CONCENTRATIONS U OF THE 1 TM
(FRON PROUT TA TIME!

APPROEIKATE SOLUTION
0. 5506 296275070659D-31

APPPOIINATE SOLUTION
-0.2339297002746397D-29

APPROKINATE SOLUTION
0. 36058633393709210-27

VALUES OF CONCENTRATIONS U OF THE 2 T

(PON PROUT VIA TIME 1

APPNOIIKATE SOLUTION
0.74201104842437140D+12

-0.85400307D-27
-0.999206112D-28
0.25455017D-28

-0. 33831253D-290.5956555CD-30
-0.18327663D-30

SPECIES ON THE USEPS

0.59349396D.12
0.81)945949D+12
0.10299567D+ 13
C.970640570+12
0.79147867D+12
0.74202432D+12

GRID

0.305118170-27
C.8C531771D-28

-0.11931556D-28
0.2'600397D-29

-C.2949098CD- 30
0.55062983D-31

0.63525382D+12
0.42519017D12
0.10357839D+13
0.89 3066 37D+12
0.77032616D+12
0.7424049D+.12

SPECIES ON THE USERS GPID

001



APEROXINATE SOLUTION
0. 10206753064133SSD.13

APPROXIIATE SOLUTION
0.59302868683fl982D+12
TOUT= 0.864000000000000D+05 DELTA T 0 O.8640000000000000D+05

ESTIMATED TIM E'OR A CALL TO DRIVE 0.35000000D.02
TIRE LEFT 0.15S60000D+05

*****S MOPRAL DUMP AT END OF TIME
I = 2 TOU O = 0.8643 OOOOOOOOOOOOD+OS

END OF CASE

CA)
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To illustrate the use of the graphics programs for ITIME=T, we will pre-
sent plots using CSP, C0NT0R, and THREED. In the case of CSP, we present a
graph of each species on the same frame. At r = 30km, each species c1(z,t) is
plotted as a function of t where t is evaluated at 2-hour intervals starting
at 6:00 AM for one 24-hour period. Note that the data points on the graph are
not connected with any type of curve. This is a limitation of the present
version of CSP. In the case of CANTOR, we present two contour plots--one for
each species. The horizontal axis is time (0 < t < 86400 sec) and the
vertical axis is the spatial variable z (30 < z < 50). Note that the contour
heights for the second species are too large for the printing capability of
BLACKB0X. Hence we have ** printed for the contour heights. In the case of
THREED we present two graphs--one for each species. In each case the
independent variables are t and z (as in C0NT0R), and the dependent variable
is the species concentrations c1(z,t).

In the following we give the namelist data used for each of the three
graphics programs.

For CSP:

Namelist FORMAT

1. Indicator for iterative or direct version.
Previous versions of DISPL allowed for direct or iterative solution
of certain equations. The current version of DISPL1 only allows for
the direct version; thus the default value ITRTV=0, MUST be used.
ITRTV=0,

2. Number of curves produced.
We want a time plot for each of two species.
IGNUM=2,

3. Logical indicator for time option.
ITIME=T,

4. Number of time values.
There are 13 output time values.
NTIME=13,

Namelist CSPIN

1. Indicator for cinema mode.
ICN=0, (Default)

2. Indicator for grouping format.
We will put each curve on a separate axis; thus we want separate

format.
IF0RMT=O, (Default)
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3. Species number for each curve.

We will plot the first species on the first curve and the second

species on the second curve.

ISPEC=1,2,

4. Ordering of curves on frames.

LORDER=1,2,

5. Frame number indicator.

Both curves will be plotted on the first frame.

LGROUP=1,1,

6. Estimate of minimum value of the ordinates.

YAXMIN=0,0, (Default)

7. Estimate of maximum value of the ordinates.

YAXMAX=0,0, (Default)

8. Coordinates of the point at which the solution is evaluated.

A1=O.O,A2=0.0,
B1=30.0,B2=30.0,

For CONT0R:

Namelist FORMAT is the same as in CSP. (We allow NRESIN to take on its

default value of the Macro variable NRESD=21.)

Namelist CNTRIN

1. Species number for each frame.

ISPEC=1,2,

2. Coordinates of line to be used as the spatial variable.

RMIN=0.0,0.0, (Default)
RMAX=0.0,0.0,
ZMIN=30.0,30.0,
ZMAX=50.0,50.0,

For THREED:

Namelist FORMAT is the same as in CSP. (We again allow NRESIN=NRESD,

its default value.)

Namelist DIM3IN

This namelist contains all the variables which appear in CNTRIN and

these values are unchanged. In addition, we need the following
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variables.

1. Coordinates of the viewpoint.

RVIEW=-100.0,
ZVIEW=-100.0,
FVIEW=150.0,

2. Bounds on the function axis.

FMATMN=0.0, FMATMX=1.0, (Defaults)

The graphs are presented on the following pages.
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7.4 Cooling of a Sphere in a Well Stirred Fluid

This problem will 'illustrate the use of spherical geometry and the differ-

ential boundary condition version of the code.

Consider a homogeneous sphere initially at a uniform temperature T, which
is immersed in a volume Vf of a well stirred fluid at a temperature T0 in an

insulated tank. Let

ks.........thermal conductivity of the sphere,

.SsC.......heat capacity of the sphere,

Ts=Ts(r,t).temperature of the sphere,

Tf=Tf(t)...temperature of the fluid at the surface of the sphere,

R........radius of the sphere,

V.. .......volume of the sphere.

Define the following dimensionless variables.

as = ks/sC/ ,

= r/R,

T = ast/R2

es = s(E) =(T -Ts)/(T -T0)'

Of = (T1-Tf)/(T1-T0).

For this problem, we will set TO = 0, then we have the following conduc-

tion problem.

aes 1 a 2 aes
atC2 ,&

aes

a & (O,t) = 0

Ss(1,T) = ef(T) where

0 < < 1

de ae
B = -f 3&/(1,T),
B = p C Vf/p Cps vs'9

es( ,0) 0 for 0< <1, and

Sf(0) = 1.

(7.4.1)

(7.4.2)

(7.4.3)

(7.4.4)



194

Note that the boundary condition at F = 1 can be written in the form

(7.4.5)
aes 3 aes

a(1,T) = - - (1,T).

This boundary condition is given in a time differential form; hence it

is natural to use the differential boundary condition version to solve this

problem.

This

Ref. [8],
Ref. [5],

following

problem is selected from the text by Bird, Stewart, and Lightfoot,

page 357; the same problem can also be found in Carslaw and Jaeger,

page 205. The solution to this problem can be written in the

form (with T0 = 0).

B 2B 2 [B 2bA+3(2B+3)b(+9]
(7.4.6) es(++ k1exp(-Tb ) B bk+9(B+1)b2 sin bk sin bk

(7.4.7) ef(T) = + 6B exp(--Tbk)[bk 2+9(1+B)]'1
k=1

where the

(7.4.8)

bk are the non-zero roots of

tan b = 3b/(3+Bb2)

For this problem, we take

B = 1/2,

and for this value of B, the first 15 non-zero roots are given in Table 7.4.1.

TABLE 7.4.1. First 15 Non-zero Roots

3.972021016717 6.938670961459 9.942061135575

12.98602738139 16.05806834831 19.14860439986

22.25151701953 25.36296489242 28.48048660982

31.60245747142 34.72777199596 37.85565636325

40.98555486792 44.1170592249 47.24986331196
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The roots shown in Table 7.4.1 were obtained by fixed point iteration on

Eq. (7.4.8), and they were also calculated using Newton iterations. When

these roots are used in (7.4.8), the residuals are less than 1.0-8 in all

cases. These roots were used in Eqs. (7.4.6) and (7.4.7), and for z > .04

the partial sums were unchanged in the first 10 significant digits when using

10 or 15 terms in these series. From these circumstances, we infer that the

first 15 terms will provide solutions accurate to at least eight significant

places when t > 0.04.

For this problem we used the following input data in the namelists.

GRID

KR=6,KZ=1,
CONTR=5,

Here we are using a smooth quintic B-spline.

DELTA=2,
(Spherical geometry)

NQR=6,NQZ=1,
NMR=22,
RMESH = 0.1, 0.2, 0.3, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.725,

0.75, 0.775, 0.8, 0.825, 0.85, 0.875, 0.9, 0.925, 0.95,
0.975, 0.985,

Here we are using a non-uniform mesh since the temperature is initially

one at the surface (&=1) and zero for 0 < E < 1. The temperature

profile will initially have a large gradient near E=1, and the gradient

will always be zero at E=0.

INITSW=F, GUESSW=F, STEDSW=F, TRANSW=T,

Since the initial temperature is zero inside the sphere and one at the

surface, the least squares fit, which INITSW=T, would provide would

generate a very poor fit to this data. For this reason, the initial
spline coefficients will be provided in namelist DATA.

IRGRD=6,
RGRID=0.2,0.4,0.6,0.8,0.9,1.0,
IANAL=T,

The series solution as given in Eqs. (7.4.6) and (7.4.7) will be pro-

vided in the user subroutine ANAL.

ALGBCS=F,

We are using the differential boundary condition option of the code.
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DATA

NS3(1)=1,
ALPHA(1,3)=1.0, BETA(1,3)=0.0, GAMMA(1,3)=1.0,
NUT0UT=6,
UTOUT=0.0,0.04,0.08,0.12,0.16,0.2,
W=27*0.0,

Here we are providing the initial spline coefficients. Recall that the

initial temperature is identically zero for 0 <_& < 1 and one for &=1.

From the properties of the B-splines (cf. section 2.2) we can infer that

if the dimension of the problem is N (the number of basis functions),

then the initial spline coefficients W will satisfy

W(j) = 0 for 1 < j < N-1, and
W(N) = 1.

Since the default value for the initial spline coefficients is one,

setting W=27*0.0, will provide this initial distribution for the spline

coefficients. Of course, there is the problem of determining that N=28

for this problem. Recall from section 2 that for a one-dimensional

problem in r

N = Nr = KR+NMR-(KR-CONTR).

For this problem KR=6, NMR=22, and CONTR=KR-1=5; hence N=28.

EPS=1.D-6, HINIT=1.0-8,
GRAPH=T,

The user routines for this problem are characterized as follows.

