
•B

Y= IY PO S/F LOATlSNODY-11 
GO TO 30 

END IF
AT END OF FIRST LEVEL 

IF (.TEST.EQ. 1.00E01 THEM 
LEV=111111 
ISPOS=NOl)-ISTRT 
X= iNlX-D/FLOATCNlX-n 
Y= IYPOS/FLOATtNNODY-1)
GO TO 30 

END IF
IN SECOND LEVEL OF NODES 

IF aEST.GT. l.OOEO) THEN 
LEV-2
INPOS=NOD-1STRT-N 1X 
X- INP0S/FL0ATlN2X-1)
Y= 1.1YPOS+11 / FLOAT (NNODY -1)
00 TO 30 

END IF
AT END OF SECOND LEVEL 

TEST-1 SOI)-1STRT+11/N3X+1.0 
IF (TLST.EQ.l.OOEO) THEN 

r p • ■= •' ■' itilj V U’ubMub

INP^V'D-tSTRT+l 
X" N3X/F» OATt N2X-1 i
Y~ i IYFOS+1t ' FLOAT' S’NODY-1 1 

END IF 
X=Ni'D-InTKT 
WRITER.') N't )D, X, Y 
O'.-STISt/E

!:o Z NELE=1, ITELS 
WHITE. *,-0.’ N'ELE, 11LTOPi SELE, J ),.1=1, ?)

b o u n d a r y n o d e s

:=i
N’.al
:;(i *■. ,n e :,y

N^Nl-fNlX 
NENDi I --N1 
:=;-i
MiND1 I =N2
T T* * 1

NV-=S„+N^X
NHNIj. I I-NBNLH I-I i+NliX 
Ni‘X"~N IX - 1 
;0 • > I^:,NBXT

:~r+i
I =NhNDi I-l i*l 

: i
h i ' 1 J=],NELY 

\;„=:NM . v 

MiND' I :;N 1 
:-!+i

NhNIji r i-V 
t -1 + 1

M M ) ' : I - I ~\:.x
NbOX's'lX-l
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DO HO J=1,NB0X 
1=1+1
NBND (I' =N'BN1) 11 - U  -1 

SO CONTINUE 
J«1
WKITECo.noi iNBNDi'J1 , J = l , N m  
tWRTl~NlY+l 
IW RT 2=IV RT I + N 1X - 2
WRITE(o,0<n (N’BND(J),J=IWRTl,IWRT2) 
IWRT1=IVRT2+-1

- IV RT 2 = IV RT I+N 1Y - 2
WRITE ip,‘)>n i. N'BN'D t J"), J=IWRT1, IWRT2 ) 
IWRT1=:VRT2+1 
IWRT2=ItvRTl+N'lX-3
VRITE i n , 0>n (N'BN'Dl  J ) , J= Ilv'RTl, IVRT2) 
ITBNDa2*N1Y+2*(NIX-2)

'■< :"RMAT , 3X IX, IJ ) )
STCP 
END
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The following program CRUSH FORTRAN allows crushing of a finite 

element mesh of 8-noded quadrilateral elements,

..3*..,..... ....in - —!1 *: *< «
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C ---

C --­
C

C --

10

.10

Program to crush a mesh of 8-nodad quadrilateral elements 
DIMENSION NLT0PC500,14),COQRD(500,3)
DIMENSION NBNDRYf 5 ,6 ,801. NBNDl.5)
DIMENSION IVXTR(6), IEXLST(6,4,601, NODE'S(6)
DATA NIN, NOUT / 5, 7/
Choose where to crush mesh 
1-U 2-BOTH 3-1, 4-R 5-? 6-L&M&R 
IMESH=4
Read in data frctn SNODEQ FORTRAN 
READ (.NIN,*) NODTOT, IDIMN, NVA\
WRITE (NCUT,*) NODTOT, IDIMN, NV-'R 
READ (.NIN,-) NX, NY 
WRITE (.NOUT,*) NX, NY 
DO 10 1=1,NODTOT

READ (NIN,*) NODNUM, (COORD(NODNUM,J) ,J=1, IDIMN)
X=COORD(NODNUM, 1)
COORDiNODNUM,11=FMESH(X, IMESH)

WRITE I NOL'T, *) NODNUM, i. COORD (NODNUM ,J) ,J=1, IDIMN) 
CONTINUE
READ i.NIN,*) IELTYP, ITELS, NODEL 
WRITE (NCUT,*) IELTYP ITELS, NODEL 
DO 20 1=1,ITELS 

READ i,NIN ,* ) IELNM, (SLTOP (IELNM , J+21 , T-L , NODEL)
WRITE (NOUT,*) IELNM, iNLTOPfIELNM,J+2i,J=l,NODEL) 

CONTINUE
DO 30 IEQ— 1,NVAR

READ iNIN ,*) NBNDf1SQ)
WRITE INOUT,*) NBND(IEQ)

DO 30 1=1,NBNDfIEQ'
READ (NIN,*) NBTYPE , NODS ID, NUMNOD, (NBNLV.nY (IEQ, I, J+3) , J=1 
WRITE (NOL'T,* > NBTYPE, NODS ID, NUMNOD, (NB\7KY(IEQ, I , J+3) , J=1 
CONTINUE
READ !NiN,* ) NXTRCT 
WRITE 'NCUT,*i NXTRCT 
TO uO 1=1,NXTRCT

READ (NIN,*) I VXTR i'I), NODXTR(I),
( IEXLST(I,IVXTR( I) ,J) ,J=1 ,NODXTR(I i)

WRITE iNOUT,*) IVXTR(I ), NODXTR(I),
IIEXLST r I, I VXTR (I), J ), J=1, NODXTR (In 

CONTINUE 
STOP 
END
REAL FUNCTION FMESH (X, IMESH)
Function to crush mush
1-U 2-BOTH 3-L 4-R 5-? 6-Li.MS.R
?I=3.14150
FMESH='

IF
IF
IF
IF
IF
IF

FMESH
RETURN
END

0.OGE0
(IMESH.EQ.1) F=X
(IMESH.EQ.2) F=-1. 0*cC .5,)■••'COS( PI*X) + f A+B 1/2.0
fIMESH.E Q .3) F -l.0-CCS(X*PI/2.0)
( IMESH.EQ.4) F-SIN'f X/2 . 0*PI)
f IMESH.E Q .5) F“i 4 . 0/<) . 0*:;->*3-6.0 1 '). 0*X**24-X/10.01
: IMESH. EQ.o! F= ('X/2.0-SIN f 2. 0*X I 4. )j/PI 
F

,NUMNOD) 
.NUMNOD)



4 1
,/

■i

■J- ' *

<t

173

n»r.Hni-.ion of 1FEPDE' - a finite element code for,..the 

snl ntion oF systems of steady-state . two-dimensional non- ->ne_ar 

partial differential equations

P, Andetjon

Department of Chemical Engineering 

University of the Witwatersrand

1986



INTRODUCTION

'FEFDE' has been written to solve syst'-ms of nonlinear, linked 

partial differential equations using f O i t e  element methods. The 

finite element method was chosen for its versatility and ability 

to handle the complex form of equations and boundary conditions 

encountered in practice.

Knowledge of finite element theory is required to set up and 

solve a problem using 'FEFDE', An adequate introduction to finite 

element theory may be found in the 'NAG Finite Element Library - 

Level 1' manual (1983), The data structure and coding of 'FEFDE' 

is based on the example program 'NAGFE3P2 FORTRAN', which may be 

found in the Level 1 manual, as well as on the 'ENGINEERING' disk 

on the Wits mainframe.



Overview of 'FEPDE'

The code may be divided into two 3 major sections:

1) Main section

This section sets up common blocks and reads in all the data 

required, eg, mesh geometry and topology, experimental 

measurements, output checking flags and so on, The nodal 

freedom array 'NF' (which is used in the assembly of element 

contributions into the final system matrix 'SYSK') is 

contructed from the user-supplied mesh and boundary condition 

data isee below), Any model parameters required are read in by 

the main program.

2) Subroutine 'FELMNT1

This is tne section of program that actually calculates Che 

'(•.lenient stiffness1 matrices 'ELK1, which are derived from the 

derivative terms in the equation(s), as well as the element 

vector 'XTVEC , which accounts for any other terms in the 

aquation, such as energy generation ('heat source') terms or 

constants, The abovementioned vector and array are defined in 

user supplied subroutines (see below), These element 

contributions are assembled into the system matrix and vector 

'SYSK' and 'RHS' by the routines 'ASUSM' and 'ASRHS' 

respectively, using she 'steering' vector 'NSTER' which is 

derived from element topology data by the subroutine 'DIRECT1,

Dirichlet and Cauchy boundary conditions are included by the 

Payne-Irons method, and a boundary integral, respectively.

3) Subroutines defining the aquations and boundary conditions, 

These are divided as follows:

3.1) Subroutine 'EONS'

This subroutine defines the equations resulting from the 

finite element analysis of the original partial differential 

aquations. Thu contributions from each variable and each 

equation are calculated separately, and may depend on any
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variable dependenc or independent), or Che gradient o£ any 

dependent variable. See example below.

3.2) Subroutine 'SOURCT'

This subroutine calculates the contribution from source terms 

(which may be distributed or concentrated) or constants, The 

value returned by 'SOURCT' may depend on any variable 

(dependent or independent), or the gradient of any dependent 

variable.

3 . 3'i Subroutine 'BFIINM'

This subroutine calculates the contributions of the dependent 

variables in the boundary conditions to the system matrix, 

Again, contributions from each variable and equation are 

calculated separately, The boundary condition terms may 

depend on any variable (dependent or independent), or the 

gradient of any dependent variable

Z.u.) Subroutine 'BFUNV'

This subroutine calculated the contributions of constants in 

the boundary conditions to the right-hand side matrix 'RHS', 

Contributions from each equation are calculated separately. 

The boundary conditions may depend on any variable (dependent 

or independent), or the gradient of any dependent variable,

3.5) Function 'H '

This function calculates the dirichlet condition for the 

equations. The value may depend on any variable (dependent or 

independent) or the gradient of any dependant variable. Values 

for each equation are calculated separately,

?.o) Functions 'FX?/' and 'DFXY'

'FT/1 ['DFMY'] evaluates the value of [gradient of] any 

dependant variable given element number and position within 

t-hns ala:ient [and direction in which gradient is required],

.**#4 ''
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4) Service Subroutines 

These are as follows:

4.1) Subroutines 'ASMAT' and 'ASVEC'

This assembles equation/variable matrix-contributions into 

the element matrix. This is best described by an example.

Eg. if the following equations are to be solved

P($) + QOS') - R<x)

S<4>) + TOP) - U(x)

Where P, Q, S, and T are differential operators operating in 

?2 (i.e. (x,y) ).

Identify the contributions from P, Q, S, T with p, q, s, t 

respectively.

The element matrix contribution, from $ in A may be

written

as follows (assuming three noded triangular elements for 

example;:

P P P 
P P P 
P P P

similarly for Q ,S ,T

Where the subscript ? denotes contribution from that operator

ep to aij. are then assembled into the overall element 

matrix as follows:



: 'p entries have been replaced with a , to clarify the 

assembly process. It is clear from the above demonstration 

that the matrices contributed by each variable are 'stretched1 

out and placed in a nNxnN matrix, where N is the number of 

variables, and n is the number of nodes per element. The above 

matrix is contructad by 'ASMAT', given ep ,,. e^.

Similarly the right hand side contributions are assembled by 

'ASVEC' -is follows:

r

u 

r 

u

u 

r

u

The boundary condition matrices and vectors as described in 

section 3 are subjected to the same assembly operations.

4.2) Subroutine 'SEPRT'

The solution of the system of linear equations defined by 

[SYSK|RH3] is in the form of a vector of length Nxtotal number 

of nodes. 'SEPRT' separates this lmnptd %ector into arrays 

FVAL(i,j) where i denotes variable number, and j denotes node

RHS
ele
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number. The value of any particular variable at any node are 

thus readily availableduring execution. This is useful and 

economical in eases where iteration is required.
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1 Introduction

1.1 General considerations and background.

The general class of problem soluble by "PDFELM" is as follows;

M - K [4] (1/1)

Where M is an operator, operating linearly on the first time 

derivative of 4, The l.h.s, of (1/1) takes the form of 

a linear sum of first order time-derivatives, whose 

individual coefficients may be nonlinear in spatial 

derivatives if necessary,

K is a general, nonlinear operator, operating on spatial 

derivatives of 4 of any order below that of the shape 

functions employed.

Note: Application of Green's theorem reduces the order of 

the spatial derivatives, thus expanding the applicability 

range of any given shape function.

The current "PDFELM11 implementation uses the Galerkin weighted 

residual method, though only minor changes would be necessary to 

change this (to a collocation method, for example).

"PDFELM" 's predecessor ("FEPDE", Anderson. 1986), was designed to 

solve only the steady-state analogue of (1/1). It was therefore a 

comparatively small task to extend the code and data structure to 

solve the unsteady-state problem as well.

The preliminary finite element analysis of the left and r.h. sides of 

(1/1) is discussed in detail in many texts, Norrie and da Vries 

'1973) , for example, Assembly of r.h.s, contributions into a single 

matrix and a vector is discussed in detail by Anderson (1986). 

Assembly of l.h.s. contributions (into the matrix ' >YSM', the 

time-derivative multiplier) is done in a similar fashion.

1.2 Who should use "PDFELM" ? ''or 'What is the purpose of this 

manual? ')

The mathematical sophistication required by finito-element methods



exceeds that of th»s average user; moreover, some preliminary 

finite-element analysis on a problem is necessary before it can be 

submitted to "PDFELM". There are also various control options which 

must be correctly chosen if the program is to operate at maximum 

efficiency. As a result, this program is not a tool for beginr-sirs,

Therefore, the purpose of this manual is to:

a'' inform those persons au fait with finite-element methods of the 

format of the program and required data, so that they may use it if 

necessary.

b) inform a wider audience of the type of problem soluble by the 

program, so that they may request instruction in the setting up of 

their particular problem, if applicable,

2 Brief Outline of Method of Solution

Finite-element analysis of equation (1/1) yields:

3a
SYSM($) —  - SYSK($)<t + f(x,$) (2/1)

“ at ~ "

Where SYSM and SYSK are matrices (both may depend on the dependent 

variable $ as shown)

a is the time dependent part of <S ( where 4> - N • a)

N are the shape functions, dependent only on x 

f is a vector

Details of the composition of the above matrices and vectors are 

discussed in detail by Anderson (1986),

■ for an unsteady-state solution, the system (2/1) is solved for 

da/dt (r.h.s evaluated at che current time value) using supplied 

initial conditions. The solution is then advanced in t^me by a 

multistep method or by Gear's method.

• for a steady-state solution, the r.h.s, of (2/1) is equated to 

zero, and the resulting expression solved iteratively for $ until 

successive values satisfy a user-specified convergence criterion.

Note: if the coefficients of the time derivatives do not depend on



$ or t, (this can be seen by inspection) the user can set a flag 

which ensures that the matrix 'SYSM' is assembled and decomposed 

(into upper and lower triangular matrices) only once during unsteady 

simulations, right at the start. This has a darmatic effect on run 

times, since solution of (2/1) during successive time-marching steps 

requires only 'back-substitution' into the triangular matrices. As the 

total number of degrees of freedom in a problem increases, reduction of 

'SYSM' rapidly begins to dominate overall solution time.

3 Applications

Some sample problems (with solutions) which have been solved using the 

program are summarised below. Many of the results have been checked 

against published data; these checks are ommited here for the sake of 

brevity.

3.1 Simulation of Rivulet Flow - a single, linear partial 

differential equation.

The equation describing potential flow, in a wall-bound vertical 

rivulet, for example, is:

3v„ a 2— ■l. _ e- 7  v - e
3t p z “z

The boundary conditions are shown on fig, 1. Initial condition is 

v, - 0 over the domain fl.





Fig, 2 shows Che steady-state velocity profile in a rivulet; note 

the maximum velocity at the furthermost edge of the rivulet (marked 

with a •)

Fig, 3 shows the evolution of the maximum velocity with time,

This kind of analysis is relevant to the design of solid-fluidd 

chemical reactors, such as 'trickle-beds'.

3.2 Simulation of steady thermal conduction in a composite medium - 

a single nonlinear partial differential equation.

The equation describing steady thermal conduction in a composite 

medium whose conductivity depends on both position and temperature is 

as follows:

k(x,y,8)Ve 0

Boundary conditions are as shown in fig, 4; variation of thermal 

conductivity with position is also shown.

A temperature-position surface is shown in fig, 5 for the case where 

conductivity depends linearly on 9, k(x,y,9) » k(x,y)[l+0]. Fig, 6 

shows the temperature along the vertical centreline, i,e, x-0,5, The 

'step' resulting from the highly conductive core is clearly visible 

here.

Calculations of this sort are used to estimate thermal energy transfer 

in glass-fibre reinforced plastics and steel-concrete composites, for 

example.
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3.3 Simulation of natural convection heat transfer in porous annulus

- two linked nonlinear partial differential equations

The equations describing free convection in this case are as follows:

a2* i a# . a% „ _ ae
7 2  ‘ r 3t 7 2  3rar a z

*i a* 33 i a*
r 3?. a r ‘ r 3r

ae
3z

ar2

l ae
r 3r

az‘

Where the streamfunction, Boussinesq approximation and Darcy law iave 

been used to simplify the full equations (see Bejan 1984 for det ^ls),

Appropriate boundary conditions and dimensions are shown in fig, 7.

Results for a Rayleigh number (Ra) of 300 are presented. Fig. 8 

shows the streamlines, and fig, 9 shows the isotherms.

Such calculations are used to evaluate the average Nusselt number for 

heat transfer through layers of insulation around steam pipes, and 

heat-leaks into cryogenic installations, for example.

3.+ Fitting measured temperature data to a model - least-squares 

estimation of parameters,

The sum of squares of temperature prediction errors for some 

experimental Measurements was minimised by variation of the Rayleigh 

number and a heat transfer coefficient. For experimental details and 

numerical results, see Anderson (1987), Fitted results predicted 

permeabilities (embedded in Ra) of the same order of magnitude as 

those estimated using known physical quantities (particle size, 

viscosity, etc.),

— — — .... ..........- V
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3.5 Summary

ir>t ■

The four problem types described above are merely representative of 

the range of problems soluble by 'FDFELM'. A more general description 

of solvable equations is given in section '1.

4 Operational Details

4.1 Datj. structure

The data structure of 'PDFELM' has been built up (considerably) from 

that of a 'NAG' example program, Variable and common-block names are 

self explanatory, and far too numerous to list here, The significance 

and format of user supplied data (element geometry, topology etc,) are 

detailed in section 4,3, in order to assist the user to set up the 

required data file.

•4.2 General program structure

Program, subprogram and function ,-irogram names are self

explanatory. The main program and control subroutines are kept in a 

iiIts called 'PDFELM FORTRAN' , and the service and output control 

routines are kept in 'PDSUBS FORTRAN'. The reason for this is that 

normally only service routines (such as that which defines the 

equations to be solved, and boundary conditions) need to be edited and 

compiled by the user. This separation saves compilation time,

All subroutines of interest to the general user are listed and 

described in the 'FEPDE1 manual (Anderson, 1986),

irn if —1— T̂rfVritntmi



4,3 Format of the nodal data file

no. of nodes spatial dimension no. of equations

(list of nodes - format: as follows) 

node number x-coord y-coord as reqd.

element type no. of e'.ements nodes per element

([list of element topology - format: as follows) 

element number nodel node2 node3 node4 .,,,

no. of boundary oondn. lists for variable 1

| bndry. condn nodes per side number of nodes

| type in this list

| list of bndry. nodes in groups of ten 

l _

inner bracket repeated - see

outer oracket repeated (per variable as req'd)

no. of lists of 'extraction' nodes +

| extrctn, var. no, of eXLr-a, nodes (list of nodes)

l _
bracket repeated - see + 

flag for manual check of convergence criteria 

list of parameters req'd by problem.

eo 6max no- £°r flag for task

contin'n trace of contin'n# flag 

steps convgnce.

start, time end time no. o'; : steps

flag for SYSM characteristics (time or $ dependent 7)

notes:

- 'Extraction' nodes. Alfchrugh values at all nodes are printed at each 

step, it is often desirable to extract values at specific nodes (eg. 

centreline temperatures) and print them to a separate file. This



facility allows auch manipulations to be done conveniently

- ^Continuation, The continuation method (see de Villiers, 1984) may 

be implemented if necessary. Parameters eQ1 «max and the number 

of continuation steps are essential data if this option is selected,

- flags set to zero cause bypass of feature

- task flag at present takes on values of 0,1,2,3,4.

0 » single steady-state simulation

1 =* fit parameters to a model by minimization of sum of squared

errors. This requires experimental data and means of 

interpolation.

4 => unsteady state simulation.

For purposes of clarification, a sample nodal datafile is given 

below. This datafile is for (see fig. 10 for details):

- steady state solution (task flag-0) of a single equation over a 

domain of square cross section, using 9 quadrilateral elements of the

8 noded type.

- a Dirichlet (type 1) boundary condition is applied along the bottom 

edge (y-0); derivative (type 2) boundary conditions are applied along 

t:he remaining edges.

* Function values at the nodes on the positive-slope diagonal 

(bottom-left to top right) are extracted, hence '1' list,

- Convergence criteria checking is automatic,

Convergence is traced by screen output.



Continuation is employed, with e advanced from 0 to 1 in 7 steps.

- Time stepping data and SYSM characteristics are irrelevant in this 

case.

SAMPLE DATA FILE

9 2 1

1 0.0 0.0

2 0.166 0.0

3 0.333 0.0

38 0.666 1.0

39 0.833 1,0 

A0 1.000 1.0

1 1 8 12 13 14 9 3 2

2 3 9 14 15 16 10 5 4

3 5 10 16 17 18 11 7 6

9 27 32 38 39 40 33 29 28

2
2 3 19

1 8 

38 39

1 3 5

2 3

1

1 4  1 14

paraml param2 

0

0 1 . 0 7  1 1 0

(SYSM. characteristics flag)

12 19 23 30 34 35 36 37

40 33 29 22 18 11 7

4 5 6

27 40

param3 ....
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MATHEMATICAL STATEMENT OF BOUNDARY CONDITION ON INCLINED SURFACE

We consider the symmetrical half of the frustum, in cartesian 
'k

coordinates r and Z, wish height H, base length R and top length 

R]_. The side angle to tho horizontal is a. We wish to consider 

bour.c'cry conditions on the inclined surface defined by:

■H R 
R-R~

1 J
(C.l)

.Vow let us consider the temperature boundary condition as an example:

(C.2)
ke H  ’ h (T* V

We write this as:

3 T

3 n

S T d Z  S T d r
*

.3 Z d n 3 r d n -
—  (T-T )
k„

(C.3)

d Z d r
j—  ~ cos a -—
d n d n

and we express cos a and sin a in terms of R, and H. 

Nt;n-dimansionalizing we obtain:

(C.4)

3 * ( R - H )

1/2
3 r

2 2 
( R - R 1)‘:+ H

Bi
1/2

(C . 5 )

we let:

R - R,
B

H
(C.6)

R R

and then wo can write our boundary condition in terms of these two 

geometric parameters:

0.5
A2 + B2 (C.7)

&

4
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(C,7) is valid for the region:

R ■ AR 53 r 2S R (c 8)

0 < a £ BR

v
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IMPLEMENTATION OF THE GALERKIN METHOD

In this appendix a description is given of how the Galerkin method is 

implemented in section 3,5. This description complements the formal 

description of the Galerkln method given in section 3.3. In this 

appendix a less formal explanation is given, so that the details of 

the implementation are clearer.

In words the essence of the Galerkin method can be stated: "substitute 

the suitable trial functions into the differential equations, multiply 

by the weighting functions and integrate over the domain". In section

3.5 the trial functions have been given. The weighting function is:

exp(- i (rkx + sly)) (D.l)

The general term that arises when the above procedure is applied looks 

like:

APPENDIX D

*ia) x ao

rl
Bpqh exp(i ([p • r]kx + [q - s]ly)}

X sin (g?rs) sin (hffs) dx dy dz (D.2)

B p ^  is not a function of (x,y,z) and can be taken out of the 

integral sign, To make matters clearer the integrations over (\,y,s) 

will be considered separately.

From the orthogonality of the sine function on this domain:

r1 i
sin (gwz) sin (h)rz) dz - •? h - g

o L (D.3)
■» 0 h r* g

Now wn will consider integration with respect to x. Obvious1 y we

could equally well have considered integration with respect to y. 

Because p and r are integers one can write:

p - r - n (D . 4)

where n io also an integer.



The following integral must be considered:

c m  n
exp(inkx) dx | n * 0 ^D '5^

’loo I

For the case n>̂ 0 the integral can be expressed as:

pCO
cos (nkx) + i sin (nkx) dx (D,6)

•A eo

The sine function is odd, and the integral of such a function over a 

domain symmetric about 0 is 0, hence what remains is:

r°°
cos (nkx) dx (D.7)

*Aco

Now we must consider our infinite domain more carefully, It is 

required that there be a whole number of convection cells in the 

domain, and on the boundary of a cell dS/2\^0, Examination of the 

cosine function shows that this condition is fulfilled for half 

periods symmetric about 0. Thus without loss of generality one can 

replace the limits in the integration with:

■nk
cos (nkx) dx (D.8)

J nwr 
’ nk

where m is an integer, This integral is equal to zero, and so we have 

shown that for nr'O, i.e. pnr, the integral Eq. (D.5) vanishes. Now we 

consider the case n-0, In that case we must evaluate:

1 dx (0.9)

If the limits of the integration are replaced as was dene for Eq, 

CD.B), Eq. (D,9) is equal to

nwr
r-nk

1 dx
nw
nk

m̂7r
nk

(D,10)

This integral will appear in front of every term in each aquation to 

which the Galerkin method is applied. The situation for the 

integration over y ia analogous. Thus it can be deen that the only



terras resulting from the integration which are non-zero are those for 

which pqh-rsg. That is why the coefficient Brsg appears in the set 

of algebraic equations resulting from the Galerkin analysis,

Now we consider terras in the differential equation which do not depend 

on (x.y.a), Such a term appears when the temperature exponential is 

approximated by a quadratic expansion. In this case one can easily 

show that thu integral vanishes for (r,s)^0, and that the z 

integration is:

Because terms like 2nwr/(nk) (and similar terms ■'•esulting from the 

integration over y) appear in front of every term of the algebraic 

equations they can be divided out, Thus we can see that the term 

which results from applying the Galerkin method to constant terms in 

the differential will be given by Eq, (D.1I) for r^s-O.

Definitions of functions used In Ga lerkin analysis 

in sections 3, 3-3,7

F(a,z) used in equation (3,33) is found by solvirg

,1
sin (gwz) dz - - —  (- 1)® - 1 (D.ll)

nwr
rnk

exp (- i rkx) dz
nwr
nk

d2P (a,z)
a2 F (a,r;) - Ra* sin (?rz) (D.13)

d z~

One finds:

F (a,z) “ e

where:

+ Cg sin (jrz) (D.14)
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F^(A,z) used in equation (3.36) is found by solving:

d r. (A | z) Z *
---“ . A Fh (X,z) - Ra sin (hrcz)

d z

For WOt

Fh (AlZ) - 0l 

where:

A z - A z 
e - e + Oj sin (hwz)

°2 * h ___

\ (e^ + e * ) 

*
Ra

*2 A 2+ A2

(D.16)

(D.17)

(D.18) 

(D.19)

■Mi

\

For X—0:

•*
_ ,. . Ra z 
Fh (A,z) -

Ra

2 u2 it h
sin (jrhz) (D.21)

The integrals a(f,g,h,A)-b(f,g,h,A) and c(f,g,h) used in section 3,5 

are defined as follows;

a (f ,g,h,A)

b (f,g,h,A) -

sin (firz) sin (grcz) —
d Fh (A,z)

dz

7r f cos (f7rz) sin (gjrz) F^(A,s) dz

pi
c (f,g,h) - sin (h?rz) sin (firz) sin (gffz) dz

(D,22) 

(D.23)

(D,24)

4
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ANALYSIS OF THE INTERIOR ■' DEL V.'ITH A FIRST ORDER REACTION

In this appendix the infinite coal layer model of Chapter 3 is 

examined, with the reaction considered to be of first order. The 

system of algebraic equations is derived, from which steady-state 

solutions can be obtained, and a methoi for examining the stability of 

these solutions is presented, As will become clear, solution of the 

•"inite layer model with a first reaction is much more difficult than 

the zero order reaction case, both in t^rms of programming complexity 

and computational speed, Because it is known that the zero order 

reaction approximation is good at ignition, where the main interest of 

this work lies, little attention was given to the more complex task of 

solving the first ' . case

APPENDIX E

The model for w;. 

the same as 

chemisorptic. 

the same form >

’"J ins are sought in this appendix is exactly 

in Chapter 3, apart from the fact that the 

w assumed to be of first order, Precisely 

. nalysis is followed as was used in Chapter

W  Huek solutions of the form:

w “ Z Z Bpqh exp ] + qly)r sin (ffhz)
h p,q

E E Bpqh ®XP { i(pkX + qly)} F h (A'S)X

h p,q

T ' Z Z cpqh exP { ^Pkx + i W
h p,q

c o s  [ ( h  - j )  t tz ]

(E.l)

(E.2)

(E.3)

2 1 ? 
- (pk)“ + (ql) (E , 4)

Ln which k and 1 are the x- and y-components of the wave number a.

Tna limits on the integer summation indices are;

-« < (p,q) . ’ ; 1 ^ h < ® (E. 5)

The form of Fj.((A,s} is found by substituting (E.l) and (E.2) into Eq. 

(3.12) and solving the resulting ordinary differential equation. 

F-n f'A,3) is given in Eqs. (E.28) and (E.31),



To obtain our system of algebraic equations Eqs. (E,1)-(E,3) are 

substituted into Eqs, (3.13)-(3.14), each equation is multiplied by 

its weighting function and integrated over the layer. This results in 

an infinite set of equations in the coefficients BrSg and Crgg. Aj 

discussed section 3.3 the exponential function of temperature is 

approximated by a second order Taylor expansion about w=0, which is 

expected to under-estimate the reaction rate dependence on 

temperature, In steady-state form the infinite set of equations is:

1 „ . 2 2  2. 
o B (g x + v ) 
2 rsg ’I  £  V h Bt u f { A 2 b

h,f p+t-r 
q+u-s

(ptk2 + qul2) a (f,g,h,A) I + ^  
' 7Ra

B + 
rsg

( 1 C-l)5)
g K

a, +
L °rsf al

\l  TI— t

I  I .
h,f p+t~r 

qfu°-

B , C _ a« + B , B - a« 
pqh tuf 2 2 pqh tuf 3

h,f,e p+t+m-r 
q+u+n-s

B . B. r C a, 
pqh tut mne 4

(E.6)

I
h,f p+t-r 

q+u=s

pqh tuf
d <£pg,h,.0

5 0 | f 1 sin [(h - - )tt]
+ (ptk + qul ) c (f,g,h,A) [• - — A  ■= C + ---------- -----  +

2  r s s
I

r=s=0

} B . a.. + 
^ rs f b I  I B i_ ^ c a- + 77 B . B ~ a-, 

pqh tuf 6 2 pqh tuf 7
h,f p+t-r 

q+U“s

U  I
h,£,e p+t+m^r 

q+U+n-'S

B , G £• B 3.n 
pqh tuf i.ine 8 (E.7)

where

y2 = frk)2 + (si)2 iE.s )



The integrals a^-ag and a(f,g,h,A)-d(f,g,h,A) are given at the end 

of this appendix. In order to limit the solutions of this set of 

equations to those which are physically reasonable the infinite set of 

equations is truncated such that modes are neglected for which:

2 , 3  2 , 1  2 ^ . 2 , -  n.
g + 4 r + 4 S > A  + 1

where A is an integer truncation number. This is the form of

truncation used by Tveitereid,1977 and Tveitereid and Palm,li>'76, The

components of the wave number satisiy:

2 2 2 2 
k + 1 - 4 1 - a (E,10)

Only real coefficients where

®rsg ” ®-r-sg " ®r-sg " ®-rsg (2.11)

are considered, and similarly for Crsg.

