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ABSTRACT

XEKE is a FORTRAN IV coded digital computer program for examining

the stability of the time behavior of the neutron flux spatial distribu-

tion in a reactor core under the influence of 135Xe. The program employs

two-energy-group diffusion type nonlinear kinetic equations to describe

the neutron flux and simulates the two-dimensional radial-axial time

behavior in multiregion reactor cores with cylindrical geometry and any

two-dimensional time behavior in multiregion cores with rectangular

geometry.
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I. INTRODUCTION

This report is a revision of the author’s report entitled XIUNEQ -

A TIJIOGroup, Two Dimensional, Mu.ZtiregionComputer Code for Examining

Flux Stability in Nuclear Reactors in the Presence of Xenon-135, IDO-

17127, dated January 1966. The author, while imposing program XKINEQ

to examine various reactor systems, found it possible to significantly

improve the original program. By direct solution, the xenon and iodine

equations were analytically integrated in time and solved at each mesh

point, which permitted the elimination of two subroutines contained in

program XKINEQ which were employed to integrate in time the xenon and

iodine equations. This action improved the accuracy of the simulation,

permitted larger time steps, and greatly reduced the computer time re-

quired for simulation. (Actual running time is decreased to about one

tenth.) Other improvements were an increase in the number of mesh points

which could be examined within the same memory storage requirements.

Thus the FORTRAN IV coded, digital computer program bearing the

name XEKE (pronounced Zeek and denoting an abbreviation for xenon kinetic——

Equations) is an extensively revised and optimized version of the original

program XKINEQ. Program XEKE permits a two-dimensional, two-group, multi-

regional investigation of the stability of the neutron flux distribution

in time. Specifically as XEKE is coded in this report it may be employed

directly to examine the stability of the neutron flux against first har-

monic axial oscillatory instabilities in cores with cylindrical geometry

or first harmonic oscillatory instabilities in rectangular cores. In

Fig. 1, schematics (A) and (B) typify an instability that may be examined

by program XEKE. With slight modifications of the boundary conditions

7



(A)

(c)

I

/
/
/

/

(B)

(D)

Note: Figure eight lines typify extreme values for the oscillation of
the normalized flux. Shaded plane areas represent nodal surfaces for
the oscillating flux.

Fig. 1 Some Simple First Harmonic Flux Oscillations Capable of Simula-
tion by Program XEKE.

.
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and spatial differencing operators, program XEKE may be employed to

investigate first harmonic radial oscillatory instabilities in cylindri-

cal or spherical cores. Schematics (C) and (D) typify radial oscillatory

instability modes. For background information on the effects induced in

nuclear reactors by 135
Xe, see the author’s report entitled, Xenon-135

Induced Instabilities of the Alwtron Flux in Nuclear Reactors, IDO-16985,

dated October 1964. Also see the list of references in IDO-16985 for

other literature related to xenon induced instabilities.



II. XENON KINETIC EQUATIONS

To simulate the behavior of a reactor core under the influence of
135

Xe, we will assume that the neutron flux is adequately described by

diffusion theory using two discrete energy groups. The time and space

behavior of the neutron flux,
135

Xe, and 1351 is then assumed to be

governed by the following system of equations:

1
a~l

— —= DlV2@l - Z#l - CJxxol + zs@2 + s o
‘1 at

11

~ a~2
—— = D V20 - .Za2@2- rluxxo2 + VzfQl + S2Q2
‘2 at

22

ax
— .yxEf (Ql
at

+ c#2) + AiI - Uxx (01 + rl@2) - Axx

where

al(;,t) =

q;,t) =

X(;,t) =

I(;,t) =

r.

t=

thermal neutron flux [neutron/(cmz)(sec)]

fast neutron flux [neutron/(cmz)(sec)]

135
Xe concentration (

135
Xe/cm3)

135
I concentration (1351/cm3)

generalized independent space variable (cm)

independent time variable (see).

(1.1)

(1.2)

(1.3)

(1.4)

.
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V2 =

D1, D2 =

Zz
al’ a2 =

v =

Zf =

x =
s

5 =
x

‘l’vz =

q=

E. =
1

E =
x

Ax,Ai =

~~>~i =

S1, S2 =

Laplacian operator (l/cmz)

thermal and fast diffusion coefficients (cm)

effective thermal and fast macroscopic removal cross sections
[excluding xenon, but incorporating any thermal or fast neu-
tron yields from fission, respectively, as appropriate (l/cm)]

average fast neutron yield per thermal induced fission

macroscopic thermal fission cross section (l/cm)

effective macroscopic slowing down cross section (l/cm)

microscopic thermal absorption cross section for xenon (cm2)

average thermal and fast neutron velocities (cm/see)

fraction of fast to thermal neutrons absorbed by xenon

fraction of iodine production from fast fission

fraction of xenon production from fast fission

xenon and iodine decay constants (l/see)

prompt xenon and iodine yields from thermal fission

any time constant source (or sink) of thermal and fast flux

[neutron/(cm3)(see)].

Now at equilibrium, Eqs. (1) assume the following form

2
‘lv ‘1O - ‘alOIO - ‘xxoOIO + ‘s@20 + ‘1°10 =

o (2.1)

2
- T-laxxo@20+ v~f~lo‘2V 020 - ‘a2@20 + ‘2°20 = 0 (2,2)

(2.3)

~i~f (@lo + E#’20)
10 = > (2.4)

‘i

and the thermal and fast stationary fluxes are the spatial solution of

the following equations:
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[

a10 + (Yx~x + Y@~202
‘lv ‘1O - ‘alAIO

- yxf 1A10
+ z~A20 + SIAIO = o

’10 + ~A20 + ‘x

2 —

‘2V ’20 - ‘a2A20 - ‘Yzf

(3.1)

A10 + (Yxcx + YiqA20-

A10
’20+ llA20 + Ax - + ‘xfAlo + ‘2A20 = o,

(3.2)
where

—— —
Y=Yx+Y~

Yx = 7X17

Yi = 7J7

If equilibrium units for the dependent variables are defined as follows:

Ql(;,t) = ‘$Io(mill(zt)

@2(;,t) = f120(m$)2(;,t)

X(;,t) = Xo(;)x(;,t)

I(;,t) = Io(;)i(;,t),

and Eqs. (4) are substituted

1 a~l ‘Alo— —= DIV2$1 + 2D1 Alo
‘1 at

1 3+2
—— = D V2$ ‘A20

2+2D2~
‘2 at

2
20

into Eqs. (1), there

(4.1)

(4.2)

(4.3)

(4.4)

result

J-L
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(5.4)

where

’10
+ (yxEx + yici) A20

’12 =
A10 + ~a20 + ‘x

‘“12
= A10/A20 “

set equal to zero are the

program XEKE.

seems appropriate to make

the particular set of

Equations (5) with both flux time derivatives

basic kinetic equations simulated by computer

Before pursuing our analysis further, it

some comments on the motivation for employing

kinetic equations given by Eqs. (1) and, in particular, for employing

two-group diffusion theory and the transformations given by Eqs. (4).

Two-group diffusion theory was used in formulating Eqs. (5) because var-

ious multigroup investigations (see IDO-16985), both analytical and com-

puter simulated, have indicated that using one-group diffusion theory to

examine realistic reactor systems can lead to significant error in ap-

praising stability against xenon. Furthermore, results indicate that,

in general, stability criteria resulting from one-group diffusion theory

permit much too liberal requirements for stability. The usual argument

made for”the use of one-group diffusion theory is that xenon is a signifi-

cant absorber of neutrons only at thermal energies, and therefore one-

group theory should suffice. However, we must not only consider the

influence of the factor which leads to instability (namely, the presence

of xenon with its time delay in appearance and its enormous absorption

cross section which is significant chiefly at thermal energies), but also

the factors which tend to stabilize the flux response (namely, the neutron

13



leakage, the delayed neutrons, and negative temperature feedback). The

stabilizing effect of delayed neutrons upon spatial instability, espe-

cially upon spatial oscillations, is negligible. Negative temperature

feedback, if sufficiently large and correctly distributed, can produce

a significant stabilizing influence upon the flux. However, one of the

most significant stabilizing factors is the neutron leakage, and it is

important to know its time and spatial behavior in ascertaining the

stability of a system.

Apparently, one-group diffusion theory is inadequate in predicting

stability in realistic reactor systems because it fails to properly de-

scribe the space and time behavior of the neutron leakage. Indeed, the

greatest leakage suffered in most thermal reactor systems is in the

higher energy groups. Furthermore, in nonhomogeneous, reflected, systems

the spatial distributions of the thermal and higher energy flux generally

are considerably different.

Thus, to effectively examine stability of a realistic reactor system,

we should account for the energy distribution of the neutron leakage.

However, reactor systems often have complicated core geometries, and the

problem of rendering adequate one- and two-dimensional analyses of a

system and still accounting for effects attributable to the remaining

dimensions is difficult. To demonstrate that Eqs. (5) considerably alle-

viate this problem, let us assume in Eqs. (1) that the leakage terms may

be described as follows:

D1V201 = D1V2@l (investigationdimensions) * B;@l (other dimension)

D2V2@2 = DlV2@2 (investigationdimensions) * B;@2 (other dimension)

where the B* terms may be space dependent but must be assumed constant in

time. me * sign indicates that the leakage may be positive or negative

as appropriate.