RH CP

RC=1.D0

DIFUSE

DIFUR=1. DO
DIFUZ=O.DO

VEL

VELR=O.DO
VELZ=0.DO

EXTSRC

VV=O.DO

FDEXTU

UU(1)=O.DO
UUR(1)=0.DO
UUZ(1)=0.00
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BRHODT

As mentioned before, the boundary conditions for this problem

are presented in differential form; hence we use the differ-

ential boundary condition option. This implies that we use

subroutine BRHODT rather than BRHO. In BRHODT, we return

time differentiated boundary values on sides that have essential

boundary conditions (where s=O), and we return undifferentiated

boundary values on sides that havejon-essential boundary con-

ditions. In this problem we have -r. = 0 on side 1; this is a

non-essential boundary condition, hence weageturn RH0gOg.DO on

side 1. On side 3, we have es = of where -g- = -3/B -ad. This

is an essential boundary condition; hence we return the time

derivative of es on side 3, that is

RHOV = -3.DO*SPDENX(1)/B

ANAL

In this routine we implement the series solutions given in

Eqs. (7.4.6) and (7.4.7) using the 15 non-zero roots given in

Table 7.4.1. For very small values of T (in particular for

T = 0) these series are very slowly converging, and 15 terms

is not adequate to obtain a reasonable solution. For T -0.04,
15 terms is inore than adequate to obtain eight significant

digits of accuracy in these series solutions.

In all these sample problems, we have used NQR=KR and NQZ=KZ. This is

not necessarily the optimal choice; however, we have used these values to

insure that errors in the approximation were due solely to the spatial

approximation. This is also why we have used rather tight convergence cri-

teria (EPS) in the ODE solver. In Table 7.4.2 we show the effect of varying

the quadrature order for the case of a cubic B-spline approximation to this
problem.

Using KR=4 (cubic B-splines) we ran this problem with NQR=3,4,6. Table
7.4.2 presents the solution values at t = 0.04 and C = 0.1 and C = 1.0.
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TABLE 7.4.2. Effect of Quadrature Order on Approximation Error

NQR = 0.1 = 1.0 timsec)

3 0.016126856864 0.4516148560 36

4 0.01612406559 0.4515455554 40

6 0.01612406537 0.4515455545 43

Solution 0.0158142829 0.44352229025

The data shows that for this problem the choice NQR = KR-1 = 3 is the

optimal choice. This is in. agreement with the discussion for elliptic
problems in [4]. Although the CPU times are not drastically different, it

should be remembered that for two-dimensional problems the effect of using

(K-1)2 points per rectangle rather than K2 points will have a significant

effect on the running time.
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INITIAL CONTY = 13 INITIAL CONTZ a 13
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THIS VERSION DOES NOT REQUIRE BOUNDARY CONDITIONS ON EVERY SIDE
FOP SPECIES NO. 1

SIDE ALPHA s .0 BETA * -0.10000000D+01
SIDE 2 ALPHA = 0.0 BETA s -0.1000000D+01
SIDE 3 ALPHA 0.10000000D+01 BETA - 0.0
SIDE r ALPHA " 0.0 BETA = 0.10000000D.+1

SIDE INDICATORS EY SPECIES

GARHA a
GANSA C

GANHA =
GANHA 3

0.0
0.0
0. 10CJ000D+01
0.0

FOP SPECIES N0. 1 NS1 0 NS2=
BOUNDARY H FUNCTION FOR SIDES 1 AND 3
SPECIES N0. 1 MATERIAL INDEX 1 801 s
BOUNDARY H FUNCTION FOP SIDES 2 AND 4
SPECIES NO. 1 MATERIAL INDEX 1 H02 *
REACTION PATES
FIRST ORDER RATES
CA INTO ~1 ROM 1 Ic 0.0
SECONC ORDER REACTION RATES ARE
CAA INTO R s 1 FOR RP s 1 INTO KPP s1

0 NS3. 1 NS'-

0. 10000000C0000000D+01

0.10000000000000000D+1

H01 - 0.10'bOCCOOCCCCOCCOD+01

HUH = O.1000C0000C000000+01

C9F( 1 1, i1) 0.0

ISTDVQ 100
TINE AND SPACE GRID FOP PROUT

RUNIER OF AJOR TINE VALUES 6
NNMER OF SUBINTERVALS OF EACH NAJOR TINE INTERVAL 1

(OUTPUT NILL OCCUR AT EACH SUCH TINE)
HAJOR TINE VALUES
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0.1600000000000000+0 0.200000000000000D+00

DATASET CREATED POR VSE IN GRAPHICS
GRAPH = T
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ODE PACKAGE DATA
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CONTR = 5 CONTZ = 0
DEFAULT INITIAL COEFFICIENTS

0.0
C.f,
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
-0.0
0.0
0.0
0.0

0. 1200000000000000D+00

!! - 21 HIGORD - 5

0.0
0.0
0.0
0.0
0.0
0.0
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N~
0
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0. 100 3C000000000+1

0.1 CJ3000000OCOCOOD.0 1

0. 1200 0000CCCCC0C00

MP = 21 MXGCSC = 5

0.0
0.'1
0.0
0.0
0.1
C. 0
0.100000000000000D+01

0
(A)



N
0

SEGIN TRANSIENT SOLUTION

PROUT FOR TIKM !

V s

0.0

0.0 0.3 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.1000+OOOOD.4

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON TOE USERS GRID
(FRO PROUT VIA TINE!

0.C
0.0
0.0
c.0

0.0
0.0
0.0
0.0

APPPOIIKATE SOLUTION
0.0 0.0 0.0 0.0 0.0
0.10000000000000000.01

ANALYTIC SOLE.
0.36266224279570430-01 -0.4014236151701244o-01 C.49649086A93971540-01 -0.79433154509425720-01 -0.1639458956046248D-01
0.9222967265908287D.00

HAIIa 131OR ON GRID IS 0.79433155D-01
TOOT 0.0

PlOPT POP TIRE ! 0.40000000D-01

V .
0.77643322D-02
0.435V15720-01
0.21699606D.00
0.3567623FD+00
C."31882700+00

VALUES OF CONCENTRATIONS
(PRO PROT VIA TINE I1

1.77643167D-02
0.6732 574 8D-01
0.24807101 D+00
0.37595184D+00
0.446310520.00
U OF TUE 1 TN

0.81191808D-02
0.94503114D-01
0.27348497D+00
0.393981230+00
0.44 842282D+00

SPECIES ON THE USERS

0.9'158559D-02
0.121966810+00
3. 29476734D+00
0.41061577D+00
0. 49653290+30

GPID

0.14324398D-01
0. 15423085D+00
0.31591120ED00
0.42383937D+00

0.256.3782D-01
0.187216030.00
0.33666278D.00
0.434631910.00

APPPOKINATI SOLUTION
0.1604262139991134D-01 0.5474224733076371D-01 C.1553235982774C290.00 4.3158131229674054D.00
0. 449653288C204 012D.00

ANALTIC SOLE.
0.1561428292838C390-01 0.5397693116337743D-01 C.15317941715773839+00 0.3114879115746942D+00
0.4439222902504340f)+00

AKIKINl ERROR ON GRID IS 0.61309978D-02
TOOT= 0.$000000000'300000-01 DELTA T = 0.400000000000002D-01

ESTIMATFD TIN PO3 A CALL TO DRIVE
TINE LEFT 0.1691'1000D+05

0.3936327054263891D+00

0.3882562087821096D+00

3.229000COD0C4

0.800300000D-01

0. 10065'2D+.00
0.163331270+00
0.292115780.00
0.354489010.00
0.387005220.00

VALUES OF CONCENTRATIONS
(FlOE P300T VIA TINE!

0. 10065040D+00
3.18883582D.00
0.30665237D+00
0. 36210682D+00
0.388630990+03
0 OF THE 1 TH

0.10160382D0 CO
0.21240343D+00
0.31866!90D+00
0.36909243D+C0
3.38940630D0.03

SPECIES ON THE USEFS

0.11539373D+00
0.23381385D00
n. 32831529D00
0.17540738D+00
0. 38 35795D+00

?ID

0. 117318000+00
0.255431260.00
C. 3375C0e20.+00
0.383346380.30

0.13851348D+00
0.27499878D00
0.34628367D+00
0.38434194D+00

P300? FOP TIMK !



IPPEOTINA"' @fLn"' 1
0.11f631lpooa1ar'. .1 ,-74350191643D+00 G.25546232350547700+0 1).33742C1818138623D+00
0. 3898579'66 7675~7 D.(r0

ANALTTIC SOLE.
0.1179822202%9A13aD+00 0.1722877060670651D+00 0.2519620574092851D+00 0.3328071737R14856D+00
0.3853498885263135D+00

HAKINU EPPOP CO GRID IS 0.532295780D-02
TOUTa 0.S0')000000000000D-01 DELTA T = 0.4000000000-1rJ130-01

ESTIEATED TINE OP A CALL TO DRIVE 0.236300000.03
TIRE LEFT 0.1E+674000D+05

PROF 0R *ix a 0.12000000D+00

3 .
').20087741D+0' 0.200d77390+00 0.2C1S5334D+CO 0.27u59498D+00 C.2126C373D+00
0.24274139D+0^ 0.25832591D+00 0.27212131D+00 0.21441242D+00 0.296395CCD+00
0.3159645700' 0.32349018D+00 0.32962449D+C0 0.331500460+00 0.33911715D+00
0.37489850+1 0.351210110+00 0.35459990D+00 3.35764770D+00 0.36CC21 C3D+00
0.36321^32D+03 0.36398786D+00 Q.361l5861D+.C. 0.36457457D+O

VALUES OF COUCEETPATInES U OF THE 1 TH SPECIES CL. HE USPPS GRID
(FRO PPOUT VIA TI3'I I

APPROIIMATE SOLITIOE
0.21405662463082110.0 3.2496016417181693D+00 0.2963295?77811340+00 0.339047C371101609D+00
0.36457457271068070.00

AEALTTIC SOLE.
0.2'112335'72510160.'3 0.2461833001422379D+OC C.29227497382920470+00 3.3344 1250C225C3990+00
0.3595946C81411449D*00

IAXIESE IPCP CE GRID IS 0.497996450-02
TO?' 0.120040flOCO003D+00 DELTA a 0.39999999999999990-01

ESTIMATED TINE POP 4 CALL TO DRIVE 0.12700000D+03
TIRE LEFT 0.165170000+05

FPFOT FOE TINT 0.160003000D+00

0.263410680.00 0.26341067D+00 0.2E379612D+CC '4.2553061D+00 C.27CCe624D+ GO
C.28696889D+00 0.29555614D+00 0.30324980D+03 0.33974522!fC 4.316167C4+')O
0.326601COD+30 0.330573130+00 0.33379856D+ CO C.33635M86D+03 0.33d76861D+00
C.34a313n00+00 3.345061630.00 0.34601836D+00 3.3'13Q54CD+C C.349621910+00

0.351268640+ 40 0.351669970.00 0.3518f1330+00 1 .35197281D+03

VALUES OF COECETRTIONS U OF THE 1 TH SPECIES ON THE USERS GOID
(FROE PR1T VIA TTIE!IK

APPEOIHATE 50'L1IOE
0.270R917563317534D+00 0.29073834330433590+OC C.316141031C795439D+00 0.337.1C51051O0299D+3.
0.3519728069%310070.00