These restrictions allow hexagons, rolls and squares to be planformu 

as these are the most likely solutions (Tveitereid,1977, Tveitei' ,a

i Palm,1976) c id it is known that these are physically reasonable 

.•solutions (Chandrasekhar, 1961, White, 1988, Busse and Frick, 1985),

A:; can be seen, solution of this moiael requires twice as many 

equations to be solved as in the case of a zero order reaction. This 

has a very pronounced effect on the computational times, making the 

examination of this first order case prohibitively time-consuming with 

'the computer facilities that were available for this study. The 

solution time for the nonlinear equations is approximately 

proportional to , where N is the number of equations to be solved.

Stability of the steady-state unlutlons

In this section a method is described, based on the approach of Kimura 

ot al.,1987, for examining the stability o^ the steady-state solutions 

to small perturbations. It was found that the numerical routines used 

to evaluate the eigenvalues required in this method were very 

unreliable, We consider small perturbations . o the steady-state 

Fourier coefficients and assume that the perturbations are 

sufficiently small to allow a linear thoery to be formulated. The 

perturbations have an nxponential time dependence.
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In order to perform Che stability analysis, the concentration 

equation, Eq. (E.7) is written in unsteady-state form. The left hand 

side of the equation is replaced by £ <5T/3r, The stability analysis 

of the first order reaction case is done in exactly the sanin way as 

for thts zero order reaction case in section 3.7.

We write

B , - B̂ °? + <SB , exp(o , r)
pqh pqh pqh r t>qh

C , *» Ĉ °? + 5C , exp(a , t ) 
pqh pqh pqh r pqh

(E.12) 

(E.13)

Where

c + l a, 
r i

^"pqh ** ^pqheXp^apqh T^

■pqh t )

(E .14) 

(E.15)

(E.16)

The (Bp°^,Cpq^) are the steady-state coefficients.

The trial functions are obtained by substituting Eqs. (E.12)-(E,13) 

into Eqs, (E.1)-(E,3) to ;T,ive;

z z
h p , q

exp < i(pkx + qly) f sin (n-hz) (E.17)

T-Z Z
h p,q

exp i(pkx + qly)}- cos [ (h - ^■k z )

z z
h p,q

(E.18)

exp \ i(pkx + qly)}- F^ (A,z) (li.:9;>

The form of F^fX.z) is found in the same way as in section 3.5. Eqs. 

(E.17)-(E.19) are then substituted into Eqs, (3,13)-(3,14) and the 

Galerkin method applied, This yields the following aquations in the 

^pqh:

*̂."■1*—*~ — i nnm
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• ̂ 4

0 . b I B  , 2 2 ,  2. \ ’ V
£ C - - £ f l,g w + ^ ) - ) /
2 frsg 2 rsg vB L,

B (o) B <o) 
ftuf pqh fpqh tuf

h,f p+t«r 
q+u-s

f\2 b(f,g,h,A) -2 (ptk + qul2) a (f.g.h.A) | + J j \ {  2 fBrsg

+ > frsf al

V "  

*1  I  ( »
r R  ̂ + f b 
tuf pqh fpqh tuf s3 +

B (o) C (o) 
pqh tuf ftuf pqh

h,f p+t=r 
q+u-s

X a„

I I  I
h,f,l p+t+m-r 

q+u+n-s

rC _(o) .<o) , rB (o) (o) .B B (o) (o) 
fmnl pqh tuf fpqh tuf mnl stuf pqh mnl _

X a,
-4

(E,20)
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ip >C Le „C . 2 2 ^ 2. Y"

e2 frsg " ' 2 frSg (s * + " > ' L
h,f p+t-r 

q+u-s

C ( o )  B (o) 
 ̂Cuf pqh 51 pqh tuf

-,\2d(f ,g,h, X) - (ptk^ + qul2) c (f,g,h,A)
1 FK*

J 7/97Ra
1  c c2 51 rsg

■ I *+ } frsf a5

r,

I
h,£ p+t-r 

q+u-s

B (o> B R ( o )
^tuf pqh pqh tuf

a? +

-B C (0) + CC B (0) 
'pqh tuf st:uf pqh

f -I

t l  I
h ,f,1 p+t+m-r 

q+u+n-s

C ( o )  ( o )  B (o) „(o) B <o) ( o )  
*mnl pqh tuf pqh tuf mnl ftuf pqh mnl

a a. (E.21)

where:

.‘locing that:

9 9 9
v - (rk) + (si) (E.22)

t
(E.23)

enables us to write the left-hand sides of Eqs. (E,20)-(E,21) as;

/

£ j-®? a C 2 rsg^rsg

£ , rC " o r2 tsgJ rsg

(E.24) 

(E,25)

"^4 Thud it can he seen that Eqs. (E.20)*(E,21) are an eigenvalue problem 

of uhe form

i!



The behaviour of Che eigenvalues a determines the stability of the 

steady-state solutions, If any of the eigenvalues has a positive real 

part, then that steady-state solution is not stable to the small 

perturbation, as that perturbation will grow in time. If all the real 

parts of the eigenvalues are negative, then the solution is stable, 

If the real part of one of the eigenvalues is zero and the imaginary 

part non-zero then the solution is oscillatory.

As discussed in section 3,5, 

that were used to calculat 

unfortunately this method 

of the steady-state solufi

as found that the commercial routines 

eigenvalues were very unreliable and 

1  be used to determine the stability

PpfInifctons of functions used ir. ths above Galerkin analysis

used in equation (E,2) is found by solving:

■ nyx.sj

i
d s'-

- A F^(A,z) - Ra sin (hffs) (E.27)

For \*0:

where:

A z - A z 
e - e

Ra

+ c^ sin (hffz) (E.28)

(E.29) 

(E,30)

Fo.-

F^ ( A ,z )

* 

n h
Ra 

2 2 h -
sin (ffhz) (E,31)

Thu integrals a(£,g,h,\)-d(£,g,h,A) and al-a8 are defined as follows.
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a (E.g.h.A) -

b vf.g.h.A) “

sin (fffs) sin (gnz)
d Fh (A,z) 

d z c

ir £ cos (fffz) sin (gffz) F, (A,z) dz

(E.32) 

(E.33)

1, d F h (A,z)r i x ii
o (f,g,h,A) - j oos [(f - 2 ^ffZl cos[(e ■ “d~z dK (E.34)

d (f,g n ,A) 

pi

ff (f - |) sin[ (f - |)ffz) cos[(g - | ) t tz ) F^A.z) dz

0

rl

0

pi

0

pi

0

pi

0

pi

0

r1
0

pi

sin (grvz) cos[(f - Tj)nz) dz

dzsin (h?rs) cos[(f - -̂ )rrs] sin (girz)

sin (hffz) sin (firz) sin (gffz) dr

sin (hirs) sin (£;rz) oos[(l - u:

sin (fffz) cost(g -

1 1 
sin (nxz) oos[(f * 2,)tz] cos[(g - c*z

sin (hffz) sin ( £ ttz )  cos ((g -

I 1 1
3^ » j sin (hnz) sin ( I ttz )  £os[(f ■ g)713] o o s ((g ■ 2>TIẐ c,;:

(E.35) 

(E.36)

(E.37)

(E.38)

(E,39)

(E.40)

(E,41)

(E.42:

d.i (E.43)



The following Fortran 77 program (BED3NEW FORTRAN) calculates the 

steady or unsteady-state solutions to the first order reaction 

infinite layer model described in this appendix.



AUTLm, rm -mw LvtmmNTs v*»r tue srAim.m
ANAUSIS 1>F i W IN AN INFINITE rtWL till)

Ai'.o IM lNil A V - rO K P L R  REACTION
WI rll W lt i 7. , AND Ot’ADRArh* t:\PANHMN OK THE EXPONENTIAL 
V,.' MMEKlOl. ISTrMt*ATI ’S'S

J. i iso »H tho r DIVPA.J l .n  thu n n a l«a4y -u lU i’iSHF lo t
:Ui* .Hoblwn
F,Ji L i n  Hl.A l H < A -H .u- ill 
htAL H > , ■,
:.YM WAi FtM i))
l\> •< V 2*<U, YlNlTt 2'M)
,u t m rAK*-*.*>v Aivp‘v u i , n  

*:v! s liit BU JiH U , l^ ru ju o o i, i.scBJi.wm
N .t'fcrr 8l‘r:KV v *-0 *♦ 1, • ;i> .■« 1, >, Hi-^o * 1, *1 ,.’iH,

i - ‘♦i.-.'d .h i .jui
. ‘!M N *AVh K, U, M
MMi-N I’AhV’j ,  [)t-.TA, uAMMA, V\, til I E li., RA, it'JMA, i’HRL, tK . XI.K 

S »A\^; B. “AMR. MAX I S . MAX 10, MlNIK, MINIS, MlNIii 
*" '* ■It.-', 11'^’ * *.10 I , - • *  1, » u )
■' I Vi.+f::Y fiWK.iP 

:.t 4 hwK.ii' 1'ju " ii 
>■ *,(■

;v\M. V.-ĤV
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1)0 10 IR=-10, 10 

Dll 10 ISo . io, |0 
lit) 10 10=1,10 

i) —  i;h«i;k p a rity  and truncation
CA1.L TRNCIIKdR, IS, IG, M, ITFLG)

IF ( nTLG.NE.O) GO TU 10 
fiAU, PARCIIKdR, IS , IlMiFI.G)

[ F d ! ’HFLG.,VE.O) GO TO ID 
ICOUNT^ICOUNTH

i; in it tu i iB o  u
i: IF ( ( lA I)B ( IS ) .G E .: ) ) .O H ,(» l lS ( IK ) .C E . i ) )  Tllt.N

IF(IK .N E .O ) THEM 
B d R . IS ,  JO)uO.ODO 

ELSE
BdR,IS ,I0 )«1 .0D -2  

END IF
G —  ilopy D tntn dummy varijb lu s  , Y Is d vuctot 

YClCOUNT)-IK IR , I S , IG)
YINIT Cl COUNT)-Y ( I  r.OU'f D 
ISUDldCOUNT}=I!<
ISUD2(IC0UNT)” IS 
ISUB3dCOUNT) = IC 
IFtlR .G T  MAXIR) MAXIR-IR 
IFdS.GT.MAXIS) ilAXIS-IS 
IFCIG.GT HAXIG) MAXIG=IG 
I F d R . I,T. NiNIR) HINIR=IR 
IKi IS.I,T .M IN IS) HINJS»IS 
IFdR.LT.M IM IC ) MINIi'-IG

!
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I ■ : V i v
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1 H u ll [H, i • > -U l-I NT 
I W i .
up . . o e U r  ta  tu t tlio  . in i« n t tM  nm  ig n i t io n  
10 I K .
110 15- . \k\
» iu ' :•; i * 2*>

* , .u U y  »uj t »iuii .it i >u
a i . l  rhN»-iiKnh, i s ,  h i .  m, m \ i ] )
iK i l i ' F i i )  . *  u  i’1) Vi) U-;
'U . IAK. 1IK\ IK, 13, ll’KH .ij

i i k t u > St. liu k? i tl(
U’ur M-itU'NTM

. J i 11*0 l
.FuUBi»»Tiw uK i 
l i i t H  Nh u i  Tfifc'.N 

•MK.Ib.W.-i u\h)

' < Ih  , iu , l i t  i >, I -
»:M) ;k
ihC . I'.lt 1 ,
i • 1/ I NT. iW.Ib.l'-H
VIM. li-.isr;-Y' M )

v K 1 I Iti i * ) j rilLN

.1
; 'J .: , I

r *

i.i

Wh

b. i >, w»; ii »< I.

, ; ‘r;.hMl* l  ‘!IH-. Y 'AV'l-' , lii 'i i s r  

. «i.t- i!<* .L i's ■ i . u l v !  Urn; Jt 

\ ,K t'i .■» I'fiKN
’ r ikAIL ■' i; ' J  r :-; ISii [jIW a<: 

i AM Tr.; :? r ;'i< i>IVk-*Ati
■>.a , ; r < i r ,  im n a i ., n ik : . .

. .1 : » ir  I ’.AI IfilT w L FL ' AH 

::.r.Uw : :w :
:M» 1̂ 1 hi'
; Uwl b 'H

* auami> niru<-<>

MMii . -J * i: t i ii-ri, j 1 
j -U t l . -1 Vt'Alj Tfi J «• I IU 11 j

*U.». t *, u 4m, >’AHA . I >
:s - 5
Mr M -w
Mi IU

I'u-j-I
t m u * i i n - r . i  i 'i

W M V U j Mhlll 

I K N i m i '  U j U  THIN 

: i \ <
' i i - i

Ni MulU'
F.ND I f
liu M  niiTKI-Sl, N2 

« at l*ygitmiug

‘ J I it 1 Hli

FIMM'IuNAL ’TEHN.

rt:Ni)-rfNn,+(TFiNAtJ-riN'T)̂ (i.oDo-DC03(ra/2,o,)ô
It DFWA'PC IT STEP* I )/n^*O A T (N TSTEP-1 ) J )
St(!|)U t.loaftr at und

TEN D - T JN IT H T F lN A L- n N rD ^ D StN C lM /S .O D O *
« DFU)AT( ITSTEP-  M /DFLOATCNTSTEP-1) )

i*AI,[, DIVPAtU IPO , tCOUNT, TDERV, PDEHV, AlVPACl, TSTAiiT, 
i/ TEND, TO\M t PARA, V)

W RITE U , ■) 'TliND, IUD *  ' .TEND, I DU 
C,U,L TN EBfY, fCOUND 
UEWINU ll!N IT-21

, TEND>,'C IIK L ''*a ,'2 . OE-«/3bOO.8/2 4 ,0 , 'H A Y1 
TEND, 1F K 1, I'K 

RAAQAMMA, 'T l l t E L E 1 , T H IELE

FK/DSCJUTIRA) 
K, Ij

I i U B 2 ( I ) , l S U B 3 l I J , !  
ISU B3 11 ) ,  Y11)

(! ■ 
.ii

REWIND (U N II^ J )
REWIND (UNIT--7)
W R ITE lN O tJT ,* ) 'TENU 
W R IT E lN Q U T / 'l’TAU'
W RITE(NUUT,'O  1RA 1, 
W R lT E (N O m V ') 'D \  1)1)
W RITEINOUT,'v ) 'RA1' 1 , RA 1KK 1 
WKlTKlNOUT,■ ) 'WAVE NUMBERS' ,
W RITEt ICOUl’ , "') IGOUMT 
111) iU  to l.IC U U N T  

W K IT E lN O U T . 'M 'B C R .S .a )1 I SUB 111) 
W K IT E ( IC O U T , j ia t lD U I  I ,  IS U D Z t t ) 

i’ONTINUE
' AI.I, P Lo rcY , [COUNT)
CALI, TtlAX(Y, ICCIUNI', TF.ND)

CONTINUE
CNIJ IK
I l ' l  IT A b K .E g . i l  THEN 

SO 'V E  EQS USING 005NUI'
PARAMETERS KOI! CU5NBK 
ERRREL-DSijRTl X02AAF ( I ) . 01,0))
M/A-70000 
IF  A 1 1 I

.S i.u 't  i:o n t ln u a t iu n  u k i i i i )  r,m u llo r a t  tln i t*ud
I'RIN=KK
DO W t  ICONT-1, N3TEPS

tW K [N K F K E N D - r a iN ) ' 'D S lN (P I/ 2 ,U IW '‘UFLuA T (tC O N T- l) 
i.i /DFLOAT(NSTEI’S - I ) )

W K IT E (JT E R H ,* )K K , ICONT
CALL C05NBF (FUNC, 1CUUNT, Y , F ,  ERRREL, WA, LWA, IF A IL )
IF  ( I F A I U J T . O )  THEN 

W R ITECN O UT,*)1IF A I L 1, IF A IL  
W R IT E d T E R H ,* )1 I F A I L 1 
FN0RM=0.01)0 
W R ITE!IC U U T ,» )IC O U N T  
1)0 « i0  1 ^ 1 ,1 COUNT 

FNORN^FNORM4F( I  J VMt2
W RITElNOUT, O ' B l R . S . l l ) '  , IS U B H  I ) , I S U U 2 I I ) ,  IHIJU J (  I ) ,  Y ( I ) 
\/R I ’l'E (1 COUT, ' ' )  I SUB I ( I ; ,  I S U B 2 U ) ,  t S U B 3 ( I ) ,  Y i t )  

CONTINUE
W R ITEC N O U T,*)'L2  NORM', USQRTCFNORH)
CALL PLOTCY, [COUNT)
STOP 

END IF  
CALL TNEOO , ICOUNT)
WRITECNOUT,’-) * RA ‘ , Ki i 'UAMMA,
W R IT E C N O U T ,M 'R A " ', RA, 'F K '
W RITECNOtrf,■ ' ) '» > 1, FK'

11)

' T i l f E L K ' ,  T IIIK W : 
FK/DSQRT(RA)

11
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wRirt iwin ‘o', pn
W RlTK iSO U l WAVh Nl'NBti%s' , K, I.
FNi'RM-rt.wr 
wRITK lUU.'. . ,  O U H H W
!>t> n o  i ;,n’i>rNT

F V R h  h v W F i t ) * * :
«KJT* i VH r, >' Ih K, , • • , : Li 111 I, iDi I ., 1;,UIUU},U I > 
mii'rKiicotr,-vu.u ,.M ii i .  u > 'u :in . u i u n n ,  Y in

wWIM'K
w«. : u v m v v u  i-^r, i i’kinkn* km) 

vlo riV . UMl’Ni \

M l  ;?iA\a\ HVIST)

I' - i r>t i >1 4 io i Y
. ■ ... i-;,; • i sr
*' : •-'riMVil .

- F

.1.

' ;*!< 1 [%F , 1̂- ' '.U , ! .i , i i f i !ai J
; i , : .  ; r  h t m  -

.1 < V ) J t  ktv
r. At *

■ r.*i « i-l [ ■ i .jL'1,» *1 1 1 
i H i r.vi i ‘*r -■ ■ i-(‘ i I lifr N 

M i i - i

. i ?■ H > .■;- 
: Y* i r 
hi. T p N

.-i'bh'.rjist ri.siiiKUh, ij, iii, i, urr.iii 
Tf fcUf. & «A-H.U-.!; 

i’AlA I • hl'M J/
h '  ¥ llu li . l l lu li

Tr.ol r .!;; IiM.OAT< If< LoAV( iii • 2 r  0 ^LluHJFI.OAH IiJ'^O)
U i l ' L I  -ii‘ I^LuAtfM I'HtN
I * f L 1 

t.L.,L

KNtJ If 
hhT’ 1 *.

r;.,.KV( luijiiNT, y, Y‘<f.u v >
IW M ‘JlT  Ri.W '« i A-M.O-nj
hval'j itij tl.u turn U u tiv jtiw ? a  tlifi rt ii.m itb  l«<r U1VPAU
UfcAf, K, Ni;
r<KAL '8 YbERVUui,), Y U JU j
UJMNM /SCH/ .jL'll, tfUJU, S W J, M W , fFUU , NCi-UNT 
UlNM'iN /IuUfJ/ f *')'J), Itf.'IWUOU), U U JJU O m  
f.WMoN /TMWI/ aus
'.UMM'iN' , COEFF/ tiUERVf J >♦ 1 , *,IU : m 1 , ) , 1H - JO *. 1 , • JO ; U\, 20),

c
CIS 
c -• 
c  •« 
c -•

G --

It nDERVC-20:41 ,* 2 0 :4 1 ,2 0 ),  C ( - 2 0 :4 1 ,- 2 0 :4 ! ,20 )
CUNHON /PARAMS/ BETA, wAMMA, P I ,  T H IE LE , KA, StCJMA, CKKL, FK , Xt.fi 
COMMON /SUDS/ IR , I S ,  10 
COMMON /WAVIJ/ K, L , M
DATA IN / I / ,  NOUT /2 / , ITERM /4/, IC0EF  /8 / , IC0UT / 0 / t IN IT  /16/ 
REWIND CUNIT='J)
WIUTEUCOUT.'O'Y IN TDERV'
B0 15 M ,  [COUNT 

WKITE(IC0UT,")tSUIU(I), ISUB2(I), ISUB3U), VU )
CONTINUE

- Tho uorrnct ulomont of Y la aaaXgnud on tho sdmo b js is
- ja in thu main program l.o . using tlio ',i)iintui' Nuount which la
• incruoiontad fot ouucy aUni»3..ibU rs pale 

N(MUNT-l)
• Equdilon ftii onocBy balunuo 

111) 20 NCifUNTa l , ICOUMT/2
ItifiaUBKNCOUNT)
IS-ISUU2 CNC0UNT)
IQ^ISUDJlNCOUNT)

NU=>aQRTC(DFL0AT(IK)','K)'w'2+innjJAT(IS)','I. V"'i)
1 dot tlilg lot' nqujllull 

tt'LAG=l
CALL SUHIKY, [COUNT)
CAI.L SUHTRPCY, [COUNT, [FLAP)
IF t i TR Eg.U).AND. ( IS .E ll.O )) THEN 

TEWl» r 1. ObO • (• 1. ODD) IG) /DFLOAT( U! ) ,  l> I 
•' +0.5tW*Y(flCOUNT)

tSUHI+SUM2W . 5II0»(SUHA+8UH5)
EI,dE

TEH!l-0.5nU''Y(NCuUNT)+aUm+SUM2+0.5U0''lbUH'.+SL'M5)
END IK
B D ERVUK, IS , 101-1 -SUtD-tP l'< Pt*I)FU)ATC IG"If3) l-NU-'NU)

■* '.'0 . SDO'-’Y (NCOUNT)
>• +KK''‘TEhH)/SIUHA-'''2.JD0

YUERVtSCOUNT)-UUKi’Vt IR, IS , IG)
CONTINUE

Eiiudtlon [o r concoutruiou L;i[<iin;u 
IK) 30 NCOUNT-ICOUNT/2+ 1, ICOUNT 

IRoISUIIl(NCOUNT)
IS=[SU112CNC0UNT)
IG-1SU0 J tNCUUNl’)

NU-SQRTI (DFI.OATC IH)VfK)fnV2+([)FI,OAT( IS)‘''T,)'v;j2)
But tliig for mjiiJtion 

I FI.AO-2
CuLt, SUMIKY, IimST)
CAlL SUHTRPlY, [COUNT, 1FLAO)
IKK [R.KQ.OJ.AND.dS.Eg.U)) THE)I 
TERIl-USINf (DFI.UA1 f 10) *0 . &IJO)"i'I J/d’I'. rliFI.iiATdO) *0 . '.1)01 J 

>* +U.5I)0'Y1NC01JNT)
* +SUHl+!iUH2+0. 5Uu(SUM'i+SUMS ,

ELSE
TER!1°U. 5l)0'‘Y(NCUUNT|i SUH1 t-SUMJ'0 . 5li0“( SUHA+SUH'i)

KNI) IF
CI)EHV(IR ,IS, IO)“ (-SUM3-( I’ l ’TM IUFLOAX 10)-0. HlU)' ■■ Ji-NC-'-Nt)J 

•' *0.5UU--'Y;NC0UNT)'-XLE
* -FK/BETA/OAMMA'TEIUD/O iOO 

YUERV(NCOUiT)tCDfcl(VHR, IS, 10)
CONTINUE

o
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KETV'.iN
-.11

,-:i 1<K r r i s t ;  Vl'Ni iCiH 'NT, V ,F ,  PAR)
••II'! :'.T KEAI.
t . v n i i l f  tllU  ' . i t lO I I  U lt . .m l t 1. l i'll 13 , |u i i\ i * Mil-'
lUAI, il K, If.
KLAi, 4 I’ f J . U I l ,  Y t200 )
. MM «, JIM' S U M  , SCH2, SUM 1, SWIh, HL.W. «OHNT 

••*<>•*, {5 *8 /  IS '. 'B tU ’O U ), Ia l 'l l. ’ (.'O i)> , I S U B h M U )
, i TtU’SiM/ SUMS

NH'..\ : \ . m v  i)l!E S V l- . i l  *1 . - 2 0 :- .l,2 U l,  H I-20.41,-2D •’u >,
I m I . JU ) ,  i : I - J U . I , - JO : j  I , JO 1

-*!•. N ' i m v t s  sKI'A. OAHMA. f t ,  THULE. HA, StliltA , CHBI., FK , .\l.E
> 'i ‘ ,Mi !i , S I l)S/ IK  , I S , P i 

wAVe K . L .  M
m a  .•< ! . s h u t  , .  j t h i h /4 , t o i t f  •»/, i-nrr .••/, i m t  / to/

- « ! ! . :  I S !  t » t
i IE . * '!■ ;i.l’, ■ i ’ Y IN HNU'

. .  1: I - l . U V I M  
»h : ;t.i i... i r ,  io i i i i i  H i ,  i s i !b.:i 11, t J i i t i i d ,  v t n

. ur,! .lUn.unt ut V is iv. i.;ri,‘:| ..u tin* -jjit.u 
'.fit' /.un ttag r.im  i e u i i i ^  m- V  ..nut w liu li  r .

i ' i  u v n ry  ca i> u t

. . i !  . ii [<i ■; " j i . ’ i »;y tij I jn  c
_ I . i .

.i< •::.. i-t • ••
?' h» ■ ’ . i i 

: ; i - ; - M i
V  :I1.i I W,l- LllA I , .H i ■ K > *-M Lit L'JAl I 1 /) i l.i ■ ■.! I

■ ■■ .*! j»j t j j  . . ju jt tw n
u'u.-i
i AM. ..I MiJlY, tfi,’ Si)
■ a;.!. li-MTUl'lY, l f « ,  IFLA U i 
I f :  1 Ik  t 'J  m .A M I .1 t s . w  HI I fltfcN

It.n 'l- i 1 u lm - i- i .'Urn ■ Hi i / lu i J iA n  Hi i/ f 't  
+|l jt)‘J T: Y ( f.CoUNT )
+ .IjH I-H IM 'h+u j DiI ' ( M i (I.i i s ,I'M5)

hi, .h
iti'M -/ •8o *r»s ,.i» iN T> *stw tn A m n n . m - t s t » » « w i 5 1

I’ii) [>'
I i ,iit m  i-- il;.,)■ i f  M ' l  r t ' I . iM l i  itj - iiii'(N ij -Nu> •■o ! i ja / v i» : i ) i i ‘(T i 

+t k -t e r m
M i : ,  i.

i A I fill 1.1 II ,i‘M 1 it J vl ti.ll.JIl'U
r j  , ’j  • , i,./ . 'n . i .,u u M / . i ,  [ i i n , . r  
Ji'-I .NT)

ii-IulVhWiT)
; ,  : ,i u s i v  / M i

MJ-:AjRTl ( Dl'I. lAI ' Ill )"K| ■' JM liH .uA Ii I a ( • 1.1 '<2)
.M t 11 iy  r..r

iI.-.U, u i.H IllY , IC U h T )
• M L  3 i: ." I I( I '(Y , Ii.iiIJ'lT , t F U W i 
I F U l h  t ' J  0 ) AM) i l : i  Ei) O i)  ntt-N 

T EW W / lU N d W X O A T l H i) - U 5t)iJ) f' I j / < f't 'i[lH .()A T ( Id  I ■<). 1)0))

■■ +i). jU 0 '‘Y(NC0lJNT)
• +8UHttaUH2+0.5DU*(SUM4+SUHS)

ELBE
TERMED, ODO*Y ( MOUNT 1+S1JM1+SUM2+0. 5DO* I SUHWSUi|5)

END IF
FlNi;i)UNT) = -SUH3-1PI -PI ‘ (DFI.OATI 101 -0, 5D0)'«>’*NU*NU)

* •'0.jBO*V(HCOtlNT)»XtE 
■' ■ FK/ BETA/ UAMHA’'TERH

10 CuNl'INUK

RETURN
END

C
SUBROUTINE SUMBIY, ICOUNT)

_ tnp i.iatr lifAL'.-B ca-i i .u -J)
I’. —  Eviilu.iuo iliu multiplo smunutlon .li'talng tmn non ■.tnuar tonn 

REAL"B KAPPA, K, L 
REAL-'B Yd’" ! )
U'OHHUN /HUH/ 3UHI, SUH2, SUi. , SUM.,, 1 t-T.Ai3, NCUUN1'
COMMON /COEKF/ BDKRV(-20i «I 20:41,20), 8C-20:41,-20;41,20),

'* CDEHV('20!.'il ,-20:41,20), 0( -20 s4 I , -20 : 4 1,20)
COMMON /WAVE/ K, I,, M
COMMON /PARAMS/ BETA, CAHHA, P I,  TIIIELE, RA, SIOMA, UIIIU,, FK, XLE 
COMMON /SUBS/ IR, IS , 10
COMMON /REAI.SII/ X IF , XtU, X III, XII,, C l, C2, KAPPA 
COMMON / 1 SUB/ ISUB1 ( !!00), [SUB2120U), IS(J|U(2CIU)
COMMON /MAXSIJB/ MAXIR, MAXIS, MAXIU, M1NIR, MINIS, MINK!
COMMON /TRC/ rTKCl-2U:»l,-20'41,20)
COMMON /WURKSP/ hWKSP 
HEAI,.'8 RWKSPCIU070)
i:\TEItNAI. F l ,  F2, F3, F5, Kb, F7, FAK20, FAK2I, FIIKI’.O, FBKZ1,

it r c n o , fckz i, fdkzo. fdkzi
DATA ITERM / i /
SI IN I -U. 01)0 
SUM2-U.0D0 
:iUM3ai),oi)U 
SI'M4--O.ODO 
E-I1FXIH I . IiDH)

C --- Pji',motets lo t DiJDAU
0 --- Wo :i|iU t up tliu tnsiun ut Intagr.ition tu av. |.| m io ia  with 
C **“ [.uriuijti; tunct tons 

Xl-O.uDO 
X2«0.7D0 
X3-M 0D0 
AERR^l. Ut)-S 
RF.RR°1.0D-5
lJuiiJratiire rulu fur u s i.t l l j t a rv  tuncttulib 
IKUI.E^b

DO j.) IF-1.MAXI0 
XIF=I)FI,OAT( IF )
Xl(l-l)t't<OAT( III)
CAU, UIJDA0IF1, XI, X2, AERR, IIERh, IHUIX, All, ER)
CAI.I. DDDAUlFl, X2 , X J , AEKU, RERR, IRi'i.t, A12 , Elt)
A1-A1HA12
CALI, DQDAOtFii, X I, X2, AEKU, REHII, I IIL'LE, A51, ER)
CALI. UUl)AU(F5, X2, X3, AERR, REKR, I RULE, A52, ER)
ASoAiUA^

C Enutgy uqujtlon
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vin-ui kq n i iif n
; ll*Y. IK ,* . i . -i 

.LMl-aiNI+Ai Nt-h'.rM' •) 
i? IF
■ ‘i;t i-lt W li .! l.n i

i.-j .>i>s
-. 1K.\ IK , . *i' i
■ Ml-;' Ml- '.. V(Ni

Y

It v  M' ; 1 I .’’A'Nr iiH . ■•ii.ti'rs i t  Uu. , in.l ui ...nitty 
' . i NT-1, *
-I*-'- till Il>,.i:NT)

