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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 spacial distribu-
tion in a reactor core under the influence of 13SXe. The program employs
two-energy-group diffusion type ﬂonlinear 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 XKINEQ -
A Two Group, Two Dimensional, Multiregion Computer Code for Examining
Flux Stability in Nuclear Reactors in the Presence of Xenon-135, 1DO-
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



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.



and spacial 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
Induced Instabilities of the Neutron Flux in Nuclear Reactors, ID0-16985,

dated October 1964. Also see the list of references in ID0-16985 for

Xe, see the author's report entitled, Xenon-135

other literature related to xenon induced instabilities.



IT. 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

135 135

behavior of the neutron flux, Xe, and I is then assumed to be

governed by the following system of equationst

1 %% 2
v, e D PVt T Rt TR B TS
l—'ifg = D V2¢ - L 9%, - no X, + vi_ ¢, + S, ¢
v, 3t 27 Y2 T %a2% T N9%A% £1 7 ©2%2
9% oYL, (8, +e€.0,) + AT -0X (0, +no) - X
at x £ 1 x 2 i X 1 2 X
T _ —
ac - Yilg (9 + €4%) - AT
where
¢1(§;t) = thermal neutron flux [neutron/(cmz)(sec)]
¢2(;;t) = fast neutron flux [neutron/(cmz)(sec)]
X(T,t) = 135¢e concentration (ISSXe/cmS)
I(r,t) = 1351 concentration (ISSI/CmS)

r = generalized independent space variable (cm)

t = independent time variable (sec).
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= Laplacian operator (1/cm2)
Dl’DZ = thermal and fast diffusion coefficients (cm)
z ,Zaz = effective thermal and fast macroscopic removal cross sections

[excluding xenon, but incorporating any thermal or fast neu-
tron yields from fission, respectively, as appropriate (1/cm)]

v = average fast neutron yield per thermal induced fission

Ef = macroscopic thermal fission cross section (1/cm)

ZS = effective macroscopic slowing down cross section (1/cm)

o, = microscopic thermal absorption cross section for xenon (cmz)
V,sV, = average thermal and fast neutron velocities (cﬁ/sec)

n = fraction of fast to thermal neutrons absorbed by xenon

€ = fraction of iodine production from fast fission

€ = fraction of xenon production from fast fission
Ax’xi = xenon and iodine decay constants (1/sec)
;;,;; = prompt xenon and iodine yields from thermal fission

81,82 = any time constant source (or sink) of thermal and fast flux
[neutron/(cms)(sec)].

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

D V2<I>

1" %10 " 2a1%0 " ©

Xol10 ¥ Zg%90 81919 = O (2.1)

D V2¢

2 20 - )38.24)20 - noxXO(D + vi_ ¢ + S,.¢ =0 (2.2)

20 £10 2°20

YR [Ogp * (rgey FY4E5) 990)

% = (2.3)
o ox(Qlo + n¢20) + Ax

- (@19 * £5%9¢)

o = X s (2.4)

i

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

the following equations:
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(A, . + (v.e. +y.e)A ]
2 — 10 X X i“417720
D;V"210 = Zartio T Vs e+ nho + A Ao FIghp0 TS =0
L 10 20 X -
(3.1)
_ B + (y. e + vy,e,)A ]
2 _ _ 10 X X i“1’"20
DyVA50 = Tadtye ~ Mgl SN ¥ Aoo ¥ VIgho T S20 = 0,
| *10 20 x i
(3.2)
where
Y=Y, + Yy
Y = Y, /Y
Yy Yi/Y

Apo(®) = 0.2, (D)

Ago(T) = 0, 2)0(x) .

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

¢ (x,t) = & ,(0)¢,(r,t) - (4.1)
2,(r,t) = &,,(r)0,(x,t) ‘ (4.2)
X(r,t) = xo(§)x(?,c) (4.3)
I(r,t) = I_(0)i(r,t), (4.4)

and Eqs. (4) are substituted into Eqs. (1), there result

3¢ VA
A R 10 | - 1
v, 3r C PaU e A T Tt Ve R, m0eg 4 2 w, 27 %) D

1 %% 2 VA20

v, rral D2V ¢2 + 2D2 X;E—-- V¢2 + yzanlz(l—x)¢2 + vzfm12(¢l - ¢2) (5.2)
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Y Y
3x _ _x 1 -
3t Mlz(AlO¢1 *oegrant) * M, (1o T eghadl = (yghy + Mgty + A%
(5.3)
A
31 1
= = (A 0. + €A, 6.) - A1, (5.4)
€T X g F e, 101 f1h20%2 i
where
v Mo ¥ OgEx T Y481 Ay
12 )\10 + n)\zo + >‘x
w1y = A0/%9

Equations (5) with both flux time derivatives set equal to zero are the
basic kinetic equations simulated by computer program XEKE. ‘
Before pursuing our analysis further, it seems appropriate to make
some comments on the motivation for employing the particular set of
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 spacial instability, espe-
cially upon spacial 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 spacial behavior in ascertaining the
stability of a systemn.

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 spacial 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:

2 D V2¢1 (investigation dimensions) ¢ Bi@l (other dimension)

11 1

. . 2 . .
DZV @2 = D1\72<I>2 (investigation dimensions) * B2¢2 (other dimension)

where the B2 terms may be space dependent but must be assumed constant in

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

(=)

LS|

o
1]

as appropriate.
Now if the terms containing 82 are grouped with the respective S

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

formed kinetic equations are Egs. (5). [That is, Egqs. (4) are imposed
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upon Egs. (1) and Eqs. (2) with the apprbpriate 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
Egs. (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.
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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.

¢ ¢
g—(—l +—2—+x+1) (6)
t\v; v,
Imposing Eqs. (4) upon Expression (6), we obtain
¢ ¢
8 (X0 + 20y +xx+14). (7
at vy 1 v, 2 o o

To determine an order of magnitude value for each of the terms in Expres-
sion (7), let

¢lz¢2zxxizl .

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-

ligible compared to the xenon and iodine terms if

Y, %
Zo << —%
VA
where lo is the effective thermal neutron lifetime including delayed

neutrons. For typical reactor systems, we find that

Yy (0.06)

xS -
YAy (2.5)(3 x 10

5 ~ 800 (sec)
)

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-

erally unstable in the presence of 135Xe. (See page 187, ID0O-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 Egs. (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 spacial 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.
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III. SPACIAL DIFFERENCING

To permit digital computer simulation of Eqs. (5), the spacial dif-
ferential operators must be converted to spacial differencing operators.
We will employ the central differencing scheme with uniform spacing to

effect this conversion. Thus we find that

i £+ 1) - £G - 9] (8.1)
S+l

82f 1 . . .

So | —— o [f(i + 1) - 2f(1) + £(i - 1] (8.2)

852 s h2

where the arrow denotes replacement. Since "f'" is 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(1 4% > =1 [£(1+ 1) + £(D)]
< f(i-J) > =3 [£(1) + £(H - D]

Thus, Expression (8.1) becomes

B )1+ D - £ - D] .

8 |est
The Laplacian operator which occurs in Eqs. (5.1) and (5.2) may be
written as

2 2

v =a—-2—+
or

2
3 3 .
i )
9z

=8
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where m = 1 for cylindrical geometry and m = 0 for rectangular geometry.