APALTTIC SOIL.
0.26718Vb397385692D+00 0.28676055756345160.00 C.31181698422139350+00 0.3341CC83761339690+'00
^. 3471.399764432300+00

EAKIRUE EPPO 03 GRID IS 0.48088093D-32
TOUTu 0.16000000'000004O0D+00 DELTA T 0.4 OCCC000C)Cf001D-11

ESTIMATED TIRE FOP A CALL TO DRIVE 0.155000000.03
TIHE LEFT 0. 16192000D.05

0. 3689248217 131 3.7D+0C

0. 3638953033719295D+00

0.22685830D+00
0.306943600.00
0. 3d345331D+00
0.36193592D+00

0. 3545144271750798D+00

0.34967 03268585085D+00

0.2781 1972D.00
0.32181629D+00
0.34102992D+00
0.35061078D00

0.34677 34494822907D00

0.3420150294256298D+00

N
O"



PROUT FOP TIRE 0.230000000.00

0.29805915D03 0.29835914D+00 0.298267 s9D+00 0.299207780.00
0.31078024D00 0.11539188D+00 0.31951332D+04 3.32294580D+00
0.331963290.0" 0.334071880+00 0.33576228D+00 0.337136750.00
0.340721520+0 0.34174218D+00 0.342669990.00 1.343512500.00
0.345018460.00 0. 3523015D+00 0.345331C9D+CO 0.315389890+00

VALUES OF CONCEUTP4TIONS U OF THE 1 TH SPECIES ON THE USERS GRID
(FOE P30 ITIA TTEt)

APPROITNATE SOLO)ION
0.3021C78303397578D+"0 3.3128030592022382D+00 C.32639604360076310+00 4.
0.345389885254146780.00

AIALYTIC SOLO.
x.29797589651427880.00 0.3385256858877470D.00 0.32193401202635910.00 0.:
0. 340671007520197 00.00

EAXIUN ERROR ON GRID IS 3.471887770-32
TOUT= 0.20000000000003C00+0 DELTA I = 0.3999999999999999D-01

ESTIMATED TIlE TOP 4 CALL TO DINE 0.308000000+03
TIE LEFT 0.16094000D.05

****** NORAL DUEP AT END OF TINA3
I = 6 TOOT = 0.2300000000000CCCD+CO

0.301674514000
0.32642263D+00
0.338414710.00
C.34414974D.+00

338394324733C9220.+00

33376975389267480.00

0.30601416D+00
0.3291419929.00
0.33961111D+00
0.34467111D+00

0.3426461710595700D+00

0.3379612301802667D+00

ED OF CAST

N%
0
of'



READING MAN!ITCT PTD

0
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7.5 Heat Conduction with Chemical Heat Source

This problem involves a simple model for a fixed-bed flow reactor. The

problem will illustrate the use of interface conditions and the use of material

tables. This problem is taken from [8] where a solution to the problem is

also given.

The reactor extends from Z = -- to Z = + and is divided into three

zones with the central zone (0 < z < L) being the reaction zone. Radial

velocity gradients are neglected and the walls are well insulated so that the

temperature is independent of the radial coordinate r. The task is to find

the steady-state axial temperature distribution T(z) when the fluid enters at

= with a uniform temperature T1 and are average linear velocity without

packing of v1 = w/TR2p where R is the radius of the reactor and p1 is the

fluid density. The volume rate of thermal energy production by chemical

reactions Sc is assumed to be of the form

Sc(z) = Scl (z)T )

1 
T

where TO and Scl are given constants.

The governing equations are as follows.

dTkd 2T
Pv1C p kdz -2 for z < 0,

dTkd 2T "T - TO
(7.5.1) pvCd k + Sc - T for 0 < z < L,

p vC ( k d2T for L < z .



209

The following boundary and interface conditions are used.

T = T at z= -c

T(O) = T(0+

kdT =kdT
k 0 _- = k dz 0+

(7.5.2) T(L) = T(L+

kdT kdTI
dz L dzL+

LT=0 at z=+

In [8] the solution to this problem is given in terms of dimensionless

variables. Thus

The govern

3)

The bound

r= z/L, o = (T-T )/(T -T 0 ), B = l vlCpL/kand

F = S cL/Pv1Cp(Ti1-T0 .

ing equations are then of the following form:

Tr. 2 for < 0,

doe 1 d2 o
d +F for 0 < <1,

for 1< c.

ry conditions and interface conditions have the form:

(7.5.
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e= 1 at c= -c

e(0-) = e(0+)

1de _ 1 de
Bdc0- B d 0 +

(7.5.4) e(1) = e(1+)

1ide ._1de
B dC 1- B do 1 +

d= 0  at c=+a

The solution, from [8], is then given by the following expressions.

Let

m3 =2 B(1 - /1 - 4F/B)

m4 = B(1 + /1 - 4F/B)

Assume that 1 - 4F/B > 0 and set

E = m4exp(m4) - m3exp(m3), then

e(c) =1 + .[m 3m 4(exp(m 4 )-exp(m 3))]exp[(m 3+m 4)c] for c < 0,

(7.5.5) e( ) = E [m4exp(m4+m3 ) - m3exp(m3+m4 )](m3+m4) for 0 < < 1,

eW)= E m4-m3)exp(m3+m4) for 1 <

This problem was run with B=8 and F=-1, and the following data was used

in the namelists.

Grid

KR=1,KZ=4,

Since the problem is one dimensional and presented as a problem in

z, we use this coordinate.

NTIZ=2,

This is the number of interfaces for this problem.
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IFTYPZ=1,1,

This vector indicates that the two interfaces are of type 1; that

is, we require that the approximation be continuous at these inter-

faces. For this particular problem the diffusivity is the same in

each of the three sections; thus the solution given in Eq. (7.5.5)

has continuous first derivative at these interfaces. Using inter-

faces, our approximations will not have a continuous first deriva-

tive at these interfaces; although the discrepancy will tend to zero

as the mesh or spline order is increased. If we had wished to use

splines with continuous first derivatives at these interfaces, we

would have avoided using interfaces (i.e. we would have set

NTIZ=O,) and instead we would have used the variable continuity

index INUZ to specify the continuity desired at those interfaces.

However, in this problem we wish to illustrate the use of material

regions and interfaces.

ZIF=0.0,1.0,

These are the coordinates of the interfaces.

ZLOW=-2.0,

At z=-2, the analytic solution is equal to 1 to 7 decimal places;
hence the error due to the position of the boundary should not

contaminate the approximation error.

ZUP=1.2,

Since the solution is flat in the interval [1,o) this choice is

appropriate. Thus for numerical purposes, the reactor is in the

interval [-2,1.2].

NMZ=11,
ZMESH=-1.5,-1.0,-0.8,-0.6,-0.4,-0.2,0.2,0.4,0.6,0.8,1.1,

Note that these additional mesh points do not include the interface

points. Thus the total number of mesh points will be 13.

NQR=1,NQZ=4,
MATL(1,1)=1, MATL(1,2)=2, MATL(1,3)=3,

Here we assign material indices to each of the three sections.

Material #1 is assigned to the interval [-2.0,0), material #2 is

assigned to (0,1), and material #3 is assigned to (1.0,1.2). Recall

that the vector ZIF subdivided the interval [-2.0,1.2] into three

sections.
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INITSW=T, GUESSW=F, STEDSW=T, TRANSW=F,

ISTDFQ=100,

This is a steady-state calculation, so we are only interested in

the final solution. However, ISTDFQ=100, means that we will get

output every 100 time steps. This is useful as a check on how the

calculation is proceeding. When the problem finishes, i.e. when a

steady-state has been reached, the program will produce the printed

output regardless of the value of ISTDFQ. Thus we could have set

it to 1,000 or some large number in order to suppress the inter-

mediate output.

JZGRD=6,

ZGRID=-0.3,0.0,0.2,0.6,1.0,1.1,

Here we are asking for output at these six locations.

IANAL=T,

We have an analytic solution for this problem so we will provide

this solution.

Namelist DATA

NS2(1)=1,

The boundary conditions on sides 1, 3, and 4 are non-essential

which is the default value.

ALPHA(1,2)=1.0, BETA(1,2)=0.0, GAMMA(1,2)=1.0,

EPS=1.D-5, HINIT=1.D-5,

GRAPH=T,

This completes the input for the namelists. The user-supplied subrou-

tines used the following data.

RH CP

RC=1. DO

DIFUSE

DIFUR=O.DO
DIFUZ=1.DO/8. DO

VEL

VELR=0.D0
VELZ=1.0
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EXTSRC

Recall that only the central section has a non-zero source. This

central section had material index 2; so we can use this material

index in this routine.

VV=O.DO
IF(IMATL .EQ. 2) VV=-SPDEN(1)

FDEXTU

The source is non-zero only in the central sections where it is

equal to -SPDEN(1). Thus UU(1), UUR(1), and UUZ(1) are zero except

in the central section where we use:

IF(IMATL .EQ. 2) UU(1)=-1.DO

INDATA

Any reasonable estimate will do; here we use

UU=1.DO

BRHO

The boundary conditions are taken as e(-2)=1 and e'(1.2)=0. From

Eq. (7.5.5), we see that the solution is constant for z > 1; hence

the choice ZUP=1.2 is reasonable and leads to no errors in the

approximation. The choice of ZLOW=-2 as an approximation to --

does lead to an error in the approximation; however, the solution

at z = -2 is equal to 1 to 7 decimal places; hence we do not expect

this choice for ZLOW to cause any significant error. Thus on side

2 we use:

RH0V=1.DO

and on side 4 we use

RH0V=O.DO

ANAL

In this routine we implement Eq. (7.5.5).

The printed output corresponding to this data is given on the following

pages. In addition, for this problem we also give some indication of the

effect of spline order and mesh size on the approximation error. For a fixed

mesh size NMZ=11 we used splines of order 2, 3, and 4. Also for a spline

order of 4 we halved the mesh size (NMZ=21) in the interval [-1.0,1.0]. We

sampled the maximum error over the points -0.3, 0.0, 0.2, 0.6, 1.0, and 1.1;
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in all cases the maximum error was at -0.3. In the following table we give

the error at the first interface 0.0, at z = 0.2, and the maximum error

(which occurred at z = -0.-3).

TABLE 7.5.1. Approximation Errors

zz = 0= 2 Max. Error
KZ (interface) = (z = -0.3)

2 2194.65 1892.3 2793.09

3 0.795 32.92 765.938

4 1.609 12.28 30.767

NMZ21 0.485 0.551 3.527

In considering this data we must bear in mind that the time integration

error control parameter (EPS) was only 1.D-5 for these runs; thus there could
be some contamination in the results for k=4. In addition, the fact that the
maximum error was always at -0.3 may indicate that the position of the mesh

in the first section is contributing to the error. (Recall that we have used
z = -2.0,-1.5,-1.0,... as mesh points, and the solution at z = -1.0 is 1 to 3

decimal places; thus these mesh positions may be contaminating the error when

k = 4.) In any case the results show substantial reductions in the error at
least from k = 2 to k = 3, and for k = 4 we see a behavior of e = 0(h4) when
refining the mesh.