: :  . .I DJi n v 'S T ) 
t * * ■ '.ti

tT-l.'iCl.ITL.-NTi 
: i- ...i c:. in  .'ST'

an ;!•:»]
:v.. r> *.t :h > ... ..i in 

i ,*:" i >k ;s i ; j : .  <•>

- . t t t..it ill! lu l l
•.iwH.ar.n.
-.It - HilU. . It.
. \ K-. r ■ i ii >

r 1 r '..A 1  ̂t . . 1 ,U.‘i
. ,i1 i t , *. i ,  ̂. ALI.h , r.i.K , IM-LE, \.. 1 , t.Hj 

A;.; . I' . Afc hR , i.: U f. IRl'I.t, A-.’ , Ki<)

•U-'ilH2«V( II"jv:MV-Yi I n,e.TUiMUSr/ 
rSD . t 

t r J11 a • jujt 1' 'ti
:f ’ • :.a ; b j , T;u.s 

. 'a il :..imuiF!>. x i. a .  aerk, ..err, i w u ,  am , k ri
M i .  I/ .U liiFo , X I. Al.hR. REHR, Itrt.'tE, Ae.2, EKI 

t-.'. -AfjltAtii
M. -.ji-uti i ii .j ;r.-r i -y. i h u m * r.;.ium, 2»’•*«>

f-W) IF

1. Ui it'.! 4.VIJ

»»;> ‘.iv.jti-.li

it • JF'.Au r.'v 1 ■
FAW'A- .',nri i[iFI..‘Ari II-)> Ki ‘'-2+iI/Fl.uATi lij) L )' ’ ^)
r t i i i l i '  f.i/.u i AND . K-i. LU . J ) ) u U .ii ir . t i/  ui AM) (1U si/ u ) j j
I IIF N

.:AI.I. U j UAIJ t lA M J.  X I,  X2, AKIiK, RFRR, IRUI.K, AK21, ER)
a,.!. .. ,:.aij ■ fakzo, r.i , aerr, herr, iru le , akz^, erj

AK2-AK2I1AKZ3
CALL M A C  'FBK2U, X I, AERR, RERR, IRULE, BKZl, ER) 
.ALL [,.,'DAr; iFUKilu, '.2, ALRR, RFRR, IRU U , BK^J, KR) 
llK-l'K ilvUKaj

EI.SE
Cl=l<A” Ht’-Xro/KAl>l»A/(DKKI-1KArP ' tDEXPC-KAPPA))/

* (P I **2«Xl 8*» 2+KAP PA*'1 -,
C2=RA/ (PI*»2*XIO*»2+KAm*»2)
CALL DQDAG (FAK21, X I, X2, AERR, RF.RR, IRULE, AK21 , ER) 
CALL IIQDAG I PAKU L, X2, X3, AERR, RERR, IRULE, AKT..!, ER) 
AKt-AKw1+AK22
CALL DtjDAU 1FBK7.1, X I, X2, AERR, RERR, IRULE, HK»1, ER) 
C.AI.L D1JDAG (FBKZ1, X2, X3, AERR, RERR, IRULE, BK1U, ER) 
BKZ-BK2H-B17.2 

ENU IF
SUM3=SU»I3+Yf IPQCNT)*Yf ITUCNT)"

«  (- (l)l’LOAT( IP*[T)v-Kv'K+I)FLOAT( IQ»rO)*t*t)-'.U,2
+KAPPA»KAPPA*BK2)

END IF

Cum.mitrati.on miuarton

IF(IFLAG.EQ .2) THEM 
KaWAb SQRT( ( DFLOATt IP ) »K)*>'2+ (DFLOAT11Q)>'L )« *2)
IF t C ( IP . EQ.U). AND. ( IQ.EQ.O)) .OR. i C rr.EQ.v)) .AND. t IU t'Q.O))) 

•* THEN
X2, AERR, RERR, [RULE,
X3, AERR, RERR, IRULE,

CKZ1
GK22

ER)
ER)

GAEL DQOAGfFCKZO, XI 
CALL llQDAUt FGKZl), X2 
CKZ=CKZ1+CKZ2
CALL DQDAG( PDKiiO, X I, X2, AER'"., RERR, [RULE, IjK:U , ER) 
CALL DQDAG (FtlKZO, X2, X3, AERR, RERR, IRULE, DKZU, ER) 
DKZ-DKZ1 +DK7.2 

ELSE 
KAPPA.ME.0

Cl=RA‘'Pr-'XIO/KAPPA/(DEXP(KAPPA)+DEXP(-KAPPA,)/
... (p fm»2«xiC*»2+IUPPA*«2) 

C2»RA/(PI«»2*XlOv»*2+KAFPA*»2)
CALL DqDAGlFCKZl, X I, X2, AERR, RERR, IRULE, UKSI, ER) 
CALL DQDAG(FCKZ1, X2, X3, AERR, RERR, IF "  E, CKZ2, ER) 
CKZ-CKZ1+CKZ2
CALL DQDAG I FDK'Z 1, X I, X2, AERR, RERR, IRULE, DKZI , ER) 
CALL DQDAG1FDKZI, X2, X3, AERR, RERR, IRULE, LK22, ER) 
DKZ=DKZ1+DKZ2 

END IF
SUM3=dUM3(YfIPQCMT)*YfITUCNT+ICOUNT/2)*'

(-(DFI.nA'I'l IP1'IT ) ’,,K' KrDFLOAT( [Q*IU)>-L*I.)*CKZ 
"  -KAPPA«KAl'PA*I)KZ)

END IF  
CALCULATE SUII4

Euoi’gy LiqviQCIon
IFdFLAu.F.Q. 1) THEN 

CALL DQDA0(F3, X I, X2, AERR, RERR, IRl'LE, A il ,  |R)
CALL DQDAG IF3, X2, X3, AERR, RERR, IRULE, A32, I.R)
A3—A3I+A32
SUH«=SUH<i+Y ( I PtJCNT)*Y ( t'I*UCNT)lvA3 

END IF 
CunuuntnUion equation

IF lIF U a .E Q .2 ) THEN 
CALI, DQDAG(F7, X I, X2, AERR, RERR, IRl'LE, A71. EK)
CALL DQDAGfF?, X2, X3, AERR, RERR, IRULE, A72, ER) 
A7=A71+A72
SUHAsmM4+Y( IPtjCST)*Y( IU ’CST)*A7

i
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END tF

■ si :m 'e
i>T* UN* 
tMI

1 *iNt j  : \V, lii-AiJ)
.’!H I.'ir KK.AI. :■ . A-11,0-J 1

i.  i j i c  Ifte tt ip lt) summit uni tl^in ncm-illiujr Uum
h,-A. 1 KA1TA, K, L

■' V j J i In i
, ,>i'B U-fBIU'W. n , ISl'BJUOOl
' "‘s N •• W ,  tUKHVl-i0 .<l,^0 .-.t,.n,

oLERVi - : v . -1, - Ji> »1, .0 ,, Ci -.'u. i I , -2U: 1 ,  2U)
. ■>,“ S W.tVF K, I., M

. PAHAMS/ ftEfA, CAMMA, I'!, THIELE, «A, SIUMA, t'-IIRf., FK, XL& 
' ''V> N vBb Hi, IS, 10

kt.UiiB XIF, MU. XIII, Ml., 01, AHI-A
• - W N  TO.iB ‘lAXlK, MAMd, MAMG, MthlH, Mi'll.), MlNltf 

TKiV •* 1,*i#>
' ':.M‘ N i.-.ol.M aUM1.

*iM S W- ht u.*/ iWK:>P 
■.t K. * fcnl.-jP: I 1.'/* J)
•S. t'.AI -h , til 

". :

FM ' i 'I'
i s f

I. ' 1 i i't 1 -,1 ‘i w 1 lIi

■ i. ij tu r t !  lulu n r  ia i.i i I at*.t y ttnu.c iijn^
u r A-U.-b

'<C'iT m l n i'i’NT IMNCST ire utihui'i h i  tliu p'l. tu mn oufts 
. 1- I 1, Io.jUST/ 2 

ic .i.'.r)
"■■iCNTl

:;t--w B i i j *  ‘-rt
iu , rcoi.'NT.-;'

i r - w b i i i i r a r r j
i i  ir jn p  m n t ;

CNTi
,ni w  iHNi'f.T-i, iu a m v  2 

I ’l- I'il.lili IllhCNT) 
i'.- lSi ■|I3(IMNC!1T)

BJIlHNCIirj 
!F U I I ’+ ITHH) .’<£ IK i hii J'lJ 10
n<< t^+ lu n N ) .tit , [a j ijo t<j iu

.lummy 'jubitiiipt:. iliat jru  ruul 
XIO-bt'UIATrilii 
X lt-DFW ATUIF)
Mll-bFUJATf Ilf>
■MI. IfW A T d l.)

C j l u i t i i t u  .umnation

i ,iuri;y i iu.it ii.ti

IFdFLAO.Eq. 1) THEM 
CAI.L DQDAO(I’4, XI, X2, AERR, RERR, IRUI.K, Ail, ER) 
CALL DQDAGU’4, X2, X3, AERR, RERR, IRULE, A42, ER) 
A4aA4 1 ̂ A‘‘t 2
SUM5-liUN3+Y( IPOCM'O^Y! ITUCNT)*Y(IMMCNT+IGOUNT/2)*A4 

END IF 
Com liiiLr.uion uquaclon

IF(IFLAG.EQ.2) THEN 
CALL DQDAGfFB, XI, X2, AERR, HERR, IRULE, A81, ER) 
CAI.L DOUAflCFB, X2, X3, AERR, RERR, IRULE, A82, ER) 
Ab=A8)+A82
SUM5-SUM5+Y (I PqCNT) *Y (ITUCNTH-1 COUNT/2) *Y (IMNCNT) »A8 

END IF
CONTINUE
RETURN
END

SUBROUTINE TNEOtY, [COUNT)
IMPLICIT REAL*8 IA-H,0-Z)
I.ullICq any tumpmratiirii lQbS than ambmnc 
REAI,-'8 K, L , KAPPA 
COMMON /WAVE/ K, L, M
COMMON /COEFF/ BDERV (• 20:4 1, - 20 :4 1, 2t) 1. B I-

20:41,20), C (-20 : ‘V1,
■ 20:41 ,20 ), 
•20 :iil ,20 )

10

I) CDERVf -20:4 1, ■
KEAL’<8 Y (200 )
COMMON / 1 SUB/ IS U B K 2 0 0 ) ,  IS U B 2 (2 0 0 ), ISU B3 (2 0 0 )
R EA L "8 C O EFK  - 20 :41 , -20 :4 1 ,2 0 )
COMMON /PAUAMS/ BETA, OAMMA, P I ,  T H IE L E , RA, SIO.'IA, CKKL, FK 
DATA IN / l / ,  NOUT /2 / , IT ERM /4/, ICOEF /8 / , ICUUT /•>/, IN IT  /16/ 
OATA NTMAX / 1 7/ 
l)U 10 1=1, ICOUNT

C O E F F [1 S U B 1 C I ) ,1 S U B 2 ( I ) , IS U B 3 ( I ) ) - Y (1 )
C O u FF (- IS U B 1 ( I ) , IS U B 2 ( I ) , IS U B 3 ( I ) ) = Y ( I )
O G EF F (IS U n l ( I ) , - 1 S U B 2 1 I) , I S U B 3 ( I ) ) - Y ( I )
C O E F F C - IS U B ld ) ,  - IS U B 2 C I ) , IS U 1 3 JC I))—Y C I)

CONTINUE
2MAX-PI / K'»2 - 0D0/ DSQRT (3 .0 0 0 )
XMAX-PI/K
DO 15 Z=0.0D0, ZM A XH .0D -3 , 2MAX/5.0D0 

DO 15 X=0.000, XM A XM .O D -J, XMAX/5.0II0 
DO 15 2Z=O.ODO, 1.00011)0, 2.00D-1 
TIIETA-0.0D0

DO 20 NCOUNT--1,1 COUNT 
lo ISU BKN C Q U N T )
J=>1SIIB2(NC0UNT)
KK=ISUB3(NCOUNT)
3 U M = C O EFF (I,J ,K K )

■■ UDCOS(DFI.OATI I)» K *X )» D C O S ( D F tU A t ( J ) « L *'<!>
■ -D SIN f DFI.OATf 1 ) ' K-'X)'-USIN( DFLOAT( J ) • L ' i l ) J

TlIETA=THETA+aUM> DS IN IH l*DFLOAT( KK ) " U )
CONTINUE
IK (T IIET A .LT .O .O D O ) THEN 

W R IT E tN O U T ,") '-..TEMPERATURE S E O A T I V E ' - * 1 
W R IT E (IT EH M ,« ) 1 •'•>,'*''''''T EM PERATURE NEGATIVE'1* ' ' '1* - » 1 
STOP 

END IF  
CONTINUE 

K ET IR II 
END

2
1
9
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I , -~u *1 , -J )

. I ;
' ; . 1 'hi ̂ }■ J ■ I - , - I 1 I i
fc
X,«* A'ih\.’>

.l »,
•■It",

1'h, .u.h

.♦i*. i ivU
: • „  ̂'.T i,I * vr :

-, '-ax '.i.//fr>
’■; Dfci»*■ 'i.l n r ;
•f -I

•. u c  ■ i iM w . :A r  i , K x ) i« i, vr< J >• r. : i
♦ w iil'M -n .i-A l: l . ■ K -IjjjIN i D i'I.u A l1 J >• I, ' I 

> 'ALh*--i-jKM.H/jAl I j - '- M :  • i'V l.'j.-'Ti j i ■ r, :>

I i ■ 1 r i. i ' ' AM» I t.'i i n  i Hu'<
F-RA Zi.. M .  n  .'KK-' liiiC ^ K K  I ' l  : : ■

r.I.'jf.
A i'A/1 P I  .  »K- .l + KAW'A - J ,  
f.i-A  F I  > K, KA(*FA/ i I.tM **KA i'i'A  i + hl.XH* -VAt I'A i i 
h - . I 'U , I . . ' . l  iKA!M'A KA l'l’A ;,;jM 'A  b ,.i..iK K  PI- -W.i

i.UU IF
im iA - n iM A v j  s l i i i M p i  i iF i/ > A i'S 'K r  :;:i 

M-KAm - J  b

..’-.t l . t td l  i ;U rn > iJ l) ’'U

JU 
C -

:0 .h 1,-2U;‘* I , JO ) , 
: <41, -J0:41, JO)

1)0 10 NMUNT-l, ICUUNT/2 
r»ISU0UNCUUNT1 
J=ISUD2(NCOUNT)
KK* f SLffJ 3 ( NOQUNT)

SUM-CC[* J,KK )
■ (UCOStDFLOATfH^K*X)*DC0SiDFL0AT{J)*L*2)
• -DSINtDF I,uAT( I ) *K*X )*DSlN( D FLO AT ( J ) I/-2))

CnNC=CONChSUH*DCOSCPI*(DFIiUATrKK) -0. 5DO)v‘Z2) 
CONTINUE

THETA= niETA/OAMMA 
CUNC=0.JlDO*tCONCH.ODO)
WUITE (7 , •> )Z0 J . 0*(TIIETA+1.01, CONG,

U VELZ*2.0EW»/CHRL, X*C!IRr„ Z*CHRL
CONTINUE 

00’ NUE 
rtu.UKN 
END

SUBROUTINE TMAXCY, ICOUNT, TEND)
IMPLICIT REALW« (A-11,0-2)

V. *-• Ruuuttii tor p lotting 
REAL a K, L , KAPPA 
CuHHON ,WAVE/ K, L, M
COMMON /CUEFF/ BDERVC-20■ 4 1 ,- 2 0 1,20), B(- 

it CDERV( *20: h I , - 20: 1,20), C(-
KEAL 'U Y ( J[;0)
common , is d b / i s u d i(200), is u b 2(2oo) ,  is l lo c jo u )
REAL'B C0EFF(-20:41,-20:41,20)
COMMON /PARAMS/ BETA, GAMMA, P I, THIELE, RA, SIQMA, CURL, FK, XLE 
DATA IN /!/ , NOUT /2/, 1TERM/4,, ICOBF /B/* ICOUT /9/, INIT /16/ 
DATA MTMAX / M l 

C --- Energy otjuation
DO 10 1=1,ICOUNT/2 

COEFFfIbUB1 (1 ), ISUB2( I ) , !SUB3<I) )-HCl)
C COEFFl-ISUB1( I ) , IS U B 2 (I) , IS U B 3 (I))~ Y (I)
C COEFKf IS U B H I>, -ISUB2UM SUB3f I ) )e Y ( I )
C COKFFf-ISUBK I ) , -ISUB2C I ) , IS U B 3 ( I )M (  t )
10 »:ONTINUE
C --- Chuosoi tho halght X Jnd Y f lru t  cliuck dC lu»Xiigon contra 

X-0 ODO 
2*>O.ODO 
THTHAX«0.0D0

10 DO 15 ^2=0.000,1.00011)0, 1.U0D-1
TIIETA-O.ODO 
VELu-0.ODO 

•*- Enuigy equation
i)0 20 NCOlNTa L, ICUUNT/2 

I-ISUBl(NCOUNT)
ISUD2lNCOUNT)

KK-ISUBJCNCOUNT)
bUM=C0EFF(1,J,KK )

• ’UDCOSlDFLOATt I J*K>X)»'-DCOSlDFLUAT(J} fL’-2)
-DSlNlDFlUATt I )v,Kv,X) vDSINlDFLOAT(J )V;LV<2 )) 

KAPPA3S()RT(DFLOAT' I)* ';,2*K*'fV,2+DFLOAT(J)';*2*L‘,vv',2)
IF ftl.EQ .O ).A N D .(J.EQ .O )) THEN 

Fs*RA-''22/t,I/KK+HA/PI**2/KK**2Vi0SIN(Kk*Ptv,Z2)
ELiiE

ho
N3
O

itsUauajauats

4 . )



*& \

') f

A-KA i M *'» i'-K K»*;:tKA t’PA '"*2 )
ill \ r I  KK, KAPPA/ i I’EM ’ t KAPPA I H IKXI’ i -KAPPA) )

f~ i tlKKPlKAft'A'CZ)*OKM’t •KAPPA'-2Z)l+A.'<DSIN(KK--Pt*'^3)
END
Till: ; liETAt SUM-’■'US INlV't 'DFl.uA I'I KK I »Z& )
tii. . IJ.-’Hil N KAI’M

• MNIIM K

. ilKTA-riltTA/ uAHMA 
ImTHETA ijT TtmiAN! flltN 

:ii]M\-M;TA 
lit'lUH? ̂ 2 
tvt>.-Hi 

END IF 
CfNris'ij,
w . in'! tv J t  vtH tex
,F.: t) i.iuo THEN 

Z ri K't I'l.i't.iijijK 1'11 I'liui
■I M  .u 

KSL. !r
» h ;* L t  I ’ , ;  I . 'M  ' 1'■ ( THlflAX+l ' I ,  lUt-MnX. Yl'i-i3KD i'HHL., PE IO IIT  CilKI. 

•I , ItNU, rEMi CKKL ’’ .’,.' i/h-.-J. :mm  0
' ' l . i l l t H .  •.

- - I '. f N

i' r :. ; 1 ilit.KU ill*- int .lit.1-1 t jt J'.HiAii

a a ;  ih i  : •> : • •. ; I :< 1 1 . i 
: Mai. * .'-ii

H-AIjU. M F ,  ’.I), XIII. M L ,  01, i.;, KAPPA 
i.'u. ■! faiu
1*3 . » l i  J.b , l'~  I illO
, MStXIy F'i ̂  I' T C u M  i MF-u /I.Ui PI I 

t.M)

'.tKA i'REt -lM'jN tVSCT,f jN Ft l .11
'nn:-j;r m ..u. « a-h . <-J(
.MC-j'i kLALJb/ M F , xta, Mil. Sit., Cl, 02, KAPPA
tAI, a PAHA

II :
r ~ -/ ..IN* Mil' PI J ;  -DM Nt M 'r  I * I ) i  liCUj i ! MF-0 5I)i) i 'P l  !u )
!•£. *' il'<
I.Ml

ti!i,E l'hF(;l.,IiN HNCTluN FJl,’i
I I  [<I.A1.■■i 'A-H.v-Ii 

v,:l:t,.'i I(I,AI.jll/ .'.IF, M i ,  Mil, XII., t.'l, KAPPA 
hfcAL « >:APPA 
H - j  UlVJtfjJj/'JJIiO
I j*bjtNtXIi<- H  (Jj- Ii'UJiiXIF 1*1 i!) DSINf.VIH PI ;,’j 
i-K.i PS 
h:«0

U O L IK t C lh lo N  FLW.'TIiJ.N f A i i i  

.Ml'I.i.'IT '•EAI.d iA-ll,
i. jTIVi /UAI.iU/ y.ir, .Ml/, .Mil, .ML, Cl, i.'J, KAPPA

REAI.V8 KAPPA
HI=3.1415V26S35793DO
F4-DSIN(XIG‘''PI*.;)''t)SlN(XtF*PI*Z)*DSINtXlll<'PI*Z)*DC0S((XIL-0 

I) l‘ l*Z)
RETURN
END

DOUIU.E PRECISION FUNCTION F512)
IMPLICIT KEAl/'B (A-H.U-Z)
COMMON /REALSli/ XIF’ , XIC, XIII, X IL , Cl, C2, KAPPA
REALMS KAPPA
IU=3, 1415')2b535793Dl)
F S- U S IN ( X I F ;'P  1*2 )*UCOS ( ( X 10 - 0. 5D0) »P I  * Z )
RETURN
END

DOUBLE PRECISION FUNCTION I'6(Z)
IMPLICIT REAI.*B (A-H,0-Z)
COMMON /REALS 13/ X IF, XIO, X III, X IL , C l, C2, KAPPA
REAL*B KAPPA
PI«3. |l>lS‘J2b5;:7>JJDO
Fb=DSIN(XUI«PI*Z)»DC08UXtF-0. SDO)»l*t»i!)“ 0COSCC.VIO-0.5D0)«PI
KETURN
END

DOL'ULE PRECISION FUNCTION F7(Z)
IMPLICIT REAL'8 (A-ll,0-2)
COMMON /KEAI.SS/ X IF, Xli), X III, X IL, C l, C2, KAPPA
RKAL'e KAPPA
PI=3. K15‘J265357!)3D0
F7=DSIH(XIII*PI#a)*DSINtXIF«PI*Z)<'0COS((XIO-O.5DO)*Pt«2)
RETUHN
END

DOUBLE PRECISION FUNCTION F8(Z)
IMPLICIT REAL*0 iA-11,0-2)
COMMON /REALSB/ X IF, XIO, X III, X IL , Cl, C2, KAIM’A
REAL*8 KAPPA
P I“ 3 ,14 IS y 2b 5 35 7931)0
F8=D8INIXIH'1, I*2)*DSIN (XIL ','PI''-'Z)*DCDS(IXIF-0.5DO)*I, I*Z)>'DCO'-' 

I) 0.5D0)'VPI"Z)
RETURN 
END

UUUilt,E PRECISION FUNCTION FAKZO(Z)
IMPLICIT REAL*8 CA-II ,0-Z)
COMMON /REALSI)/ X IF, XIO, X III, NIL, Cl, C2, KAPPA 
REAL*8 KAPI'A
COMMON ,'PAHAMS/ BETA, OAMMA, P I,  THIELE, RA, SIGMA, CIIKL, FK 
FAKZ0-DStNCXIF'',fP Iv'7. J ’;DSINf XICJ-P r-;Zl*

It RA/ PI /XIH* (1. ODO+DCOS ( P 1 *X I IP'Z))
RETUHN 
END

DUUBLE PRECISION FUNCTION FAKZllZ)
IMPLICIT REAL*8 (A-ll,0-i)
COMMON /REALSli/ X IF, XIO, X III, XII., C l, C2, KAl'l’A 
KFAL'B KAPPA
COMMON /I'ARAHS/ BETA, HAHMA, P I,  THIELE, l(A, SIGMA, CURL, FK

.500)*

■•■Z)

, XI.E

, XLE
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/
i

m.;t-USISiXIF»PI*il P{UNlXliV-Pt*2V W ' K A I W ‘lKM,lKAlU,A»i:n
.1 t.xrt -KAVVA- t hi>i ■ xiii I’ c ru o su ’ l 1 xiii ;.; 
lit it rn
END

: ii'U ••KEi'ti.i nvu!-.-N zi 
i>iri.I.".T RKAI.
: H REAUS8, X IF, Xlu, XIII, XII., C l , 02, KAPPA 
'.t Al, » KAPPA
\ "M.'N P  ARAMS' BETA, IAMMA, P I ,  T I I I E U .  UA, StiiM A. i-IIRI.. FK, XI.K 

i - x ii im . is ix iF  p r : v  n a iN iX ia  r i * ^ )  <
'1 n« l l/M H  atIiH!,'nPl'XIH'l2bPI .XIII) 
uM: HN 
1M­

; nLF l'«F . I S l c S  F IX r T M N  KBR2I'2>
. * i i. I ': i V htA i. ’1 i A - H , 1' )

>'M )<EAL.'U XIF, MO, XIII, M I,, C l, « ,  KAPPA 
hi At. H KAI PA

MNuH FARAHS dETA, tiAMMA, P I, llitELE, RA. dlilMA, I'HRt., IK, XI.B 
m u - v i  x ii h.v-hxif pi :;i n s iN ix iu  pi

> ,:i . ix p ' i 'a p ia  -txpi'KAPPAx;:')<•.:*•n.iiNtPi'-xiii-^)
I iiN

’ LE i i'Ki I - '■ . -1'‘ »!';N H'KlOi..)
!*:i:;T Kt.Aj - A . •.; i 

" HcAI.jF ,.'i i 'i i X(H, '.'I, C2, KAPPA
>) KAPPA
u i'ARA'Is. iit.!.'., ,m \ ,  P I,  V llltLE, RA, UtiiMA. aiRl., FK, XI.K 

f i .!u-ii . -  .i. i'i , Li'tim i xiij-o jiiii) T’l i11 
, HA I'I Mil I I 1'.'tlHiObll'l'XIII .1))

:' pn

keai.*s kappa
COMMON /PARAMS/ BETA, liANNA, P I, THIELE, RA, SIGMA, CIIRI,, FK, XLE 
FI)K21-PI’,'(XIF-O.iP0)'''DSINllXIF-i),5l)0)*PI*Z)^DCOa((XIG-O.5D0)*PI',Z)

II ,OMEXP(KAPPA<'Z)-E>;P(-KAPPA*Z))+i:2*t)!;iNUl [*X III'’'Z)
RETURN
END

i Htt I’kfcCISI.-H FlWITIuH Fi'KZU2>
IMPLICIT RKAL--1 iA-H,'i-2)

■:•! N PEAI.MI XIF, XIll, XIII, X IL , C l, W , KAPPA 
i • -SI. •> KAPPA
.. .*!!!• ,H PAkAM BETA, tJAMHA. P I, UltELE, RA, SIUMA, CIIM., FK, XLE
f :F..l. ,'0 (XI '■'-u. IIiu)>‘P t'’i!)'-DCiW( i Xlo-u. stiui' PI ?.\

, -Cl •KAPPA-'iEXPtKAPPA' Z) +
,i EXP' -KAPPAS j + Pt XIII C. tlCuSU'I ‘XHI ..!)

r’.u

i i.iiii. pw.i;i:;ii,>( il,nation m a n  

IMPLICIT KtAl.’d  tA-ll,'<-2)
” ‘P,‘i PEitI.i>U/ X IF, MU, XIll, XII., C l, Ci! KAPPA 

KfcA.V H KAPPA
art" ••PAKAMS/ BETA, OAMflA, P I,  I'll lE t .t , KA, SltiMA, CIIRI,, FK, XI.E 
Ei,i ::u-.'i ’(xie-u ’.h o j ls in u x i i- 'j  ii)uj> pi> I 'Duusi ixiu-D. jIjo j■ pi Zi 

,i ■KA/H/XIII'lf;H i.ii:i(PI'‘X III'',,!)/P !/X III)

(SI)

IiOUBLE PKECISInH HSCHoN FUKZK2)
IMPLICIT ilEAI.-l iA-ll,0-2)

,'REAtSB/ X IF, XUi, XIH, X IL , C l, 02, ilAPPA



The following program written in Fortran 77 (STAB3 FORTRAN) is 

calculate the eigenvalues for the stability analysis 

steady-state solutions obtained from program BED3NEW FOP" 'AN.
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. ^ - V r  ,
ii ■ .X'.'.v jK;V Ws- '■ V r'.'-1 '

. •- v, f • 1..VJVV -..rt .vv.-.1. HINIU-l
■-Al.iTLAfE nit ;• I.J KNVAUIES K'K I'HK .iTAUIl.tTY ANALYSIS OF ■■ i: -~- ICUUNT iHiiini.ii Lbo nuinbiiL’ it  (.outticioiiti! t.u. tliu numbuc t)t
’.‘HE ..r.AEliY ;- • ;i. -\JUrnv1N iJFNtKAlTl) UY LKDJNtW • c -- - Hquutluna that ^atiiity  tlm tvimcatiun aiul p an ty
AStUMINiJ A V if ■1KPFR REAt’TIuN ■ KEAUtlCOUT.'OtunUNT
WITH OPEN 1 ANH LINEAR KXPANSION i)K THE EXPONENTIAL 1)0 11 t=I,ICUUNT
V»P Nl'MFRl- IN'UhKATU’NS ■ RKAUdCOUT.'MlR, 13, lli, HUB, IS, ID)

Y (l)= IH IK ,Ia ,10 )
Hit* jti'.nly jt.ui.‘ •:'-Jt*tticuM itb .uu u*ad m having bi*un ISL'Blf t)=tR
.‘V "H -'-NhV ISUBIift)“ lS

’ IT KKAL-H vA-H ,0-,:) ISUDI(i)=10
l AUAMLIFR (Nk\S-U> IK(IR.OT.MAXIR) HAX1R-IR
f\tAl.-» K, L IK(tS.ilT.MAXtS) MAX1S-IS
?.fcAi ?' IK(IH.aT.MAXIO) MAXIl!=IB
*M1. i  AAvNfc.JN.NfcijN) , ItKtNfcCjN), K11N’1. ,'N) IK U R .l t .MINIS) MINIRsII!
.'i ’ 'Mi'N IS l1? ' 1 hi'tli i . "01, loUBJUOoj, ISrB JUO U) IFUS.LT .N fN IS ) MINIS->IS
\ "I1! N i' i\Y &i *, ■ , * jo ,h I , J t n , IFU U .M ' MINIO) MINIil-IO

IF U .L E . IIMUNT/2) THEN
: MM'>N WAVE- K. i., ■I ITRUf IR, IS , I01*=t

MM' -S I'ARAMa, bKTA . ■ iAMMA, P I, THIU.fc, RA, PHI, >'!lHL, IK , \li, END IF
. MMvS lifM/- Sl'Ml . :il •i:, SUM3, SLMm , IKI.Ail, NCiUJNI’ n CONTINUE
•‘:Mv n ik ;sc:m ; •;»■*! WRITEC INIT,'lf) ICOUNT
. MMtN MAY.il a ' !A\ i i<, MAX 1 S , MAX I ti, MINIR, MINIS, MINI tj DO 111 1^1,ICHUNT
'MM N ii'Hii ;j,. : j . Iu W RITEdNIT,") ISUDIl I J , ISUD2U), ISUQ3U ), Y ( I )
v  rus.' ih- \ • „ i '♦!»“ .-*-* h 1, *'•>) u i CONTINUE

- l . <e.h iM  it K i M ,N i WRITE UTERM,’1*) 'NUMBER OF TERMS', ICOUNT
. - .a is  i . »«tir ^ , I TERM m , Ii.utF 1 , , Ii^uCT,')/, IN ir . 'U . , a ---

r . Nfc I*J “ o -- - S ta rt  loop to aaanniblu matrix
’ !*-i , J t  j.’ ftc i c -- ■ Aauombln matrix for tlm anavgy uquatlon