Thus, Eq. (5.1) for the thermal flux may be written in difference notation
as follows:
1

7 [0+ 1D - 20,19 + 6 A -1,] ZhTri [61(1 + 1,3) = ¢; (3 - 1,1)]
T

1
Fg [05 + D) = 20) (1,9 + 9p(if - D]

Z
,—A (i + l’J) - A (i - l:j)—
+ | 220 : 1? [6,(1 + 1,1) - ¢,(1 - 1,9)]
i 2h " A (L,3) ]
A (iaj + l) - A (isj - 1)-
10
+ 2 [$:€1,3 + 1) - ¢,(1,5 - )]
I 2h, " A0 J
vZ M
A —EL2) (1,9 11 - %L DT 6. 1L
D, 1
I "
\Bpa, ) oD [6,G0) - 6,@0] =0, (10)

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 spacial 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.
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Returning to Eq. (10), if common terms are collected, we obtain
AGL,3) 11,3 + 1) + B(1,5) (1,3 - 1) + C(£,5) ¢, (1 + 1,1)

+ D(1,1) ¢;(1 = 1,3) + E(,3) ¢;(1,9)

+ F(1,1) ¢,(1,1) = 0 (11)

where

¢7(1,9) = ZT(L,D)

¢2(i’j) = ZF(IL1,J)

h_\2 Aga(dL,d + 1) = A (4,7 - D]
A(L,3) 3(_1:_) [1 + 20 10 = AT(I,J)

n_\2 Ag(i,d + 1) = A (1,5 - 1]
S _ Mo 10 -
B9 (hz> [1 2 10(1,9) | PO
Aot + 1,3 - A - L, ]
C(1,i) = |1+ n + 10 = CT(I,J
3 [ 21 - 1+ 2r_(h_ 2, (1,9) | (I,

> 21 - 1+ 2r_/h_ 22509

- = DTT(I,J)

E(1,3) = 6(1,5) [1 - x(1,3)] - H(1,3) = ETT(I,J)

z
F(i:j) = (Dlzl )(i’j) hi = FTT(X,J)
2

YI
G(i,3) =( If)Mlz) (i,3) hi = GTT(L,J)
1

h \2
H(i,j) = 2 [1 +(h—r) ] + F(i,j) = HTT(L,J) .

2
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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
A(L,3) $,(1,3 + 1) + B(1,9) 6,(1,5 = 1) + CH,1) o,(L + 1,3)

+D(1,3) ¢,(1 = L,3) + E(L,3) ¢,(1,9)

+ F(1,3) ¢,(1,5) =0 (12)
where
¢l(i’j) = ZT(IgJ)
¢2(i,j) = ZF(L,J)
RNV [ A 4,1+ 1) - (1, ~1)]
— o 20 20\ 1> )
A(i,j) = (hz) 1+ D = AF(I,J)
A Aon(d,i + 1) = A, (i,5 - 1)
- S _ 20 201> -
B(1,3) —(hz) 1 Ty (D) BF(I,J)
— i Ayn(i + 1,3) = A, (4 - 1,1) ]
c(1,1) =1+ L + 20 20 = CF(L,J)
RN 2X,,(1,9) ]
i Ay (i + 1,5) = A, (4~ 1,1) ]
= =11 - m _ 20 20 -
D(1,3) ST -T2 2%, (151) ] DFF(I,J)
E(1,3) = G(i,3) [1 - x(1,1)] - H({,3) = EFF(I,J)
vi w
F(1,3) = (%2—) (1,9) h% = FFR(L,2)
2 r
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- YZ n
G(i,3) -(—%1—2—) (1,3) hi = GFF(L,J)
2

2
h
H(i,j) = 2 [1 +<h—r) ]+ F(1,j) = HFF(I,J),

4

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 spacial mesh model for a uniform cylindrical multiregion
reactor which demonstrates the nature of the spacial mesh model simulated
by computer program XEKE is given in Fig. 2. Application of the spacial
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
- ¢ + 2DVO

® - 2DY® |poundary (bd) (13)

and rearranging, we obtain
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MPR+Z | 2 3 4(MPR) MPR+l
t t ¢ t + { t t l
1
MPZ+2 o 65 (5 (25 (35 48 (5;5)
1 oI MPRe2 s”mI i i HTR MPR+1 . r(RADIAL)
I 1 ) ° e ® Y °
6,0 | (.0 (?_I,I) (31’” @, | (5,0
MULTIREGION CORE
2“‘ L [ ] ® [ ] [ ()
62 | (1,2) | 22| 32 | @42 | (52
3 H{MP2) ® ° [ ® ° ® h,(TYP)
63 | (1,3) | 2,3 | (3,3) | @3 | (53) l
tHTZ + ,
"\_ CORE BOUNDARY
Wzt |l e [ on | @a Ga w64
i Z(AXIAL) —=ih (TYP)k—

LEGEND: O<r, <r < HTR, | < | S4=MPR
0<Z < HTZ, IS J<3=MPZ

. h,=(HTR-SHTR)/MPR, h,= HTZ/MPZ

ZERO VALUES FOR DIMENSIONAL INDEXING ARE NOT PERMITTED

IN FORTRAN,

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



e o L f(L-8Y)_
D (1 T s) =0 (14)

bd

Now if the transformations given by Eqs. (4.1) and (4.2) for the fast and
thermal flux are imposed upon Eq. (14), we obtain for the thermal flux

veé Vo
v
1 - 10 + 1 =q (15.1)
¢1 ¢10 ¢1 1
bd bd bd
and for the fast flux
Vo Ve v
2 20 2 2
bd bd bd

However, we shall assume that both the albedo and diffusion coefficient

are independent of time so that

Vo v
1 ¢

i o _
) ) 1
bodpa 10 |pg

and
vo i} Ve, .
® 3 2
2 lpa 20 |pg

Therefore, Eqs. (15.1) and (15.2) produce the boundary conditions that

V‘pl‘ - V@z =0 ., (16)

b "2 [ba
Equation (16) will be imposed at all pertinent boundaries except at the
boundary SHTR < r < HTR and 2z = 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) = ¢1o(r,HTZ) (17.1)
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and

¢, (x,HIZ,t) = ¢, (r,HIZ) , (17.2)

and thus we obtain from Eq. (17) that

¢l(r,HTZ,t) = ¢2(rsHTZ’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 1 = 1, j = 1, Eq. (11) becomes

A(1,1) zT(1,2) + B(1,1) 2T(1,0) + C(1,1) 2T(2,1) + D(1,1) ZT(0,1)
+ E(1,1) ZT(1,1) + F(1,1) ZF(1l,1) = O. (11.1)

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

ve| =0
bd

we find that
ZT(1,0) = 2T(0,1) = 2T(1,1) ,
so Eq. (11.1) becomes

A(1,1) 2T(1,2) + c(1,1) 2T(2,1) + [B(1,1) + D(1,1) + E(1,1)] ZT(1,1)
+ F(1,1) ZF(1,1) = O. (11.2)

Furthermore it is easy to show that for those mesh points such that
1 <431 <MPR and j = 1, Eq. (11) assumes the form

A(i,1) zT(1,2) + C(i,1) ZT(i+l,1) + D(i,1) ZT(i-1,1)
+ [B(i,1) + E(4,1)] 2T(i,1) + F(i,1) ZF(1i,1) = 0, (11.3)

and for 1 = MPR and j = 1

A(MPR,1) ZT(MPR,2) + D(MPR,1) ZT(MPR-1,1)
+ [B(MPR,1) + C(MPR,1) + E(MPR,1)] ZT(MPR,1)
+ F(MPR,1) ZF(MPR,1) = O, (11.4)
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Similarly for 1 = 1 and 1 < 1 and 1 < j < MPZ we obtain