STORAGE MAXINA FOR THIS COMPILATION
HAIBRK 30
MAXSF 6
AIXTQD 6

NAIU 6
51RNZ 100
?PXNVAR 300
HAINOT 40
MRIGRD 20
KRZGRD 20

U,
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READING NABELIST GRID

ER = 1 KZ = 4
NTIR a 0 NTIZ a 2
SPEC 1
SLOW = 0.0 R
ZLOV = -0.2000000000000000D+01 Z
N*3 = 0 NZ = 11
INITIAL CCNTR = 13 INITIAL CONTZ

GEOMETRY INDICATOR = 0
INTERFACE Z-DIRECTION MESH POINTS
I = 1 IFTYPZ(I) = 1 ZIF(I) = 0.
I = 2 IFTYPZ(I) = 1 ZIF(I) = 0.
NO ADDITIONAL NON-INTERFACE 2 MESH POINTS
ADDITIONAL NON-INTERFACE Z MESH POINTS

RUP = 0.1000000000000000D+C1
UP = 0.1200000000000000D+01

= 13

.0
1000000000000000D+01

I = 1 ZMESH(I) a -0.1500000000000000D+O1
I = 2 ZMESH(I) a -0.1000000000000000D+01
I = 3 ZESH(I) = -0.8000000000000000D+00
I = 4 ZMESH(I) s -0.6000000000000000D+00
I 5 ZESH(I) a -0.4000000000000000D+00
I a 6 ZESH(I) = -0.2000000000000000D+07
I = 7 ZIESH(I) a 0.2000000000000000D+00
I a 8 ZMESH(I) 0.4000000000000000D+00
I a 9 ZMES(I) = 0.6000000000000000D+00

a 10 ZMESH(I) a 0.8000000000000000D+OO
I a 11 ZMESH(I) a 0.11000000000C000D+01
QUADRATURE CRDER FOR R DIRECTION 1
QUADRATURE ORCER FOE Z DIRECTION 4

ATERIAL TABLE IS GIVEN AS MATL(RINDEX,ZINDEI)
MATERIAL TABLE FOR ZINDEX = 3

3
MATERIAL TABLE FOR ZINDEX = 2

2
MATERIAL TABLE FOR ZINDEX = 1

1
CONSRV= F
ALGBCS= T
LOGICAL SNITCHES TO CONTROL PROGRAM
STEDSV a T GUESS = F TRANSW = F INIISW = T
ISTDRS = F ITRARS = F IANAL = T
DUBPSI a F
IREVLA( 1) = F
ORDER OF SPLINE DERIVATIVES COMPUTED IS 0
SUBER OF USER SUPPLIED POINTS IN R DIRECTION 1
RGRID( 1) a 0.5000000CD+0
NROER OF USER SUPPLIED POINTS IN Z DIRECTION 6
ZGRID( 1) = -0.30000000D+00
ZGRID( 2) = 0.0
ZGRID( 3) = 0.20000000D+OC
ZGRID( N) a 0.60000000D+00
ZGRID( 5) a 0.10000000D+01
ZGRID( 6) = 0.11000000D+01

READING PANELIST DATA

CONTR TOO HIGH, BEING RESET TO 1-1



CONTZ TOO HIGH, BEING RESET TO

NIGAP * 0 NHGAP = 0

IL(I) U

JL(J) _

4 5 6 7 8

IREF(I) _

1

JRE!(J) = 1 1
2 2 3 3
HLTAD( 1, 1) = 1
ULTAB( 1. 2) = 1
BLTAB( 1, 3) 1
ELTAR( 1, ,) = 1BLTAR( 1, 5) = 1
KLTAB( 1, 6) = 1
ULTAB( 1, 7) = 1
NLTAB( 1 8) = 2

ELTAB( 1, 9) = 2
RLTAR( 1,10) w 2
ILTAB( 1,11) = 2
ELTAB( 1,12) = 2
HLTAB( 1,13) = 3
HLTAB( 1,114) = 3

BORIZONYAL CRDERING

NI- 1

NIHw1.

LH 2

NJM=

4-1

LR = I LZ = 14 NR 1 NZ = 21

9 10 13 14 15 16 17 20 21

1 1 1 1 2 2 2

1 NCC= -2

1 NCCH= -1

HBMz 3

D!= 3

SYSTEM SIZE FOR THIS CASE
LP s 1 LZ z 14
33 = 1 NZ = 21

NVAR B 21

THIS IS THE DIRECT VERSION

THIS VERSION DOES NOT REQUIRE
FOR SPECIES 1O. 1
SIDE 1 ALPHA = 0.0
SIDE ALPHA = 0.10000000D
SIDE 3 ALPHA = 0.0
SIDE 4 ALPHA = 0.0

SIDE INDICATORS ET SPECIES

BOUNDARY CONDITIONS ON EVERY SIDE

BETA = -0.10000000D+01
01 BETA = 0.0

BETA = 0.10000000D+01
BETA = 0.100000000+01

GAMMA = 0.0
GAMM' = 0.10000000D+01
GAMMA = 0.0
GAMMA = 0.

FOB SPECIES NO. 1 NS1= 0 NS2=
BOUNDARY B FUNCTION FOR SIDES 1 AND 3

NS3= 0 NS4= 0

1

+I

N

G-j
-,i



SPECIES NO. 1 NATERIAL INDEX 1 iU1 = 0.1000000000000000D+01 HU3 =

SPECIES NO. 1 MATERIAL INDEX 2 HU1 = 0.1000000000000000D+01 HU3 =
SPECIES NO. 1 MATERIAL INDEX 3 HU1 = 0.1000000000000000D+01 HU3 =

BOUNDARY 8 FUNCTION FOR SIDES 2 AND 4
SPECIES NO. 1 NATERIAL INDEX 1 HU2 = 0.1000000000000000D+01 HU4 =

FCR SPECIES 1 INTERFACES 1 1 HHGAP = 0.0
FCR SPECIES 1 INTERFACES 2 1 HhGAP = 0.0
REACTION ATES
FIRST ORDER RATES
CU INTO 1 FROM 1 iS 0.0
SECCND ORDER REACTION RATES ARE
CKK INTO R = 1 FOR KP = 1 INTO KPP = 1 CKK( 1, 1, 1) = 0.0

ISTDFQ 100

TINE AND SFACE GRID FOR PROUT

NUMBER OF MAJOR TIRE VALUES 6
NUMBER OF SUBINTERVALS OF EACH NAJOF TINE INTERVAL 1
(OUTPUT PILL OCCUR AT EACH SUCH TINM)
MAJOR TINE VALUES

0.0 0.4C00000000000000D-01 0.8000000000000000D-01
0.1600000000000000D+00 0.20000000000000000.00

DATASET CREATED FOR USE IN GRAPHICS
GRAPE - F

PRINT SNITCH INDICATORS
IPRS1 = 0 IPRSV2 = 0 IPRSW3 = 0 IPRSW4 = 0 IPRSVS = 0
ODE PACKAGE DATA
EPS s 0.10000000000000000-0 HINII = 0.1000000000000000D-04
CONTINUITY FOR R AND Z DIRECTIONS NAY HAVE BEEN RESET
CONTR " 0 CONT = 3
DEFAULT INITIAL COEFFICIENTS

0. 1000000000000000D+01
0. 1000000000000000D+01
0.1000000000000000D+O1

0. 1000000000000000D+01

0.1200000000000000D+00

PT = 21 NIGORD = 5

0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0. 1000000C00000000D401
0. 1000000000000000D+01
0. 1000000000000000D+01

VALUES OF CONCENTRATION U OF THY
(Frcs INIFlI)

0. 1000000000000000D+01
0.9999999999999999D+00
0. 9-999999999999995D+00
0.9999999999999997D+00

VALUES OF CONCENTRATION U OF THE
(FROK INIFII)

0.9999999999999999D+00
C. 1000000000000000D01
0. 1000000000000000D"0 1
0. 10000000000000000D+01

VALUES OF CONCENTRATION U Of THE
(FROM INIFIT)

0.1000000000000000D+01
0. 1000000000000000D+01
0. 1000000000000000D+O1
0. 1000000000000000D+01

VALUES OF CONCENTRATION U OF THE
(FR0K INIFI!)

0.9999999999999998D+00
0. 9999999999999998D+00
0.100000C000000000D+01

0.1000000000000000D+01
0. 1000000000000000D+01
0.1000000000000000D+01
0.10000000000000000+01
0. 1000000000000000D+01

1 TH SPECIES AT THE QUADRATURE

0. 10000000000000OD+01
0. 1000000000000000D+01
0. 100000000000000D+01
0. 1000000000000000D+01
0. 1000000000000n000D.01

POINTS IN THE ( 1, 1)-TH

0.1000000000000000D+01
0. 1000000000000000D+01
0. 1000000000000000D+01
0.1000000000000000D+01
0. 1000000000000000D+01

RECTANGLE.

1 TH SPECIES AT THE QUADRATURE POINTS IN THE ( 1, 2)-TH RECTANGLE.

1 TH SPECIES AT THE QUAUIJATURE POINTS IN THE ( 1, 3)-TH RECTANGLE.

1 TH SPECIES AT THE QUADRATURE POINTS IN THE ( 1, 4)-TH RECTANGLE.

-a



0.1000000000000000D+01
VALUES OF CONCENTRATION U

(Fac0 INIFII)
0.99

9
9999999999998D+00

0.9999999999999998D.00
0.9999999999999997D+00
0.9999999999999998D+00

VALUES OF CONCENTRATION U
(FRO1 INIFiT)

0.9999999999999996D+00
0.9999999999999996D+00
0. 9999999999999997D.00
0.99999999i9999998D+00

VALUES OF CONCENTRATION U
(1RO INIFIT)

0.9999999999999999D.00
0.9999999999999998D+00
0. 9999999999999997D+00
0.99"9999999999996D+00

VAL' a.. t CONCENTRATION U
(FROG ' 'i'

0.90 999. 1999997D+00
0.99999999999999960+00
0.9999999999999996 D+00
0.99999999999999980+00

VALUES OF CONCENTRATION U
(FROE INIFIT)

0. 100000000E 000000 D+01
0. 1000000000000000D+01
0.100000000000 0000D+01
0.99999999999S9998D+00

VALUES OF CONCENTRATION U
(IRON INIFIT)

0.9999999999999994D+00
0.99999999999999940.00
0.999999999999999'.D+00
0. 1000000000000000D+01

VALUES OF CONCENTRATION U
(FRON INIFIT)

0.1000000000000000D01
0. 1060000000000000+01
0.999999999 1999998D+00
0.9999999999999995 D+00

VALUES of CONCENTRATION U
(FF')U INIFIT)

0.10000000000000000+01
0.99999999999999910+00
0.9999999999999995D+00
0.100000COC0000000OD+01

VALUES OF CONCENTRATION 0
(FRON ZIIFIT)

0. 1OO000000000000D+O 1
0.1000000000000000D+01
0. 9999999999999996D+00
0.1000000000000000D+01

VALUES OF CONCENTRATION U
(FFON INIFIT)

0.1000000300000000D+01
0.9999999999999996D+00
0. 1000000000000000D+01
0. 1000000000OO00D+0

TINTV,T2,ICOR 0.700000

OF THE 1 TH SPECIES AT THE QUADRATURE POINTS IN THE

OF THE I TH SPECIES AT THE QUADRATURE POINTS IN THE

OF THE 1 TH SPECIES AT THE QUADRATURE POINTS IN THE

OF THE 1 TH SPECIES AT THE QUADRATURE POINTS IN THE

OF THE I TH SPECIES AT THE QUADRATURE POINTS IN THE

OF THE 1 TH SPECIES AT THE QUADRATURE POINTS IN THE

OF THE I TH SPECIES AT THE QUADRATURE POINTS IN THE

OF THE 1 TH SPECIES AT THE QUADRATURE PL)..TS IN THE

OF THE I TH SPECIES &T THE QUADRATURE POINTS IN THE

OF THE 1 TH SPECIES AT THE QUADRATUFE POINTS IN THE

OOD.01

1, 5)-TH RECTANGLE.