. *i 1 i-'u I FLAG-1
: I -- 5 i >* I 1. t i  . ' > , i DO 15 J- 1,1COUNT/2
Ti.- i 'M-; :ii-i IR= ISUBKJ)
v j ; jt  ;,j!i -t■ ii i Wivu tiuiuliiu .inti t.i.k tl.tg toi IS-ISUD21J)

;.U ji : n , t'l. a , ; ; a. K IU~ISUU3(.I)
j J j !.yu i j  * j..u i,i «-t ■■ra DO 10 1=1.ICOUNT

IN .' t.'F, U\->I. .■ A, >.Ku, \KLu, X.'IU CALL SUMBlY, ICOUNT, I )
!••• I"  IN.-iT'.;, Wiu. <AV, IITCAI1, UfcMAll, illIRt, CALL SUHTRIPIY, ICOUNT, IFLAQ, I )

; IN ,*■ 11ht AH IF U  EQ.J) THEN
; E tfM ^ M P M SI •■•.!■r;y .jud/ i i ,uiiii'j-Ki’j i i >■■■*2 A A lJ , I ) “ l-0.3l)U*(
; a - *AV j nr i;* i- i ■■ Hit!/ Itil'i ■ I't.RM ■ liTCAt*/ '.KK’j/ Xllt1 l> IUFI-OATUSUBId) )*K)«J+1UFLOATt ISUDl!(11 )'-L)>»'
«AMMA-KA '« JlnL 'i, I' J It ♦m*.i2*DFUJATC ISUIJDl I )« *2 ))
JbVA ;fjLLTAH/ii g -*[;•.i i'),moAi'/ti ;uDu 0 *2. 0I)U''SUM3+FK>'< (0. 5D0+SUM1+SIIH2+SUH4+
1'iUU.E-n XK>;-Hi I '1 HTUAk"(1 uOu-KI'SI) clIKi.’ i;lll(L it 0 .SDO'fSUMS) )*2 . OUtl/l’IH

* !»IJ i ■ UK'- i ( -'iAMMA j ELSE
'4j'j '/.Ku ' ... UIRL i'V|ITCAl'"'<1 i DEXFl -GAMMAJ A A (J, I) “ l-2,0D0','SUMJl-FK>,'(0.5Dl)+SUHl+SUM2+SUM'i+

■Yli ■ I *'■'‘iKAV • - K l'S li>  1 ju uOD/XMM i ■ ') It 0.5Dl)'SUM5))*J,UD0/l'III
,dl HiJtn pjr^irxtei ■, i i t  thu [*ij'.iiivy lixpununtul 'ippi.■ jxitnjtlun END IF

h.\ul Ai< m<A/'»AMMA WRITEl NOUT, '■ )AA( J  , I ) ,  1, I
!• A-ffA./IAh IU CONTINUE
*> tiK IA T iIKU 15 CUNT1NUE

»K111, i N' , ' i ' FK ‘ , i K u
ji.,iHdto wjvu t: ....■ Aasumblu matrix tor thu noncontratton uquatlon
I-v<hTi<\-A/-* '.l.-ii IFLAU-2
► - vM iA A I. I , DO 25 JuICOUNT/211,ICOUNT

Mjximnia uitJ nijtii; um v tu[ Llii> IRn lSU a i(J)
MAXih-'i IS “ ISUB2(J)
MAXIb -'J IO-ISU l)J(J)
MAXI‘i i l DO Si) I - l , ICOUNT
MIMh-u CAI.L SUMBlY, ICOUNT, I )
MINIii-M CALL SUNTRim , ICOUNT, I FLAG, I)

ho
ho
4>

0  *«



i n  I tg n  r  .
AAiJ,n-. UtMLE'-'c

i i; . j a t i i s u m t n i d f l u a i'ii p i u i j in  >•<i . s j

*i .■■*>*DKI.i)ATllSHD5lt),'ii:n
> vm.hkk,'ibeta"i;a(ihai
i .1) ‘ipii+^nn t-si’Mj *-rit :i-.f
. 0 III' Sl.f,1. I I KPJ1

A A . 1,1 i— l bUMa+t'K,' ( HETA*:SAMHA 1
i »iU =■! O+dlHl+HUM.! *-srM-+
; 0 i» i) ’ Sl’MS I ) fcTSt

N! IF

wit; irr, i a a iJ.I i, I, I 

’.;:m  i.

j,. i '.'.f * i Euul tl.rt t-i^onv.11 u.'S *1 \A 

; t,.r F02AIF
v-,v.j NT 

. . - 1 . ',i‘

'i , r J/ llt ' AA 1A. N, l*K, R l,  INI iEK, I IA i l . )  
i t  . : Ai [, .;r ». IHt.N

.••tiii.' I'U.'.i' . I FAIL
i1

. r
. ■ N.-.r i, ’M  .I N'.Ai. La'
• ■ ■ ' ; 1 . i: '■ N'T 

« ' : Nr,; i, 1 ikki I f, i»i. 11
■. : ’.L'E

: . r ■ 1 'N t FAhCHKl IK . 1 i, II-kFLu)
1'ii ii'.i'i f'LAL fl <A~ll,U'Jj 
f.. r parity

*! -i.r [..jAT i IK+ IS i 
i- ii’i jUi.hm.j ui'oi 

:: 1 l .  -1 NF '.i n l ' i  i IHEN 
. : i(t 1 

LL..I
I t tfl I J-.J

r>..j it
. .■ :< h.n

;.'«i

. iM M '.fc  M 'NUIKUK. IS ,  10, !l, ITl l-'i 1 
: t ! :< ! :  kem. « ia - ii ,u < ! i
i-’-'iA 1UKM <!/ 

k t t .n .  H l..fi
i U I ~ )  JOIjU LH.tJAi i IK UHJH.UATi I i- • 21 ‘i J-U'JillKLUAl'f UJ' Hi) 
I K U j I  IjT UiFLOAIiN >1*1))) THEM
in i,;-i 

tut
I i l'Lii-*'l 

LHU IF  
KETl'KN 

I'.H

SUBROUTINE SUMB(Y, [COUNT, INDEX)
IMPLICIT REAL*B (A-ll,0-Z) 

c! — Evaluate tho multiple summation arising from non*linear curm 
RKAL*0 KAPPA, K, L 
RBAL*B VC200)
COMMON /SUM/ SUM1, SUM2, SUM 3, SUM't, I FLAG, NCOUNT 
COMMON /CUEFF/ B(-20:4l,-i0:<il,20),If C(-20:<tl,-20:1.1, 20)
CUMMON /WAVE/ K, I„ M

COMMON /PARAMS/ BETA, (JAMMA, PI, THIELE, R A , PHI, CURL, FK, XLE 
COMMON /SUBS/ IR, IS, 10
COMMON /REALSUBS/ XIF, XIQ, XIII, XIL, Cl, C2, KAPPA 
COMMON /MAXSUB/ MAXIR, MAXIS, MAX IQ, HINTH, MINIS, MINIG 
CUMMON /ISUB/ ISUB1(200), 1SUB21200), ISUB31200)
COMMON /TRC/ ITRC(-20:41,-20:41,20)
EXTERNAL Fl, F2, F3, F5, Ft), F7, FAKZO, FAK21, FBKZO, FBK21,

II FCK7.0, FCKZ1, FDKZO, FDKZ1
DATA ITERM /3/
SUM1=').0D0 
SUM2-0,ODO 
SLM3-*O.ODO 
SUM4«). UDO 
E-DEXPd. 1)1)0)

C — Paramuturs for DCJDAO
C •-- Wu split up thu rugion of Integration to jvoul errors with 
C — punudlu functions 

XI =0.01)0 
X2=U,7DQ '
X—i .odd 
AEKH=l.0l)*5 
RERR=l.i)D-5

C — QujUrjturu rule for oscillatory functions 
IRULE-b

C --­
DO 50 IK"I,MAX10 

XIF-DFI.OATHF)
XI(i-l)FLOATdO)
CALL IKiDAPfFl, XI, X2, AERR, RERR, IRULE, All, ER)
CAM, OqtW .1, X2, X3, AEKR, RERR, IRULE, A12 ,ER)
’! ' ’
IFUEK.UT.O) WRITE! ITERM,")' IER Al' , I ER 
CALL DQDAG1F5, XI, X2, AERR, RERR, [RULE, ASI, ER)
CALL DQDAUIFS, X2, X3, AERR, RERR, IRULE, AS2, ER)
A‘>~A51+A52

IFlIKK.UT.O) WIUTEiITERM,*)1IER AS’, IER 
C Euurgy uquation

IFlIFLAO.EQ.1) THEN 
NsITRCI 1R, IS, ID 
IFf (:<dCOUNT/2) .EQ. INDEX) THEN 

su;ii“Ai 
END IF 

END IF
C --- CoimiMitijtion uijuattou 

IFUFUU.E(J.2) mil 
N“ITKC(IR,IS,IF)
IFlN.EQ.INDEX) THEN 

SUM1-A5 
END IF 

END IF
iO CONTINUE

n u k ii
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I t

1 I . ' * .11 ' . . t i l l !

. i , Hi t ' .
. i- ’. j  w .  Ah: -; ! H t .V, i , 1 it J

- .. < i t ' j ,  , ".1, V H ' ! I U< , IM 'i,!., ,\h^,

' -■ I HP-1 I : I !.: " ,  / ' : r.u A t . ' I ;
'.• . • i

■ • : ;i i m * [r. .I Ni . , a u

. . I— •■■■ : .., riij-.n
. . . ■ 1 ■ ; i ,

■ j'l I'. ; I,

1 C ' 1 I I.;'. < L , . . ; :u  s
. t  ■ :i j .■ ■■■: : , .[.t ■■ , : ,t; •.
KAl-i .v  .<1! 1 ' .  i .H j i .M  : i' I ► . j H U H . i i . ' , .  : r . 
. r 1 ' l I i ‘ I ,‘f J AM , ' l ; j  l.'l ‘i l l  I lk  I I I .  : AM . I.’ IJ J J ) 

: 7 ,U . i, ' ! A K ‘ I , -1 , ’ J  , !■■ I ; I !.l. , ,K . ! l ,  D l l
■-AI.1. li'i!'.- .'. A t.i.h , h i , i i .  i m . i ; ,  h i o

<'k z -ak ;:h a k z 2
i K  ILK UT.U) WRITliC I'l’tiRH, 0  1IEH AKZ*, IER
CALL Dl)DAG (FBKZO, X I ,  X2, AERK, UKRII, IRUI.E, DKZI, EK)
CALL DiJllAG (FHK20, X2, X3, AERK, RERR, IKULE, DK22, EIO 
UHZ-IIKZHllKM
Il 'i  I13R a r .O ) WRITEHTERN,'- ) ' IEU OK,!1, IER 

LI,;;k
a 1-RA -PI■••Xro/KAI'PA/1IJEXPtKAPI’A) +DEXP( -KAPPA))/

» tPl(!*j.vsiOf-*2+KAPPA>«'2)
C2 =RA/Cpr*'-U -X[i;«-*2+KAPl*A’« '2 )
a i , L  IllJIIAU (KAK21, X I ,  X2, AERR, RERR, 1RULE, AKi! 1, HR)
HALL WJDAIi (FAK21, X2, X3, AERR, RERR, [RULE, AK22, ER) 
AK2=AK2L+AKZ2
IF I  IF.R.UT.U) WRITE! IT E R H ,* )1 IER AKZ1, IER
CALL UQDAG (FBKZ1, X I ,  X2, AERK, RERR, IW JLE, DK21, ER)
CALL DqDAU (FBK21, X2, X3, AERR, RERR, [RULE, DK22, KR) 
UK2-BK2HUK22
tt I IE R .u r .0 )  W R IT EU T ER H / ')1 IER DKZ1 , IER 

END IF
3UM’J=;;UM J  t-Y CITIJCNT )'•- 

• ( - 1 DFI.UATI It»IT)*K>'<K+DFWAT( M M IJ )■ L 'L I«AKZ
+K'APPA’‘KAPPA*DK2)

END IF  
END IF

i' - * - \uu L'lit t ,it i it mjuition ^
n-vni.Aii.Eij .;} n m  K

I.AI'PA-.SijHTl iDI'LOATl I P ) * K ) "  •2+lUFUIATl tq)> t., • -a)
I F f l i l ! '  Ei) 0 ) .AND. (H i- EQ ,0 )).U R . ( ( IT  E q .U ) . AND. f IU .E q .0 ) ) )
THEN

CALI, 1). '''IFCK7.0, X I ,  X2, AERK, RERIi, [RULE, CK21, ER)
CftLL Pgli/i HIK20, X2, X.3, AERR, RERR, IKULE, CKZ2, EK) 
CK2=CK2HCt.u2
IF d lR .U l '.O )  W R IT E (IT EK H ,« ) 'IE R  CK2', IER 
I-ALL DQDAG( FDK20, X I ,  X2, AERR, REKR, IKULE, DKZI, ER)
CALI, DQUAOIFDKZO, X2 , X3, AERR, RERR, IRULE, 'JK22, ER) 
IIKZ=DK2I+UKZ2
IF (lE R .C ’r .U ) W KITEtITERN ,1' ) 1 IER  UK21 , IER 

ELSE
C  ■ ■ ■  KAPPA.ME.0

01=RA>'PI'XICi/KAPPA/(DEXP(KAPPAliDE.\P(-KAI'PA))/
■ I l’ l*>-<2.'XIO**2 fKAI*PA**2)

K 2 - IIA / ( P I >■■■•' 2 >■IX11J ■2+K A P P A> <'« 2)
CALL DgUAIilFCKZl, X I ,  X2, AERR, RERR, IKULE, CK21, ER)
CALL Di)l)AlHI'CK2!, X2 , X3, AERR, RERR, [RULE, CKZ2, ER) 
i:K2-CK21i-CK22
IF d E R  OT II) ' . , iu iE ( IT E R H ,n 'IE R  A K ii', IEK 
HALL D>,i)AU(I'Pi;(.l, X I ,  X'2, AKRR, RERR, [RULE, DKZI, LR)
CALL DgilAU( FI1K21, X2, X3 , AKRR, RERR, IKULE, DKZ2 , ER) 
DKZ-DK21+IIK22
IF (IE R .U T .O ) WRII'El I TERM, -v) 1 IER liK 2 \  IER 

END IF
IFU l'qCNT.Ei). INDEX) HIEN 

SliH-i-lil;H3+V( ITUCNT+1 COHN IV 2 )»
I - (d f i.o a r11p*i r )>• k>-k nii-i.uAi’( i • n, > l  d -ckz

■ -KAPPA-'-KAlW'DKZ)
END IF
IF  11ITLMNTitColNT/2).Uq INDEX) THEN
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’V, .  ran *

tinû y
: i  ' i t ; ,i'i t.Q l )  I hen 

i^i-i. ' ‘lU A U tF J. s i ,  \ 2 , \i-kk. f tK K ,  .m i.  u<i
• ‘ g i i . U i F J .  x : .  >.J, .u .kk, KtivK, i k i .l e , . v u ,  i:m

A •■•. ■ i*AJ2
i t  it.', ur ■■') H K iT K i in h f i ,  I ' n . k  m '  . i l k

. :■ i‘NT i 0 I.M itX . 1‘HKN 
i i 'Ih h , irri'N r)''A )

u
p.

i<H I ■ -il
IK- '••■ • ; Eg J )  iht,s

'Ai ;. . ,'l).Vi.K. , . 1 , x ., AtKK. ktkK. IK I I t ,  A’ I , Ek I 
il .. ,'iJ.VitK, >.2, \ J, AthK, kt.I'.R, IKLf.E, A'^, Ik l 
. ‘ 1 I M '2
r. : ;t t iH iT i. u u .m , r  ik k  **•, u k
• r •; %•: t.’j . m is  

:i i<<i ; >:m i a.'

i! -•
iKi;i,E=t>

U’tlCNT and ITUCNT IHNCNT avo counters lor this | q , tu mn eootfs 
Chock that l’+T+N=R, q+tl+N=S, P+i}, T+U N+N avon,
IV ],  T,U M,N truncdLml 
DO 10 I I>qi:NT= 1, ICOLNT/2 

I I ’=>I.SIJU11IPQCNT) 
iq= ISUI)2dW NT)
111= I SUB :H WONT)
DO 10 ITUCN'l-l,IC0UNT/2 
iToisuimrrucNT)
IU=ISUB2dTUCNT)
IIF-ISUB31 it u «:nti 
DO 10 IMNCNT-»l,tC0UNT/2

I M=> I SUB 1 ( IHNCMT)
I '  SUB2UMNCNT) 
li iUB3dMNCNT)

IF(dP+IT-HM).NE.tR) CO TO 10 
lF(dq+ IU+ IN ).N E .IS ) 00 TO 10

ibalgn dummy subscripts that aro roal 
XICi^DFLOATdG)
XIF-DFLQATl I IF )
XIH-'DFLOATdll)
ML=l)FLUATdL)

1 i-.li 1.11.ii Lilinimill Lull

: . .  .

i '♦?. 1l. U ‘ ' Y , « • it N 

■■ ■ A - f l. -i-.. ,

:n.Au, ISU-Xi

f - 11 i . J t e  •!,»> : i .i>lu *jui:;;'i.,n » it  i t 11 Kin i iU «* J l  t »• t .il
VI ’8 M t {-A, * , Ii

t  i

4 --M'.N '■;'U r ,' f * J O  H I , ■ „'j 

' ' 'i'i *«i , • .* )

I . •! J i . 
* I , ,:<) i

« • ’ ‘t MA'v!*. ► I-, *
1 't*f •« i Af-' I. i :iL; A , 'J/VIMA, t i  , lliii.iM,, HA, 1'MI, HI.I., iK,

j • , I i t I-J
i 4,‘ ! ’• - / \li', \Ui, K ill, X U „ s:i, <-.2, y.M'YS

>;V‘i ■’» *i.‘. ' • 1 ii ■ ‘JAMH, MAM ■i. NA\r*», 1IIN 1 1 < , M i M . i ,

:< -*1 I ! i  <:i * , : ' j  i j ,  -b 'J n 1 , J
- MM U - fi./  M itMO

“ M'/S . U .b / i J i f i i . .*ju;,  *.</'/1, V J  H k

■ '..M<*.A[, F.i. M
a i a iTm :i i ,
,1 'i —  .-Lid 

i.k.-.i ■ i : i 
.:,a t fl’OC! t i l l  !■ t v l  ' 'jilA fi
Wu Ij i i I it  Up r . I lij 'l ilj  ,t it  lull til jViil'l i ' l l  it!, Wlt||
(lOf 1 J . l l  . I ti, t i .r.s 
X I - - i  ‘jIiu 
hi- ' I l»i 
XJ-1 i.'UO 
AF.KK-1 nil-; 
id.UK^! (ill-j
ni l  J . lt iltu ti) li il i !  I ' j t  11 I j t  ;ty  Iuin.iu.ii-,

- Enurijy uqtiduion
IFC IFU U .EQ .l) THEN 

CALI, UgUA(S( F4, X I, X2, AEKR, HERR, 1RULE, A«l, ER ) 
CALL lUJUAlilFi, X2, X3, AERR, RERR, IRULE, A.<2, ER) 
iVi îV'i MAh 1
IF lIE R  HT.O) WHITEf ITERM,lf) 1IER iW ,  IER 
IKC IPQtlNT. EQ. tNDKX) THEN 

SDHi-dUHS+Y( 1TUCNT)*Y( IMNCNT+ICOUNT/2)"A4 
END IF
IFdTUUNT.EQ. INDEX) THEN 

SUM 5 aSUH 5+Y d  HQRNT) >•- V v I )1NCNT+1 COUNT/ 2) ■'' AA 
END IF
IF l ( IHNCNT+ICOUNT/21. El). INDEX) THEN 

SUH5 UH5+Y( II’lJCNTl■'Y11TUCNTI - 
END IF 

END IF 
\3tu:L'ntr*iUan aquation

IFdFLAl3.EQ.2) THEN 
CALI. Di)DAU(FB, X I,
CALL DiJDAU(F8, X2,
AB=A0HAH2
IF (1 ER.tlT.0) W RITE(ITERH ,'')'IEK A81 
I F l l l ’tlUNT.Elj. INDEX) THEN 

Sl'HS=SliH5+Y t ITUCNT)»Y (tSNCNT HCOUNT/2) *A#
END tF
Il'dTUCNT.El). INDEX) THEN 

8UH5t>Sl'H5+YttPt)CHT)<'YltMSCNT*lU0UN‘r/2)»A8
END IF
I ‘‘( I IHNCNT+lCI)l!NT/2).EQ. INDEX) THEN 

SUHSs t̂lMS+Y ( t PtJCNT>"V ( tTUCNT)*A8 
END IF 

END IF
CUM'INUE

X2, AEKR, RERR, I RULE, A81, ER) 
X3, AERR, RERR, IRULE, AS2, ER)

IER

^nsiafkdRiaE*^^

0
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i ’ : iIN iX Iii IT-'m i LCt St tXIF-i' i l 'J  I1 PI .’ I 
i r "

-Nil

; . .u  il.tvu io N  H'Si:rt.'N F :. , : i
■ m .a i. 's • ;-ii j
M‘. N n;A[,:.tl!-. X IF , M ti, M il, XI!,, C l, KAPPA 
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■•uxiti t*i .• (u iM M - . H  -St iN ir - i  :>

f.

:il r. , I h  I;,I "i ’ • F ' i : i
•: . :n i i,\i. i .i », ■
.“ •< i.t.ii-ri) \ .i, '.ill, ■.11., i:^, faim a
•■. 5 FAl'l-A

• i t „ \ u  i i :: i i*i .n

: t  il.h H V.'lIi*N U i , . i
u . u  « . v i i ,

"V •< hH'.L.jlb^. X IF , X l'i, Xill, XII,, : i .  C-, FAI'PA 
it  -- >) FAI'PA
'. > .
. . -- . I N . x i l i - ! I . , I N | \ I F  -I ’  i •t»INiXlH ‘HI - 21 i \ lk-a  • >lirt i”

* ;i i'S

. ! fir. l i  t. H f..-1 I j N K i . i l
I ’;'.:.; i t  htAt. i  a it,j- '.i

I N ;ht,AI,jUII!ii X IF , X K , ".III, XII,, i l l ,  « ,  KAI'I’A
* : >i FAi PA

h I'l I,I. ,;idXF i ,I)UI l-I Z i

‘ .Ii

I l:h';l.jluli H.Ni;Tl.-.N ib (2 )
;:ilI.i ;iT  HEAI, u (A-H.o-.-i>
,.mm.n /i<KAi.jru:;, x if ,  xtii, xni, x ii., i; i, a ,  kappa
IiKAI/ 1 KAI’PA 
p:-f
t». ii.iN fX iii <PI ' i ) ■ ticusi rx if -ii i i ju i- p i i« :u ! iu X I 'i- o .  >o«r■ P I 2 j
!<F. ‘ i!N

KNU

IIIJUUI.E PliKClSION I'llNdTIQN F71?)
iniT.it:i r  UEAi/'-a ia -i i .o-z )
CilMHON /HEAISUDS/ X IF, XIO, XIII, X II., C l, U2, KAPPA
KKAI/' li KAPPA
PI-1. UIS'J2tt533;*)JBO
K?^IWIN(SIH*PI*3)«DSIMlSIl.*"PI*Z)*PCOatCXI6-O.3D0)*l»I«::)
KKTUliN
i.Mli

UnlJULE PRECISION FUNCTION FH(3)
IMPLICIT REAI/'U CA-II.O-ai
COMMON ,'KEAI.SUDS/ X IF, XIO, XIII, X II., C l, C2, KAI’PA 
Kfc.AI. -H KAPPA
I*I-»3.1415>J165357')3I)0 .
FB=IISIM(XIII'.PI*i:)''DSIN(XIL*PI"'Z)fUi:oS((XtK-O.5D0j.'PI*2)*l)Caa(tX[U-

11 0. j|)0) "Pt"Z)
KETURN
END

DOUBLE PRECISION FUNCTION FAKZOIZ)
IMPLICIT KEAI.-S (A-ll,l)-Z)
cijnmon /realsuus/ x i f , xta, xm, x i l , c i , na, kappa
KEAI.f a KAPPA
COMMON , PAKAHii/ BETA, OAMMA, P I, THIELE, HA, PIII, CURL, FK, XI.E 
FAKitMtStNlX I F*Pt>'<Z)” DS IN (X I0«PI»2)*

11 RA/Pt/':lll*(l.dUOI-OCOS(PI*XIII*i!))
RETURN
END

UOUliLE PRECISION FUNCTION FAKZU2)
IMPLICIT REAL'-S (A-ll,0-Z)
COMMON /REAL.SUBS/ X IF, XIU, XIII, X IL, C l, C2, KAPPA 
REAL-'S KAPPA
COMMON /PARAHS/ BETA, OAMNA, P I, THIELE, RA, PHI, OIIHL, FK, XLE 
FAKZI-DS IN (X IF ',P l'’.'Z)'.‘‘l)SlN[XI0lfP I1*Z)'.'Cl1’,KAPPAv.'tEXP(KAPI)A,,fZ)-l*

I,i EXP(-KAPPA»Z))+PI*Xlll*C2'-'UC0S(PI»XIII«i!)
RETURN
END

UCUIILF. PRECISION FUNCTION FBKZO(Z)
IMPLICIT REAI/'B U - ll,0 “ Z)
COMMON ,'REALSUBS/ X IF, XIU, XIII, X IL, C l, G2, KAPPA 
REAL-li KAPPA
COMMON /PARANS/ BETA, OAMMA, P I, THIELE, RA, PHI, CURL, FK, XLE 
FBKSO»pt*X I F'‘UCOS (X IF ‘-PI‘<Z »-»DSIN(XlU“ PI*Z }*

1/ RA/ PI / XI ll“v 12 I DS I N( P1 ■’■XI ll,vZ) / PI / XIH)
RETURN
END

DOUBLE PRECISION FUNCTION FllKZl(Z)
IMPLICIT KEAI.*H (A-II.O-Z)
COMMON ,'KEALSUlia/ X IF, XIQ, M il, X IL , C l, C i, KAPPA 
REAL'S KAPPA
COMMON /PARAMS/ IIETA, 1AMMA, P I, THIELE, liA, PHI, CURL, FK, XLE 
FBKZI=P1*XIF"L00S(XIF *I” K)>USIN(XI0'P1 -ZJ*

I) Cl«IEXPtKAPI,A«Z)-iXP(-KAPPA'.Z))+C2*DSlNlPI>,'X III''Z )
KETt'KN
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END

DOUBLE PRECISION FUNCTION FGK20C2)
IMPLICIT REAL*8 lA-H.O-2)
COMMON /REALSUBS/ X IF , XIQ, XIII, XH,, C l, C2, KAPPA 
re a l A KAPPA
COMHuN /PARAMS/ BETA, GAMMA, P I,  THIELE, RA, PHI, CHRL, FK, 
FCKI!O^UCOS((XIF-O.5DO)'''Pl*2)*DCOS((XIO-0,SD0)''<Pt'V2)''

I) RA/PI/XIII*( 1. ODO+DCOS IP I*X IH "21)
RETURN
END

XLE

DOUBLE PRECISION FUNCTION FCKZl(Z)
IMPLICIT REAL*li (A-11,0-21
COMMON /REALSUBS/ X IF , Xtll, X III, X IL , C l, C2, KAPPA 
REAL'S KAPPA
COMMON /PARAMS/ BETA, GAMMA, P I, THIELE, RA, PHI, CURL, FK, 
FCKZl»nC08((XIF-0.5DO)*Pl*(!}*DCOS((Xia-0.500)*l>l*Z)

0 nr. l'-KAPPA* ( EXP(KAPPA’»u) +
II EXP( -KAPPAVf3) )+Pl “XIlh''C2''fDC0S(PI‘‘'XIIP,fu)
RETURN
END

XLE

DOUBLE PRECISION FUNCTION FI)KZO(Z)
IMPLICIT REAL'S lA*ll,0-Z)
COMMON /REA!,SUBS/ X IF , XIQ, XIH, X IL, C l, C2, KAPPA 
REAL'S KAPPA
COMMON /PARAMS/ BETA, GAMMA, P I, THIELE, RA, PHI, CURL, FK, XLE 
KDKi!U-Pl;f(X IF-0 , 5D0)v'USINUXIF-0 3D01'.PI''/,) 'DCOS( lXIG-0. ,1)01' PI«2)

II ••'RA/PI/XIII*(ZtDSIN(PI'»XIH*X)/l, I/X lin
RETURN
END

IO
MkO

DOUBLE PRECISION FUNCTION FUKZUZ)
IMPLICIT REAI,*8 lA-ll,0-<!)
COMMON /REALSUBS/ X IF , XIQ, XIH, X IL, C l, 02, KAPPA 
REAI.'B KAI'»A
COMMON /PARAMS/ BETA, GAMMA, P I, THIELE, RA, Pill, CURL, FK, XLE 
F«K21=l>l*lXIF-0. 5D0 )><DS IH( tM F -0, 5U0 >-'PI>'2)•' DCoa t CXIG-D. 51)0 J •• P I* i!) 

if »Cl*<BVP(MPPA«3)-EXP(-KAPPA«Z))+Ca»DSINtPt»XIII-'‘Z)
RETURN
END



The following program written in Fortran 77 (IGN3 FORTRAN) is used to 

calculate directly ignition points in the infinite layer assuming a 

first order reactit-n.
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CALCULATE THE IGNITION POINT FOR THE UNBOUNDED I,AVER 
ASSUMING A FIRST ORDER REACTION
WITH OPEN TOP AND LINEAR EXPANSION OF HIE EXPONENTIAL 
AND NUMERICAL INTEGRATIONS

• Use* C03NBF 
IMPLICIT REAL'.;- iA-ll,0*Z)
REAL'VS K, I.
REAL-1) WA(70000), f (200)
REAL*8 Y(2Q01
COMMON /SUB/ ISUUH200), ISUH21200), ISUHH200)
COMMON ,’COEFF/ B(-2O!Hl,-aO!41,.->0),

,> C (-20 :4 l,-20:41,20)
i’OMHON . WAVE/ K, L, M
COMMON ,'PARAMS/ BETA, GAMMA, P I,  CURL, Dt), XLE
COMMON ,MAXSUB/ MAXIR, MAXtS, MAX 10, MINI!), MINIS, MINIS
COMMON /TRC/ ITRC(-20:4 l , -20:41,20)
COMMON ,'WORKSP/ RWHSP 
-i.Ai.-8 RWKSP( 10070)
<XTERNAL FUNG 
CXTERNAL TDERV
I'ATA IN / l/ , NOUT l i t ,  ITEKM/4/, ICOEF 161, ICOUT /0/, 1NIT / lb/ 
Call to ensure chat chore la su t'fic lont workspace for DIVPAO

■ uivl DODAG 
CALL rWKINC10070)
Mu-lul parameters 

aliiMA^'JiiO.ODO 
PI = J .  1415')2b535;*nr)0 
SI.E-0 U353D0
<1 truncation parameter, wave number 

. .-.Ui A
>:u J physica l parameters 

K£ADtIN,«j EPSt, EA, XKO, XKEQ, XMU 
ht.AIif IN, 'OT0, RHO, GRAV, IITCAP, DEI.TAH, C:|RL 
hi !K IN ,'<) IREAD 

i'ERM=DP‘-DF*EPSI**V 150.000/ ( 1, OODO-EPS1 Y ‘*  2 
liA-liI(AV''3.b7D-Jf-TO*CllRL'''RIIO«2'VPERH-<inCAIVXKE(J/XMU 
GAM:iA^EA/8.314DO/TO 
BSTA=DELTAII/0. ''2QD0/T0/IITCAP/4. 76DO 
Til IELE^b . ODO«XKO'-RllO‘'IITCAP''<(1.000-EPS I ) ‘ CHRL*CltRL 

/ ( XKEQf'DP l*DEXP(-GAMMA)
Bt)=6.00O*XKO»RIIO**2*CIIRL**2. 5*HT0AP*>» 1. 3-UEXP( -GAMMA)

- , XKEQ"* 1.5®(0RAV*T0*1.670-3*EPSI** i /1 iO. OUO/XMU)**0. 5 
Parameters for tho positive  exponential approximation 
RASTAK^RA/OAMMA 
RA=KASTAR
V’K—BETA'-Tll I Et,Ef-GAMMA 

Jl tu la tu  wavo numbers 
r.—.- JI4TCA'-A/4 0D0)
K- ;qi<TfA*A-tPL)

Maximum and inlnimiim values for the subscripts 
HAXIR“0 
MAXIS=0 
MAXIO-1 
MINIR=Q 
M1NIS-0 
MINIG=1 

H'( IREAD. E q . l )  THEN

READ! ICOEF ICOUNT 
NEQM-ICOUNT+l 
DO 11 1=1,ICOUNT

READ!ICOEFiu t, IS, IQ, B (IR , IS , 10)
Y(n=BUR,> ,10)
ISUU ld )= IR  
ISUB2lI)--IS 
ISUB3( I)=IG
Il’ dR.GT MAXIR) ,IAXIR=tR 
IFIIS.OT,MAXIS) MAXIS^IS 
IF(IG.GT.MAXIO) MAXIG=IG 
IF (IR .LT .M IN IR ) MINIR=IR 
IFC IS.LT.M IN IS) MINIS-IS 
IFUO.LT.M IN IG) M1NI0=1G 
I F f I . LE. ICOUNT/2) THEN 

ITRCtIR,13,10)01 
END IF

11 CONTINUE
KEAD(ICOEF,t)FK 
Y(NEQN)=FK 

ELSE
C --- ICOUNT uounts tho number of couft'lcleitta I .e .  the number 
C --- equations that s a t is fy  the truncation jnd p J i i t y  
C --- Sot up coefflc ionta for tho enucgy uqudtlun 

IC0l‘NT-0 
MCOUNT=0
DO 10 IR--I0, 10 

DO 10 1S=-10, 10 
DO 10 10=1,10 

C --- Chouk parity  and t r  noatiou
CALL TRNCHKUR, IS , LO, M, ITt'LG)

IFflTFLO.NE.O) GO TO 10 
CALL PARCHKUR, IS , IPRFLO)

IF ( IPRFLO.NE. 0) UO TO 10 
ICOUNl'aICOUNT+1 

C --- In i t i j l i s q  H
IF(IR.EQ .O ) THEN 

U lIR JS d Jla l.O D O  
ELSE

B ( IR , IS , IG ) “ -\.0t)“ 3 
KND IF

0 —  Copv u Into dummy variab les Y la a vector 
Y(IC0UNT)-B(IR, I S , IG)
ISLiil(IC0UNT) = IR 
1SUB2CIC0UNT)«IS 
ISUB3IIC0UNT)-IG 
p-R(’.d R , IS , lG )  = [COUNT 
IFiIR.OT.MAXIR) MAXIR-IK 
IFdS.OT.MAXIS) MAX1S“ 1S 
IFIIG.GT.MAXIG) MAXU1=IG 
IFdR .LT .M IN IR l MIN1R-1R 
IFdS..V i’ MINIS) HtNt3-tS 
IF(IG.LT.MIN10) MINIO-IG

10 CONTISUE
C --- Sot up toot’fic i-n ts  for tho uonr:ontration equation 

DO 110 IK--10, 10 
DO 110 IS=-10, K  

DO 110 IG-1,10 
C Chock parity  and ituiu.atiuu
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STOP
KM;

SUBROUTINE PAKCHKdR, IS , IPRFLfi)
IMPLICIT RKAL-*ti iA-H,U*i!)