Now if the terms containing B* are grouped with the respective S

terms in each flux equation [Eqs. [1.1) and (1.2)], the resulting trans-

formed kinetic equations are Eqs. (5). [That is, Eqs. (4) are imposed

14
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upon Eqs. (1) and Eqs. (2) with the appropriate equilibrium leakage terms

subtracted from the resulting equations to give Eqs. (5).] Thus, we

observed that by imposing the transformations given by Eqs. (4), any

terms which can be reasonably grouped and expressed as equivalent S type

terms in Eqs. (1) are eliminated and their effects upon the system are

reflected through the resulting equilibrium flux distributions.

Admittedly, we have introduced space dependent terms due to the

appearance of the fast and thermal flux equilibrium distributions into

Eqs. (5), but we have succeeded in eliminating the unknown time indepen-

dent leakage terms in the dimension not under investigation and also

in eliminating the effective removal cross sections which are difficult

to accurately calculate and more difficult to experimentally determine.

Furthermore, the dependent variables in Eqs. (5) are dimensionless,

assuming a value of unity when equilibrium conditions are met. Thus,

supplying input data for program XEKE is easy, and it Is very simple to

impose any arbitrary perturbation desired as initial conditions for the

dependent variables. (See the sample simulation by XEKE in this report.)

Finally, although Eqs. (5) are more difficult, in general, to examine

analytically, they pose no real additional burden for computer simulation.

Fortunately, many techniques exist and are available for obtaining

the required equilibrium flux distributions. For instance, specialized,

sophisticated computer codes (e.g., ANGLE, CURE, EQUIPOSE, TRIXY, PDQ,

and TURBO) can be used. More important, we can, for adequately “mocked

up” critical facilities, obtain experimental flux distributions which

are often more accurate than data obtained from computer codes. Alter-

natively, we could, in principle, somewhat arbitrarily define the fast

and thermal equilibrium flux distributions over the reactor core to

yield a desirable space and time behavior for the neutron flux. Then,

with these equilibrium flux distributions specified, the necessary re-

moval cross sections could be determined directly from Eqs. (3) which

would define the absorption loading for the core.

15



To justify the approximation that the fast and thermal flux time

derivatives in Eqs. (5) may be set to zero and that the inclusion of

delayed neutrons is not necessary, we add Eqs. (1) together to give the

following time derivative term.

Imposing Eqs. (4) upon Expression (6), we obtain

a

(

@lo. +Q20

)
—@2+Xox+Ioi .

n VI 1 V2

(6)

(7)

To determine an order of magnitude value for each of the terms in Expres-

sion (7), let

Then, imposing the stationary values given by Eqs. (2.3) and (2.4), it can

be shown that the fast and thermal flux terms in Expression (7) are neg-

~igible compared to the xenon and iodine terms if

yi *
20 <<x

i

where lo is the effective thermal neutron lifetime including delayed

neutrons. For typical reactor systems, we find that

Ti ~ (0.06)
T

S800 (see)
i (2.5)(3 X 10-5)

which is greater than any effective neutron lifetime encountered in pre-

sent nuclear reactor systems. Thus, we can safely assume that the fast

*It is interesting to observe that because this expression is satisfied,

the fundamental flux distribution in high flux thermal reactors is gen-
135xe

erally unstable in the presence of . (See page 187, XDO-16985.)

,

.
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and thermal flux terms in Expression (7) are negligible and the flux time

derivatives in Eqs. (5) may be set to zero.

The main reason for neglecting the flux time derivatives in Eqs. (5)

is that their presence severely restricts the time step size (typically

less than one second) that may be employed and still maintain convergence

of the computer simulation. Since we wish to simulate the reactor model

over a period of hours, we must in practice delete the flux time deriva-

tives. However, we should be cognizant that with these derivatives

deleted and with the rather coarse spatial mesh imposed upon XEKE by the

computer storage capacity, certain incompatible initial perturbations

in the dependent variables will lead to incorrect simulation of the

system response. Usually the programmer will be aware of this situation

since, typically, the simulated response will change very rapidly over

each time step and may even produce negative (nonphysical) dependent

variable values. If the thermal flux exceeds a certain upper limit value

supplied as input data or becomes negative, XEKE will indicate that the

flux limits have been exceeded and will cease simulation of that problem.

The sample problem simulation in this report gives a typical initial

perturbation scheme which may be employed for examining stability.

17
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III. SPACIAL DIFFERENCING

To permit digital computer simulation of Eqs. (5), the spatial dif-

ferential operators must be converted to spatial differencing operators.

We will employ the central differencing scheme with uniform spacing to

effect this conversion. Thus we find that

●✃[f(i + %) - f(i - %)]
s+i

a~f
T ~+ [f(i + 1) - 2f(i) + f(i - 1)]
aSL h’s+i

(8.1]

(8.2)

where the arrow denotes replacement. Since llfllis not tabulated at the

mesh points i + % and i - %, the average value of f at these points is

used. This value is given by

< f(i+%) > =% [f(i+ 1) + f(i)]

<f(i-*)> =%l[f(i)+f(i -1)].

Thus, Expression (8.1) becomes

The Laplacian operator which occurs in Eqs. (5.1) and (5.2) may be

written as

(9)

.
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where m = 1 for

Thus, Eq. (5.1)

as follows:

cylindrical geometry

for the thermal flux

and m = O for rectangular geometry.

may be written in difference notation

1
~ [Ol(i + l,j) - Z$l(i,j) + I$I(i-l,j)] ++
hw

[@l(i + l,j) - @l(i - I,j)]
ri

L

+’~ [f+l(i,j + U - 2@1(i,j) + $I(i,j - 1)]
h
z

[

Alo(i + l,j) - Xlo(i – l,j)

+ 1[Ol(i+l,j)-~l(i-l,j)
2hr2 Xlo(i,j)

[

Xlo(i,j + 1) - ~lo(i,j - 1)
+

1

[$l(i$j + 1) - $I(i,j - 1)]
2hZ2 Alo(i,j)

()7XfM12
+ (i,j) [1 - x(i,.j)] OI(i.$j)

‘1

()
z~

— (i,j) [@2(i,j) - +I(i,j)] = O ,
+ D1(A)12

(lo)

where i denotes the radial position, j denotes the axial position in

cylindrical geometry, and i and j denote any two dimensions of interest

for rectangular geometry. Note that the thermal flux time derivative

has been set to zero.

A difference equation similar to Eq. (10) also results for the fast

flux description. It is significant to observe in Eq. (10) that with the

flux time derivatives set to zero, the time behavior of both the fast and

thermal flux is governed solely by the xenon’s time behavior. Further-

more, since spatial dependence does not occur explicitly in the xenon and

iodine equations, (5.3) and (5.4), it is necessary only to solve these

equations in time at each position i, j where iodine and xenon exist.

19



Returning to Eq. (10), if common terms are collected, we obtain

A(i

where

A(i,j) =

B(i,j) =

C(i,j) =

D(i,j) =

E(i,j) =

F(i,j) =

d) I$II(i,j + U + B(i,j) (II(i,j - 1) + C(i, j) 411(i+ I,j)

+ D(i,j) @l(i - l,j) +E(i,j) $I(i,j)

+ F(i,j) $2(i,j) = O

$I(i,j) = ZT(I,J)

lj2(i,j)= ZF(I,J)

()[

hr 2

~ 1 + “o(i’j :,l);;;o(i’j - 1)1=AT(I,J)10

(11)

()[hr 2 Alo(i,j + 1) - Alo(f,j - 1)

~
1-

2A10(i,j) 1=BT(I,J)
[
1+2i- 1! 2ro/h

r

[

l-2i
- lm+ 2ro/hr

+ ‘lo(i+ l’j) - ‘lo(i - l’j)

za~o(w 1=CT(I,J)
Alo(i+ l,j) - Alo(i - l,j)

2Alo(i,j) 1=DTT(I,J)
G(i,j) [1 - x(i,j)] -H(i,j) = ETT(l,J)

()Es

(i,j) h; = FTT(l,J)
‘1U12

()mf~2
G(i, j) = — (i,j) h: = GTT(I,J)

‘1

[(H
hzH(i,j)=21+f + F(i,j) = HTT(I,J) .
z

.

.

.