1, 6)-TH RECTANGLE.

I, 7)-TH RECTANGLE.

1, 8)-TH RECTANGLE.

1, 9)-TH RECTANGLE.

1, 10)-TH RECTANGLE.

1, 11)-TH RECTANGLE.

1, 12)-TH ?ECT4NGLE.

1, 13)-TH RECTANGLE.

1, 14)-TH RECTANGLE.

0.1559b000D+05 22

N.



N)
0

REVISED ESTIMATE OF ITERATIONS POSSIBLE BEFORE DUMP 2206

1 CALLS TO DRIVE HAVE OCCURRED

PROUT FOR TIRE = -0.10C( 000D+05

Y s
0.10000000D+01
0.10000007D01
0.99998950D"00
0.9999949 D.00

VALUES O? CONCENTRATIONS

(FIONP IOUT VIA STEADY)

APPNOIIUATI SOLUTION
0.999999402187 3465D+00

ANALYTIC SOLN.
0.4028316717141206D+00

APPROIIMATE SOLUTION
0.9999930695433205D+00

ANALYTIC SOLE.
0.40283167171412060.00

APPROIIMATE SOLUTION
0.99999000944E84490+00

ANALYTIC SCLN.
0.5252514372701850D+00

APPROIIMATE SOLUTION
0.9999900399945185D+00

ANALYTIC SOLE.
0.75 10744022932562D+0

APPNO-IUATI SOLUTION
0.9999949796209109D+00

ANALYTIC SCIN.
0.89898504148015890.00

0.99999997D+00
0.99999837D.00
0.99998997D+00
0. 10000024D+01
0 Or THE 1 TH

0. 1000000 1D.0 1
0.10000030G+0 1
0.99999070D.00
0.99999911D+00

SPECIES ON THE USERS

0.99999992D.00
0. 99999498D+00
0.999988300.00

.ID

0. 10000001D.01
0.99998708D.00
0.99999307D+00

0.999999660+00
0.99999186D+00
0. 10000054D+01

APPROIiATE SOLUTION
0.999999667560928D.00

ANALYTIC SCLI.
0.9908361297114651D+00

EAIINUN ERICS ON GRID IS
AT TOUT a -0.10000000D+05

EQUSED = 1

SCPN *
0.12920189D-04

0.59716773D.00
SOE - 0.12920189D+01 AND HUSED = 0.10000000D-04

94 CALLS TO DRIVE HAVE OCCURPED

PlOUT FOR TIME =

V V

-0.99906'167D+04



0.1C000000D+01 0
0.99749753D+00 0
0.624264180+00 C
0.402e3O85D+00 C

VALUES OF CONCENTRATIONS C
(30R PROUT VIA STEADY)

APPROIIEATE SOLUTION
0.402830659469 7351D+00

ANALYTIC SCLN.
0.40263167171412060+00

APPROIINATE SCLUTION
0. 6028310018793288D.0+

ANALYTIC SCLN.
0.4028316717141206D+00

APPROIIMATE SOLUTION
0.5252211778316441D+00

AiA .f IC SCLN.
0.52525143727018500+00

APPEOIINATE SOLUTION
0.7510621225766079D+00

ANALYTIC SOLN.
0.7510744A22932562D+00

APPROXIMATE SOLUTION
0.6989834325178914D+00

ANALYTIC SCIN.
0.69898504148015890+00

APPIOIINAYK SOLUTION
0.9906053628119529D"00

ANALYTIC SCIN.
0.9908361297114651D+00

MAXIHUM E33u 8o GRID IS
AT TOUT " -0.999064670+04
NCUSED " 3

SUPN "
0.24303424D-05

PHASE 0 CCEELETE

0.99998093D+00 0.10000333D.o1 3.99996!00D+00
0.98620943D+00 0.95144504D+00 0.89609343[+00
0.52188192D+00 0.4395352ZD+00 3 .43357934D+'

0.40283078D.00 0.402d3078D+0C
U OF THE 1 Td SPECIES ON THE USERS GPIO

0.99994792D+00
0.84513152D+00
0. 4028 3100D+00

0.99933442D+00
0.746974650.00
0.40283096D+00

0.30766900D-04
505 = 0.715163910-05 AN) HUSLD = 0.94347124D+00

0.2064244D-05 O.4v392682D-06

N~
NJ



LEADING NMEILIST DATA

C4 NGES IN NAMELIST DATA MAY HAVE
FCR SPECIES NO. 1

SIDE 1 ALPHA = 0.0
SIDE 2 ALPHA = 0.10000000D+C1
SIDE 3 ALPHA z 0.0
SIDE v ALFHA = 0.0

SIDE INDICATORS EY SPECIES

BEEN !ADE FOR TRANSIENT

BETA = -0.10300000D.01
BETA 0.0
BETA = 0.10000000D+01
BETA a 0.10000000D+01

GA M'
GAMMB
GAMMA
GAMMA

0.0
0.100')0000D+01
0.0
0.0

FOR SPECIES N0. 1 NS1= 0 bS2= 1 MS3= 0 NS4 0
BOUNDARY H FUNCTION FOR SIDES 1 AND 3
SPECIES N0. 1 MATERIAL INDEX 1 HUI O.1000000000000000D+C1 HU3 =

SPECIES NO. 1 MATERIAL INDEX 2 HU1= 0.10O000000000000)0D+01 HU3 =
SPECIES 0O. 1 MATERIAL INDEX 3 HC1 a 0.1000000000000000D+01 HU3 =
BOUNDARY H FUNCTION FOR SIDES 2 AND 4
SPECIES NO. 1 MATERIAL INDEX 1 HU2 a 0.10000000000000.00D+01 H04NO

FO SPECIES 1 INTERFACES 1 1 HHGAP = 0.0
FOR SPlCIES 1 INTERFACES 2 1 HHGAP = 0.0
REACTION RATES
FIRST ORDER RATES
CI INTO I FROM 1 IS 0.0
SECCND CIDER REACTION RATES ARE
CK INTO E a 1 FOR KP = 1 INTO KPP a 1 CKK(i 1 1, 1) a 0.0

ISTDFQ * 100
TIME AND SIACE GRID FOR PROD?

NUMBER CF MAJOR TIME VALUES 6
NURSER OF SURINTERVALS OF EACH MAJOR TIME INTERVAL 1
(OUTPUT ILL CCCUR AT EACH SUCH TIME)

MAJOR TINE VALUES
0.0 0.4600000000000000D-01 O.a000000000000000D-01
0.C1600000000000000D+00 0.2000000000000000D.00

DATASET CREATED FOR USE IN GRAPHICS
GRAPE I

PRINT SNITCN INDICATORS
IPRSI1 * 0 IPRSM2 a 0 IPRSV3 = 0 IPRSV4 a 0 1PRSV5 =0

ODE PACKAGE DATA
EPS " 0.1000000000000000D-04 HINIT = 0.10000000000000000-04
CCNTINUITY FOR R AND Z DIRECTIONS
CONTR * 0 CONTZ = 3
INITIAL COEFFICIENTS FOR TRANSIENT

0. 10000000C0000000D+01
0.1000000000000000D+01
0.1000000000000000D+01

0. 1000000000000000D.01

0. 1200000000000000D+0O

MF = 21 MIGORD * 5

0. 1000000000000000D +01
0.9999479212526173D+00
0.9514450431941546D.00
0.6242641618398020D+00
0.4028310018793288D+00
0.402e307828590672D+00

0.9999809340907971D+00
0.9993344190424562D0'0
0.8989834325178914D+00
0.5218819170437302D+00
0.40283095504977880.00

0. 1000033292834197D+01
0.9974975317315461D+00
0.8451315202364675D+00
0. 4 3 95 3521697526 24D+00
0.4028308499581315D+00

0.9999639988193899D+00
0. 9862094311695333D.00
0. 7469746495008985D+00
0. 4035793359979603D+00
0.4028307830128990D+00

END OF CASE



3
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7.6 A Defect-Diffusion Problem in One-Dimensional Spherical Genmaetry

This problem involves the distribution of two reacting species in a domain

bounded by two concentric spheres, i.e. a = {r: RL < r < R}. Let u(rt),

i=1,2, denote the concentration of the ith species subject to the following

governing equations.

au(

at= DvAu1 + DR - Civulu2 - CsvCs(u -VATV)

(7.6.1) 2

at= Dau2 + DR Civulu2 Csi~su2

u(RLt) = VEQL; u(Ru,t) = VATV
(7.6.2)

u2(RL,t) = XIEQL; u2(Ru,t) = XIEQL

(7.6.3) u1(r,0) =VEQL

u2(r,0) EXIEQL

where a denotes the Laplacian in spherical geometry, and

RL = 10-6, RU =10-5

D = 1.98354-10-
v

D 1 9.37700-10-4

DR = 10-3

Civ 3.40606.1013

(7.6.4) Csv = 3.70750.108

Cs 7.38716.10-8

Cs1 =1.75269.1012

VATV = 1.65843-10-7

VEQL = 1.35436-10-7

XIEQL = 6.75044.10-18

For the numerical approximation of this problem, the following input parameters

are used in the Namelist input.
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Namelist GRID

DELTA=2,

Spherical geometry.

KR=3,
B-splines of degree 2 are used in the radial direction.