-  iJlu*rk parity
jliH-OFUMT( FR+IS)
TEST-DNOtHSUM.iiOnQ)
IF(TKST.NE,U.ODU) THEN 

lPRKt.ii-1 
ELSE

JPRFLU~0 
END IF 
RETURN 

END

SL'HW/I'TINE TKMCIIKdR, IS , 10, M, ITFI.fi)
IMPLICIT REAL'S iA - ll,(W )
DATA ITERH / V

- Chuck c tuncdLion
i-KST-i).75UO*DFtOATf IR**2 )+i‘FLOAT( IS*1' 2)'-n. 25DQ+UPLOATC 
iFiTtsr.irr.ii)FLuAT(n*mi))) t h e n  
t'rt'LG—i 

ti.SK 
ITKLU=0 

END IC 
Kb'lIiRN 

KND

SUIIkuUTfNE KL1NC (NEQN, V, F, PAR)
IMI't.ICIT REAt,-B (A’ ll,U*il)

- E va lu .ite  th« uquailon to r c o o f t 'ic U u ts , to r C05NUF
• Evu lu jtd ii the equation t o r  do L(Jd cob ],u ))s 0
- YlNKuNi-FK 

PARAMETER (NVAR=K)
REAI. a K, L, NU
RI'AL' li KI20U), Yf 200). AAlNVAR.NVAR), RR(NVAR), RI INVAR)
COMMON /SUH/ SUH1, :>Ufl2, SUH3, SUH4, IFUO , NCOUNT 
COMMON /sun/ ISUDU2U0), tSUB2(2UO), ISUB3CUOO)
COMMt.N /TUI'SUM/ SUMS
COMMON /COEFF/ B(-20i41,-20:41, !0 ) ,

It C(-20l 4 l,- 2 0 :4 l ( 20)
COMMON /PARAMS/ BETA, OAHMA, P I,  CKKL, DD, XLK 
COMMON /SUBS/ IR, IS , IQ 
COMMON /WAVE/ K, L, H 
INIEOEK INTOERCNVAR)
DATA IN / I/ , NOUT /2/, ITKKH/4/, ICOEF /8/, ICOUT /!)/, IN IT /16/ 
ICHUNT-NEQN-1 
REWIND (UNIT3'))
WRITE l ICOUT Y IN Fl'NC1 
DO j3 I-I.ICOUNT 

w iiiT Ea co u T ,'') isu B i(r ), rsut;-51 1 ) , is u n a in , Y d )
CONTINUE *

- l’li- c u tro c t oltiiimnt of Y la jsf,tgnod on tlui suiiiq bumij
- dn in tin! nuin proaruin i .o ,  u s ins  tho uouutisc Scouiic wliluh ia
- murumuncoil for uvory jC m tsalb lo  rs po ir
■ Equation  fu r cnurgy ba lju ce

DO M  NCOUNT-1,1COUNT/2 
IKalSlBUNCOUNT)

t>o
w
N>

v

» : .; . r
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ia-|si;B2*NCm:sm
TiJ-ISlIBJlNaWNT)

Nl’-Si!KTHl'H..,AntH )''KV«‘> illK I«A l'( l :9 l- U « J )
,-M't tl.ltf tilt Oqu * Ivld

I FI-AiI-1
■A[.L ., li'u rsn

.'A IL SI ’ IPtY, Ii.nl NT, i m o )
IV u lR  : tl) AND I IS F.(J.il|) THEN 

VtliM M I 01)11-1-I >U!u )-•■ ru)/Uft.tlA If [lil/ l’ I
♦ 0 - 51I0'-Yi NOOl’ST) 

i-SDMl+StiHJH) 5U0>-1SUH*+SfH'> i
!•■ mLiI'.
JtKM-'t inun '.n+sim + sifu*'! in),'i:ii;nHt'biiHi)

C.p IV
.Vi;! UTi-'-Sl M i > I’I ITD F IjM T I 10M  ) W - N l ' l . jDU«Y(NCOUNT) 

vYiNElNi ll.KM  
n K Iit i IiER M .M V iI.a lN T ), NCuUNT

• r'.TIM  t.
1 .i:r„ui« Ui .'l.u ii i >r t!n! t'tioifjy uqiKit i',n 
:«■ ’.j *-1,1. 1 ST, 2 

ih -  l i l ,  ’ > 
ib - :s ;  B i i  it  
: ; m  it
i . • ;  .-i.NT

:a u . 1’van inY , l e . m .  11
. i..i 'ifn i'ti, -.r, in,ah, i 1 

a  i t ,  th e n
.'.A' ; -i

,;r! * B11 1 I r'K I 2 M I<r ! 1 'ATI l,il;U J ( I 1 )• !.) --'i 
*!‘l : !. .ATI ISUBJi 1 )■ ' I 1
■ h » i  > '.Kl,.u - isi jU um i  Mi ^ «  12 m . ;i)ij '
M' , ,

c I,, t

"iA( I , I < - * :f Mi+Y1 ) ■ [ 0 . i J1Hv 1 M11 . 12+0 ilJ't'M SI.'M't +
SUI5 i >

t iv
S' i t ,->jA A (j,n

'.r:M t 
s ; : l

f l*r this i!t, tr,it ion b jljiu ii
i ’i I M W

IV-; :i hi i no lis r )
. I B2t!iuilST) 
i . i ,I-!>j i M.i,TXT)

M'-.,i.KT( (LH.i.AIi 1R, K )'■' J + t 1)VL- lATt I I - I . 21
< t t 1 i)j !v,r Q‘IUtlt lull

;v i.v ;- 2
:AI.I, J. 'IB tY , I '^ l '. I j
-ALL sniTRIPiV, IO iL'NT, IVLAU)
It  (i IK tfj U) AND il^  tg o n  TIILN 

rtHII-ttSINI iLiH.uAI 1 10 1 - ' i . 5IW)•• PI i ,' 1 1-1•>(UfM<AT( 10) -') il)U ))
H) J I)u,'YlNi:ijLNT)
tji::ili:;i : l *  j jl)0"[:,um+jutii i

LI.'j K
iuu<Yini,iji;NT)-iai)misL':i2i-i) jtiu-'-cmiMx+btno)

LND IV
f (V;Ol':<Ti-utM')-id-'PI' IDVLOaTi M l -U iht» - -HNL' .Ml>

'ti M r : YdiLOUNT) -XLL

C 
50 
J5 
i; - 
c - 
c -

* - YIN W)N) / B ETA / OAHHAl'TE RU
C WBtTE{ITERMl>*JF(NCOUNT), NCOUNT
JO CONTINUE
0 —  A^&i'mbln Jdcublan for tho uoncijiitratlon equdtlon 

DO 21 J-fL’OUmV2+l,ICOUNT 
II(- l:ii! llllJ ) 
lS=Ibli|l2(J)
I0=lsi;B3(J}
DU 50 lal.IW iUNT 

CALL HYSUMBiY, ICOIJNT, I)
EALL DYSUMTRl’CY, ICOUNT, I FLAG, t)
IF11.EQ,J ) THEN

AAU,I)--U,5I)0'VXLE'"( 
i> (UFLi)AT{ISUBm))>vK)iW'2+(DFLOAT(ISUB2(n)*L)>*«a
it +l’[>'<*2*DFt,0AT( ISUB311 )* *2 ))
H -SUH3fY(NEQN)','(O.5!)O+SUNl+SUM2+l).SD0"(SllH4+
I) SUMS))

ELSE
AAiJ,I)B.sUH3tY(NE(3N)»(O.SDO+SUm+aUH2+O,5U0*(SUH4+ 

il SUMS))
END IF 

WHITKiNOUT,' )AACJ.I)
CONTINUE 

CONTINUE

-- Cull VDiAFF to find tho eLgunvaluub ot AA 
-- Pjriitnuiura for F02AFF 

N=u:ou;.r 
IA“ ICOLNr 
I FA II,= 1
CALI, Fii.’AVFtAA, IA, N, RR, III, INTGER, IF M L )
IF(fFAIL.OT.O) THEN 

WR1TEI NOUT, * ) 11 FA 11,1 , IFA IL 
STUP 

END IF
WRITElNUUT, * ) 1 EIGENVALUES1 
DO bO 1=1,ICOUNT 
WRITE I NOUT ,*)RR( t ) , R H I)  

no CONTINUE
FlNEQNl-I.ODO 
DO 70 I- 1,ICOUNT 

F(NEUN)=RR(I)>4'(NEqN)
70 CONTINUE

F(NEQN>-riNEQN)«1.0D-<i
WR ITE ( I TERM, * ) KINEQN) ,  YI NEtJN)
RETURN
END

C
SUBROUTINE SUHB(Y, tCOUNT)
IMPLICIT REALMS (A-ll,0-3) 

ij Evalu jtd  thi! iiiulttplo suttifitdifiuii dFtuLiig tvow non-1 inoiir torin 
REAL' S IAPPA, K, L 
KEAI.'<8 Y(200)
COMMON , JIM/ SDMI, SUM2, SUH3, SUH/,, IFLAO, NCOUNT 
COMMON /COEVF/ Bl -20: •. 1, -2U: h 1 ,^0),

II C (-2 J;M  , -2U;41,20)
COMMON /WAVE/ K, L, M
COMMON I’ARAHS/ BETA, GAMMA, P I, CURL, Dl), XLE 
COMMON .iLBbV tl(, IS , Hi

W
to
uo

' «
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*: >u, v i l i t  it 1011 t«|iui( von

U » IFLVJ K  then 
kappa-.; a iF U A r . i i ’ i K i ' .•<t i n uv- i )

A) AND ilQ  Kti iM ) iiU u l T  E»M ).AN D  > M‘ MJ " ' i )
niKs

a r .  ,P.Um Ft’K.,0, AI . \2. AERR, RIKR, I RCI.D, ER)
* :a i. *»^»AihFi:K^o, % *% akkk, ut.KK, uu'Lt:, er> 
i’K.. . Ki,ln:KZ2
IF<hR iiT iM V* KITE i ITERM, v i 1 It.U CK2', IKH 
‘'AM. Ujl’AUFbKilO, \1, X2, AKKK, KFhR, IK 'XE, DK21, K«) 
«’AM. LgUAihFOKuU, N2, >.*, AtUK. MfKK, IKl'LE, DKIIJ, Ekj 
M2 !'K .:i»rK Ji
IF U E R u T  u) W K 1 IE t ITEKM■' i 1 1fc.R I'M’.'. 11V 

h i,.i E 
. A \l i>

.1 hA \ I \Lt. KAi i'A vDb.M'i KAt i’A *KAItA> ),
i l ' l  XUJ ■ ̂ *-KAI'I*A'■ 

i*fc-KA1 iP I -!+KAt i*A  ̂ i
A ll. [ • A > 1 * F i'K ill, X i., AKKR, Nb.RR, ih il.E , t. K >

• 'A::. ..t.-l'A'ii t 'K2». s i ,  >.}, AKKK, RERR, IRi.Eh, '%«i hh \
KM

ln U M  ,,V ■ >» v,k 11 hi ITERM, m ' IER AK2' , IKK
'A .i. i , i 'V ,  *.i , Ai.Kj{, ifr-hK, ; u i ;i.k , o k ;’. ; ,  e r ,
a:.;. ; -.w,-;. M -K ii, x : . .o ,  a lm ,  i-.tl-.R, in it.e , DK2 .:, ek»

, K.t
• E I : r ■>»' i hKI .'E» I I'EKM , i ' l t K  i/K*I * , IK h

, .■. vr> -yi iTt«:srMt -i m. a 
\Ti U  : i  i k - F « W I .  ) A l i  i>; It '
■ \H-A iJk.Ii

-|'‘U

: >*y * 4 • it».;i
I r ; I r L V i  E<< 1 ; i lit ft

• Al.i. E«>Vii t i ,  X I,  AERR,
■’AM. i/.t.'A.j' M ,  X :. \ J ,  AERR. Ki hh. IRU.E 

\ i 1 ♦’A
u . n r i.r -n m h it e< m e r m , ■ j 1 ier  a>
: 'U- .J.}U  + '(< Ih ,’» N'/j Y( I ILi NI ) AJ

l.UU, 1UUI.K, A J I , ERj
, KK)

i It  . 41 fijU Jt 1 >St
i r * IH.A-i I'HF.N

■.AH, ii'TnVi. f r , X I,  Af.KU, UEhf<, A - I, UK J
M u  l^I.A-n F7, \ i t V i t M M U . KM<h, iM ’ik ,  A ^, t H l

A
»u,i< iiT -u i i h i i . • * ’ u .r a ; 1 , ii.it 

if trvr) vi i i'.c’.ri
r.«J l \

:■ Hirwt t INK UYsiMbiY, I'M'-Vi , I JAli i 
r r l a l  « tA*n,u-.:, 

i,v iiu4tu this iiiuitipio umunjt imi u r it* i tr^in nori-linujr tunn 
i.T.AL 4 K A H ’A , K I.

iruiiMuN /sum/ sum, sum2, m j ,  s u m , i f u g ,  .vcount
ilOMMUN /COEKF/ 1, * W ;h1 ,20},

»/ C ( "2U : 11 *20: <» 11 20)
COMMON /WAVE/ K, L, M
iJOMMnN /I’AKAMS/ BETA, GAMMA, V I, UIIWL, DD, ME 
(UJNUUN /SUBS/ IK, IS, tU
COMMON /REALSl'DS/ XIF, XIG, MIH, X l l ,  C l, C2# KAPPA, RA 
COMMON /MA.XSUB/ MAX1R, MAXIS, MAXIO, MINtR, MINIS, MINIQ 
tlUMMuN /TRC/ ITRC(-20:M ,-20:41,20)
COMMON /WORKSP/ RWKSP 
REAlrH RWKSP( 10070)
EXTERNAL F t, F2, F’i, F5, F6, F7, FAKZO, FAK2I, FBK20, FBK21, 

tf FCKiSO, FCKZ1, FOK'iiO, FDK21
DATA [TERM /3/
R A« l BETA4*' !)D';*’DSQRT (0 AMHA) / Y ( I (J0UNT+1)) 'v*2
3UM1-D.0U0
SUM230.0IK
SUM3-0 0D0
:jlJN'»*H.UD0
l.-DKXPi l.ODO)

• P.itjinisiorb tor DijDAU
- We j | iU t  up the region of integration ta .ivoid erroru with
- [mnuitu; tunctiunu 

XUo oDO
X2~0 7D0
xj-i uno

AEHR«l JD-5 
KERR’ 1 ODo

* liuaduturo ru le lav oar.ilU itory l:uuution«
[Ri;l.L-o

hO
LO
Ui

DO iO IF*I,MAXIU 
XIF-DFLOAT(IF)
Sfa-DFLOATCIO)
CALL DqnAOcFl, X I, X2, AERR, RERR, IRULE, A ll ,  ER) 
CALL DQDAG(FI, X2, S3, AERR, RERR, IRULE, A12, ER) 
A laAlH*A12
IFlIER.OT.O ) WRITE ( ITERM, '•)11 ER A11 , IER 
CALL DQDAG(F5, X I, X2, AERR, RERR, IRULE, ASI, ER) 
CALL DQDAGIFS, X2, X3, AERR, RERR, IRULE, A52, ER) 
A5--A5H-A52
[K(IEB.UT.O) W IUTE([TERH,")'IER  AS1 , I Eli 

Knoigy oquticion
I E( IFI.AO.EC). 1) THEN 

N-ITKt-’( IK , I S , I f )
[f(N .EQ .IJA C ) THEN 

TEHHfl.ODO ■
ELSE

itk.H-o. ouo 
END IF
SUHI«3UH1+AI*TGRII 

END IF 
(loticuntrat ton uc|iutiDti 

IF ( IF W O .E Q .J) THEN 
N=ITRi:(IR1I S 1IF ) + U)OUm72 
IF lN .EQ .lJA l!) THEN 

TERM31.01)0 
KI.HE 

TERH=0.0U0

i>*wuHrtot<toMaWipattMa£&!iaitsja>dbassiraim£is*



/

■ i

CuiH'.imtr,iCLi>n equat loll

lFUFLAU.EQ 2) THEN 
KAPPA •. ■ n (D FW A T (lP )*K )* ’-'2*lllFU1AT(tlJ
I F t l i l l '  0 0 ).AND ,lti).E ().i)l) .UK-I UT.Ei) 
THEN

CAM 'jnAOll’CKM, X I, X2, AERR, RERR, 
OAL, i^tiAOlKCKZO, X2, X I, AERR, RERR, 
CK,.-i'KZltCKZ2
IVtlER.GT.O) WRITEtlTERM.-'l'IEK OK',!1 , 
«AU, DUDAUlFDKZO, X I, X2, AERR, RERR, 
GALL UvJDAiSlKDKZU, X2, X3, AERR, RERR, 
i)K2-:i)K21+GK22
[FUER.GT 0) WRITEl ITEKM , * ) 1 I EH DK2' , 

EU E  
KV FA Nt.O

CI-KA-P1 \IG/KAPFA/tDEXPtKAPPA)H)EXPt' 
IP Iu -v 2v' XIG *” ■' 2 +■ K AI P A 2)

02“ RA/ IPI">' 2*'\ta<'*2+KAPPA**21 
CALL MDAGiFCKZl, X I, X2, AERR, RERU, 
CALL IW W lFC K Z l, X2, >3, AERR, RERR, 
•WaXH-OKZZ
IF i lE K D "  0) WRITE! ITEKM ,"I’ lER AKZ', 
CALL UxPAU.FDKZl, X I, X2, AEKR, KERR, 
CALL InJbAiiiFDKZl, X2, X3, AERR, RERR, 
[)K2^)KZH0KZ2
lF.Itk- .il'. I) WRITEl [TERM.-l'IER DKZ' , 

t ‘»U u
N“ Y- U'llCNTl-y. ITUONTtCiJUNT/ 21«

i - a n . ' <,vruh' i r » K ‘K+i if i.oati i ./h d ' 
•KAPPA KAIPA- UK,’, l

Ef.Ii >F 
ai/ uLAir. ;u>u

]'I,)',’V2)
ill.  AND. ill- El) O il)

i'.'ULE, Ck'Cl, ER)
I-OLE, CKZS, KR1

IER
ir u l e , dk;:i , i;in
IRULK, DK2J, ERj 

IER

KAPPA))/

ir u l e , c k z i , ER)
IRULE, GKZ2, ER) 

IER
IRULE, UK2I, F.R)
IRULE, UK22, ER)

IER

i i.i ck;:

■ .rgy equation
I F l I f  LAG.EQ 1) THEN 

CALL DijDAGiF3, X I, XJ, AEKR, RERR, IRULE, A J1, ER) 
CALL LijDAGiF3, X2, X3, AEKR, RERR, IRULE, A32, ER) 
AJ-A31+A32
IF.ILR.UT 0) WRITEt I T E R N ) 1 IER A3', IER 
SUH^SUH4+YCtt'QCNT)“ Yl ITUCHT) -A3 

END IF 
jin.ent r J l  ion tqujciun

IF<IFLAG,Lq.2) nitll 
'.'ALL I1IJDAUIF7, X I, X2, AERR, RERR, IRULE, A71, ER) 
CALL IUjIlA«(F7, X2, X3, AERR, RERR, IRULE, A72, ER)
a ?o a h +a ;<
IFUER-GT i)) WRITEl ITERH, •)' IER A7',  IER 
SUfl.-SL'M: + Yi II>U("JT)“ Y( MUCIiT) A7 

KM) IF
<.‘<i IV  K 

iETLRN 
t-!.D

jlillRUUTINE DYSl'rlBtY, I COUNT, IJAC)
IMPLICIT REAL't) (A-II,U-Z)
Iva lua tu  the multiple summati.jii a n t in g  Iruin non-lluuat turui 
RL.iL-KAPPA, K, i .

REAL'S YULIO)

COMMON /SUM/ SUHI, SUM2, 3UM3, SUH4, IFI.ACI, XCUVNT 
CD'IMUN /SOBFF/ B(-20!41, ■20iAl,20),

1/ C (-2D:  ̂L , -20:A1, ^0)
COMMON /WAVE/ K, L, H
COMMON /PARAHS/ BETA, GAMMA, P I,  CURL, DD, XI.E 
CUMMON /SUBS/ IR, IS , ID
COMMON /RKAtSUBS/ X IF, XIG , XIII, X IL , C l, C2, KAPPA, RA 
COMMON /MAXSUB/ MAXIR, MAXIS, MAXIU, H1NIR, MINIS, MINIO 
COMMON /TUG/ ITRC(-20:4 1,-20.U ,20)
COHHUN /W0RK3P/ RWKSP 
REAL' B RKKSPt10070)
EXTERNAL F I ,  F2, F3, F3, F6, F7, FAKZO, FAKZ1, FBKZO, FUKVil, 

It FCK20, FCKZ1, FDKZO, FDKS1
DATA ITEKM '3/
RA=l !IETA*I)D;'DSQRT(UAMMA) / Y t ICOUNT+1)) "*2 
i  "11=0.01)0 
SUM2=0.ODO 
SUM 3=0.ODO 
SUM*. =0. ODO 
E-DEXPUODO)

- P.itamuLci’S iot IUJDAG
- Wii .,|jUt up the region ot integration to avoid errory with
* pui’io ilu  functions 

X l-i). ODO
X2^0.7D0 
\i~ I . 01)0 
AEkK=1.0D-5 
RERR3! OD-3

• ijuudiatura cults toe oi,r.i1 latacy liniutIons 
IRULE-o

N3
LO
Oi

AERR, RERR, IRULE, AI 
AERR, RERR, IRULE, Al

IER

DO 50 1F-1,MAXID 
X1F-DFL0ATUF)
XIG“ DFt,OAT( 10)
CALI, DQDA0CF1, X I, X2 
CALL DqDAGtFl, X2, X3 
AlaAlltA12
IFlIER.GT.O ) WRITE (ITERH,''0 11 EH Al 
CALL DQDAQCFS, X I, X2, AERR, RERR, IRULE, A5 
CALL DQDAOlFS, X2, X3, AERR, RERR, IRULE, A 
A5-A51+A52
IFIIER .UT.O ) W RITEtITEKH,*)'IER AS*, IER 

Enuigy equation
IF IlF LA G .Eq .I) THEN 

N - IT RC flR ,IS ,IF )
IFtN .EQ .IJAC ) THEN 

TERM J  1.01)0 
ELSE

TERH-O.ODO 
END IF
SUM)=SUM1+A1"TERM 

END IF 
Conr.untt'atlon uquatiun 

I F ( IFLAG.EQ.2) THEN 
N-!TRC(IR,IS,IF)+lC0UNT/2 
IFtN .EQ .IJAC ) THEN 

TERM= 1.01)0 
ELSE 

TERII-0. UDO

1, ER)
2, ER)

1, ER)
2, ER)
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I Ft i F f.AU EQ. I )  THEN 
KA!n?A-h^r(tDFLO.Vr(nj )5'K ;‘-’'2<-(l)FLOAT(IQ)‘>IW ;̂ J )
1K( ( l, II*.tiQ. 0) .AND. I IQ.KQ.O)) .OR. I ( IT.EQ.O) .AND. ( IU.EQ , 0 )))

■ TIIKN
CM l  nqDAG (FAKiJO, S I, X2, AERR, RERR, IRULE, AKZ1, ER) 
CAM. '30DAU (FAK;:o, X2, X J, AERk, RERR, IRUI.E, AKZ2, ER) 
\KS-AKil 11-AKZ2
IFU ER .irr.O ) WRI’IBC ITERM,*) * 1ER .\K2', IER
CAM. U0DA0 U'llKZU, X I, X2, AEKK, REKR, IRULE, DKZI. ER)
CALL UtJUAQ IFDKZO, X2, X3, AERR, RERIi, IRULE, BKZ2, EH)
aKK=UKZl+BKZ2
tl'(IER.UT.O) WBITEf ITEKM,*)' IEK BKZ1 , IER 

E LSK
' a ’--RA'.pr''XK M’l’A/tDEXPIKAPtMJ+DEXIH - KAPPA))/

.. i PI v aO.''"2+KAPPA"*21
C2=RA/lPI'« aIO*a J+KAPPAb*2)
t'ALL liqUAC .KAKZl, X I, X2, AERR, RERR, IRULE, AK21, ER) 
CALL WJBAO (FAKZL, X2, X3, AERR, RERR, IRULE, AK22, Eli) 
AKZ=AKZl+AKZ2
IFf IER.(JT .0) W R IT E [ITERM ) 1 IER AKZ1 , IER
CALL UIJUAO (FOKZt, X I, X2, AERR, RERR, IRULE, DKS1, ER)
l'ALL BiJUAO (KI1KZ1, X2, X3, AERR, RERR, IRULE, I1K22, ER)
UK2~UKZH-UKZ2
IF( IER.UT.O) W RITEdTERH,")1 IER DKZ1, IER 

END IF
1F 1 1 1 PqCtlT. Ei). 1J  AC). AND. ( ITUCNT. NE. I JAR) )  THEN

rERn=v( m o r n
ELSE IFllITUCNT.El). IJA C ). AND. ( IPIJCNT. 'IE . IJAC))  THEN 

TERM=YCIPQCNT)
EL^E IF ( ( tPOCNT. ED IJA C ). AND. (ITUCNT. EC). I JA C )) THEN 

TERH=2.uD0J.'V(IJAC)
ELSE 

TERH-i). DUO 
FND IF
3UH3aiiL'H3+1ERH*

■ (- (DFLOATl I P»IT)*K*K+DFLOAT( IQ*IU)>'.t.*L).'AKZ 
+KAPPA>'<KAPPA"BKZ)

END IF

Cuiiuuntvdtluu uqiutlun

tF (lFU a .EQ .2 ) THEN 
r.APPA-*Si)RT( (DKLtJA Ft IP )"K  )<‘"2KDFLaAT( iq )»L )**2 )
IF ( ( ( IP .  EQ.O) .AND. 11(|. EQ. 0 )) .OR. ( (IT . EQ. 0) .AND. ( IU.EC) .0 )))

■ THEN
CALL DQDAUIFCKZl), X I, X2, AERR, RERR,
CALL l)llDA(i(FCKZO, X2, X3, AERR, RERR,
CK2-CKZ1+CK22
iFdKR .uT .o j W Rrn;dTi;Rn,.')'iER  c k z1 
CALL uyDAOtFDKZU, X I, X2, AERR, RERR,
CALL D(JDAG(FDK2U, X2, X3, AERR, RERR,
DK2-DK2U DIIZ2
IFllKH.OT.O) liR lTEdTERH ,'')1 IER DKZ1,

ELSE 
KAPPA.NE.U

C1-RA''PI’ XIQ/KAPPA/1DLXP(KAPPA J+DEXPC-KAPPA) J/
... iPI**2*XtU.'‘*-2+KAl>PA>»*S)

C2-RA/IP1 '*2' XU1"•■<2+KAPPA'»,<2)
l’.M.I, DUUAUirCKZl, X I, X2, AERK, RERR, IRULE, CKZl, ER)

IRULE,
IRULE,

IER
[RULE,
IRULE,

IER

CKZ I 
CKZ2

ER)
ER)

DKZ1, 
DKZ!,

IKi
ER)

K>
LO
CTn

a #
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.HL + IMi'l A*
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«" t . i: t : iu it iwii
; i ' ;n«vi m  * < mtN

M l  ;}Au t Kt>, >a, A J. U,M<, !<FM<. IhUI.k, Abl, KiO
• All, Li.'InMiitb, X ;. X), AhRIt, KEtR, 11(1,1,6, A&2, his) 
A',-At I tAl2

, i r 'IE i ;  „ r  ))  WRI it: t I VERM, >*IER A(,',  Iht< 
if ■ H v  NT tu  I JA 'Ii IIIEN 

1 Khri-J I ITtv.Nr+li u r i r / : )
> ih u,n:, nihri

iU l'l- i’ H'l.'Ci! i

:: !fl , [, j
hM) it

IF

I . i j tu  M.lli

•■r,i 1

IKi IVI.AU r.Q.D THEN 
KAi*l,A=sgRTUDFWAT(tl'l''Kl-'«'2nDFU)ATtIQ)'»I.)“ * J )
IF ! (I Il ’ .Eq .O J.AN IM Ill EQ.Q)) OR, i f IT-EQ. 0 ). AND. d U .EQ .O I)) 
THEN

CALI. DUDAO CFAKZO, X I, M2, AERR, RERR, IR ILE , AK21, ER) 
HAL!. IWDAU (FAKSU, X2, X J , AERR, RERR, IRVEE, AKZ2, ER) 
AK.VAK21-* AK22
;[■ i IER liT.O) V im EC M ER tV 'l'tE li AKZ1, IER
CAI.I. DO DAO i VBKM, \x, AERR, RERR, IMiLE, BK21, ER)
CAU. DgDAO IF8K20, X2, X J, AERR, RERR, I lit EE, BK22, ER)
UK2=l)K2H-BKZ2
[Ft IER.UT.O) WRITEdl'EI-.M.'M'IER DK2', IER 

ELSE
Cl-RA*HI*XIG/KAI’!’A/(U:::PlKAW,A)+l)EXI,(-KAri>A))/

(PIO»2..XIO».»2*KU’PA''''<2)
C2-RA/C PI«*2*Xlti*'. >+KA: 3 A■ • 21
i’ALL IIQDAU IFAK21, X I, U ,  AEIilt, RERR, IKULE, AK21, ER) 
1’AE.L i)l)DAQ (FAK21, X2, s j , AERR, RERR. IKULE, AK22, ER) 
ak::-ak21+akz2
IF i lER .O T .J) WRITEtlTI.r.M, ) 'IE R  AK21, IER 
CALI. UQDAO IFBK21, X I. , AERK, KERB, I RULE, 1IK21, ER) 
CALt. DQDAO (HiK21, X J , X ), AERK, HERR, IRl’LK, BKVi, ER) 
ok;: K21+UK2.:
IFdER.OT.O i WRITEl l'i; i.M,' ' ) 1 II.lt LK2‘ . IER 

END ^
i f 1111 arr.Eg  i j a c i .a.mi i i h 'cnt ne i j a 'D ) then 

ter .m vi it i.'i::h ' i 
e u e  iv i  i It iv :;: cij, u a i : i and, i U’ijl m - :e  i j a >:t ) then 

verm r(ipgc:,i
ELSE im iW C N r  fcg. IJA in .AMU.ltTUUOT.Eg. IJAO )) THEN 

TERM-2.uDO'Y-I JAG)
ELSE

m ­
END .
St!M > > M3+TERM

•.DFLlJAT. IP«IT)«K-K+UFI^AT(IQ-»IU)'“'L*L)"AKS
• Al'l’A ■KAI'VA’ BK2)

END It

c --- I'onconttdtii;ii i ' U U u l l

rrn FLM J.L ij.^ i niEN 
r.AI’I A - V Ikr I I III* UjAT< IP ) K JVh.o + 1 UFI.UA'TU' - 1 'T.),vv .i)
IF l n  IP  ! ■ i1) AND. i IU . t:q. 0 ) ) .OR. ( t I F X  0 ) .AND U.EQ.O))) 
THtN

»’AU I 1 -WiFCK20, X I, X2, AEKK, HER!..
CALL l . .VivFCKuO, X J , X J. AtRR, Ufl.i
iTZ»':i.,\*ruZ

KAPPA.

ff<UL£;, CKZl, ER)
iiaux, ck22, m

i t  111 i
c m .  i
CAI.I. ,
M-:,: I.: 
IF. U : 

..Jfc

01-1..''.