20



The terms on the far right side of the equality signs are the variable

names assigned to these terms by program XEKE. For the description of

the fast flux, the pertinent difference equation follows by arguments

similar to those imposed in formulating Eq. (11). The resulting equa-

tion for the fast flux is

I(i,j) $2(i,j + 1) +~(i,j) $2(i,_j- 1) +E(i,j) 412(i.+ l,j)

+~(i,j) f$2(i - l,j) +ii(i,j) cj2(i,j)

where

(12)

+I(i,j) = ZT(I,J)

@2(i,j) = ZF(I,J)

h2

()[

~(i,j) . # 1 + ‘20(i’j ;A1)(;,:;o(i’j - 1) 1=AF(I,J)z 20

()[h2 A20(i,j + 1) - ~20(i,j - 1)

F(i,j) = f 1 -
2A20(i,j) 1=BF(I,J)

z

[

~20(i. + I,j) - A20(i - l,j)
E(i,j) = 1 + ~i

- 1 +m2ro/hr + 2a20(i,j) 1=CF(I,J)

‘[ A20(i + l,j) - A20(i - l,j)
Ii(i,j) = 1 - Zi _ ~+m2r /h -

2a20(i,j) 1=DFF(I,J)
or

~(i,j) =~(i,j) [1 - x(i.,j)]-fi(i,j) = EFF(I,J)

()

WE u
Y(i,j) = ~ (i,j) h: = FFF(I,J)

2
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()m#.@
E(i,j) = (i,j) h~=GFF(I,J)

‘2

Fi(i,j) “[”(w+F(i,j) = HFF(I,J),

and again the terms on the far right side of the equality signs are the

variable names assigned to these terms by program XEKE.
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Iv. SPACIAL MESH MODEL AND BOUNDARY CONDITIONS

A typical spatial mesh model for a uniform cylindrical multiregion

reactor which demonstrates the nature of the spatial mesh model simulated

by computer program XEKE is given in Fig. 2. Application of the spatial

model to a rectangular reactor is obvious. The region to which each

mesh point applies is the rectangular region that encloses that mesh

point. The boundaries of the rectangular regions are determined by those

lines which equally divide the distance between adjacent mesh points.

It is apparent that as many regions of differing properties are possible

as there are numbers of mesh points (i.e., the product of MPR and MPZ).

The mesh points that lie outside the reactor core region portrayed

by the model in Fig. 2 serve to determine boundary conditions which will

be formulated for our model using the notion of albedo. To formulate

our boundary conditions, consider a reactor surface interface between two

media such that the fraction of the neutron current density leaving the

interface to the current density entering is a constant in time. This

fraction we shall define for our purposes as the albedo. Then assuming

that diffusion theory adequately describes the neutron current density

at the boundary, we have

!3=
@ + 2DV@
@ - 2DV@

boundary (bd) ,

and rearranging, we obtain

(13)
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MPR+? I 2 3 4(MPR) MPR+I
1 I I 1 1 1 1

- i

MPZ+2- -“
(6:5) (f5) (2:5) (;5) (4:5) (:5)

o MpR+2 SHTR HTR M$R+I
o - r(RADIAL)I

1- “
(6:1) (I”l) (2”j) (3:0 (;0 (;I)

I 1
MULTI REGION CORE

2- -
(6:2) (1:2) (;2) (;2) (4:2) (5:2)

[
3 --(MPZ)

(6:3) (1:3) (2:3) (3:3)

--HTZ ‘- ‘;3) 3(TYP)

f
dl-

~ CORE BOUNDARY

MPZ+I‘-
(6:4) (1:4) (<4) (:4) (4:4) (;4)

j z(AXIAL) hr(TYP)

hr=(HTR-SHtR)/-M PR, hz=HT2/Mp2

*ZERO VALUES FOR DIMENSIONAL INDEXING ARE NOT PERMITTED
IN FORTRAN.

Fig. 2. Typical Spatial Mesh Point Model for a Multiregion Cylindrical
Core for Program XEKE.

.

.
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v# ().. l--f
F =ao

bd
(14)

Now if the transformations given by Eqs. (4.1) and (4.2) for the fast and

thermal flux are imposed

and for the fast flux

v@2
= ’020

‘2 ~d ’20

However, we shall assume

upon Eq. (14), we obtain for the thermal flux

Vo
1

+~ ‘al’
(15.1)

bd bd

v@2

+q
=a 2“

bd bd

(15.2)

that both the albedo and diffusion coefficiefit

are independent of time so that

and

V02

‘2

Therefore, Eqs

VolI

= “20

bd
’20

‘al’
bd

=
a2 “

bd

(15.1) and (15.2) produce the boundary conditions that

o V@ =0.
‘\bd 2 bd

(16)

Equation (16) will be imposed at all pertinent boundaries except at the

boundary SHTR s r s HTR and z = HTZ where it will be assumed that a flux

node exists if axial instability occurs due to xenon. At that boundary

it will be assumed that for all time

@l(r,HTZ,t) = @lo(r,HTZ) (17.1)
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and

@2(r,HTZ,t) = 020(r,HTZ) , (17.2)

and thus we obtain from Eq. (17) that

@l(r,HTZ,t) = 02(r,HTZ,t) = 1 (18)

for all time.

Let us now examine Eqs. (11) and (12) at the boundaries which are

portrayed in Fig. 2 and given mathematically in Eqs. (16) and (18).

For the mesh point i = 1, j = 1, Eq. (11) becomes

A(l,l) ZT(1,2) +B(l,l) ZT(l,O) +C(l,l) ZT(2,1) +D(l,l) ZT(O,l)

+ E(l,l) ZT(l,l) +F(l,l) ZF(l,l) = O. (11.1)

But from Eq. (16), where we imposed the condition that

v+ =0
bd

we find that

ZT(l,O) = ZT(O,l) = ZT(l,l) ,

so Eq. (11.1) becomes

A(l,l) ZT(1,2) +C(l,l) ZT(2,1) + [B(l,l)+D(l,l) +E(l,l)] ZT(l,l)

+ F(l,l) ZF(l,l) = O. (11.2)

Furthermore it is easy to show that for those mesh points such that

l<i<~Randj=l, Eq. (11) assumes the form

A(i,l) ZT(i,2) + C(i,l) ZT(i+l,l) +D(i,l) ZT(i-1,1)

+ [B(i,l)+ E(i,l)] ZT(i,l) + F(i,l) ZF(i,l) = O, (11.3)

and for i = MFR and j =

A(MPR,l) ZT(MPR,2)

1

+ D(MPR,l) ZT(MPR-1,1)

+ [B(MPR,l)+ C(MPR,l) + E(MPR,l)] ZT(MPR,l)

+ F(MPR,l) ZF(MPR,l) = O. (11.4)
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Similarly for i = 1 and 1 c 1 and 1 < j < MPZ we obtain

.

.

.

.

A(l,j) ZT(l,j+l) +B(l,j) ZT(l,j-1) +C(l,j) ZT(2,j)

+ [D(l,j)+E(l,j)] ZT(l,j) +F(l,j) ZF(l,j) = O

and for i =MPRandl<j<MPZ (11.5)

A(MPR,j) ZT(MPR,j+l) + B(Ml?R,j)ZT(MPR,j-1) + D(MYR,j) ZT(MPR-l,j)

+ [C(MPR,j)+ E(MPR,j)] ZT(MPR,j)

+ F(MPR,j) ZF(MPR,j) = O. (11.6)

However, for the mesh point i = 1 and j = MPZ we impose the condition

from Eq. (18) that

@l(r,HTZ,t) = 1 ,

and thus Eq. (11) becomes

B(l,MPZ) ZT(l,MPZ-1) + C(l,MPZ) ZT(2,MPZ)

+ [D(l,MPZ)+ E(l,MPZ)] ZT(l,MPZ)

+ F(l,MPZ) ZF(l,MPZ) = -A(l,MPZ). (11.7)

Similarly for 1 < i < MPR and j = MPZ we obtain from Eq. (11)

B(i,MPZ) ZT(i,MPZ-1) + C(i,MPZ) ZT(i+l,MPZ) + D(f,MPZ) ZT(i-l,MPZ)

+ E(i,MPZ) ZT(i,MPZ) + F(i,MPZ) ZF(i,MPZ) = -A(i,MPZ),

and finally for the mesh point i = MPR and j = MPZ we find using Eq. (18)

in Eq. (11) that

B(MPR,MPZ) ZT(MPR,MPZ-1) + D(MPR,MPZ) ZT(MPR-l,MPZ)

+ [C(MPR,MPZ)+ E(MPR,MPZ)] ZT(MPR,MPZ)

+ F(MPR,MPZ) ZF(MPR,MPZ) = -A(MPR,MPZ).
(11.8)

Formulation of Eq. (12) for the fast flux at the boundary mesh points

which was accomplished in the preceding formulation for the thermal flux,

follows the same procedure as that imposed on the thermal flux. Equations

(16) and (18) are simply imposed at the appropriate mesh points, and the

equations for the fast flux at these points are easily obtained.
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v. MATRIX FORMULATION AND SOLUTION TECHNIQUE

If Eqs. (11) and (12) are now arranged into an equivalent matrix

equation using the boundary conditions stated previously, we have

MO=N

where M is the coefficient matrix, @ is the flux column vector, and N is

a column vector. For example, if wehavelci<3 and l<jc2, then—. ——

our matrix equation assumes the form given in Fig. 3.

Note that the coefficient matrix M is essentially a pent-diagonal

matrix with two “outriggers“ whose positions are governed by the number

of radial mesh points; i.e., the B!s begin at the matrix position

[2(MPR) + 1,1] and the A’s begin at the matrix position [1,2(MPR) + 1].

