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Y= IYPOS/FLOAT(NNODY-1)
GO TO 30
END IF
C AT END OF FIRST LEVEL
IF (TEST.EQ.1,00E0) THEN
LEV=111111
INPOS=NOD=ISTRT
X= (NIX= 1)/ FLOAT(NLS- 1)
Y= [YPOS,FLOAT(NNODY-1)
GO TO 30
END (W
C IN SECOND LEVEL OF NODES
IF (TE8T.GT.1.00E0) THEN
LEV=2
INPOS=NOD=ISTRT-N1X
X= INPOS/FLOATIN2X-1)
Y= (IYPOS+1)/FLOAT ONNODY - 1)
S0 TO 30
END IF
AT END OF SECOND LEVEL
TEST= I NOD = ISTRTH L),/ N3X+1,0
IF (TLST.EQ.1.0CEDY THEN

T AN
191 PR

INPIR=NCD-ISTRT*]
= NI FLOATINDK- 1)
Y= IYPOS+ 1Y FLOATONNGDY - 1)
END O IF
s=ENCD-ISTRT

WRITE e o7y NOD, X, Y

<

. WRITE » 20 NELE CILTODONELE D), 0=1,3)
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N DO 80 J=1,NBOX
: I=1+1
. NBND(I3=NBND(I-1)-1
o 0 CONTINUE
S J=1
WRITE(6,997 (NBND(J),J=1,NLY)

. , IWRT1=N1Y+1
K ‘ IWRT2=IWRT1+N1N-2
P ‘ WRITE(6,99) (NBNDLD), J=IWRTL, INRT2)
- = IWRT1=TWRT2 1

2 IWRTA=IWRT1+N1Y~2
' i WRITE(0,99) (NBND(J) ,J=IVRTL, IWRTZ)
: ‘ IWRT1=WRT2+1
! S IWRTI=IWRTI+N1N-3
. WRITE 6,997 (NBND(.JY,J=IWRT1, IWRT2)
. ITEND=IEN LY+ N1 -0
) ay SORMAT 3%, 15018, I3

»
; e TP
q o END
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Program to crush a mesh of 8-noded quadrilateral elements
DIMENSION NLTOP(500,14),C00RD(500,3)
DIMENSION NBNDRY(5,6,80), NBND(5S)
DIMENSION IVXTR(6), IEXLST(6,4,80), NODKTR(S)
DATA NIN, NOUT / 5, 7/
Choose where te crush mesh
1-U 2-BOTH 3-I, 4-R 5-7 o~L&M&R
IMESH=4
Read in data frem SNODEQ FORTRAN
READ (NIN,®) NODTOT, IDIMN, NVAY
WRITE (NOUT,*) NOUTOT, IDIMN, NVAR
READ (NIN,*®) NX, NY
WRITE (NOUT,*) NX, NY
DO 10 I=1,NODTOT
READ (NIN,*) NODNUM,
X=COORD(NODNCY, 1)
COORD I NODNUM, LY=FMESH(X, IMESH)
WRITE (NOUT,®) NODNUM, (COORD(NODNUM,.i;,J=1,IDIMN)
CONTINUE
READ (NIN,*) IELTYP, ITELS, NODEL
WRITE (NCUT,*™) LELTYP ITELS, NODEL
DO 20 I=1,ITELS
READ (NIN,*) IELNM, (NLTOP(IELNM,J+27%,7=1,NODEL)
WRITE (NOUT,*™) IELNM, (NLTOP(IELNM,J+I!,J=1,NODEL)
SUNTINUVE
D0 30 I[ES=1,NVAR
READ «NIN,*) NBNDt.EQ)
WRITE (NOUT,*) NBND(IEQ}
0O 30 I=1,NBND(IEQ»
READ (NIN =) NBTYPE,NODS3ID, NUMNOD,
WRITE(NGUT O NBTYPE ,N3D31D, NUMNOD,
CONTINUE
KEAD (N.N ") NETRCT
WRITE (NCUT, %) NKXTRCT
[0 ) I=1,NXTRCT
READ (NIN,#®; IVXTR{I), NODXTR(I),
CIEXLSTUIL,IVXTROIN,J),J=1 , NODKTR( L))
WRITE (NOUT,*) IVXTR(I), NODXTR(I),
(TEXLSTIILIVXTR(I),J),J=1, NODXTR(L )

(COORD(NODNUM, JY,J=1,IDIMN)

CONTINUE
3TCP
END

KEAL FUNCTION FMESH X, IMESH)
function to crush mesh
Lafl 2-B0UTH S-L 4-R 5-7 5-LaM&R
PI=3, 14159
FMESH=D,LCED
IF [IMESH,ER.1) F=X
IF CIMESH.EQ.2) F=-1.0%00,5)C08(PIwx)+(A+BY, 2.0

(NBNORY(IEQ,I,J+3),J=1,NUMNCD)
(NBNURY(IEQ,I,J+3),J=1,NUMNOD)

IF (IMESH.
IF (IMESH.
IF (IMESH.

EQ.3)
EQ.4)
EQ.5)

F=1,0-008(X5PI/2,0)
F23IN(X/2.0%PL)
Fe(d,0/9, 070003 -6,07 10, 0% 24X,/ 10, 0)

IF (IMESH.EQ.e) F=(X/2.0-8INC2,0%X) 4. 1)/P1
FHESH=F
KETURN
END
; b e L N
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T, A ':L.’
o INTRODUCTTION
~ ¥
s g +
'V' ) 'FEPDE’ has been written to solve systrms of nonlirnear, linked

partial differential equations using £i.site element methods. The
finite element method was chosen for its versatility and abilicy
, ’ to handle the complex form of equations and boundary conditions

encountered in practice,

‘ g Knowledge of £finite element theory 1s required to set up and

L solve a problem using 'FEPDE'. An adequate introduction to finite

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

tL Lavel 1’ manual (1983). The data structure and coding of 'FEPDE’

\ ’ gﬁ‘; is based on the example program 'NAGFE3P2 FORTRAN’, which may be
, ﬁ found in the Level 1 manual, as well as on the ’'ENGINEERING' disk

on the ¥Wits mainframe.
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( ot Jverview 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

o ; required, eg. mesh geometry and topology, experimental

o / measurements, output checking £flags and so on. The nodal

” Lo freedom array ‘NF' (which is used in the assembly of element
¥ 4

contributions into the final system matrix 'SYSK') is
M contructed from the user-supplied mesh and boundary condition

. P data (see below). Any model parameters required are read in by
o ! the main program,
! 2) Subrecutine 'FELMNT'
( hF;é This 1is the section of program that actually calculates the
é; i; "ulement stiffness’ matrices 'ELK', 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 systenu matrix and vector
'SYSK’ and  'RHS' by the routines 'aASUSM’ and 'ASRHS'
respectively, wusing the ’steering’ wvector 'NSTER' which is
o derived from element topology data by the subroutine 'DIRECT',

*
P S Dirichlet and Cauchy boundary conditions are included by the
%p‘ﬁ Payne-Irons method, and a boundary integral, respectively.

g -

v

Subrnutines defirning the equations and boundary conditions,
. These are divided as follows:

. ' ) 3.1) Subroutine 'HEQNS’

' ‘ ' This subroutine defines the equations resulting from the
o finite element analysis of cthe original partial differential
equations. Thi: contributions from each variable and each
equation are caleculated separately, and may depend on any

s
.

" ‘t;
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variable dependent or independent), or the gradient of any
PR dependent variable. See example below.

G a

’, 3,2) Subroutine 'SOQURCT'

» This subroutine calculates the conrribution from source terms

b {which may be distributed or concentrated) or constants, The

value returned by ‘'SOURCT' may depend on any variable

o, ; (dependent or independent), or the gradient of any dependent
variable.

T 3.3) Subroutine 'BFUNM'
This subroutine calculatas the contributions of the dependent

| variables in the boundary conditions to the system matrix,
S Again, contributions £from each wvariable and equation are
' 3 calculated separately. The boundary condition terms may
. 3 depend on any wvariable (dependent or independent), or the
R gradient of any dependent variable ’
B 7
o 3.4) Subyoutine 'BFUNV'
. This subroutine calculated the contributions of constants in '
déj the boundary conditions to the right-hand side matrix 'RHS’,
ﬂ#ﬂgﬁ? Contributions from each equation are calculated separately.
wo The boundary conditions may depend on any variable (dependent

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

i 3.5) Function 'H'
o This function calculates the dirichlet condition for the
‘fﬂfﬂ equations, The value may depend on any variable {(dependent or
e ; independent) or the gradient of any dependant variable. Values
‘fyﬁf‘.i for 2ach equation are calculated separately.
B

‘;1WZ5* 1,») Functions 'FXY' and 'DFXY’

’ 'FXY' T'DFUY'!  evaluates the walue of ([gradient of] any

dependent wariable given element number and position within
thz element {and direction in which gradient is required].
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C oy 4) Service Subroutines
N P These are as follows:
N gff,?

4,1) Subroutines 'ASMAT' and ‘ASVEC’
3 This assembles equation/variable matrix-contributions into
) the element matrix. This is best described by an example.

Eg, 1f the following equations are to be solved

i
',,"
o P(d) + Q(¥) = R(x)
cw S(®) + T(¥) = U(x)
A
*i Where P, Q, S, and T are differential operators operating in
I 82 (L.e (x,7) ).
‘%4' ‘
I Identify the contributions from P, Q, §, T with p, ¢q, s, ¢
. respectively,

o The element matrix contribution, el from @ in A may be
written

ag follows (assuming three mnoded ctriangular elements for
example):

s p P P
[ ep = P P P similarly for Q,S,T
. o i‘ P P P
PO o
I “‘.‘o ) ’f
N L Where the subs~ript P denotes contribution from that operator
¥ {e.‘ 5
g Y e
ot ep to a2p are then assembled into the overall element
PR
% 4 matrix as follews:
i
ey
“
Cy
|
!
* 1
‘o .
. it L4 .
C 4
- , ’
)
f
Yot " "™
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A
s Tr
{ _—
4 o L ° q ° q . q . q
A s s t g t s €
. ° q . q . q . q
( i E - s t S t ] t 8 t
R ; ale
. ;/ ! s ° q ° q . q Y q
] t 5 t s t s t
B ' 5 ° q ) q . q ° q
v s £ s £ 8 t s £
‘ T The 'p entries have beesn replaced with a , to clarify the
fg o assembly process, It is clear from the above demonstration
'E that the matrices contributed by each variable are 'stretched’
g out and placed in a nNxnN matrix, where N is the number of
) é variablas, and n is the number of nodes per element. The above
J,”f matriz is contrueted by 'ASMAT', given ep ... er.
e,
!t «
- r:} Similarly the right hand side contributions are assembled by
. "ASVEC' as follows:
y
r
u
r
S -
Rt ele 4
1 r
th
A ,.rl‘:fl u
FE g
® s £
A\" . * ’,‘ u
A
) ‘g :
¥ The boundary condition matrices and vectors as described in
T g
"!} gection 3 are subjected to the same assembly operations.
; 4.2) Subroutine 'SEPRT'
The solution of the system of linear equations defined by
; "SYSKIRHS] is In the form of a vector of length Nxtotal number -
}‘ of nodes. 'SEPRT' separates this lumped vector into arrays
# FVAL(4L,j) where i denotes wvariahle number, and j denotes node
v, '
M '
T
+ i
. . .
4
,,,,,, gt ’ .
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i
4
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. number. The <walue of any particular variable at any node are
v thus readily availableduring execution. This is useful and
economical in cases where iteration is required.

el W s i
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Lo PDFELM
®
. ‘ A Finite Element Code for the Solution of
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: Nonlinear Partial Differential Equations
ol
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L 1 Intreduction

’ 1.1 General considerations and background.

! The general class of problem soluble by "PDFELM" is as follows:
et ' M [®,,@] = K (8] (1/1)

‘ I Where M is an operator, operating linearly on the first time
' R derivative of &, The l.h.s, of (1/1) takes the form of
a linear sum of first order time-derivatives, whose
cw individual coefficients may be nonlinear in spatial
p derivatives if necessary.

{ K is a general, nonlinear operator, operating on spatial
derivatives of ¢ of any order below that of the shape
SR functions employed.

I Note: Application of Green's theorem reduces the order of
the spatial derivatives, thus expanding the applicability
T ) range of any given shape function,

Mog The current "PDFELM" implementation uses the Galerkin weighted
Lo ) 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
i solve only the steady-state analogue of (1l/1). It was therefore a
oo k comparatively small task to extend the code and data structure to
/ ,’43( solve the unsteady-state problem as well.

i The preliminary finite element analysis of the left and r.h. sides of
(L/1) is discussed in detail in many texts, Norrie and de Vries
> ) r1373), for example, Assembly of r.h.s. contributions intn a single
) matrix and a vector is discussed in detail by Anderson (1986). )
Assembly of 1l.h.s, contributions (into the matrix '3YSM’, the -

[ time-derivative multiplier) is done in a similar fashion,

N, !
N Y J 1.2 Who should use "PDFEIM" ? for ‘What is the purpose of this
!

manual? ')

The mathematical sophistication required by finite-element methods :

e

- - - il O SR T T LA S
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. - \ exceeds that of the average user; moreover, some preliminary
4§ ; finite-element analysls on a problem is necessary before it can be
- submitted to "PDFELM". There are also various control options which
must be correctly chosen i1f the program is to operate at maximum
, efficiency. As a result, this program is not a tool for beginrars.

Therefore, the purpose of this manual is to:
g a'l 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.

SR

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

% program, so that they may request Instruction In the setting up of
f their particular problem, if applicable,

" o 2 Bylef Outlipe of Method of Solution
’ o ; Finite-element analysis of equation (1/1) yields:
) s
T SYSM(®) —— = SYSK(®)$ + £(x,®) (2/1)
o at
: ‘g}%j Where SYSM and SYSK are matrices (both may depend »n the dependent

variable ¢ as shown)

a is the time dependent part of & ( where & = § ' a)
N are the shape functions, dependent only on x
£ is a vector
. v3 Details of the composition of the above matrices and vectors are
PR
powod discussed in detail by Anderson (1986),
JX‘,
‘ + for an unsteady-state solutien, the system (2/1) is solved for
da/dt (r.h.s evaluated at che current time value) using supplied
S initial conditions. The solution is then advanced in t.me by a
J multistep method or by Gear's method.
/
N 1 + for a steady-state solution, the r.h.s, of (2/1) is equated to
gt . zero, and the resulting expression solved iteratively for & until
. 4 successive values satisfy a user-specified convergence criterion,
|
Note: if the coefficients of the time derivatives do not depend on
# 3
.
1
. /
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$ or t,
which ensures

(this can be seen by inspection) the user can set a flag
that the matrix 'SYSM'
(into upper and lower triangular matrices) only once during unsteady
simulations, right at the start.
since solution of (2/1) during successive time-marching steps

is assembled and decomposed

This has a darmatic effect on run
times,
requires only 'back-substitution’ into the triangular matrices. As the
total number of degrees ol freedom in a problem increases, reduction of
'SYSM' rapidly begins to dominate overall solution time.

3  Applications

Some sample problems (with solutivns) 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 linear

Rivulet Flow - a

differential equation,

Simulation of single, partial

The
rivulet, for example, is:

equation describing potential flow, in a wall-bound wvertical

The boundary cenditlons are shown on fig, 1. Initial condition is
v, =~ 0 over the domain Q.

A ik m R
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Fig. 2 shows the steady-state velocity profile in a rivulet; note
the maximum veloeity at the furthermost edge of the rivulet (marked
with a )

Flg. 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:

v.[k(.»;,y,e)ve] -0

Boundary conditions are as shown in filg, 4; wvariation of thermal
conductivity with position is also showm,

A temperature-position surface is shown in fig, 5 for the case where
conductivity depends linearly on 8, k(x,y,8) = k(x,y)[Ll+8]. 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:

2 2

9%y 1 av | 3%y 38

2 "ror T2 YR
dr iz

2 2

[;_s\p]gg {;aw}ae s%e 148 3% _,

u ] .88 | . de
r 3o dr r dr| dz arz r dr PR

Where the streamfunction, Boussinesq approximation and Darcy law 1ave
been used to simplify the full equations (see Bejan 1984 for det .ls).

Appropriate boundary conditions and dimensions are shown in fig. 7.
of 300 are presented, Fig. 8

Results for a Rayleigh number (Ra)
shows the streamlines, and £ig., 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,

3.4 Fitting measuscd temperature data to a model - least-squares
estimation of parameters,

The sum of prediction errors for some

experimental weasurements was minimised by variation of the Rayleigh

number and a heat transfer coefficient. For experimental detalls and

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

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

estimated using known physical quantities (particle

squares of temperature

those size,

viscosity, ete.).
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) 3.5 Summary
. The four problem types described above are merely representative of
the range of problems soluble by 'PDFEIM'. A more general description
¢ of solvable equations is given in section 1.
A 4  Operational Detajils

z

‘ 4.1 Data structure

é . The data structure of 'PDFELM’ has been built up (consfderably) from
} - that of a 'NAG' example program, Variable and common-block names are
ﬂ b self explanatory, and far too numerous to list here, The signiflcance
( \ and format of user supplied data (element geometry, topolegy etc,) are
Jdetailed in section 4,3, ip order to assist the user to set up the

ik

required data file.

A

'f 4.2 General program structure

BRI o g
S

A e} Program, subprogram and  function srogram names are self
‘ explanatory. The main program and contre. subroutines are kept in a

o}
éj U’ tile called ’'PDFELM FORTRAN', and the service and output control
3 ‘?h“ routines ave kept in 'PDSUBS FORTRAN'., The reason for this is that
N R nermally only service routines (such as that which defines the
‘ 4 ﬁ § equations to be solved, and beundary conditions) need to be edited and
? si‘, compiled by the wuser., This separation saves compilation time.

J o
: gﬁi All subroutines of interest to the general user are listed and v

‘~$ described in the 'FEPDE' manual (Anderson, 1986).
| ¥ l;,‘
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4.3 Format of the nodal data file

;fj 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 elements nodes per element
. (list of element topology - format as follows)
s element number nodel node2 node3 mnode4 ...,
f | no. of boundary condn, lists for variable 1 *
o | | bndry. condn nodes per side number of nodes
w [ type in this list
*{ | | list of bndry. nodes in groups of ten
o | inner bracket repeated - see *
Wb
| :
- outer vracket repeated (per variable as req'd)
+ i
no. of lists of 'extraction’ nodes ¥
g [ extretn, var. no, of extr.il, nodes (list of aodes)
N M‘ ,
g bracket repeated - see T
t_‘\»‘
flag for manual check of convergence criteric
o
S ¥
B list of parameters req'd by problem.
;o
¢
= €0 ¢ max no. of flag for flag for task
o contin’'n  trace of contin'n®  flag
DI
steps convgnee,
. start, time end time no. o% : steps
# e
flag for SYSM characteristics (time or & dependent 7)
oo notes:
oy
€ ’t, s ,
» - 'Extraction’ nodes. Althrugh values at all nodes are printed at each

step, it is often desirab.e to extract values at specific nodes (eg.
i centreline temperatures) and print them to a separate file, This :

P w o ~ Ak we Al A LI
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facility allows such manipulations to be done conveniently

/- - #continuation. The continuation method (see de Villiers, 1984) may
be implemented if necessary. Parameters ¢,, ¢p.. 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.
A 0 » single steady-state simulation

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

o errors, This requires experimental data and means of
K interpolation.

4 4 » unsteady state simulation,

For purposes of clarification, a sample nodal datafile is given
i 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

Lo edge (y=~0); derivative (type 2) boundary conditions are applied along
i the remaining edges.

C - Function values at the nodes on the positive-slope diagonal
i (bottom-left to top right) are extracted, hence 'l’ list,

e - Convergence criteria checking is automatic,

- Convergence is traced by screen output,

B W g
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- - Continuation is employed, with ¢ advanced from O to 1 in 7 steps.
0 | Kn'y
- - Time stepping data and SYSM characteristics are irrelevant in this
case,
SAMPLE DATA FILE
+ 9 2 1
1 0.0 0.0
1 2 0.166 0.0
3 0.333 0.0
* )
"A‘ﬂ -
& 18 0.666 1.0
’, 39 0.833 1.0
) 40 1.000 1.0
g
. 1 12 13 1.4 9 2
'y 2 14 15 16 10 4
3 10 16 17 18 11 6
|
'( “’/ .
y 9 27 32 38 39 40 33 29 28
o
K 19
1 8 12 19 23 30 34 35 36 37
P 38 39 40 33 29 22 18 11 7
g 1 3
4 2 3 4 5 &8
S L
. 1 4 1 14 27 40
: paraml param2 param3l
‘ 0
’ 0 107 1 1 0 -
j (SYSM characteristics flag)
A
Q.
UWJ[, .
"
|
.
t
oo
4
. ’
!
'
e T o . e -
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: B “l
‘ APPENDIX G
. Y
MATHEMATICAT, STATEMENT OF BOUNDARY CONDITION ON INCT.INED SURFACFE
, We consider the symmetrical half of the frustum, in cartesian
f coordinates r* and Z, with helght H, base length R and top length
;3;}3 Ry. The side angle to the horizontal is o. We wish to consider
» boundary conditions on the inclined surface defined by:
WA }
Ay P H * -H R
Wb 2= o= o 4| c.1l
¥ R-Ry [ R-Ry ] e
o Now let us consider the temperature boundary condition as an example:
' o‘r". 6 T
,“ kq Far h (T-T,) (C.2)
oA We write this as:
v
C 01 _[8Tdz, aTdr) _n
.o £ w | B =S +--*——] = = (T-T,) (€.3)
1 2 n dZdn drdn ky
@ Now
7
,‘r’?i,wip;
R d 2 d r .
o W,. To=csa g ~sina (c.4) -

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

ren-dimensionalizing we obtain:

*
Jo v
¥ 39 (R - k) a8 H
. — R = Bi ¢ (G.5)
Y s LR Rt w? 11/2 3 x [ (R - R)% y2 |12
. 1
. J
ki we let:
R «+ R
1 H
: A R B = R (C.6)
i and then we can write our boundary condition in terms of these twe
‘. geometric parameters! !
i
! 0.5
R ad a2 2 2 '
J AGL w2t [ a2 + B ] BL 4 (c.7)
‘(
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\ I Eq. (C.7) is valid for the region:

R-ARSrsR (c.8)
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APPENDIX D

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 Galerkin method given in section 3.3, 1In 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 equatlons, 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{- 1 (rkx + sly)) (D.1)

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

1
EEJOquh exp(i ([p - rlkx + [q - s]1y))

X sia (grz) sin (hrz) dx dy dz (D.2)

quh is not a function of (x,y,2) and can be taken out of the
integral sign,
will be considered separately.

To make matters clearer the integrations over (x,y,z)

From the orthogonality of the sine function on this domain:

1
J gin (gnz) sin (hrz) dz = % h=g
o (b.3)
= () h =g

Now we will conslder integration with respect to x. Obvious'y we

could equally well have considered integration with respect to v,
Because p and r are integers one can write:

P -r=n (D.&

where n 1s also an integer.
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The following integral must be consgidered:
. Lo
. n=0
e Im exp{inkx) dx { nwo (D.5)

@

For the case nw0 the integral can be expressed as:

e r cos (nkx) + i sin (nkx) dx (D.6)
. @
'
. The sine function is odd, and the integral of such a function over a
. domain symmetric about 0 is 0, hence what remains is:
; \
' l Im cos (nkx) dx (D.7)
o ©
it i Now we must consider our .nfinite domain more carefully, It 1is
q*vp required that there be a whole number of convection cells in the
. domain, and on the boundary of a cell 86/0x=0. Examination of the
v cosine function shows that this condition is fulfilled for half
l periods symmetric about 0. Thus without loss of gemerality one can
4 replace the limits in the integration with:
’ﬁr ki
o ,: kS nk
o I cos (nkx) dx (D.8)
i . mm
eli nk
ﬁf where m 1s an integer, This integral is equal to zero, and so we have v
mfﬁ? shown that for n#0, i.e. pwr, the integral Eq, (D.5) vanlshes. Now we
:7 ; consider the case n=0, In that case we must evaluate:
P

y f: r 1 dx (D.9)

If the limits of the integration ave replaced as was dene for Eq,
(D.8), Eq. (D.9) iz equal to

mar
nk m -
J 1 dx = 250 (D, L0y
: nk
7 Lo
T nk

Y This integral will appear in front of every term in each equation to
which the Galerkin method 1is applied. The situation for tha
integration over y is analogous. Thus it can be geen that the only

T A i i 5 v
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terms resulting from the integration which are non-zero are those for
o . K which pgh=rsg., That is why the coefficient Brsg appears in the set
E of algebraic equations resulting from the Galerkin analysis,

Now we consider terms in the differential equation which do not depend
on (x,v,z), Such a term appears when the temperature exponential is

=T

approximated by a quadratic expansion. 1In this case one can easily

. w“J? show that the integral vanishes for (r,s)»0, and that the =z
\\ ’ integration is:
. 1 1
J sin (grz) dz = - = | (- 1)& - 1 (D.11)
o - 0 gn
- 5 mr
i nk 0 r#0
i j exp (- 1 rkx) dz = D (D.12)
mm e r =0
; * ok nk
o
Yo
; Because terms Llike 2mr/(nk) (and similar terms ~esulting from the
v integration over y) appear in front of every term of the algebraic
IJ equations they can be divided out, Thus we can see that the term
. which results from applying the Galerkin method to constant terms in
. &
gL the differential will be given by Hq, (D.1l1) for r=s=0,
W
Qsd
o
o
' Definitions of functions used in Galerkin analysis
kS in sections 3.3-3.7

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

. )

ot Y ‘ %
oy dF @2 2 (az) = Ra¥ sin (r2) (D.13)
d z*
One finds:
F (a,z) = cp | e A -8 Z] +'02 sin (nz) (D.14)
}E where:
_ €,
¢, = s (D.15)
"é‘le L a e+ e ")
. *
ook
9 ; 9
K - wz + a”
. : .
A )
s ,
}
R A R i e 2 e ki sk i etmn o e i e dF e _ sin sl i e P T S AR
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4 ha
Fh(A,z) used in equation (3.36) is found by solving:
4( ) 2
: d Fh(A,z) 2 *
f -— . A F. (\,2) = Ra sin (hrz) (D.16)
i 2 h
} d 2z
!“
s For 3#0:
2 .
1 F,(\,z2) = ¢ e Az, e Az + ¢, sin (hrz) (D.17)
h 1 2
o where:
]
i e, « h
o i S (D.18)
. A\ (e” + @ )
1 R&
2 Cy = "5 o (D.19)
?* A 2 w2h2+ Xz
. For A=0;
Ra* A Ra*
Fh(A,z) " h + 5 sin (nhz) (D.21)

" h

The integrals a(f,g,h,A)-b(f,g,h,)) and c¢(f,g,h) used in section 3.5

“’; are defined as follows:
J
% 1 d F_()\,z)
ot a (E,g,h, ) = J sin (frz) sin (gmz) Tz dz (D.22)
. 0
L J‘({( Z ’ _L
A b (f,g,h,A) = J n £ cos (frz) sin (gmz) Fh(A,:) do (0.23)
L 3 é‘ 0
1
¢ (E£,g,h) = I sin (hrz) sin (frz) sin (grz) dz (D.24)
0
.
oy .
= ‘ -
.
RN L4 ,
4
|
W T BT . " - s s - oo bl ™ g eAS A ¥
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APPENDIX E

ANALYSTS OF THE INTERIOR ™ ‘DEL_MWITH A FIRST ORDER REAGTION

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 algebrale equations is derived, from which steady-state
solutions can be obtained, and a methol for examining the stability of
these solutions 1s presented, As will become clear, solution of the

“inite layer model with a flrst reaction is much more difficult than
the zero order reaction case, both in tarms of programming complexity
and computational speed, Because 1t is known that the zero order
reaction approximation is good at ignition, where the main interest of
this work lies, little attentlon was given to the more complex task of
solving the first ' . case

The model for w.. ' s are sought in this appendix is exactly

the same as in Chapter 3, apart from the fact that the
chemisorptic: w assumed to be of first order, Precisely
the same form . e. . nalysis is followed as was used in Chapter

A

we seek solutions of the form:

Wy ) Bogn °XP { i (pkx + qu)} sin (rhz) (E.1)

h p.q
x =9 3 Ban oXP { i(pkx + qu)} Fo (\2) (B.2)

h p,q

_ 1
T ~ z z Cpqh exp { i({pkx + qu)} cos [ (h - E) nz) (E.3)
h p.q
wheva
i

2 - oy ® e (qly? (E.4)

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

Tua limits on the Integer summation indices are:

-0 < (p,g) 3 lsh<w (E.5)

The form of Fh(A,z) is found by substituting (E.l1) and (E.2) into Eq.
€3.12) and agolving the resulting ordinacy differential equation.
Fyfx,2) is given in Eqs. (E.28) and (E.31),
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;
“ % To obtain our svstem of algebralc equations Egs, (E.1)-(E.3) are
. substituted into Egs, (3.13)-(3.14), each equation is multiplied hy
TN its weighting function and integrated over the layer. This results in
? an infinite set of equations in the coefficients Brsg and Crsg' Au
’ discussed section 3.3 the exponential function of temperature is
R approximated by a secrnd order Taylor expanslon about w=0, which is
; expected to under-estimate the reaction rate dependence on
\ : gfk temperature, In steady-state form the infinite set of equations is:
; 1 22 2. \ 3" 2
& 0=-3 Brsg (g7m +v7) Z‘ L. BthBtuf { AT b (£,g,h,2) -
o h,f ptt=r
) qt+u=g
cw * g
(pek? + qui?y a (£,g,h,)) } + -F-lﬁ*{ tp o+ D0 *
JRa & & r=g=0
A\
. T 1
i j L Crsf ay E: 24 [ quh Ctuf 4 *3 quh Btuf 83 ] +
£ W, f pt=r
- qfund
& l tin | S'\
§ = 1 0 0
: 2 2 /. Ppah Ptuf “mne % (E.6)
éﬁi h,£,e p+tim=r
gﬁ%‘f‘»d q+utn=s
LA
P
f\t‘*i‘,},,} - . I_..E _]; 2 2 2 2
sk ) 3 Crsg (g - 3 Yoir©t o+ w5 +§Z E: quhctuf { AT d (E,g.h, )
L h,f pt+t=r
R qt+u=s
7
I ; 1
e 2 2 K[ 1 sin [(h - = )=
: + (ptk” + qul”™) ¢ (£f,g,h,N) O Crs + lh "
“ Ar/Ra & m(h-5)
. Ye=ge=0
4
o
. . . \
& Brsf ag o+ E: }: [ quh Ctuf ag + 2 quh Bt:uf &y J *
£ h,f pt+t=r
q+u=g
AN
¥ t 2 Zﬂ quh Ctuf ane ag (E.7)
7 j h,f,e ptttm=t
: LERVER T
‘M
AL where
! y X
,2 e o= (rk)z + (sl)2 (E.8)
¥
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The integrals aj-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 sget of
equations to thosc which are physically reasonable the infinite set of
equations is truncated such that modes are neglected for which:
, g2 + % r2 + % 52 > A2 + 1 (E.9)
‘ where A 18 an integer truncation number. This is the form of
truncation used by Tveitereid,1977 and Tveltereid and Palm,1t¢76. The
components of the wave number satisly:
. K2+ 1% =4 1% o a2 (E.10)
. Only real coefficients where
, Brsg = B-r-sg = Br-sg = B-rSg (£,11)
o
:n i are considered, and similarly for Grsg'
: These restricrions allow hexagons, rolls and squares to be planformu
as these are the most likely solutions (Tveitereid,1977, Tveiter ..