A(1,j) ZT(1,3+1) + B(1,3) 2T(1,j-1) + C(1,3) 2T(2,3)
+ [D(lsj) + E(lyj)] ZT(lyj) + F(l’j) ZF(l,j) =0

and for 1 = MPR and 1 < j < MPZ (11.5)

A(MPR,J) ZT(MPR,3+1) + B(MPR,j) ZT(MPR,j-1) + D(MPR,j) ZT(MPR-1,j)
+ [C(MPR,j) + E(MPR,j)] ZT(MPR,J)
+ F(MPR,3) ZF(MPR,j) = O. (11.6)

However, for the mesh point 1 = 1 and j = MPZ we impose the condition
from Eq. (18) that

¢, (x,HTZ,t) = 1,

and thus Eq. (11) becomes

B(1,MPZ) ZT(1,MPZ-1) + C(1,MPZ) ZT(2,MPZ)
+ [D(1,MPZ) + E(1,MPZ)] ZT(1,MPZ)
+ F(1,MPZ) ZF(1,MPZ) = -A(1,MPZ). (11.7)

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

B(1,MPZ) ZT(i,MPZ-1) + C(i,MPZ) ZT(i+1,MPZ) + D(i,MPZ) 2T(i-1,MPZ)
+ E(1,MPZ) ZT(i,MPZ) + F(i,MPZ) ZF(i,MPZ) = -A(i,MPZ),

and finally for the mesh point 1 = 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-1,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
Md=N

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

a column vector. For example, if we have 1 <i < 3 and 1 < j < 2, 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., (Ni,j) = Q
for 1 <i <MPR and 1 < j <MPZ 1. This arrangement scheme considerably
reduces arithmetic operations in upper triangularizing the coefficient
matrix and backward solving to obtain the solution vector ¢ 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-Crout by Korn and Korn 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-Crout method 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-Crout method consists in taking the matrix

system

cllxl + clle + ...+ C1¥n = dl

C1%y + c22x2 + ...+ Con¥n ™ d2

x =4d
n

+ e o o +
C_.X cnzx2 + cn n

nl’1 n

and transforming it to the equivalent upper triangular matrix system

x, +a,.x,+a,.x,+...+a, x = bl

1 1272 1373 In"n
X, + a,3%¥q +. ..+ a, X, = b2
x =Db
n n
using the following recursion formulas:
a;, = ¢4 (i=1,2,...,n)
aj; = cli/c11 (1=2,3,...,0)
k-1
ag, = Cyy ~ E aijajk (1 > k; k=2,3,...,n)
j=1
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k-1
1 .
aki = -;k—k- (cki - Z akj aji ) (l=2,3,...,n; k<l)

i=1
bl = dl/c11
and i-1
R - 2 : =
bi - aii di . aijbj (i 2,3,...,!‘1) .

i=1

The solution vector is obtained by backward solving from Koo X to

-1 *°
X by using the following formulas:

x =b
n n
n
X = bk - Z aijj (k=n-1,n-2,...1).
J=k+1
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VI. EXPERIMENTAL CORROBORATION

In IDO-16985 it was 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 Egqs. (1).

" The "fast" flux given in Eq. (1) is defined as

¢, = f 9(E)dE
2 E

m

and the "thermal" flux as

E
b, = fm ®(E)dE ,
0

where Em is the cutoff energy defining groups one and two. [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~thermal equilibri fl t =
q um flux ratio is l/mlz, where w1y AlO/AZO’

AlO = ox®lo,and AZO = 0x°20 (ox is the thermal absorption cross section
of xenon).

Thus, we obtain

_ _ f 9, (t,E)dE
1 A0(m)  2ye(D) B
_ = = . (19)

6 (B AL (D) 0. (F) E
12 10 10 fm 0o (7 ) d
0

For our two-group program we may, for example, use two-group constants
obtained in each region of interest from computor codes GAM and TEMPEST,

In particular, the parameters vZf and vZf are evaluated as follows:
1 2

\)Nf f cf(E) $(E)dE
E
GAM: vI o . (20)

f ®
2 f ¢(E)dE
E

m

E
N fm o (E) (E)dE
TEMPEST: vI = 0 . (21)

£1 E
f T o(E)dE
0

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

J‘ECd ®
0. (E) ®(E)dE + f o (E) (E)dE
0 £ oy °f

CR, =

f 6 (E) ®(E)dE
Ecg £
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CR_ = bare fuel detector activation
f Cd covered fuel detector activation

or

E
f Cd 0 (E) @(E)dE
0 (22)

CRf -1=

f 0.(E) ¢(E)dE
Eqg f

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:

ECd ®
f of(E) $(E)dE + J. of(E) ®(E)dE
E E

Vi, = uN n Cd (23)

£ £ E ©
2 fc“ (E)dE + f 8(E) dE
E “E

“m cd

and for TEMPEST:

E
de o (E) #(E)dE
0

m
vzfl - e Ecd Eca ' (24
f o(E) dE 8(E) dE
0

1
tx1 R
1
(@)
[a ]

of(E) ¢(E)dE

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

- -
E E E
VE f Cd o(gyaE - f €d s(E)dE | + wN j €d 5 _(B) e(E)dE
£ £ £
I E_ E_
Fem T [~ Eed l Fea
vE J- o(E) dE + f ®(E)AE | - uN o .(E) ®(E)dE
£ £ £
2 & E E
Cd m m

(25)
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We now consider three cases for the values of ECd and Em: (a) Em

(b) Em = , and (c) Em > ECd'

If this condition exists, then each of the integrals

“Ecae Ecd

Case (a) (Em < ECd).

in Eq. (25) is positive. Furthermore, we shall now restrict the discus-

sion to thermal or near thermal reactors in order that CRf be strictly
greater than unity (and thus CR; - 1 >0), and to reactors having a fis-

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

f
E
v M o(E)dE
fl 0
(CRf -1 < vzf ®
2 f $(E)dE
E
m
or, using Eq. (19), we obtain
vzfz
vio (CRg = 1) <, (26)
fl

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

zero in Eq. (25), and we can write Eq. (25) as

E
vE, f M $(E)dE
1 0

vzf ©
2 f $(E)dE
E

m

(CRf -1) =

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

vk
)
NG (CRf -1 = Wy * 27N
f
1
Case (c) (Em > ECd). In this case, the integrals in Eq. (25) over Em to

E,., are negative, and without specific information regarding the functions

Cd
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$(E) and of(E), the relative magnitudes of the left- and right-hand sides
of Eq. (25) are indeterminate.

Therefore, if Em < ECd’ we can obtain Eqs. (26) and (27), which can
in turn be written as

vl
1 £, 1

<
12 vzfz (CRf - 1)

w (28)

A stability criterion resulting from program XEKE is that the fast-—
to-thermal flux ratio, l/wlz, be equal to or greater than some average
value, K, over the core. Thus,

vZf

1 dv 1 1
K< = < 3 (29)
v / Wiy T VEg (CRf -1

volume 2

and conservatively our experimental stability criterion becomes:

vZ
fl

vZ

£

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

(30)

1
CRf <1+ K

tally in the region of interest.