The particular arrangement of the flux components of the column vector @

was selected since the coefficient matrix M which results has a reason-

able, orderly disposition of elements. Also, the column vector N is

nonzero only toward the end or bottom of the vector; i.e., (N. .) = O
l>J

for l~i~MPRandl~j ~MPZ1. This arrangement scheme considerably

reduces arithmetic operations in upper triangularizing the coefficient

matrix and backward solving to obtain the solution vector o which is the

solution method employed in program XEKE. Many techniques and schemes

exist for solving matrix equations. The method employed in program XEKE

is essentially a modified Gaussian reduction scheme. Specifically, it is

given the name Banachiewicz-Cholesky-Croutby Kern and Kern in the Math-

ematical Handbook for Scientists and Engineers, McGraw-Hill, New York (1961).

Of course using any form of a Gaussian reduction scheme on a general,

large, “dense” matrix would be lengthy and time consuming. We would be

.

.
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well advised to use some appropriate iteration scheme with fast conver-

gence if available. However, coefficient matrix M is not “dense,” and

by taking advantage of the many zero terms, it is possible to specialize

the Banachiewicz-Cholesky-Croutmethod for the particular form of coeffi-

cient matrix M and obtain a reasonable scheme which permits the flux

column vector to be found without requiring excessive computer time or

introducing significant roundoff error.

The Banachiewicz-Cholesky-Croutmethod consists in taking the matrix

system

‘llX1 + C12X1 + “ “ “ + clnxn = ‘1

‘21X1+ ‘22X2 + “ “ “ + c2nxn = ‘2

. .
, .
. .

+ Cn2X2 + . . . + CnnXn = dn
Cnlxl

and transforming it to the equivalent upper triangular matrix system

‘1 + a12x2 + a13x3 + “ “ “ + alnxn = bl

‘2 + a23x3 + “ “ “ + a2nxn = b2

.

.

.

x = b
n n

using the following recursion formulas:

a.
= cil

(i=l,2,0..,n)
11

ali
-c/cIi ~1 (i=2,3,0.. ,n)

.

.

k-1

aik = Cik - x aijajk
(i~k; k=2,3,...,n)

j-l
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.

and

aki=*

k-1

Cki - E akj aji
(1=2,3,...,n; ksi.)

The solution vector is obtained

j-l

aijbj ) (i=2,3,...,n) .

by backward solving from Xn, xn_l .. to

‘1 by using the following formulas:

x =b
n n

n

~=bk-
Z akj‘j

(k=n-l,n-2,...l).

j=k+l - -

.

.

31



.

.

VI.

In IDO-16985 it was

EXPERIMENTAL CORROBORATION

found that not only the size and coupling of a

reactor core but also the average ratio of the fast-to-thermal equilib-

rium flux are significant factors in governing stability. Further, it

is found that, in general, for typical reactor systems the greater the

value of average fast-to-thermal flux the more stable is the response of

the system to various perturbations from equilibrium conditions.

A significant fact concerning the fast-to-thermal flux ratio is

that some degree of experimental corroboration of the simulation given

by XEKE can be made through cadmium ratio measurements of fissile fuel.

Of course the same technique could also be used to obtain the equilibrium

flux distributions required for program XEKE. To demonstrate the proce-

dure, let us return to Eqs. (l).

‘l’he“fast” flux given

J

m
@2 = @(E)dE

Em

and the “thermal” flux as

in Eq. (1) is defined as

J
Em

@l = @(E)dE ,
0

m is the cutoff energy defining groups one and two.where E [See Hickman

and Leng, “The Calculation of Effective Cutoff Energies in Cadmium,

Samarium, and Gadolinium,” Nuclear Science and Engineering, Vol. 12,

pp 523-531 (April 1962) for a determination of cutoff energies.] The
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fast-to-thermalequilibrium flux ratio is l/u12, where w
12 = A10/A20,

’10
=a@

x 10’and ’20 = ‘XQ20 (Ox is the thermal absorption cross section

of xenon).

Thus, we obtain

1
A20(;) 020(;)

(19)

For our two-group program we may, for example, use

obtained in each region of interest from computor codes

two-group constants

GAM and TEMPEST.

In particular, the parameters VZ
f.

and VZ
f.

are evaluated as follows:
1- L

GAM: V~f =

2

TEMPEST: V~r =

‘1

J
m

VN
fE

uf(E) @(E)dE

m .

J

m (20)

O(E)dE
E
m

Em
VN

J
Of(E) @(E)dE

‘o

r
Em

.

O(E)dE

(21)

Jo

Now , the experimental fuel cadmium ratio, CRf, may be defined as follows:

J

Ecd

-1

w

o
uf(E) @(E)dE + uf(E) O(E)dE

CRf =
‘Cd

J

m

E Uf(E) @(E)dE
Cd
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CRf = bare fuel detector activation
Cd covered fuel detector activation .

.

or

s‘Cd uf(E) 4(E)dE

CRf-l= 0=

JE
af(E) O(E)dE

Cd

(22)

where Ecd is the effective cadmium cutoff energy.

We can now rewrite Eqs. (20) and (21) in a slightly different form

to obtain an expression in terms of both Em and Ecd.

Thus, for GAM:

J‘Cd

J

m

uf(E) @(E)dE + af(E) @(E)dE
Em

‘Cd

J

E

I

m
cd @(E)dE + @(E)dE

.Em ‘Ecd

(23)Vz = VN
‘2

f

and for TEMPEST:

J‘Cd

s

‘Cd
uf(E) O(E)dE - uf(E) @(E)dE

o E-
Vx = VN

‘1
f

. (24)

J‘Cd
@(E)dE -

J
‘Cd

@(E)dE
o Em

Substituting Eqs. (23) and (24) in Eq. (22) we obtain
r 1

J‘Cd

J

E
Vz @(E)dE - cd @(E)dE + vNf

J
‘Cd

‘1 o Em Em
CRf-l=

(s

m

J‘Cd
lJ

.

VE @(E)dE + O(E)dE ‘Cd- UN of(E) @(E)dE
‘2

‘Cd
Em f Em

uf(E) @(E)dE

.

L J
(25)
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We now consider three cases for the values

‘ECd‘
(b) Em=ECd, and (c) Em > ECd.

Case (a) (Em < Ecd). If this condition exists,

in Eq. (25) is positive. Furthermore, we shall

of E
Cd

and E~: (a) Em

then each of the integrals

now restrict the discus-

sion to thermal or near thermal reactors in order that CRf be strictly

greater than unity (and thus CRf - 1 > O), and to reactors having a fis-

sion spectrum (and thus CRf < CO). Hence, Eq. (25) can be written as

:]

~

E
VE m O(E)dE

(CRf -
‘1

1)<~

J

m

‘2 O(E)dE
Em

or, using Eq. (19), we obtain

Vz
‘2

—(CRf - 1) < U12.
Vz

‘1
(26)

Case (b) (E = ECd). In this case, the integrals from Em to ECd are allm

zero in Eq. (25),andwe can write Eq. (25) as

:1
Em

Vz
J

O(E)dE

(CRf
‘1 o

-1)=~ ~

‘2
J

@(E)dE
Em

or, again using Eq. (19), we obtain

Vx=
‘2

—(CRf - 1) = (A)12.
Vz

‘1

(27)

Case (c) (Em > Erd). In this.

‘Cd
are negative, and without

case, the integrals in Eq. (25) over Em to

specific information regarding the functions
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O(E) and uf(E), the relative magnitudes of the left- and right-hand sides

of Eq. (25) are indeterminate.

Therefore, if Em S E.
Cd

, we can obtain Eqs. (26) and (27), which can

in turn be written as

1<

’12

A stability

Uz

‘1
Vz (CRfl- 1) “
‘2

(28)

criterion resulting from program XEKE is that the fast-

to-thermal flux ratio, l/u12, be equal to or greater than some average

value, K, over the core. Thus,

VE

K+

J

dv< ‘1

’12
- Vz (CRfl- 1) ‘

volume ‘2

and conservatively our experimental stability criterion becomes:

Vz
‘11cRf<l+~–
.K

(29)

(30)

‘2

where CR in Expression (30) is the volume average value found experimen-
f

tally in the region of interest.
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VII. TIME SOLUTION SCHEME FOR THE XENON AND IODINE CONCENTRATIONS

As was stated previously, it is significant to understand that with

the flux derivatives set equal to zero in Eqs. (5.1) and (5.2) the time

behavior of both the fast and thermal flux is governed solely by the time

behavior of the xenon concentration. Furthermore, since the xenon and

iodine equations exhibit no spatial operators and thus are not explicitly

space dependent (we assume that the fuel, xenon, and iodine are station-

ary in space), it is only necessary to determine the change in the xenon

and iodine concentration over a time step At at each spatial mesh posi-

tion where xenon and iodine exist in the reactor model.