1 Palm,1976) :1d it is known that these are physically reasonable
solutions (Chandrasekhar,1961, White,1988, Busse and Frick,1985),

- As can be seen, solution of this mouel requires twice as many
,NF\ enquations to be solved as in the case of a zero order reaction, This
e has a very pronounced effect on the computational times, making the
examination of this first order case prohibitively time-consuming with

e 5 ‘the computer facilirles that were available for this study. The
A solution time for the nmnonlintar equations is approximately
oo proportional to Nz, where N 1s the number of squations to be solved,

' ﬂ Stability of the gteady-state solutions

In this sectlon a method is deseribed, based on the approach of Kimura
et al. 1987, for examining the stability of the steady-state solutions
to small perturbations. It was found that the numerical routines used
to evaluate the eigenvalies required in this method were wvery

4 unreliable, We consider small perturbativns .o the steady-state
Fourier coefficlents and assume  that the perturbations are

. P
=y . sufficiently small to allow a linear thoery to be formulated. The

perturbations have an exponential time dependence.
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P
l ) In order to perform the stability analysls, the conecentratica
‘ equation, Eq. (E.7) is written in unsteady-state form. The left hand
! side of the equation is replaced by ¢ 8T/8r, The stabilicv analysis
of the [irst order reactlon case 1is done in exactly the samr way as
for the zero order reaction case in section 3.7,
1 We write
«|l‘y’l\
I (o) B
. B + & exp(o T E.12
| pah ~ Bpgh * Fpqn SXP(ongy 7 (B.12)
.
y c(©)
. C 6 exp(o E.13
= par ~ %pah * “pan p( pqh " ( )
W
' Where
i
' om0 +1io, (E.14)
g B B
g, 3 cpqh - 5pqhexp(apqh ) (E.15)
P ¢ wsC expla . 1) (E.16)
pah ~ “pqh® P %pqn '

The (B(°%,C %) are  the steady-state coefficients,

The trial functions are obtained by substituting Eqs. (E.12)-(E.13)
into Egs, (E.1)-(E.3) to give:
i T - ¢ (o) ; i
o Mﬁ w Z L [ quh gpth exp { 1(pkx + qu)} gin (rhz) (E.17)
‘:’f‘;v* h P,
R
P Te3 T 1cl® weC | eupd t(pkx + qly)} cos [(h - Binz)
;*d pgh * Span| PRty ~ 5
[ hopq (E.18)
. - (o), ; TS
) X Z Z [ th ¢ pqh] exp { 1(pkx + qu)} Fh (Mz) (D
) h p.q
The form of Fy(X,z) is found in the same way as in section 3.5, Egs.
,}, (£.17)-(E.19) are then substituted into Eqs,. (3.13)-(?.1&) and the
Galerkin method applied. This yilelds the following cquations in the
!,' .
,«;.(.Q‘P .,A apqh'
1
‘
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T
! g3 _ L B 22 2y B p(0) , B (o) | o
2 S-1:sg 2 §rsg (g7n” + v E_‘ s.t:uprqh g.pqh tuf
h,f ptte=r
."A q+u-g
: 2 2 2 K[ 1B
: I\® b(f,g,h,A) -° (ptk + qul®) a (f,g,h,) }+ —-—*{ 3 grsg
L JRa
A
o c
e +Z Srse %1
I £
‘ 1 (o) (o) B (o) ¢ (o)
- * Z 2 [ 2 [gtuprqh * §‘pqhBt:uf a3 * g.pql‘xot:uf + g.t:uprqh
S h,f p+t=Y
W q+u=s
; X a, }
3 L C (o) 40 , B 4(0) o(0) B (o) o(0)
R 1 o 0 ) 0 . 0 o
L *3 $mnl th Beug ¥ s-pqh Beut Conl * Seus quh Cmnl
L1
y h,f,1 pt+ttm=r
. qHutnms
( v
X aa} (E.20)
) "I/AA
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X 2 2 C (o) B .(0)
g6 _ le .C 2 . °) . - o
\ ] ) g'1:sg 2 g‘1.'sg (g7 +v7) ctufgpqh b Spthtuf X
. h,f pit=r
‘“ qHu=s
| S 5 2 {10
* {-,\“d(f.g.h.»\) - (ptk” + qul™) ¢ (f,g,h,}) } - = *{ 3 Srag
vBJRa
. :.‘4!
“ﬂ§ ; +) B a
! . esf TS
, £
oW o )
" 1 B (o) , .B (o
£ * }Z }: [ 2 [ gtuprqh * g.pqhBt:x,f ] a; ¥+
. h,E  pt+t=r
o qtd=s
. b, B (o) O (o)
i « » .
2‘ ) [ “pgh Cout Souf quh 4 :
+
i i 5“ C  (0) f(o) . B (o) (o) . B (o) (o)
yggﬁ Y2 L. $mnl gah Beug ¥ gpqh Bt:uf Cmnl *Seus quh Canl
;»f:,f“‘"l h,f,1 p+t+me=r .
’ \(*A qtutn=g
: | Loa, } (E.21)
o
’ » where!
Ve b2 = (k)2 4 (s1)? (E.22)
s Noting that:
v : (E.23)
. i'ﬂ rrsg arsg S.1:sg ’
- ¥ 3 enables us to write the left-hand sides of Eqs. (E.20)-(E,21) as:
S
@ B
1 2 Ursggrsg (E.24)
‘ ¢ c -
o 2 arsggrsg (E.25)
.
|
|
w*4“'. | This it can he seen that Egs. (E.20)-(E.2!) are an eigenvalue problem
'i nf che form
{
. -
1 . .
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g ¢ =AC (E.26)

The behaviour of the elgenvalues o 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
patts of the elgenvalues are negative, then the solution ig stable.
If the real part of one of the elgenvalues is zero and the imaginary
part non-zero then the solution is nscillatory,

As discussed in section 3.5, as found that the commercial routines
that were used to caleculat - elgenvalues were very unreliable and
unfortunately this method » be used to determine the stability

of the steady-state solur{

Pefinitions of functions used ir the above Galerkin analysis

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

e

RO N WA S s R

- 8
4, (\,2) 2 *
;=~2 . X Fh(A,z) = Ra sin (hrz) (E,27) )
d oz |
Fray 1«0

Fh(\.z) - ey e - e + ¢, sin (hrz) (E.28)
where:
\ Cy 7 h
e, = - (E.29)
1 A (eA + a A )
Rm\‘
a

P T e (E,30)

T kA
Fos oot -

Ree” Ra"
) 2 o

Fh(A,z) =St Ti—gi sin (rhz) (E.3L)

The integrals a(f,g,h,\)-d(£,g,h,)) and al-a8 are defined as follows.
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c‘rj
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it bt o ¥
o ' 2L
1 T
i
S 1 d F(A,2)
;! a (E,g,h,A) =~ J sin (frz) sin (grz) 1> dz (E.32)
0
1
b (f,g.h,A) = j n £ cos (£rz) sin (grz) Fh(A,z) dz (E.33)
0
A rl 1 1 d Fh(A,z)
@ ¢ (£,g,11,7\) = ) cos (£ - E)"z] cos(g - E)WZ] T dz (B.34)
' 0
s L 1 1 1
' d (£, n,A) = J n (£ - 5) gin{(f - g)wz] cos((g - 5)"2) Fh(A,z) dz
: ¢ (E.35)
. } l
. L;.' ‘« l
: a, = J sin (grz) cos{(f - F)nz) dz (E.36)
= 1 0 2
§}a 1 1
'q a, = f sin (hmrz) cos{(f - E)Kﬂ] sin (grz) dz (E.37)
,ﬂ,:/ 3 -0
’ 1
- ay = J sin ¢hrz) sin (frxz) sin (grz) d- (E.38)
u 0
' ,(ﬂi 1 1
e A, - J gin (hnz) sin (frz) ocos{(l - F)nzl o (E,39)
A * 2
o
. E 1 1
e ag - j sin (frz) cosi(g - 5)"21 dz (E.40)
ol 0
. 1
P a, = f sin (urz) cos{(f - l)wz} cos{(g - l)xz] dz (E.41) ¥
%! 57 0o 2 2
" 1 1
i a, = J gin (hrz) sin (fxz) cos [(g - 5)"2) dz (E.42°
. 0
[T ;r
‘ & 1 1
1y "J sin (hrz) sin (lxz) cos[(f - $)nz] cos{(g - Fymz] dr  (E.43)
0
I
¥, X
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o
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A,
O The following Fortran 77 program (BED3NEW FORTRAN) calculates the
“ ; steady or unsteady-state solutions to the first order reaction
R infinite layer model described in this appendix,
A
v «
. oy
o ;
i ¥ 1
Cw L
. By >
i
¢ B s
' .
, Q@ !
‘, i3
A g
e i
g |
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ALCULATE THE  CRIER CUBFPICIENTS boR THE sTABILITY
ANVALAVHIE OF 1w IN AN INFINITE CoAl BEh *
AGalING A ¥ T ORPER REAGTIUN *

WDV SPEN 105 OND QUADRATIY EXPANSTON OE THE EXPONENTIAL
Vot SUMERTCAHL INTRGRATTONS
aa asu esther DIVPAS tor the unsteady probfem oo SuaNBE Lo
e L teady prablem
THLETT REAL R cdef,u=d
EEALCR Y,
AL % WA OO0, B
BACH Y deay, YINITe 20
AL % PARY o ATVPAGLL, DY
SN D B 2oud, TSUBA200), [SUBICIa
MUNCTEFE BRERVO- L) Wl 000, Beedu ad 220 w0y
CUERVO s Dl v 2D el 00, D20 el - 00wl )
MM wAVE S K, LM
SMUM PARAMS, DETA, GAMMA, PL, THIELE, RA, S[OMA, OURL, KK, NLE
AP N MANSUR MANTR, MANDS, MAXIG, MINIR, MINDS, MINtG
LS T CRPR A L THIC YRS S VD IRDITL BEVS SR (Y
LT P 3 KWkat
o % Rwkar oot
ARSI L HA SRS

v

ALY
AN L e L AT SR T R TS A I 1 S A LY

A oNTUAY T
VLt ennare AL tiete gy subiloannt werdepion tar DIVEAG
T
RN

oy diageters

LOVAS e g
LaaAemt 37300
il
wedt tLul o3t n parameter, wave aumber and tase blayg For anwiun
herit, M A, VTASGK
Brad jnyse.al parsnetets
we e T, ik, BPal, EA, YRu, XREQ, MU
Sal D T Ko, okAY, HIUAR, DRLIAML k]
wrAL PN HERAD
resd Atrnndtiof paraneters
REME TN, REIN, FERND, NOTERG
PRSI 2 F1 L A IR REE VA I I 111 PR VIV [T 4 (Y P TR
FA-SFAY S 020 o TOSOHRE RHe 27PRRM-WTCAR SEE )/ s
AMHASEAH dlalin TO
A A-DELTAR G O2ab0 TOATCAP /4 . /ulin)
CHTECE=n sl EaeRHa-HTCAR< 01 oD -ERsT el CHRL
KB L LRSI sANHA)
TR FYES R XS TIPSR 1113 VR UNE RS AT Y LR BTN [ A ST e F B
RS S AR BRI 71N I IS B PR T 9 250 QR VA ST SR TTHI R | PN EREE I
fababde parddeters Lof the posiBive vapoientid] apriosioat ton
FasTAR=RA GAMMA
“A-KALTAK
FR-BETA-THIELE GANMA
WHITEIWOET, ' FE', PR
- walenlate wave uusbors
LotdeTiA A& aliu)
Kt RTOA AL L
- aabeam and miaimum vaiues tor the subisoripts

4

G

3

MAX IR =0
MANTE=20
MAXIG=t
MINIR=0
MINIS=0
HINTG=Y
LFCIREAULEQ- 1) TREN
READUICOER, ) ILUUNT
0O 11 [=1,TCOUNT
READCICOEF, ) IR, 13, IG, B(IR, I§, 10O)
YeD)=B(IR, 18, 10)
YINUT(D)=Y(T)
[suBL(h)=1n
ISUB2(1)=14
ISUB3(I)=I0
[FOTR.GT . MAXIR) MAXIR=IR
[FU14.GT HAXIS) MAXIS=18
[F(IG.GT MAXIU) MAXIG='G
[FCIR. LT . MINIR) MINIR=IR
[FCLS. LY MINESY WINIs=[S
IFCEG LT OMINTG) MINTG=IO
IF(I.LE. ICOUNT/2) TREN
I'TRC(IR, T8,10)=1
END TF
GONTINUE
ELSE
TCOUNT counts the number of cosfflciants L.e. the number of
eqinibions  that satisty cthe truncation and patity
Set up coetfivients for the energy equation
ICOUNT=0
NCOUNT=Q
Bo 10 IR=-10, 10
X) 10 I5=-10, 10
o 10 10=1{,10
Check parity and trupcation
CALL TRNCHKCIR, Is, 16, M, ITFLG)
IFCIITLG L NEL0) G0 TO 10
CALL PARGHR(IR, I8, IPRFLO)
[FUIPRFLG.NE. Q) GO TO 10
[CQUNTS [COUNT #1
Inittalise B
IF((TABS(IS).GE. 3) . OK. (TABS(IR).CE.2)) THEN
[FCTR.NE.Q) THEN
BOIR,18,16)=0.000
ELSE
BCIR, 15,10)=1.0D-2
END 1F
Copy B tnto dummy variables , Y {3 4 vector
Y(ICOUNT) =B (IR, 18, T0)
YINITCICOUNT )<Y (1GOUNT)
ISUBLCICOUNT ) =TI
[SUB2(TCOUNT)=18
[SUB3(ICOUNT)=16
TFCIR.GT.MAXTIR) MAXIR=IR
TFC15.67.HAXTS) (1AXTS=1Y
IFCIG. Ul HARIG) MAKIG=IO
TFOIR.LT.NINIR) MINIR=IR
THCES 1P MINTSY NINIS=1S
TFCIG. LT MINIG) MINICSIG
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Do
3 & r-S , N -~
A .
[ d i
P b
iy,
1
TIRGUIR, G 1) TGUENT N PENDETINITHCTFINAL-TINUFY (1. 0DO-DCOB(FI/2, 010
i aNUE ¢ it DFLOATCUTSTER 1) /INLOAT(NTSTEDP- 1))
( wioup voebbt ts tut the o hcentyation equation 6 »e= Steps closer at ond
S0 TResl TEND=TINTT+(TFINAL=TINUT)DSTIN(PI/2 . QDO*
S DA S TR T # DELOATCITSTEP=1) 7 DFLOAT(NTSTEP- 1))
LR TUHEP R 1Y SALL DIVPAGUINO, [COUNT, TDERV, PDERV, ALVPAOG, TSTART,
Con pandty ad touledtion it TEND, TOLR, PARA, Y)
CALL TRNCHKGCTR, I8, Dhg o, TTR LD WRITECA, %) "TEND, IDD = ', TEND, 1DO
R XREY 2 FHICT AR R RN B IR ST CALL TNEG(Y, TOOUNT)
MWL PARVHR AR, 1S, [PRF LG REWIND (INIT=2)
GO LERFTG NE O3 a2 ta REWIND (UNIT=9)
TGN UUNT R REWIND (UNIT=7)
alddiaun WRITE(NOUT %) "TENL" , TEND#CHRES2 /2, 0K =4/3600.0/24.,0, 'DAY!
FOUTABS TS R 01 oR 0 IAEse IRy Gb 0y THEN WRITE (NOUT, %) "PAUY , TEND, 'FR', IK
I Tk NG Uy THEN WRITE(NOUT,*)'RA", RASGAMMA, '"TIIRLE', THIELE
S I I (TR WRITE(NOUT, %) ‘D', 1D
zlan WRITE(NOUT, %) 'RA%", RA  'FR', FR/DSQRTIRA)
RO ET TR WRITE(NOUT, ) 'WAVE NUMBERS', K, L
ahiloib WRITE(TCOUT, =) TCOUNMT
s 0 ants summy vattdbdes o1 s g vector Y 30 =1, [COUNT
FER MR IS E T WRITECNOUT, ) "BIR,S,GY' I8UBL(IY, ISUB2CTY, ISURS(T) ,Ye))
U SRR TR R S T FRE N ) WRITECICOUT ) TSUBLLT ), ISUB2(T), TSUBICDY, Y(I)
Vol DN TR 30 CONTINUE
JEREF RER SRR S 1 CALL PLOTCY, [COUNTY
Tl ho g CALL THAX(Y, LCGUNT, TEND)
MR A [HICE
o w0 CONTINUE
coloeadl, LND TP
[T S TS TP CITALK EQ. 1) THEN
whant dhNAy, @by Dt iy, durdne Dl i [HEEE SOTVE EQS USING COSNBE
WEINGE (MR PARAMETERS FOR COSNBEF
ISR RN T S B T R A L) ERRREL=DSQRTIRO2ANF (0. 0L0))
foante ate LEn oor wodve nonelinedy s oegrationy [WA=70000
CASK by our THEN TFALL=1
CORGRAGE U B Ta UaThG DIviAG £ oew= Hlart continuation taking smaller steps ac thy eund
s AL FOR DIYPAG H FRIN=FK
RRL N TTMEY, IFINAL, NTRTL DO 320 ICOWT=1, NSTEPS
At L TSAL NI T L ST NT LR FRaFRIN®(FREND=FRIN) DS IN(P /2, 0B0%DFLUAT CIGONT - 1)
UMK TN it JOFLOAT(NSTEPS-1))
by LT WRITECITERM, *)FK, TCONT
CoLkel b CALL COSNBF (FUNC, 1COUNT, Y, ¥, ERRREL, WA, LWA, [FALL)
AR e ALAMY METHOL MITER =1 =+ FENCTIONAL TTERN. IF CIFATL.GT.0) THEN
MEAH & -2 tatt owethod WRITE(NOUT,*) ' TFALL', IFALL
vt aaetery tor GIVPAG to getaults WRITE( ITERM, %) " TFALL'
I PHORVER A AR T S FiT TR 1 YT W Y FNORM=0 . 0150
PURTH WRITECICOUT, #) ICOUNT
Ml DO 430 I=1, [COUNT
HFR 3 FNORM=FNORMAY (T )sre2
Liia WRITE(NOUT, #) P B(R,S,0) ", ISUBY (), 1SUB2CT), ISUBI(T),¥ (1)
s ARA T Tty WRITECICOUT #) ISUBL(T,, [SUBZ(T), [SUBICLY, Y(I)
FAkAT TS MR 430 CONTINUE
FEOITUTRE L 1) THEN WRITE(NOUT, %) 'L2 NORN', DSQRT(FNORM)
HIEM CALL PLOT(Y, [COUNT)
iy stop
tiab END TP
E? CALL TNEG(Y, TCOUNT)
N2 ~;il‘:;xhv WRITE (NOUT, %) 'RA', Ra“UAMMA, 'TIHELE', THIELE
END IF '

L 29 NISTER=RT, W&
dept wlousr Ut heginnoug

> [h '

———

WRITENOUP, Y "RA%' | RA, 'FR', FR/DSQRTI(RA)
WRITE(NQUT, %) "FRY | FR
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WRITE (Nuthl ‘B,
WRITE(NOUE . "WAVE NUMBERS', K, L
FNORM=0 ol
WRITE (RGO - JOOUNT
w130 T TCOENT
ENCKRM-bNORMEF [y rr e
RITECWIR, ) BaRy s, LabBLUT, E5i Bt by, ol CTy YDy
whiThEtlooUr, " ataale D, 8y, Istaehy, Yo
CONFINGE
Wit TNt T LA SORMY L R TOFNCRYD
VAL YRaTY, IO Gy

CALL DMANGY, TCOEND)Y

eeantigtion Y

T T ENT
AR S R

LTS IS

SNU IR

s e

o

sk

Coket TINE cArvheouh, A, Lt L
CELIVAT REAL o e ey
Sk araty
PP AT ike Dy
ThaanlU aalit g e
ECLRLT ool THEN
R SO
LU A
S T
e ik
B RN

Tl

SUBKGETINE TRACHECTR, TS, T, L, (TG

RLTCTT REAL M (AH L ety

DATA DLREM

el Urtie Ib il

S T DEEOATO LR 0 e L TOAT LS 2y o v BFLOAT (TGP 1G)
Sit  BELGATIN ML ) THEN

1

Tle =
EhD 1F
T BYy

b

SUBIGL TINE TLLRVOTCOUNT, X, 7, YURLY,

DIPLTGTT BEAL'S (A, 0-7)

kvabisty the tiie deraviatave oF the vontbicrents tor DIVPAY
KEAL K, L, Wl

KEAL ‘8 YULERV(IuLy, Yidou)

GONNGN /50 GUNE, SUNZ, sUMs . 5EMG, TFLAMS, NCCUNT

CONMUN S TSURZ TSUBL 00y, IRUBACII0), ToUB3t2ow)

LUMHUN /TRESENS GLMS

COMMON SCOEFEF/ BDERV(=20:41,-20:001,00), BO«d0-4l,=20:41,20),

iy

¢ --n
C ane
¢

t COERV(-20:41,-20:41,20), C(-20:41,-20:41,20)
GUNHON JPARANS/ BETA, GAMMA, PI, THIELE, RA, SICGMA, CNKRL, FK, XLE
CUNMMON /BUBS/ IR, 18, 10
CONMON /WAVE/ R, L, M
DATA IN /1/, NOUT s2/, UTERM/%/, ICOEF /8/, 1COUT /97, INIT /16/
REWIND (UNTT=9)
WRETELICOUT, ") 'Y IN TDERV'
DO 15 [=1, [COUNT
WRITECTGOUT,»)ISUBL(T), T8UB2(CD), ISUB3(D), YiI)
CONTINUE
The vorrnct elomept of Y 1s asulgoud on the same basis
dg in thue maln program t.e. using the vounter Noount which is
inerumonted for overy admis.ible rs patr
NUOUNT=0
Equatton tor energy balance
D) 20 NCOUNT=1, ICOUNT/2
TR TSUBLONCOUNT)
18= 15UB2 (NCOUNT)
1G=15UB I (NCOUNT)
NUSSQRTCODFLONT (LR =KW 2R (DFLOAT (18 )% [y ive)
Sat tlag for aquation
TFLAGSL
CALL sStMB(Y, ICOUNT)
CALL SUMTRP(Y, ICOUNT, I[FLAG)
IFCCIR EQ.U) . AND. (IS EQ.0)) THEN
TERMSO1.0D0-(~1.000)[G) /OFLOAT (TG), PI

) +0. 300%Y (NCOUNT)

+EUMT+SUN2+O L SN0% (SUMA+SUNG)
ELSE
TERM=0, 506+ (NCOUNT)HSUMTHSUN2+0, 5007 ( 5UN4+SUNS )
END TF
BDERVIIR, IS, [G)s( ~SUNI = (PLPLDFLOAT (TG 1) +NUSNU)

W #(, 5HoRY (NCOUNT)

20
[

0 oaae

G oaen

W

[E

+HFRWTERM) /S TGNA7L . OD0
YUERV (NCOUNT)=BDEPV (IR, I8, 10)
CONTINUE

Equation for concentraton Lalance
1O 30 NCOUNT=ICOUNT/2+1, ICGUNT
IR=T5UB L (NGOUNT)
[S=T3UB2 (NCOUNT)
16=18UDB3 (NCGUNT)
NUSSOQRTOCOFLOAT CIR DR 2R OFLOAT (IS ) Lyl
Sut tlag fov eyudation
[FLAG=
chLl SUNICY, TUOUNT)
GALL SUMTRPLY, ICQUNT, 1FLAD)
[FLCIR.EQ.O).AND. (18.EQ.0)) THEN
TERM=USINC(DFLUAT(TG)Y =0, 5D0) P T /(P T DFLOAT (TGY <0 LDoY)
4. 5HOSY (NCGURT)
+EUMT+BUN240 . 5Do (SUMA+SUNS
ELSE
PER'SU, SDUSY (NCOUNT ;4 8UN1+50M2+ 0, 510+ (5UNA+5UNS )
END TP
CDERVCIR, 18, 101=(~5UN3 - (PLoPE < (DFLOATUTG) =0, 3y - 2NN
w0, 5PUY (NCOUNT)» X LE
<FR/BETA/GAMMAVTERNY /O 300
YDERY (NCOLNT)=CBERV (IR, I8, 1)
GONTTSUR
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KETURN s +0. 3004 (NCOUNT)
e # FEUNL+SUNL+Q. 5D0% (SUNA+SUMS )
ELGE
SUsk TINE FUM LOOUNT, Y L F, PARY TERM=0, 5DO%Y (NGOUNT Y +SUN E+SUN24Q . SDOY ( SUM+SUIS )
CIFTLOUT REAL 0 AL 0D END TF
Ly aiuoate e vl ation bor contlicienta, tor JdoNBE . FONCOUNTY = 5UM3 = (P LD T (DFLOATOTGY =0 300 )53 2eNDRNU)Y
KEAT -8 K, &, “ <0, 3D0%Y (NCOUNT )X LE
KEAL % F2000, Yidod) “ =FR/BETA/GAMMA*TERM
SN UM SUMT, AUMI, SUMY, sUMa, TFLMG L NCUONT 30 CONEINUE
: ' IetiBs 1SUBILaGeY, [stBl(00), IsLBsIom) IR
ST TRESIEHY SuMS RETURN
SN JUERES BRERVE-I0R] <2):el 00, BO<J00AL, 200wl 200, END
' COERVE=J0 wl, =20 4l oy, =006, =201 ,00) G
Loy PARAMS  SETA, GAMMA, @, THIRLE, RA, sloith, CHKL, FE, <LK SUBROUTINE SUMBCY, [COUNT)
conteno aUbss IR, 18, 19 IMPLICTTY REALYB (A-1l,u-2)
wAVES K, L, 4 G === Evaluare the multiple summation avising trem non- . inedar term
PooONGHT 20, STERMGG , TGORE 8/, BOCUT 9/, INTTE g leg REAL=B EAPPA, K, L
NI REAL#E Y(ym1)
i AT Y DN FU CONMON /5Ub/ SUML, SUNZ, SOt , SUMG, TFLAG, NCOUNT
SRR PN COMMUN /COEFF/ BDERV(~20:41  20:41,20), B(=20:41,-20;41,20),
whIDECTOAT, isUBiels, TaUb D, [atBD, YOI # CDERV(=20:41,=20:41,20), C(=d0:41,-20:41,20)
Ll InUE CONNUN /WAVE/ K, L, N
G optent element ot ¥oas danagted oo the same basts CONMON /PARAMS/ BETA, GAMMA, P'L, THIELE, RA, SIGMA, GHRL, FK, XLE
Coothe I RTORTAM U 8 ik e ounter ot wlieeh o COMMON /8UBS/ IR, I8, 16
ereated ot uvary cadiuuible bsopogr COMMON /REALSH/ XIF, XIU, XIM, XIL, C1, ©2, RARPA
oo CUNMON /T8SUB/ 1SUBIC200), [SUBZ(200), [SCBI(200)
LAt n bt ety baldioe COMMON /MAXSUR/ MANIR, MAXIS, MANIG, MINIK, MINIS, MINIG ™~
N N CONMON /TRG/ TTRGU=20:1a 1, -20° 41, 30) ~
Bl YT CONMUN /WORRER,  RWRSP
T REAL#E RWKSP(10070)
N NN ENTERNAL FL, F2, F3, ¥5, Fo, F7, FAKZO, FaK2l, PBK2O0, FBKZ1
WU ETAA T TR R e B LOAT [ FORZQ, FCKZ1, FDK20, FDRZ)
ciorlag oF equatiun DATA T'TERY 737
TELA =i sEM1<0. 0o
CALL aIMBULY, o NG SUMRZ=0. 0bo
Cal MY, lCabNT, LFLAGY SUM3 20, 0l
T kg o AMDL TS B Gy THEN sUM4-:0, 000
E=DEXPUE. uDRY

et ol nhaet - D0y TG L LDAT C TG B
11 alEY CNGULNT Y
USR0S0 CHUMw e 3INS)

¢ o

Paremeters tor DQDAG
G ow== Wo split up the region of integrdtion to ave i vrrots wikh
¢ +-= perwodic functions

ELOE
(REM-u DO ONSULNT )G UM L e sUMEH0 b L SUMG +3UN5 ) Xi=0.ubo
X0, 700

[/
Fowad i Ti=asla e cPioPl CFLOAT Faa LG NN 370 DOy ENCOUNT R3al . obo
+t K TERM ALRR=1,00=§
[ STAN RERR=1,0D~5
G w== Quadrature rule fur vscillatory functfutis
Joabiot et Lhe trnsenttstion halanoy LRULE 6
i WOUENTSTONUNT /e 4, Tt al PEEER
TE-dalbi ity B0 30 IFs1,MAKLG
P TulE2INGOLNTY XIFsDELOATLLF)
- LB ONGUUNT) X1G=DFLOATCTG)Y
WU<HQRTOCDFLOAT CHIO Y )0 2 COFLUAT TS e Lysee2) CALL DRDAGIFY, X1, X2, MERR, RERn, I[RULE, all, ER)
vt ELag Tor equation CALL DUDAGIFL, X2, N3, ABKR, RERR, IR, Al2, EK)
THLALSY Al=AL 14412
CALL aluBey, 10GENT) CALL DQDAGCFS, X1, X2, AEKR, REKM, TRULE, AS1, ER)
CALL UGDABCPS, X2, X3, AERK, REKR, [RULK, A%2, ER)

CALL SUMTRPCY, LOoUNT, [PLAU)
TFOCIR By 0) AN TS ER o) THEN
TERM=LG INCUDFLOATCIG) 0 Sho<FL)/PLedibLaAT a0 Do)y

A=A LA 2
£ os=e Epotgy wiuation
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P
Lo
G
' ¢
SEOIVLAGEQ. LY THeN
S TR ORI
AUMI-aHTFAL N TOENT )
ENDYOTE
St fnta Aol o 1Tian
oo JTLAB B CHEN
el IR, A
SMIsST MLy Y
¥
RIS
TEoNU ot TIANT dre connters o0 the poand taocoukty
L ONTE L IOENT L
et BLUIRLUNTS
Cooeab BT WNTY
MWeincb o TNy
- WU
™ UNT:
CIvelT NE TR o 0 1)
e Tl R S8 S 10
oo iialy cdbsnravta that ogre wogd
(SR 3 SYR DA
- FAAT T
NETIE PEAEO AR SN
rEids e
. XS, ALLK, sERR, IRGLE, Asl, ©k)
CAve b LAGIEL, . N3, ARRR, REER, IRULE, Ay, BR)
A=Al eAlL
SN U PN T Y O TUEN T TGOENT /2 AR
thir JF
HoeLTIIbin vquation
EOTRIAG R o THEN
CALL LbAGEFa, XD, N2, Akkk, RBRR, CIRELE, Ael, ER)
ALL GLAGeFs, ni, X7, AkkR, KEKR, IRULE, Awl,
LuAnTHANG
U= LT T Y TUER T T OUNT 29 A
Enb ¥
3o béate LI
Tergy qldtion
PP IR AG by Ve THEN
FARPPA - RTOCRFLGAT L n K )y 30 DFLUAT L < L) 2
TECOOIP Endows - AND T Bl ) ol cCITT By 0 AND . (M EQ.uy))
RN
CALL W DAG (RARZO, K1, w2, ARkR, REER, IRULE, ARKZL, ER)
CALL LA FARZD, K2, X3, AERK, RERR, TRULK, ARdZ, ER)
ARZ=AELTYARER
CALL LuDAG  FBRZo, X1, d&, ARRK, REKR, IRULE, BKZD, ER)
CALL LA (FURZ0, K3, 83, ALRiG, RFIR, JRULE, BKIS, ER)
BhaskeglvibLL
‘l
t‘ m‘i&& . i M
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{ .
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3 .
B ek i ey

G-~
¢ ---
C-n-

%

(MR

(3 nen
G aeam
C ==

C «--

Y .
il AR b S

ELSE
CL=RATP UXTG/RAPPA/ (DEXD (RAPP 2 +DEXP(-KAPPA) )/
(PLw 2w X TG 24RAPPAKS. ,
(23RA/ (P42 [ G 2HKAPPAR2 )

CALL DODAG (FARZL, X1, X2, AERR, RERR, IRULE, AKZI, ER)
CALL bQDAG (PAKZL, X2, X3, AERR, RERR, [RULE, ARG, ER)

ARL=AKZL+AREL

CALL DQDAG (FBKZL, X1, X2, AERR, RERR, ITRULE, BKil, ER)
CALL DQDAG (FBRZL, X2, X3, AERR, RERR, IRULE, BRi2, ER)

BRZ=BRE1+BYA2
END ¥
SUM3=SUMIEY CTPQUNTIY C ITUCNT Y
(= CPLOAT( TP ITIReR+OFLOAT (1Q# TUY L#L ) #ARS
+RAPPASTKAPPA%BRZ)
END IF

Concentration wguarion

[F(IFLAG.EQ.2) THEN
RaPPA=SQRT ((DFLOAT(LP)¥K) %24+ (DFLOATUIQ) L)1)

IFCCIPLEQ.0) L AND. (1Q.EQ.0)) . OR. ¢ (IT,EQ.0) . AND. LIU £qQ.0)))

THEN
CAEL DQDAG(FCR20, X1, X2, AERR, RERR, [RULE, CK21,
CALL DQDAG(FCRZ0, X2, X3, AERR, RERR, IRULE, CR22,
CK4=CKZ1+CK22
CALL DQDAG(FDRZ0, XI, X2, AERR, RERR, [RGLLE, LKZI,
CALL DQDAG(FOKZ0, N2, X3, AFRR, RERR, IRULE, DRAL,
DRZ=DRZ1+DRZ2

ELSE

KAPPA.NE. O
CL=RASPTHXTIG/RAPPA/ (DEXP (KAPPA)+DEXP (-KAPPA, )/
(PLowdeX G 2+KAPPAR2)