36




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 spacial operators and thus are not explicitly
space dependent (we assume that the fuel, xenon, and lodine 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 spacial 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

=X, (t+AL)
AL }\ie i t+AL AL

i
i(t + At) = i(t)e ¥ + ———— (A ypdq + erond,)e © dg |
}10 + eixzo A 1071 172072

(31)
To evaluate the integral expression in Eq. (31)Awe impose the mean value

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

glves

A,z
i 4 1

_ A, (EHAE) ) t]
. i i
W (1097 + €4290%)) [e -e

t+At
-£ (1001 + erp0p)®
(32)
Where‘;i and._qj2 are mean values defined by Eq. (32). Equations (31)
and (32) may be combined to yleld the following expression for the iodine

concentration integrated over the time step At at each spacial mesh point
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A At Aja0, + e A O, -, At
i(t + at) = i(t)e 1 ¢ 12 L ¥ IAZO 2 (} - e 1 ). (33)
10 ¥ Ei%20

To evaluate the terms ¢y5> and ¢,, we shall use the following approxi-
mate expressions which are easily evaluated by program XEKE and are rea-
sonably accurate for a sufficiently small time step At at each spacial

mesh point.

6, =5 [36,(0) - o (t - a8)] (34.1)

— 1
4, =3 [3¢2(t) - ¢2(t - At)] | (34.2)

With the time behavior of the iodine concentration now known, the

xenon Eq. (5.3) may be integrated using similar arguments imposed in
obtaining Eq. (33). Thus we obtain

_ -kAt |, 1 — - _
x(t + At) = x(t)e + M, K [A10¢1 + (Yxex + Yiai)A20¢2] (l e

—kA t)

M., (k - A

1 . — - ("‘1‘“ —kAt)
4——75;(—————IY {Alo [i(t) - ¢l] + sikzo[i(t) - ¢2]} e -e

(35)
where
ko= 2199 * nhypt, + A,

and we shall assume that all mean value terms for E& and Eé, respectively,
are approximately the same and are defined by Eqs. (34.1) and (34.2),
respectively, for sufficiently small time steps.

Equations (33), (34), and (35) are the equations employed by program
XEKE to simulate the time step change in the Xenon and iodine concentra-
tions at each mesh point. With the xenon concentration known at t + At,

the resulting fast and thermal flux spacial distribution can be deter-

mined at t + At.
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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 spacial 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

IA

MPR < 33
MPZ < 168 .
(MPR) {2[(MPR) oez) - 1] + ll(MPZ)}s 5052".

IA

56

IA

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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Program Identification

‘ Y

Read Parameter Values

v

Set Indexing Parameters

'

Calculate Spacial Mesh

Y

Read Initial Conditions
of Dependent Variables

!

Read Thermal and Fast Flux
Equilibrium Distributions

Y

Calculate Kinetic Equation

Parameters

Specify Time Independent
Matrix Element Values

Y

Calculate Initial Values

for Xenon

Set Time Range and Print
Control

End

}

Return to Execute Next Simu-
lation (If Data are Present)

§

If Time lLess Than Exami-
nation Time Return

!

Print and Time Check
(Solution Print Out)

L

Backward Solve for Thermal
and Fast Flux

!

Upper Triangularize Matrix

}

Set Xenon Dependent Matrix

Elements

Begin Solution Simulation

!

Integrate Xenon and lodine
Concentrations One Time Step

4

Calculate Time Step

Parameters

L)

Fig. 4. Flow Diagram for Program XEKE,
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000043

000043

000043
000046

000046
000051
000051
000062
000062
000073

000073
000130
000130
000145

000145
000166
000166
000217
000217

000253

DOOOODDOOODOOON

OO0

(s NeXeXal

ODNVOWM & WM~

1

PROGRAM XEKE

{INPUToOUTPUTTAPELO=INPUT « TAPE9=OUTPUT)

HHQAORRUBOLBDDBERBBRVDIRNODERRBOBRRBDRBERIDLBBORRNDRBRNERNBD RIS NN OGN
SIMULATION OF THE SPACE AND TIME DEPENDENT KINETIC EQUATIONS

FOR ANALYSIS OF XENON INDUCED FLUX INSTABILITIES IN NUCLEAR REACTORS
EMPLOYS TWO ENERGY GROUPS OF NEUTRONS

(TWO GROUP DIFFUSION THEORY)

FOR Two DIMENSIONAL INVESTIGATION OF REACTOR CORES WITH UNIFORM
CYLINDRICAL GEOMETRY OR RECTANGULAR GEOMETRY
HBGODOLILULNRNLUBLEBBUNREUBHGLRINECRBRDRUPDERRBNNRDVRNRNBIRBEUS RGNS

STORAGE ALLOCATION

DIMENSION GL(T152)e GU(T1S2)s CR1(2B88)s X(28B8)s Y(288)9 ClR(288},
B(287)y C311(286)¢ C32(287)s C33(288)y C34(287)s CI5(286)y D(288)

2T(12¢12)
AT(12412)
BT(12¢12)
CT(12e12)
SF(12¢12)
XA(12¢12)
XC(l2el2}) e
ET(l4914)

EQUIVALENCE

ZF (12¢12)
AF (12012)
BF(12¢12)
CF(12v12),
FT(12912)
xB(12¢12)
XD(12012)
EF(14016)

YA(12912)

Y8(12¢12)

XM(12¢12) 0
RDERT (12412) ¢
RDERF(12+12) ¢
ZOERT(12+12) ¢
ZDERF (12912)
FMPRS(13)

XAT(12412)
DTT(12412)
ETT(12412)
FTT(12+12)
GTT(12+12)
HTT(12¢12)
RFT(12912)
2TP(12412)

XAF (12e12)
DFF(12012)
EFF(12¢12)
FFF(l12e12)
GFF(12v12)
HFF (12+12) ¢
XE(12912)
IFP (12412}

(XAToGTT) o (XAF oGFF) o (FToFFFoEFF) o (SFoFTToETT) o (XMoYA)

(ZDERTBT) ¢ (ZOERF ¢BF) 4 (RDERTDTT) o (ROERF 9DFF) s (RFToYB) o (AT92TP) "

2 (AFsZFP)e (XeC33) s (DsClR}s (BsCRI)
COBOOUNBLBNIERIEDBBBBORDBBIRBUDIDONIDEDRNERREORBRNOVBDRGHDRRLTORNNN

PROGRAM IDENTIFICATION

WRITE(9+34)

34 FORMAT(1H]1 +9SHXEKE IS A FORTRAN 4 CODED PROGRAM FOR INVESTIGATING
1FLUX STABILITY IN THE PRESENCE OF XENON=135/1H 912THUSES 2 GROUP O
2IFFUSION THEORY AND EXAMINES 2 DIMENSIONS IN UNIFORM CYLINDRICAL G
3EOMETRY UR 2 DIMENSIONS IN RECTANGULAR GEOMETRY/1H os41H®eSEE LASL
4REPORT FOR PERTINENT DETAILSe®®)

WRITE(94+61)

61 FORMAT (1H +39HCODED 8Y GARY M,

66 READ (10+68) (FMPRS(J)oJumly13)

68 FORMAT (13A6)

WRITE (9169) (FMPRS(J)eJzlel3)