Now Eq. (5.4) may be integrated over the time step At to yield

-AJt+At)
-AiAt Aie

J

t+At Afc

‘AIO$l+ ciA20’$2)e d<.i(t + At) = i(t)e + ~lo
+ ‘iA20 t

To evaluate the integral expression in Eq. (31)A~ impose the mean

theorem for integrals (note that the function e i is nonnegative)

gives

(31)

value

which

7

(32)

where~l and~2 are mean values defined byEq. (32). Equations (31)

and (32) may be combined to yield the following expression for the iodine

concentration integrated over the time step At at each spatial mesh point
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-AIAt –
i(t + At) = i(t)e

+ .;,20- (1 - e-AiAt)*
+ ‘1O$1 + ‘“A20@2

‘1O
(33)

To evaluate the terms Tl, and ~2, we shall use the following approxi-

mate expressions which

sonably accurate for a

mesh point.

are easily evaluated by program XEKE and are rea-

sufficiently small time step At at each spatial

T-l=; [301(.t)- @l(t -At)] (34.1)

;2 (34.2)‘+ [3$2(t) - $2(t - At)]

With

xenon Eq.

obtaining

x(t + At)

the time behavior of the iodine concentration now known, the

(S.3) may be integrated using similar arguments imposed in

Eq. (33). Thus we obtain

-kit
= x(t)e

[
+* ~lo;l + (Yxcx

—
](

-kAt
+ ‘iei)A20@2 1 - e )

12

1
{‘M12(k- ~i) ’10‘i(t) 01}(-Fll +’i~20[i(t) -–2 )e-AiAt - e-kAt

(35)

where

k = Alo~l + qA20~2 + Ax

and we shall assume that all mean value ter’msfor ~1 and ~q, respectively,

are approximately the same and

respectively, for sufficiently

Equations (33), (34), and

XEKE to simulate the time step

tions at each mesh

the resulting fast

mined at t + At.

J. L

are defined by Eqs. (34.1) and (34.2),

small time steps.

(35) are the equations employedby program

change in the xenon and iodine concentra-

point. With the xenon concentration known at t + At,

and thermal flux spatial distribution can be deter-

38
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VIII. PROGRAM “XEKE”

The main program is XEKE which is coded in FORTRAN IV language. A

flow diagram from the procedural logic of XEKE is given in Fig. 4. All

pertinent input data enters the system via XEKE, and all output data,

exits the system via XEKE. Furthermore, XEKE exercises control over

the execution of the program. The core capacity of the IBM 7094, for

which program XEKE was initially written, dictates limits upon the num-

ber of spatial mesh points that may be used. If values of MPZ or MPR

greater than 12 are desired, the DIMENSION statement in XEKE as it appears

in the FORTRAN Source List, following Fig. 4, must be properly adjusted.

However, any adjustment must preserve the limits that

2sMPRs33

2sMPZS 168

{ }
56 s (MPR) 2[(MPR)(MPZ) - 1] + ll(~Z) s 5052*.

The sequence in which the punch cards are loaded to execute program XEKE

is given in Fig. 5. The control cards [$ sign) may differ in form with

various computer installations.

*When XEKE is run on digital computers with storage capacity other than
32,767 (IBM 7040, 7090,typically) these limits may change.
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I Program Identification I End I

I Set Indexing Parameters I

I Read Initial Conditiona
of Dependent Variables I

t

1Calculate Kinetic Equation

Parameters

Specify Time Independent
Matrix Element Values

*

I Set Time Range and Print
Control I

I

I Return to Execute Next Simu-’
lation (ff Data are Present)

+

Print and Time Check
(Solution Print W)

Backward Solve for l%ermal
and Faat Flux

I
Upper Triangularize Matrix

I

*

I Begin Solution Simulation I
9

Integrate Xenon and Iodine
Concentrations One Time Stap

!

.

.

Fig. 4. Flow Diagram forProgram XEKE.

.

.
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PROGRAM XEKE (INPUT,0UTPUTOTAPEIO=INPUToTAPE9=OUTPUT)

*

.

000043

000043

000043
000046

000066
000051
000051
000062
000062
000073

000073
000130
000130
000145

000145
000166

000166
000217
000217

000253

: ***eg*a*a*9o***9**o*g*a**ga9**o*o***9a*o@o****99*9**a*a**a*****9@e

c SIMULATION OF THE SPAcE AND TIME DEPENDENT KINETIC EQUATIONS
FOR ANALYSIS OF XENON INDUCEfj FLUX INSTABILITIES IN NUCLEAR REACTORS

: EMPLOYS TwO ENERGY GROUPS OF NEUTRONS [TWO GROUP DIFFUSION THEORY)
c FoR TWO oxMENSIONAL INVESTIGATION OF REAcTOR cORES WITH UNIFORM
c CYLINDRICAL GEOMETRY OR RECTANGULAR GEOMETRY

*e***@***ea*99a***ee*u**#@e***e**&e*****g**ee9*#****gg****e******a
:
c STORAGE ALLOCATION
c

DIMENSION GL(715i?)0 GU(7152)$ CRl[288)t X(2881t Y(288)0 C1R1288)0
1 B(287)! C31(286)0 c32(287)* C33(288)$ C34(287)0 C35(286)S 0(288)0
2 ZT(12012)0 ZF(12!12)? YA(12c12)s XAT(12912)0 XAF[120121?
3 AT112012}9 AF(12012)Q YB(12912)Q OTT(12C12)* oFF(12012)9
4 BT[12S12)9 BF(12012}$ XM(12012)t ETT[12912)0 EFF(12912)$
5 CT(12012)0 CF(12012)0 ROERT(12012)9 FTT(12$12)9 FFF(12?12)0
6 SF(12012)0 FT(12012)o ROERF(12912)9 GTT(12012)9 GFF(12?A2)0
7 xA(12~12)s xB(12012)0 ZOERT(12912)$ HTT[12012)9 HFF(12912)9
8 XC(12C12)0 XD(12012)0 ZOERFl12~12) o RFT(12912)0 XE(12012)t
9 ET(14914)0 EF(14014)0 FMPRS[13)9 ZTP(12~12)0 ZFP[12J12)

c
EQUIVALENCE (XATOGTT) O(XAF*GFF), (FTOFFFJEFF) o(SFSFTT~ETT) O(XMSYA)t

1 (ZOERT~BT) *(ZOERFoBF) CIROERToOTT) s(ROERF~OFF) SIRFTOYB)S(ATSZTPl O“
2 (AFoZFP)O (XoC33)s (OOCIR)Q (B$CR1)

c ****@********o**o***e*@*e*e***0*****@*9*e***o*e**oo***e***9*******

c
c PROGRAM IDENTIFICATION
c

WRITE(9934)
34 FORMAT (1H1C95HXEKE IS A FORTRAN 4 COOED PROGRAM FOR INVESTIGATING

lFLuX STABILITY IN THE PRESENCE OF XENON-135/lH ~127HUSES 2 GROUP O
21FFUSION THEORY ANO EXAMINES 2 DIMENSIONS IN UNIFORM cYLINDRICAL Q
3E0METRY IJR 2 DIMENSIONS IN RECTANGULAR GEOMETRY/lH s41H*~SEE LASL
4REPORT FOR PERTINENT OETAILS**)

61
66
68

69
c
c
c
c

81

82

WRITE(9S61)
FORMAT(1H 039HCOOE0 OY GARY M. SANOQUIST IN JULY 1966)
READ [10s68) (FMPRS(J)oJ*l~13)
FORMAT(13A6)
wRITE (9$69) (FMPRS(J)!J=1,13)
FORMAT(IHO013A6)
e9a***o*o@@******a*o***9**9*eo**a********a*******9e9*9**o9a9***99o

READ PARAMETER VALUES

READ (10s81) t4PRsMPZoHTRQHTZtXLXtXLI SGXOGItEXOE:SFNtSHTRtNGEMTY
FORMAT(2110,2F10,602E10,6*2FlU.6/4F10.60 110)
WR!TE(9$82)MPR*MPZOHTRQHT2!SHTR
FORMAT (lHOt18HRAOIAL MESH POINTSQ9XS17HAXIAL MESH POINTS,7Xo13HRA0

lIAL LENGTHs 16x~12HAxIAL LENGTH99X09HHTR START//lH ~I10?125~2F28.5s
2F20.al

wRITE(9~921 XLXQXLIOGXOGI ~EXOEISFN
92 FORMAT (lHO~6XC3HXLX0 12X!3HXLI c13X~2HGXS14X*2HGIo 14X02HEXS 14X~2HEI0

l16x,2HFN//1H 01P2E15,7c1P5E16.7)
READ (10097) ((SF(JtK) oXAT(JsK)tFT(JoK) oXAFIJSK) SJ=lSMPR)~K=lOMPZ)

97 FORMAT(8L1OO5)
WR1TE(9S99) ((JoKoSF(J~K)~XAT(J~K) sFT(JoK) wXAF(JOK)OJ=l sMPR)s

1 K=1oMPZ)
99 FORMAT[ll’tO$5H R9Z ~7HSF[ROZ) 06X~8HXAT(ROZ) 05XOTHFT(R?Z)c6Xo

1 8HXAF(R$Z) 06XS4HR02 07HSF(ROZ) c6X~8HXAT(R$Z) 05X~7HFT[ROZ)06XS
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-------- .-- . . . . . . . . . . . ... -—.. -.—-—. ------ -...——- --