?) WKITf.t ITtRM, ■) * I Ll< i f
V. FDK.'.U, :a , X2, AERR, i.!
- 11 IjKuU, >;u, X J, AERR, i.i

i f  l.ulTEdTERH, ‘ )'IEI<

! ■ Am DI.XIMKAI’I'A)'
■ h! - ■
l'I ■! J + KAI'I'A ■■•21

.I'.'. •• . X I. X2, AI-.UH,

IEK
IRUI.E, UK2I, ERi 
IRULE, UKZ2, EK)

.. , IER 

1 ( -KAI I’A i ,

IWILi. t 21, ER)
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ol.liUUUTINK :iUM TH IP(Y , ICOUNT, IFI-AG)
IM i 'U C IT  KKAI/U lA ‘ ll,U - u )
K v itu / ii* i tlm  t r i p l o  ‘jtutuiuittun from n o n - lin e a r  torin
! 'U I ,  ‘ ft KAPPA, k ,
Ufr.AL -rt YU O H )
i.'nMMoN /O JEFF/ U ( - J 0 i ^ i , , -I UJ , 

t> f i t -20 .41 ,-20 :4  I , jn )
tXMMON /WAVE/ K, L, H
i.oMMmN / P(M<AM5>/ BETA , iJAMMA, P I ,  CHIU., DO, M E
»: )HMun , auijH/ iu, is , iu
■•uTluN /kEALSlJBtf/ X IF ,  X IO , X I I I ,  X ! I „  C l ,  C5, KAPPA, RA
i ’OMMoN /MAXSMB/ M AXIR, MAX IH » MAXUJ, M IN IR , M IN IS , MINiG
■:>'NMuN ,‘TKC/ ITK l’ f -«!0. m 1, - * 0 ;** 1 ,-0 )

n  TUPyiJH/ jSUMS
Mi*|‘{uN .S IB /  {S U U I^ O O J,  li iU U Jt JO O ;, ;S U B 3 (J0 0 J  

/WDUKStV UWKiiP
h i i U .  l  kWKSlM 10070)

T j m i  i*.», -a
K U A  M l KM / i t
iu‘, h K lv  lit) UiQKTinAMMA )/ Y l KM IM 'H  > )) -v,2 
.-I'M'/—> .*1)0 
i. il >.P( I 0[)O)

I' 11 J. lr I •; L 'j to t UljHAU
»«> . p u t  up tiio  t i’ j’ iun  ot i n t u i t  .it i>n to ivouI errors w ith  
( *■ i ; tun^t ionu
\ 1- <j ■ . '! ) ' )
'.»•11 :in>
\ 1 1 OIJIJ 
\tl.l. I ;U-a 
ht.I'.K ' 1 Jl)-Ci
.it.jiii l t i a u  m lu  fo r  a t tc i l  lu C u r/  fu n c t io n s
IW'U-r,

I'luujt t iu t  i j+u+n-s , i*+g, r+u m+n «vont
k’ . 'J .  r .U  M,N tru n c a te d  
m  :o i p w .v m , i o o l n t /2 

n - \ .m u  ipgcNij
l» j- IS l B.’ ( IPgCMT)
III- ISUQ’Jl I PlJCNT)
DO 10 ITUCNT-t, ICOUNT/.:

IT-lSl.'B 11 ITUi'NT)

ii- i s u b l u t u c n t )
I .F - LS U |U ( IT l ’CNT)
1)0 10 lHNCNTal.ICOUNT/2 

iM - IS lJU l l IMNCNT)
IN - IST O U M N C N T )
I t . - M m U M V C N T )

IF( t IP+IT+IH) NE IK) tk) TO 10 
IF 11 JiJHl'+lN) NE m  (30 TO 10

'lumtiiy ‘»ub:n.rt|>Lb t lu Jt  jru  1 
X W - W L o A  I l l U )
XIK«UKLOATf 1 IF)
M H  DFl.nATCIHj 
X l L - D P U i A T O M  

i . i h n l i i u  ‘jiiiniihiLion
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,in „V . fw t i IIIKN
vAl.I. \ t , >.2, Al-Ktt. KKKK. ni.;[,K, A.,1 , IK !
l'AI.I. IU,i Vi v W , \2, \1, AI.hU, HfcUH, IRUI.E, Am.1, EKl 
A 3 A •, »»!
•r !;• in w K irf.lv in 'i. ■ ■ ; .< , tut
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A i ' HAG i V , >.1, \J , Ar.l H , Hl.Mi, li'i'M., AMI, MM 
. .I.JilAtJlFP, '.1, AhM< , NhKR, IH'I.i., Af*; , EKl 

a» lis  + AriJ
j  ■ ;th  ,.r 'I  «*; .1 , i imj.m, 1 in>' \;i',  ir.u

Ii j Nr I •<! i l l  ! Y lIM V T fiA O

VH io iivunr^i,icuim/j 
IT-IHUUllITONT)
IIMSUI)2( ITUCNT) 
tlF-[3Uim  ITUCNT)
1)1) 10 IHNKNTal.ICnlJNT/'!

(M-IBLU1tIMNCNT)
IN-ISUB21IMNCNT)
IL-IliUD .I tMNl’.NT)

IFM P+ IT+ IH ).N E.IIO  «U TO 10 
|.'IUQ+IUHN).NE. I a ) GO TO 10

Jbaigii ,luirmy nubiimipta that urti ruul 
X|(J-i)I'LOAT( tU) 
xu-DFi.uATiiin 
XIII IlFI-OATI III)
m-m-'UMTi i i ,)

‘. '.ilu iU tu  iiimiiiiiLlull

1 A i l , , - ;
i .; i t‘ , ,i ., I* 1 ,, .11 . . r 1 .;t i .11 ' r .11
1 , I.

\:<i :i . .  kaim’A. i-A

1 -,1 >:
. ■' :■ I I - 
i1

WIA..W •••

i ; ,ija-«
-' 1- t . 1 '. ,-*,i 1 ' ;  ., iv i l  ,-it >t ■ v illi

i ;* i,- t l!i,vNi jtf ./uiiiT, t,i i t<f i, tnn ui-ii'j 
I * I *" -K . . , lJ *' J, 1*1. 'I<*i 1 ,
, '< t t ,IK ill I* 1

'.r 1, I'.iji.nt u 
.:i- ji/.f)
:tv.vn

1 : i-'J'.-.T j

■■ Ein'i^y L'qu,iti<)ii
I fC f 'U l i  EQ. 1) THEN 

CALL UQlJAti( 1'4, X I, X2, AEKR, REKK, IRULE, A '.l, ER)
CALL DQM0IF4, ,<2, X3, AERK, REKK, IRULE, A42, ER)
Ai> "A't 1+A42
im ER .U T .O ) WRITE11 TERM, * ) 11 EH A4 1 , IER
I E li IPQCNT. Eq. I.JAi; 1. AND. c ITUCNT .NE.IJAO ). AND.

« 1 (IMNCNTHCOUNT/2) N E .IJA O ) THEM
TERM->Y(tTUCNT)«Y(IHNCNT+ICOUNT/2) 

fcI.SK 1H 11 PQC” T . SB. MAC). AND. 1 ITUCNT. Ei) l JAG). AND.
>i 1 (IHNCNT+Ii:uUNT/2).NE.IJAO) THEN

rt.RH—Y( I PrjtJNT) VY ( IHNCNmCOUNT/2)
ELSE II’U I I ’IJCNT. El). MAC). AND. (ITUCNT. EQ. IJA O . AND.

<1 u  IMNCNTHG0UM72) N E .IJA O ) THEN
I'EWIaj , (,DU*ir( MAC)"Y< tflN&VTHt, >NT/2)

ELSE IF ( 11 PQCNT. ME. IJA O  . AND t IT IJN T . HE . IJA O  , AND.
7 1 ( IMNCNTHCOtNT/.!) - El}. IJA C )) THEM

TEK!I=Y ( I I't|CNT)»Y( ITUCNT)
ELSE 

TERM-u. 1)1)0 
END IK
Ul'h5=SUHS+TEKH-A.**

END IF
■ (lull i ,it lah (3i|(IJtiou

11'I lr  LAO El). 2) THEN 
CALL DUDAlilM, X I, X2, AERK, RERR, IRULE, ABI, EK)
CALI, IliJDAClFB, X2, X i, AERF, KERR, IRULE, ABU, ER) 
AB»ABl+A82
IF(IER.OT.O) VRITE(irEKH,< ')'IEK AB' , IER
IKK IPQCNT. EQ. MAO AND. CUT(ICNT+[C0LNT/2) ,NK. MAC). AND.

' 1 IHNCNT.NE, M A O ) THEN
TEI(fl-V( ITUCNTI ICOL’NT/2)’l V( 1,‘INC.VT)

ELSE IF((IPQCNT.NE.IJAC).AND,( ( ITUCNT+ICOUNT/2) EQ. IJAC) 
•I AND, (IHNCNT.NE. M A O ) THEN

TEKM=Y(IPQCNT)*Y(IHN(1NT)
ELrfE IF(<IPQCNT EQ. MAO AND. 11 ftTO.r+ICOlW/2) .NE. IJAC) 

1) .AND. IIMNCNT EQ. MAC)) THEN
TEllf^2. Ol».»Yf MAC)■ Yt ITl'CNT+lCOUNT/2)

ELSE I F U I  PIJCNT. NE. MAO .AND, l (  ITUCNT+ICOUNT/2) NE. IJAC) 
< AND I IMNCNT EQ. MAC)) THEN

TEWI=Y( IPQCNT) "Y ( ITUCNT11COUNT/2)

U)
00
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THKTA-rHKTA^UH^DiJIN(PI*OFLOAT(KK)AZK)
VKLu-VKI^<‘:sUH"'KAI'(lAw,*"2“*F

CUNTINUE

- ConountiMtion equation
DO 10 SC()UNT=l, ICt)UNT/a

1 = 1JU B Ii NCuLNTj 
J-[SUb2(NC0L’NT)
KK«ISUD3(NC0UNT)

SlM=0(I,J,KK)
(DCOS i DFLOAT CI )*KiVX )*DC0S (DFLOATI J ) V/L*VZ) 

' “DSlN(t,FI.uATl I )lVk*‘,,X )J, DSlNf DFLOATf )
CaNC=i:i)NC+SUM'-D( HS( P I',?(DFI.OATCK\) -0. 5D0 )*ZZ) 

CONTINUE

THKTAaniUTA/OANHA 
CUNCaO. JtDO"U’i}NC+1 0D0)
WHITC ( 7 , ■> J 203.0»> l THETA+1 0 ),  CONC (

If VKI.2lV2 oE-a/CHRL, X'-CHRL,2Z’>CHHr*
CONTINUE

CONTINUE
RbTURN
END

C The tollowing functions contain tho inttigrtjnds for DQDAG

UOl’BLE PRECISION FUNCTION F l(Z )
IMPLICIT REAL-8 (A-H.0-3)
COMMON /KEALdUBS/ XIF, M 3, Kill, .,i l , 01, 02, KAPPA, RA
H IW &  KAPPA
PI*3. Kl592b5J57‘3JDO
F1 = l)SINIXI(J PI •<!) • DCOS( (XI1-M).5D0)*PI*2)
RETt'NN
END

iiUl'ULE PRECIS ION FUNCTION F2lZ)
IMPLICIT REAL“ 8 lA-H.u-2)
COMMON /REAL3LBS/ X IF, XI0, XIll, X IL , C l, C2, KAPPA, RA 
KEAL-'B KAPPA
Pl=l UI5yab535 7«J3niJ '
m»SIN(XtH'-PI*:'.--HSINlXrO*Pt*2)''DCOSi(XIF-O.SDO)«^I*Z)
RETURN
END

C --­
DOUBLE PRECISION FUNCTION F iiZ )
IMPLICIT REAL' 8 lA-H,0-^)
COMMON ; REALSUBS/ XIF, XIC, XIII, X IL , C l, C2, KAPPA, RA
REAL' B KAPPA
PI = 3. lS92b3 357U3UO
F ^nSIN(MG 'PI--fi)-l?SINCMI’ I*I' 2) *DrfINCXIH PI Z)
RETURN
END

C * • -
DOUBLE PRECISION FUNCTION Fm(Z)
IMPLICIT REAL fi U * !l,0-^
COMMON /REALSIJhS/ XIF, MU, MH, X IL, C l, C2, KAPPA, RA
REAL;?B KAPPA
PI-1. U.t5y2b33S7'j-i'K'
F^DSINtXiG P K ^ 'U ^ IN iX IF ’ Pl'-Z) i).SIN(XIIIvPI*Z}-;nCOS((XIL-0.5D0)^

M
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iiuinm: p r ec is io n  function fbk2ch:o
I ’lPLP;IT  RKAL-H iA-II.O-2)
tMMMuN KEALSUUS/ X IF, XICJ, XIII, X IL , C l, C2, KAPPA■ RA 
KI'AI. M KAPPA
-;u:iriuN , PAhAMb, bETA, GAMMA, P I,  CURL, DO, XLE 

I-■MF*-lif!lJS(\IF"'PI-v'i)*DS INI MO^Pt'v2 )••'•* 
it KA/Pl/XIH ii’.fDBlNfPI XIH‘-Z)/PI/XIH)
UETI'UN
Krai

UOL'Ilf.K PRECISION FUNCTION FBK2UZ)
IMPLICIT KEAt/B (A-tl,0-,:)
COMMON /RKALSUBH/ X IF , XIG, XIH, X IL, C l, C2, KAPPA, RA 
iU-Al.-rt KAPPA
COMMON /PARAMS/ BETA, GAMMA, P I, CURL, DD, XLE 
FBK21-PI \ IF ‘ UnO.S(X!F> P I” 3)"DSIN(Xtl}‘- W Z )*  

it Or;*(KXP(KAPPA»v2) -EXPI -KAPPA*2) )+C2*DSIN(Pt*vXlHv/2)
ixETl.'KN
END

: . :-.A

iJuCBLE PRECISION FUNCTION FOKZO(Z)
IM PLIC IT  REAL-B i A-H,0*2 j
.ijMMuN • KEALdl'BS/ X IF , XIG, XIII, XII,, C l, C J, KAPPA, RA 

aEAL-H KAPPA
COMMON /PAKAMS/ BETA, GAMMA, P I,  CURL, DD, XLE 
FCK::t l̂)<:oSi (MF-0 a DO) p i n )  *1)008 U  X10 - 0. 0 DO 1 •-•PI * 2 ) * 

a KA/PWXIH' ( 1.0D0iDC0SlPI*XIH*2))
RETURN
L'tl)
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DOUBLE PRECISION FUNCTION FOKZi(Z)
IMPLICIT REAL' H »A*H,0-Z)
COMMON , REALSUBS/ X IF, XIG, XIH, X IL, C l, iU , KAPPA, RA 
Ut.AL a KAPPA
COMMON P\RAMS/ BETA, GAMMA, P I,  CURL, DD, XLE 
FCKm 1 -DCOijUXIF“0 . al)0)T‘*PIiVZ) -DCOU( lXIG-0.51)0 )*PI*2)

fC l ‘vKAP PAV# C EXP (KAPPAV,Z) + 
if EXP( •KAPPA’^! ) ) ’ ( PI»'-XfH-2)
RE ri KN
END

UOl.liLE PRECISION FUNCTION FDK20(2)
IMPLICIT REALMS IA-H,0-3j
i’OMMoN ' KEALSIBS/ X IF, XIG, XIII, X IL , C l, C2, KAPPA, RA 
KEALUB KAPPA
'.OMMuN j PARAMS/ bETA, GAMMA, P I,  CURL, DD, XLE 
FDK;;u-l l f X IF-0. jlJO )'' I)S INuXlF-O . 5D0)*PI*2 >-DUOS( lXIG-0. 5D0)'VPI*Z) 

RA /PI/XIII" I 2tDSlN( P I ,vXIHkV2) /PI/X III)
KEH.’KN
i.‘ D

iJiii'DLE PRECISION FUNCTION FDK2K2)
IMPLICIT REAL-a <A-ll,0-2)
COMMON , REALSUUS/ XIF, XtO, XIH, X IL, C l, C2, KAPPA, RA 
KEAL-H KAPPA
COMMON PARAMS/ BETA, GAMMA, P I,  CURL, DD, XLE
fDKtil-PI j UJ ) ' DSIN( 5IJ0)' P I ’̂ } ; DCOS( (XUi-0. sDOj^Ph-Z)





APPENDIX F

LISTING OF THE PROGRAM FOR THE INTERIOR MODEL

In this appendix a listing is given of the computer programs used to 

obtain the results for the interior model of Chapter 3, The programs 

were written in FORTRAN 77, and run on an IBM 3083 or equivalent 

machine. The first program (BED2NEW FORTRAN) is used to calculate 

steady or unsteady-state solutions to the model.
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c 

c 

c

G

CALCULATE THE COURIER COEFFICIENTS FOR THE STABILITY 
ANALYSIS OF FLOW IN AN INFINITE COAL BED 
WITH OPEN TOP AND 2 TERM EXPANSION OF THE EXPONENTIAL 
WITH NUMERICAL INTEGRATIONS

C -■
C -■

C.in use nither DIVPAG for 
thn steady problem 
IMPLICIT REAL* 8 (A-H.O-Z)
REAL* 8 K, L
REAL* 8 F(200), WA(70000)
REAL* 8 BN(200)
RE A11* 8 W l 200,9), C(24)
REAL* 8 Y (200)
REAL* 8 PARA(30), AIVPAGC1,1)
COMMON /ISUB/ ISUBK200), ISUB2(200)

th« unsteady problem or C05NBF for

ISUB3(200)
COMMON /COEFF/ RDERVC-20:41,-20:41,20), B(-20:41,-20:41,20) 
COMMON /WAVE/ K, L, M
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK 
COMMON /MAXSt’B/ MAXIR, MAXIS, MAXIG, MINIR, MINIS, MINIG 
COMMON /WORKSP/ RWKSP 
REAL* 8 RWKSPC10070)
EXTERNAL FUNC 
EXTERNAL TDERV
DATA H  /l/, NOfT /2/, ITERM/4/, ICOEF /8 /, ICOCT /9/, INIT /16/ 
DATA N'i'MAX / 17/
DATA BN / 200*0.0D0/
Cill to 1'iiHurn that th<>rt> is sufficient workspace for DIVPAG
ind DQDAG
'’ALL IWKINi 1007*, i

p  iiMrm‘ti>*-s
SI'5MA='JQ0.0D0 
P I“3. U139265357')3D0 

Rf.id truiination parameter, wave number and task 
READ'IN,*)M, A, ITASK 
Read physical parameters 
READi'IN,*.)DP, EPSI, EA, XKO, XKEQ, XMU 
READ(IN.-JTO, RHO GRAV, HTCAP, DELTAH, CHRL 
READ(IN,* JI READ
OalculdtP dimonsionlr-as groups

PERM-DP*DP*EPSI*“3/130.0D0/f1.OODO-EPSI)**2 
RA=0RAV*3. s7D-3--TO*CHRL*RliO**:’,*PERM*HTCAP/XKEQ/XMU 
GAMMA=EA/8.314UO/T0 
BETA=DELTAH/0. 02,JD0/T0/HT0AP/4 . 7hD0 
THIELE=6 .0D0*XK0*RH0*HrCAP*i1 .ODO-EPSI)*CHRL*CHRL

* /iXKEQ*DP)*DEXP!-GAMMA)
D=6 .ODO*XKO*RHO**2"OHRL**2. !3*HTCAP**1.3*DEXP(-GAMMA )

* /XKEQ**1 .5*(GRAV*TO*3.67D-3*EPSI**3/150.0D0/XMU)**0.5
p h i= i .o:jo

CalulatH parameters for the positive exponential approximation 
RASTAR-RA/GAMMA 
RA=RASTAR
FK-BETA*THIELE*GAMMA 
WRITE(NOUT,*j'FK', FK 

calculate wave numbers 
L^SQRTf A*A/4.0D0)
K-SQRTfA*A“L*Lj 

Maximum and minimum valuos for tin; subscripts 
MAXIR--0



c

c

c
c

CALCULATE THE FOURIER COEFFICIENTS FOR THE STABILITY 
ANALYSIS OF FLOW IN AN INFINITE COAL BED 
WITH OPEN TOP AND 2 TERM EXPANSION OF THE EXPONENTIAL 
WITH NUMERICAL INTEGRATIONS *

C --  Can use either DIVPAG for the unsteady problem or C05NBF for

IMPLICIT REAL* 8 (A-H.O-Z)
REAL* 8 K, L
REAL* 8 F(200), WA(70000) •
REAL* 8 BN(200)
REAr.*8 W(200,9), C(24)
REAL’- 8 Y(200)
REAL* 8 PARAC50), AIVPAG(l.l)
COMMON /ISUB/ ISUB1(200), ISUB2(200), ISUB3(200)
COMMON /COEFF/ BDERV(-20:41,-20:41,20), B(-20:41,-20:41,20) 
COMMON /WAVE/ K, L, M
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK 
COMMON /MAXSUB/ MAXIR, MAXIS, MAXIG, MINIR, MINIS, MINIG 
COMMON /WORKSP/ RWKSP 
REAL* 8 RWKSP(10070)
EXTERNAL FUNC 
EXTERNAL TDERV
DATA IN /l/, NOUT /2/, ITERM/4/, ICOEF /8/, ICOUT /9/, INIT /16/ 
DATA NTMAX / 17/
DATA BN /200*0.0D0/

C —  Call to ensure that there is sufficient workspace for DIVPAG 
C --- and DQDAG

CALL IWKINC10070)
C —  Model parameters 

SIGMA=900.0D0 
PI=3 .14.15926535793D0 

C —  Read truncation parameter, wave number and task 
READ(IN,*)M, A, ITASK 

C —  Read physical parameters
READ(IN,*)DP, EPSI, EA, XKO, XKEQ, XMU 
READ(IN,*)T0, RHO, GRAV, HTCAP, DELTAH, CHRL 
READ(IN,*)IREAD 

C —  Calculate dimensionless groups
PERM=DP*DP*EPSI**3/150.0D0/(1,OODO-EPSI)**2
RA=GRAV*3.67D-3*TO*CHRL*RHO**2*PERM*HTCAP/XKEQ/XMU
GAMMA=EA/8,314D0/T0
BETA=DELTAH/0.029D0/T0/HTCAP/4.76D0
THIELE=6 ,ODO*XKO*RHO*HTCAP*(1,0D0-EPS I)*CHRL*CHRL

* /(XKEQ*DP)*DEXP(-GAMMA)
D=6 .ODO*XKO*RHO**2*CHRL**2.5*HTCAP**1,5*DEXP(-GAMMA)

* /XKEQ**1.5*(GRAV*T0*3.67D-3*EPSI**3/150.0D0/XMU)**0.5 
PHI=1.0D0

C —  Calulate parameters for the positive exponential approximation 
RASTAR=RA/GAMMA 
RA=RASTAR
FK=BETA*THIELE*GAMMA 
WRITE(NOUT,*)'FK', FK 

C —  calculate wave numbers 
L=SQRT(A*A/4.0D0)
K=SQRT(A*A-L*L)

C Maximum and minimum values for the subscripts

C —  the steady problem

MAXIR=0



MAXIS-0 
MAX 113= I 
MINIR=Q 
MINIS=0 

MINIG=1 
IFdREAD.EQ. 1) THEN 
Hoad too f t' ic  it»ntH 

READl. U ’OEF ,*'! ICOUNT 

DO 11 1=1,ICOUNT
READtICOEF,*)IR, IS, IG, B(IR, IS, IG)
Y (. 1)=B t IR , IS, IG)
I SUB 1(1 ) = I R
isrn2 ti)=is 
ISUB 311)=IG
IFtIR.GT.MAXIR) MAXIR=IR 
IFiIS.GT.MAXIS) MAX1S=IS 
IFiIG.G T .MAXIG) MAXIG=IG 
IFiIR.LT.MINIR) MINIR=IR 
I Ft IS.L T .MINIS 1 MINIS=IS 
IF.IG.LT.MINIG) MINIG=IG 

CONTINUE 
ELSE
lO.l'NT counts ttio number of eoeffic ien ts  i .e .  the number of 
»<ju.iti<>ns> th.it satibt'y the truncation and p arity  
i.;i.i'NT=o '

s,: i sT-"

i;i:. 10 IK— -10, 10 
no 1') :s=- io, 10 

10 I fJ— l.io 
(■ ir i t y  itid trm o.ition 
CALL TKNCHKtIR, IS, IG, M, 1TFLG)
IF(I7FLG.NE.0) GO TO 10 

CALL i’AROHK( IR , IS, Il’RFLG)
IFt Il’KFL I. NK . 0 ) GO TO 10

Mount=I i'orvr+1 
Ah:, i S ' :

nUBN= i. i . u'-l'FLuAT( tR**2 )+DFL0AT( IS**2) J /4 . 0 
DO nQ 1=1 , ICOUNT

IFlSLBN.Eg.BNlI)) THEN 
GO TO 70 

KL3E
GO TO 60 

END IF 
:f;NTINI’E 

NCoUNTaNCOUNT+l 
!js (v : w  n t j“Si;bn 
OTVriNUE 

Initial i B

IFf(IABS(ISl.G E .3 i.O R ,(IABSCIK).G E .2 n  THEN 
IFiIK.NE.O) THEN 

B (I R , IS, IG)=0.01)0 

ELSE
Bi IR,IS,11j)— I ,OD-2 

END IF
Gopy B into dummy variables for NAG/IMSL, Y is a voctor 

YaCOUNT;=BClR,IS,nn 
I SUB 1 (1C0UNT)=IR 
1SIJB2( ICOUNT)-IS 
ISUB'H ICOUN’D ^ I G

-nvrifttrngigintMhmii w-vffrrf'Sy r I i n i .  rTT r



IF(IR.GT.MAXIR) MAXIR=IR 
IFCIS.GT.MAXIS) MAXIS=IS 
IF(IG.GT.MAXIG) MAXIG=IC,
IF(IR.LT.MINIR) MINIR=IR 
IF(IS.LT.MINIS) MINIS=IS 
IFCIG.LT.MINIG) MINIG=IG 

CONTINUE 
END IF
WRITE(INIT,*)ICOUNT 
DO 111 1=1,ICOUNT 

WRITE(INIT,*)ISUB1(I), ISUB2(I), ISUB3(I), Y(I)
CONTINUE
WRITECITERM,*)'NUMBER OF TERMS', ICOUNT 

-- Ei .her integrate ODES or solve non-linear ss equations 
IF(ITASK.EQ.Q) THEN 

-- Integrate o.d.e.'S using DIVPAG 
-- Parameters for DIVPAG

READ (IN,*) TINIT, TFINAL, NTSTEP 
TSTEP=(TFINAL-TINIT)/DFLOAT(NTSTEP)
TSTART=TINIT 
TDIF=TSTEP 
TOLR=l,OD-4

METK=1 -> ADAMS METHOD MITER=0 -> FUNCTIONAL ITERN. 
METH=2 -> Stiff method 

-- Set parameters for DIVPAG to defaults 
CALL SSET(50, 0.0D0, PARA, 1)
IN0RM=3
METH=2
MITER=0
IDO=l
PARA(10)=INORM 
PARA(12)=METH 
IFCNTSTEP.EQ.11 THEN 
Nl=2
U lrs  0

ELSE 
N 1 —2
N2=NTSTEP 

END IF
DO 20 ITSTEP=N1, N2 

TEND=TEND+TDIF 
-- Stepa closer at beginning

TEND=TINIT+fTFINAL-TINIT)*(1.0D0-DCOS(PI/2.0D0* 
n DFLOAT fITSTE P-1)/DF LOAT(NTSTE P-1)))

-- Steps closer at end
TEND=TINIT+CTFINAL-TINIT)*DSIN(PI/2. i/)0*

DFLOAT (ITSTEP -1) / DFLOAT (NTSTEP -1) )
CALL DIVPAGdDO, ICOUNT, TDERV, PDERV, AIVPAG, TSTART, 

TEND, TOLR, PARA, Y)
WRITE(4,*)'TEND, IDO = '.TEND, IDO 
REWIND (UNIT=2)
REWIND (UNI^ 9 )
REWIND (UNIT='7)
WRITE(NOUT, * ) ' TAU1, TEND, 'FK', FK
WRITEfNOUT,*)'TEND', TEND*CKRL**2/2.0E-4/3b00,0/24,0,'DAY 
WRITE(NOUT,*)'RA1, RA*GAMMA, 'THIELE1, THIELE 
WRITE(NOUT,*)'D ', D 
WRITEfNOUT,*’) 'WAVE NUMBERS', K, L 
WR ITE (I GOUT, ) I ('HUNT
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END IF
STOP
END