69 FORMAT{1HOs1346)

GRBBBOBHOBLBDUNBBBEBORDNBORIOTDIORRBRNENDORDBDRRABEBIRILDERERIRBGS

SANDQUIST IN JULY 1966)

READ PARAMETER VALUES

READ (10+¢81) MPRyMPZoHTReHTZ o XLXsXLIsGRXoGIvEXeET9FNySHTRyNGEMTY
81 FORMAT(2I1092F1046¢2E10,692F1Ue6/4F104,69110)
WRITE(9¢82)MPRyMPZIHTRIHTLZISHTR
82 FORMAT (1H0¢+18HRADIAL MESH POINTS+9Xel THAXIAL MESH POINTS»7Xs13HRAD
1TAL LENGTHo16X912HAXIAL LENGTHIOXsIHHTR START//IH ¢1109125+2F2845
2F20.8)
WRITE(9¢92) XLX o XLIoGXeGIsEXeEI9FN
92 FORMAT (1HO 96X e INXLX012X9IHXLI s 13Xs2HGX s 14X s2HGI o 14X e2HEX ¢ 14 X9 2HET
116Xs2HFN//1R ¢ 1P2E154791PSEYG.T)
READ (10097) ((SFU{JeK) o XAT(JeK) oFT{JoK) o XAF (JoK) 9 JS19oMPR) sKu]1yMPZ)
97 FORMAT(BE10,5)
WRITE(9999) ((JoKoSFIJoK) o XAT(JoK) oFT(JoK) s XAF (JoK) s Jm] ¢yMPR) ¢
1 Ks]loMPZ)
99 FORMAT(1HOISH ReZ 9 THSF(ReZ) ¢6X9sBHXAT(ReZ) oSXeTHFT(ReZ) s6Xy
1 BHXAF (ReZ) 16Xs4HRoZ ¢ THSF (ReZ) 916X e BHXAT(RZ) oSXeTHFT(ReZ) 96X
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000253
000255
000257
000260
00026}
000263
000264
000265
000267
00027)
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
00041s
000426
000431

000431
000433
000436
000442
000474

(s X2 N Xe]

oOo0On

OO0

109
119

102

139

67
140

2 BHXAF(R1Z1//7(1H +21291Xe1PE1)e5v1P3ELIeSe1441201X91PELLLS,

3 1P3EL13.H))
LI T L R R Y XL YT Y Y PR YT YT LYY YT ART AL YTLYT LYY XYY YA TYY Y

SET INDEXING PARAMETERS

MPRP2 = MPR ¢ 2
MPRM] = MPR =]
MPZP2 = MPZ ¢ 2
MPZM] = MPZ < |}
MPRD = 2 # MPR

MPRDP1 = MPRD ¢ }
MPRDP2 = MPRD & 2
MPRDM] = MPRD = |
MPRDOMZ 2 MPRD = 2
MPRDD3 = MPRD ¢ (MPRD = 3)

NEQ = MPRD # MP2

NEQM] = NEQe]

NEQGM2 = NEQ « 2

NEQM3 = NEQ=3

NEQMR = NEQ = MPRD

NEQMIR = NEQMR = 1}

NEQM2R = NEQMR = 2

NEQMR] = NEQMR ¢ 1

NEQMR2 = NEQMR ¢ 2

NEQT = MPRDP1 # NEQM2

NEQTM1 = MPRDP]1 # NEQM2 =+ )
NEQTMZ = MPRDP] ® NEGM3 ¢ ]

NEQTMR = MPRDP]1 # NEQMR ¢ |}
LT I R T R YT T T2 Y Yy R Y Y R Y Y Y XYY Y YT Yy Yy Yy Y R Y Y Y YY YY)

CALCULATE SPACIAL MESH

FMPR = MPR

FMPZ = MP2

HR = HWTR/FMPR

HZ = HTZ/FMPZ

HRSQ = HR®*HR

HRZSQ = HRSQ/(HZ#HZ)

DRDHR = 2, ® SHTR / HR

WRITE(94109) HR

FORMAT (1HO+5Xx+28HRADIAL MESH SPACE STEP IS %#4F12,8)
WRITE(94119) WZ

FORMAT (1H0+5X¢27THAXIAL MESH SPACE STEP IS ##,F12,.8)
T LT RT T YT Yy Ry Y Y T Y T Y T YL rmm

READ INITIAL CONDITIONS DEPENDENT VARIABLES

FORMAT {8F1046)

READ (10+102) ((ZT(JeK)oJmloMPR} sKn]lMPZ)

READ(10¢102) ({ZF (JsK) 9 J=]1sMPR) 9Ku] ¢MPZ}

READ (100102) (Y(K)sKu2¢NEQs2)

WRITE(94139)

FORMAT (1HO930X944HINITIAL CONDITIONS NORMALIZED VARIABLES(Re2)/
11H +6Xo4H ReZe26X012HTHERMAL FLUX913X9OHFAST FLUX916X96HIODINES 19X
2e4H ReZ//)

00 67 K=lMPZ

00 67 J=m)eMPR

L = MPRD®(K=1) ¢+24y

WRITE(9ela0)UsKeZT(JoK) e2ZF (JyK) oY (L) 9JoK

FORMAT (1H +&4Xe212026X+F10¢8v15XsF10eB915XeF1048915X9212)
LTI IT IR Y T Yy Ly e e Y T Yy L I T T Ty T
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000474
000474
000513
000536

000536
0005S8S
000600

000600
000602
000604
000610
000615
000620
000620
goo0s21
000623
000627
000632
000632
000634
000644
000654
000656
000657
000672
000706
000710
000711
000724
000740
000742
000758
000766
000767
000776
0olols
0olo20
00l102s
001033
001035
001040
001044
001050
001054
001060
001064
001067
001073
001076
001103
001106
001113
001116

OO0

OO0

200

202

208

48
49

S7
58

59
62

717

43

42

READ THERMAL AND FAST EQUILIBRIUM FLUX DISTRIBUTIONS

FORMAT (BE10,5)

READ (100200) ((ET(JeK)egalsMPRP2) 9KulsMPZP2)

WRITE(90202) ({JsKIET(JoK) o J=]1+MPRP2) sKu] +MPZP2)

FORMAT (1H0+30X9 7SHEQUILIBRIUM VALUES THERMAL FLUX TIMES MICROSCOPIL

1C_ XENON CHOSS SECTION(R»Z)//(I3+1201Xe1PEF43eT(1811201X¢1PES.I)))

READ (1002000 ((EF (JeK)oJmlyMPRP2) sKm]IMPZP2)
WRITE(94208) ((JoKIEF (JoK) s Ju]sMPRP2) sK=]4MPZP2)
FORMAT (1H0+ 30X+ 71HEQUILIBRIUM VALUES FAST FLUX TIMES MICROSCOPIC X

1ENON CROSS SECTION(ReZ)// {13¢1241X91PE9eIsT(I49]1291Xe1PEF,I)))

BROBBORRVBCREPBVBNIRNNBNGNBVPORBRBRNAIRNARBBNIVNRBRVRNORNVNNORBNBBNNGND

CALCULATE KINETIC EQUATION PARAMETERS

1F (NGEMTY,EQ,]1) GO TO 57

0O 48 J=zl e MPR

DUMl] = 2 & ) = |}

FMPRS (J) =14/ (DJM1+DRDKHR)

WRITE (9+09)