GR=RAJ (P Lo 2o X TQUw2LRAPPASYD )
CALL DQDAG(FCRZ1, ¥1, X2, AERR, RERR, IRULE, CKit,
CALL DQDAG(FCKZL, X2, X3, AERR, RERR, IP'"H, CKZZ,
CRZ=CKZ1+CK22
CALL DQDAG(FDKZ1, XTI, X2, AERR, RERR, IRULE, DK21,
CALL DQDAG(FDKZ1, X2, X3, AERR, RERR, IRULE, LK22,
DKZ=DRZ14DRZ2

END IF

SUM3=SUN3+Y ( TPQENT ) %Y € ITUCNT+ICOUNT/2)*

(= (DFLOAT (IR DT KK DFLOAT (1Qee LU L1 )+ CRY
~KAPPASKAPPAYDRZ)
END 1F
CALGULATE SUMM4

Energy equation
IF(TFLAG.EQ. 1) THEN
CALL DQDAG(F3, XI, X2, AERR, REKR, [RULE, A31, /R)
CALL DQDAG(F3, X2, X3, AERR, RERR, TRULE, A32, KR)
AJ=AJI+A32
SUMASSUMA+Y (CTPQCNTY*Y (ITUCNT) %A
END [F
Concentration equation
TFCIFLAG.EQ. Q) THEN
CALL DUDAG(F7, X1, X2, AERR, RERR, IRULE, A71, EK)
CALL DQDAGIF?, X2, X3, AERR, KERR, IRULE, A72, ER)
AT=ATIHATL
SUHA=SUMA+Y CTPYCNT )Y (TTUCNTY A7
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ESD T IP(IFLAG.EQ. 1) THEM
NOE CALL DQDAG(F%, X1, X2, AERR, RERR, IRULE, A4l, ER)
Tt BN CALL DQDAG(Fa, X2, X3, AERR, RERR, IRULE, A42, ER)
bl Ad=AG 1AL D
SUMS=3UNS+Y (TPQUHT)Y*Y (ITUCNTY Y (TMNONT+ICOUNT/2)* Ab
Cened VINE S0 Y, 0T, TELAG) ENU IF
SWELCIT REAL » GA-ILO-D) Goe-e Cuneasitration equation
Cbotauate the tiiple summatiow drising tron nonsliedr tuerm [FOIFLAG.EQ.2) THEN
wiAi n KAPFA, X, L CALL DQDAG(FS, XI, X2, AERR, RERR, [RULE, ABl, ER)
“ g CALL DQDAG(FB, X2, X3, AERR, RERR, [RULE, A82, ER)
Somtae s TePBNGO0Y, TUB2G0MN, TSUB3CI0) Ap=AB) +A82
Canna CUFFE, DDERVO=20 a0, =d0ul,wdd, BU-duial, =tiial, 00, SUNS=SUMS+Y (TEQUNT ) %Y ( ITUCNTH1COUNT/2) %Y (IMNCNT)*A8
3 CHERV(A20 2], =20 el a0, S0-00.48, =201, 20) END IF
SeMN WavE K, L, M 10 CONTINUE
s PAkAMS, BETA, GANMA, PI, THIELE, KA, STGMA, CHRL, FK, SLE KETURN
SEs IR, I8, 0 END
KEALSE. AIF, NIG, YIH, %Ik, C1, o, CAPPA Lo
MAALR NAXTR, MARDS, MASTG, MINIK, MiNLS, SINIG SUBROUTINE TNEG(Y, ICOUNT)
X A TN S SN IMPLICIT REAL¥8 (A-H,0-2)
Sy WM UG € -+~ Lweate any temperature less than ambient
MY WOREDES MKSP REAL“8 K, L , KAPPA
AL 8 webaliunty) COMNON /WAVE/ K, L, M
S ERAL ta COMMON /COEFF/ BDERV(=20:41,-20:41,20), B(-20:41,-20:41,20),
e s [ CDERV(-20:41,-20:41,20), C(-20t41,-20:41,20)
e b REALE Y(200)
SARERRIEE COMMON /1SUB/ 1SUB1(200), 150B2(200), TSUB3(200)
werw to i REAL*8 COEFF(-20:41,-20:41,20)
o i e smbenratam o ] et wich COMMON /DAKAMS/ BETA, GAMMA, P, THIELE, RA, SIGMA, CKKL, FE
e bt DATA TN /17, NOUT /2/, LTERM/4/, [COEF /87, ICOUT /97, INIT 716/
S ogu DATA NTHAX /17/
o, DY 10 (=1, ICOUNT
0o COEFF(ISUBLCD), 15UB2(1), I5UB3(1))=Y(1)
SRt e ¢ COLFR{~ISUBL(T), ISUB2L1), ISUB3(1))=Y(I)
wben o pes ¢ COEFF(ISURT(I), - 1SUB2(LY, ISUB3(T))=Y(1)
crtvature aale tor wawailatery tunetiuns ¢ COEFF(-T5U81(IY, -ISUB2(1), ISUB3(I))=Y(I)
el 10 CUNTTNUE
SHAX=PL/K#*2 0DO/DSQRT(3.000)
< ENT and DYUCNT IMNGNT are counters ot the g, tu mnoooefts AMAX=PI/K
Vo eTe L, TUAUNT 2 DO 15 2=0.0D0, ZMAX+1.0D-3, ZMAX/S.000
e toUBLs TR LO 15 ¥20.000, XMAX+1.0D-3, XHAX/5.0DO
Le=ToUBay N PO 15 22=0.0D0,1.000100, 2.000-1
S R FTH T AN o TIETA=0 . 0D0
i PTUCNT- T, JGGENT 2 DO 20 NCOUNT:21,1COUNY
r-1stpieiiue [=ISUB1(NCOUNT)
o LLUHATTRUNT J=1SUB2(NCOUNT)
TIE-inUBSCITIONT) KK=1SUB3(NCUUNT)
D3 DNENT -1, TROUNT L SUN=COEFF(T,J,KK)
D=L THNGNT ) % e (DCOS COFLOAT ( 1YKX )#DC0S (DFLUATI J) L2 )
PisLSUHA TINGHT) g =DSIN(DFLUAT(1):K#X ) DS INCDFLOAT ()~ Léa))
PL=TSUESOIMNGNT) THETA=THETA+SUNSDS IN(PIDFLOAT (KRR )+32)
TFCeIp+ITHIMY NE IR 61 T 10 MY CONTINUE
TREOIH[URTN) BB 1SS G0 TO 10 [FCTHETA.LT. 0. 0D0) THEN
- WRITE (NQUT', Yr) "¥evevokir PEMPERATURE NEGAT [ VEwsiaiin:
Sv guuign duamy subscripts that are real WRITE CTTEKM %) 'svetoine PEMPERATURE  NEGATIVE# ot
S1G-UFLOATI TG STOP
CE=LFLOAT(ITF)Y END TP
XIN-DFLOATO I 15 GANTINUE
XIL-LFLOATULL, RETURH
o= Calullate Lummation END
e ( awe
Saaergy vidatiuh
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Vahl oW T aEAL v A el
fewitagn far plotting
shak RN, L, FAPPA
N WAVES K, L, M
[ERTLY I VRN 5 S ST () AVRUEIY IS SREUII UEvS SRAILE SRLT IR TRRPS IR NN SR B N
u CORRVL =0 wh, atd ad,ait, om0 wl,mbowl, 1))
(S SN BN
RUSLEE AN TR £ 1) § ARV Sl AR ST NIRRT T
crAlim PERoa 0 al, s el
FARAML  BETA, SANMA, P, THIELR, BA, S0, o FRG oLk

gy AFE SN
Leao T ENT

|3 R

et

ey vigadtin
1+ % T R Y+ S
BT
Lot e BNT
LR GFLATIRL TR K7D
P SRR N Y YR 3
SO DR AT L B X L DERATED L0
RFCSSIIRG RUPLY SR BN SR WIR I TR H S RIEY I S R P
VARRA- p@CEIDELOAT Ly o kLT e L
8 X ORI Wt TR S XU SRV R SV
F-RA-28. PLEY o RA/PL w0 KB bs lavE P
rluk
A-tAg P 2 PR 2R RARPA o,
LA P YR EAPPA CLESPOREAPPA y+DESPC-FAPPA
Per ot BLaP FAPPA A2 Dl - FAPPA- O AL RE PTE O
rhb F
THETA=THETA+LU LW o b DELOAT EE i
YhRLG-YELu e FARPA o
CUNTINCE

iectbidlian egubanl

DO 30 NGOUNT=1, ICOUNT/2
[=15UB 1 (NCUUNTY
J=15UB2 (NCOUNT)
RR=18UB3 (NCOUNT)
sUN=C(T,J,RK)
< (COS (NFLOAT( DYR*X)~DCOS (DFLOAT{J )L
~DSINCDFLOAT (DK% +DS IN(DFLOAT (J)¢
CONC=CONC FSUMADCUS (PT# (DFLUAT KR) -0. 5D0)%22)
0 CONTINUE

THETA=THETA/GANMA
CONC=0. 21D0¥(CONG+) . 0D0)
WRITE(7,7)293. 0% (THETA+1.0), CONC,

1t VELZ%2,0E-4/CHRL, NvCHRL, Z%CHRL
15 CONTINUE
5 Qo NUE
ReURN
END
C -
£

SUBROUTINE 'TMAX(Y, ICQUNT, TEND)
IMPLICIT REAL%H (A-H,0-2)
¢ === Results tor plotuing
REAL- 8 K, L, KAPPA
GGHMIN CWAVE/ K, [, N
COMMON [/ CUEFF/ BDERV(-20:41,-20:41,20), B(-20:4},-20:41,20),
# CDERV(=20:41,-20141,20), Ct-d0:41,-20:141,20)
REALSY Y(260)
COMMON [ ESUB/ [SUBI(200), TSUB2(200), ISLBI(200)
KEAL“8 COEFF(-20:41,-20:41,20)
COMMON /PARAMS/ BETA, GAMMA, PL, THIELE, RA, SIGHMA, CIRL, FK, XLE
DATA IN /17, NOUT 727, UVLERM/4,, ICOEF /87, 1COUT 79/, INIT /18/
DATA “TMAX 717/
C -== Epgrgy equation
DY 10 [=1,ICOUNT/2
COEFF(ISUBL(TY, ISUB2(1), ISUB3(T))=Y(])

oze

[ COEFFL-ISUBIC(T), [8UB2(T), ISUB3( 1))=Y (1)
c COEFFCISUBILT), ~FSUB2(T), ISUBA(T))=Y(T)
c COFFF(-ISUBICT) , -TSUB2 (1), ISUB3(1))=Y(T)

10 CONTINUE
¢ -== Cloose the height ¥ and Y first check at hexagon centre
=000
420,000
THTHAX=0. DO
30 DO 15 32=0.0D0,1.000100, 1.00D-1
THETA=0.0D0O
VELG=0.0D0
“+= Enurgy equation
O 20 NCOLNT=), ICOUNT/2
[=15UB L (NCOUNT)
J=ISUBL (NCQUNT)
RR=TSUBS(NCOUNT)
sUN=COEFF(L,J,KK)
S NGOS (DPLOAT (¥R X)%DCOS (DFLOAT (J 3 rLyd
~DSINCDFLOAT (L) ReeX) “DS INCDFLOAT(J )% 102 ) )
RAPPASSORT (DFLOAT | 1Yo 2seKente MADFLOAT (J )58 2 Liene2)
IF(CI.EQ.0).AND. (J.EQ.0)) THEN
FokA 22/ 7KKERA/ P DR 2 RR NS INCRR#PLEL)
ELSE
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ASRAL (PIE2RRR v RAPPA D)
Gy P TRK RSPPA (DEXPCRAPPA Y HDEXDPE-KADPAY )
P CDENPUORARTAY Z2) -DENPU-RAPPAS 0 v RACDS INCRR=PTH 00
END
THE:  CHETA+SUMSDS INCFLSDFLOAT (KK <22
VEL L eLIesUN-NAPPA- A0 F
CUNTINME

CUETA=THETA GANMA
IFCTHETA 0T THTMANY THEN
SHIMANSTHETS
AEUHT 3
Youekl=d
END LF
UeNTINOE
cowo sl R 4t vettex
(Bl gd o ubuy THEN
AR S SR NURRIV) 10 FRYRTNI S A BRI TR
oW
|3 O
whiECLT, Loy OSCTHTHAR® L 0y, THTMaN, VCGoRD-CHRL, PEIGHTCHKL
COCRND, TESUCCHRL- 7200 wkeaide oy loun 0
salieb e v
I

sl
votoailowatig Do U contadn the antegodwda tor o dUaG

SRk PRECTSDON INCTION FLUY)
LT ebAL 8 o, ueds
Bt kbAlsE. XIF, wD5, XL NIL, €1, wo, RAPPA
AL S KALEA
S 1.3 (windenistiaibg
FPRINES 105 STVRN 4 EFA LR UNTET RS § RV TN I 3 B
RN
(A

LBLE FRECTGTN BUNCTION Forl)
THPLISIT BEALB (A-H L uedd
S G kBALGEZ NIF, X1G, wlH, AIL, ), 02, KARPA
CEAL-H PAPEA
FI-0 twllucedgaitibu
poba DRI DL B Lo P12 ) e LGOS CLSTR 0 Sha e PLad)
BRI
rhb

Tl vRECILION FUNCTION ey
PLEITT BREAL-Y AW -l
Sl CREALLB RTF, sbay oIH, NHL, €1, G2, KAPDY
HEAL R XAPPA
Fled 1a199ie53079300
Eoeba NG Tn P12 DO Nente vl 2 - RETHESTHAP TS
tEVURN
Ealb

UOUBLE PRECTSTON FUNCTION Facd;

SILGCTT WEALS cA-lE )
Pt sERALSE7 wlF, Xlu, SIML XTL, €1, d2, KARPA

L4

-

BT s i iali

oo

s

REAL*B RAPPA
PI=1,141592653579300
FA=08 IN(XIGHPTRE DS IN(XIF#P 142 ) DS IN(K HI%P [#2)%DCOS ( (XIL-0.5D0)*

# o PI¥Z)

RETURN
END

DOUBLE PRECISTION FUNCTION F5(2)

IMPLICIT REALYE (A-H,0=-2)

COMMON /REALSB/ SIF, XIG, XIH, XIL, €1, C2, RAPPA
REAL+8 RAPPA

143, 1415925357930
FS=DSIN(XTF#P1y2)%DCOS((XTG-0.5D0)#PI*E)

RETURN

END

DOUBLE PRECISION FUNCTION 1'6(2)

IMPLICIT REAL¥R (A~H,0-4)

CONMON /REALSB/ XIF, X10, XIH, XIL, €1, €2, KAPPA

REAL*H RapPPA

Pl=3, 1415920552793D0

FosDS IN(NIIPP [#2)DCOS ((XTF~0.5D0) %P I¥Z)%DC0S5 ((NI0-0. 500)%P{+2)
RETURN

END

DOUBLE PRECISION FUNCTION F7(2)

IMPLICIT REAL#B (A<H,0-2) N
COMHON /REALSBy XIF, Xlg, XIH, $IL, €1, €2, KAPPA [ad

REAL®E KADPPA

PI=3,1415926515793D0

F7=D8 IN(XIH=P[#3 ) DS IN(X PP I+ )YDOOS ((KIG-0., 500)P1%3)
RETURN

END

DOUBLE PRECISION FUNCTION FB(2Z)

DIPLICIT REAL#8 (A-H,0-4)

CUMMON ,REALSB/ XIF, XIG, XIH, XIL, Cl, ©2, RAPPA

REAL#8 KAPPA

BI=3,141592653579300

Fa=DSIN(XIHFP W) &DS IN(XILMPI%Z)*DCOS ((XIF-0. 500) %P I+ )»Deoe
0.5D0)wPI%2)

RETURN

END

DOUBLE PRECISTON FUNCTION FAK20(&)

THPLICTT REAEM8 (A-H,04%)

GOMMON /REALSB/ XIF, X140, SIN, XIL, Cl, €2, KAPPA

REAL%8 RAPPA

COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHKL, FK, XLE

FARZO=DS IN(XIF#P 3 v DS INIRT G 12 )%
RA/PI/XTH# (1, 0DO+DCOS (PINTINeG))

RETURN

END

DOUBLE PRFCISTON FUNCTION FARZ1(2)

LHPLTGTT REALYS (A-H,0-2)

COMNON /REALSB/ XIF, XIG, NIH, XIL, €1, €2, KAPPA

REAL“8 RAPPA

COMNON /PARANS/ BETA, GANMA, vI, THIELE, RA, SIGMA, CHRL, FK, MLE

e e R
= AT
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FAK. LoD INONTFARLS ST DS INONTGAP IS IRRAPPAS (EXPLRAPPAS Y ¢
) ENPOARAPEN 3y P DN IHRCIPPLOsS (DX
Ry TVRN
END
CHELE PRECIST  FLNGTDN FBKIuGD
WMPLICIT REAL #  A-HLO-0)
ey REALSB: NIF, X1G, NHE, ML, 01, €2, KARPA
LeAL 8 KAPPA
L DARAMS BETA, SAMMA, PI, THIELE, RA, SIoNMA, CHRL, ¥R, XLE
BN der DX TEBCoS X TR PE OV DSININTG DTl ¢
2 wh BE N 2SS INCP XTI /T NTID
WEILURN
LN
SornLE ewECISioN FONCTION FRRSLCOY
Dol REAL Y GA-HL D)
MoN O REALSE WEF, NIG, NH, NI, a1, €2, KAPPA
sIAL B RKATPA
swoN O FARAMS  SETA. GAMMS, PI, THIELE, KA, SLaMA, CHRL, PR, aLE
ST AT S8 FTWELTS. ¢ 4 35 4 GHATH (R 1 TR (Vi NS I
C1EMEAREA T ERRCRARPAR I )R DSINUPIONTI Dy
wl N
Coupk A RECIOEC CESCTTION FURZoe D
ME VA FRAL Y N s
e kEMDE Dy NH, wlay UL, ol RARRA
“lo® KAPTA
e DARAMES BETA. ANHS, FL, VHIELE, k&, slaMa, JHRL, PR, XLE
[IR IHVEITRRITRSS LTI R 3 SRR v TR (VAL IR B S PR
WAL BT siH ) Lbosbuosdb o RTH D))
RN
eis
iodLE PRECTODN FUNMGTION FURILLD
PMELIGIT KEAL-4 (A<H,0-d)
oy REALERS XTF, NG, XIM, XIL, o), G2, KAPPA
braLe8 FAPPA
LGN FARAMSS BETA, GANMA, PT, IHIELE, RA, SIuMA, ClIKL, FK, XLE
[T P ERLIRTRES DI VTS J S FRI Vv TR R4 CEU B TR N B A
[ G601 KAPPAS (EXP (RAPPASZ) +
o EXE-RAPPARS )+ PLNTI CLoDoog R LeXTI )
RE LM
(R
[LBLE FRECTSTuN BUNGTION FOKIGGL)
MPLASTT REALYS (A<M
AN beglolls 5TF, g, X0 NIL, €Y, G KARPA
kALY KAPPA
GO L PAKANSZ BETA, GAMMA, Pl, THIELE, KA, SIGHA, CHRL, FK, XLE
FuELo-2 0o (STE<G Shuy DS INCINTE <0 300 )7 P14 2 eBLOS COXTG=0 . 500) P12y
" HASPL/ A I e RUPTOX 2/ PT/ XTI
vh RN
r4l
t, w-w
LUBLE PRECISTON FUNGTION FDRZICE)
THPLICTT REAL<B (A-ILO-4)
SN JREALGBY XIF, a6, XIH, NIL, 01, 02, JAPPS
u, k
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KEALYB KARPA

CONMON 7PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK, XLE
FORALSPIF (AT =0. 5D0)*DSINCKIF=0.5D0)*P1*2)=DCOS ((XIG -0, 5D0)*PI#Z)
# AR LA (EXP (RAPPAYZ) EXSP (-RAPPAYE ) 4GNS INCD (4K TII"Z)

KETURN
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5 ! The following program written in Fortran 77 (STAB3 FORTRAN) is used to
B T calculate the eigenvalues for the stability analysis of the
R steady-state solutions obtained from program BED3NEW FOR™ ‘AN,
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SIS ST B L TR 2 FE PN I} SET8 MR SRS ST IR A T EEETRN IR
CALCULATE THE 5 DOENVALUES FUR THE STABILITY ANALYSIH OF
VHE STAEDY o0 SOLUTION GFRERATED BY LEDINEW
ASHUMING A bl ORDER REACTIUN
WITH OPEN T AND LINEAR EXPANSTON oF THE EXPONENTIAL
Wit NUMERT LNTEGRATIONS
O DY [ B T Ay EEERIS T e TR
- The steady stave covtticrenty are tedd an having been saleulated
Seoo cRLINRW
MULITTT REAL-H (A<H,0-3)
PARAMETER (NFUh=1u)
nEALCS N, L
LEAE n oy ony
BEAL 3 AACNEON,NEUNY, GRINEQNY, RIGN M)
SN TSUR taldioooo), LEUBRGSGy, LSUBS(L0M)
WMMON CURERY Beelo W) e 2000l 20,
: (RIS IRV IRTS RAITA ]
N WAYES K, 4, !
CMONG PARAMG, BRTA, GAMMA, ©T, THIXLE, KA, PHI, CHNRL, UK, %1k
MU GBIy SEMTL AU, SUM3, SEMa, TRLAG, NCOUNT
MMON TRMIH sty
SN MANGT Y CIANTR, MANTS, MANDG, MINLR, MINIS, MINLG
BMON GUHE kL DS, T
Mo N MR S TR RITS INCNCIUIRYS SOITS |
ok inTab kb N
A I L T s TTER e, Teokl 4, Tl L9y, INIT Lo,
g LNELG T
el cdtaleter
N I A Y
R EE TR G N A PR B
[ R SATR ERIV
Se sl ouiedbtiob gt ceter, wave nuuber and task tlag for dss/uy
ShcING AL LTAK
EET RN 170 B TR R T IPRRATT &1
AN, DB, BESl, DA, WRu, SRLU, S0
o LelNG Ty, Bl sy, HTCAP, DELTAN, CHRL
HEGLIN, s LREAD
CRENELINOR ERGT 30150 uba/ el uuli s KPS T e
SALGRAV g R TEe D CHEE RIS PERMHTCAR, KR XL
ANMASEA'S S1ab, T
dbvASDELTAR 0 G T, HTCAP 6 . Tobo
THIELE =0yl MK RUOSHTCARS ) by =EPST - CHELGURL
FRREC P Lk b =5ANMA)
Len b SRu i GHRL 2 SSITEAR %1 2EDENEY «GANHA)
FER b S GRAY TO 3 070 30 EPS T4 37 150 ubu/SNH ) 5
caluiate parameters tor thu pusitive nxponent ial dpproxungt ion
Ao TAR=HA GANMA
nA-KALTAK
Fr-gETA THIELE Haitia
AT A 2 S
sluuiaty Wave nuabers
L-n et THA-A S iy
boagk i i AA-L Ly
Taxsmum and muneum valuns for the subucripts
REES ]
AN G-
MAXIG =1
MInIk=0
MINDG=0
— .
. » 4
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MINIU-L b
3 === [CUUNT counta the number ot costfictents {.e. the nomber of 5
€ === oquations that satisty the tvuancation aml pavity i
READCICOUT, %) TEOUNT 4
DO It IsI, ICOUNT 4
READLICOUT <y IR, 13, 16, BCIR, 1S, [D) 4
Y(U=UIR, 15,16)
[SUBI(I)=[R
1SUB2(T)=I8
ISUBY(1)=1G
IF(IR.OT. HAXIR) MAXIR=IR ‘%
TFCEG . GT MAKES) MAXIS=IS
TE(T0.0T. HAKIO) MAXTG=1G
TECIR.LT.MINIR) MINIR=IR
IF(IS LT HINIS) MINIS=IS
[F(IG. LT MINIG) MINIG=IO I
IF(1.LE. [COUNT/2) THEN b
PIRCCIR, 15, 0=
END 1P
11 CONTINUE g
WRITECINIT, ) ICGUNT i
DO 111 I=1,ICOLNT
WRITE(INIT,#)ISUBI(I), ISUB2(T), IsUB3CI), Y(I)
111 CONT INUE
WRITE (ITERM,*) 'NUMBER 0F TERNS', ICOUNT

C o~
G === Start loop to dssomble matrix
C === Assemble matrix for thu snergy uquation
[FLAG=
DO 15 J=1,100UNT/2
IR=TSUBI()
[8=I85UBILd)
[G=ISUB3(T)
DO 10 =1, [COUNT
CALL sUMB(Y, ICOUNT, I)
CALL SUMTRIP(Y, ICOUNT, IFLAG, 1)
IF(I EQ.J) THEN
A D)= =0 500%(
" (UPLOATCISUBLOT) Y R 24 (DFLOATCTSUBR (1) ) L) w2
[ RPN DENFLOAT (TSUB3( 1)%¥2))
# <2, 000 SUNIHFRY (0. SDO+SUMLHSUN2+5UNG+
i 0. 5D0¥EUNS) )2 . 0U0/ IHI
ELSE
AT, D= (~2, DO SUNSHFR (0. SDO+SUMT+SLN2 +5UMA+
# 0.5D0+5UNS ) ) %2, 000/ PRI
END IF
WRITE(NOUT, )AAd 1), I,
o CONTINUE
15 CONTINUE
G ===
£ oee= Agsembly mattix for the concentrdtion egqnation
1FLAG=2
DO 25 JwICOUNT/241, TCOUNT
[R=15U81(J)
152 [8UB2(J)
1G=185083(J)
LO 50 T=1,ICOUNT
CALL sUMBLY, TCOUNT, D)
CALL SUNTRIPUY, [TCOUNT, IFLAG, I)

A4
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. L EQ. D T SUBROQUTINE SUMBC(Y, [COUNT, INDEX)
AALT PY= e XLE INPLICIT REAL%8 (A-I,0-2)
J G JATUISEB LD Y N A e DFLOAT CLEUB I Ly vl v C === Evaluate the multiple gummation arising from non-linear term
i sr o wDFLOAT(LSUBT 1)+ 2)) REAL®8 KAPPA, K, L
: SUHIHFR, CBETARGANNAY REAL~8 Y(200)
3 s cor STRENUY T RSUM 2 #A0 0 e CONBON /SUM/ SUMI, SUN2, SUM3, SUM&, IFLAQ, NCOUNT
\ ' 0 D LAY EBRGL COMMON JGUEFF/ B(-20:41,-20:41,20),
VLo [ C(=20:41,-20:41,20)
AA L, LS sUM3H PR CBETASGANHA)Y COMMON /WAVE/ K, L, M
i , sed ST oS +LM FSUM .+ GCOMMON /PARAMS/ BETA, GAMMA, PI, TIIELE, RA, PHI, CHRL, FK, XLE
g U500 SEMS Y EIST COMMON /SUBS/ IR, 18, IO
sl IF COMMON /REALSUBS/ XIF, XIG, XIUl, XIL, C1, €2, KAPPA
R Wit TEoneUT, 0L, Dy, T GOMMON /MANSUB/ MAXIR, MAXIS, MAXIG, MINIR, MINIS, MINIG
e CaMNON /TSUBy7 T8UB1(200), 18UB2(200), [5UB3(200) 3
WUINUE COMMON /TRC/ [TRC(-20:41,-20:41,20) "
EXTERNAL F1, F2, F3, ¥5, Fo, F7, FAKZ0, FAKZ1, FBKZ20, FBRZ1, i
See kot F T brad th wagenvaiues ot A # FCKAO, FCKZL, FDKZ0, FDRZ1 ;
Paacwtess tar FOQARK DATA LTERM 73/ :
TR RN 5UM1=9. 000 ‘
el SUN2=0, 000 !
At SUM3~0.0D0 i
crcAFE AA AL N, BR, RIEL,CINTOER, THALLD SUN4=u, 000 /
- TErAL ST oy TeEN E=DEXP(1.0D0) |
wrltlaNE R LA L TRML G «== Parametors for NQDAC
v Poe== We splitt up the region of integravion to avoud wrrors with ‘
¥ G === periodle tuhetions
EOREEG, RGN S b X1=0. 000
cotelp o NT X2=0.700 '
LRI TR N | (R U TR ¥A=1.0DD
Lk AEKR=1.0D+5
[ RERR=1.0D-5
ti === Quadrature ruls For ozcillatory functions
TRULE =6
Lore Ul PARCHNCIR, T, [DPKFLG) PR
4 NELILY RRAL 8 A g DO 50 1F=1,MAKI0
Che ok parity XIF=DFLOAT(TF)
vE-bip LOATCTk+ 150 SIG=DFLOAT{I0)
HENRIES TR ITTIIS VI L)) CALL DUDACIFL, X1, X2, AERR, RERR, IRULE, All, ER)
Dol NE o uidus THEN CALL 0Qbs 11, X2, X3, AERR, RERR, IRULE, A12 ,ER)
¢ R L ' o
N (33 IFOIER.GT.0) WRITECITERM,*) ' TER A1', [ER
LR e CALL DQDAG(F5, X1, X2, AERR, RERR, IRULE, AS1, ER)
, [ATVENY S CALL DQDAG(FS, X2, X3, AERR, RERR, IRULE, A52, ER)
e TURN A5-=a51+A52
y R [FCIER.GT.0) WRITECITERM,*) TER AS', LR
¢ -=» Buurgy equation
' cendf e VWNCHECLR, TS, Te, M, TP IFCIFLAO.EQ. 1) THEN
t Lol REAL S AUl NaITRCOIR, 18, 11)
g GULAITREM Yy IFCCrTCOUNT/2)  EQ. INDEX) THEN
Gecr tranedtion S=AL
| il b0 FOU TFLUAT Bl L eDFLUATE TS o) o0 D DFTDATI TG TG) END 1F
4 TFETRGT GT (LFLUAT O MaEy) ) THEN END IF
. ITHLG-1 G === Concentration equatiou
¢ tLib IF{TRLAG.EQ, 2) THEN
TiFLG-t N=[TRC(IR, 18, 1F)
LD 1F TF(N.EQ. INDEX) THEN
N KETURN SUML2AS
; Lhbi END IR
{ END IR
0 GONTINUE
E
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i g ah
W
H
‘ B
By gt i
secle i w0 TN
IS 2 SR I T Rt
|- ¥ i S NT A S O S VLY SN LU YRS YR VI S RE AR Ll
CEUCCRIY Ly vy ANL Ly Ly ) ORI ANL ROy
i
ALl bt CEARZO L T, g, Abik, b sULL, AL, ER)

DAL Db ci i, r, Ra, ARbk, khRe LULL, ALS2, RR)
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ARZ=ARGTRARYD

LFCIER GT.u) WRITE(ITERM, %) ' [ER AKZ', IER

GCALL DQDAG (FBRZO, X1, X2, AERR, RERR, IRULE, BRZ1, ER)
CALL DQDAG (FBKEO, X2, X3, AERR, RERR, IRULE, BRZ2, ER)
BREZ<BREVHRED

IFCIER.GT.0) WRITECITERN, ) ' IER BR:', IER

CL1-RAVPTAXIG/RAPPA/ (DEXP(RAPPA ) HDERP (-KAPPA)Y/
o LRTEN X TG DRRAPPAY2)
C23RA/ (P20 X G 24KAPPAYD )
CALL LQDAG (FAKZL, XI, X2, AERR, RERR, IRULE, ARdY, ER)
CALL DQDAG (FARZL, X2, X3, AERR, RERR, IRULE, AKZ2, &R)
ARE=AKE L+aR22
IF(IER.OT.0) WRITECITERM, ) ' TER AKZ', IER
CALL UQDAG (FBRZL, X1, X2, AERR, RERR, TRULE, BR2Z1, ER)
CALL DYDAG (FBKZ1, N2, X3, AERR, RERR, [RULE, BKZ2, ER)
URE=BKE 14 BREL
[ECIER.GT.0) WRITECITERM, %) "IER BKZ', IER
END [¥
SUM3=5UMIY CITUCNT )=
(=1 DFLOATCIPRITIRYREDFLOATC I TU ) 2 Les Ly v AKE
+RAPPARAPPA#BRE)
END IF
END TF