KZ=1,
B-splines of zero degree are used on this axis. The problem is one

dimensional.

NSPEC=2,

Two species.

RLOW=1. D-6, RUP=1.D-5,
Inner and outer radii of the concentric spheres. Defines the

spatial domain in the radial direction.

NMR=10,
Number of interior breakpoints not including the end points.

RMESH = 1.10-6, 1.2D-6, 1.4D-6, 2.4D-6, 4.4D-6, 6.6D-6, 8.6D-6, 9.6D-6,
9.8D-6, 9.9D-6,

Location of the radial breakpoints.

TRANS W=,
A steady-state calculation will be done. We will not use the
transient option.

IRGRD=4,
Number of output points in the radial direction.

RGRID = 3.5D-6, 5.D-6, 8.D-6, 9.D-6,

Position of the radial output points.

NQR=3,
NQZ=1,

These values are the default values; however they are displayed here

in order to call attention to the fact that this problem fails with

NQR = KR-1 = 2 and NQZ = KZ-1 = 0.

Namelist DATA

DRCHLT(1,1)=T, DRCHLT(2,1)=T,

Dirichlet boundary conditions for both species on side 1 (the left
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or inner boundary).

DRCHLT(1,3)=T, DRCHLT(2,3)=T,

Dirichlet boundary conditions for both species on side 3 (the right

or outer boundary).

ISTDFQ=100,

Frequency of output for a steady-state calculation. Printout will

occur every ISTDFQ time steps.

GRAPH=T,

Graph of the solution is desired.

EPS=1.D-3,

Local error tolerance for the time integration in the ODE solver.

HINIT=1.D-15,

Initial step size in time used in the ODE solver.

The user-supplied subroutines are discussed below.

MASTER DRIVER

The data for this problem is temperature dependent and is generated in the

MASTER DRIVER. This case corresponds to a temperature of 900. The MASTER DRIVER

is also used to allocate space for the arrays AL and PW with NAL=100 and NPW=420

for this case. With the use of quadratic B-splines over 11 intervals, we have 13

unknowns for each species for a total system size of 26. This gives a required

storage for AL of 91 and for PW of 416. This data is printed in the output.

RHOCP

This subroutine provides the coefficients of the time derivatives in
Equation (7.6.1). Since these coefficients are equal to one, this

routine returns 1.DO.

VEL
This subroutine returns the coefficients of the convective terms in
Equation (7.6.1). Since.there are no convective terms, this routine

returns O.DO.

DIFUSE

This routine provides the diffusion coefficients Dv and D1. Note

that the user does not concern himself with the form of the Laplacian
in spherical geometry. This is taken care of in Namelist GRID by
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setting DELTA=2,. Note also that since this problem is one dimen-

sional (all quantities depend only on the R-coordinate), this routine

sets the Z-component of the diffusion coefficient to O.DO.

EXTSRC

This routine returns the source terms sl = DR-Cvulu2 CsV Cs(u -VATV)

for species 1, and s2 = DRCivulu2-CsiCsu2 for species 2.

FDEXTU

This routine provides the Frechet derivatives (or an approximation

thereof) of the distributed source. From the form of the distributed

source terms, we find for species 1:

as1
au- = -Civu2 sv s

asl=C-1 = -C.vu,

hile for species 2, we find

as2
-- = -iv 2 '1

as2

au= -Civu -CsiCs

BRHO

This routine provides the boundary values for each species as given
in Equation (7.6.2). The inner radius RL is identified with side 1,
and the outer radius is identified with side 3.

BRH0DT

This routine is not used since the boundary values do not involve
time derivatives of the concentrations.

INDATA
This routine provides the initial data as given in Equation (7.6.3).

ANAL

This routine is not used in this problem and appears in dummy form.

The printed output is supplied on the following pages. Notice that out-

put occurs after the first time step, the 100th time step (since ISTDFQ=100),

and the 141st time step (at which the steady state solution has been found).
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DIDV 0.9377002431925776D-03 0.1983543028505083D-06

VEQLXIEQL 0.13543561005374360-06 0.67504413887245010-17

VATVCIV.CSV.CSI.CS
0.16534308014448320-06 0.3406061271044640D+14 0.3707504460802127D+09 0.17526858679500590+13 0.7387154739783821D-07



STORAGE MAXIMA FOR THIS COMPILATION
tAXORI' 30
MAXSP 2
HAXTQD 4
MAXK 4
MXNR IZ 100
MXtLAR 100
MAXG4P 2
HoAXNOT 40
MXRGRD 20
MXZGRD 20

NA



(A)

READING NAMELIST GRID

KR = 3
KZ = 1
NSPEC = 2
RLOW = 0.10000000000000000-05
RUP = 0.10000000000000000-04
ZLOW = 0.0
ZUP = 0.10000000000000000+01
DELTA = 2
NTIR = 0
NTIZ = 0
N11R = 10

RMESH( 1) = 0.11000000000000000-05
RMES( 2) = 0.12000000000000000-05
RNESH( 3) = 0.14000000000000000-05
RMESH( 4) = 0.24000000000000000-05
RHESH( 5) = 0.44000000000000000-05
RMES1H( 6) = 0.66000000000000000-05
R1IESH( 7) = 0.86000000000000000-05
RMESH( 8) = 0.96000000000000000-05
RMESH( 9) = 0.98000000000000000-05
RMESH(10) = 0.99000000000000000-05
I1tZ = 0
NO NON-INTERFACE Z MESH POINTS
NQR = 3
NQZ = 1
COUSRV = F
ALGBCS = T
INITSW = T
STEDSH = T
TRAtSW = F
DUMIPSH = F
ISTDRS = F
ITRARS = F
ITRCOD = F

LGSTOP = F

IANAL =
ISTDFQ =
MXSTED

IREVLA( 1)=
IRHO( 1) =
IREVLA( 2)=
IRHO( 2) =
IRGRD =
RGRID( 1) =
RGRID( 2: =

100
500

F
F
F
'-

4

0.35000300000000000-05
S.5000000000000000D-05

SPLINE ORDER IN R DIRECTION
SPLINE ORDER IN Z DIRECTION
NUMBER OF SPECIES
LEFT BOUNDARY
RIGHT BOUNDARY
LOWER BOUNDARY
UPPER BOUNDARY
GEOMETRY INDICATOR
NUMBER OF INTERIACES IN R DIRECTION
NUMBER OF INTERFACES IN Z DIRECTION
NUMBER OF NON-INTERFACE R DIRECTION MESH POINTS
NON-INTERFACE R MESH POINTS

NUMBER OF NON-INTERFACE Z DIRECTION MESH POINTS

QUADRATURE ORDER FOR R DIRECTION
QUADRATURE ORDER FOR Z DIRECTION
CONSERVATIVE FORM INDICATOR FOR CONVECTION TERM
ALGEBRAIC TREATMENT OF BOUNDARY CONDITIONS INDICATOR
INDICATOR FOR INITIAL FIT 0' DATA
INDICATOR FOR STEADY STATE COMPUTATION
INDICATOR FOR TRANSIENT COMPUTATION
INDICATOR FOR READING STEADY STATE COEFFICIENTS FROM UNIT DUMPRD
INDICATOR FOR STEADY STATE RESTART
INDICATOR FOR TRANSIENT RESTART
INDICATOR FOR A COLD RESTART k-EN A TRANSIENT RESTART IS DONE.
A COLD RESTART INVOLVES A CALL TO AINVG AND IS USEFUL
IF THE ODES HAVE CHANGED. I.E. THE PDE BOUNDARY CONDITIONS
HAVE BEEN CHANGED
INDICATOR FOR USING G-STOP CAPABILITY
THIS ALLOWS THE USER TO RETURN TO THE CALLING PROGRAM,
CHANGE SOME PROBLEM DEFINING PARAMETER AND CALL EXEC
TO CONTINUE CALCULATION
INDICATOR FOR USING ANALYTIC SOLUTION
PRINTOUT FREQUENCY FOR STEADY STATE COMPUTATION
MAXIMUM NUMBER OF O.D.E. CALLS
FOR STEADY STATE COMPUTATION
IREVLA(K) INDICATES THAT THE COEFFICIENT OF THE TIME DERIVATIVE
IS NOT IDENTICALLY 1
IRHO(K) INDICATES THAT THE COEFFICIENT OF THE TIME DERIVATIVE
IS IDENTICALLY 0

NUMBER OF USER SUPPLIED POINTS IN R DIRECTION



RGRID( 3) = 0.80000000000000000-05
RGRID( 4) = 0.9000000000000000-05
JZGRD = 1
ZGRID( 1) = 0.50000GJ0000000000+00

NUMBER OF USER SUPPLIED POINTS IN Z DIRECTION

"3
W3



READING NAHELIST DATA

CONTR TOO HIGH, BEING RESET TO

CONTZ TOO HIGH, BEING RESET TO

3-1

1-1

-2
= 5

-2
= 26
=_-22

Day
Hw

NI
NJ
HCC

NIH
NJH
NCCH
HSTAL
HAL
IGTPH
NPH

LR
LZ

lRz
HZ

NRNZ
NVAR
DRCHLT(1,1)
HELRIAN( 1,2)
DRCHLT(1,3)
NELI*AN(1.4)

ALPHA(1,1)
BETA(1,1'
GAMFJA(1,1)
ALPHA(1,2)
BETA(1,2)
GAKMIA(1,2)
ALPHA( 1,3)
BETA(1,3)
GAIIIIA( 1,3)
ALPHA(1,4)
BETA(1,4
GAFMA( 1,4)
Di CHLT(2,1)
NEUMAN(2,2)
DRCHLT(2,3)
NE.ARit{(2,4)

HORIZONTAL ORDERING
HALF BANDWIDTH FOR AL
HALF BANDWIDTH FOR PH
CONSTANTS FOR ORDERING OF VARIABLES

CONSTANTS FOR ORDERING OF VARIABLES WITHIN A SPECIES

REQUIRED STORAGE FOR AL
AVAILABLE STORAGE FOR AL
REQUIRED STORAGE FOR PH
AVAILABLE STORAGE FOR PH
SYSTEM SIZE FOR THIS CASE
NUMBER OF R DIRECTION MESH POINTS
NUMBER OF Z DIRECTION MESH POINTS
NUMBER OF VARIABLES PER SPECIES IN THE R DIRECTION
NUMBER OF VARIABLES PER SPECIES IN THE Z DIRECTION
NUMBER OF VARIABLES PER SPECIES
TOTAL NUaoER OF VARIABLES
DIRICHLET CONDITION FOR SPECItS 1 ON SIDE 1
NEUMIAN CONDITION FOR SPECIES 1 ON SIDE 2
DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 3
NEUMAN CONDITION FOR SPECIES 1 ON SIDE 4
BOUNDARY CONDITION COEFFICIENTS