C --­
SUBROUTINE t’ARUHKUK, IS, IPRFLG)
IMPLICIT REAL* 8 lA-II.O-Z)

C —  Chock parity

SUM=DFLOATlIR+IS)
TEST-DMOD(SIM,2,ODO)
IF ITEST.NE.O.OUO) THEN 

IPRFLG=1 
ELSE

IPRFLG=0 
END IF 
RETURN 

END

SUBROUTINE TkNCHKlIR, IS, IG, M, ITFLG)
IMPLICIT REALMS ( A - M , 0 - li)
DATA I TERM ,"3 /

C —  ,'hi’ck trune.n u m
TEST*0. r-'Uc*I):<'LuAT( IR* * 2 i+DFLt'ATi IS** 2 r-0. 25DO+DFLOAT( IG*IG)
IVt TEST. GT. ( DFLi'ATt M*M+1 i ) i THEN 

ITFLG-1 
ELSE 

ITFLG='‘>
KM) IF 
KKT' KN 

EN"

sfi*K' i:t:ne t:;erv; io;m;nt, v, ydervi 
implicit :-e a a -h ,

• —  £v ilu .it*  t 1:!.* t;mi> 'ii-.rivltivo u this own't'talents tor DIVPAG 
. K, V
REAL*1) Y - 'j1'. ' , YUBKV(U')0 >
T M M ' . S  : EFF B;;KKV.-20:*1,-20:41,20), B(-20 :41,-20:41,20)
0< .'MMtj.N :'ARAMS; BETA, GAMMA, PI, THIELE, R A , SIGMA, CURL, FK 
r.MM n >:l b s , i r , i s , ig 
COMMON .'WAVE/ K, L, M
C O M M O N  / . SUB/ I SUB 1 < 200 t , ISUB2<2 0 0 >, ISt'B3 ( 200 )
DATA IN ,1/, NOf'T /2,, I TERM, 4/ , ICfjEF 8/, ICOCT /•)/, INIT ,'16/ 

20 NCfif'NT-1,1 COUNT 
IR=ISU!;li.NCi)UNT)
I.'-’-ISI.'-ijf NCQI'NT)
IG=lS!:H'iiNCt)!.'NT)

N'U-SQRTi { DFLUATf IK )*K i**2+< UFfjOATl IS 1*1 I**2 )
CALL SUMBf BSUM, THETA, Y, I COUNT )
IF ( f IR. E Q . 0 , ). AND .(IS. E Q . 0 ) )  THEN 

TERM= ( 1. 01)0 - ( -1. UDO ) * * IG)/ DFLOAT ( IG) / PI
* +0. "iDO*Y(NCOUNT t

* +THETA 
ELSE
TiCR.M-0 . 3I)()*Y (NCOI :NT) +TIIETA 

END IF
BDERVf IR, IS , IG.i~( -BSUM-( PI*Pt*DFLOAT( >G*IG i+NU*NU)

* *0 . 3l)0-.'.-YiNC0UNT )
* -t-FK-TERM )/SlGMA*2 .ODD 

YDERV (NCOUNT) “BDERV i IR, IS , IG I



CONTINUE
RETURN
END

SUBROUTINE FUNC (IlOUNT, Y, F, IFLG)
IMPLICIT REAL*3 (A-H.O-2)
Evaluate the equation for coefficients, for COSNBF 
REAL* 8 K, L, NU 
REAL* 8 Y(200), F(200)
COMMON /COEFF/ BDERV(-20:41,-20:41,20), B(-20:41,-20:41,20) 
CCMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK 
COMMON /SUBS/ IR, IS, IG 
CCMMON /WAVE/ K, L, M
CCMMON /1 SUB/ ISUB1(200), ISUB2C200), ISUB3(200)
DATA IN /l/, NOUT /2/, ITERM/4/, ICOEF /8 /, ICOUT /9/, INIT /16/ 
REWIND (UNIT=9)
WRITECICOUT.^l'Y IN FUNC'
DO IS 1=1,ICOUNT 

WRITEtICOUT,*)ISUB1(1), ISUB2(I), ISUB3(I), Y(I)
CONTINUE 

DO '20 NCOUNT=l, ICOUNT 
IR=ISUB1 (NCOl'NT)
IS=ISU B 2(NCOUNT)
I G= I SUB 3 (NCOl'NT)

NU=SQRTc(DF LOAT(IRi*K)** 2 + (DFLOAT(IS)*L)** 2)
CALL Sl'MB ( BSUM, THETA, Y, ICOUNT)
IF((IR.EQ,0).AND,(IS.EQ.O)) THEN 
TERM=(1.0D0-(- 1,0D0)**IG)/DFLOAT(IG)/PI

* +D,5D0*Y( NCOL'NT)
+THETA

ELSE
TEJ<M=0 , 5D0*Y (NCOUNT) +TKETA 

END IF
!•'( \'C0t'NT)=-8SUM - (PI*PI*DFi,DATfIG*IG)+NU*NU)*0. 5D0*Y (NCOUNT)

• +FK*TERM
WRITE(ITE RM,*;r (NCOUNT), NCOUNT 

CONTINT’i 
RETURN 
END

SUBROUTINE SL’MB (BSUM, THETA, Y, ICOUNT)
IMPLICIT REALMS fA-H,0-Z)
Evaluate the multiple summation arising from non-linear term 
REAL* 8 Y ( 200)
REAL* 8 KAPPA, K, L
COMMON /COEFF/ BDERV(-20:41,-20:41,20), B(-20:41,-20:41,20)
COMMON /WAVE/ K, L, M
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK 
COMMON /SUBS/ IR, IS, IG
COMMON /REALSB/ XIF, XIG, XIH, Cl, C2, KAPPA
COMMON /MAXSUB/ MAXIR, MAXIS, MAXIG, MINIR, MINIS, MINIG
COMMON /1 SUB/ ISUBK200), ISUB2(200), ISUB3(200)
COMMON /WORKSP/ RWKSP 
REAL* 8 RWKSPf10070)
EXTERNAL Fl, FAK20, FAKZ1, FBK20, FBK21 
DATA ITERM /3/
THETA-0 .ODO 
BSUM=0.ODO
Parameters for DQDAG



We split up the region of intP'V!' J-an to avoid errors with
integration of whole perio 1
X1“0.0D0
X2“0 .71)0

X3=l.0D0
AERR=1.OD-5
RERR=1,OD-5
Quadratures rule for oscillatory functions 
IRULE= 6
IPQCNT and ITUGNT are, counters for tho pq and tu coeffs 
DC 20 IPQCNT=1,ICOUNT 

IP=ISUB 1(IPQCNT)
IQ=ISUB2(IPQCNT)
IH=ISUB3(IPQCNT)
DO 20 ITUCNT=1,ICOUNT 

IT=ISUB 1(ITUCNT)
I!>lSUB2ClTi;CN'n 
I IF=ISUB3( j. ,f)
IF((IP+IT' • 0  GO TO 20 
IF((,IQ+U ' GO TO 20

JBbign d'-. ' hat aie real
1

. - in
FI,| . !)

CALL DQDAu ( F I , XI, X2, AERR, RERR, IRULE, Al, ER)
CALL DQDAG (FI, X2, X3, AERR, RERR, IRULE, A2, ER) 
A=A1+A2
IFfIER.GT.0) WRITECITERM,*)1IER A 1, IER 

THETA=THETA+Y<IPQCNT)*Y(ITUCNT)*A

KAPPA=SQRT( (DFLOATl IP)*K)**2+(DFL,OATCIQ)*L)**2)
IFf((IP.2Q.Oj.AND.(IQ.EQ.O)).OR.((IT.EQ.0).AND.fIU.EQ.0))) 
THEM

CALL DQDAG (FAKZ0, XI. X2, AERR, RERK, IRULE, AKZl, ER) 
CALL DQDAG (FAKZO, X2, X3, AERR, RERR, IRULE, AKZ2, ER) 
AKZ=AKZ1+AKZ2
IFfIER.GT.O) WRITECITERM,*)'IER AKZO', IER
CALL DQDAG CFBKZO, XI, X2, AERR, RERR, IRULE, BKZ1, ER)
CALL DQDAG (FBKZO, X", X3, AERR, RERR, IRULE, BKL 2, ER)
BK?=BKZ1+BKZ2
IFfIER,GT.0; WRITEfITERM,*)'IER BKZO1, IER 

ELSE
'J 1=RA*P I *X IG/KAPPA/ f DEXP (KAPPA) +DEXP (- KAPPA)) /

(PI**2*XIG**2+KAPPA**2)
’:2=RA/ f PI**2*KK**2+KAPPA**2)

CALL DQDAG (FAKZ1, XI, X2, AERR,, RERR, IRULE, AKZl, ER)
CALL DQDAG fFAKZl, X?, K3, AERR,, RERR, IRULE, AKZ2, ER)
AK?=AKZ1+AKZ2
IF (IER. GT. 0) WR ITE (ITERi'l, * )1 IER AKZl1, IER
CAuL DQDAG (FBK21, XI, X2, AERR, RERR, IRULE, BK7.1, ER)
CALL DQDAG (FBKZ1, X2, X3, AERR, RERR, IRULE, BKZ2, ER)
BKZ=BKZ1+BK22
IF(IER.GT.0) WRITECiTERh,* )1 IER BKZ11, IER

END IF
BSUM-BSUM+Y(IPQCNT)*Y(ITUCNT)*

f - f I) FLO AT (IP* IT) *K*K+DFL0AT CIQ* IU i *L*L) *AKZ 
+KAPPA*KAPPA*BKZ)
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C ---
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CONTINUE
RETURN
END

SUBROUTINE PDERV(N,X,Y ,PD) 
IMPLICIT REAL* 8 (A.-H,OZ) 
RETURN 
END

SUBROUTINE PL0T(Y, ICOUNT)
IMPLICIT REAL* 8 (A-H.O-?)
Results for plotting 
REAL* 8 K, L , KAPPA 
COMMON /WAVE/ K, L, M
COMMON /COEFF/ BDERVf-20:41,-20:41,20), B(-20:41,-20:41,20)
REALMS Y(200)
COMMON /ISUB/ ISUB1(200), ISUB2(200), ISUB3(200)
REAL* 8 COEFF(-20:41,-20:41,20)
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK 
DATA ITERM /3/
DO 10 1=1,ICOUNT

COEFF (1.SUB 1 (I), ISUB2(I),I SUB3(I))=Y(I)
>: :EFF(-ISUBliI),ISUB2(I),ISUB3(I))=Y(I)
COEFF(I SIBIf I),-1SUB 2(I),ISUB3(I))=Y(I)
’ :EFF(-1 SUB 1(1),-ISUB2Cl),ISUB3(I))=Y <I) 

v NT..'
Choosu tin! .'IZ
;:=o.o

DO 3 X“ 0 .0,0.4001DO, 0.4D 1
DO IS ZZ=0 . ODO , 1.0001UO , 1. -jOIj- 1 

THETA=0.ODO 
v e l z=o . odo
DO 20 \C0UNT=1,ICOUNT 

I=ISl'B 1 (NCOUN'T)
J=ISUB2(NCOUNT)
KK=ISL'B3 (N'COUNT)

SUM=C0EFF(I,J ,KK)
* * (DCOS (DFLOAT (I) *K*X) *DCOS (DFLO AT (J)*L*Z)
* -DSIN(DFLOAT(I)*K*X)*DSIN(DFLOAT(J)*L*Z)) 

KAPPA=SQRT(DFLOAT(I)**2*K**2+DFLOAT(J)**2*L**2)
IF((T.EQ.O).AND.(J.EQ.O)) THEN

F=RA*ZZ/PI/KK+RA/PI**2/KK**2*DSIN(KK*P1*2Z)
ELSE

A=RA/ fPI**2*KK**2+KAPPA**2)
C~A*PI*KK/KAFPA/(DEXP(KAPPA)+DEXP(-KAPPA))
F=C* (DEXP (KAPPA*ZZ) -DEXP (-:(APPA*ZZ) )+A*DSIN (,KK*PI*ZZ) 

END IF
THETA=THETA+S’JM*DS IN( PI*DFLOAT(KK)*ZZ) 
VELZ-VELZ+SUM*KAPPA**2*F 

CONTINUE
THETA=THETA/GAMMA
WRITE ( 7 , *) 2<) 3. 0*(THETA+1.0), VELZ*2. OE -4/CHRL, X*CHRL, ZZ*CHKL 

CONTINUE 
CONTINUE 
RETURN 
END

C
0

t ' ‘



SUBROUTINE TMAX(Y, ICOUNT, TEND)
IMPLICIT REAL* 8 (A-H.O-Z)
Calculate maximum tnmporaturn 
REAL* 8 K, L , KAPPA 
COMMON /WAVE/ K, L, M
COMMON /COEFF/ BDERVC-20:41,-20:41,20), B(-20:41,-20:41,20)
REAL* 8 Yl’200)
COMMON /1SUB/ ISUBK.20Q), ISUB2C200), ISUB3(200)
REAL* 8 COEFF(-20:41,-20:41,20)
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CttRL, FK 
DATA IN /l/, NOUT /2/, ITERM/4/, ICOEF /8 /, ICOUT /9/, INIT /16/ 
DATA N'TMAX /17/
DO 10 I=1,1COUNT

COEFF(ISUBHI),I SUB2(I),ISUB3(I))=Y(I)
'KFF (. -1 SUB 1(1), ISUB2f I) , I SUB3(I) )=Y(I)

CuKI'FiISUB1(I),-ISUB2CI),ISUB3(I))=Y(I)
0 EFF i -1 St.’j 1 ( I) , -1SUB2 ( I j, ISUB3 (I))=Y(I)
M  .Ni-L

I'lioiisn thn h>‘i^ht X and Y first chock at hexagon concre
X“0 , nw

THTMAX-0.01)0
no is 01)0 ,1 ,: no;:)n, 1 .'i j» - 1  

THETA-'J. QUO 
vr. .do
DO 2-'i NOOUNT»l, nr-UNT 

I=ISi:BI(.NCOI'ST)
J=IS' B2.\coi:n t )
KK-Iot'B'3' Ni"'' NT i

SUM̂ O'.-Ki'F' I, J ,KK i
* i dcosi ;jfu:at: i j*k*xj*dcosidfloatr j)*l*2)
-DSINi DI’LoATi I )*K,,fX j*DSIN(DI'LOATCJ )*L"2)) 

KAPPA=SqRT' :)F:.OATi I i**2*K**2+DFL0AT(J)**1.-'-L**2)
11-' I 1 1. EU • 0 ' .AM). 1 I. EQ. 0 ) I THEN
i'-KA---::::, pi,kk+rA/iu**:/KK**2*dstn(KK*pi*zz)

ELSE
A“KA/ I PI**2*KK** 2+KAPi’A**2)
: \--Pl--KK. KAl'PA/ t DEXP( KAPPA)+DEXP' -KAPPA))

< dexp I kappa*::;: i -dexp c -kappa*zz j j+a*dsin(kk*pi*zz)
END IF
T,’iKTA=THETA+SrM-DS IN( PI*l)FLOA'"(KK)*ZZ) 
vEL::=VEL;:+si:M--*KAPpi j^ z* f  

Cl. NTI.Nt-’E
THETA~TH!iTA/GAMMA 
IF fTHKTA.GT.THTMAX) THEN 
THTMAX-THETA 
HEIGHT=ZZ 
YC(-fjR0=2 

END IF 
CONTINUE 

'0;W r.h('.r:.i< ,lt vnrtnX
11- •. i-:g. o . odo j thfn
;i-PI/K--2 .01)0/ DSQrtT(3 .''Do I 
GO TO 30 

END iF
VK1TE (1 7 ,!) 2'J 3. 0* (THTMAX+ 1. 0 i, THTMAX, YCOORD*CHRI,, HE I GHT*CHRL 

!■ , TEND, TE.NW;i»RL**2/2.OE-4/24.0/3&00.0
FORMAT!bF12.oj 
RETURN
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END

C —

DOUBLE PRECISION FUNCTION F1(Z)
IMPLICIT REAL* 8 (A-H.O-Z)
COMMON /REALSB/ XIF, XIG, XI!', Cl, C2, KAPPA
REALMS KAPPA
PI=3.1415l)2ti5357')3D0
F 1 ~DS IN (. XIG PI * 2 ) * D SIN (, XIF* PI * Z) * DSIN (, XIH* PI * Z)
RETURN
END

DOUBLE PRECISION FUNCTION !'AKZO(Z)
IMPLICIT REAL* 8 (A-H,0-Z.)
COMMON /REALS!)/ XIF, XIG, XIII, Cl, C2, KAPPA 
REAL* 8 KAPPA
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK, XLE 
FAK20=DSIN < XIF*PI * Z) * D SIN ( XIG * PI* Z )* 

n RA.'PI/XIH* I 1, ODO+DCOS (PI*XiH*Z))
RETURN
END

DOUBLE PRECISION FUNCTION FAKZl(Z)
IMPLICIT REAL*8 IA-H.O-Z)
OiMM'-N , REALSB/ XIF, XIG, XIH, Cl, C2, KAPPA 
KEAL-'-B KAPPA
COMMAS /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK, XLE 
FAK." 1 =I)SIN ( XIF*P1*2 )*DSINiXIG*PI*Z)*Cl*KAPPA*fEXP(KAPPA*Z)+

« EXP■ -KAPPA*:!) !+PI'--XIII*C2*DC0S( PI*XIH*Z)

i’KKGISIoN not: S FBK20<Z)
:m ; : . ::t kkai,*« i a -h ,
•’•'-■MM N KKAl.cB; XIF, X:0 . XIH, Cl, C2, KAPP4 
REAL - KAPPA
COMM1. N , PARAMS, 'OETA, GAMMA, FI, THIELE, RA, SIGMA, CHRL, FK, XLE
f b k::^pi*x i f*i;co,.-;, x :f*pi*;; >*[>siNrxitf*i>i*Z)*

» R A , PI/XIH*i.Z+D.S 1Ni PI*XIH*Z ) /PI/XIH)
RETURN
END

DOUBLE PRECISION FUNCTION FBKZK3)
IMPLICIT REALMS <A-H,0 -,'!)
COMMON /REALS!)/ XIF, XIG, XIH, Cl, C2, KAPPA 
REAL*H KAPPA
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK, XLE 
FBKZ1=PI*•1XIF*DC0S(XIF*PI"2 )*0SIN XIG*PI*Z)*

■4 C1*(EXP(KAPPA*Z , -EXP(-KAPPA*Z) )+C2*DS IN (.PI*XIH*Z)
RETURN
END



The following program (IGNNEW FORTRAN) is used to calculate directly 

ignition points in the layer.



• •Al.'iiUTE THE UiK-KAMENETSKlI NUMBER FUR lUNITIt'N *
in  an i w i w t i  ->al bed  *
WITH UPKN TOP AND 2 TEHH EXPANSION i>F TIIK EXPONENTIAL *
AM; MfCJBIl'AI. INTEGRATIONS

ft ft« A I + friViV VA*
i’ j >NbF (vir ’ lit) baluLton ot tliu nuii-limwt pruliltMti 

, 1  u^dtcs Um Jo toronunt a t  tho J.Hu ln jii turn tho pruilm l 
; U.iv tuftcs.vtihies *'M iitioil ttom F0.2AFF 
" . I I .  IV RF.AI.*8 * A - H.. 1 

\t*x fc. I,
•a;.*a d><..’ tM)

t . .00 I , VAtJi'DOin 
** Vi JOilI

! 'i jm jb  l:ii l)li;u O i, Is iiB iU O u ), Ib iiB iu ou )
i EH ' lil'KkVt-.(i ti • il.jo j, Bt ;n '.1 ,-.’O i l  ,j(j)

•*.'! WAVE I,. M
•S! IN I'AKAn*. BETA, 'JAMHA, I ' l . i'UKI., U, KA 

''i : hi', i <tl,.:iji
MAXili U HAXIH, MAMb. MAX Hi, HIMIk, HIHIii, MINIO 

' i f  I. HINiI
- • , : r T l l t h V

v .7 , ;  1 ,■, t I . , iniuM m. , I.'oEF rn,m ' I N I T / I t i ,
J . U  ja t 't  i*t -4

. , 'W . I' '> ' ■ * '
A I : ■( ! ANA1:;,,; :■., kAVE V MiiHv 

>< * H. \
- va , 1 , , <ir .tai't i‘i ,

.V »  i) f ,  K il.I, KA, f i, \KEij, \.‘U
' :’i,> T o , tiii'j, ;kav, ificAP, i:e i . ia i i , i:ht(I.
•, • V  * , I Hi Ai.

l".'l - !l!i. 11 'JUtlU-EHSl 1 * * 1  
A >,.-A»»1 o ! l- 1»r.i*i:MKL«WIu»*i*l'EKH»HTCAI,/!iKE.i/XHU 
4K.1A eA/fi iN Iu J 7i. 
r . It  I.TAH •: ^lh<: TO IHIAI'/m JfcDU 
« « liRI.»*.‘ !,»IITi;AI'»»l. i*UEXI‘f -OAHHA)

j ‘  i.kAVTu*.! b?U-|»EI'S1** U 1 *jij uliO/XWJI**u 5
' ,;Ait ha,.;amha

kA . l AK
,* jto  wavo i.umbtira 
-,H1'A*A<h 4iU)

► . ,i»: A»A
uiC!J3 aii.1 'jjtuDiim vulutin |,,t tho ,ub’,(.t tjitu 
■;As •>-'/
■ia - ; . ' i 
 ̂ ., ■ ( i 

ik
'! * NI j  J
“ tNIl,-l 

! !! EAll l>) 1 / I1!1N 
|<EAD( ICOEF, * )IW )im  
•<Fjri-ii:outnti
J.) I I  11 , 1  f'uIJNT 

ktA IldCD EF.*)!!!, I.'i, I(J, 1IIIH lii, Iri)
y < i t i k , i a , iu j
ISUBIc t J- IR  
I.;ilB2 ([)^ lS
iuliU J ( I  J S|li
iH IK.m-.HAXIK) HAXIR-IK

IF(IS.DT.HAXIS) MAXISa IS 

IF(IQ.OT.HAXIU) MAXIO-IQ 
IFdli.LT.MINIR) MIN1R=IR 

IFdS.LT.MINIS) MINIS=IS 
IKCIG.LT.MIN 10) MINIO^IO

11 Co n t i n u e
READ!ICUEF,*)FK 

Y(NEI)N)=FK 
ELSE

0 —  ICOUNT camtea tho numbur of coofficlunts i.u, tho numbor of 
C —  oquatlona that aatiat'y tilts truncation and parity 

ICOUNT=0
DO 10 ll(=-10, 10 

DO 10 IS=-10, 10 
DO 10 10=1,10 

C Chuck parity dmi truncation
CALL TRNCIIKOR, IS, IB, H, 1TFL0)
IF(tTFLQ.NE.O) 00 TO 10 

CALI, PARCIIKdR, IS, IPRFLO)
IFtlPRFI.Q.NE.0) 00 TO 10 

t C U U N T W C O U N T H  
C --- Initiallau II

IK(IR.NE.O) THEN 
1U1R, IS, IO)“;O.ODO 

ELSE
IKIR,IS,ia) = l,OI)-l 

END IF
C Copy II into tlununy varlablus Y Is a voctor 

YClCOUNTJ-BCIR,IS,10)
ISUU1CICOUNT)— IR 
ISUB2(IC0UNT)-IS 
ISUB3(IC0UNT)-U1 

. IFdR.OT.MAXIR) MAXIR=IR
IFdS.OT,MAXIS) MAX IS— IS 
IFCIO.OT.MAXIO) MAXI0=Id 
IFdR.LT.MINIR) MtNIRa IR 
IFdS.LT.MIN'S) MINIS-IS 
IFdG.LT.MINIG) MINIG^IO

10 CONTINUE
NEi)N=IC0UNT+l

0 Initial uar.itnulu for FK 
Y(NEQN)-5.0D0 
END IF
WRITEdNIT,*) ICOUNT 
UO 111 1=1,ICOUNT 

WRITEdNIT,*)ISUBld), I8UI12(I), ISUD3(I), YCI)
111 CONTINUE

WRITEdNtT,*)Y(Nlil)N)
WRITEdTERII,*)'NUMBER OF TERMS', ICOUNT 

C ■-*■ Solvu oqa using COSNBF 

C Paramutora for C05NHF
ERIiREI,-DSqiiT(X02AAF(0.liD0))
LWA370000

IFAII,=1
LAI.L FUNCCNEQN, Y, F, 1FIAQ)

C CALI, C05NIIF (FUNG, NEIJN, Y, F, ERRREL, UA, LWA, IFA1L)
IF (IFAIL.OT.O) THEN 

WR1TE(N0UT,A ) '1FAIL1, [FAIL 
FNOUM:0 ,ODD
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« 4 M'k A1*"* *  A "A *•*** A * *  * ******-* A”A"4'Art'rirA'A"A'A:A<A r̂Aft
i'A!„’lit.ATE THE i \NK-KAMENETSKII NUMBER IOS IGNITION *
IN AN INFINITE )At, BED *
WITH OPEN TOP AND 2 TERM EXPANSION OF THE EXPONENTIAL * 
ANiI NUMERICAL XNTT-Ij RATIONK

i * A* A+■**★**:***#'* *********•*********-****************•******», -'.ftAtfftHri VArfr
i' i 1 1NBf [or lliu i.iliilu m  ot Ulo nun-1inujr ptublmu 
u .u ia toa  tho tlelimundrit ut the J j io U u n  (turn tiiti pruiluct 
t tho •iigi'iivohioa •ibtilinoJ (ion F02AFF 

: ’U T Iiin  REAL'S iA-H,n-i)
-AI.'H K !.
< A I*8 BNUOtfJ 
‘ Al *8 H M O ), WAtMOUO)
1 • * t Y. .’OU)

■:! 'V ■ IMIB. ISUBIUUO ), ISl'IUUOU), ISUBJUOOl
s ,;.ifc»y b I)KRV l*:U .M l,- JOm l,:U ), B t- JU m l.- .M .o I.W )

WAVE' K, L, M 
•t'r,N iaka>«, beta, ;amma, P I,  iJHKI., I), RA 

hI , - J Jm l , JU i 
MAXIS, MAX 10, MINIK, MINI!,, MINIli

iruiM/*/, K!OEF /#/, icuirr /•)/, i n it  /io/

■'•! ‘H Ti«:, ITHCl -*!0 
‘!‘!'N HAXS'IB; MAXIK, 

rtiNi: 
TUKKV

^ A  . ’i 1/, ?liiT'*  ̂ ,
‘ . : at aaot i'i u

1 .
•IVIATI.i.1 t-AhAftUlit. WAVE NUMBER 

.N,» H , A 
t .ys 11 3 i i.'it.jrat't ft 

% l u l ,  EA, .‘.Kit, ,\KEQ, XM1I
* KIIO, UKAV, HTCAP, DELTAH, CURL
.’ , ’i.* ilK EA Il
: ,sM . v 'D l^ E lb l* *  J/ 1 j U uljii/U UUUU-EPSI )* * i 
1J.i«AV»3 6?i»-j*Tu*(;ilKL»kllu**2*l-EKH*in'CAIVXKEg/XMU 

■ AHMA-tA/B Jl-.EJO Td 
«fc;-A-MLTAii,o ui'jnu/Tu,'im:AP/A. 76D0 
!>-'■ iiij*XKu*HHu**,.'*CHRL**J S*IITCAP**I. S'DEXPI -UAMHA)

. 5*ioRAVno*J.i)7D-J*EPSl** J/ 150. ul)0/XMtJ)**u. S 
..V.iAK-kA/UAHMA 
■A kA.I'AK
. uluto wttvo rmmburs 

j .■<r . A*A/A wI)U j 
»'-.)t.KTrA*A*L»Li 

ixiraita titiJ muimmffl v/tluoa tijr thu ..ubyi-rlpta 
1AXt'
MAX' . 1 
•1A -'- U»-1 
MlMli ij 

tj
>1INIO-l 

i ■ : -rAI, El) 1) [HEN 
hK AlJ 11KOE F'. * ) I COUNT 
NtW-ICOIJNT+1 
OT I I  1=1,ICOUNT 

REAU(tCCjEF,*)IH, IS , Hi, ' R, IS, ,IS) 
Y ( I)= B (lR , iS , IO )
IS U D H I^ IR  
I. tJBZt £ )-tS
i- u im ijM ii 
IF l IR irr.HAXIR) MAX!li=IR

10 

c -

111

c - 
c -

IK(IS,0T.MAXIS) MAXIo“ IS 
IF(IG.OT.MAXIG) MAXIG=I0 
lF(IR .LT .M IN IR ) HINIR=IR 
IFC1S.LT,MINIS) MINIS=IS 
IF(IG .LT.M IN IG ) MINIG=IG 

CONTINUE 
REA1)(IG0EF,*)FK 
Y(NEqN)=I’K 

ELSE
-- liiOUNT uoiintu tho numbor of ooofflc iunts I .a .  tho numbur of 
-- Ui|iiat loiiu tlmt Silt Ju ly  tho truncntion and purity 

ICOUNT-O
DO LO IR=-10, 10 

DO 10 IS=-10, 10 
1)0 10 10=1,10 

-- Chuck p arity  ami truncation
CALL TRNCh'KtrR, IS , 10, M, ITFLG)

IF(ITFLG.NE.O) GO TO 10 
CALL PARCIIKdR, IS , IPRFUi)

IF(IPRFLG.NE.O) GO TO 10 
IC0UN’I’=IC0UNT+1 

-- In lt lo l li io  B
IF(IU .NE.O ) THEN 

B(IR,I8,IG)«O.ODO 
ELSE

liCIU, I S , 10) = 1.013-1 
END IF

-- Uufiy II into dummy variah laa Y la a vtictor 
Y(1C0UNT)-B(1R,IS, IG)
1SUII1(IC0UNT)=IR 
ISUB2(tC0UNT)=IS 
IKUQ3 CI COUNT) —10 
IF(IR.GT.MAXIR) MAX I IIs IK 
IFOS.OT. MAXIS) MAX IS-IS 
IF(IG.OT.MAXIG) MAXIO=IG 
IF (IR .LT .H IN IR ) HINIR=IR 
IFCtS.LT.M IN IS) MINIS-IS 
IFUO.I.T.M INIG) HINI0=IG 

CONTINUE 
NEQN=IC0UNT+1 

•- In i t ia l  ustlmute for FK 
Y(NEQN)=5.0D0 
END IF
WRITBCINIT,*)ICOUNT 
DO I I I  1=1,ICOUNT 

W R IT E (IN rr,* )ISU I)l(T ), ISU112CI), IS U B 3 (I) , Y ( I)
CONTINUE
WR1TKCINIT,*)Y(NEQN)
WRITE(ITERM,*)'NOMBER OF TERMS', ICOUOT

• Solvu oqa using C05NUF
- Pdrdinuturs fot COSNBF

ERI(REL=DS()I!T(X02AAFCO,ODO))
LWA=70000
IFA ILb1
CALL FUNC(NEQN, Y, F, IFLAO)
CALI COSNUF (FUNC, NE()N, Y, F, ERRIIEI., WA, t.WA, IFA IL )
IF  (iFAIL.GT.O) THEN 

WRI E{N0UT,*)' IF A ll, ',  IFA IL 
FNOktl-O.OUO

1

C -

I
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rtnJHH-KNi !*■>•( M"*:
wftl.^Ni>r:‘, M 'B lK , S , i j ; '  ISU B1C I )  , !faUB<M I ) , ISU lm  \ ) , Y( I ) 
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PARAMETER (NVAR-3, LDEVECJaNVAR)
REAM'S K, L, NU
REAM'S Y(200), KCiOO), AA(NVAR,NVAR), RR(NVAK), RI(NVAR)
UEAMU AC01>Y(NVAR,NVAR)
COMMON /COOT/ BDERV(-20;41,-20:41,20), B(-20{41,-20:41,20) 
COMMON /PARAMS/ BETA, OAMMA, l>X» CURL, D, RA 
COMMON /.SUBS/ iH, IS , 10 
COMMON /WAVE/ K, I ,  M