A+ opcentiaty ooequation
TFOTVIAG EQ.0) THEN
RAPPA-SQRTCCOFLONT (LR )R 5 2+ (OFLOAT CIQ) % L5544 2)
TFOCOIY B 9Y AND (TQ.EQ.0)) . OR. CCIT EQ.0) . AND. (IU.EQ.0) ))
THEN
CALL 1, 0 (FCRI0, X1, X2, AFRR, RERR, TRULE, CKZ1, ER)
Call DQLs FURED, N2, X3, AERR, RERR, [RULE, CR42, ER)
CREsCRE14Ch
IF(ILR.GT.0) WRITECITERM,*)' IER CR2', IER
CALL DQDAG(FDRZ0, X1, N3, AERR, REKR, TRULE, DKZ1, ER)
CALL DQDAG(FDRZ0, X2, X3, AERR, REKR, IRULE, K42, ER)
DRZ2=DRE1+DKE2
IF(IER.GT.0) WRITECITERN, ") 'TER DRZ', IER
LLSE
C o« KAPPA NE.O
CL=RAYP 14X TG/RAPPA/ (DEXP (RAFPAYFDEXP (~RAPPA) )/
(Lo R1Ge+KAPPA Y2 )
F2HRA (PTH2RXTGe 24 RAPPAY )
CALL DQDAG(FURZL, X1, N2, AERR, RERR, IRULE, CKZ1, ER)
CALL DODAGLFCRZY, X2, X3, AERR, RERR, [RULE, CK22, ER)
URZ-CREHINER
IFCIER.GT-0) i VECITERN, #) "TER ARA', [LR
CALL DGDAGCFTN A, X1, X2, ARRR, RERR, IRULE, DKII, LR)
CALL DUDAG(FDRZL, X2, X3, AERR, KERR, [RULE, DK22, EK)
DRE=DRZ1+DRZ
IF(IER.GT.0) WRITECITERM,*) 'IER DR:', IER
END TP
IFCTRQUNT. EQ. INDEX) THEN
SUMA=sUN3PY CITUCNTHICOUNT /2 )%
C=(DFLOATCLPS TT KA RABFLOAT (T T8 ) Ll y KA
~KAPPA-RAPPAYDRZ)
END 1F
IFCUETUGNTHICOLNT Y 2 L. INDEX)Y THEN
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R} MY (TFCUNT Y [RULE=b
: COFLOAT TS TP R K+DFLCA . o LA LDy <0G R,
* CMAPPARRAPPA DR G oee= LPQUNT and [TUUNT IMNONT ave counters for the py, tu on coetfs
[ATH C === cheeck that PHPEM=R, QHU+N=3, P+, T+U M+N even,
END s ¢ o--- B,Q, T,U NN truncatod
- CATCULATE G DO 10 [PQUNT=1, ICOLNT/2
[P=13081 (IPQUNT)
LUl RY Squatia [Q=1SUB2(LPQUNT)
BRI OIS B i [H=1SUBI(TPQUNT)
CALL ToUAGGRE, XL, NS, ARRK, RERK, CTRELE, AL, RRD DO 10 ITUCNT=1, ICOUNT/2
ade PQDAGRY, NG, WY, AERK, RERR, [KGLE, V2, ERS IT=ISURL{ITUGNT)
Aveae (4482 [U={SUB2 (ITUCNT) ‘
CEOTER Gl u) wRITECUTERM, TRk A", lER TIF<TSUR3 (TTUGNT) |
Yol ORT B0 INDENG THEN DO 10 IMNCNT=1,ICOUNT/2 g
Mool ety TTUCHTINA S [H=1SUBL(THNCNT)
LAY 1* - SUR2(TNNCNT)
BraoLy i SUBICIMNGNT)
BT TR TN DRV R [FCCIP+HITHIM) .NE. [R) GO TO 10
I3 YRESRNN SR I IFCCIQrIURIN) LNE.I5) 00 TO 10 i
Riso. MAGFTL W, Aa, Abkk, BEKK, IRUTE, AT1, Ekd { aen
e - AGUET, WD %S, AbxR, RERR, IRULE, AJu, Pk € o+-= assign Jummy subscripts cthat dare real
AOATIRATY NIG=DFLOAT(IG) |
Sho AT 0 WRITEOIVERM, 0 gRk AT, EK XTF=DFLOATUIIF) B
Cb o MU R INERY LHEN XIH=DFLOAT(TI) g
oot Mty UTTONT Y A NTL=DFLOAT(LL) ]
oo 7 ==~ Galeulate summat ton '
B . N '
sl ot [V [ |
KTEL ¢ <= Energy squdtion ~
© kN [FUIFLAGLEQ. 1) THEN - §
o CALL DQDAG(F4, X1, X2, AERR, RERR, IRULE, A4l, ER) '
CALL DQDAG(F&, X2, N3, AEKR, RERR, IRULE, A4l, ER) "g
BT LY, D TELAG, INEEN) A4=AG AL 2 :
ol Il iial o A, g IF(ILR GT.0) WRUTECITERM,*) 'TER &', IER
Poaindte the filple summitaoh JEiwatod Lol ot ap tera [FUIPQUNT . EQ. INDEX) THEN
kEAL B FARRA, VL SUMS~SUNS+Y CETUCNT )Y (IMNCNT+ICOUNT/ 21 A%
xEAL Yoo ENIY IF
CoMaN CURRE -l el 0, LFCITUCNT EQ. INDEX) THEN
¢ RN IS PRI SN Y SUMS=SUMNS +Y CTPQONT )Y L IMNCNTHICOUNT/ ) “AL
M WAYRE L L, M END IF
CHMMO EARN L BRTA, GATMA, B, THILLE, KA, PHD, MWL, ER, RLE [FUCTHNCNT+ICOUNTZ2) . EQ. INDEX) THEN
LR S T S O SUMS=GUMS+Y (1 PQUNTY*Y ( [TUCNT
e wWEALLUs o NTF, Al %I, RDL, 0, UR, PAPRA END IF
AT A s MANTE, MANDS, MANTu, MHINTR, MINTG, NI END 1P
MMM T Q{0 A, -oudoad ) G o-e= lohgentration equdtion
[ T TR S R 5 1 [FOIFLAG. EQ.2) THEN
oMMt LGN DB, TSUHELLou, Tl B0y CALL DQDAG(FY, X1, X2, AERR, RERR, IRULE, ABL, ER)
U RKNAL Bu, b CALL DQDAG(F8, X2, X3, AERR, RERR, [RULE, A#2, ER) =
ATA ITeilt - 4y AB=ABL+A82 |
[ PRIV I [FCTER.GT.0) WRUTECITERM ) 'TER A8', [ER .
[ R LFCIPGUNT EQ. INDEX) THEN
Solatametets o L ybAG SUMS=SUNSHY L FTUCNT )Y (TINCNT FTGOUNT ) vAl
Mo Lplib up the tegien ot Snbugnation Lo void ert s with END IF
peraadie bainctiong IIFCUTUCNT  BQ. INDEX) THEN
Xl uli SUMS=SUMS Y ERRONT Y SY {IMNCNT+ICOUNT/ 2) A8
nde=n b END [F
XJ=1 vl TECCIMNENT+TCOUNT/2) (EQ. INDER) THEN
AERR=1 niie) SUMS=SUNMSHY CTPQONT )Y (TTUCNT Y% AB
KGR oy END I
soghadrature rade for wscrilgtury talntion END TF
] CONITNUE
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<= The tollowrng actaons contdan the antegrands tor EAG
oo RECIEY VUTTION Yo
Prnint KEALS A-HL 0D
OGN KEALGUBS . NTF, XIa, NIH, NIL, 01, 34, RaRRA
REAL % wnbPA
[N TYRENGR L R
FRENE TS (T O C VIR WO TS RIURSTIVARS 3 Y|
[
=N
CuLE SRFCTSIUN FUNCTION FoODY
oL Y rRALYE R el
oM oneAlst s NIF, NHa, MM, NI, 01, 94, RaPEs
wr Al ow RAKTA
I ISR PRI
PR SRS LTI % RPN (R4 R ¥ ST U IO R ET (SR SR S § STV (TR ST (3 SRS
et M
138
ETESNES T R0 ST S (TR T
LT REAL Y G Dy
N Rbablai i RO T | P § A A PR 1R Y
5 FabrA
S LI St PO
FEUTEY O EUES AN ST OF RN 1 NI T3 SR 1121 13 M|
N
v RRECTITON FUNWITION Faray
> DUy TRALY AH, -0
e REALGLBG XTR, Al NI NEL, o1, Gl FARPA
b % FKARERA
vied letaningds iy
ce ST ET P DS INGNTE 2D DO INGEIN D Dy un coX T e alio
R
TRy BERESDON BURCTION Fod)
il 1 kEals A0, u=l)
‘ MO REALOUBS, NI¥, STu, SIH, STL, ol cd, Kabkpd
P % FARPA
LR O MRS VR T
FEPRTEN S 31 SR TARTEE $ ST VIR D B
Loy
Pl FRECTaTUN BFLMGTHN B0t
CHLTSTT KEALY (AH, 044
SN REALGUBS, XIF, 516, XIN, XIL, W1, €8, KAPPA
KEAL- 4 FAPPA
Pres o Lals9unsdadaibhn
Froled INCYTHP L4 ) - DEOSCOXTE =0 Sho T2 DEoS X D=0 2000 PI+2)
YN
q
! ’ ’ +
ﬁ
) L .
.

-

va,‘.*

'Ly

END

NOUBLE PRECLSION FUNGTION F7(2)

INPLICTT REAL#8 (A~H,0-2)

GOMNMON /REATSUBS/ XIF, S10, XU, XIL, €1, €2, KAPPA
REAL™S KAPPA

PI=). 1a 1992053579300

F7aNS INCNTHYP DS DS INUNTFSP [ 23%DCOS ((X16-0. 300)*P1+0)
KETURN

WD

DBOUBLE PRECISIUN FUNCTION F8(4)

INPLICIT REALA8 (A-I,0+4)

COMMON /KREALSUBS/ XIF, XIG, NI, SIL, G1, G2, KAPPA

REALY8 KAPPA

PI23,161592653579300 .

FENSINCR IR IEE) DS INCXTLAPT9E) DEOS ((XTF«0. 500 ) 4P T#2)%DEOS (AXIG-
B 0.300)"PI¥E)

RETURN

END

[MEEE

DOUBLE PRECTSION FUNCTTON FAK20(Z)

INPLICIT REAL*8 (A-l,0-2)

CotlMON /REALSUBS/ XIF, XIg, XIN, XIL, C1, G2, KAPPA
REAL" 8 KAPPA

COMMON / PARANS/ BETA, GAMMA, PI, THIBLE, RA, PHI, CHRL, FR, XLE
FAKGOCDE INUK TP D E ) DS INCXIGVPIvA )
it RA/PL/STIECCL, ODOHDCUS (PIXTINA) )

RETURN

END

LBOUBLE PRECISION FUNCTION FAKZ1(2)

INPLICTT REALYS (A-I1,0-4)

CONNON /REALSUBS, XUF, XIU, X{U, XIL, Cl, G2, RAPPA

REAL®E RAPPA

COMMON 7 PARANS/ BETA, GAMNA, PI, THIELE, RA, PHI, CURL, PK, XLE
FARZ1=DS IN(XTFR 122 5 DS INCN TP T2 ) HC LeRAPPAW (EXD (RAPPASZ) +
" EXP(-RAPPA#Z) ) +P XU C2ADCOS (PIEXTING)

RETURN

D

DOURLE PRECISION FUNCTION FBRUO(Z)

INPLICTT REALYB (A«I1,0+2)

CUMMON /REALSUBS/ XIF, XIG, XIH, X1L, C1, G2, KaPpA

REAL=#8 KAPPA

GOMMON /PARANS/ BETA, GAMMA, PI, THIELE, RA, DN, CIIRL, FK, XLE
FRRGOsP DX TEDCOS (XTFVPT2 ) DS IN(KIGuP T4 )
[ RAZPL/XTIG GRS INCRIAX D) 7R T/XTH)

RETURN

END

DNUBLE PRECISIUN FUNCTION FBRZ1(2)

NPLICTT REALMS (A-#,0-2)

COMMON /REALSUBS/ XTIV, NI1G, MH, XIL, 61, G, KAPPA

REAL“8 KAPPA

COMMUN /PARANS/ BETA, GANMA, I, THIRLE, RA, PHI, ClKL, PR, XLE
FARZI=PLAXTERDOOS (XTF (1) S DSIN(R TGPl )
3 CLCEXPCRAPPAY L)+ SXP(-RAPPARZ) ) HORDS IN(P LN TIINE)

RETURN
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DOUBLE PRECISION FUNCTION FGKZ0(2)
IMPLICTT REAL*B (A-H,0-2)
COMMON /REALSUBS/ SIF, SI1Q, XU, XIL, €1, C2, RAPPA
REAL™8 RAPPA
COMHON /BARANS/ BETA, GAMMA, PI, THIELE, RA, PHI, CHRL, FK, XLE
FCKZ0=DCOS ((XIF=0 . 5D0)%P1%2)*DE0S { (NIG=0, 5D0)#PIg )
# RA/PT/XIHF (1. 0DOHICOS (P I¥XTH¥E))
RETURN
END
VAR
' DOUBLE PRECISLON FUNCTION FCRZ1(4)
INPLICIT REAL®B (A-I,0-2)
COMMON /REALSUBS/ XIF, XIG, XIM, XIL, C1, €2, RAPPA
REAL%8 KAPPA
COMMON /PARANS/ BETA, GAMMA, P, THIELE, RA, PHI, CHRL, FR, XLE
FERZ1=DCOS((XIF-0.5D0 )P4 )#DE0S( (K1Q-0, 500) 5P 2)
] O PR KAPPA® LEXP (RAPPAYE ) +
I EXP(-KAPPAYZ) 38 L XTINCTIO00S (P X TH3)
RETURN
END
G onae
DOUBLE PRECISION FUNCTION FDRZ0(2)
DMPLICIT REAL“8 (A<H,0-2)
COMMON /REALSUBS/ XIF, NIG, XIH, XIL, Ci, €2, RARPA N
REAL“8 RAPPA Q;
COMMON ¢ PARANS/ BETA, GAMMA, PI, THIELE, RA, PHI, ¢Hkl, FK, SIE
FDKZ0=P L (XTF~0, SD0YSDSINC(KTI=0 3D0)sPI¥2) D008 ((X1G-0. sh0 1P IwE)
I SRA/PT/NTHY: (Z+DS IN(PI#NIH#2) /1L XTI
RETURN
END
[T
DOUBLE PRECISION FUNC'TTON FDRZ1(2)
DMPLICIT REAL®8 (A=11,0-2)
COMMON /REALSUBS/ XIF, XIG, XIH, SIL, G1, c2, KAPPA
REALB KARPA
COMMON /PARAMS/ BETA, GAMMA, PI, ‘PHIELE, RA, PH1, CHRL, FK, XIE
FORZL=P DN TE=0. 5D0)%DSINC (N0, 500 4P 1%2YDCOS L INIG =0, 5D0) %P T¥2)
i 19 (EXP(RAPPAYZ ) ~EXP{ ~RAPPAYZ) ) +C2DSINCP T 2K L1 8)
RETURN
END
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L The following program written in Fortran 77 (IGN3 FORTRAN) is used to
. calculate directly ignition points in the infinite layer assuminrg a
: first ovder reacticn.
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Wﬂm,,m.\.mﬂ LTI 4 VYT .

“ % . >
- d
" 5 TV P YA XL TV R N I e L e : W READ( ICOER, <) [COUNT
¢ CALCULATE 'THE TUNITION POINT FOR THE UNBOUNDED LAYER & NEQN=TCOUNT+1
o ASSUNING A FIRST URDER REACTION * N0 11 I=I,ICOUNT
v WITH OPEN TOP AND LINEAR EXPANSION OF THE EXPONENTIAL v READCICOEF,~ 1, (S, IG, BCIR, I8, IG)
AND NUMERICAL INTEGRATIONS Y(=8(IR,. ,IG)
BAUTG IR B A AR (100 Rt 7 o KT I TR SV IR T § SR NTO LRy VS Istiit ( I ):IR
-+ Uses GOINBF IsuB21 =13
INPLICIT REAL¥: (A-H,0-2) IsUBa(1)=t0
REAL¥8 K, L IF(IR.GT MANIR) JAXIR=IR
KEAL3 WA(7000uY, F(200) TF(15.0T MAXIS) NAXIS=[§
REALWE Y{200) IF(IG.GT.MAXIG) MAXIG=IG
COMMON /5087 TSUB1(200), ISURZ(200), ISURI(L200) IFCIR. LT MINIRY MINIR=IR
CONMON JCOEFF/ B(-20:41,-20:41,200), [F(IS LT MINIS) MINIS=IS
[ C(-20:41,-20:41,20) IF(TG. LT MINIG) MINTU=LG
CONNON WAVE/ K, L, M IFCL.LE. [COUNT/2) TUEN
COMMON /PARANS/ BETA, GAMMA, PI, CHRL, nb, NLE ITRCUIR, 18, 1G)=]
COHMON SHARSUB/ MAXIR, MAXIS, MAXIG, MINIR, MINIS, MINIG END 1F
CUNNON /TRC/ ITRC(-20:41,420:461,20) 11 CONTINUE
GUNMON WORKSE!  RWHSP READ( [COEF, %)FK
HEAL#B RWRSP(10070) Y(NEQN)=FR
NTERNAL FUNC ELSE
GXTERNAL TDERV ¢ -~= ICOUNT sounts the number of couftlcients i.e. ths number ot
DATA IN /17, NOUT 2/, DTERM/6/, ICOEF /87, ICOUT /97, INIT /le/ ¢ -+~ cquations that satisfy the trupeacion snd parity
- 7all to ensure that chere ta sufficient workspace for DIVPAG G +-- Saot up coetticients tor the unoegy equation
- and DQBAG [COUNT=0
CALL IWKIN(10070) NCOUNT=0
- Model parameters DO 10 IR=-10, 10
5IuMA=Y00. 000 DO 10 18=-10, 10
P1=3.1415926535793D0 bBo 1o I16=1,10
NLE=) 035300 G =-- Check parity and tr ncatiou
1 trupcdtion parameter, wave numbev CALL TRNCHKCIR, IS8, 10, M, [TFLG)
TR G LI [FCITFLO.NE.O} GO TO 10

s physical pacameters CALL PARCHK(IR, IS, IPRFLO)
LADUING Wy EPST, EA, NKO, XKEQ, XMU IF(IPRFLO.NE.0) U0 TO 10
ALCIN,*)TO, RHO, GRAV, HTCAP, DELTAN, (:IRL TCOUNT=ICOUNT+1

G HUING ) TREAD ¢ === Inttialisa H
VERM=DPYDPYEPS [ 3/150,000/7 (1. 00DQ-EPs [ )i [F(IR.EQ.0) TUEN
Ka=tAVE D, 670 - 35TOWCHRLA RO 2w PERN*IIICA I/ XKEQ/ N0 BCIR, I8, 1d)=1.000
GarMA=EA/8.31400/T0 ELSE
BETA=DELTAH/D. Y2900/ TO/WUTCAP/4 . 7600 B(IR,18,1G)=-1.00-3
THIELE=6 . ODO¥XRO%RHOIITCAPY (1. 0UD0-EPS ) *CHRL¥GIKL END IF
/ (XKEQ#DP)¥DEXDP ( -GAMMA ) ¢ --- Copv u into dummy variables Y is a veutor
126 , VDOWKKOHRIOH2LCURLEN2 , SHTCAP ] . 3<DEXP( -GANMA ) ¥(ICOUNT)=B(IR, I5,1G)
/ XKEQ#* L. 5+ (GRAVWTO%T, 6 7D 3¥RPS T3/ 150, 0BO/XNU YD 5 ISUBL(TCOUNT)=IR
Parameters for the pesitive sxponential approximation 1SUB2(ICOUNT)=I8
RASTAR=RA/OANMA . ISUB3(ICOUNT)=1G
kA=RASTAR ITRCCIR, I3, 16)=ICOUNT
FReBETAYTIELEYGANMA [F IR.OT. MANIR) MAXIR-IR
diculate wave numbers IF{1S.0T. MANTS) MARIS=1S
L-0idRT(A%A/74.0D0) [FLIG.GT MAXIG) MAXIG=IG
K= QRT(A®A-LL) [F{IR. LT MINIR) MINLR=IR
- laxamum and winimum values for the subscripts IF(18. L MINIS) HINIS=LS
HAXIR=( IFCIG. LT NINIG) MINIG=IG
MAXIS=0 1o CONTINCE
HAKTt=1 C --= Sot up costficionts for the voncentration equatiun
MINIR=0 DO 110 IRk=-10, 10
MINIS=0 Do 110 Is=s-10, 17
MINIG=1 Do 110 1Gs1,10
TF(IREAD.EQ. L) TUEN 0 =+« Check pirity and truncation
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SUBROUTINE PARCHIK(IR, 18, [PRFLG)
TNPLICTT REAL+8 1A-H,0-%)
Choeck parity
SUM=0FLUAT(IR+15)
TEST=DMOD(SUM, 2. 9D0)
IFCTEST.NE. 0.0DU) THEN
IPRFLi=1
ELSE
TPRFLG=U
ENDOIF
KETURNM
END

SUBRGHTINE TRNCHR(IR, [5, [0, ¥, ITFLG)
IMPLICIT REAL*8 14-H,0-2)
DATA ITERM £3/
Check truncation
PRGT-0. 75D0%DFLOAT( [R¥%2) +{' FLOAT (8% 2 )0, 25D0+DFLOATC1G10)
{FUTEST. GT . (DFLOAT (MM 1)) ) THEN
I'TFLG=1
LLSE
ITFLG=0
END O IF
RETURN
END

ZET

SUBKOUTINE FUNG (NEQN, Y, F, PAR)

IMPLICIT REALA8 (A-H,U-2)

Evaluate the equation for vocfficients, tor CUOSNBF
Evaludtas the equation tor det(Jacobian)=0
Y(NEQN1-FK

PARAMETER (NVAR=14)

REAL-8
REALM 8
GOHMUN
GOMMON
CONMON
GOMMON
"

COMMON

K, L, NU
F(200), Y(200), AACNVAR,NVAR), RR(NVAR), RI(NVAR)
/5UM7 SUML, SUMZ, SUN3, SUM4, IFLAG, NCOUNT
/SUB/ [SUB1(200), [5UBZ(200), [SUB3(L00)
/TRPSUN/  SUMS
JCOEFF/ B(-20:41,-20:41,20),
C(-20:41,-20:41,20)
/PARAMS, BETA, GAMMA, PL, CHRL, DD, XLE

COMMON ,80UBS/ IR, IS5, 10
COMMON 7WAVEZ K, L, N
INTEGER INTGER(NVAR)
DATA IN /1/, NOUT /27, UTERM/4/, LCOEF /87, 1COUT 79/, INIT 7186/
TCOUNT=NEQN=1
REWIND (UNIT=9)
WRITECICQUT, =3 'Y [N FUNG'
NO 55 [=1, [COLNT
WRITECLCOUT, *) ISUBY(T), [8UL7¢T), TSUBI(1), Y(I)
CONTINUE ¢
The correct alement of Y is assigned on tha sawo busiy
du 1 the main proyrdm i.o. usinyg the counter Neount whiuh 1y
teremopnted for svery admissible rs pale
Equation for ensrgy balance
Do 20 NCOUNT=1, ICOUNT/2
Tk=15U8 1INCOUNT)




PECUMOTRrE P OR O RIAORY MOP W1 it g o
{1

15 IaHBINCOUNTY
13- ISUBINCAUNTY
NU=SGRTOUFLOATUTR PRV 2+ (DFLOAT (15 <Ly d)
- aet blag tor eqe o
TFLAG=)
CALL AP LGN
CALL st Y, TCOUNT, TRLAG)
PFCUIR £ 0) AND (18.EQ.00) TIEN
TERM L o= =3 oDy G DFLoAT Laa
+0. S Y INCOUNT)
SSUMTHSEMI #Y 5D0 CSUMAHSUN
(AT
TERM= aDG?Y SNTHIUMIESUMI G L0 LEUNS F3LMS )
[SCINY )
SONCGUNT =80 - PE-PESDFLOATLIG 1ii ) eNUANU Y0 . SDO7Y (NCOUNT)
HYINELNG - TERM
whil TR CLVERM IF CANOUNT Y, WUGUNT
P Y )
Savnuie Pacobaan tor the energy equation
e s T-1, BINT
iheasthiine b
HEIEE N (PRI
PaeiatBe 3y
i SEREE S B g
AALL ownAMEY, TCOUNT, 1
Sl YolTRPLY, JONT, TFRAG, 1
B g T THEMN
L R A L
IS SBLCE Ry e i oA TSV T ) Ly 2
sl STOATOLSUB Sty 00y
BB IR SRR TR T RN R ISV E 18 | FESTEN RETVIRST PR 51 B 1

E39s A

[
AT Ey~e MY O RE O TD LH0RAEM TS0 240 3Duve SUNA+

IR

Soradnion tor the conentitration halance
Do o WUENT-L0aldy avd, TUOUNT
PR UBLOLLNT)
Db B RGIENTY
£ LD NGGENT Y
SESBURTCOLFROA T TR - Ky et DELOAT C T e Ly
et ELag tor wyaation
sl
CALL SRMBOY, TuuNTg
SALL SUNTRIPEY, TGUUNT, TFLAL)
TROCIR B u) AND LS B ) TIEN
TERM=D3 TN CEDFLUAT OG-0 500 )1 1), P DoCDFLOAT (LG ) -0 3B Y )
) SPUTYEHCULNT
+30M a0 by SDOYRUNG+SUNS
[A%#1
SERM-0 . 500 Y EHOUUNT ) A SUM THSL2 +0 5D (5UMa +5UH5 )
[N/
FOMCOUNT 1= M3 - e D PP DFLOAT 1500 500 )5 2a8IEeAU)
L SPOSY (HEOUNT Y » XLE

it Bt v 1 Lz

ST S e LT b7 2 LD G s - et A

* =Y INEQN)/ BETA/GAMMAXTERM
4 WRITE (ITERM, ) F(NCOUNT) , NCOUNT
30 CONTINCE
€ == Assombla Jacobian Eor tho concentration equdtion
B0 25 J=TE0UNT/2+1, ICOUNT
[R=1H0BLe)y
18=1s6B2(0)
G=15UB3(0)
DU 30 D=1, ICGUNT
CALL DYSUNBCY, LCOUNT, 1)
CALL DYSUMTRP(Y, ICOUNT, IFLAG, 1)
IFIT.EQ.J) TIEN
AT, )s=u, SDOWNLE"(

[ (DFLOAT(ISUBL( D) J3eK) 2+ (DFLOAT(ISUB2 (1) )% L, )w#2
[ P [ EOF LOAT (TSUBI(T)#%2))
i =SUMIHY (NEQN Y (0. 5DO+SUN 1 +SUN2+0 . 5D0% (SUMA+
i SUNS))
EL3E
AL, 1)=SUNIHY (NEQN)* (0. SDO+SUNA+SUN 240, 5D0% (SUM4+
i SUMS))

EhD TF

G WHITECNOUT, “)AN(, 1)
50 CONTINUE
a5 CONTINUE
0 waw
C === Cull FueaFE to Find the etgenvalues ot AA
€~~~ Parametery for FOIAFF
N=1COUNT
[4=1CUUNT
IFA =1

CALL FO2AFF(AA, IA, N, RR, RI, INVGER, IFAIL)
IPCIPALL.GT.O) THEN
WRITE(NOUT %) ' TRALL', [FAIL
sTop
END IF
WRITE(SOUT ) ' EIGENVALUES'
D b0 =1, [COUNT
WRITELMUT #IRR(TY, RIC(D)
wl  CONTINUE
FINEGN1=1.0D0
DO 70 I=1,[COUNT
FINEQR)=RR (1) (NEQN)
70 CONTINtE
FONEQN )= INEQN)* 1. 0D=4
WRITE (ITERM, %) F(NEQN), Y(NEQN)
RETURN
END

SUBRGUTINE SUMB(Y, TCOUNT)
INPLICTT REAL“S (A-11,0-3)
C =« Evaluate the multiple summation arising frow non=linent tarm

REAL«8 EAPPA, K, L

REALYB Y(200)

COMMON  5UM7 SUMI, SUM2, 3UM3, SUMA&, IFLAG, NCOUNT
COMMON /COEFF/ B(=20:41,+20:41,00),
# C(=20:141,~20:41,20)

CONMON  WAVE/ R, L, M

COMMUM CPARANS/ BETA, GAMNA, PI, CHRL, Db, XLE
coMNoN st/ Tk, 18, 1¢

PTG e mvf.‘ it it SRR LY

£ee

@ i
.‘mmm‘llltmﬁW~ e




Nl TR W

s
[
g?
_— .
- i
@ '
Y
. L]
o B
¢ %
[ Lo}
I3 ’ 3 P )
X p_‘ L Poasy s oapts that gre gl
R oA i
. L AN
L v v X
v ' ’
ey
, H . Al
Lo L)
Lel
L RSSO WO
S e . oG A
. s L
"
\ S Anl, LRty
. ", Ang, ERY
.-
PR '
t2
w
“:\
DA S Lo
' N W VR SO AP R R |
RN CLL, ek, b DRODE AN, ERG
N N CUoen b, wERN D (R L ANSY, LR
v . P
PR | o Woars' o IER
S or v rEER . srbk, GRULE, BESL, FR)
Co » B Wik, abbl, Tk Lh, BROL, ER)
. s
R T T 1 (N SR T
. : R PRI SR S S KT R S S
f P PR S
wo Lo Pei, omebk, TRULE L ARGL, ERY
AL : LU AbnR, sERML HIC LR, AROL, TRy

Coarl oL BB AR TER
. T Looeo, Atk nehK, TRULEL BRAL, ERY
- T oot Aabhh, RRRER, LRULE, BRIC, ERY

B I S TRNEE WU Y

[ S R UG LS WY )

[
T T

- LR N . By ot
e




TRRRITERAL D s RS e e e e

SEERIESY (E S

RE AL e

[T S 1 o

1 IR TS | S SN

N MANGE CORIK, MARLn D MACT L el Mg, NG
"y il : PO BT
RS T T 1 3 Wl
RN
B RN e W Yo e I
v o LR O .
3 reM
E L TN ANMA e
o AL
'
.
. .
PRI
. T ¢ I8 H - «
¢
* A
FE
.y
. » a .
. .
[ . .
.n
v N . .
¥ . 4
o A
. DR Y ] .
.t
¥ '
* X
- .
o A
o . : fr
. [N .y
. d
P . .
SN .
. Bo TN
)
RN P
N S SRR .
¥
.
Fo * .
S s
A )
{ . » *
'
i
f
3 B M
T A
¢ <
W
- ¥ 4 .
.
P .
W & L4 *
R .
¢ 4
- 4
PSRN
' '

TForbgeltts e tay o0 T

vratgn dummy aubese crpta That  ste pegl
g BELaATCIG
TR AN YN
L DET e T

g aiate LEMy

Civba,y sogidt
(RIS A W X R B |
Mao v by,

ALL e

N N N T D CPURNN B
R R R LY P M
Sheod
[ESRLEEEE SN SR R X LIFITY
PR U R U
N O T 218 L] 1R L BHE S N
Al ey < LOANERL she, TRELE, AL,
Yol eie
B SR T 841 TThhosn ) lrk
", R LT [ e
gt
1. s
e et
L Vo ()
YAREA R kN ! - el . b
I B h . N ' b PR RNV
M
M wAs RARDL, b e, bR, BERi DRUTE
Ml EAD PR TS 3 F I 5 T S

MUY LR
: [T 84 VS N koW IER
Ae o HAG oW, e, AERR, apkkL TsUub,

N Do R Oh et s SERR, bbbk, (KL,
[T 0 R U SO
CEOTERC L o wHPLE Liee, 0 TER aRDT, Ik
it
HECRRE S SN IR VS 3 ST VIS AT RS RIR A S RS R N
IR S N rAbEA
oy il D S TR S
O N O T S T U T VU 08 T Y
CEARCT, L My, ALNK, nbod, BhoLb,

PPt
ATIRERY IR A
Geibx cd oy il DR, T TER ARG LER
ML i PeEd, N, N, AEKRR, skhk, TRUCLE
CATa it EabS L, L 8, AERKG, RERK, GRUT
[T R T VR
T TEl SF o) WwhIThCiiEs, 0 TER wee ', TER