FORMAT (1H] +33HEXAMINATION VOLUME IS CYLINDRICAL)
GO T0 62

DO 58 U=l .MPR

FMPRS(J) 20,0

WRITE (9459)

FORMAT (1H1+33HEXAMINATION VOLUME 1S RECTANGULAR)
D0 717 JEloMPR

ZDERTUJl) = (ET{Je2)=ET(JIMPZP2) )/ (2,%ET(Je}1))
ZOERF (Jel) = (EF(Je2)=EF (JIMPZP2) )/ (2+%EF {J01))
DO 43 K=lyMPZ

DO 43 Js2«MPR

ROERT(JoK)m (ET(JeloK)=ET(J=19K))/(2.*ET(JsK))
RDERF (JoK) = (EF (Jol oK) =EF (U=19K) )/ (2.%EF (JsK))
DO 42 K=24MPZ

DO 42 Uzl MPR

ZOERT(JoK)a (ET(JoKe1I=ET({JsK=1))/(2.%ET(JoK))
ZDERF (JoK) = (EF (JoK*1)I=EF (JoeK=1))/ (2.%EF (JeK)}
00 603 K=l MPZ

RDERT (1 oK) =m(ET(2¢K)=ET(MPRP24K) )/ (2+%ET(]1sK})
RDERF (1 oK) =(EF (2¢K)=EF (MPRP2¢K) )/ (2+%EF (1¢K))
DO 603 Js]lyMPR

RFT(JeKISEF (JoK)/ET{JeK)

XM{JoK)R(ET(JIK) ¢ (GXOEXSGI®EIICEF (JoK) )/ (ET(JoK) oFNSEF (JoK) o XL X)
XA(JeK) = FN & EF(JoK)

XB(JsK) & ET(JoK) 7/ XM(JsK)

XC(JoK) = RFT(JeK) ¢ (GX®EX ¢ GI®EI)
X0(JoK) = GL & XBLJeK)

XE(JoK) = EI 2 RPI(J:K)

CT(JeK) 8 (1,¢FMPRS({J)Ye RDERT(JoK))
CF(JsK) B8 (14¢FMPRS(J)e RDERF(JeK))
DTT(JeK)® (1s=FMPRS(J)= RDERT(JoK)})
DFF(JiK)S® (1,=FMPRS(J)= RDERF (JsK))
AT(JeK) ®(1s & ZDERT(JeK) ) ®HRZSQ
AF (JsK) B(1, ¢ ZDERF (J9K))®HRZSQ
BT(JoK) ®(le = ZDERT(JeK))*HRZSQ
BF (JoK) ®()e ~ ZDERF (JeK))®HRZSQ
FTT(JoK) 8 SF{JIK)®RFT (JyK)®HRSQ

FFF(JeK) 8 FT{JoK) *HRSQ/RFT(JsK)
GTT(JoK) & XAT(JeK)®XM(JoK)®HRSQ
GFF(JoK) & XAF (JyK)#XM{JyK) ®HRSQ
HTIT(JoK) & 2,8(14¢HRZSQ) ¢ FTT(JsK)
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001124 603 HFF(JsK) = 2,%(1.4HRZSQ) ¢ FFF{JsK)

c GRUPRDRERIRR NP RV REB DR RVRRRNBCDORDDRRLBRREBNBRRRIDBBROBEHBINRBOBERG
c
c SPECIFY MATRIX ELEMENT VALUES
c

001137 00 608 K=]oMP2

001140 00 608 Js].MPRM]

001141 L= MPRD*(K=1)¢ 20y =]

001147 C3s (L) 8 CT{JsK)

001153 C3s(L+1) s CF(JeK)

001156 C34(L) 2 FTT(JsK)

001160 Cla(Le]) = 0.0

0o0llel C31(L) = DTT(JeleK)

001163 C31(Lel) s DOFF (JeleK)

001165 c3a(L) & FFF{JeK)

001167 608 C32(Le]) a2 040

001174 DO 443 K=] MPZM]

001176 N = MPRD®*K

001200 C34(N=]) = FTY(MPReK)

001204 C3& (N) = 0.0

001205 C31{N=1) = 0,0

001206 C31(N) = 0.0

001207 C32(N) = 0.0

001210 C32(N=1) = FFF (MPRsK)

6olalez C3s(N) = 0.0

001213 443 C3S5(N-]) 3 040

00leale C34 (NEQMD) s FTT(MPRMPZ)

0o0l2e2 C32(NEQM1) =  FFF{MPReMPZ)

001224 DO 602 K=]1 MPZM]

001226 DO 602 J=m]y+MPR

ool227 L3 MPRD*(K=1) ¢ 24J = ]

001235 CIR(L) z AT (JeK)

00124} CIR(L+]) =z AF (JoK)

001244 CR1(L) B BT(JoKel)

001246 602 CR1(L+]) z BF (JiKe])

001254 00 609 J=1+MPR

001256 JPRZMR = 24J + NEQMIR

0o0lz262 D(JPRZMR) 3 <«AT{JIMPZ)

001266 609 D(JPRZMR*1)x=AF (JeMPZ)

001273 GL(2) = C32(1)

001274 GL(3) = C31(})

001276 DO ] K=1+NEQMR

001277 M = MPHDP] @ K

001301 1 GL(M) = CR1(K)

001305 DO 2 K=1vMPRDM2

001307 KM] & K = ]

001311 LsMPRDP] # KM] ¢ 3

001314 2 GLIL) = C31tK)
(o (L2 T TR 2T 2T Y2 Y Y XY YR XYY Y Y Y YA YR Y YR XY TR Y Y YT Y Y XYY YAy ¥
c
c CALCULATE INITIAL CONDITIONS FOR XENON
c

00132} DO 237 Ks2,MPZM]

001322 L = MPRD®(K=1)e¢ ]

001326 N = L o MPROM2

001330 YIL) = 1, ¢(CT(1oK)#ZT(29K) ¢(DTT(JoK)= HTT(1oK))®ZT(1eK)*AT(19K)

1 #ZT(1sKel) oBT(19K) ® ZT(1oK=l) oFTTU1oKI®ZF (19K))/Z(GTT(1oK) @
2 2T(l.K))

001362 D0 238 Jm2.MPRM]

001363 M = | e2%J=2

001367 238 YIM) = lo ¢(CT(JeKI®ZT(Jo1oK)SDTT(JoKIZT(J=1sK)=HTT(JsK)®2ZT (JsK)

1 SATUJIK)I®ZT(JoKel) o BY(JoK) #ZT(JeKel) oFTTIJIKI®ZF (JoK)})/
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00143}

001465
oolaese

001512
001515

001556
001574

001614

001643

001673
001710
001710
oolves

oolves

oolrar
001731
001733
001735
001736
001737
001746
001767
001754
001764

001765
0o0l767
00177
001772
001774
001778
002004
002012
002022
002024
002027

OO0

o000

o000

2 (BTT(JeKI®ZT(JyK))

237 Y(N) B 1o ((CT(MPRIK)=HTT(MPRoK))I®ZT (MPReK) eDTT(MPRyK)®ZT(MPR
1 M1eK) ¢ AT(MPRoK)%ZT(MPRyKel)¢ BT(MPRoK) #ZT(MPReK~1) .
2 FTT(MPRK)#ZF (MPRyK))/(GTT (MPRyK)®ZT IMPRIK) )