000253
000255
000257
000260
000261
000263
000264
000265
000267
000271
000274
000276
000300
000302
000304
000306
000310
000312
000313
000314
000316
000321
000324

000327
000330
000332
000334
000336
000337
000342
000344
000351
000351
000356

000356
000356
000375
000414
000426
000431

000431
000433
QO0434
000442
000474

:
c
c

c

;
c

109

119
c

:
c

102

139

t.iPRP2 8 BPR + 2
MPRMJ 8 MPR -1
MPZP2 8 MPZ * ~
MPzMl m MPZ - 1
MPRD = 2 ● MPR
MPI?DPI 8 MPRD ●

uPRDP2 e UPRD ●

MPRr)t41 8 t4PRo -
MPRDt42 a MPRD -
t4PROD3 s MPRD ● iMPRD - 3)
NEQ m MPRD ● MPZ
NEQM1 = NE(J-1
NEQM2 = NEQ - 2
NEQM3 = NEQ-3
NEQMR = NEQ - MPRD
NEQMIR = NE(2MR - 1
NEQM2R = NEQMR - 2
NEQMR1 = NEQMR + 1
NEQMR2 = NEQMR ● 2
NEQT = MPRDP1 * NEQM2
NEQTM 1 = MPRDP1 * NEQM2 ● 1
NEQTM2 = MPRDP1 ● NEQM3 ● 1
NEQTMR = MPRDP1 ● NEQMR ● 1
*****u*****e*****e****aae***ga*..aeeew*eee*e**e***eae.*eae*e**aaob

CALCULATE SPACIAL MESH

FMPR B MPR
FMPZ = MPZ
HR s HTR/FMpR
Hz 8 HTz/FMpz
HRSQ 8 HR*IiR
HRZSQ 8 HRSQ/(HZ*HZl
DRDHR B 2, * sHTR j HR
wRITE(901O9I HR
FORMAT (lHO~5Xt28HRADIAL MESH SPACE STEP IS **tF12.8)
WRITE(9S119) HZ
FORMAT (lHO05X~27HAXIAL MESH SPACE STEP IS ●*JF12.8)
~*a9*u9**e***e*oeeee**9*99*a*e*e*eaee*ea*a94e**.*a**e9ee99ae*e*9ea

READ INITIAL CONDITIONS OEPENDENT VARIABLES

FORMATI8F1O,6)
READ (10s102) l(ZT(JsK) OJ=lsMPR)~K=l oMPZ)
READ1100102) ({ZF(J~K)oJ=l sMPR)~K=loMPZ)
READ (100102) IY(K)oK=20NE(202)
liRITE(90139)
FOii!AT fiHOo30X044HINITIAL CONDITIONS NORMALIZED VARIABLESIRoZ)/

llH 04XS4H RsZ~26XO12HTHERMAL FLUXJ13X09HFAST FLUX?16X~6HIODINE~19X
2*4H RtZ/1)

-.

00 67 K=ltMPZ
00 67 J=AcMPR
L = MPRD*(K-1) +2*J

67 WRITE (9t1401J~KtZT(JoK) sZFIJoK}QY(L)tJsK
140 FORMAT(1H 04X0212026X~F1008015XtF\0,8t 15XoF10.8~15X,Z12)

c 9e*e**me*eea*ae**ae****.e*aeeg****e..*****a..*aee*a.~.e**h@e@we*e@

.

.

.
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000474
000474
000513
000536

000536
0005s5
000600

000600
000602
000604
000610
000615
000620
000620
000621
000623
000627
000632
000632
000634
000644
000654
000656
0006S7
000672
000706
000710
000711
000724
000740
000742
000755
000766
000767
000776
00101s
001020
001025
001033
001035
001040
001044
001050
00A054
001060
001064
001067
00 A073
001076
001103
001106
001113
001116

c

:
200

202

READ THERMAL AND FAST Equilibrium FLUX DISTRIBUTIONS

FORMAT(8E1OO5)
READ (10!200) [lET(JtK) oJ=lsMPRP2)~K~l oMPZP21
wRITE(90202) ({JsKoET(JoK) oJ=10MPRP2) oKs1oMP2P2)
FORMAT (lHOo30X075HE9U1L16RIUM VALUES THERMAL FLUX TINES MICROSCOPE

lC XENON CROSS SECTION(R,Z)//(I3,I2~lX~lPE9.3oT (1401201X~lPE9031))
READ (100200) ((EF[JtK)~JsloMPRP2)~K=l oMPZP2)
wRITE(9~208) ((JoKcEF(J9K) qJ=lcMPRP2) tK=l*MP2P21

?08 FOR~4AT (lHOo30X?71HEQUILIBRIUM VALUES FAST FLUX TIMES MICROSCOPIC X
lENON CROSS SECTION(RoZ)// (13c12slX$ lPE90307(14012$lX~ 1PE9031))

c

:
c

48

49

57
58

59
62

717

43

42

*******g~****.9**e+*9**e9*ee4e*ea*abe*a*oe**@eeeee*9b9aeeoeeea**ma

cALCULATE KINETIc EQUATION PARAMETERS

IF(NGEMTYoEO,l) 00 TO 57
DO 48 Jx1oMPR
DJM1 s2@J-1

FMPRS(J)=10/(OJMl+DRDHR)
URITE[9**9)
FORMAT (1H1O33HEXAMINATION VOLUME IS CYLINDRICAL}
GO TO 62
DO 58 J=AoMPR
FMPRSIJ)=O,O
WRITE(90S9)
FORMAT (1H1O33HEXAMINATION VOLUME IS RECTANGULARI
00 717 J=l$MPU
ZDERT(J!l) = (ET(J02)-ET[JoMPZP2))/(2.*ET (J$l))
ZOERF(JS1) = [EF(J02}-EF(JoMPZP2))/f20*EF (Jo1))
DO 43 KBivMpZ
00 43 J=2*MPR
ROERT(J~K)= lETIJ*l$K)-ETIJ-l$K))/t2.*ET (JsKl)
RDERF(JoK)= (EFIJ*lJK)-EF(J-10K)l/(20*EF (JoK))
DO 42 Ksi?~MPZ
DO 42 J=1oMPR
ZDERT(JOK)* (ET(JoK*l)-ET(JsK-1))/(2.~ET (JoKI)
ZOERFIJSK)= (EFIJsK*l)-EF(J,K-1))/(2.OEF (JsK))
DO 603 K=l,MPZ
ROERTIISK) =(ET[20K)-ET(MPRP20K]) /(20@ET(10K))
RDERF(l*K) *(EF(2~K) -EF(MPRP2sK)) /(20*EF(10K))
00 603 J=l~MPR
RFT(JwK)=EF(JoK)/ET(JoK)
XM(J9K)= (ET IJOK)O(GX*EX*GI*EI )*EF(J~K)l/(ET(J$K)~FN@EF (JoK)*XLX)
XA(JOK) B FN ● EF(J,K)

XB(JSK) = ET(J~K) / XM(JOK)
xC(J~K) = RFTIJsKI * (GX@EX ● GI*EI)
xD(J?K) s QI O xa(JOK)

XE(JOK) m EI o RFT(J,K)

CT(JOK) ● [l,*FMPRS(J)* ROERT(JOK))
cF(J,K) s (I**FMPRSIJ)* RDERF(J*K))
DTTIJoK)= (10-FMPRS[J}- RDERT(JsK))
DFF(JoK)= (10-FMPRS(J}- RDERF(J$K))
AT(JsK) =(1, + ZDERTIJCK)I*HRZSQ
AF(JsK) s(1, ● ZDERFlJSKI)*HR2s0
BT(JoK) ●(16 - ZOERTIJoK))~HRZSQ
BF(JoK) =[1, - ZOERFIJQK))*HRZSQ
FTT(J?K) = SF(JOK}*RFT (JSK)OHRSQ
FFF(JoK) = FTIJtKl*HRSQ/RFT(JtK)
GTT(JcK) ● XAT(J$K)*XM(JoK)*HRSQ
GFF(JoK) ● XAF[J,K)*XM(J~K).HRSQ
HTT(JsK) ● 2.~[io*HR2S9) ● FTTIJoK)
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001124

001137
001160
001141
001147
001153
001156
001160
001161
00i163
001165
001167
001176
001176
001200
001204
001205
001206
001207
001210
001212
001213
001216
001222
001226
001226
001227
001235
001241
001244
001246
001256
001256
001262
001266
001273
001274
001276
001277
001301
001305
001307
001311
001314

001321
001322
001326
001330

001362
001363
001367

603

:

E

608

463

602

609

1

2
c
c

;

HFF(J!K) = 2.*(1.*HRZS9) ● FFF(JsK)
*&***b*e****9*****.*ee**9e~*0*eeeo*e9**#******e*a*e***e*9me*eeeee*