ERLOLE
AN EITR KRS FU L0 IV R WY
CorDEL AT T KR bR AT L T L L ARG
ANALEA RARVA B
[ENTINE

P

P e L S D eI R syt AR

bt
KRy

LIV IR

hal,

ARG
AL

BROL,
BRI,

2}
e

vl

I

i
3

t
ERY




AR FTIIT A S TR Beipt T T 2 A

. e,
NI &
N k2 N
W + ' .
v \ . '
A 6.‘ )
‘ £ ‘.‘s 1
RN
wwwwww E A# ¢
A}
Vo i enbE AL Lo et L COMMUN 3UMZ SUML, SUMZ2, SUM3, sUMS, [FLAG, NCOUNT
GUMMON 7COEFE/ Br=20:41,+20:41,20),
[FCIFLAG By 2y THEN [ C(=20:41,+20:41,20)
RAPPA-  VOUDFLSAT ID RS 2eapitad Tty L 2y COMMON /WAVE/ B, L, N
TRl D AND g B oy ok CoIT B oy AND T B oy COMMON [ PARANS/ BETA, GAMMA, PI, CIRL, DD, XLE
THEN GOMMON /3UBS/ IR, 18, IG
CAL. L JDAGFCRLS, XD, X2, ABRK, RERR, IRULE, ORIL, ER) CONNON /REALSUBS/ XTF, XIG, XIN, XIL, ©1, G2, KAPPA, RA
G PAGUFEREe, N, L AERR, iBRR, TRULE, CREZ, ER) COMNON /MAXSUB/ MAXIR, MAXIS, MAXIO, MINIR, MINIS, MINIG
ChL URGTHIKGR COMMON /TRC/ TTRG(<20:41,-20:41,20)
[FCHER GT 00 WRITECITERM, ) "TER ORE', 1ER CUMMON /WORKSP/  RWRSP
CALL DDAECEFDRGY, K1, N3, ARRR, RERR, IRULE, DRI, ERO REAL8 RWRSP(10070)
CALL LgbAGLFDRZ0, N2, N3, AERR, RERR, IKULE, DRI, ER EXTLRNAL F1, F2, F3, FS, Fo, F?7, FARZ0, FAKZI, FBRZ0, FORAL,
81D S SR SUh] # FOK20, FCKZ1, FDREO, FDRAL
TFOIRR.GT 03 wRITECITERM, Y ' (kK DRE', 1EP DATA [TERM /37
ELak RA= CHETASDIDSQRT (GAMMA) /Y CLCODNTH 1) )92
i A NE D 3UMi=0. 0lUd
CUAdFD WTAURAPA (DENPCRAFDA +DEAR CKARPA ), SUM2=0. 007
NG JERARRA SUMN3=20 . 0D0
CoanS Ty IERAPPA G shMa=n . QDo
Kol Y1, Me, ARRR, WhER, iktLE. ORI, ER)Y L=LEXPLL.0DO)
CALL LeBAucE RO, al, %3, AEKK, BERE, IRULE, CKIL RE) G <<= Patameters tor DYDAU
[ A AV SR Y G o=e~ We split up the region of lntegration to avoid errors with
perlok oy o wkITRVITERM, 51 TER ARG, TER ¢ === puriodic fupctions
ek I FDRGL L al, d, AbER, BERR, O TRULE, DRAL, ER. Nl=g.uD0
Al G baen FDRST, N0 XY, Ak, BERR, CTRGLE, LRSS, ER) X2=0.7DY
[ M SV T Y X3=1. 000 )
GOl gy s wRITEGTTRIN, " TEK BRGT, TER AEkR=1.0D-5 w
Pa KERK=1 0l+3 v
s e T O ETUON TR O N Goess uadrdature rule {or oscillatory functions
e ATUTE IT RN ELEIOAT LR T L L R [RULE=b
ELRTRIR R Y N U ST N [MREE]
[N D0 50 TF=1,8AXTG
iR e NIF=DFLOAT(IT)
Ng=DFLOAT(10)
Tey v pntioan CALL DQRAGCEL, XI, X2, AERR, RERR, IRULE, All, ER)
CEOTELAG heg b REN CALL DQDAG(FL, X2, X3, AERR, RERR, IRULE, A2, ER)
CALL L DhAGi R, RD, NS, ARKR, KLk, IRULE, AL, LR Al=AT14+AL2
ALL LDAG R, NG, NS, ARRR, RERR, IRULE, o2, kR [F(IER.GT.0) WRITECTTERM,*)'IER AL', [ER
AL ALIPA LY CALL DQDAG(FS, X1, X2, AERR, RERR, [RULE, AS1, ER)
o lbk 67 v wRITECITREM, > " TRK A3, [ER CALL DQDAGIFS, X2, X3, AERR, RERR, IRULE, A32, ER)
P DRt TN Y LN Al AS=ASTHAS2
[N IFOIER.GT.0) WRITECUTERM, %) TER AS', IER
(RS 1 AT RN ST i ++- Eneigy squation
ProTFLAG bgod) THEN TF(TFLAGLEQ. 1) THEN
ALL BULAGIFT D A, KL ARRK, KEkE, QRULE, AL, ERS N TROCIR, I8, 1F)
ALl T LAacFY, NE, X3, ARRIG, kERE, GRULE, ACY, ER) [F(N.EQ. IJAC) THEN
REEE RT3 W TERN=1.0D0
TERI G 0 wRETRCITEN, 5 LER A7, TER BLSE
St T Y0 ONT YT LU A TERM=0.000
[V END ¥
IR TN 4 SUMTuSUNL+A LTERY
POt END I
aid 0 === Concuntration uquation
[FCIFLAG.EQ. 2) THEN
Sl TING DYSEHBCY, TCouNT, TJAGY NsUTRGCIR, IS, TF)+1COUNT/ 2
PIPLESIT KLAL 8 td=H =l IF(N.EQ. [JAC) THEN
Soorvaindgty tho multiple wattat oo drtsing trotm nonslinedtr tern TERN=1.000
BLAL 8 FARPA, ® L ELSE
KEal s V1250 TERN=Q.0U0
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Uosoe Caneentratlon equat ton COMMON /8UM/ SUNT, sUN2, 3UM3, SUM&, IFLAG, NCOUNT
e COMMON /R0EFF/ B(=20:41,-20:01,20),
TFCIPLAL B 2 THEN [} C(«20:41,-20:41,20)
RAPPA=S C VLIDFLIAT (TP R 24 (RFLOATCIQ) 1 )i d) COMMON /WAVE/ K, L, H
IFCCOLY QL 0) AND. CTQLEGL0Y) (o e (IT.EQ. 0y AND . L 1e B 0vy) CONHON /PARANS/ BETA, GAMMA, PL, CHRL, DD, XLE
THEN COMNON /SUBS/ IR, s, 14
CALD . JDAGCFCREG, XU, K2, AEKR, RERR, UWILE, <RI, ER) COMMON /REALSUBSZ STF, XIG, XIN, ¥IL, C1, ©2, KAPPA, RA
Gl uQUAGLFCRZ0, X2, X3, AERR, RERR, [FULE, ©R22, ER) COMMUN /MANSUB/ MAXIR, MAXIS, MAXIG, MINIR, MINIS, MINIG
Chu-CR21HIRER COMMUN /THC/ TTRC(-20:41,-20.41,00)
[FUIER.GT.0) WRITECITERM,*) ' IER ¢RZ', IER COMMUN /WORRSP/  RWRSP
SALL DQDAGCFDRZG, N1, X2, AERR, RERR, [RULE, DR21, ER) REAL8 RWKSP(10070)
CALL DQDAG(FDRZ20, X2, N3, AERR, KERR, RULE, DRI, BR) EXTERNAL FIL, F2, F3, ¥S5, Fé, ¥F7, FAKZO, FAKZ1, FBRZ0, FBKEL,
DRE=ORS1HORA2 W PCK20, FCK21, FDK:O, FDKAL
[F(IER.GT 0) WRITECITERM,%)' [ER DKZ', IER DATA [TERN 13/
ELsE RA=(BETARDD*DSQRT (GANNA) /¥ CTCOUNT1) )30
~ RarUA NELO 5 'Mi=0,0D0
CLERASPL-XTO/KAPFA/ (DEXPURAPPA ) (OEXPU-RAPPA) )/ SUM2=0. 000
(P IwR2eX TG 2+RAFPA D) SUM3=0. 000
CaeRA/ (P JRXTGus DERAPRAS 2 3UN4=0. 100
CALL DQDAGCFORZY, XTI, X2, AERR, RERK, IRULE, ¢K31, ER) EsDEXP L 0DO)
SALL BRDAGCFCRZL, %2, Y3, AERR, KERR, IRULE, ¢K22, ER) G wee Paramaters tor DQDAG
RLHE 2 BTM ) G os»» We aplit up the region ot integration to avotid errors with
IFUIER.GT 0) WRITECITERM, =)' IER ARZ', [ER ¢ ==+ pertodic functiony
SALL DQDAGYFDRZL, X1, 32, ABRR, RERR, IRULE, DK21, ER)
CALL DibAGCFDRZL, X2, X3, AERR, KERR, IRULE, DREZ, ER)
BR&-NKOIHDRE
TP TEk.GT . vy WRITECITERM,*) ' [ER DKZ', IER .
[ 21T kERK=1 0D-3
SUMAat M oY TPQONT Y ITUONT » LCOUNT/ 2 1% ¢ «=e Yuadrature rule tor vsaillatory Functlons
ot LELATCIRY T KSR#DFLOATCLigh LUy = Lo Ly "R [RULEs
=RalPA HAVPAYDRG G o==-
BN TF DO 50 1F=1,MAXTG
ALVCLATE SUMe SIF=DFLOATC(IF)
KXIG=DFLUAT(T0)
er gy equdtion CALL DQDAG(FL, XTI, X2, AERK, RERR, IRULE, All, ER)
IFCTFLAG EQ 1) THEN CALL DQDAGIF1, X2, X3, AERR, RERR, IRULE, A12, ER)
CALL DUDAGUF3, XI, X&, AERR, REKR, IRULE, 431, ER) Al=A11+A12
CALL LuDAGUF3, X2, N3, AEKR, KEKR, IRULE, A32, ER) [F(IER.GT.0) WRITECLTERM,*)'[ER A1', IER
AJeA3T+AS2 CALL DODAGCHFS, X1, X2, AERR, RERR, TRULE, AS51, ER)
TFCILR.GT 0) WRITECITERN, ) " TER A3", [ER CALL DQDAGLFS, X2, X3, AERK, RERR, TRULE, A52, ER)
SUNA=SUMA+Y CTPQUNT) <Y LITUCHT) 543 AS=ASLHAS2
END IF IFCIER.GT.0) WRITECITERN, %) TER AS', IER
Caneentration wgodtiun {; === Energy equation
IFCIFLAG Q. 2) ThEN TF(IFLAG.EQ. 1) THEN
CALL DQDAGCFT, A1, X2, AERR, RERR, (RULE, A71, ER) N={TRCCIR, I8, IF)
GALL DQLAGEFT, N2, X3, AERR, RERR, IRULE, A72, ER) IF(N.EQ.T1JAC) THEN
AleAlIHAL, TERN=1. 010
[FCIRR GT u) WRITECITERM, )" LER A7', IEK ELSE
SUMSSLMN Y OO Y (TTUCHT y A7 TERM=0. 000
ExDOIF END IV
T SN SUMI=508T+A 1 VERY
FETLRN END IF
[Af1Y] € =++ Concentration equation
IF(IFLAG.EQ. 2) THEN
LSUBROLTINE DYSUMBCY, TCOUNT, TJAC) N {TRUCIR, I8, IF)+ICOUNT/ 2
IMPLICIT KEAL:H (A-H,0-2) IF(N.EQ.1JACY THEN
== bvaluate the multiple summation acising trom non=linear teram TERN=1.0Dh0
REaL-+8 KabpA, K, L ELSE
kEAL ¥8 Y(200) TERI=0.0D0
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(39T IFCIPLAG EQ. L) THEN
T N R TR Y CE R S RAPPASSQRT(COFLOAT{IP )8 P 2 (DELOAT(1Q) 1) i 2)
AN IRYS TFCCUIP L EQ. 0) . AND. (1Q.EQ.0)) .OR. L(IT.EQ.0) . AND, (TU.EQ.0)))
CONTINGE ' THEN
GALL DQDAG (FARZO, XI, X2, AERR, RERR, [RULE, AKZ!, ER)
AR T AR A tvcnhters b Che opoamd T et CALL JQDAG (FARDO, X2, X3, AERK, RERR, IRULE, akza, ©R)
[ RN TN ARE=ARS 11 AKE2
SR | IFUER, 6T, 0) WRITECITERN, %) '{ER ARZ', IER
R T S CALL DODAD (FBKZ20, X1, X2, AERR, RERR, IRULE, BKZI, ER)
1ot Wi CALL DQUAG (FBREO, X2, X3, AERR, RERR, [RULE, 8KZ2, ER)
RS JLLONT BRU=BRAT+BRED
UL I TN [FCIER,GT.0) WRITE(ITERM,*) ' TER BK2', IER
PO S SR HL3E
[ IR (TR S CleRANPIAXIC  APPA/ (DEXPIRAPPAY+DEXP(-KAPPAY )/
PoPVITOONE IR oG i o “ (PI% L0 ERAPPATCE Y
CEe AU NE T 1 L CR=RA/Z(PD ATGW4RAPPAST )
CALL DQUAC (FAKSL, X1, 82, AERR, RERR, IRULE, aKZ1, ER)
e RS adne Tipta that e teay CALL DODAG (FARZL, X2, X3, AERR, RERR, IRULE, AKZ2, ER)
SO EL W ARZ=ARATHARZL
N N R T [FCIER.GT.0) WRITECITERM, =)' TER AKZ', IER
LN R X CALL DQUAG (PBRZL, X1, X2, AERR, RERR, IRULE, BRI1, ER)
CALL DODAG (FBRZY, X2, X3, AERR, RERR, IRULL, BKZ2, ER)
iy " BRZ=BRA1+BRE2
IFCIER.GT.0) WRITECITERN,*) 'TER BRZ', [ER
T END IF
CROCTEQUNT . EQ. LJAC) . AND. (ITUCNT . NE. 1JACY) THEN
COUARER, wkrw, GRELEL, AL, bR TERM=Y ( JTUCNT) N
TR N i AbERG sbkE L TR AL L ELSE IFCCITUCHT BQ. [JACY  AND. (TPQGNT NE . [JACY) THEN W
e TERM=Y (TPQENT) o
ite wh lTECITERY, ek 30", ibk ELRE TF((IPQENT.EQ. [JAC) . AND. (T'TUCNT . EQ. [JAG)) TIEN
| R A A I N TERM=2, 0D0~Y (1JAC)
S TSN AT ELsE
S 207 BETREEEL L F AR FONUNE SIS LRSI 311 TERM=0, 0DO
ESHER SR END IF
b SUM3=SUN3+1 ERM*
AR ¢ (= (DFLOAT(EPY D7) YR EHDFLOAT (LQR TU ) (L) «ARZ
doae i SRAPPAYRAPPAYIRD)
M LoeTEEM AL END IF
e Th Cuaa
it quitoon € oeee Copoantrdt lon squation
Pelblad e . dukN Gon
ALL D bAaikn, Wi, osd, Sbed, kbl iUk, Anl, tity IFOIFLAG . EQ. Q) THEN
AL Luddovk s, Mo, a5, Sbok, gbbB O GRULE, Abo, b rAPPA=SQRT C(DFLOATCIP )R )93 2+ (UFLOAT(IQ ) LYy )
A e, IFCCCTPLEQ.O).AND, tIY.EQ.0)) OR. ((IT.EQ.0).AND. ([U.EQ.0)))
cEdRR AT ) wRITEOITREY, U IER A, ik i THEN
s lE el g DA JHEN CALL DQDAG(FCRZV, X[, X2, AERR, RERR, JRULE, CRZl, ER)
[£3 MBS EB SR AR BNV L) SR CALL DQDAG(FURA0, X2, X3, AERR, RERR, IRULE, CKZ2, ER)
b o T NI T INT ey Ly LIAGL ik CRE=CKAIHCRED
AR A RN [FCTER.GT.0) WRITECLTERM,*) ' IER cK2', IER
k CALL DQDAG(FDRAO, XI, X2, ABRR, RLRR, IRULE, DR31, ER)
i ol CALL DQDAG(FDRAD, X2, X3, AERR, RERR, [RULE, DRZ2, ER)
il g DRE=DRELHDREE
S iR an IFCLER.GT.0) WRITECTTERM, %) 'TER DKZ', IER
toat b ELSE
€ =« KAPPANELU
ceoaadbu LN CLRASPIFXTG/RAPPA/ (DEKP (RAPPAY4+DEXP (=RAPPA) )/
» LR P 20X TG LERA PP AT D )
Draniy Vgl CUERA L (PLAr I NI LHHRAPPA D)
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IFCIVEAG EQ. 1) THEN

RARPA=SQRT (DFLOAT (TR ) Ev 2+ DFLOATCIQ)Y L) )

TROCOIPLEQ.O) . AND. (IQLEGQ. 0)) . uR. L(IT.EQ. 0) . AND. (IU.EQ.

THEN
CALL DQDAG (FAKZ0, XI, X2, AERR, RERR, IRULE, AK21,
CALL DRDAU (FABSU, N, %3, AERR, RERR, IKULL, AkZZ,
ARD-ARS14aRZ2
CFCIER.GTLO) WRITECITERM, ¥ TER AR2', IER
CALL DODAG (FBRZO, XI, K2, AERR, RERR, IRULE, BKZIL,
GALL DUDAG (FBRZ0, X2, X3, AERKR, RERR, IRUELE, BRSZ,
BRESURAL+BR22
[FUIER.GT,0) WRITECITERN, ) TER BRZ', IER

KlLsE
CL=RASP VX IG/RAPPA/ (DEXPIRAPPA JHDEXP(~RAPPAY )/

(DL 2 XL +E AVPAT

Cuatd/ (PIde gt N 1G4 14 REE TA 2
CALL DQDAG tFARZL, X1, ui, AERR, RERR, IRULE, ARZ1,
CALL DQDAG (FAKZL, X2, %3, AERR, RERR, [RULE, ARE2,
ARZ=AKE L +ARZ2
IFCIER. QT 0) WRITECTTE, ' TER sk’ TER
GALL DQDAG (FBKZL1, X1. <0, AERR, RERR, TRULE, BR2L,
CALL DQDAG (FBRZY, X0, X3, ACRR, KERR, IRULE, BKRZ:,
BRY CRE1+BRZS
IFOLER.OT, 0y WRITECLTER, 7)) 'TER LEZ', TER

END f¥

TFCCIT GHT B LJACY ARLL CTTUCNT NE 1JACY) THEN
TERN =¥ C[TUCHT

ELSE LheqlTUent £Q.LIACT asD. CIDQUNT B TJMdY) THEN
TERM-Y(1PQENT

BLSE TFCCTPQUNT BQ. LJAC) aNDL CITUUNT. B, [JAC)) THEN
TERM=2,0D0 %Y TJAC)

ELSE
TLE 00D
END .
SUMNS - UM34TERM:
& CDFLOGAT TPy UP)oy K+DFLOAT (1Q# TU Y < LEL)ARY
» S AlPASKARPAYBRS)
END It
(VR
G =<~ Concentyatb oo ¢:iation
Geonm
TFUIFLAG L. 2y THEN
eAPTA -AURT T (DFLOATCIP YR e DR DELOATC [y 5L )™ 3)
TRCCCTE Foon JAND L TQLEQL0)) ORL (LT B 0) L AND TULEQ.0)))
¥ THEN
CALL [ FORE0, X1, X2, AERK, KERL. TRULE, CR21, ER)
Cabl 1. LFORIU, X2, X3, AERR, wELL . TRULE, Cré2, ER)
CEOURG Leihad
TEolid 7 ory WRITROTTERM, IRk o2 TER
cAall 1w FDRZO, X1, 82, AERR, &b, TRULE, URSY, EK)
CALL o v TDRGY, 52, X3, AERR, il . TRULE, DR&2, ER)
LEC Lol
Wl 50 WRITRCPTERM, ) "TER 1, TER
ob
(0 +=+ RAPPA N 4
Cl-ls b Ea AV TDEXPORAPPA - o IO-RARPA
w e PR AP
Gk Do HRARRAN

CALL ey XY, R, AFRR, bR, TRULE L CEEL,
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AR L U RTINS RS KWL RN SUBROLUTINE SUMTRIPCY, [COUNT, 1FLMY)
Alb L T S Y Tt N AR W O ] IMPLICIT REALG (A-Il,0-d)
LY T O T A R LR B - kvatuate thy teiple stmmatien avtiing trom non=linear torm
' .« VEAL 4 hAPPA, R, L
P el LR, R KkbAL -8 Yidon)
. COMMON JCUEFE/ B(=20:41,-00:41,40),
o 3 P va o G{=20.ul,-20:4],2m)
Nkl 4 ik UEMMON JWAVE/Z K, L, N
L S ) COMMUN  PARAMS/ BETA, GAMMA, P, CHRL, DO, XLE
| FE t v . COMMON L sbls/ IR, IS, 1D
[N y \ dn COMMON REALEUBS/ NIF, NTO, XIH, XIL, ©1, 602, KAPPA, RA
e [HIR UOMMON FMAXSUB/ MANIR, MAKIS, MAXTG, MINIR, MINIS, MINIG
t oo STREZ TTRCE-20,41, =204, 20)
it COMMON CTRPSUNS O SUMS
COMMUN CsUBe LaUBLesony, LaUB2eanoy, TsUB3L200)
oty COMMON S WORKS?/ RWRSP
i 4 KEAL 74 RWRSIPCLO070)
. A v ‘ G TG NAL By B
BATA TTRERM 73/
- - BETACDDEDAQRT ORAMNA ) /Y CLOQUNT ) yeeved
M-y alg
EoubsPel obm
R K Vatanetety tot DUDAG
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: - DPRVIN T
A N o v <4 1 uliy
ALLE-1 they
> Khlsh<1 ales
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. N RULE -0
Coee Check that PHTM=R, QRUN=5, ), T+U NN wvon,
' ooy, T MUN truncated
e b ) LPQUNT=1, TOOUNT 22
. e FE=130R1CTPQUNT)
TQ=aERCTIQEATY
it . L= 50830 TPQCNT)
e . Lo 10 TTUENT=1, TCOUNT /&
Iy S N " UI-18UBLCITUENT)
] SUBLCTTUCNT)
oy [L¥=T5UBSCITUCNT)
o u b ! DO 10 TMNONT={, [COUNT/2
P PR PM=TSUBTCTMNENT)
e IN~TSUBX CIMNGNT)
. - TAUBICTHNCNT)
: o TFCEIPHITHIMY ONE L TR) GU TO 10
i o . “ FECCTQHICHINY ONE . I8) G0 TO 1D
. I -
v B ray igh Juny subscrtpty that are real
o NG-DFLOATC1G)
;o MF-DFLUATILIR)Y
Pe Maed STHDFLOAT (D
, k XL=PFLOAT (1)
, oo v Caleulaty summation
“ [
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' PEOTELAG Bt PHEN B o LTUCNT=1, TCOUNT/2 3
! CALL BlAGEFe, N, NS, ALRR, KERR, IRGLE, Asl, FR) [T 1508 LCTTUCNT) )
. CALL DeitAGakw, N, N3, ARKK, RRRE, (RULE, Sa, EK) TU=15UB2 LI TUCNTY
Avadai ol LIF=T5UB3CITUCNT) {
TPl 00y WRELECLTERY, - e ae’, TER by 10 IMNENT=1, TCOUNT/ Y i
o [ETS WI SRS S S O CHERMNUEE UL IS PASHL™S S R I TSUB LOCIMNCNT) §
PNt IN=TSUB2 CTMNGNT) ¢
Catson o aation [L=THUB S CTMNGNT) b
boLhown b &) THEN IFCOIPRITEIM) ONELCIRY GO TO 10 g
Al cUDAGLES, ad, a2, ARER, RRrR, LeULE, ARL, RR3 FOCIQRIURING NE. 18) GO T0 10 4
CaL BAGUEE, NS, sd, Abkk, RERK, 18UVLL, AsS, ERD) ] a== 3
ArAHHAR Co-e= ansign Jurmy subscrapts that are real b
Shelbkonl oy wRECECTTREM, BRI A8t TER X1G=DFLOAT{ (L) 3
[INERSTE CT W PN IS S0 S SN TR TSP 8 LT RN L] XUF=DFLUAT(ITT)
ERTRN XTH-DFLOATCTI)
XIL=OFLOAT(TL)

" e dadenldate sunndtion
L= Enerygy oquation K
CAMREYL L L HLaT, 1 TF(IFLAG EQ. 1) THEN :
[T R Y | TR CALL DQDAt(I4, K1, X2, AERR, RERR, IRULE, A4l, ER) E
P BRI LIE SR TRNNT SURM SV 3 G S S NI PR TS o1} CALL DQLAGEF4, 42, X3, AERR, RERR, IRULE, A42, ER) .
DRI W AdsAd LEAG2
- . IFOIER . GT.0) WRITECITERM,*) ' IER A4', IER
5 R P i TFCOIPRCNT  EQ. TJAG) . aMD. (ITUCNT . NE. [JAC) . AND.
ERLEE S R TS S “ i CIMNUNT HICOUNT/2) NE. TJAGC)) THEN
weeroovoLom TERM=3Y (TPUCNT ) *Y CIMNCNTHICOUNT/ 2)
. . P e L N | ELEE IFCCIPQOYT ONE. TJACY LAND, CITUCNT . EQ. [JAC) L AND.
B : . Ly u CDRINCNTHTGOUNT/2)  NE . TJAC)) THEN
st : R (RS oL FAPPAL BN TERM=Y CIPQUNT )oY CLINCNT+LCOUNT/ 2)
B R ) A I PN ELSE IFCCIPQONT . EQ. [JAC).AND. (TTUCNT. E2. 1J4C 1. AND,
) u CCIMNCNT+ICGUNT/2 )  NE. TJAC)) THEN
K s PERH=L VDGOV CLIAG) Y ( TINCNTH [ NT/2)
T L A N U LS AR ELSE [FCCLPQUNT NE. TJAC).AND (TTUSNT NE. TJAC) . AND.
R I R TN # CCDMNCNTHICOUNT/ 2)  BQ - TJACY) THEN
AT S N TERHM=Y CTRQENT )Y (ITUCNT)
EECEN U ELSE
E TERM=0. 000
AL e TeRMA L YD e 1 END TF
L BUNS=8UNS+TERN A4
END IF
: 0o o tatioh equation
. Lot renge e b ileni3%iow s v i it sts wth TF(IFLAG . EQ. 2) THEN
S taa tions CGALL DIDAG(F8, X1, X2, AERR, RERR, TRULE, Asl, ER)
CALL DQDAGUFB, X2, %3, AERF, RERR, IRULE, ABL, ER)
AB=AB1+AR2
IF(IER.GT.0) WRITECITERH, ") 'TER AB', IER
Pl oo Jdat Ly tan oo TFECTPQUNT EQ. TJAGY . AND. (CLTUCNT+ICOLNT/2)  NE. TJACY . AND.
: CTHNCNTONE TJACY) THEN
TURH=Y( UTUCNTE TCOUNT/ 2 )Y (1NCNT)
ELSE TFCCIPQONT . NE. TJAC) LAND. CCTTUCNTHICOUNT/ 2) EQ. TJAG)

8€ET

3

[ ANDL CLHNONT ONE L TIAC) Y THEN
G TG RBEND sre aantery bor the pg, taomn uelbls TERN=Y (TPOCNT )Y ( TMNCNT)
' L O P L1V O K1 SR L TSI ELSE TF(CTPQUNT EQ. TJAL) AND. [ (I'TUCNT+ICOUNT/ 2) .NE, TJAC)
M Le L ated i CAND . CIMNCNT EQ. TJAC)) THEN
PENE VI B O AW 91 B TERM=2. 0D0+Y (CTJACY=Y (TTUCNTHICOUNT/ )
Sk Ty ELSE IFCCTPOUNT.NE. TJACY. AND, COTTUCNTHTGOUNT/ 2 NE. TJAC)
4 CANDLCIMMENT EQ.TJAC)) THEN

S AP |

[ ENETRIIEE O

TERM=Y (TPQUNT)#Y ( TTUCNT+ TCOUNT/2)
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TFU D Blaouy A0 by uy) THEN
F-RAS DT VR e, Ly B 2 DS THORE P30
vlat
ARASTRT T 2KE Lo FARPAY o)
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THETAS THETA +5UMSDS IN(PT#DFLOAT(KR)* 22)
VELZSVELZ L SUM=RAPPAwsLaf
20 CGUNTINUE
[
£ oe-« Concentrat fon equation
00 30 NCOUNT=1, TCOUNT /2
[=15UBLINCULNT)
J=[8UB2(NCOUNT)
KK=[SUD3(NCOUNT)
SUN=C(T,J,KK)

0 SUOCOS 1 DFLOAT (1 )¥ReX D008 (DFLOATI )#L42)
“ DS IN(PFLUAT LYK ) DS INCDELOAT () L#2) )
CONCECUNCHSUNHDY N8P I (DFLOAT (KA ) -0, 500)%22)
1) GONTINUE

THETA=THLTA/GANMA
CONG=GL 21D (CONC+L . 0DO)
WRITE(7,%)293, 0 (THETA+1.0), CONC,
# VELZ"2, OE~4/CHRL, X“CHRL,22*CHRL
15 CONTINUE
§ CONTINUE
RETURN
END
MR
€ -=- The followsny functions contain the integrands tor DQDAG
G mes
DOUVBLE PRECISION FUNCTION F1(2)
IMPLIGTT REAL+B (A-H,0-2)
COMMON JREALSUBS/ NIF, NI, NIH, .any G, C2, KAPPA, RA
REAL“E RAPPA
BE=3.141592653579300
F1sp8 IN(YNTGHPIwd)wDO0ST (XIV=0. 3D0)“PT)
KETPRN
END

HOUBLE PRECISTON FUNCTION F2(2)

INPLICTT REAL#S (A-H,0-2)

LOMMON /REALSLBS/ NIF, XI1G, XIN, XIL, Cl, C2, RAPPA, RA
REAL#8 KAPPA

Pl=3 141392053579300 )

FU=DS INCKTRPT*Z DS INCNTGRPIH2) *DCOS ( (XIF 0. 5D0) P ¥3)
KETURN

END

DOUBLE PRECISION FUNCTION F3.2)
PMPLICTT REALB (A-H,0-4)
COMMUN S REALSUBS/ NIF, XIG, XIN, XIL, Cl, G2, KAPPA, RA
REAL¥H RAPPA
PI=3.141592653579300
FHDS INCRLGH PT#2) DS INCNTFS P14 2) DS IN(XIHFPTH2)
RETURN
END
¢ ove-
NOUBLE PRECISTON FUNCTION Fa(2)
[MELICTT REAL=8 (A<N,0-2
CONNON /REALSUKS/ XIF, %14, NIH, XIL, G1, ©3, KapPA, RA
REAL#8 RAPPA
Pl=3 1415926335750

FazDSINCXIGP TS LE INCXTFSPISE ) NS INCX TP T2y D008 ((XI1~0,3D0)%
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DOUBLE PRECISTON FONCTION FBRZ0(2)

[MPLICHT REALSE (A-H,0-2

COMMON CREALSUBS/ SIF, XIG, XIH, XTL, CI, C2, KAPPA, RA
REAL“H KARPA

GnlloN S BARANS, BETA, GaMMA, PL, CHRL, DD, XLE
FRRZO=P TR DEOS INTFR T DS INCN TGP T9g )

3 RAZBL/ ST 2 DEINCPTXTHRZ )/ PT/XIH)

RETURN

)]

DOUBLE PRECISTON FUNCTTON FBRE1(Z)

MMPLICTT REALA8 (A=H,0-0)

COMMON /REALSUBH/ X1F, XIG, XIH, XIL, C1, CZ, KAPPA, RA
REALS8 RAPRA

COMMON ¢ PARAMS/ BETA, GAMNA, PI, CHRL, DD, XLE
FBRZ1-PI=NIFSDOOS (NI P Led ) <DSIN(X TGP T2

# CLHCENPCRAPPAVA ) sEXP(=KAPPA%Z) )+C2#DS IN(PTENTHE)
AETURN

END

UUUBLE PRECISTUN FUNCTION FCRZ0(2)
PMPLICIT REALWE «A-H,0-2)
SMMUN O REMLSUBS/ XIF, XI1G, XIH, XIL, €1, €2, RAPPA, RA
kALY RAPPA
COMMUNE [ PARAMS/ BETA, GANMA, PT, CHRL, DD, SLE
FORLIO=DEOS CONTF=0 3D0 =PI 2y eD00S (O8G0, S0y Pyl
it KA/ P L/ NI 01 0DO+DCOS(PISKIH®2))
RETURN
LNb

0%¢

UOUBLE PRECISTON FUNCTION FCRZL(2)

PIPLICIT REAL-H (A-H,0-2)

CUMMON REALSUBS/ XIF, NIG, XIH, XIL, CI, G2, KAPPA, RA
REAL-8 KAPPA

COMMUN PARAMS/ BETA, GAMMA, PI, CHRL, DD, XLE

FORST=DCOS (NTF=0.3D0) P E#2) <DC05 ((XTG=0. 5D0)¥PI%E)

: HC1ERAPPAY (EXP(RAPPAYZ )+
" EXPORAPPASL) +PLeR IHC24DC0S (PIVX T2 )

KRETURN

END

WOLBLE PRECISTON FUNCTION FURZ0(Z)

INPLECTT REALY S (A=H,0%2)

COMMON KEALSUBS/ XIF, XI1G, XIH, XIf, C1, €2, KAPPA, RA

REAL-8 KAPRA

LOMMON S PARANS/ BETA, GANMA, PI, CHRL, DD, NLE

FORSO=P L ONTF =0 5000 DS INGUXTF =0 5000 PI*Z1Dens ( (810-0.3D0)vpl#g)
i CRAPTZNHIE DS INCPLAX TR0 ) /PT/NTNR)