FOR SPECIES NO. 1
SIDE 1
SIDE 1
SIDE 1
SIDE 2
SIDE 2
SIDE 2
SIDE 3
SIDE 3
SIDE 3
SIDE 4
SIDE 4
SIDE 4
DIRICHLET CONDITION FOR SPECIES 2 ON SIDE 1
NEUIAN CONDITION FOR SPECIES 2 ON SIDE 2
DIRICHLET CONDITION FOR SPECIES 2 O: SIDE 3
NEUMAN CONDITION FOR SPECIES 2 ON SIDE 4
BOUNDARY CONDITION COEFFICIENTS

FOR SPECIES NO. 2
SIDE 1
SIDE 1
SIDE 1
SIDE 2

1
13
-13

91
100

416
420

11

13
13

13
26

T
T
T
T

0.100r0000000000000+01
0.0
0.1000000000000000D401
0.0
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.0
0. 1000000 r cG30DD+01
0.0
0.100000000DO000D }01
0.10360)D000000000+01

T
T
T
T

0.10000000000000000+01
0.0
0. 100Q0000000000'00}01
0.0

ALPHA(2,1)
ETA(2,1) =

GAMMA(2 :1) =
ALPHA2,2) =



BETA(2 2) =
GANMA(2,2) =_

ALFHA(2,3) =
BETA(",3)
GAMtJA 12,3) =
ALPHA(2,4) =
BETA(2,')
GAIUA(2,%)

NSI( 1) =
NS2( 1) =
NS3( 1) =
NS4( 1)

NS1( 2)
N32( 2) =
N;3( 2) =
NS4( 2) =

HU1( 1, 1) =
HU3( 1. 1) =

HU1( 1, 2) =
HU3( 1, 2) =

HU2( 1, 1) =
HU4( 1, 1) =

H1:2( 1, 2)
HU4( 1, 2) =

NUTOUT =
)1UFREQ =

UTOUT( 1) =
UTOUT( 2) =
UTOUT( 3)
GRAPH =
NUMGRF =

IPRS)41 =
IPRS 2 =
IPRSIJ3 =
IPRSW4 =
IFRS5 =

EPS =
HINIT =
MXGORD =
TO =
C1ITR =
CO"TZ =
w

0.10000000000000CCD+01
0.10j00003000000000+01
0.10000000000000000+01
0.0
0.10000000000000000+01
0.0
0.10000000000000000+01
0.1000000000000000+0

1
0
1
0

1
0

0

0.1U0000000000000D+01
0.1000000000O000+01

0.10000000000000000+01
0.10000000030000000+01

0.10000C30000000000+01
0.10000000000000000+01

0. 10000000000000000+01
0.10G00000000006000+01

3
1

T

0.0
0.10000000000000000+01
0.200000O00000000D+01

1

0
0
0
0
0

0.10000000000000000-02
0.10000000000000000-14

5
0.0

2
0

SIDE 2
SIDE 2
SIDE 3
SIDE 3
SIDE 3
SIDE 4
SIDE 4
SIDE 4
SIDE INDICATORS
FOR SPECIES NO. 1

FOR SPECIES NO. 2

BOUNDARY H FUNCTION FOR SIDES 1 AND 3
FOR MATERIAL INDEX 1 AND SPECIES NO. 1

FOR MATERIAL INDEX 1 AND SPECIES NO. 2

BOUNDARY H FUNCTION FOR SIDES 2 AND 4
FOR MATERIAL INDEX 1 AND SPECIES NO. 1

FOR 'ATERIAL INDEX 1 AND SPECIES NO. 2

TIME GRID FOR TRANSIENT PRINTOUT
NUMBER OF MAJOR TIME INTERVALS
NUMBER OF SUBINTERVALS IN EACH MAJOR TIME INTERVAL
MAJOR TIME VALUES

LOGICAL INDICATOR FOR WRITING DATASET FOR LATER GRAPHICS
GRAPH NUMBER TO BE ASSOCIATED WITH THIS RUN
PRINT SWITCH INDICATORS

ORDINARY DIFFERENTIAL EQUATION PACKAGE DATA
LOCAL TEMPORAL ERROR CONTROL
INITIAL TIME STEP
MAXIMUM ORDER OF TIME INTEGRATION
INITIAL TIME
CONTINUITY IN R DIRECTION (MAY HAVE BEEN RESET)
CONTINUITY IN Z DIRECTION (MAY HAVE BEEN RESET)
DEFAULT INITIAL SPLINE COEFFICIENTS (SET TO ONE)

PROUT FOR TIME = -0.99999999999999990-01

RN

W,



VALUES OF CONCENTRATIONS U FOR THE 1 TH SPECIES
(FROH PROUT VIA INIFIT)

APPROXIMATION IS
0.13541814840617360-06 0.1354566i451186660-06

VALUES OF CONCENTRATIONS U FOR THE 2 TH SPECIES
(FROM FROUT VIA IHIFIT)

APPROXI 'ATIOtI IS
.67504413887245010-17 0.67504413387245020-17

ON THE USERS GRID

0.13543974214971290-06

CH THE USERS GRID

0.1354862352207516D-06

0.67504413887245010-17 0.67504413887245010-17

PkOUT FCR TItlE = -0.99999999999998990-01

VALUES OF COIICEL'TRATIONS U FOR THE I TH SPECIES ON THE USERS GRID
(FROM PROUT VIA STEADY)

APPROXIMATICH :S
0.13541814841 20200-06 0.13545664350681810-06 0.13543974214949890-06 0.13548

VALUES OF COlCEN1 4TICNS U FOR THE 2 TH SPECIES ON THE USERS GRID
(FRO4l PROUT VIA STEADY)

APPROXIMATION IS
0.775 5 2319278610-17 0.77497750465599540-17 0.77503222851643030-17 0.77487

AT TOUT = -0.99999999999998990-01 SOBN = 0.17342125587624230+15 AND H =
NQ = 1

SUPN =
0.173421255876?4230+00
1 CALLS TO DRIVE HAVE OCCURRED

A STEADY PRINT TAKES LESS THAN A CENTISEC.--USE 1 CENTISEC. AS AN ESTIMATE

A CALL TO DRIVE TAKES LESS THAN A CENTISEC.-- USE 1 CENTISEC. AS A ESTIMATE

8623520733380-06

7689158389090-17
)OOO000000OOOD-14

PROUT FOR TIME = -0.99999497070853030-01

VALUES OF COIICEIITRATIOHS U FOR THE 1 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA STEADY)

APPROXIMATION IS
0.13611153294021430-06 0.13564187227327690-06 0.13588326826806520-06 0.13646678367920500-06

VALUES OF CO3CETRATIONS U FOR THE 2 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA STEADY)

APPROXIMATIO: IS
0. 1141800G4*9853310-10 0.10886756135817800-10 0.57030539375028200-11 0.30598716556716600-11

AT TOUT = -6.99999497170853030-01 SOBN = 0.51985128437186950412 AN, H = 0.12875652510359090-06
NQ = 2

SUPN =
0.15395832909092860-01 0.43091094037060140-02
100 CALLS TO DRIVE HAVE OCCURRED

cn3



PROUT FOR TItNE = -0.97473534320824620-31

VALUES OF CONCENTRATIONS U FOR THE 1 TH SPECIES ON THE USEkS GRID
(FROM PROUT VIA STEADY)

APPROXIMATION IS
0.212. 3332487997OD-06 0.21284143212987700-06 0.191523842520860'D-06 0.17972826311198380-06

VALUES OF CONCENTRATIONS U FOR THE 2 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA STEADY)

APPROXIMATI N IS
0.11168904000992920-10 0.10660216527E9107D-10 0.5610816382909098D-11 0.3016756053049844D-11

AT TOUT = -0.9747353432082462D-01 SOEN = 0.2082263871447386D-03 AND H = 0.1650701540647895D-02
NQ = 1

SUPH =
0.34371961806336500-06
14'a CALLS TO DRIVE itAVE OCCURRED

STEADY-STATE SOLUTION HAS BEEN ACHIEVED
COEFFICIENTS WRITTEN ON DUMP DATASET



00

READING NAMELIST DAT4

DRCHLT(1,1) =
ZEUMlN(1,2) =
DRCHLT(1,3) =
NEUMAN(1,4) =

ALPHA(1,1) =
BETA(1,1) =
6AltA(1,1) =
ALPIIA(1.2) =
BETA(1,2) =
G6.I.tA( 112) =
ALPHA(1.3)
BETA(1,3) =
GAJiA(1,3) =
ALPHA(1,4) =
BETA(1,4) =
6At tA(1,4) =
DRCHLT(2,1) =
NFLAN(2,2) =
DRCHLT(2,3) =
NEUMAN(2,4) =

ALPHA(2,1)
BETA(2,1) =

A _HA(2,2: =
BFTA(2,2) =
GAMIIA(2,2) =
ALPHA(2,3) =
BETA(2,3)
6A321A(2,3) =
ALPHA(2,4) =
BETA(2,4) =
6AMMA1A2,4) =

NS1I 1) =
NS2( 1) =
NS3( 1) =
NS4( 1) =

NS1( - =
NS2( 2) =
NS3( 2) =
NS4( 2) =

HU1(
HU3(

HU1(
HU3(

1, 1)

1, 2)
1, 2,

T
T
T
T

0.1000000000000000D001
0.0
0.10000000000000000+01
0.0
0. 1000C0000000000uD+01
0. 1000000030000000.01
0.400000000C3000000+01
0.;1
0.1000000000000000D+01
0.0
0.1000000000000000D+01
0.10u00030000000000+01

T
T
T
T

0.10000000000000000+01
0.0
0.1000000000000G0+01
0.0
0.10000000000000000+01
0.1000000000O00000+01
0.100000000000000CD+01
0.0
0.13000000000000000+01
0.0
0.100000000O0000OD+01
0.10000000000000000+01

1
0
1
0

1
0
1
0

0.1000000000000000D+01
0. ,00000000000000D+0 1

0.1000000000000000D+01
0.1000000000000000D+01

CHANGES IN NAMELIST DATA MAY HAVE BEEN MADE FOR TRANSIENT CALCULATION
DIRICHLET COIDITTrt FOR SPECIES 1 011 SIDE 1
NEL.iA CONDIION FOR SPECIES 1 ON SIDE 2
DIRIZHLET f.NDITION FOR SPECIES 1 ON SIDE 3
NEUMAN CONiUiION FOR SPECIES 1 ON SIflE 4
BOUNDARY CONDITION COEFFICIENTS

FOR SPECIES NO. 1
SIDE 1
SIOE 1
SIDE I
SIDL 2
SIDE 2
SIDE 2
SIDE 3
SIDE 3
SIDE 3
SIDE 4
SIDE 4
SIDE 4
DIRICHLET CONDITION FOR SPECIES 2 ON SIDE 1
NEUMAN CONDITION FOR SPECIES 2 ON SIDE 2
DIRICHILET CONDITION FOR SPECIES 2 ON SIDE 3
NEUMAH CONDITION FOR SPECIES 2 ON SIDE 4
BOUNDARY CONDITION COEFFICIENTS