SPECIFY MATRIX ELEMENT VALUES

DO 608 K=l~MPZ
00 608 J=l,MPRM1
L= MPRD*(K-1)+ 2@J -1
C35(L) ~ CT(JSK)
C35(L*1) = CF(JSK)
C34(L) = FTT(JoK)
C34(L+1) = 0,0
C311L) = DTT(J*l,K)
C31(L*1) = DFF(J*1oK)
C32(L) = FFF(J~K)
C321L*11 = O*O
DO 443 K=1oMPZM1
N = MPRD*K
C34(N-11 = FTT[MPRsK)
C34(N) = O*O
C31 (N-1) = 080
C31(NI = O*O
C32(N) = O*O
C32(N-1) = FFF(MPRoK)
C35[NI = 000
C351N-1) = O*O
c34iNEQMl) = FTTIMPR$MPZ)
C32(NEQM1) FFF(MPRoMPZ)
DO 602 K=lQMP;M1
00 602 J=ltMPR
LB MPRD*[K-1) ● 2*J - 1

ClR(L) = ATIJsKI
CIR(L*l) = AF(JsK)
CRIIL) = f3T(JoK*l)
cRllL+l) = BF(J~K*l)
00 609 J=1oMPR
JPRZMR = 2*J ● NEQMIR
D(JPRZMR) = -AT(JoMPZ)
D(JPRZMR*l) =-AF(JOMPZ)
GL(2) = C32[1)
GL(31 = C31(11
DO 1 K=l~NEQMR
M = MPHOP1 ● K “
GL(M) = CR1(K)
Do 2 K=19MPRDM2
KM1 = K - 1
LsMPRDP1 * KM1 ● 3
GL(L) = C31(K)
@**~@9*#********@**@**~~*~~*+~*#~*&e#*ea*.+***~**e**a*~**~***gee*@

CALCULATE INITIAL CONDITIONS FOR XENON

DO 237 K=2~NPZMl
1. = MPRO*(K-1)* 1
N = L ● MPRLIM2
Y(L) = 1. ●[CT(1SK)*ZT[2DK) ●(DTT(lsK)- HTT[l~K} )OZT(lsK)*AT (1oK)

1 ●zT(l,Kel) ●BT(l,K) 9 ZT(l,K.1] ●FTT(l,K)@zF(l,K))/(GTY(l ,K) ●

2 ZT(1OK))
DO 23B”J=20MPRM1
M = L 42*J-2

23S Y(M) s 1* ●(CT(J?K)*ZT(J*19K) *DTT (J9K)*ZT(J-lJK}-HTT[J,K) ●zT(J,K)
1 ●AT(JoK)*ZT(JOK*l) ● BT(JoK) @zT(J~Kol) tFTT(J~K)OzF(J,K)]/

.

.
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.
001431

001465
001466

001512
001515

001556

001574

001614

001643

001673
001710
001710
001725

001725

00
00
00
00
00
00
00
00
00
00

00
00
00

%
00
00

. 00

M
00

,727
!731
,733
735
736

,737
,744
,747
,754
,764

,765
,767
,771
,772
,774
,775
!004
!012
!022
!024
!027

2 (GTT(J!K)*ZT(J,K))
237 Y(N) = lc*((CT (MpRQK)-HTT(MPR~K) )eZTIMPROK) ●OTT(MPRoK)*ZT

1 M1oK) ● AT(MPR,K) *ZT(MPROK*l)* BTIMPRoK) ●ZT(MpRSK-1) ●

2 FTT(MpRoK)*ZF(MPR~K))/(GTT (MPRsKleZTIMPROK))
00 239 J=2BMPRMI
Y129J-1) =1o+(CT(JO1)*ZT (J*l*l) ●OTT(JO1] *ZT(J-1O1)-{HTT (Jo1)-B’

1)).ZT(Jol) ● ATIJsl).ZT(JC2) ●FTT(J?ll*ZF(JOl))/(OTT(JO 1)~
; ZT(J?l))

1 = 2*J ● NEQMIR
239 Y(I) = 10 ●(cT(J~MPZ}*ZT(J*19MPZ) ● OTT(J?MPZ)*ZT (J-l?MPZ)

1- HTT(J$MPZ)*ZT (J*MPZ) ●AT(J,MPZI ● BT(JoMPZ) *ZT(JSMPZM1)

MPR

(Jo

2 ● FTT(JcMPZ)*ZF(J9MPZ))/(GTT (J~MPZl*ZT(J!MPZ)}
Y(l) = 1.* (cT(lsl) *zT(201)*(DTT( l$l)-HTT [loll*BT(l~ll)eZT (1~1)

1 ● AT(l~l)*ZTllo2) ● FTT[l~l)~ZF[lQl))/ tGTT(l~l)OZT(l*ll)
Y(MPRDMII= 1. ●([cT(MPR, l)-HTT(MPR,l)*BT (MPR91) )*ZT(MPR?l) *OTT[MPR

1 tll*ZTtWRNls\}●AT(MPR91)*ZT (MPR32) ● FTT(MPR$i}*ZF(MPR?i) )/
2 (GTT(MPR~l) *ZT(MPRtl))

Y(NEQMRII=l. ●[CT(lOMPz) *ZT(2SMPZ)* [DTT(lsMPZ) -HTT(19MPZ)) *ZT{l~MP
1 2) ● AT(l*MPZ) ●BT[loMPZ) *ZT(l~MPZMl) ● FTT(loMPZ)~ZF(l~MPZ))/
2 {GTT~lsMPZ) *ZT(lOMPZ))

Y(NEQMI) = 1. ● [(cT(MPRsMPz) -HTT(MPRoMPZ) )*ZT(MPR*MPZ) ●OTTIMPR
1 -MPZ)eZT IMpRMIOMPZ) ●AT(MPRoMPZ) ● BT(MPR$MPZ)@ZT (MPR~MPZMl)
2 ● FTT(MpR,MPZ) *ZF(MPR$MPZ)) /(GTT(MPRoMPZ)*ZT(MPROMPZ) }

c ***o****@*u**ee*9e**a**4*e*ae*ae*e99ae***ee9a9*ee**ee~9**ee**eeo9e

c
c SET TIME RANGE AND PRINT CONTROL
c

READ (100301) TMINo OTO TMAXo UPLF9 NPRT
301 FORMAT I4L1OO5$I1OI

WRITE (9*303) TMINODTOTMAXOUPLFONPRT
303 FORMAT (lHO*8X~10HTIME START*1OXO9HTIME STEPoilXt8HTSME ENOO12X9

1 10HFLUx LIMITs18X013HPRINT cONTROL//(lH QlP4E2006~120))
T=TMIN

c eo**a**e**eeeeaBee*e9e**o*e99ee*e*e*ae*6*e9e9a9e*e4*a**e**9e**ee*4

c
c CALCULATE TIME STEP PARAMETERS
c

OTXLI = - DT * XLI
EXLI = EXP IDTXLI)
OMExI = 1. - EXLI
DO 321 J=l~MPR
00 321 K=lsMPZ
ZTPIJOK) ● ZT(JCK)
ZFP(JOK) = ZF(JoK}
YA(J?K) = oMEX1 / (1. ● E:oRFT[J9KI)

321 YB(JoK) ● EI @ RFT(JoK) ● YA(JtK)
130T0 213

c *0*e************ee9**9***9**a*a*o**e**ee*ae9*****a****eme**Ba**eg*

: INTEGRATE XENON ANO IOOINE CONCENTRATIONS
c.

350 T = T ● DT
NSTEPS=NSTEPS*l
DO 71 K=lQMPZ
KMl sK-l
00 71 J=l,MPR
ZTC = (30 ● ZTIJOK) - 2TP(JtK)) ● .5
ZFC * (30 * ZFIJOK) - ZFP(J~K)) ● OS
ToTLC) = ET(JoK) ● ZTC ● XA(J!K) ● ZFC ● XLX
XLDT s - DT e TOTLO
EXLX ● EXP(XLOT)
L 8 MPRO ~ KM1 ● 2*J - 1
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002035

002072

002107
002111
002113
002114
002122
002132
002146
002151
002154
002155
002162
002170
002174
002200
002202
002205
002207
002214
002217
002223
002226
002230
002233
002237

002266
002247
002251
002252
002254
002256
002257
002i?63
002265
002270
002274
002276
002300
002303
002306
002310
002312
002313
002314
002316
002320

Y(L) = Y(L) ● EXLX
●XB(JSKI ● [ ● XC(JOK) ● zFC ) ● (1, - EXLX)/TOTLD

; ●Xo[J,K)*( Y(L:;; - zTc ●xE(JoK)*( Y(L*l) - ZFC ))@(EXLI-EXLX)/
3 (TOTLD - XLI)