RETURN

(R3]

DOUBLE PRECISION FUNCTION FDRZ1(Z)

MPLICTT REAL-8 (d-H,0-2)

COMMON |, REALSUBS/ XIF, NIG, XIM, NUbL, C1, G2, KAPPA, RA

REAL“Y KAPPA

COMMUN - PARANS/ BETN, GAMMA, BT, CHRL, DD, XLb

FORGT =P L XTF -0 50008 INCUS TR -0 500y P D2 1= D00S (X160, 500) P 1=2)
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o APPENDIX F
R
‘ i LISTING OF THE PROGRAM FOR THE INTERTIOR 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
A;‘«“'"?f‘) were written in FORTRAN 77, and run on an IBM 3083 or equivalent
S ) machine., The first program (BED2NEW FORTRAN) is used to calculate
. steady or unsteady-state solutions to the model,
k)
|
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b Cfvdededabdedodesh vedodnbebdobabdde s el dede oo oo e oo e do o dododo e e ol el o el lelotidededeloke
{ G CALCULATE THE FOQURIER COEFFICIENTS FOR THE STABILITY w
, " ANALYSIS OF FLOW IN AN INFINITE COAL BED w
C WITH QOPEN TOP AND 2 TERM EXPANSION OF THE EXPONENTIAL ¥
) PR c WITH NUMERICAL INTEGRATIONS i
i Crvsdeernnlb b dednii e ettt de e e ool A e el e e de e e e dedne el e e il el e e

C === Can use either DIVPAG for the unsteady problem or COSNBF for
€ =<« the steady problem
IMPLICIT REAL*8 (A-H,0-2)

REAL*8 K, L
K REAL*8 F(200), WA(70000)
o REAL*S BN(200)
T REAL*8 W(200,9), C(24)
REAL*8 Y(200)
I REAL*8 DPARA(50), AIVPAG(1l,1)
COMMON /ISUB/ ISUBL7200), ISUB2(200), ISUB3(200)
COMMON /COEFF/ PDERV(-20:41,-20:41,20), B(-20:41,-20:41,20)
SUMMON /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
K REAL*8 RWKSP(10070)
{ EXTERNAL FUNC
o EXTERNAL TLDERV
qﬂ{ DATA 4 /17, NOUT /2/, ITERM/4/, ICOEF /87, ICOCT /9/, INIT /16/
v OATA NUMAK LTS
. DATA BN J206%0.0D0/
. S o-=- €1ll to ensure that there is sufficlent workspace for DIVPAG
' Doees and DEDAG
SALL IWRINCLgo O

oo=== Model pirameters
SI5MA=400.0D0
PI=3,1.15926335793D0
;=== Read truncation parameter, wave number and task
KEADO N4, A, ITASK
2 === Read physical parameters
READCIN,*,DP, EPSI, EA, XKO, XKEQ, XMU
READCIN,=)TO, RHO GRAV, HTCAP, DELTAH, CHRL
READCIN,*)IREAD
‘ o === Zaleulate dimensicnless groups
“ 3 PERM=DPSDPREPST*=+3/150,0D)/( 1. 00DO-EPST )¥#*2
. RA=GRAVH S, 67D« 3= TORCHRL*RHO** 2% PERM*HTCAP / XKEQ/ XMU
4 GAMMA=EA/8 . 314D0/T0
BETA=DELTAH/0.,029D0/TO/HTCAP /4 . 76DO
. THIELE=6.,0DO%*XKO*RHO*HTCAP*( 1. 0D0-EPS [)*CHRL*CHRL
% / USKEQ*DP )¥*DEXP ( ~GAMMA )
, D=6, 0DO*XKOFRHO&S 2w GHR L 22, SEUTCAPR |, S%DEXP ( ~GAMMA)
) * FXKEQR®1, 5% (GRAVFTO*3, 67D -3%EPSI*¥+3/150,0D0,XMUY**0, 5
PHI=1.,000
S oe== Calulate parameters for the positive exponential approximaticn
RASTAR=KA/GAMMA
RA=RASTAR
FK=BETA*THIELE*GAMMA
WRITE (NOUT,*)'FK', FK
. ==« calenlate wave numbers
L=SORT(A®A/4.0DO)

[

e

K

: "‘ﬁ.}

°4 K=8QRT(A®AL*] )
i € «== Maximum and minimum values for the subscripts
‘ MAXIR=0
& ¥
f & *
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A Cofedesdededodededodedodelededodododeddedodeiddefdadododedodedededestodededodododedododedodadoioiedoiedededededodesedededolededodedeooe
i T C CALCULATE THE FOURIER COEFFICIENTS FOR THE STABILITY ¥
. C aNALYSIS OF FLOW IN AN INFINITE COAL BED *
’ . c WITH OPEN TOP AND 2 TERM EXPANSION OF THE EXPONENTIAL *
;o C WITH NUMERICAL INTEGRATIONS ¥
Iy Creresraaesedodssrdrb ittt Tkt ol dedededo dese vl st ek de il e el des de e e e e e el
C -~~~ Can use either DIVPAG for the unsteady problem or COSNBF for
: C --- the steady problem
! IMPLICIT REAL*8 (A~H,0-2)
REAL*8 K, L
" REAL%8 F(200), WA(70000)
s REAL*8 BN(200)
T REAT*8 W(200,9), C(24)
N ) REAL»8 Y(200)
. E jﬁ REAL*8 PARA(50), AIVPAG(1,1)
9 N COMMON /ISUB/ ISUB1(200), ISUB2(200), ISUB3(200)
' VF COMMON /COEFF/ BDERV(-20:41,-20:41,20), B(-20:41,-20:41,20)
(x‘ COMMON /WAVE/ K, L, M
s COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK
4 COMMON /MAXSUB/ MAXIR, MAXIS, MAXIG, MINIR, MINIS, MINIG
4] COMMON /WORKSP/ RWKSP
o REAL*8 RWKSP(10070)
" EXTERNAL FUNC
L EXTERNAL TDERV
ﬂ:' DATA IN /1/, 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
B G =~~~ and DQDAG
CALL IWKIN(1Q070)
4 G === Model parameters
’ SIGMA=900.0D0

g PI=3,1415926535793D0
"& G --- Read truncation parameter, wave number and task
£ READ(IN,*)M, A, ITASK
it C -~- Read physical parameters
*”; READ(IN,*)DP, EPSI, EA, XKO, XKEQ, XMU
- READ(IN,*)T0, RHO, GRAV, HTCAP, DELTAH, CHRL
READ(IN,*)IREAD Y
t,ﬁ C === Calculate dimensionless groups
i PERM=DP*DP*EPSI*¥*3/150,0D0/ (L1 ,00DO~EPSI)#**2

RA=GRAV#3.67D~3%T0*CHRL*RHO%**2*PERM*HTCAP/XKEQ/XNU
GAMMA=EA/8,314D0/TO
BETA=DELTAH/0,02900/'T0/HTCAP/4,76D0
L THIELE=6, 0DO*XKO*RHO*HTCAP* (1,0D0~EPSI )*CHRL*CHRL
b * / (XKEQ¥DP)*DEXP ( -GAMMA)
D=6, 0DO*XKO*RHO** 2%CHRL**2 , 5*HTCAP*¥ 1, 5%*DEXP (~GAMMA)
* JXKEQ**1, 5% (GRAV*TO*3,67D-3%EPSI**3/150,0D0/XMU)¥*0,5
PHI=1.,0D0
C ==-- Calulate parameters for the positive exponential approximatlion -
“j RASTAR=RA/GAMMA
1

S S

RA=RASTAR
’ FK=BETA*THIELE*GAMMA
i WRITE (NOUT,*)'FK', FK
‘ \ € --- calculate wave numbers
e S L[=8QRT(A*A/4,0D0)
S K=SQRT (A*A-L*L)
i C --- Maximum and minimum values for the subscripts
1 MAXIR=0 |
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MAXTS=0

MAXIG=]

MINIR=0

MINIS=0

MINIG=1

IF(IREAD.EQ. 1) THEN
¢ -=-- Read coefticients

READ(ICOEF ,#3 LCOUNT

DO 11 I=1,ICOUNT
READCICOER ™) IR,
Y([Y=B(IR,I8,1G)
ISUBL(I)=IR
ISUB2(I)=18
ISUB3(I)=IG

Is, IG, BCIR, I8, IG)

r IF(IR,GT.
[F(1S.0T.
; IF11G.GT.
. IFCIR.LT.
- IF(IS-LT-

: IR 16, LT,

MAXIR)
MAXIS)
MAXIGY
MINIR)
MINIS)
MINIG)

MAXIR=1R
MARIS=[8
MAXIG=IG
MINIR=IR
MINTS=IS
MINLIG=1G

&Yxﬁlas[ﬁrﬂ.'rm_.a.‘;;u:;;_;- L v

il CONTINUE
ELSE
[CUUNT wounts the number of coefficients i.e. the number of
wguations that satisty the truncation and parity
[GEUNT=)
NGCUNT =
L1 Ik=-10, 13
Bl I8=-10, 1o

gOn 1y 6=, by

Do=e= Sheck parity and truncation
CALL TRNCHRKCUIR, 18, I6G, M, ITFLG)
IFCUTFLGONE )y BOOTOD 10
CALL PARCHKCIR, I8, IDPRPLG)
IFCIPRPLIONE 0y GO TO 10
TOOUNT=TO0UNTH1

A ign RIS T
AUHN= 03, G DFLUAT CIRM* 2 +DFLOAT([8%+2)) /4.0
30 ey I=1,I00OUNT
IF(SUBNLVEQ.BNUI)) THEN
GO TO 70
ELSE
GO OTH 60
ENDOIF
ey SONTINUE
NEOUNTaNCOUNT+1
BNENTOUNT ) =8UBN

P DUNTINUE
om=w Initialisa B
N [Fr(IABSIIS).GE.3). 0R. (IABSCIR).GE. 21 THEN

IFCIR.NE . D) THEN
BOIR,IS,IG)=0.0D0
ELSE
BUIR, IS, IG)=1,0D=2
END IF

6 === Gopy B into dunmy variables for NAG/IMSL, Y is a vector

YOICOUNT)=B(IR,I8,10)
ISUB1(LCOUNT)=IR
ISUBZ(ICOUNT)Y=IS
ISUB3(TCOUNT =16
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IF(IR.GT.MAXIR)
IF(IS.GT.MAXIS)
IF(1G.GT.MAXIG)
IF(IR.LT.MINIR)
IF(IS.LT.MINIS)
1IF(1G. LT.MINIG)
10 CONTINUE

END IF

WRITE (INIT,*) LCOUNT

DO 111 I=1,ICOUNT

MAXIR=IR
MAXIS=IS8
MAXIG=IG
MINIR=IR
MINIS=IS
MINIG=IG

WRITE(INIT,*)ISUBL(I), ISUB2(Il), ISUB3(I), Y(I)

111 CONTINUE

WRITE (ITERM,*) 'NUMBER OF TERMS', ICOUNT

C w=-
IF(ITASK.EQ.0Q) THEN

o)

Integrate o.d.e.'S using DIVPAG
Parameters for DIVPAG

READ (IN,*) TINIT, TFINAL, NTSTEP
TSTEP=(TFINAL-TINIT)/DFLOAT(NTSTEP)

“6
-
Soa

TSTART=TINIT

TDIF=TSTEP

TOLR=1.0D-4
METH=1 =-> ADAMS METHOCD
METH=2 -> Stiff method

MITER=0

--- Set parameters for DIVPAG to defaults

CALL SSET(50, 0.0D0O, PARA,
INORM=3

METH=2

MITER=0

IN0=1

PARA(10)=INORM
PARA(12)=METH

1)

E{.her integrate ODES or solve non-linear ss egquations

-> FUNCTIONAL ITERN,

R IF(NTSTEP.EQ.1) THEN
P N1=2
G N2=2
=y ELSE
P N1=2
o N2=NTSTEP
RN END IF
oA DO 20 ITSTEP=N1, N2
T 9 TEND=TEND+TDIF
\'NVQ)v{ ¢ «-- Steps closer at heginning
S 6 TEND=TINIT+(TFINAL-TINIT)*(1,0D0=DCOS(PI/2.0D0%
§ N o # DFLOAT(ITSTEP=1)/DFLOAT (NTSTEP-1)))
$'ﬂ'3  --- Steps closer at end
W TEND=TINIT+(TFINAL-TINIT)*DSIN(PI/2. on0%
. # DFLOAT{ITSTEP~1)/DFLOAT(NTSTEP=1))
CALL DIVPAG(IDO, ICOUNT, TDERV, PDERV, AIVPAG, TSTART,
# TEND, TOLR, PARA, Y)
WRITE(4,%) 'TEND, IDO = ',TEND, IDO
REWIND (UNIT=2)
M REWIND (UNIT=9)
i REWIND (UNIT=7)
o WRITE (NOUT,*) TAU', TEND, 'FK', FK
g WRLTE (NOUT,*) ""TEND ", TEND*GHRL**2/2,0E=4/3600,0/24,0, 'DAY'
N WRITE (NOUT,*)'RA", RA®GAMMA, 'THIELE', THIELE
N WRITE(NOUT,*)'D', D
WRITE (NOUT,*) "WAVE NUMBERS', K, L
WRITE (ICOUT,*) ICOUNT
)
i 9
e ’
|
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. . # NO 30 I=1, [ICOUNT
' WRITECNOUT Y BeR, S, 6 ISUBTLL), ISUB21T) , ISUBS(L),Y(T)
i WRITECTCOUT 9 1UB L Ty, LSUB2CLY, 1sUB3(L), Y(I)
e uy CONTINGE,
L S CALL PLOTCY, TCOUNT)
CALL TMANLY, 170U NT, TENID

.
: . -

* i wes Loeps to Jheck o all Boowith the same n
) DO so Ty NCotNT
al B

o AT IO INE

CUNT
o . SUBRN O U LOAT TRUBLCD w2 J#DELOAT! ISUBY T %92 ) ) /4.0
o TECSURN ECLENG T WRKITEONGE T, N, BNG T, SUBN, Y(I)
' T “ CNTINOE
. ' - CONTINGE

' . s
- .. MRS
w o * *
Lot .
A
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L END IF
o . STOP
s END
> A G ---
g E § SUBROUTINE PARUHK(IR, I8, IPRFLG)
-{\, IMPLICIT REALYS (A-I1,0+2)
{, ; G === Check parity
ﬁ SUMSDFLOAT (IR+18)
L TEST=DMOD (SUM, 2, 0D0)
AU IF(TEST.NE. O, 0DD) THEN
W IPRFLG=1
) o BLSE
ol IPRFPLG=0
L END IF
RETURN
END
ok : G o~
Cos SUBROUTINE TRNCHRCIR, I8, 16, M, ITFLG)
oo IMPLICET REAL™S 14-H,0-%)
"l DATA TTERM 3/
) O o~== Chock truncation
g TEST=G, 2500 ELOAT ( TR#% 2 +DFLOAT L I8¥%2 120, 25D0+DFLOAT( 16+ 1¢)
&i i TRCTESTLGT. i DELOAT MM+ 1) THEN
be ITFLo=1
‘ FLSE
o ITFLo=n
4 HNDOIF
h KETURN
; END
ij‘ “ SURKCUTINE CTDRERY ICGUNT, %, ¥, YDERY)
AN IMPLIOIT REALSS A=H, -0,
o === Heaiuate the tame depivitive ot the coefticients for DIVPAG
i LEALTR KL LLONT
o REALTS Y L0, YDEKRV(200)
" SEMMON CUEFF O BDERVO-20:wl,-20141, 000, BU-20041,-20141,20)
Iy CUMMON  PARAMSS BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK
i CUMMLN CSUHS, IR, IS, IG
i DUMMON WAVE, K, L, M
‘ SUMMON ZiSUB/ ISUBLrInGy, [AUBZo2003, ISUB3(200)
o DATA IN U1/, SNOUT /2, , [TERM, 37, LCOEF &/, ICOUT 79/, INIT 16/
R | TR0 ONGOUNT=T, LOGUNT
- IR=ISULTINCOUNT
K [T 2UH2INGOUNT )
; 1521 SURTINCOUNT)
NUsSORTOCDFLOATC IR )%K oo 24 COFLUAT 18 %L 5w )
[ CALL SUMBUBSUM, THETA, Y, ICOUNTH
| IFCIR.BRL D) VAND. (18 EG.0)) THEN
: TERM=( 1,030 (=1, 0B0 %% [0 /DFLOAT (1G) /DI
i # +0), 5D0%Y (NCOUNT
; i +THETA
! ‘ ELSE
| TaRM=0, 3DOSY (NCOUNT »+THETA
¥wu'h ; LS 1K
. BUERVOIR, 13, 16)=(=BSUM= (PIRPLHDFLOAT (1139 1G ) #NU=NU )
: o *0,5D0%Y ENCOUNT )
# +RATERM ) 78 1GHA®2 L 0Do
! TDERVIONCOUNT )=BDERV IR, 18, 16)
g 3
L
4 , .
14
1
9
%
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3 20 CONTINUE
. RETURN
g’ END
: c
A SUBROUTINE FUNC (I.OUNT, Y, F, IFLG)
- IMPLICIT REAL*3 (A-H,0-%)
C --- Evaluate the equation for coafficients, for COSNBF
REAL*8 K, L, NU
REAL*8 Y(200), F(200)
N COMMON /COEFF/ BDERV(-20:41,-20:41,20), B(-20:41,-20:41,20)
" CCMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK
w? T CCMMON /SUBS/ IR, 18, IG
o CCMMON /WAVE/ K, L, M
o CCMMON /ISUB/ ISUB1(200), ISUB2(200), ISUB3(200)
’-54 DATA IN /1/, NOUT /2/, ITERM/&4/, ICOEF /8/, ICOUT /9/, INIT /l6/
. C REWIND (UNIT=9)
" ¢ WRITE(ICOUT,*)'Y IN FUNC'
Ly C DO 15 I=1,ICOUNT
3 ¢ WRITE(ICOUT,*)ISUBL(L), ISUB2(I), ISUB3(I), Y(I)
C15 CONTINUE
DO 20 NCOUNT=1, ICOUNT
IR=ISUB1(NCOUNT)
IS=I5UB2 (NCOUNT)
M [G=TSUB3{NCOUNT)
i NU=SQRT( (DFLOAT (IR )*K)¥* 24+ (DFLOAT (IS )#L)##2)
CALL SUMB(BSUY, THETA, Y, ICOUNT)
- IF((IR.EQ.0).AND, {IS.EQ.C)) THEN
u TERM=(1.0D0-(-1,0D0Y**IG)/DFLOAT(I1G)/PI
#* +0, 5D0*Y (NCOUNT)
‘ +THETA
, ELSE
ot TERM=0, 5DO%Y (NCOUNT)+TEETA
A END IF
L FINCOUNT y=-BSUM- ( PI*PI#DFLOAT (1G*IG)+NUNU)*0, 5D0*Y (NCOUNT)
N +FK#TERM
A o WRITE (ITERM,* )F (NCOUNT), NCOUNT
: 20 CONTINGH
¢ RETURN
i END
" C
' SUBROUTINE SUMB(BSUM, THETA, Y, ICOUNT)
‘Y IMPLICIT REAL#*8 (A-H,0-2)
2 G =-- hEvaluats the multiple summation arising from non-linear term
. REAL*8 Y(200)
. KEAL*8 KAPPA, K, L
o COMMON /COEFF/ BDERV(=20:641,-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, I8, IG
COMMON /REALSB/ XIF, XIG, XIH, G1, C2, KAPPA
COMMON /MAXSUB/ MAXIR, MAXIS, MAXIG, MINIR, MINIS, MINIG
f COMMON /ISUB/ ISUBL(200), ISUB2(200), ISUB3(200)
' } COMMON /WORKSP/  RWKSP
1 REAL*8 RWKSP(10070)
M%¢‘u ‘ EXTERNAL Fl, FAKZ0, FAKZ1, FBKZ0, FBKZ1
Yoo DATA ITERM /3/
o THETA=0 . DO
| BSUM=0, 0DO
i G === Paramelers for DQDAG
]
W
,

L Tt ekl AW
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¢ il C ~-- We split up the region of intesri-ion to avoid errors with
BRI C ~-- integration of whole peric’
TR X1=0., 000
o X2=0.7D0
A X3=1.0D0
N AERR=1,0D-5
b RERR=1.0D-5
) A C =--- Quadrature rule for oscillatory Ffunctions
{ IRULE=6
2 | ' {0 ~-- IPQENT and ITUCNT are counters for the pq and tu coeffs
Ve oA DC 20 IPQUNT=1,ICOUNT
j I IP=ISUBL (IPQCNT)
R IQ=ISUB2 (IPQCNT)
! f~y“ IH=ISUB3 (IPQCNT)
] DO 20 ITUCNT=1,ICOUNT
e IT=ISUBL(ITUCNT)
. TU=1SUB2(ITUONT)
/ Cal [IF=ISUB3(L  «I)
‘ A IF((IP+IT 1) GO TO 20
: - IF((IQH+IT GO TO 20
¢ " }’ O m--
E : ‘ﬂ G === assign du “hat are real
\ :‘ R )
§ oot . Sl
?‘ A FL D
: 4
M CALL DQDAG (F1, X1, X2, AERR, RERR, IRULE, Al, ER)
v CALL DQDAG (¥l, X2, X3, AERR, RERR, IRULE, A2, ER)
; A=A1+A2
Amﬂ iF(IER.GT.0) WRITE(ITERM,*)'IER A', IER
i THETA=THETA+Y ( IPQUNT)*Y ( ITUCNT ) *A
e .
S KAPPA=SQRT ( (DFLOAT(IP)*K)*¥*2+(DFLOAT(IQ)*L)**2)
r oo [FOCOIP.EQ.G) L AND, (IQ.EQ.0)).OR. ((IT.EQ.0) AND. (IU.EQ.0)))
3 PR Y B THEN
£ ! PRI CALL DQDAG (FAKZO, X1, X2, AERR, RERR, IRULE, AKZ1, ER)
i o CALL DODAG (FAKZ0, x2, X3, AERR, RERR, IRULE, AKZ2, ER)
/ O ARZ=AKZ1+AKZ2
i s IF(IER.GT.0) WRITE(ITERM,*)'IFR AKZ0', IER
;f Dt CALL DQDAG (FBKZ0, X1, X2, AERR, RERR, IRULE, BKZ1l, ER)
. OO CALL DQDAG (FBKZ0, ¥, X3, ASRR, RERR, IRULE, BK.2, ER)
YT BK?=BKZ1+BKZ2
" IF(IER.GT.0) WRITE(ITERM,*)'IER BKZ0', ILR
¥ T TN ELSE
L d S1=RAYPI*XTG/KAPPA/ (DEXP (KAPPA)+DEXD ( -KAPPA) )/
' i # (PIA*2HXIGH*2+KAPPAY2)
1 T2=RA/ (P LAH2UKR 24K PPA%D )
N CALL DQDAG (FAKZ1, X1, X2, AERR, RERR, IRULE, AKZ1, ER)
I CALL DQDAG (FAKZl, X7, X3, AERR, RERR, LRULE, AK22, ER)
AK7=AKZ1+AKZ2 -
! ! IF(IER.GT.0) WRITE(ITEKRA, %) 'IER AKZ1', IKER
g CALL DQDAG (FBKZ1, X1, %2, AERR, RERR, IRULE, BKZ1, ER)
£ CALL DQDAG (FBKZ1, X2, X3, AERR, RERR, IRULE, BKZ2, ER)
‘ BKZ=BKZ1+BK%2
. Vﬂw“n. IF(IER.GT.0) WRITE (. TERM,*) ' IER BKZ1', IER
o END IF
i BSUM=BSUM+Y ( IPQUNT )*Y (ITUCNT)*
! ® (= (DFLOAT (I IT ) K*K+DFLOAT (1Q* TU ) * L L)% AKY
w +KAPPA*KAPPA®BKZ)
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CONTINUE
RETURN
END

SUBROUTINE PDERV(N,X,Y,PD)
IMPLICIT REAL#*8 (A-H,C-2)
RETURN

END

SUBROUTINE PLOT(Y, ICOUNT)
IMPLICIT REAL*8 (A-H,0-7)

¢ --- Results for plotting

-

L

"
Le

10

¢ «<= Chonse the heicht

20

T (7 T W R g AR

REAL*8 K, L , KAPPA
COMMON /WAVE/ K, L, M
COMMON /COEFF/ BDERV(-20:41,~20:41,20), B(-20:41,-20:41,20)
REAL%*8 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/
DC 10 T=1, ICOUNT
COETF(13UB1(I),ISUB2(I),ISUB3(I))=Y(I)
OEFF(-ISUBL1(I),ISUB2(I),ISUB3(I))=Y(I)
SOEFFCISUBL(T), -ISUB2(L), ISUB3(I))=Y(I)
TOREFPe-IsUBICT), -ISUB2(I), ISUB3(I))=Y(I)
CONTILUER
L= G
DO 5 RX=0.0,0.400100, 4. ]
DO 15 22=0.000,1.0001D0, 1.uch~i
THETA=0.0D0
YVELZ=0.0D0
DO 20 NGOUNT=T,ICOUNT
I=ISUBL(NCCUNT)
J=ISUB2 (NCOUNT)
KK=ISUB3 (NCOUNT)
SUM=COEFF(I,J,KK)
* #(DCOS (DFLOAT (I)*K#*X3*DCOS (DFLOAT (J)*L*2)
* -DSIN(DFLOAT (I)*K*X)*DSIN(DFLOAT(J}*L*Z))
KAPPA=SQRT (DFLOAT (I )%#2#K¥*# 2+DILOAT (J ) ## 2% L##2)
IF((T.EQ.0).AND. (J.EQ.0)) THEN
F=RA%ZZ/PI/KK+RA/ PI#%2 /KK**2%DSIN (KK*P1*2Z)
ELSE
A=RA/ (PLHH2%KK % 24+KAPPA®2)
C=A%PI*KK/KAPPA/ (DEXP (KAPPA)+DEXP (-KAPPA))
F=C* (DEXP (KAPPA*ZZ) -DEXP ( ~RAPPA*ZZ) )+A*DSIN (KK*PI*Z2)
END IF
THETA=THETA+SUM*DS IN(PI*DFLOAT (RK)*%22)
VEL&=VELZ+SUM*KAPPA*¥2%F
CONTINCE
THETA=THETA/GAMMA
WRITE(7,%)293,0%(THETA+1.0), VELZ*2,0E-4/CHRL, X*CHRL,Z2Z2*%CHRL
CONTINLE
GLNTINUE
KETURN
END
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SUBROUTINE TMAX(Y, ICOUNT, TEND)
IMPLICIT REAL*8 (A-H,0-2)

REALY8
COMMON
COMMON
REAL*8
COMMON
REAL*8
COMMON

Calculate maximum temperaturo

K, L , KAPPA

/WAVE/ K, L, M

JCOEFY/ BDERV(-20:41,-20:41,20), B(-20:41,-20:41,20)
Y(200)

/I8UB/ ISUBL(200), ISUB2(200), ISUB3(230)
COEFF(-20:41,-20:41,20)

/PARAMS/ BETA, GAMMA, PIL, THIELE, RA, SIGMA, CHRL, FK

DATA IN /17, NOUT /2/, LTERM/4/, ICOEY /8/, ICOUT /9/, INIT /16/

JATA NTMAX /177

DO 10 I=I,ICOUNT
COEFF(ISUBL(I), ISUB2(I), ISUB3(I))=Y(I)
CORFF-ISUBLCD) , ISUB2AT)Y, ISUB3(I))=Y(I)
COEFFCISUBICD), -ISUB2(I), ISUB3(T))=Y(I)
CUORFFU-TSUs1 0Dy, -ISUB2CI), ISUB3 (1))=Y (I)

CONTINGE

Toes= Choosoe the height X and Y first check at hexagon centre
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X=0,
a0, oo
THTMAR=D, 01O
DOO1s a0=0.0DG, Loeanine,
THETA=0.0D0
YELa=G, DO
20 NCOUNT=1, [CTUNT
[=ISUBLiNCOUNT,
J=ISUBZINCOUNT)Y
NR=TAUB s NCUUNT
SUM=COERY T, RKD
FOLCUSCOFLCAT: [R*X0)*DCOS(DYT.OAT (J)*1%2
SDBINUDTLOAT LR =DS IN(DFLOAT (I L*2))
RAPPA=SORT  OFLOAT [ 2Ry DRDF LOAT (J ) o [50%2)
IFr ol EQ. Oy JAND. €10 EQ 0y THEN

TLab-1

FRATID, PL, KK+RA, P L5%, KK#52%DS TN (RK#P1%22)
ELSE
AZRA, (P [ KK 2 KAD DA 2 )

CEARPIRKK,RKAPPA/ (DEXP (KAPPA)+DEXP ( -KAPPA))
=0 DEXPOKAPPA* LD ) DEXP(~KAPPA*ZZ ) )+A*DSIN (KK*PI#22)
END IF
THETA=THETA+SUMSDSINCPI#DFLOA™(RK)*Z2)
VELO=VELLHSUMSRAPD, w2}
CUNTINUE
THETA=THETA, GAMMA
TFCTHETA GT . TIHTMAX ) THEN
THIMAX=THETA
HEIGHT=ZZ
YOLORD=Y
END IT
GONTINUE
=== YNew chack at vertoex
IF 2. BQ.0.0D0) THEN
AAPL/RF20N0/DSRT S,
50T 30
ExD gl
WRITECI7,1)293. 0% CTHIMAX+ 1. 00, THIMAX, YCUORD*CHRI,, HEIGHT*CHRI
o TEND, TEND®CHRIS®2/2,0E-4/24,0/3600.0
FURMAT (ORI 0y
RETURN
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END
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DOUBLE PRECISION FUNCTION F1(2)

IMPLICIT REAL*8 (A-H,0-2)

COMMON /REALSB/ XIF, XIG, XII', Cl, G2, KAPPA
REAL*8 KAPPA

PI=3.141592653579300
FL=DSIN(XIGHPI#*Z)* DS IN(XIF*PI*Z ) *DEIN(XIH*PI*Z)
RETURN

END

DOUBLE PRECISION FUNCTION FaKZ40(Z)

IMPLICIT REAL*8 (A-H,0-%)

COMMON /REALSB/ XIF, X1G, XIH, Cl, C2, KAPPA

REAL*8 KAPPA

COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK, XLE
FAKSO=DS IN(XIF#*PI#2)*DSIN(XIG*PI*Z)*

it RAPI/XIH*(1,0DO+DCOS(PI*K1IH*Z))
RETURN
END
DOUBLE PRECISION FUNCTION FAKZL(Z)
IMPLICIT REAL®8 tA-H,0-2)
CUMMUN O, REALSB, XIF, XIG, XIH, €1, €2, KAPPA
REAL*8 KAPPA
GUMMON UPARAMS/ BETA, GAMMA, PI, THIELE, RA, SICGMA, CHRL, FK, XLE
FARDI=DS INCKIF#P L8 ) * DS INCKIGHPI*Z ) *C1#*KAPPA% (EXP (KAPPA*Z)+
: EEP-KAPPA*D P DX THHCLR*DCOS (PI#XIH*Z)
wET N
TONCOFBRE0CD)
xI0, XIH, €1, €2, KAPPA
KEAL=7+ FAPEA
CUMMON UPARAMS. RETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK, XLE
FRRGUSPT#XIFSDCOA IR P el DS INCRIGHD %)%
# RAPL/NTHS (2+DSINCPI=SIH®2) /PI/XIH)
RETUKRN
END