DO 239 Jm2.MPRMY

Y(20)=1)8] 4@ (CT(Uv1)@ZT(Je1lo)) ¢DTT(Jo1)#ZT(Umlgl) = (HTT(Je1)=BT(Js
1 11)82T(Jsl) ¢ AT(U91)@ZT(Js2) SFTTUJsLI®ZF(Je1))/Z(BTT(Jo 1) ®
2 AR IRER]

1 = 2%J ¢ NEQMIR

239 Y(1) ® le ¢(CT(JIMPZI®ZT(JoloMPZ) e DTTIJIMPZ) *ZT (J=19MPZ)
1 = HIT(JoMPZI®ZT(JeMPZ) *AT(JIMPZ) ¢ BTIJIMP2)#ZT(JeMPZM])
2 ¢ FTIT(JoMPZI#ZF (JIMPZY I/ (GTT(JeMPZ) #ZT (JIMPZ))

Y(1) = 1ee(CT(1o1)0ZT(201)¢(DTT(1ol)=HTT(101)eBT(1e1))®ZT(10])

1 ¢ AT (101} ¥ZT(102) © FTT(101)®ZF(1e1))/(OTT(101)®2ZT(10e1))

Y(MPROM1)= 1, ¢ ((CT(MPR¢1)=HTT(MPRy]1)*BT{(MPRy1))#ZT(MPRy1)sDTT(MPR
1 ¢1)9Z2T (MPRM14y) *ATI(MPRs1)*ZT(MPRs2) ¢ FTT(MPRILIZF (MPRy1) )/

2 (GTT(MPRs1)#2T(MPRy1))

YI(NEQMR1)ml, ¢ {CT(1oMPZ)#ZT(24MPZ) ¢ (DTT(IoMPZ)=HTT(1sMPZ))*ZT(1sMP
1 Z) ¢ AT(1eMPZ) BT(1sMPZ)SZT(1yMPZM]) ¢ FTT(1eMPZ)®ZF (14MP2))/
2 (GTTU1eMPZY®ZT(19MP2))

Y INEQM1) 2 le ¢ ((CTIMPRIMPZ)=HTT(MPRIMPZ))#2T(MPRsMPZ) o+DTT(MPR
1 oMPZ)@ZT(MPRM] (MPZ) ¢AT(MPRoMPZ) ¢ BT(MPRyMPZ)#ZT (MPRIMPZM])

2 ¢ FIT(MPRIMPZ)8ZF (MPReMPZ)})/ (GTT{MPRIMPZ)#ZT(MPRIMPZ))

GRDOBRBVIRUDBBRHBBRRBURBROVBOVIORBBBBIERRVEBBBPBDIVRRRNBPIRVBBRRNON0E

SET TIME RANGE AND PRINT CONTROL

READ (10+301) TMINe DTe TMAX, UPLFe NPRT

301 FORMAT(4E10+.5+120)
WRITE(9+303) TMIN,DT o TMAX+UPLF ¢ NPRT

303 FORMAT(1HO+BX+10HTIME START+10XeONTIME STEPs11X9BHTIME ENDe12Xe
1 10HFLUX LIMITs18XsY3IHPRINT CONTROL//(1H «1P4E20,69120))

T=TMIN
BONBRBLBBBLBHEBBLNRBBRNIRRBRBGRBBBRGBRBBRAPRBVBRNORRBVSRNOENBOONNE

CALCULATE TIME STEP PARAMETERS

DTXL! = = DT & XL!

EXLYI = EXP (DTXLI)

OMEXI = 1, = EXL?

DO 321 Js]yMPR

D0 321 K=14MP2

ZTP(JeK) = 2T(JeK)}

ZFP(JeK) = ZF(JyK)}

YA(JoK) = OMEXI 7/ (1ls ¢ EI®RFT(JoK))
32) YB(JeK) & EI @ RFT(JeK) * YAL(JeK)

G0TO 213

L L T T L Y Y Y Y Y YN Y Y YRy YY Y LY YYYYY YT YL Y YY)
INTEGRATE XENON AND IOQOOINE CONCENTRATIONS

350 T = T ¢ DT
NSTEPSaNSTEPSe]
00 71 K=leMPZ
KMl =& K « )
00 71 JmliMPR
2TC = (3, ® ZT(JeK) = ZTP(JeK)) @* ,5
ZFC = (3. ® ZFtJeK) = ZFPIJsK)) @& 5
TOTLD s ET(JeK) @ Z7C o XA(JeK) & ZFC ¢ xLX
XLDT = = DT « TOTLO
EXLX s EXP(XLOT)
L s MPRD & KM]l ¢ 20 e ]
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002035

oo2072

002107
002111
002113
002114
oo2lr22
002132
002146
002151
002154
002155
002162
002170
002174
002200
002202
002205
002207
002214
002217
002223
002226
002230
002233
002237

002246
002247
002251
002252
002254
002256
002257
002263
002265
002270
002274
002276
002300
002303
002306
002310
002312
002313
002314
002316
002320

OOO0OOOOD

(¢ XeXe Ny

n

619

613

612

Y{L) = Y(L) ® EXLX

1 +XB(JsK) * ( 27C * XClJeK) ¢ ZFC ) ® {1ls = EXLX)/TOTLD

2 eXD(JeK)®( Y(Lel) = ZTC *XE(JoK)®( Y(Le1) = ZFC ))®(EXLI=EXLX)/
3 (TOTLD = XLI)

Y(Lel) = Y{Lel)® EXLI ¢ YA(JsK) ® ZT7C « YB(JeK) * ZFC

T L T T e T T e T e YR TR A Y YA A AT L T Y2 L2 2 LT T

BORBGBRDORBRBBBVRBBRONBB PRSI GRRRBRIBEORDBOLRRBBURORNORDRNERGNNNOE

BEGIN SOLUTION SIMULATION (BANACHIEWICZ=CHOLESKY=CROUT SCHEME)
T I T YT Y T Y Y LYY TR YT Y R YA Y R YRR R 22 22222 L AL L2220 )

SET TIME DEPENDENT (THRU XENON) MATRIX ELEMENTS

DO 619 K=l .MPZ

KM] ® K = ]

D0 619 Js]¢MPR

L = MPRD # KM] ¢ 26) = 1

ETTIJoK) = GTT(JeK)I® (1, = Y(L)) - HTT(JeK)
EFF(JiK) & GFF(JeK)®( 1, = Y(L)) = HFF (JoK)
C33(1) 3 ETT(l41) ¢ DTT(lel) ¢ BT(1ls])
C33(2) = EFF(ls1) & DFF(191) ¢ BF(1e])

DO 613 J=2.MPRM}

C33(2*y=-1) 2 ETT(Je]l) ¢ BT(Je])
c33(2¢*) = EFF(Jsl) + BF(Jo])
C33(MPRDM]) s ETT(MPRe1) ¢ CT(MPRel) ¢ BT(MPRy])

C33(MPRD) = EFF(MPRe]l) o CF(MPRs1) ¢ BF(MPRel)
DO 612 K=24MPZ

L= MPRD®(K~1)

LPMPRD = MPRD oL

C33(L+1) s ETT(1oK) o DTT{1eK)

C33(L*2) s EFF(]1eK) & OFF (1K)

C33({LPMPRD=]) = ETT(MPRsK) o CT(MPRyK)
C33(LPMPRD) = EFF(MPRsK) ¢ CF(MPRyK)
00 612 Ju24MPRM1

JOBPL = L ¢ 2 * J

C33(JDBPL=~1) ® ETT{JeK)