71-
C
c
c
c
c
c
c
c

619

613

612
c

z
c

Y(L*l) = Y(L*l)* EXLI ● YA(J,K) ● ZTC ● YB(JoKI ● ZFC
**e**e******e*eee**ae*********9*e*e***********e**********@***e@*@a

e**e**eo************e**9*.**e*e***e*****a************e***@&e*ea***

BEGIN sOLUTION SIMULATION [BANACHIEWICZ-CHOLESKY-CROUT SCHEME)
***&**e4&*ti***e***o*e*@*ee*ee9ae*****e*a**e*aa.**@e**tie**9**e**e**

SET TIME DEPENOENT (THRU XENON) MATRIX ELEMENTS

DO 619 K=l*MPZ
KM1 =K-1
DO 619 J=l!MPR
L= MPRD*KM1*20 J-1
ETT{J$K) = GTTIJoK)*[l. - Y(L)) - HTT(JoK)
EFF(JtKl = GFF(J~K)*( 1. - Y(L)) - HFF(JoK)
C33(1) = ETT(lol) ● DTT(l~l) ● BT(l~l)
C3312) = EFF(l~l) ● DFF(191) ● BFllol)
DO 613 J=20MPRM1
C33(2*J-1) = ETT(JoI) ● BT(Js1)
c33{2*J) = EFF(Jo1) ● BF(JoII
C33(MPRDM1) = ETT(MPRo1) ● CT(MpR~ll ● BT(MpR~l)
C33(MPRO) = EFF(MPRs1) ● CFIMPRS1) ● BFIMPRo1)
DO 612 K=2*MPZ
L= MpRD@(K-1)
LPMPRD = MPRD ●L
C33(L*1) = ETT{1oKI ● OTT(1OK)
C33(L*2) = EFF(1oKI 4 OFF(lSK)
c33(LPMP14D-1) = ETT(MPR~K) ● CT{MPR~K)
C33(LPMPRO) = EFFIMPR?K) ● CF(MPR~K)
DO 612 J82,MPRM1
JDBPL = L ● 2 ● J
C33(JDBPL-1) = ETTIJoK)
C33(JDBPL) = EFF(JsK)
e**e***e*&**e*******aa**a**a**e*ee***e*eeeee**e******ee*e********e

BEGIN UPPER TRIANGULARIZATION Of MATRIX

GL(l) = C33(1)
RGL = lo/c33(l)
GU[2) = C34(1)*RQL
GU(3) = C35(1)*RGL
GU(MPRDP1) = CIR{l)*RGL
L = MPRDp2
GL(L) = C33(2) - GL(2}*GU(2)
RGL = I,/GL(L)
GL(L*l) = C32(21 - GL(3)*GU(2)
GU(L*]) = (C34(2) - GL(2)eGU(3))*RGL
GU(L*2) = C35(2)*RGL
N s L b MPRDM1
GL(N) = - GL[MPRDp1)eGU(2)
GU(N) = - GL(2)~GU(MPROPl)-RGL
LPD = L ● MPRD
GU[LPD) = C1R(2)4RGL
GL(MPRDD3) = 00
GU(MPROD3) = 00
DO 20 Km3#MPRDM2
KM1 - K-i
KM2 m K - 2

.

.

.

.
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.

.

002322
002325
002326
002330
002334
002362
002345
002347
002353
002357
002366
002367
002370
002371
002373
002374
002375
002377
002603
002405
002410
002416
002420
002425
002427
002433
002434
002437
002443
002445
002652
002454
002456
002460
002463
002664
002465
002466
002467
002470
002672
002476
002501
002504
002507
002512
002520
002523
002525
002530
002533
002536
002561
002543
002545
002546
002547
002551

- 002555
002557
002562
002570

~B MPRDP1* KM1 . 1

SUMK = O,
00 15 J=KM20KMI
M s MPRD ● (J-1) ● K

1S SUMK = SUMK ● (N.(M)*Gu(M)
GL(L) ● c33(K) - SUMK
RGL = l./GL(L)
M . HPRO ● KM2 ● K
GL(L*l) = C32(K) - GL(M*l)~GU(M)
GU(L*lI = IC34(K) - GL(M)*GU(M*l) )*R(3L
GU(L*2) = C351K) ● RGL
IMK = MPRDP1 - K
DO 10 I=IMK,MPRDM2
N= L*I

SUMK1 = 0.
SUMIK = 0.
00 5 J=KM29KM1
M = MPRD ● (J-1) ● K
MP: = M ● I
SUMK1 = SUMK1 ● GLIMPI)*GU(M)

5 SUMIK = SUMIK ● GL(M)eGU(MPI)
GL(N) = - SUMK1

10 GU(N) = - 5UM1K*RGL
N x L ● MPROM1
v x MPRD ● KM2 ● K
MPI = M ● MPROM1
GL(N) = - GL(MPI)@GU(Ml
GU(NI = - GL(M)*GU(MPI)*RGL
LPD = L * MPRO

20 GU(LPO) = ClR(K) ● RGL
DO 40 K=MPRllMl~MPRO
KM1 s K-l
KM2 8 K - 2
L= MPROP1* KM1 ● 1
SUMK s u.
SUMK1 = 0.
SUMIK = 0.
SUMK2 = 0,
SUM2K = 0.
00 35 J=KM2,KM1
M = MPRD * (J-1) ● K
SUMK = SUMK ● GLIM)oGU(M)
SUMK1 = SUMK1 ● GL(M*l)*GU(M)
SUMIK = SUMIK ● GL(M)*GU(M*lI
SUMK2 = SUMK2 ● QL(M*2)9GU(M)

35 SUM2K = SUM2K ● GL(M)*GU[M*2)
GL(L) = C33(K) - SUMK
RGL = lo/GL[L)
GI.(L*l) = C321KI - SUMK1
GU(L*l) =[C341K) - SUMIK)~RQL
GL(L*2) = C31[K) - SUMK2
Gu(L*2) =(C351K) - SUM2K)ORGL
00 30 I=30MPRDM2
N =L*I
SUMK1 = O.
SUMIK = 0.
DO 25 J=KM20KM1
M = MPRO ● (J-1) ● K
MPI = M ● I
SUMK1 = SUMK1 ● GL(MPI)OGU(M)

25 SUMIK = SUMIK ● GL(M)*GU(MPII
QL(N) = - SUMK1
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002572
002577
002601
00260s
002606
002611
002615
002617
002623
002625
002627
002631
002632
002633
002634
002635
002636
002640
002641
002645
002653
002655
002656
002662
002665
002673
002675
002676
002702
002705
002713
002716
002720
002723
002726
002731
002734
002736
002740
002741
002762
002743
002744
002750
002752
002755
002763
002765
002772
002774
003001
003003
003005
003007
003010
003011
003012
003013
003014
003016
003017
003023

30 GU(N) = - SUMIKORGL
N = L ● MPRDM1
M . MPRD ● K?42 ● K
MPI = M ● MPRDMl
GL(N) = - GL(MPI)*GU(M)
GU(N) = - GL(M)*GUIMPI)*RQL
LPD = L ● MPRD

40 GU(LPD) = CIR{K) ● RGL
DO 60 K=MPRDP1oNEQMR
KM~ s K-1
L= MPRDP1* KM1 ● 1
SUMK = 0,
SUMK1 = 0.
SUMIK = O.
SUMK2 = o*
SUM2K = 00
JL = K - MPRD
DO 55 J=JLsKM1
M x MPRD * (J-1) ● K

55 SUMK = SUMK ● (3L(M)9GU(M)
JLP1 = JL ● 1
DO 54 J=JLP1*KM1
M = MPRD * (J-]) ● K
SUMK1 = SUMK1 ● GL(M*l)*Gu(M)

54 SUMIK = SUMIK ● GLIM)*GU(M*l)
JLP2 = JL ● 2
DO 53 J=JLP2tKMl
M = MPRD * (J-1) ● K
SUMK2 = SUMK2 ● GL(M*2)9GU(M)

53 SUM2K = SUM2K ● GL(M)*GU(M*2)
GL(L) = C33[K) - SUMK
RGL = lC/GL(L)
GLIL*l) ~ C32(K) - SUMK1
QUIL*l) =IC34[K) - SUMIK)ORQL
GL(L*2) = C31(KI - SUMK2
GU[L*2) =(C35(K) - SUM2K)@RQL
Do 50 I=39MPRDM1
NsL*I

SUMK1 = 0.
SUMIK = 0,
JLPI = JL ● I
DO 45 J=JLPI,K141
M s MPRD ● (J-1) ● K
MPI = M ● I
SUMK1 = SUMK1 ● GL(MPI)@OU(Ml

45 SUMIK = SUMIK ● GL(M)o13U(MPI)
GL(N) = -SUMK1

50 GU(N) = - SUMIK*RGL
LPD = L ● MPRD

60 GU(LPD) = ClR(K) ● RQL
DO 80 K=NEQMR1oNEQM3
KM1 8 K-l
L= MPRCIP1* KM1 ● 1
SUMK = 0,
SUMK1 = o*
SUMIK = 0.
SUMK2 = o*
SUM2K = 0,
JL = K - MPRO
00 75 J=JL~KMl
M = MPRD * [J-1] ● K

75 SUMK = SUMK ● GL(M)eGU(M)

.

.

.

.
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