DOUBLE PRECISTON FUNCTION FBKZ1(2)
[MPLICIT REAL®8 (A-H,0-1)
DOMMON /REALSB/ XIF, XIG, XIH, C1, €2, KAPPA
REAL#Y KAPPA
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK, XLE
FBRA1=PL=XIF*DCOSIXIF*P %7 )=DSIN XIGHPI*Z )%
# CYF(EXDORKAPPA®Z , EXP (~KAPPA*Z) )+C2*DSIN(PI*XIHYZ)
RETURN
END
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S, The following program (IGNNEW FORTRAN) is used to calculate directly
i : : N +
y ignition points in the layer. §
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Py
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R .
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L}
BT AR AR AR A R AR AR AR AR AR AR ANKAA A AR AR AR AR ARRAAIARA R ARAN IF(IS.0T.HAXIS) MAXIS=IS
CALCHIATE THE o+ ANK-KAMENETSKIT NUMBER FOR IGNITION * IF(I0.QT. HAXIG) MAXIG=IQ
IN AN INFINITE C0AL BED * IF(IR.LT.HINIR) MINIR=IR
WITH GPEN TOP AND 2 TERH EXPANSTON OF THE EXPONENTIAL * TF(IS, LT, HINIS) MINIS=IS
AMic NUHURTCAL INTEGRATIONS IF(IG.LT.HINIG) MINIG=IG
PEARRRREAANARR R ERRARA AR AR KR LA AR AR AR A AR AR R R ARRAR AR AAR AT AR AR AR 11 CONTINUE
asORBE por the solution ot the nunsliaedr problem READ(ICOLF ,*)FK
Lusates the determinant ot the Jacobran trom the product Y(NEQN)=I'R
tothe oagenvalues obtained tiom FOZAFF ELSE
PLICLT REAL®S (A<, C ==~ [COUNT counts the number of coafficients {,s. the number of
LY 2 N S € --- aquations that satisty the truncation and paricy
FALAR BN 200) [COUNT=0
AL B LOdY, WALTOUO0 00 10 Ik=-10, 10
SR L SO T Da 1o I18=-10, 10
i SUB ISUBLU0Y, ISUBZ200), DSUB320u) bo 10 IG=1,10
M UREE S BORRYE LU Wl 00 el 200, BO-2uowl, s 006, 00 C -=- Chock parity and truncation
M % WAVE. K, L, M CALL TRNCHK(IR, IS, IG, M, ITFLQ)
MMON PARAMS. BETA, GAMMA, I, CHRL, D, KA [F(ITFLG.NE.0) GO TO 10
W VI ITRCE S0 el s 20wl a0y CALL PARCHK(IR, [S, IPRFLG)
Aot MAXLEB MAXTK, MAXLS, MAXIG, MINIK, MINIs, 4NIG [FCIPRFLG.NE.O) GO T0 10
ket PUNG [COUNT=TCOUNT+1
ERS TN P4 TS Y € === Initialise B
A b, tetT L ETERM e LOOREF Wy, ORI a2, INET /ing IFCIR.NE.O) THEN
Sl arametegy BOIR, IS, 10)=0.0D0
YT S L ELSE
INCATI N ARANE THE, WAVE WUMEER BCOIR, I8, 10)=1,0D=-1
SUY HL A END (F
LSS Y. arametes s € ~-= Copy B into dummy vartables Y s 8 vector
ek, Renl, RAL Ko, xERy, MU Y(ICOUNT)=B (IR, I85,10)
Ao, R, GRAY, dTCAP, LRLIAH, ChkL ISUBT(ICOUNT)=IR
% KEAL ISUB2(ICOUNT)=18
B S VAL T LN P SAT RS TR S TR AT S ISUBI(TCOUNT)=1U
4 nrANY b Ge 3 TUNCHRLEKHOR A DRPERMOHTC AR NKR Q) XMU . [F(IR.OT. MAXIR) MAXIR=IR
AMMA-EAJB Slabu h TF(IS. 0T, HAXIS) MAXIS=I8
ce CACBRLTAN. 0 o240 T HTCAR/ G 76D [F(10.0T . HAXIG) MAXIU=10
Pt DURXESRRE AR ORIV SNTUARNN ] SADEXD O -GAMMA) [FCIRLLTOMINIR) MINIR=IR
ByE AW ]k GKAVATUR S B0 3vEPSTAR 37150 ohy xMU " Ay S IFCIS. LT .HINTS)Y MINIS=IS
ATAR KA GAMMA IF(10, LT MINIG) MINIG=IG
A rALTAR 10 CONTINUE
4t wave pusburs NEQN=1COUNT+]
ST ARA W Ly G === Initial escimate for FR
Ko KTOAYAS LA, Y (NEQN) =5, 010
iagut atd maamum values tor the subscripts END [F
HAK{r WRITELINIT,*) ICOUNT
A g DO 1}t [=1,ICOUNT
wh gLt WRITECINDT, #)ISUBI(T), TSUB2(T), I[SUBICT), Y(I)
Motk ; 11T CONTINUE
RIS PR} WRITE CINIT %) Y (NEQN)
Ml WRITE(ITERI, %) "NUMBER OF TERMS', IGOUNT
LRAL ) by THEN € «-»  Solve eqs using COSNBP
KEALLJCLEF , ¥ s TGUURT G ~-~  Parametors for COSNBF
MRS TEOUNT#L ERRREL=DSQRT (X02AAF (0. 6D0) )
IS B T 0 O (V' #14 L¥A=70000
READCICORF , #30R, 15, 16, BOIR 15, 16) [FATL=1
YOL=BOIR, 15, 146) GALL FUNC(NEQN, ¥, ¥, IFLAG)
SUBL)=IR G CALL COSNBE (FUNC, NEON, Y, F, ERRREL., WA, LWA, [FAIL)
1HB20L)=18 IF (IFALL.GT.0) THEN
LLuBsC) = lu WRITE(NOUT %) "LFAIL', [FAIL
THOIR . GT HAXIR) MAXIR=IK FNOW =0, 0b0
» * «
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R T S

R

S AARKERRR AR AR ARAA SR
CALCULATE THE ¢

IN aN INFINITE
WITH OPEN TOP AND 2 TERH EXPANSION OF THE EXPONENTIAL
AN NUMERICAL INTEGRATIONS

CE A AR AR AR ARREA KA AR RRRRARA AR AR AT AR AR ARA RS ARANRRAA AL AR AT VAR 1} CONTINUE

wu osNBEF tar the solution ot the nen=linear problam

tictiates the detorminant of the Jacobian trum the product

AAFARAAAR KARAARRAR AR A ARAARA KR VARARARRA K AA KA

ANK<KAHENETSRIT NUMBER FuR IONITION
1AL BED

¢ othe asgenvaluey obtained (rom FOIAFF
ULLIT REALAS (A<l ,u-d)

ALK, L
T ALA8 BNCIOM

LALAB F{200), WA(70000)

SALMLY00)

St TSR TSUBTEIUDY, ISUBZC20uY, [SUBIC200)

CubbES BUERV(-L0 4], -20:01,20), B(-2u:ul,-20.41,20)
wWAVE” K, L, Y4

HMONCPARAMS, BETA, GAHNA, PI, CHRL, D, RA
MEON THE, TTRU <20 g1, -20:000, 2t
BN MAXSUBe MAXIR, MAXIS, HAXIU, MINIR, MINDS, MINIG

C3ERnAlL PUNG
P ATERNAL TIERY

ATA Ny, il

Coie javaactery

< LIERH74a,, LCUEF /8, LCOUT /9, INIT /lo/

S L1 N ST ENE
=iNCATION FAKRANE URR, WAVE NUMBER

PSS 1 < T

Pooowsicdi parameter:y
e, r D, bral, BAL xR, aREQ, MU
oD ard, KU, GRAV, WTCAE, DELTAH, CHRL

A M, ¥ TREAD

BRI (il A ) L PR MVIRTHD PR @ IVITHIVEY o 59 S LA
A-3utAy #3070 yRTURCHRLYRIO** A PERMAHTCAP f XKEQ/ XHU
AHMAREASS . S1aDU - TY
PECA-UELTAN 0 02906/ T HTCAR/G . 2600
et UuRXKUARHUA R CAUHRLA* 2 S*HTCAPY* L, 56DEXPL ~GAMMA)
ANLiA* L SHTLRAVRTURS pID«3REPS1AA 37150 uD0D/XHU %0 §
1 i AR-KA/GAHHA

~& rALTAR

cualdto wave numburs

st ANAFG L)

FolKRTIA*ASL* L)
saoua and mmmum values tor the subscripts

HAX Y-
HAY -3
BHEREPEY
IH (B
ML

MINIG

P IREAL Q). 1) THEN

KEALTTCOEF , %) TCUUNT

NEM=TCOUNT+)

U9 11 I=), ICOUNT

KREALC LCOEF , %) TH, 1S5, 16, -« R, 18, .0)
Y{L)=B(1R,18,10)

ISUBELT )=1R
[CUB2(I)=IS
LB =1

[FCIR.GT.HAXIR) HAXIR=IR

s

Wy

[F(IS.GT.MAXIS) HAX13=IS

* [F(IG.GT.HAXIG) MAXIG=10
* IFCIR LT MINIR) MINIR=IR
* [F(18.LT.HINIS) MINIS=18

IF(IG.LT.MINIG) MINIG=I0

READCICOER , #)FK
Y(NEON)=FK
ELSE
€ w=» [LOUNT counts the number of confficiunts i,¢, the nambur of
C === squatlions that satisfy the truncacion and parity
ICOUNT=0
bo to IR=-l0, 10
bo 10 Is=-10, 10
o 10 iG=1,10
C -«= Check parity and truncation
CALL TRNGHX(IR, I8, 10, M, ITFLG)
i IF(ITPLG.NE.0) GO TO 10
' CALL PARCHK(IR, IS, IPRPLO)
[FCIPRFLG.NE.O) GO TO 1O
[COUNT=LCOUNT+ L
G === Inicinlise B
IF(IR.NE.0) THEN
BCIR,I8,16)=0.0D0
ELSE
BCIR, I8, 10)=1,0D-1
END I
C =+« Cupy B into dummy variabiles Y I8 a vactor
Y(ICOUNT)=B(IR,IS,IG)
{SUBTCICOUNT)=IR
ISUR2(LCOUNT)=18
[8UBI(1COUNT)=10
. IRCIR,OT.MAXIR) MAXIR=IK
IP(IS.0T. HAXIS) MAXIS=IS
IF(I0.GT.MAXIG) MAXTO=10
IFCIR, LT HINIR) MINIR=IR
IFCIS. LT.MINIS) fINIS=IS
{F(1G. LT MINIG) MINIO=IG
10 CONTINUE
NEQN=TCOUNT+1
€ ==« Initial estimate for FK
Y{NEQN)=5.0D0
END ¥
WRITECINIT,*) ICOUNT
DO 111 =1, COUNT
WRITECINIT,*)TSUBL(T), ISUBZ(I), ISUB3(I), Y(I)
111 CONTINUE
WRITE CINIT %)Y (NEQN)
WRITE (ITERM, %) 'NUMBER OF TERMS', ICOUNT
C »=v  Solva oqy wsing COSNBF
C --~ Darameters for COSNBF
ERRREL=DSQRT(X02AAF(0,0D0))
LWA=70000
[FATL=)
CALL FUNC(NEQN, Y, ¥, TFLAO)
4 CALL COSNDF (FUNC, NEQN, Y, F, ERRREL, WA, IWA, IFAIL)
LF (PATL.GT.0) THEN
WRI E(NOUT, %) ' TFALL', IFAIL
FNOKtl=0. 000
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VAN
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WRITECTOWUT, L COUNT
et fel 0 ENT
PRHOHH-PNGL B ECDIAN]
WRICENOUL 0 ' BIR, 5,05 " ISUBLCDY, THUB2(T), ISUB3CD),Y(D)
MRITECLCOUT, Y ISUBICTY, (suB2cly, I8UB3ICDY, Y(D)
SUNTINGE
wREVECWUT, 3 82 ik, sk ENORY
CALL CIITY, [COUNTY
e
12T 3
SK Yihbogd)
WHRITEONGUT, MV ERA O FK, TERT, PRCDGGRTeRAS, "RA%', RA
MRITE eUT MDY, 0
wich UL T 4V WAVE NEDMBERS S, K, L
ERTHLG RN Y]
PESRERUNEN L A S8 ISH ST
L I T CA 3
AT I STTRT. 13 N R
whUTENODT Yy Bk, ooy IsUB D ISUB2 Oy ISUl S, Y (D)
wallho DT, o tolBY Ly, tolB2ely, TobBscl), Vi

ERRAI )
whna VR ROCT T NekHT LR TR NGRS
As. visiy, 0N

. R AT S | RS R B L X PR
Leoad mhALME A, 00
e oanaty
o FL AT ko
cioda W MUUEBLY O Gl
Wb JRLT wE U ool THENM
Lrvklar-l
P A
JvFla-u
vhes U}
PR PN
'l

Abror Ik LihelRGIR, 15, 16, M, TTFLG)
THET LG0T #HALME (A=l sl
Shh LTRRM Y
Tk Leuawvabion
CEOT o TUBUAIFTOAT CTRAR SR UFLOM T CFahh e %0 25D0+DFLOATUIGHG)
TR IR0l ul i DRLOATiNMEY ) ) THN
Y FVIRS
kLuE
ITEl-0
ERD EF
RETUEN
2514

SUBRGUTINE FUNG (RPN, Y, F, TFLAG)
(NPLIGIT HEAL®S (A-H,0-2)
So- - Evaluates the equations for ceefficients, lor COSNBE
- Evaluates the aquation tor  dutf Jacobran)so
= YiNEYN)-FR

PARAMETER (NVAR=3, LDEVEG=NVAR)
REAL*8 K, L, NU

REAL*S Y(200), ¥(200), AA(KVAR,NVAR), RR(NVAR), RI(NVAR)

REALAB ACOPY(NVAR,NVAR)

COMMON /COEFE/ BDERV(=20:41,-20:61,20), B(-20:41,-20:41,20)

GOMMON /PARAMS/ BETA, GAMMA, PI, CHRL, D, RA
COMMON /8UBS/ IR, 18, 10
COMMON /WAVE/ K, L, M
MON JTRC/ [TRC(=20:41,-20:41,20)
CUMMON /1 ¢ [SUB1(200), 15UBZ(200), ISUB3(Z00)
GUMMON ,w B/ RWKSP
COMPLEN*8 EVAL(NVAR), EVEC(LDEVEC, NVAR)
INTEGER {NTGER(NVAR)
REAL*8 RWKSP(10070)

DATA IN /1/, NOUT /2/, I'TERM/4/, ICOEF /8/, ICOUT /49/, INIT /i6/

[COUNT=NEQN-1
REWIND (UNIT=9)
WRITE(LOOUT,*)'Y IN FUNC'
bo §5 I=l, [COUNT
WRITECICOUT,*)ISUBI(T), ISUB2(I), ISUB3(I), Y(I)
55 CONTINUE

C ==« Thu correct alement of Y s assigned on the same basis
¢ ==« ay in the main program L.e. using the counter Neount which is

2 <=« {ncremented for every admissible ¢s pait
1) 20 NCOUNT=1, ICOUNT
TR=15UB ) (NCOUNT)
[5=13UB2 (NCOUNT)
1u=] SUB3{NCUUNT)
NU=BQRT ((DFLOAT (IR)*K) %424 (DF AT (L8 ) L, *2)
CALL SUMB(BSUM, THuLTA, Y, NEQN)
IPCCIREQ.D) AND. (18.EQ.0)) THEN
TERM=(1.000=(~1.0D0)**1G)/DFLOAT(IQ)/PI
. +0.500*Y(NCOUNT)
i +THETA
ELSE
TERM=0. 5D0+Y (NCOUNT )+ THE TA
END ¥

FNCOUND)=~BSUM = (PT#PT*DELOAT(IGYIG)- JUNSNU)*0 . 5DO*Y (NCOUNT)

w +Y (NEQN) /DSQRT (RA ) *TERN
¢ WRITE (ITERM,*) ¥ (NCOUNT)
20 CONTINUE
¢ «=-= Start loop to assemble Jacoblun matrix
DO 15 J=1,ICOUNT
[R=150B1(J)
18=15UB2 (1)
1G=1SUR3(J)
DO 10 1=1,1COUNT
CALL SUM(SUML, SUMZ, Y, I, NEQN)
IF(1.EQ.J) TIEN
AA(S 1)<+, 5D0*(

[ (NFLOAT(ISUBL(T) ) *K)**2+ (DFLOAT(TSUR2 (1) )1 )2
[ HRIAAAOFLOAT(TSUBS (T)#+2))
# =5UN LY (NEQN) /USQRT (RA)*0, 500% (1, 0D0+8UM2 )
ELSE
AA (T, 1)==BUHT40. 5D0*Y (NEQN Y /DSGRT (RA) #SUN2
END IF

WRITE (NOUT, *)AAC], 1)
ACOPY (], 1)=AALS, 1)
10 CONTINUE
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15 CONTINUE 1Q=1SUB2 (IPQUNT)
o -w all FOAFF to find the wigenvaluus of AA [H=18UB3 (TPQUNT)
- Byramerery for FOOUAFRR DO 10 [TUCNT=1, ICOUNT
N=1COUNT IT=ISUBL(TTUCNT)
IA=ICOUNT 1U=[SUBZ (I'TUCNT)
IFALL=] [IF=18UBI(ITUCNT)
CALL FO2AFF(AA, 1A, N, RR, RT, INTGER, [FAIL) [FCCIP+IT) . NE.IR) GO TO 10
CALL DEVCRG(N, ACOPY, IA, EVAL, EVEC, THEVEC) IF((IQ+IU) NE.IS) GO 10 10
CALL WRCRN ('EYGENVALUES', 1N, &VAL, L, 0) ¢ o-e-
IFCIPATL.GT.0) TVEN G~~~ angign Jdummy subscripts that ure real
WRITE(NOUT,*)'TFAIL FO2', IFAIL XIG=DFLOAT(10)
stTop XIF=DFLOAT(IIF)
END IF XIN=DFLOAT(1LH)
WRITE (NOUT ,*) 'EIGENVALJES® ¢
1 40 [=1, JCOUNT CALL DQDAG(FL, X1, X2, AERR, RERR, IRULE, Al, ER)
WRITE (NOUT,*)RR(1), RI(I) CALL DODAG(F1, X2, X3, AERR, RERR, IRULE, A2, ER)
WRITE (NOUT, *)EVAL(I) A=AL+AR
HINTINUE IFCIER.GT.0) WRITECITERM, ) ' TER A", IER
FINEQN) =1, 000 THETA=THETA+Y CIPQUNT)*Y ( TTUCNT) *A
o 70 1=1,1COUNT [T
F(NEGN)=RR(T)*F (NEQN) RAPPASSQRT ((DFLOAT(IP)Y*K)** 2+ (DFLOAT (1) ¥ L) #+2)
FINEQNY=EVALLT YF (NEQN) [FCCCIP.EQ.0) . AND. (1Q.EQ.0)) . OR. ((I'I.EQ.0).AND. (1U.EQ.0)))
CONTINUE * THEN
RETURN CALL DQDAG(FAKZ0, X1, X2, AERR, RERR, IRULE, AKZ1, ER)
FAOT] JALL DQDAG(FARZO, X2, X3, AERR, RERR, IRULE, AK42, ER)
ARZ=AKZ1+AKZ2
IFCIER.GT.0) WRITECITERM,*)'IER AKZ0', [ER X
SUBROUTINE SUMBCBSUM, THETA, Y, NEQN) CALL DQDAG(FBKZ0, XI, X2, AERR, RERR, ITRULE, BRZL, ER) g‘\
"ULICIT REAT™8 (A~H,042) CALL DQDAG(FBRZC, X2, X3, AEKR, RERR, IRULE, bRZ2, ER)
valunte the multiple summation arisIng from non=linuar term BRZ=BKEL+BKEZ2
LIMENSION Y (2003 IF(IER.GT.0) WRITE(ITERM,*) ' IER BKZ0', IER
REAL®B KAPRA, K, I, ELSE
GUMMON /COEFF/ BDERV(-=20:41,+20:41,20), B(-20:41,~20:41,20) CLaRAYPI*XTG/RAPPA/ (DEXP (KAPPA) +DEXP (<RAPPA) )/
CHMON /WAVE/ K, L, M ® (PLAR2EXTURR2ERAPPANRD)
COMMON /PARAMS/ BETA, OAMMA, PI, CHRI, D, RA C2=RAS (PIAR2AKRIELRAPRARH2)
CoMMON /SUBS/ IR, I8, In CALL DQDAG(FAKZL, X1, X2, AERR, RERR, [RULE, AKZ1, ER)
COMMON /REALSUBS/ XIF, X10, XIH, C1, C2, KADPA CALL DUDAGCFARZY, X2, X3, AERR, RERR, IRULE, AKZ2, ER)
COMMUN FMAXSUB/ MAXTR, MAXIS, MAX1G, MINIR, MINiS, MINIG AKZ=AKZ1+ARZ2
COMMOW /18UB/ 15UB1(200), ISUB2(200), ISUB3I(200) IF(IER.G1,0) WRITECITERM,*) "IER AK41', TER
CUMMON /WORKSP/ RWKSP CALL DODAG(FBR21, X1, X2, AERR, RERR, IRULE, BKZl, ER)
KEAL*8 RWKSP(10070) CALL DQDAG(FBKZ1, X2, X3, AERR, RERR, IRULE, BKZ2, ER)
LXTERNAL F1, PARRO, FAK21, FBRZO, FBKZ1 BR4=BKZ1+BKA2
DATA TTERM /3/ IFCLER.GT.0) WRITECITERM,#*) ' IER BRAL', TER
THETA=0,0D0 END IR
B5UM=0, 0N0 BYUM=BSUNFY (TPQUNT)*Y( TTUCNT ) *
- Parameturs for DODAC * (= (DFLOAT (TPR T )R*KEDFLOAT CLQ¥ TUY R LA LY WARE
- Wo split up the region of tntegration to wvetid urrors with * +RAPPARKARPARR,2)
< integrution of whole purfods Come
X1-0.0D0 10 CONTINUE
4420, 700 RETURN
%3=1.000 EMD
AERR=1,00-6 Y
RFRR=1,0D+6 SUBROUTINE SUM(SUM1, SUM2, Y, IJAC, NEGN)
~ Quadrature rule for oseillatory functions INPLICIT REAL®*B (A-),0+2)
[RULE=6 G ==« Evaluate thu multiple sunmation arising from nons+linudr torm
TCOUNT=NEQN-1 REAL*8 Y(200)
<=« IPQUNT and [TUCNT ars counturs for the pq and tu cooffy KEALAS KAPPA, K, L
D0 10 ILQENT=1,ICUUNT COMMON /COEFF/ BDERV(=20:41,%20:41,20), B(~20:41,-20:41,20)
1P=15UB1(TPUCNT) GOMMON /WAVE/ K, L, M
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COMMON CPARANSS RETA, GAHMA, DI, CHRL, D, RA
SMMON L BUBS S TR, 8, LG
SMMON TR DT 20 s, - 00w, 0)
COMMLY CREALSUR NTR, KTa, XTHL €1, G, KAPPA
oMoy HANEPD CAXTR, MANTS, MAXDa, MINIR, HINIS, MINIG
P KL VI S L3 AT AT St L A BT TR S IS B (R YR 1V )
N we kol Kwhip
wPATRR RWhiPol LN
ShacmAL BY, CARSO, FARGE, FRKI0, FBRIL
LA LR b
. Rl
(i S
Parameless ot DAY
¥€ oy dat gy Thy regaon o0 dutegiation to o avord ertoge with
Pept it o ol whole periods
R .t
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[N ) RIS NI
ALL UiiAui kY, %1, %4, ALKK, kRRR, IRULE, A}, ER)
ALL gliAb i, a0, w3, ARkR, REki, IeULE, 82, FRO
A-ALAL
vroleR ool o0 WRITECITRRM, A IR A, TER
DECCIV QN By DIACG &kl TTTeNT Nb T 1ACH) PHEN
SERM-YoLpueNT,
Elubh TECCLTCNT B TIAUG) AND C TIUNT M LIAL ) TiteN
TERM-Y O L]y
LR THOOLPAOT By Doty AND CUPVCNT Gig TCOUNTY ) THEN
TREH=2 by LoLUNT,
[ X9
PRRM-u ol
b 1F
PIN, FR N PR 4 3 LYY
FAPFA SURT O URLOAT CTP AV KRR e DFLOAT () 8] )iy
TECTCIR BQ g AND . (D B wyp vRoCCDy B u) AND . (LY B 0)))
" THEN
GALL DubAGURARZG, &1, K@, AEKR, KERK, IRULL, AKZ1, ER)
.
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CALL DQDAG(FAKZ0, X2, X3, AERR, RERR, IRULE, AKZ2, ER)
AKZ=ARZ ] HAKR2
TFCIER.GT.0) WRITECITERM,*)' TER AK20', [ER
CALL DQBAG(FDRZ0, XI, X2, AERR, RERR, IRULE, BKZI, ER)
CALL DQDAG(FDKZ40, X2, X3, AERR, RERR, [RULE, BK42, ER)
BRY=BR21+BKZ2
IPCIER.GT.0) WRITE{ITERM,*)' IER BKZO', VER

ELSE

CLRAKDT*STG/KAPPA/ (DEXP (KAPDA) +DLAP (RAPDA) )/
* (P1#2%X LOFR24KADPAR#2 )
C2=RA/ (D% 2¥KRAH24KADPARH2)

CALL DQDAGCFARZL, X1, X2, AERR, RERR, IRULE, AKZ1, ER)
CALL DQUAOCFAKZY, X2, X3, AERR, RERR, IRULE, AKZ2, ER)
ARA=AKZ 1 +AK"2
TFCIER.GT.0) WRITECTTERM,*) ' THR AKZL', IER
CALL DODAGCFBRZL, X1, X2, AERR, RERR, IRULE, BKZ1, ER)
CALL DQDAGCFNKZL, X2, X3, AERR, RERR, IRULE, BKZ2, ER)
BRA=BKZ1+DKZ2
[FCIER.GT.0) WRITE(ITERM,*)'[ER BKZ1', IER

END IF

IF((1PQUNT. EQ. TJAC) . AND . (ETUCNT .NE. TJAC)) PHEN
TERH=Y ( ITUCNT)

ELSE [F((ITUGNT EQ. 1JAC) . AND. (IPQUNT.NE. [JAC)) PUEN
TERM=Y ( [DQUNT)

ELSE 1F((IPGENT.LQ. ICOUNT) . AND. (LTUGNT.EQ. IGOUNT)) TITEN
FERM=2, DDO*Y { ICOUNT)

ELSE

TERH=0, 0DO tﬁ

END IF ~
BSUN=BSUNMATERN*

* (= (DFLOAT (LT ) e RAREDPLOAT(TQF TUYRL*L) *AKE

* +RAPPARKAPPAIRZ)

CONTINUE

RETURN

END

SUBKROUTINE PLOT(Y, ICOUNT)

IMPLICIT KEAL*8 (A-il,0-2)

Rogults tor plotting

REAL®E K, L , RAPPA

COMMON /WAVE/ K, L, H

COMMON /COEFF/ BDERV(-20:41,-20:41,20), B(~20:41,-20:41,20)

DIMENSTON Y(200) !

COMMON /18UB/ 15UB1(200), ISUB2(200), ISUB3{200)

REAL*B COEFF(-20:41,-20:41,20)

COMMON /PARAMS/ BETA, QAHMA, PI, CHRL, D, RA

DATA T'UERM /3/

N0 10 [=1, ICOUNT
COEFF(18UB111),I8UB2(L), /BUBICL, =Y (L)
COEFF(~T5UB1(T),I8UB2( 1), TSUBI(CT))=Y(1)
COEFF(ISUBL(1),«18UB2(1), (SUBI(T))=Y(I)
COEFF(~TSUBL(I), ~ISUBZ(T) , ISUBI(I))=Y (1)

CONTINUE

Chooss the hoight 22

YA ]

DO 5 %=0.0,0.400100, 0.4D-1
DO 15 %=0.000,0,4000100, 0,400-1

THETA=0.900
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VELI=0. 0N0
N0 20 NCOUNT-1, [COUNT
F=]SUBT(NUGUNT )
T2l SUB2 (N (INT)
KR=I8UB3 QUNT)
UM EFF(TJL,KRR)
® L DCOS (NFLOAT(TYFREX) #DCOS UDFLOAT (1) *[¥2)
| " B8 IN(DFLOAT (DY®R*X)* DS THCDFLOAT ()M LvE) )
RAPPASSQRT (DFLOAT (1 j#* 28RN 2L DFLOAT () #2454 2)
TECCD.EQ.0).AND. (J.EQ.0)) THEN
FeRARZE/PI/KKRA/DTA €2/ KRA#2XDS TN (KRR [%22)
ELSE
ASRAZ (P IAw 2ARKARERAPPARA )
CAYP TRRK/RAPPA/ (BEXP(RAPPAY+REXP (-RAPPA))
F=CR  DEXPURAPPARZZ) -DEXP (-KABPARLA) ) HARDSINCKR* P 1#22)
ENDIF
THETA- THETA+SUMADIS IN(PTHDFLOAT (RK ) *24)
VELOSVELZ4SUMARAPPARR I F
CONTINUE
TUETA=TUETA, GAHMA
WRETE: 1, %1293 UA(THETA«1.0), VELA%2 0E-4/CIRL, X*CHRL, Z*CHKL
SOTINEE
CONTINUE
Wh Ot N
Lt
BLE PRECTSTN FUNOTION F1(3)
CPL T REALSH (A-H,0ed)
oM KEALSLBYS . XIF, XIG, XIH, €I, ¢d, KAPPA
-LALAB KAPPA
RS I T UF MW TR RN
e DL PTG P TR A DS TN T AP TN DS TH (X THAPT*E)
AN &)
Ki
ABLE PRECISTON FUNCTION FAKZ0(E)
SHPLIGTT KLAL*E (A-H L e2)
MMM KEALOUBS, XIF, XI1G, XII, Cl, €2, KAPPA
FEALSS KAPPA
SAMUN JPAKANS/ BETA, GAMMA, PI, GHRBL, D, RA
FARZ UG INGXTFRPINEANS TN N TURP TR L) *
' KA PL/XLHACL OO BCUS(PIXTIIvE )
BEITVRN
Llils
velHEE PRECISTON FUNCTION FARZL(Z)
HPLICIT KEALAE (A-H,0-2)
MHMON JREALSUBS/ XI§, XIG, XIHf, ©f, €2, KAPPA
JEALRS KAPPA
WMMUN [ PARAHS/ BETA, GAMMA, PI, CHRL, b, RA
FARGT -DSTHIXTEAPI®Z)ADSIN(XLUAD TAZ)AC L RAPPAN (EXP (KAPPASE )+
[ EXP(-KAPPARZ j )+ PI*XTHAC2HDCOS (PIXXINYZ)
’ ‘N
UOUBLE PRECLSTUN FUNCTIUN FBRIO(Z)
IMPLICIT REAL*8 (A+H,0<%)
COMHON /REALSUBS, XIF, X1G, X1, ©1, ©2, RAPPA
REAL® . YAPPA
v
A
ety ! '
¢ ]
. [ a .
ki
‘ L)
) b _ :
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- .
LI .
oy
ESRETY) 1

St e e e I et iek'y
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COMMON /PARANS/ BETA, GAMMA, PI, CHRL, D, RA
FURZ0=PT*XIFRD00S (XTFFPIXZYRDSIN(XTGHPIHE)
# RA/PL/XTID(ZHIS TN (P TRRIHNA) /PT/X L)

RETURN

END

fone-

DOUBLE PREZIGION FUNCTLON Fi 21(2)

IHPLICTYT REAL*B (A-l,0~2)

COMMON /REALSUDS/ XIF, XIG, XII, C1, 02, KAPBA
REAL#8 KABPA

COMMON /PARAMS/ BETA, OAMMA, BT, GHRL, D, RA
FBKZ 12D X TFROC0S (XT™FBI*%) MIGTNCRIGHPI#E )
# C1% (EXP (RAPPARZ) =EXE (~KAPPARZ) J402#DS INCE T*K TI#2)
RETURN