FOR SPECIES NO. 2
SIDE 1
SIDE 1
SIDE 1
SIDE 2
SIDE 2
SIDE 2
SIDE 3
SIDE 3
SIDE 3
SIDE 4
SIDE 4
SIDE 4
SIDE INDICATORS
FOR SPECIES NO. 1

FOR SPECIES NO. 2

BOUNDARY H FUNCTION FOR SIPES 1 AND 3
FOR MATERIAL INDEX 1 AND SPECIES NO. 1

FOR MATERIAL INDEX i AND SPECIES NO. 2



0. 1000 r000000000GD+01
0.10000000000000000+01

0.1000000000000000O+01
0.1000000000000G00D+01

3
= 1

HU2( 1,
HU4( 1,

HU2( 1,
HU4( 1,

NJTOUT
IUUFREQ

UTOUT(
UTOUT(
UTOUT(
GRAPH
NUMGRF

IPRSW1
IPRSW2
IFRSW3
IFRSW4
IPRSW5

EPS
HINIT
MXGORD
TO
CONTR
CCNTZ
N

0.0
0.100000000000000D+01
0.20000000000000000+01

1

0
0
0
0
0

0.10000000000000000-02
0.10000000000000000-14

5
0.0

2
0

1) =
1) =

2) =
2) =

END OF CASE

N3

BOUNDARY H FUNCTION FOR SIDES 2 AND 4
FOR MATERIAL INDEX 1 AND SPECIES NO. 1

FOR MATERIAL INDEX 1 AND SPECIES NO. 2

TIME GRID FCR TRANSQiT PRINTOUT
NU'IBER OF MAJOR TIME INTERVALS
NUMBER OF SUBANTERVALS IN EACH MAJOR TIME INTERVAL
MAJOR TIME VALUES

LOGICAL INDICATOR FOR WRITING DATASET FOR LATER GRAPHICS
GRAPH NUMBER TO BE ASSOCIATED WITH THIS RUN
PRINT SWITCH INDICATORS

ORDINARY DIFFERENTIAL EQUATION PACKAGE DATA
LOCAL TEMPORAL ERROR CONTROL
INITIAL TIME STEP
MAXIMUM ORDER OF TIME INTEGRATION
INITIAL TIME
CONTINUITY IN R DIRECTION (HAY HAVE BEEN RESET)
CONTINUITY IN Z DIREL.ION (MAY HAVE BEEN RESET)
INITIAL SPLINE COEFFICIENTS PROVIDED FROM
A RESTART DUMP, NAMELIST GRID,
INITIAL FIT OR STEADY-STATE CALCULATION

1) =
2) =
3) =

T



240

We next consider the use of the Cross Section Plotting (CSP) graphics

program in connection with the defect-diffusion problem.

The CSP program is provided with a dummy form of SUBROUTINE ANAL which is

the only user-supplied routine. Since we do not have an analytic solution, we

leave the dummy routine as it is.

There are two Namelists required: Namelist FORMAT and Namelist CSPIN.

Namelist FORMAT

1. Iterative or direct indicator.
Previous versions of DISPL allowed for direct or iterative solution

of certain equations. The current version of DISPL1 only allows for

the direct version; thus the default value ITRTV=0, MJST be used.

ITRTV=0, (Default)

2. Number of curves to be produced per time value.

This variable specifies the number of curves to be produced for each

time value. Since there are two equations and each solution is

produced once for each time value, use

IGNUM=2,

3. Number of grid points for graphical purposes.

This number cannot exceed the macro variable NRES1 which has a value

of 501.

NRESIN=NRES1, (Default)

4. Logical variable for doing space-time plots.

A time plot is not called for.

ITIME=F, (Default)

Namelist CSPIN

1. Indicator for grouping format.

The IF0RMT, ISPEC, LGR0UP, and LARDER variables describe how the

curves are to be displayed. For each time value in this example, a
single frame will be produced. Within this frame both curves will

be plotted and, since these solutions differ considerably in magni-

tude, they will be put on separate sets of axes. Thus the separate

mode is used.

IF0RMT=0, (Default)
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2. Estimate of the minimum value of the ordinates

This is defaulted to zero.

YAXMIN=0.0, (Default)

3. Estimate of the maximum value of the ordinate for all curves.

This defaults to one. The CSP program will automatically rescale

this value since it is much larger than necessary.

YAXMAX=1.0, (Default)

4. Species number for each curve

The next three variables will be two component vectors since IGNUM=2.

Associate the first curve with the first specie and the second curve

with the second specie. (See Note 10 of the Machine Readable Docu-

mentation for more general examples of ISPEC, LGROUP, and LORDER.)

ISPEC=1,2,

5. Frame number indicator

Since only one frame is generated for each time value:

LGR0UP=1,1, (Default)

6. Ordering of curves on each frame

The plots will be ordered from the bottom to the top of each frame.

LORDER=1,2,

7. R coordinate of first endpoint of cross-section

This is a one-dimensional problem in the R direction. The cross-

section will be from (10-6,0) to (10-5,o).

A1=1.E-6,

8. R coordinate of second endpoint of cross-section

A2=1.E-5,

The CSP program will provide a frame for each time that printout occurred.

Thus there will be a frame corresponding to the 1st, 100th, and 141st time step.

The following page provides the graph associated with the 141st step (the steady-

state solution). Notice that the time value appearing in the graph is artifi-

cial and is only used within DISPL to control integration to steady-state.
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BEGINNING CROSS SECTION PLOTTING GRAPHICS PACKAGE

FORMATTING PARAMETERS

VERSION NUMBER OF GRAPHS FOR EACH TIME

0 2

GROUPING FORMAT

0

NRESIN = 501

ITIME = F NUMBER OF TIME VALUES FOR TIME OPTION IS 501
IF ITIME=T, THE SOLUTION IS EVALUATED AT (A1(I),B1(I))

INITIAL ESTIMATE FOR VERTICAL AXES
YAXMIN,YAXMAX

0.00000000E+00 0.00000000E+00

NUMBER FOR RUN IS 1

USER GRAPH FORMAT SPECIFICATIONS

FRAME NUMBER ORDER WITHIN EACH FRAME SPECIES NUMBER
FROM TOP TO BOTTOM

1
2

1
2

COORDINATES OF THE ENDPOINTS F(R EACH CROSS SECTION
LINE GIVEN WITH THE r'RFESPONDING FRAME NUMBER

FRAME NUMBER Xi Y1 X2,

1 0.10000003E-05 0.00000000E+00 0.99999997E-05

THE NUMBER OF DISTINCT GRAPHS PRODUCED IS 3

THE END OF THE DATA HAS 3EEN REACHED, PROGRAM ENDS.
END OF DISSPLA 9.0 -- 11306 VECTORS GENERATED IN 4 PLOT FRAMES.

PROPRIETARY SOFTWARE PRODUCT OF ISSCO, SAN DIEGO, CA.
3488 VIRTUAL STORAGE REFERENCES; 4 READS; 0 WRITES.

Y2

0. 0000 000E+00

CINEMA MODE

0

ANALYTIC

F

1



SPECIES

c

cN

U)O

0

CE -

D.1

RUN 1
FRAME 3
TIME -9.75>10

DISPLi
CROSS SECTION PLOT

LEGEND
o = SPEC 2]

1.0 2.0 3.0 4.0 5.0 6.0

R-AXIS

I I I
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Figure 7.6.1
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Section 1

M . .. .

p1 . . . .

P . . . .

V.. .
1

q . . . .

J......

V....

um. .
ru. . ..
r. ..

z . .. .

t. . .

fm. . . .

R . .. .

NTIR. . .

NTIZ.

h . . ..

0
P . . .

3R. . . .

.Number of horizontal interfaces.

. Coefficient a(m,s) in boundary conditions.

. Coefficient 6(m,s) in boundary conditions.

.Coefficient y(m,s) in boundary conditions.

.Mass transfer coefficient in boundary condition

.User-specified function in boundary conditions

. Boundary of R............ ...... ......

.Number of species... . . . . . . . . . . . .

.Mass concentrations, ith species . . . . . . .

. .Total mass concentration . . . . . . . . . . .

. .Velocity of ith species. . . . . . . . . . . .

. Local mass averaged velocity . . . . . . . . .

. Rate of production of species i. . . . . . . .

.Mass flux relative to V. .

. .Divergency operator. ............

.Parameter for conservative/nonconservative fort

. Dependent variable, urm = um(r,z,t) . . . . . .

. .Irdependent space-like variable. . . . . . . .

. .Independent space-like variable. . . . . . . .

. .Independent time-like variable ....-.....

. Convective velocity coefficient.. ...-.-..

. Coefficient of Diffusivity . . . . . . . . . .

. .Hea t capacity coefficient. . . . . . . . . . .

. Distributed source . . . . . . . . . . . . . .

. Spatial domain . . . . . . . . . . . . . . . .

. .Number of vertical interfaces. . . . . . . . .
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0
U.... .. .m.

Section 2

F......

Rs. . . . .

w . . . . .

c1 (R).

<uR1 . . .

DR2 . . . .

3R0 .

rs......

k . . . . .

Pk,.T .

Xi. . . . .

X... ...

gk(as) . .

M.(s) ...

.Exterior unit normal to aR. . . . . . . . . . . . . . . .

.Gap interface coefficient. . . . . . . . . . . . . . . .

.Initial distribution. ........ . . . . .0. .0.4.....

.General term for reaction and distributed source . .

.Material subrectangles .

.Test function in Galerkin procedure. .

.Class of fi:nctions continuous together
derivatives in Rs. . . . . . . . . . .

.Inner product of u,w. . . . . . . . . .

.That part of aR where a / 0. . . . . .

.That part of aR where no boundary condi
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.That part of aRs which is an interface

.Mesh subdividing an interval . . . . .

.Order of a polynomial. . . . . . . . .

.Space of piecewise polynomials . . .
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.Breakpoints in ir..-.-......-...

.Smoothness index associated with Xi.-

.Spline subspace-. ........-.-..

.Truncated power function . . . . . . .

.Knots . . . . . . . . . . . . . . . ..

.Divided difference of gk...'..'....
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Ni ,k(x)

NMR

NMZ

A (r)

B.(z)

Nr(Nz).

n (n ).r z

Nr(NZ).
rm z

U'T .(t)
1,J

T0..

T . .

dur

S (R)

a9(p)

T 9 (q)

IL(a) .

JL(t)

Cm' .

NQR

NQZ .

Section 3

R . . . . .

RLOW. . .

RUP . .
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.Left side of domain. .

.Right side of domain. . ... .............
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. Boundary condition side indicators
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