€33(J0BPL) s EFF(JeK)

GRHBBUPBOPVUBVORPBBRRVIBRRBORBRBVNOROROVORRBPNRPRRNBRRNBOVBBBNENERNE

BEGIN UPPER TRIANGULARIZATION OF MATRIX

GL(1) = C33(1)

RGL =z 1./7C33(1)

GU(2) = C34(1)*RGL

GU(3) = C3S(1)*RGL

GU(MPRDP1) = ClR(]1)*RGL

L = MPRDP2

GL(L) = C33(2) = GL(2)*GU(2)
RGL = ]¢/6GL (L)

GL(L*l) = CI2(2) = GL(3)»GU(2)
GU(Le*])) ® (C34(2) = GL(2)%GU(3))*RGL
GU(L+2) = C35(2)*RGL

N = L ¢ MPROM]

GL(N) = = GL (MPRDP1)%GU(2)
GU(N) = = GL(2)*GU(MPRDP1)*RGL
LPD s L ¢ MPRD

GU(LPD) = ClR(2)®RGL

GL (MPRDDJ3) = 0,

GU (MPRDD3) = 0.

D0 20 K=3,.MPRDM2

KMl & K=}

KM2 & K = 2
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002322
002325
002326
002330
002334
002362
002345
002347
002353
002357
002364
002367
002370
00237}
002373
002374
002375
002377
002403
002405
002410
002416
002420
002425
002427
002433
002434
002437
002443
002445
002652
002454
002656
002460
002463
002464
002465
002666
002467
0026470
002472
002476
00250}
002504
002507
002512
002520
002523
002529
002530
002533
002536
002546]
002543
002545
002546
002547
00255}
002555
002557
002562
002570

15

20

35

L® MPRDPl® KMl o }

SUMK = 0,

D0 1S JUsKM2.KM]

M = MPRD & (J=1) ¢ K

SUMK = SUMK + GL (M)®GU (M)
GL(L) = C33(K) = SUMK

RGL a le/GLI(L)

M = MPRD & KM2 ¢ K

GL{Lel) = C32(K) = GL(Me])®GU (M)
GU(L¢l) = (C34(K) = GLI(M)®GU(Me]))®RAL
GU(Le2) = C35(K) # RGL

IMK = MPRDP] « K

DO 10 IsIMK MPRDM2

N = ( ¢1

SUMK] = 0,

SUMIK = 0,

00 5 J=KM2.KM}

M =2 MPRD & (JU=~]l) ¢ K

MPl = M ¢ ]

SUMK] = SUMK] ¢ GL{MPI)*GU (M)
SUMIK s SUMIK ¢ GL(M)®GU(MPI)
GL{(N) = « SUMK]

GU(N) = = SUMLK®RGL

N = L & MPRDM]

M z MPRD # KM2 ¢ K

MP1 = M ¢ MPRDM1

GLI(N} = = GL(MPl)e*GU (M)

GU(N) = = GL(M)®GU(IMPT)*RGL
LPD = L o MPRD

GUILPD) = ClR(K) & RGL

D0 40 K=MPROM] ¢MPRD

KM} = K=l

KM2 3 K = 2

L= MPRDPle KM] o 1

SUMK = U,

SUMK] = 0,

SUMlK g 0.

SUMKZ2 = 0,
SUM2K = 0,

DO 35 JmKMZ2.KM]

M = MPRD ¢ (J=1) ¢ K
SUMK = SUMK ¢ GL(M)e®GU(M)

SUMK1 = SUMK] ¢ GL{(Me+])aGU(M)
SUMIK = SUMIK ¢ GL(M)*GU(Me])
SUMK2 = SUMK2 ¢ GL (Me2)eGU (M)
SUM2K = SUM2K ¢ GL{(M)®GU(Me2)

GL (L) = C33(K) = SUMK

RGL & 1,/6L (L)

GL{(Le1) = C32(K) = SUMK]
GU(L+1) =(C36(K) = SUMIK)®RGL
GL(Le2) = C3]1(K) = SUMK2
GU(L*2) = (C3S(K) = SUM2K)®RGL
DO 30 1=3,.MPRDM2

N z L o1

SUMK] = 0,

SUMIK = 0.

DO 25 JaKM2.KM]

M = MPRD & (J=]) ¢ K

MPI = M ¢

SUMK1 = SUMK] ¢ GL(MPI)®GU(M)
SUMIK ® SUMIK ¢ GL{M)®GU(MP])
GL(N) = = SyMK]}
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002572
002577
002601
002608
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
002742
002743
002744
002750
002752
002755
002763
002765
002772
002774
003001
003003
003005
003007
003010
003011
003012
003013
003014
003016
003017
003023

30

40

56

$3

45
S0
60

75

GUIN) = « SUMIK®RGL

N = L. ¢ MPRDM]

M = MPRD # KM2 ¢ K

MPY = M ¢ MPRDM]

GL(N) = = GL(MPI)*GU (M)

GU(N) s = GL(M)®GU(MPL)*RGL
LPD = L ¢ MPRD

GUILPD) = CIR(K) * RGL

DO 60 K=MPRDP1¢NEQMR

KM] 8 K=}

Ls MPRDPl# KM1 ¢ }

SUMK = 0,

SUMK] = 0,

SUMIK s 0.

SUMKa = 00

SUM2K = O,

JL = K = MPRD

DO 55 J=JLskM]

M = MPRD ¢ (J=]) ¢ K

SUMK = SUMK ¢ GL{M)*GU({M)
JLP1 3 JL ¢ ]

D0 54 JsJLP]leKM]

M = MPRD # (Je=]) ¢ K

SUMK] = SUMK] ¢ GL(Me]l)*GU (M)
SUMIK = SUMIK ¢ GL(M)*GU(Mel)
JLP2 = JL ¢ 2

DO 53 JsJLP2+KM}

M = MPRD # (J~1) ¢ K

SUMKZ = SUMK2 ¢ GL(Me2)8GU (M)
SUM2K = SUMZK ¢ GL(M)#GU(Me2)
GL (L) % C33(K) = SUMK

RGL s 1,/6GL (L)

GL(Lel) = C32(K) = SUMK]
GU(L*]l) =(C34(K) = SUMIK)®RGL
GL(Le2) 3 C31(K) = SUMK2
GU(Le2) s(C3IS(K) = SUM2K)®RGL
DO 50 I=3,MPRDM1

N=s{L o1

SUMK] = 0,

SUMIK = 0,

JLPI = JL ¢ 1

DO &5 JsJLPlKM]

M s MPRD & (J=1) ¢ K

MP]l s M ¢

SUMK] = SUMK] ¢ GL(MPI}®GU(M)
SUMIK = SUMIK ¢ GL(M)*QU(MPI)
GL(N) s «SUMK]

GUIN) = = SUMIK#RGL

LPD = L ¢ MPRD

GUILPD) = CIR(K) ® QGL

DO 80 KSNEQMR1yNEQMI

KM] = K=}

L= MPRDPl® KM) ¢ )

SUMK ] 0.

SUMK] = 0,

SUMIK = O,

SUMKZ = 0.

SUMEK = 0,

JL =3 K = MPRD

DO 75 JasJLekM]

M s MPRD # (J=1) ¢ K

SUMK = SUMK ¢ GL (M)*GU (M)

48