END
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v Tlie tollowing propgram  (STABNEW PORTRAN) is used te caleulate the
4\ " . .
vigpervalues tor the stabflity analysis of the of the steady.state
setutions supplied by BEDINEW FORTRAN.
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- L T S S T A R READCICOUT, yik, I8, W, BCIR, I8, ()
SADTTATE THE © D WWALUES FOR THE PRRITRBED STEADY FLOW Yeb)-BOIR, 05, 10)
NOAN INFINIT AL LD IsUBLCT)=IR
WETH CUADRAT NFANSTON OF THh TEMPERATURE ENTONENTTAL L2ty 1s
avik APRERTCA NTEGRATTONS [siscly=1g
. . . . ; . PEOIRLGT O MAXTRY MAKIR=- IR
T ceady st et tents are tedd, havig been caloniatod VOIS 6T NAXTS) HAKLGIS
v, ogram Bhug P16 6T MAXLG) MASIG={G
SLLCTT REALTH (AL ol IFVIRCLECHINIR) MINIR=[R
FRALOH N, L PROLS LT MINES) MINLS=(Y
REAC A B =00 wh,e20 wl, oM LFOLG. LT MINIGY MINIG=LO
LT MK SR C NI S [TERCAIR, 18, 16!
CEAL% whQUo) t CONTINGE
WESLON nWAS oY, Kaildnu dooe= atart loap ta gassomble mdtrix
IMELEY R WL oRy, e, B 19 1=, TCaUNT
SUTRALLNTE WAL EW L L, RO [=1aUBLI)
AN AR T O S Ts=iabB2])
R T L WO VR I UL I AL E PN BRI ORI -1ty
N S T Lo 10 11, TOUUNT
MEON s TR e el e o], a0 CALL sUMBEBSUM, THETA, 1, [GOUNT)
N wALE KL DM [FCL kg Jy THEN
VR e BARYGL ETA L GANMAL BT, ThIbia, kA, cHLL LN AACT T 2 uBuPHE -0 SDOMC(TSUBLLT =Ry 2
YooMARS @ AN DR AT, AN L g, sl L * +PBUBE T ity
LI T S 0 £ 21 A S T S “ FEREUL DO THET  #2 0DosBsuY)
WEL AT
P T AACT, D=2 o0/ PRECCPRYTHETA v 2 DO BSUM)Y
: el ) AN )
YL F T T O e S Y S ST DU TR TN WREFEONOUT, )AMT, DY, 3, @
N L 1y CONTINUE i
11 1 TR 3 19 CONTINUE
L TN A I AT RTINS ¥ 2 S Goese Call BTIGRE to find the aigenvaluns of AA
e =HO oAy, N LEDLTAN i Dosew Paramoeters tor ETGRE
TR S N NeTUubNE
R SR SRS A L LI SOV VTR S (R S S TA-TGOUNT
CeTL T HRL RN L RRRM NTVALR arEe, o o=l
W osielo T 12 1COUNT
ceLiNbe Lonl T HICAY 4 Sl CALL HIGRFCAA, N, 1A, TJOB, kW, RL, 13, WK, IEK)
TN kM HIUAF v b sl TFCIER.GT a1 TNEN
LD Lh e et WRITECUTERM, ) " TER', 1ER
! [ WRITE(NOUT, #3  TER', LER
“l Pra o tor LM b ouative oo et bd 3 pt X it shap
ENDIF
oAl ik WRITE(NETO, ) ' PERFORMANGE  INDEX'
FrOLRETA DSTRLE cltveA WRETEANELG WK1
Sionate waen upba WRITE(NELG, %) "EIGENVALUES'
oot AYALae Ll 00 530 [<, 2 IGUNT
LI S S R AR WRITECNELG, W)
ST unty fha vutterr b o Fioaent, et nanbeer o W CONTINUE
PR M B T L] SV UPR SO  ST S STC TS & U TRRTIN B BV Y] WRITKAONETG, oy Do wiosisn o e !
R S S AN 1 WRITECNETDG, % )i
Berad e bowiier oetbe aents anf the il Dipa el s ogn tiae Do sy =1, S TCOUNT 2
CMaimam snd mincate Galavy tet the ooty FFARWCDY . GT. 0 000 THE
LTINS WRITE ()3 D ianes
AN ) WRITE (2, %)
dan -l i WRITE(3,%) "
MItifa STup
MINT =y END IF
LI RN 1) CONTINUE
TR S 8 O PRTUATE FTop
'fe%‘& "
” " !
0
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o
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END
SUBROUTINE SUMBLY. ', THETA, INDEX, [COUNT)
IMPLICTT KEAL-8 Hydeu)
Beaisdate the gul. oie summation arising tvom non-ligedar tewn
Rt on KATPA, A
N OUERE L odum
VoMY WAVEL A, LM
TN PAKAMS - BETA, SAMMA, PI, THIELE, RA, PHI, CHkt
SOMNIN BUBS IR, IS, 16
S A TR ITRE - 23wl 20 e 2
cots BEALSUBS, NI, NG, XTH, CL, w2, KAPPA
e MANSUSS MANIR, HANIS, MAXIG. MINIR, MINIS, MINIG
SN N ISUB, JSUBL U0y, TSUB2200), JSUBZ(IU0)
sibetAL FL, FAKSD, FAKSY, FBRIO, FBRGL
GATA TTREM 1
e b
s A= 2He
waaeters tar DCALRE
e Cpiit oy the tegisn ot oantegration to aveld errors with
SegEat i ot whole petiads
aks NERITLY
FERE S SR
SronT et T3UNE ey untery tor the pgosnd taocert,
H
s laUBLO TN
UL HLTTUNNT,
Cir - DaUBRITUONT,
Db IPITy NE TR GO TO 20
JF o bgritvy NEISH Uy TO L0
Bt bemoy suboaripty that dre veal
sk LuaTo sy
SIE-FLOAT  TIE,
XikcFloAtoIh
Aj=gUALRE(FY, X1, X&, AEKK, KEKK, ERRUK, IER)
Ac-buALKECFY, X2, K3, AbRKR, KERK, EkkUR, IEk)
A-AL+AL
TRtk Gt op WRITRCITERM, ) "tER A", LER
TR otbqutd By INDEX) THEN
THETA=Y (VT CNT Y A THETA
Bale {F
FAPPA- KT CCBELUAT TR )Ry 24 (LUFLOAT U TQ) Ly )
DECCOIR EQ.ui AND. oLy Bl o)y UKL CCIT B 0) AND. (TU.EQ.0)))
THEN
ARSI-UCADKE CEARLD, XTI, X2, AEKR, REKK, ERRoR, TER)
AK2L-DLALRETFAEZY, X4, X3, ARkR, KERR, ERWul, JER)
ARU=ARE1HAKZD
IFOIER.GT 9) WRUTECITERM, = “TEL ARZ0', [ER
BR21sDCADRECPBEZ0, X1, Xi, AERK, RERK, ERHOK, IER)
gy . '
@ 1
- r 2 ‘
¢ b
r
, i

> ] & . '
' 4 N
LY t v
™ 4
’
A
asa e ’
!
‘1
t
: .
X 0
esetil AT Yt DT e S S A R A e AN
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BRZ2=DCADRE (PRY. ", %2, X3, AERR, RERR, ERROR, [ER)
BK2=8K4 1 HuRE2
IF(IER.GT.0) W TE(ITERM,%) 'TER BKZ0', IER
ELSE
C1=RA=PTHXIG/RAFPA/ IDEXP (KAPPAY +DEXP ( ~KAPPA)Y)/
(PP 2 X TG 24 RAPPA™ D)
C22RA/ (PIVsAUKRSRAPPARH2)
AKZ1=DCADKE (FAKZ1, X1, X2, AERR, RERR, ERROR, IER)
AK22=DCADRE (FARZL, X2, X3, AERR, RERR, ERKOR, IER)
ARZ=ARZ L+AR22
IF(IER.GT.0) WRITE(ITERM,*)'IER AKZL', tER
BRZ1=DCADRE(FBKZ1, X1, X2, AERR, RERR, ERRUR, IER)
BR22=NCADRE (FBK21, X2, X3, AERR, RERR, ERROR, IER)
BR2=BKZ1+BR22
IF(IER.GT.0) WRITE(LTERM,*) ' IER BKZ1', IER
END IF

IF(1PQENT EQ. INDEX) THEN
BSUM=BSUM+Y (TTUCNT )=
(= (FLOAT (IPVITY*R:K+FLOAT {103 TUY[41,)%AKZ
+RAPPAYKAPPAYEKE)
END [F

CONTINUE
RETURN
END

SUBROUTINE PARCHK(IR, IS, IPRFLG)
DNPLICTYT REAL#8 (A-H,0-2)
Cheuk parity
SUN=FLOAT(IR+18)
TEST=DNOD(SUM,2,000)
[F(TEST.NE.0.0) THEN
IPRFLG=1
ELSE
IPRFLG=0
END (F
RETURN
END

SUBROUTINE TRNCHK(IR, 18, IG, M, [TFLG)
IMPLICIT REAL*B (A-H,0-2)
DATA UTERM /3/
Check truncation
TEST=0. 75D0%FLOAT( TR 2) FFLOAT (182 )%0, 25D0+FLUAT([G*IG)
[F(TEST.GT. (FLOAT (M#M+1)}) THEN
ITFLG=1
ELSE
I'TFLG=0
END IF
RETURN
END
DUUBLE PRECISTON FUNCTION FI(Z)
IMPLICIT REAL*B (4-H,0-2)
CrMMON /REALSUBS/ XIF  XIG, SIN, €1, G2, RAPPA
REALw8 RAPPA
PI=7y. 141592653579300
F1=D8 IN(XIGHP 52y DS INOXTFHP T3 ) v DS TN (X TP 1E)
RETURN

19¢
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DOUBLE PRECIHION FUNCTIUN FAKZO(Z)
IMPLICIT REAL~8 (A-H,0-2)
COMMON /REALSUBS Y NIF, XIG, XL, C1, €2, KAPPA
REM.“8 RAPPA
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, R&, SIGMA, CHRL, FK, XLE
FARZO=DSIN(NIERR[#2) DS IN(RIGHPI%E)%
[ RA/PL, XTHe (L, b0+DCOS (PT#XTH*Z) )
RETURN
A
¢ oeen
DOUBLE PRECISTON FUNCTION FARZ1(Z)
IMPLICIT REAL¥8 (4-H,0-2)
COMMON /REALSUBS, XIF, XIG, XIH, €}, C2, KAPPA
REAL*8 KAPPA
COMMON /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK, XLE
FARZLSDS IN(XTEVPIYZ)DSIN(NIGWP [#2 ) C 1eKAPPAY (EXP (RAPPA%Z) +
" EXI'C-KAPPARZ) )+PIHXTITHQ2DCOS (PEYXTHYZ)
RETURN
EHD
L aee
DOUBLE PRECTSTON FUNCTION FBR20(2Z)
IMPLICIT REAL™8 (A-11,0-4)
COMMON JREALSUBS/ XIF, KIG, XTH, Cl, CI, KAPPA
KEAL-8 KAPPA
COMMON JPARAMS/ BETA, GAMMA, PI, THIELE, ., SIGHMA, CHRL, FK, NLE
FORZUSPI=RIF=0CO8 (NTEYP VA ) D8 IN(XTG#PT =2 )
it RA/PI/XIHS (ZHOS IN(P X TIA) /PT/XTID
RETURN
END
o=
BOUBLE PRECISION FUNCTTON FBKZ1(2)
[MPLICIT REAL™8 (A~H,0-2)
cOMMON (REALSUBS/ XIF, XIG, XIN, €1, CZ, KAPPA
KREAL“8 KAPPA
CUMMUN /PARAMS/ BETA, GAMMA, PI, THIELE, RA, SIGMA, CHRL, FK, XLE
FERZ1=PEXIFvDCOS(STFPI%2) DS IN(RIGHPIvZ ¥«
" C1 (EXP(RAPPAY LY <EXP(-KAPPARZ) J+C2DSIN(PI¥XTIZ)
KRETURN
END

[A*r4
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APPENDTX G

PURLICATIONS ARISING FROM THE WORK DESCRIBED IN THIS THESIS

SPONTANEOUS COMBUSTION OF COAL STOCKPILES -
AN UNUSUAL CHEMIGCAL REACTION ENGINEERING PROBLEM

na@t‘ Y
T e Kevin Brooks, Steven Bradshaw and David Glasser
P ® Department of Chemical Engineering
T University of the Witwatersrand
I WITS 2050
{g‘“::;f”; South Africa
Y
o f:vx ; (Published in Chemical Engineering -.lence, Vol. 43, No. 8, pp.
Cew 213Y-2145, 1988)
‘Aﬁii’ e
LRSS ABSTRACT
" & ’ -
5, o Spontaneous comrustion 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 chemiczl engineering methods may
be used to analyse and under-tand this problem.

The analysis i3 complicated by the fact that coal stockplles 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

PR analysed in the chemical reaction engineering literature. In order

i

'”$u"-" 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 £ormulation, The simple
one-dimensional model gives valuable insights into the behaviour of
stockpiled coal. The solution of the more realistic modei, using
finite element techniques, is described. The models are compared in
“ ‘ the light of the assumptions made in their derivation, Finally the

”W¢V N i practical implications of the work are discussed.
. S '
“ ! 5,
| Feywords: Spontaneous combustion, mathematicai model, coal storage,
natural convection
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' 2
.

o ek A BN
> o kPR

el

Syt o ot gt et AN A e




ARSI EHTBATBE SR ) Y e

264

R B
PPN S SR e

- s

SELF-TGNITION AND CONVECTION PATTERNS IN AN INFINITE COAL LAYER

LI A - Steven Bradshaw, David Glasser and Kevin Brooks
: < e Department of Chemical Engineering
PR University of the Witwatersrand
B Wits 2050
- { South Africa
\ e o Telephone 011-7162413
$
(2] ) ;y
‘é'kvi (Submitted to Chemical Engineering Communications, April 1989)
1‘;{ k(e 1
Wt ‘ & V}ﬁ
w4 b %
; s
’ |
. v

Spontaneous combustion can ocecur in a coal stockpile if the heat
renerated by oxldation cannot be dissipated at near ambient
temperature, Determination of conditions for which combustion occurs
{8 of preat Importance in designing coal stockpiles. An approximate

A S S

ﬁ{ analysis 1s wused to obtain natural convection patterns in a
. ' iaterally-unbounded layer of coal. Down-hexagons and two-dimensional
) ‘ rolls appear to be the stable flow planforms. A continuation v
) procedure gives a simple criterion for the point of ignition in the
layer in terms of easily measurable parameters. This criterion can be
yo B used to determine ignition points in the interior of a large coal
‘ j'ﬁfi: . stockpile and complements earlier work in which a similar criterion
M i; 3 was developed for the edge of a stockpile,
P

!
|

L - i Keywords:spontaneous combustion, ignition, natural convection, coal
i
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" v SELF-TGNTITION AND CONVEGTION PATTERNS IM AN TNFINTTE COAL LAYER
- !
° 1g§;¥n ‘ lwﬁ Steven Bradshaw, David Glasser and Kevin Brooks
T PRI . Department of Chemical Engineering
2 ﬁ”.,;’* University of the Witwatersrand

oo Wits 2050
L South Africa
Telephone 011-7162413

(Submitted to Chemical Engineering Communications, April 1989)

ABSTRAGT

Spontaneous combustion can oceur in a coal stockpile if the heat
‘ generated by oxidation cannot be dissipated at near ambient
i temperature, Determination of conditions for which combustion occurs

is of great importance in designing coal stockpiles, An approximate

analysis 1s 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 v
procedure gives a simple criterion for the point of ignition in the

layer in terms of easily measurable parameters, This criterion csa 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,

X Keywords:spontaneous combustion, ignition, natural convection, coal
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APPENDIX H

DECOMPOSTTION OF A SOLENOIDAL FIELD

The material in this appendix is based on Joseph,1976.

A solenoidal field is one that satisfles:

div y = 0 (H.1)

Such a field can be represented as the sum of two fields:

4=y tu, (H.2)
Where:
div Y =z ourl 4y = 0 (H.3)
div gy =+ uy =0 (H.4)
4 - é x = grad ( r %—5 + xJ - x V2 ¥ = curl2 (rx) (H.5)
Uy = £ x grad ¥ = - curl (£ ) (H.6)

4y has no vertical vorticity and u, has no wvertical velocity,
x 15 the poloidal potential and ¥ the toroidal potential.

Now consider the Darcy-Oberbeck Boussinesg momentum equation Eq.

(3.2):
VI+u-Radz=0 (H.7) )

By taking the curl of Eq. (H.7) pressure I is eliminated, and the
z-~component is;

ad u, 8 Uy,

3x ~ay 0 (H.8)
The vorticity is defined:

0 =curlu (H.9)
and it can be seen that:
d u, d ug

ﬂz = 5‘;* - 5“;“ =0 (H.10)

Thus we have shown that u is pursly poloidal, A
/
N e T O W O ot S S o R




rg‘ﬂ)’ =

ey, A

Pl Tt o

Yoo !
x
S
@
. 1 4
N .
)‘v .
SRS St W '
267
REFERENCES
Acharva, §., Patankar, S§.V., "Use of an Adaptive grid procedure forx
parabolic flow problems", Int., J.Heat Mass Transfer, 28 (6), 1057,
(128%)
Akin, J.E., "Application and Implementation of Finite Element
Methods", Academic Press, London, (1982)

a Finite Element Code for the
Two-Dimensional

Anderson, .,
Solutrion of Svstems
Parrial Differential
Engineering, Universitv of the Witwatersrand, (1986)

"Description of 'Fepde’ -
of
Equations”,

Non-linear
of Chemical

Steady-state,

Report, Department

Anderson, P., "Anlsotrople Transfer of Thermal Energy in Porous

Media", Report, Department of Chemical Engineering, University of the
187

ve

witwatersrand,

Anderson, P Bradshaw, S.M., "PDFELM A Finite Element Code for the

Solution of a4 General System of Steady or Unsteady-state Nonlinear
Fartial Ditferential  Egnations", Report, Department of Chemical
Eapineering, Tniversity of the Witwatersrvand, (1987)

A, "Lareral Intrusion of Natural Convection Into a Horizontal
103, 237, (1981)

Peian,

Porong Streaetare”, 10 Heat Transfer,
Belan, A., Fhair, E.R., "Heat and Mass Transfer by Natural Convection

in a Pornus Medium", Int. J. Heat Mass Transfer, 28 (5), 909, (1985)

“ain, 53, Y henk J "Three-dimensional Natural
Sonveetion fnoa Jonfined Porous Medium With Internal Heat Generation",

Beurema, K.JI.,

Int. 7. Heat Mass Transfer, 2603y 451, (1983)

Bird R.B., Srewart, W.k., Lightfoot, E.N,, "Transport Phenomena",
Wilew, 1980

Bowees, P "Self-Heating:Evaluacing and Controlling the Hazards",

Elsevier, Jdew York, (14Y84)

Combustion in Coal
(1986)

Prouoks,

K.5., "A Silmplifed Medel For
Steackpiles®, PhD Thesis, University of the Witwatersrand,

Spontanecous

et

vt ol A



R, RO TERAGIET B rAR A s

. ; 268
" "?
v ke
A }‘ Brooks, K., Glasser, D,, "A Simplified Model of Spontaneous
X ) g Combustion in Coal Stockpiles", Fuel, 65, 1035, (1986)
‘ Eﬁ Brooks, K., Balakotiah, V., Luss, D., "Effect of Natural Convection on
¥, Spontaneous Combhustion of Coal Stockpiles", AIChE J,, 34(3), 353,
v (1988a)
~Jﬁ’% : Brooks, K., “..&., N,, Glasser, D., "Evaluating the Risk of
T oy \ Spontaneous Coiur stion in Coa' Stockpiles", Fuel, 67, 6531, (1988b)
R
' ﬁ’M Bronks, K,, Bradshaw, 5 , Glasser, D., "Spontaneous Combustion of Coal
) S iy Stockplles-An Unusual <hemical Reaction Engineering Problem", Chem.
a0 Eng. Sei., 43(8), 2139, (1988c)
‘ f ‘ Busse, F.H,, Frick, H., "Square Pattern Convection in Fluids With
1.# Strongly Temperature-dependant Viscosity", J., Fluid Mech., 150, 451,
L ¥ (1985)
ot
o "’
T Carey, G.F., Oden, J.T., "Finite Elements:Fluid Mechanics",

Jarey, G.IF.,

341, (1980

Chan, .T.,

(1981)

L- 7illievs, N.D.,

*

Plover, T,

Refinement in Convection-NDiffusion", Int.

Chandrasekhar, S.

Prentice-Hall, Englewnod Cliffs, (198n)

"Variable Upwinding and Adaptive Mesh

J. Num, Meth, Engng., 19,

Banerjee, S,, "analysls of T nsient Three-dimensional
Natural cConvection in porous Media", J, He = Transfer, 103, 242,

, "Hydrodynamic  and Hydromagnetie Stability",

“larsudon Press, Oxford, (1941)

"Continuation Methods for the Numerical Solution of

Netiinear Problems in Engineering Science", PhD Thesis, University of

Method £for Convective

Num. Meth, Engug, 20, 101, (1984)

Transport

"Diffusion and Heat Transfer in Chemical

! tl.. Witwartersrand, (1984)
Denea, J , A Taylor-Galerkin
v Problems" . Iut. J.
i
. ! Frnk-Kamenetskil, D.A L,
g . ‘ Pinetics?, Plenum Pregs, MNew York, (1967)
v i
- €
' »
"
L]
ST ’
¥
}
i i ; s PR TR S

LowwA A b

L
1



WAL ASN e R F

i
ne. L 1
L 1
; ]
A
R
S i
L *
o P
T,
. %f
i " H
i #
4 v 4
Ay ;
- TR |
.y
¢ 1
4
L .
14 !
o
. a7
B ,xﬁ;vj ¢
\“‘ i
Wi & i
Vo
F
A i 1
ot o
. i |
g0
geke
§ 7 Lt
g &
A gi v
.
S
? e
U ey i
PN "
o i
Ve
]
s
i . 1
!
» '
y
4 1]
P .
, :
Y ,
)
i
i

R e P TR SRUAC A v S

269

Gartling, D.K., & Becker, E.B,, "Finite Element Analysis of Viscous
Incompressible Fluid Flow, Part 1", Comp. Meths, Appl. Mech. Engng.,
8, 51, (1976)

Gatica, J.E., Viljoen, H., Hlavacek, V,, "Stubility Analysis of
Chemical Reaction and Free Convection in Porous Media", Int. Comm,
Heat Mass Transfer, 14, 391, (1987a)

Gatica, J.,E., Viljoen, H,, Hlavacek, V., "Thermal Instability of
Non-linearly Stratified Fluids", Int. Comm, Heat Mass Transfer, 14,
673, (1987b)

Gatica, J.E,, Viljoen, H., Hlavacek, V., "Influence of Secondary Flows
on the Stability of Chemically Reacting Systems", AIChE J., 34(2),
209 (1988)

Gijbels, M.,R,, Bruining, J., "Spontaneous Ignition Time of Underground
Coal", Erdol und Kohle Erdgas, 35, 37¢( (1982)

Glasser, 1., Bradshaw, S.M., "Spontaneous Combustion in Beds of Coal",
to be published in Handbook of Heat and Mass Transfer, wvol 4.,
Combustion Sclence and Technology, Gulf, New Jersey, (1989)

vresho, P.M,, Lee, R.,L,, "Don’t Suppress The Wiggles - They're
Telling You Something", Computers and Fluids, 9, 223, (1981)

Guney, i{,, "Oxidation and Spontaneous Heating of Coal", J. Pure Appl.
Sci., 5, 1, (1972)

Handa, T., Morita, M,, Sugawa, 0., Ishii, T,, Hayashi, K., "Computer
Simulation of the Spontaneous Combustion of Coal Storac:", Fire
Science and Technology, 3 (1), 13, (1983)

Havstad, M.A., Burns, P.J., "Convective Heat Transfer in Vertical
Cylindrical Annuli Filled With a Porous Medium", Int, J., Heat Mass
Transfer, 25, 1755, (1982)

Heinrich, J.C., Zienkiewicz, 0.C., "Quadratic Finite Element Schemes
For Two-dimensional Convective Transport Problems", Int, J. Num., Meth.
Engng, 11, 1831, (1977)

Iy -t A Sicdna . : v . th s
R A Aty S e S S D el R R K e o ite Nty MRS e




WHORTRTAMIA TRV e TRETERAT R M S

*\
"
P
I
. i
B
' A N
i L
oY N
¥
s g
‘: .%‘
) LI
"'"II‘,:TQ
> . 3 R
N
Lo A
YA
VAN T
RN
f &4
A
¥+,
o
i
. i
,,.‘,)',T-“" ' b
Y ®
o
R
;
. .
- o
‘1; “ )
. "f‘ S
A
J!M ]
¥ s
* ¥ 7
{

z 4
:/J#:;y‘
/ A
I

woy

270

Hickox, C.E., Gartling, D.K., "A Numerical Study of Natural Convection
in a Vertical Porous Annular Layer", Int. J. Heat Mass Transfer, 28,
720, (1983)

Icay, M,, "The Low Temperature Oxidation of Coal: Its Kinetics and
Implications For Spontaneous Combustion”, PhD Thesis, University of
the Wiwatersrand, (1984)

Itay, M,, Hill, C.R,, Glasser, D., "A Study of the Low Temperature
Oxidatlon of Coal", Fuel Processing Technology, 21, 81, (1989)

Jones, D.,R,, "The Dynamic Stability of Confined, Exothermically
Reacting Fluids", Int, J. Heat Mass Transfer, 16, 157, (1973)

Joseph, D.D., "Stability of Fluid Motions I&II", Springer-Verlag,
Berlin, (1976)

Kantorovich, L.V., Krylov, V.I., ‘"Approximate Methods of Higher
Analysis", Noordhof, Groningen, (lY64)

Kimura, §., Schubert, G., Strauss, J.M., "Instabilities of Steady,
Periodic and Quasi-Periodic Modes of Convection in Porous Media", J,
Heat Transfer, 109, 350, (1987)

Kordvlewski, W., Krajewski, 2., "Convection Effects on Thermal
Ignition in Porous Media", Chem, Eng. Sei,, 39(3), 610, (1984)

Kubicek, M., Marek, M,, "Computational Methods in Bifurcation Theory
and Dissipative Structures", Springer-Verlag, New York, (1983)

tennie, T.B., McKenzie, D.P., Moore, D.R., Weiss, N,0., "The Breakdown
of Steady Convection", J. Fluid Mech., 188, 47, (1988)

Lillington, J.N., Shepherd, I.M.,, "Central Difference Approximations
To the Heat Transport Equation", Int, J. Num, Meth., Engng. 12, 1697,
(1978)

Lin, Y.S., Akins, R.G,, "A Sugpgested Characteristic Dimension For
Natural Convection in Enclosures", Chem, E'g, Commun., 49, 119,
(19846)

e & i ettt Bt R v A 4




e, TR R A

\
v"’
N, » e
L)
,& .
, .
'
. “ I
. o .
¥ &
I
- 3T e
‘ ' o4
2
: £y
< ’ N Tt
X
B . b
\ o 8
) - P )
L $e
) S,
r ,_}i‘. b
> ¢ o
[ £ i
e
g
£
S
N i
PR
. ‘fﬁ'J
€ 4l
L
": v 1
R
)
>
¢ *

A

271

Markatos, N.C., Pericleous, K.A., "Laminar and Turbulent Natural
Convection in an Enclosed Cavity", Int. J. Heat Mass Transfer, 127,
755, (1984)

MaDonald, H,, "Combustion Modelling Iin Two and Three Dimensions - Some
Numerical Considerations", Prog. Energy. Combust, Seci., 35, 97,
(1979)

Merzharo, A.G., Shtessel, E.A., "Free Convection and Thermal
Explosion in Reacting Systems", Acta Astronautica, 18, 191, (1973)

Morita, M., Nishimoto, T., Kodama, J., Oshawa, T., Hayashi, K.,
"Spontaneous Combustion of Coal IV Computer Simulation", Fire Science
and Technology, 6, 7, (1986)

NAG Finite Element Library, Greenough, C., Robinson, K., eds., Science
ard Engineering Research Council, Rutherford Appleton Laboratory,
Oxfordshire, (1982)

Norl-n, P., "A Model for the Self-heating React’nn of Coal and Char",
Fuel, 58, 436, L97

Norvie, D., De Vries, G., "The Finite Element Method", Academic Press,
Jew York, (197

Poulikakeos, D., Bejan, A,, "Penetrative Convection ir Porous Medium
Bounded by a Horizontal Wall With Hot and Cold Spots", Int. J. Heat
Mass Transfer, 27 (10), 1749, (1984)

Pragsad, V., Kulacki, F.A., "Natural Convection in a Vertical Porous
Annulus", Int. J. Heat Mass Transfer, 27, 207, (1984)

Roberts, P.H,, Convection in Horizontal Layers with Internal Heat
Generation. Theory", J. Fluid, Mech.,, 30(1), 33, (1967)

Runchal, A.K., "Convergence and Accuracy of Three Finite Difference
Schemes For a Two-dimensional Conduction and Convection Problem", Int,
J. Num., Meth. Engng, 4, 541, (1972)

Saatdjian, E., Caltagirone, J.P., "Natural Convection in a Porous
Lawer Under the Influence of an Exothermic Decompositon Reaction", J.
Heat Trans¥er, 102, 654, (1980

Rl e s ik 2t Y e R S S i S i R RN oy v eI




OAMNEIRIARITE 4 5 TR

BN,

[
AR
" BN . .
SO i S :

"‘rf.},‘-‘ v u\,“'{ .
5 L

A
“,

<

A
_,__,_;m-y_'»;._m...__\:‘\".. SR &

P
3
Iy
~3
~3
fev

Schmal, D., "A Model for Spontaneous Heating of Stored Coal", PhD
Thesis, University of Delft, (1987)

il Sehmal, D., Duyzer, D.H.,, van Heuven, J.W., "A Model for the
& Spontaneous Heating of Coal", Fuel, 64, 963, (1985)

o Schmidt, L.D., Elder, J,L., "Atmospheric Oxidation of Coal at Moderate

#/*?h , Temperatures; Rates of Oxidation Reaction for Representative Coking
R Coals", Ind. Eng. Chem., 32, 249, (1940)
Y N s ‘v » §
o L0 Schreiber, R., Keller, H.B., "Spurious Solution in Driven Cavity
S Calculation", J. Comp., Phys., 49, 165, (1983)
T H ¥
. yﬁ Schulenberg, T. Muller, V., "Natural Convection in Saturated Porous
*:ﬁ‘gi Layers With Internal Heat Sources", Int, J. Heat Mass Transfer, 27
Lo (5), 677, (1984)
w g A
b ,”“‘ Shiralkar, G.S, Tien, C.L., "A Numerical Study of Laminar Natural
. o Convection in Shallow Cavities", J, of Heat Transfer, 103, 228,
¢ L (1981)

Smith, M.A,, PhD Thesis, "Oxidation of Various Coals at TLow
Temperature", University of the Witwatersrand, to be submitted

‘ ?ﬁ:', 1 Smith, R.M., "Finite Element Solutions of the Energy Equation at High

' mﬂ ‘;“ ; Peclet Number", Computers and Fluids, 8, 335, (1980)

R
: 3?;(2 % Sondreal, E£.A., Ellman, R.C., "Laboratory Determination of Factors
o pé! ndv‘A AffectingStorage North Dakota Lignite", Bureau of Mines Report, R.I.,
S 7887, (1974)
{‘%) [ ‘flv. . :
’ , ;a Spalding, D.B., "A Novel Finite Difference Formulati)n For
TNk
‘ Differential Expressions Involving Both First and Second Derivatives",
Int. J. Num, Meth., Engng, &4, $51-559, (1972)
Steinberg, V., Brand, H., "Convective Instabilities of Binary Mixtures
v With Fast Chemical Reaction {in a Porous Medium", J. Chem Phys.,
i 78(5), 2655, (1983)
#
L Tveitereid. M., "Thermsai Counvection in a Horizontal Porous Layer with
e
+ 5 ‘ Internal Heat Sources", Int. J, Heat Mass Transfer, 20, 104", (1977)
B ¢
SR
.
g e 4 .

'
S i wvarer g

i ik .J-JG s Llger—v-yp= bt s R



rd
A
- " N . *
- ‘u,rm . \"
. co R s
o o R '
' . 273
S g
L i
o A Tveitereid, M., Palm, E., "Convectlion Due to Internal Sources",
A J. Fluid, Mech., 76(3), 481, (1976)
A )
" i
o o Van Doornum, G.A.W., "The Spontaneous Heating of Coal", J. Inst,
¥, Fuel., 27, 482, (1954
Van Krevelen, D.W., "Coal", Elsevier, Amsterdam, (1981)
xd k

i Vasseur, P., Hung Nguy ., T., Robillard, L., Tong Thi, V.K., "Natural
PR ﬂ Convection Between Horizontal Concentric Cylirders Filled With a
’ Porous Layer With Internal Heat Generation", Int. J. Heat Mass
Transfer, 27 (3), 337, (1984)

o
ﬁf Viljoen, H., Hlavacek, V., "Chemically Driven Convection in a Porous
RN Medium", AICKE J., 33, 1344, (1987)
i
AT Viljoen, H.J., Gatica, J.E., Hlavacek, V,, "Induction Times for
%.’ =;ﬁ ' Thermal Explosion and Natural Convection in Porous Media", Chem. Eng,
.. Sci., 43¢11l), 2951, (1988)
Viljoen, H.J., Gatica, J.E., Hlavacek, V., "Convective Regimes in

Reactive Fluld Media due to the Interaction with Catalytic surfaces",
Phvsics of Fluids (in press)

P %;:&‘ ) white, D.B., "The Planforms and Onset of Convection with a
;ﬁﬂ"" Temperature-dependent Viscosity", J. Fluid Mech., 191, 247, (1988)
(e 1 .
. . wﬁ’ﬁ | foung, B.D., Two-dimensional Conduction and Convection in a Porous
i frr:: Medium: Application to Spontaneous Combustion of Coal", MSc Thesis,
e
et University of the Witwatersrand, (1985)
‘.'V‘:J s t
R 3 Toung, B.D., Wiiliams, D.F,, Bryson, A.W., "Two-Dimensional Natural
e A Corwvection and Conduction in a Packed Bed Containing a Hot-Spot and
‘ Its Relevance to the Transport of Air in a Coal- Dump", Int. J. Heat
y Mass Transfer, 29, 331, (1986)
s
5,
) i )
e |
¢ [
) ol
A} . 1
]

MR e s

roat A A e




i

PN HeP eEy TR Ty e e T TR T

RN L Pt

4
RS

*

e

LA

et ot ot

Y:
R dh iy ey v -