MMON /TRC/ [TRC(-20:4l,-20:41,20)
COMMON / I  > ISUDI(200), 1SUU2(200), ISUB3C20G)
COMMON /» a*/ RWKSP
COMPLEX’̂  fciVAL(NVAR), EVECfLDSVEC, NVAR)
INTEUER 1NTGERCNVAR)
RKAL*8 RtfKSPC10070J
DATA IN /1/, NOirr /2/t ITERM/V, ICOEF /B/, ICOUT /*)/, 1NIT /16 /
I COUNT-NEON-1 
REWIND (UNIT=9)
WltlTEC ICOUT,*) ’V IN FUNC1 
DO 55 I,ICOUNT 

W KITE(IC0UT,*)ISUU1(I), ISUB2CI), ISUB3U ), Y ( I )
55 CONTINUE
C —  Thu Lorreot olumunt of Y in  assigned on tho same busts 
(! iis In thu m,iln progcora l.o .  using thu councor Ncount wlticlt Is 
t" —  inut'umutitiid for every admissible fs pd ie  

111) ao NUOUNT Î ,ICOUNT 
IH-ISUUKNUiiUNT) 
ia=ISUBZ(NCUUNT)
Iw^lSUfl’3{NCUUNT)

NU=SQHT((Un,OAT(IU)AK)«2+(DfV ’AT(IS)ftI, **2)
CALL SUMBCBSUM, TILTA, Y, NEQN)
IFf(fR .EQ .O ).A N U .(IS .EQ .O )) THEN 

TERH=>(1.0DO-(-l.ODO)**IG)/DFLOAT(IQ)/PI
■ +0.5DO*Y(NCOUNT)
•' l-TIIETA

ELSE
TERM=0. 5DO*Y(NCOUNT)+T!lfcTA 

END IF
F(NCOUNT)“ -I!RUH-(I>I*l>I*DFLOAT(IG*ia)- -lUANUJAO.SDOAYCNCUUNT)

* >Y ( NE()N) / DSQliT ( RA) *TERM
a WRiTE(tTEKH,*)F(NcouNT)
SO CONTINUE
0 —  Stiut, loop to aasumbli! Jacobiun matrix 

DO 15 J= 1,1 COUNT 
IR=ISUB1(J)
IS—liJUH 2 ( J )
I0-ISUH3CJ)
DO 10 t=1,1COUNT 

CALL SUHCSUH1, SUM2, V, I ,  NEQN)
I F ( I . E i ) . J )  THEN 

A A (J,I)^ - J.M )0 * (
H im .T,OAT(lSUBlC I))*K)**2KDFIOAT(ISUB2(I))*t,)^2
it +l*l**a*UFLOAT( ISUB3 ( I  )* *2 ))
it -HUN1+Y(NE()N)/US()RT(RA)*0.5DO*(1.0DQ+SUH2)

ELSE
AACJ,I) = -SUHl+0.5IK)*Y{NE(!NV»S(iRT(IM)*SUM2 

END IF
WRITE(NOUT,* )AA( J , I )
ACOL>Vf J ,  I)=AACJ, 1)

10 CONTINUE
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IS CONTINUE

' - 'Mil F02AFF to find this ulgunvaluus of AA 
i'ardmotera for KH M ’F 
N-ICOUNT 

IA=>IC0UNT 

IKAIL-I
CALL F02AFFCAA, IA, N, H H , lit, INTGEH, [FAIL) 

CALL DEVCRG(N, ACOPY, IA, EVAL, EVEG, MIEVEC) 
CALL WRCRN ('EIGENVALUES', l,N, EVAL, 1, 0) 
IF(IFAIL.GT.O) Tl'KN 
WRITECNOUT,*)1IFAIL F02', IFAIL 

STOP 
END IK
WRITECNOUT,*)'EIGENVALJES'
IW bO I n 1,1 COUNT
WRITE(NOUT,*)RK(I), RI(I) 
WRITE(NOUT,*)EVAI,U)
MNTINUE 
t'lNEQNJ-l.ODU 
UU 70 I-l, ICOUNT 

F(NEqN)=RR(I)*F(NEQN) 
F(NK0O=EVAL([)*F(NEQN) 

i’ONTINUE 
KEf-tiN 
K.ii

.I'BKOUTINE SUHBCUSUM, T1IETA, V, NEQN)
'il'L IC IT  REAV8 tA-II,0-2)
valuuta tho multiple summation a ris ing  from non-linuar tonn 

.j I HENS ION Y C 200)
KEAL*8 KAI'PA, K, I,
CdMMUN /COEFF/ BUERV(-20s41,*20:41,20), B (-2 0 :4 l,-20:41,20) 

MMON /WAVE/ K, L, M 
'.OHHOM /PARAMS/ BETA, OAMMA, Pt, CHRL, D, RA 
CaHMi'N /SUBS/ 1R, IS , 111
COMMON /REALSUBS/ X IF , XIO, X III, C l, C2, KAI’PA 
W  /MAXSUB/ MAXIR, NAXIS, MAX 10, MtNIR, M IM S, HW1Q 

COMMOrt / ISUB/ ISUB1(200), ISUU2(2U0), ISUB3C200)
CuMHON /WORKS!’/ RWKSP 
N£AL*8 RWKSPf10070)
EXTERNAL F I ,  FAKKO, FAK21, FBKZO, FBKZ1 
DATA 1TERH /3/
TiIETA-0.01)0 
UBUM^O.ODO

* Parametura for DQDAG
■ W(j a p l i t  up tho roalan o£ Intagration to avoid urtora wltli
- intugraUun of uholu purlods 

XI 0.01)0 
■.^0.71)0 
X3=1.0D0 
AERRal.OD-6 
HFRR=1.0D-6

* (Juadraturo ,-ulu far o sc illa to ry  tunctlonu 
IRULE=6
ICOUNT^NEQN-1

*** IPQCNT and tTUCNT aro counties fur Uiu pq and tu aooffu
00 10 II'QCNTal,ICOUNT 

ll^ ISUBl(IPl)CNT)

C ---

I1K21, ER) 
IIKZ2, Ell)

0-­
10

IQ3ISUB2( Il’QCNT)
III°ISUU3(Ii'qCNT) 
do io nncwr=i, icount

IT-tSUI!l(ITUCNT)
IU=ISUB2(ITUCNT)
IIF»ISUB3(ITUCNT) 

tFCCIP+ ITj.NE.IR) 110 TO 10 
IF (U Q H U ).N E .IS )  GO TO 10

** aasliin dummy subscripts that arc rod I 
Xia-DFIiQAT(IO)
XIFbDFLOATCIIF)
XIII=DFr.OAT(III)

CALL DQBAOfFl, X I, X2, AERR, KERR, IRULE, A l, ER)
CALL DQDAG(FI, X2, X3, AERR, HERR, IRULE, A2, ER) 
A“ AUA2
IF(IEU.GT.O) WRITE(ITERH,*)1IER A ', IEIi 

TIIETA-rilETA+V CIPQCNT) * Y ( ITUCNT) *A

KAPPA=S(!RT((DFI,0AT(II’ )*K)**2+(DFL0AT(IQ)’,>L)*-*2) 
IF(CCIP.KQ.O).AND.Clq.KQ.O)).OK.(CIT.E(J.O).AND.CIU.EQ.O)))

* TIIEN
CALL DQDAG(FAK20, X I, X2, AERR, RERR, IRUI4J, AKZ1, ER) 
CALL DQDAG(FAKZO, X2, X3, AERR, RERR, IRULE, AKZ2, ER) 
AKZ=AKZl+AKZ2
IFUER.GT.O ) WIUTElTTERM,*)'IER AKZO', IER 
CALL DQDAG(FBKZO, X I, X2, AERR, RERR, IRULE,
CALL DQDAOim'M, X2, X3, AEkR, RERR, IRULE,
ft I? 7 S3 HI?’.; 1 i. II 1^7*)

IF(IER.GT.O ) W IUTEUTERM,*)'IER BKZO1, IER 
ELSE

0 l=RA*PI*XIG/KAl’PA/ fDEXPCKAPPA) +DEXI’ ( -KAPPA) )  /
* (PI**2*Xia**2IKAI’l,A**2)

C2=liA/(PI**2*KK**.HKAPPA**2)
CALL IKJUAIKFAKZI, X I, X2, AERR, RERR, IRULE,
CALL D()DA0(FAKZ1, X2, X3, AERR, RERR, IRULE, 
AKZ=AK21+AK22
IF (IER .G T .0 ) W RITE(ITERHi*)1IER AKZ1', IER 
CALL DOOAGd'BKZl, X I, X2, AERR, KERR, IRULE,
CALL DQDAGCFBKZl, X2, X3, AERR, RERR, IRULE, 
UKZ-BKZ1+BKZ2
IF(IEH.OT.O) WR ITE ( ITERM, * ) 1 IER BW 11 , tER 

END IF
BSUH=IISUMtV(n'QCNT)*Y( ITUCNT)*

* (-(UFI,OAT(IP*1T)*K*KH)FI.OAT(IQ*IU)*L*L)*AKZ
* +KAI’PA*KAPI’A*B!.Z)

CONTINUE 
RETURN 
EMI)

SUBROUTINE SUM(SUM 1, SUM2, Y, IJAG, NEQN)
IMPLICIT HEAL*B lA - M - Z )
Evaluate thu m ultip le Humiliation aris ing  from nun-linuar torm 
REAL*8 Y(200)
REAL*8 KAPPA, K, L
COMMON /COEFF/ BDERV(-20:41, -20:41,20) > BC*20:41,*20:41,20)
COMMON /WAVE/ K, L, M

AKZ1,
AKZ2,

BKZ1,
BKZ2,

ER)
ER)

F.R)
ER)

l-o
ui
cn

)■
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ALL Lk̂ IjA'j I n  , X I, AhkK, hhhK, IW.'.K, A l, KK I 
All. imlJA'iiH , Ki, X !, AtHK, HfcHK, lirtlli.. A J , IK I 

A-AMAJ
,/iitk i.r .,1 whiniiihi.M,*i1 n k  a', u,r 

it'in/:!« tij i;.Vj toll iII’ii.M ,‘<b JIACii illfcN 
:tKM-Y< !TO:'|*I I 

r : -f. IHlI.Di.NT V l I IA i; J AND Il'jcNT Ui. . I JAC) I lilfcN 
If. Ml Vf I( i  ̂•■ I i

U..I. ; u (  II'.JI '.I tv  I* Il’ffl i AMI lll 'V N I' i.n I lUI.’NTi ) I'llEN
rc.i<n-i .iii'j*Yi i.: ,1'ni ,

a  .
It.KM tJ.uL!)

INIi II

-■'Hi >! H^HT-HM*A

KAl'I'A 3i,ikrr it)H iiiA ln i‘ i'K i**jin iK I.uAT ( I (})* !.|«*2)
I K  1 ( II1. l<) .UJ AND < Hi Klj i j)) I t . l l h  fcij U).AND t llj  l.i) .11))) 
lllf.N

liAl.I, ligUAHitAK,:.), X I, X!l, AtKK, ItKKK, IHUI.I., AKZI, Ell)

ER)
ER)

cau. a q m m m ,  xs, X3, ae rr, rerii, i r u u ,  akz2, e r)
AKZ=AKZ1IAKZ2
IF(IER.GT.O) W IUTE(ITERH,*)'IER AKZO', IER 
CALL tlQ lM C vm o , X I, X2, AERR, RERR, IRULE, DKZ1, ER) 
CAW- DQDAr.»W,0, X2, X3, AERR, RERR, [RULE, BK22, ER) 
1IK,!=IIK21IBKZ2
IF(IKR.BT.O) VK ITE(ITEIIM ,*)'IER  DKZO1, IER 

ELSE
Cl‘=8A*l*I*Xia/KAl>l*A/CDEXPtKAl»l*A) tnEXPt-KAPPA))/ 

(Pl**2*XlO**a+KAPPA**2) 
C2=liA/(PI**2*k'K**2+KAPPA**2)

CALL DqDAO(FAKZl, X I, X2, AERR, RERR,
CALL DQDAOd'AKZl, X2, X3, AERR, RERR,
AKZ°AKZ1+AK'!2
IF(IER.OT.O) WR1TE(ITERH,*)'IKR AKZl'
CALL UrjDA£>(FBKZ1, X I, X2, AERR, RERR,
CALL D()DA(i»'liKZl, X2, X3, AERR, RERR,
I)KZSUKZ1 HJKZ2
[FUKR.liT.O) V.I(1TE'ITERH,*)'IER DKZ11 ,

END IF
I F ((1 PqCNT.EQ. IJAC) . AND. IITUCNT.NE. IJAC) )  THEN 

TERH=Y(ITUCNT)
ELSE IF ( ( ITUCNT. EC). I JA C ). AND. ( IPIJCNT. NE. I JAC))  THEN 

TEKM=Y([PQCNT)
ELSE 1F(( IPqCHT.Lq. ICOUNT) .AND. (ITUCNT.EQ. ICOUNT)) THEN 

TERM=J.0/)0*Y( ICOUNT)
ELSE 

TERM-0,ODO 
ENU IF
USUH-BSUH+TERH*

(-lDFLt!AT(!P*lT)"K*K'+l)FLOAT(It)*[U)*L*L)*AKZ
+KAPPA*KAPPA*UKZ)

IRULE., AKZl,
IRUIJ3, AKZ2,

IER
IRULE, BKZ1,
IRULE,

IER

ER) 
IIKZ2, ER)

10 CONTINUE
RETURN
END

C 
0 
0 
10 
R -

SUBROUTINE PLO W , ICOUNT)
IMPLICIT REAL*8 (A-II.O-Z)

. Results tor p lotting 
REAL*8 K, L , KAPPA 
COMMON /WAVE/ K, I., H

COMMON /COEFF/ BDERV(-30:41,-20>41,20), B (-2 0 i« l,-20:41,20) 
DIMENSION VC200) '
COMMON /ISUB/ ISUBK200), ISUB2(200), ISUB3(200)
REAL*B COEFF(-20:4I,*20:41,20)
COMMON /PARAMS/ BETA, QAHMA, P I, CURL, D, RA 
DATA ITERM / V  
DO 10 I«1 , ICOUNT 

COEFF{ ISUB111), ISUB2( 1), .’SUB3 ( I j '= Y ( t )
COEFFt*ISUB1( I ) , ISUB2 (I) , ISU B3 (I) ) s y ( I )
C0EFF(1SUB1(1 ),-1SUB2(I) , ISUB3CI) ) “ Y ( I )
COEFFt-ISUB1CI),-ISUB2(I), ISU D J(I) )= Y (I)

CONTINUE
Chuoao thu lint gilt ZZ 
■„Z«0.5
DO 5 X^0.0,0.400100, 0.4D-1 

DO 15 £-0.01)0,0.400011)0, 0.40U-1 
TIIKTA-O.ODO

MlBMMnrari --—irrwm?rrtiHi‘ htrr
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VEU^O.OUO
BO JO NCOl'NT-;!, ICOUM'
i--isuunNt:iiWi)
I- IS lB Jll .  >NT)
KK-1SUB3,' illiur)

sun ■ tFF( I,J,XK)
: nm ',osn)Fi,oAT(i)*K*X)"ucosiDKi,o,vr(J)*[.'»z)
- -DSlNU)FWATUV*K*X)*OSIM(DF!,OAT(J)*L*Z))

KAI'l,A-SQKTCDFL0AT(i;**2*K**2+UFI,0AT(J)**2*L**2)
lK i I . t q .O )  AND. iJ.E Q .O )) then

V=KA*Z;:/PI/KKt RA/l't* «2/KK**2*»SlNlKK*PI*iSii)
else

A-KA/ ( P l**2*KK**2+KAPPA**2)
0-ArtP I AKK/KAPPA/UlEXP( KAPPA )-t-DEXP(-KAPPA))  
K-«:*iUEXPCKAPPA*aZ)-OUXPC-KAPPA*^K)}+A*UaiNlKK*Pl*ZZ) 

thO IF
THETA-imTAiSlM*PSIN(PI*DFl.aAT(KK)*2Z) 
VtL:.’-‘VELZ+SWI*KAPPA**2*K 

Ô NTIht’E
nii.rA-intrA/iiAHHA
W KITE:\*)2 l)3 uMTHETAtl.u), VEU»2.uE*»/CIIRt, X*CIIRL, Z*CHKI.

i*. rim.'t 
^ .n tiw e
»!■ ■ Ml

COMMON /PARAMS/ BETA, GAMMA, P I,  CHRL, D, RA 
FBK20=Pr*XIK*»C0S(.XIF*PI*Z)*D3IN(XIB*PI*Z)*

I) RA/Pl/XIIt*(Z+DSIN(Pt*Xll(*!S)/PI/XIII)
RETURN
END

DOUBLE PK^IalON FUNCTION FB. Z1(Z)
IMPLICIT REAL*8 (A-II.O-Z)
COMMON /REALSUBS/ XIF, XlCi, X III, C l, 02, KAPPA 
R EA M  KAPPA
COMMON /PARAMS/ BETA, OAMMA, P I,  CHRL, D, RA 
FBK21=Pt*XIF*UCOS(Xr*PI*?.)*D3IN(XIG*PI*Z)*

It Cl*(KXP(KAPPA*Z)-EXPC-KAPPA*Z))+C2<''DSIN(Pt*XIII*Z) 
RETURN 
END

. " I 'D ii  iKi.i-'iwi .n h  ni:t m n  f h z i
. -li-I.i ’ IT KtAI/H 'A-ll, )•;',)

m . u  fULsi.Bh. m k, xiti, x ili, c i ,  i: j,  kappa
i.AL*8 KAPPA

'  N 1 J  i h t ) 5 3 r> i I ' (J
r t- !* IN tXW *PI*2 i*l»alN iX IF»PI*2 )*D SlN (X IH*PI*i!)
. k,i;kn
Nit

j'.'BIA PKEtUSJuN FlWCTIUN FAKZO(Z)
. 'IK .IC IT  M.AI,*S fA-ll.u-Z)
, iMM N . kEALjliBS/ X IF , XIO, XIII, C l, C2, KAPPA 

i-hAI.*« KAPPA 
j.IMilM /I'AkAtlS/ BETA, (3AMMA, P I,  CHRL, I), RA 

:-AK.Ij-i«>INlXIf*l‘ I*Z )M )SIN 'X IU *p l*Z )* 
i KA, PI/Xlll*(1.0DU4DCjS(PI*Xin*Zr
i'Ki* UN 
LtiL

lattJ-. pr ec is io n  function  f a k z u z j
;M l'L I':Ir IiEAl.*8 (A-ll,i)-Zj 

(HHOh /KfcALSUBS/ XIF, XIO, XIII, C l, C2, KAPPA 
. EAL*8 KAPPA
■UMMUN / PARAMS / BETA, O'AMMA, P I,  OIK I , I), IM 
FAKul .|i:,INlXIF*PI*Z)*DSI»(X10*l, I*Z)*CI<KAPPA*(EXP(KAPPA*<,) +

il EXPf-KAPPA*Z))H'I*XIII*C2*D(:0S(PI*XIII*Z)
\N

UUlH IM  m C U W H  FUNCTION FDKZOfZ;
IMPLICIT RKAL*8 rA-ll,U-/0
a im m  /RKAUUBS/ X IF, XIO, XIII, C l, 02, KAPPA
ktAL" : I APPA
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j. 1.•",// that ire  wt\

\1;: >4 la >
XIF- M- MI i I l f  4 
Xlh FUM n lit)

Al-iiCAI'HtliFl, X I, X.I, AEI.K, KEKH, EkRuk, IEK) 
A^-UUAlkEiFl, \2,  X J , AEkk, kEkk, Ekk'jk, IEK)
A~*A1+Ai!
if- ii.k . 'ir  u; w u m n m tN .- j 'tE k  a ' ,  iek

Ev ISDEXi MIEN 
iHLTA-f ( 1T̂  f.NTV A+TIIETA 

EM* IF

FAW’A- ^kTM iFI.nAK IP )■ K i >■-' t *  lUFUjAI’i IQJ- L j■■■■■I )
IF i I I IP Eg .'Ji ANIj < I'V i .U U) ,  UK. i ( IT.Eg U) ANU. I IU .Eg .0 ))j 
THEM

AKuMiCAMEtfrAK.M, X I, X^, AEivK, REkk, EWwK, IEK) 
ak22-im.ad»£ i MK^u , X2, x j , AEkk, kEkk, tkhuk, j i ;h ; 
AKZ:'-AKfal + 4KZ2
IFiir.k.GT j )  VrkITEi ITEkM, ; ' I E I  AKZo', I lk  
BK2lsDi;ADkE(FBK20, X I, X2, AEkk, kEKk, EkUOK, IEK)

i

BK22=BCAnRF(PBK. ' , X2, S3, AERR, RERR, ERROR, IER) 
DKZ=l)K,!H.JKa2
IF(IER.O T.U ) t,u-TE(ITERH,")'IER BK?.0' , IER 

EI.SE
Cl=RA ',Pri,XtO/KAf I’A/IDEXPtKAl’l’AHDEXPl -KAPPA))/

• i |»|ft»v»wXIG!**2+KAPI*A**2) 
C2-RA/(l’I>-*2"KK*«2+KAPPAf'*2)

AKZ1=DCADI<E(FAKZ1, X t , X2, AERR, RERR, ERROR, IER1 
AKZ2=DCADRE(FAKZ1, X2, X3, AERR, RERR, ERROR, IER) 
AKZ=AK21+AK22
IFC1ER.GT.0 5 MRITEdTERH.'O 'IER AKZL', IER 
BKZ1=DC.\DRE(FBKZ1, X I, X2, AERR, RERR, ERROR, IER) 
BKZ2=I)CAURE(FBKZ1, X2, X3, AERR, RERR, ERROR, IER) 
BKZ-BK21+BKZ*!
IF(IER.GT.O ) WRITEtITERU, * ) 1IER BKZ11, IER 

END IF
C ---

IF ( U’OCMT EQ.INDEX) THEN 
BSUH=UBUH+Y(ITUCNT)rt

* I -( FLOATt IPV.-tT)’'K*K+FLOATt I0>'IU>'• f, • I.)'-AKZ 
•* +KAI,PA'.'KAPPA'*'BKZ)

ENP IF

JU CONTINUE 
RETURN 
END

0
■SUBROUTINE PARCHKCIR, IS , IPRFI.G)
IMPLICIT REAL'-'B (A-II.O-Z)

C —  Cliui-k p iirity
SUM=Ff.OAT(IR+IS)
TEST“ DHOD(SUM,2 .ODO)
IF(TEST.NE.O.O) THEN 

IPRFLG-l 
ELSE 

IPRFt.G=0 
END IF 
RETURN 

END

SUBROUTINE TRNCIIKUR, IS , IG, H, ITFLG)
IMPLICIT REAL'-B (A-H.0-2)
DATA [TERN /3/ 

t; —  Chuck Iruncdtiem
TEST-i). 7SDO*FLOAT(1 R,;-'2) i-FI.OATt IS ,VVf2)lV0 . 23D0+FLUAT( IG;,IC) 
IFtTEST.GT.(FL0AT(N»M+1)I) THEN 

1TFLG=1 
ELSE 

ITFLG-0 
END IF 
RETURN 

END
DuUBLE PRECISION FUNCTION F I(Z )
IMPLICIT REAL*B U-11,0-2)
CUMMON /REALSUBS/ X IF XIG, XIII, C l, C2, KAPPA
REAL 'S KAPPA
PI=J. 1̂ 119265357931)1)
F l“ D8tN(Xia*PI*2)»DSIN(XlF»PI"-2)“ D8lN(XIII*Pt>»2)
RETURN
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DOUBLE PRECISION FUNCTION FAKZO(Z)
IMPLICIT REAL*8 (A-II.O-Z)
COMMON /REALSUBS/ XIF, KIG, X III, C l, C2, KAPPA 
KEAI.-8 KAPPA
COMMON /PARAMS/ BETA, UAMMA, P I,  THIELE, RA, SIGMA, CURL, FK, XLE 
FAK20=DStN<XtF*l,I«Z)*DStNlXia>*Pt*2)«

It RA/PI, XIII'H  1. UUO+UCOS( I'I"X11!*Z) )
RETURN
END

C --­
DOUBLE PRECISION FUNCTION FAKZl(Z)
IMPLICIT REAL>*8 IA-M .0-2)
COMMON /REALSUBS/ XIF, XIG, X III, C l, C2, KAPPA 
REAL'S KAPPA
COMMON /PARAMS/ BETA, UAMMA, P I,  THIELE, RA, SIGMA, CURL, FK, XLE 
FAK21=l)SIN<XIF"Pt*Z)'<DSINlXtGftP[*Z)ftCl*KAPPA*(EXP(KAPPA*Z) +

I) EXI'I -KAPPA>'<Z> )+P[>-XIII*C2«DCOS(Pt*Xtll*Z)
RETURN
END

C
DOUBLE PRECISION FUNCTION FBKZO(Z)
IMPLICIT KEAL'-a CA-II.O-Zl
COMMON /REALSUBS/ XIF, XIO, XIII, C l, C2, KAPPA 
REAL a KAPPA
CuMMON PARAMS/ BETA, GAMMA, P I, THIELE, SIGMA, CHRL, FK, XLE 
KIII^J=HI> XIF -DCOtflXir^PI* ;!) 'BS t.V (X IG ''P I'^ )J 

,/ KA/PI/XIIKZ+USIN(Pt*'XUI''2)/PI/XtlD 
RETURN 
KM)

Double p r ec is io n  function f b k z u z j
IMPLICIT REAL'S lA-H.U-Z)
COMMON /REALSUBS/ XIF, XIG, X III, C l, C2, KAPPA 
REAL'-ii KAPPA
CUMMON /PARAMS/ BETA, UAMMA, P I,  THIELE, RA, SIGMA, CURL, FK, XLE 
FBK21-PI ‘’'XI F-‘ DCOS t XIF" P l v‘Z DS IN(XIGlVP 1*2 V',f 

it Cl*(EXPlKAPPA«21*EXP(-KAPPAeZ))+C2>'<DSINCPt»XIII“ Z)
RETURN
END
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APPENDIX G

SPONTANEOUS COMBUSTION OF COAL STOCKPILES - 

AN UNUSUAL CHEMICAL REACTION ENGINEERING PROBLEM

Kevin Brooks, Steven Bradshaw and David Glasser 

Department of Chemical Engineering 

University of the Witwatersrand 

WITS 2050 

South Africa

(PublisheH in Chemical Engineering '.ience, Vol. 43, No. 8 , pp. 

213y-2145, 1988)

ABSTRACT

Spontaneous combustion of stockpiled coal occurs because of reaction 

between atmospheric gases and coal, and causes pollution, as well as 

the potential loss of all or part of the stockpile. The stockpile may 

be viewed as a chemical reactor, and chemical engineering methods may 

be used to analyse and understand this problem.

The analysis is complicated by the fact that coal stockpiles in 

general possess little or no symmetry. In addition, it has been shown 

that the flow in coal stockpiles is mainly due to natural convection, 

which makes the problem rather different to those traditionally 

analysed in the chemical reaction engineering literature. In order 

that a realistic model of this phenomenon be formulated, it is 

necessary to derive mass, momentum and energy balance equations,

The various models that ha,e been used to describe this phenomenon are 

discussed, starting with simple steady-state one-dimensional models, 

and culminating in a three-dimensional formulation. The simple 

one-dimensional model gives valuable insights into the behaviour of 

stockpiled coal, The solution of the more realistic modal, using 

finite element techniques, is described. The models are compared in 

the light of the assumptions made in their derivation, Finally the 

practical implications of the work are discussed,

Keywords: Spontaneous combustion, mathematical model, coal storage, 

natural convection
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SELF-IGNITION AND CONVECTION PATTERNS IN AN INFINITE COAL LAYER

Steven Bradshaw, David Glasser and Kevin Brooks 

Department of Chemical Engineering 

University of the Witwatersrand 

Wits 2050 

South Africa 

Telephone 011-7162413

(Submitted to Chemical Engineering Communications, April 1989)

ABSTRACT

Spontaneous combustion fan occur in a coal stockpile if the heat 

;’,»neraced by oxidation cannot be dissipated at near ambient 

temperature. Determination of conditions for which combustion occurs 

is of great importance in designing coal stockpiles. An approximate 

analysis is used to obtain natural convection patterns in a 

laterallv-unbounded layer of coal, Down-hexagons and two-dimensional 

rolls appear to be the stable flow planforms. A continuation 

procedure gives a simple criterion for the point of ignition in the 

layer in terms of easily measurable parameters. This criterion can be 

used to determine ignition points in the interior of a large coal 

stockpile and complements earlier work in which a similar criterion 

was developed for the edge of a stockpile.

Keywords:spontaneous combustion, ignition, natural convection, coal
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SELF-IGNITION AND CONVECTION PATTERNS IN AN INFINITE COAL LAYER

Steven Bradshaw, David Glasser and Kevin Brooks 

Department of Chemical Engineering 

University of the Witwatersrand 

Wits 2050 

South Africa 

Telephone 011-7162413

(Submitted to Chemical Engineering Communications, April 1989)

ABSTRACT

Spontaneous combustion can occur in a coal stockpile if the heat 

generated by oxidation cannot be dissipated at near ambient 

temperature, Determination of conditions for which combustion occurs 

is of great importance in designing coal stockpiles, An approximate 

analysis is used to obtain natural convection patterns in a 

laterally-unbounded layer of coal, Down-hexagons and two-dimensional 

rolls appear to be the stable flow planforms. A continuation 

procedure gives a simple criterion for the point of ignition in the 

layer in terms of easily measurable parameters. This criterion c f ;i  be 

used to determine ignition points in the interior of a large coal 

stockpile and complements earlier work in which a similar criterion 

was developed for the edge of a stockpile.

Keywords:spontaneous combustion, ignition, natural convection, coal
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SPONTANEOUS COMBUSTION IN BEDS OF COAL

David Glasser and Ste1 i Bradshaw

Department of Chemical Engineering 

University of the Witwatersrand 

Wits 2050 

South Africa 

Telephone 011-7162413

To appear in Handbook of Heat and Mass Transfer, vol. 4, Combustion 

Science and Technology, Gulf Publishing, Matawan, New Jersey.

. ,'■/ y.-t

“ ’ . 

; ’4-

s
A

. -.... . -■» >̂ 4. .... . .*tt .. 11 .*■'11' 11 * 1 ” * 'p 1



APPENDIX H 

DECOMPOSITION OF A SOLENOIDAL FIELD

The material in this appendix is based on Joseph,1976.

A solenoidal field is one that satisfies:

div u - 0 (H. 1)

Such a field can be represented as the sum of two fields:

u - u1  + u 2 (H. 2 )

Where;

div - r ■ ourl - 0 (H.3)

div u2 - r ■ u2 - 0 (H.4)

— 6 X - grad - r V 2 x “ curl2 ( r x) (H.5)

Uj - r x grad 'P - - curl (r W) (H.6 )

has no vertical vorticity and t}2 has no vertical velocity,

X  is the poloidal potential and $ the toroidal potential.

Now consider the Darcy-Oberbeck Boussinesq momentum equation Eq. 

(3.2):

A
V n  + u - R a 0 z ~ O  (H. 7)

By taking the curl of Eq. (H.7) pressure II is eliminated, and the 

s-component is;

(H.8 )8 X  d y 

The vorticity is defined:

Q « curl u (H.9)

and it can be seen that:

d u 3 u _
n2 _  - o  (h . i o )

Thus we have shown that u is purely poloidal,
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