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3DDT, A THREE-DLMENSIONAL MULTIGROUP DIFFUSION-BURNUP PROGRAM

by

John C. Vigil

.

I. INTRODUCTION

AESTRACT

3DDT is a three–dimensional (X–Y-Z or R–O-Z) multigrnup diffusion
theory code. It can be used to compute keff or to perform criticality
searches on reactor composition, time absorption, or reactor dimensions

by either the regular or the adjoint flux equations. Material burnup
and fission production buildup can be computed for specified time inter-
vals, and criticality searches can be performed during burnup to compen-
sate for fuel depletion and fission product growth.

All programming ia in FORTRAN-IV and variable dimensioning is used
to make maximum use of available core storage. Because variable dimen-

sioning is used, no simple restrictions can be placed on individual
components of the problem. However, a 16-group problem containing

30 x 30 x 30 mesh points and 80 zones can be accommodated on a 65k com-
puter. Execution times are about 0.01 sec per mesh point per group for
a keff calculation on a CDC 6600 computer.

AND SUMNARY

The 3DDT (~-~imensional Diffusion ~heory) code

is an extension to three space dimensions of the 2DB

two-dimensional code.
1

Except that the geometry

options are X-Y-Z or R-8-Z and that programming is

for the CDC 6600 computer, 3DDT contains all of the

2DB features. Some’of these features are:

. Multigroup calculations of keff or criti-
cality searches on reactor composition, reac-
tor dimensions, or time absorption (alpha)
by means of either the regular or the adjoint
flux equations.

“ Material burnup and fission product buildup
can be computed for specified time intervals,
and criticality searchea can be performed
during burnup to compensate for fuel deple–
tion and fission product growth.

“ All programming is in FORTRAN-IV and variable
dimensioning is used to make maximum use of
available storage.

“ Convergence is accelerated by group rebalanc-
ing, successive overrelsxation, and line
inversion.

“ Alpha and keff can be used as parametric

eigenvalues.

“ DTF–IV input formats2 are used.

“ Only downscattering ia treated.

A description of the mathematical model is

given in the body of the report and follows closely

the description given in the 2DB user’s manual.
1

Input instructions, storage requirements, a aimpli–

fied logical flow diagram, a description of the

variable-dimensioned arrays and nonsubscripted com-

mon variables, and an executed sample problem are

included, respectively, in Appendices A through E.

Although the logical flow of the code is patterned

after the 2DB code (which in turn is patterned

after the DTF-IV and 2DF codes3) , a considerable

amount of programming was required to extend 2DB to

three space dimensions. Most of the programming

effort was the result of the storage arrangements

and the concomitant transfer of data from one

storage medium to another.

Both Extended Core Storage (F.CS) and disk stor-

age are utilized in 3DD’T. In general, fOur-

dimensional arrays, e.g., $(x,y,z,g), are stored on

the disk using tape file simulation; three–

dimensional arraya, e.g., +(x,y,z) for a particular

energy group, are stored in the ECS using random

access; and two-dimensional arrays, e.g., $(x,y)

for a particular energy group and axial position,

1



are stored in the central memory. Thus , central

memory storage requirements are insensitive to the

number of energy groups and the number of axial

mesh points.

Becauae variable dimensioning is used, no sim-

ple restrictions can be placed on individual compo-

nents of the problem such aa number of energy groups

or number of mesh pointa. However, moat three-

dimensional problems of practical interest (from

the viewpoint of computing time) can be accommo-

dated on a machine with a 130k central memory and

many can be accommodated on a 65k machine. Because

of the manner in which arrays are stored in 3DDT,

very lsrge two-dimenaional (in R-Z or X–Z geometry)

problems can be run on s 65k machine.

Eigenvalues and fluxes computed with 3DDT for

several teat problems agreed very well with results

obtained with 2DB for corresponding two-dimensional

problems. Execution times are similar to those for

2DB (for equal size problems) and are of the order

of 0.01 to 0.02 sec per mesh point per group,

Thus, a six-group problem containing 30 x 30 x 30

mesh pointa would require from 30 to 60 min of com-

puting time on the CDC 6600 covputer. The low esti-

mate applies to a keff calculation, and the high

estimate applies to an implicit eigenvalue search

calculation. On the CDC 7600 computer, which is

reported to be about four times faster than the

CDC 6600, the utility of 3DDT will be greatly

enhanced.

Poaaible areaa for future work on 3DDT include

(not necessarily in order of priority):

1.

2.

3.

4.

5.

6.

2

Incorporation of internal boundary conditions
(principally for use in control rod problems).

Incorporation of a spherical (R–%$) and/or a
hexagonal-Z geometry option in addition to the
X-Y-Z and R-fl-Z options currently available.

Computation of neutron balance by zone (the
present veraion computes only the overall neu-
tron balance).

Computation of neutron currents for uae in a
three-dimensional perturbation code.

Extension of the burnup routines to allow com-
putation of buildup of individual fission prod-
ucts such aa xenon and aamsrium. In the pres-

ent version, fission products are treated as a

single nuclide snd are characterized by a

single decay constant and a single croaa-
aection set.

Incorporation of upscattering (the present ver-
sion ia limited to downscattering).

7. Incorporation of a source option.

8. Use of sequential ECS acceaa (tape file simula-
tion) to make 3DDT compatible with computing
systems for which ECS is not available. The

uresent veraion uses random ECS accesa, which is,.—
much faster than sequential file access.

II. FORMULATION OF DIFFERENCE EQUATIONS

The ne”utron balance equations, in the mult.

group diffusion approximation with no upscatter

v. Dg V+g - Z;l$g+s=o
F.

where

s
g

and

I.GM=

g=

@g .

s=
g

Dg =

tr
Zg =

V.xf =
g

(g=l,2, ....IG1).),

ICM g-1

._lS_
k x

Vz:t @g! +
z

Eg,+g ‘$g,
eff

g’=1 g’=1

are

(1)

(2)

number of energy groups,

energy group index,

neutron flux in group g,

neutron source for group g from fission and
downscatter from higher energy groupa,

diffusion coefficient for group g

macroscopic tranaport cross section for
group g,

average number of neutrons per fission times
the mscroacopic fission cross section for
group g,

z = macroscopic transfer cross section from g’
g ‘*g to g,

X; = macroscopic removal cross section for group
g given by

IGf4

Z; = macroscopic absorption cross section fur
group g,

= fraction of fission neutrona born in group
$3 g, and

k - effective multiplication factor.
eff

The spatial difference equationa are obtained

by integrating Eq. (1) over the volume associated

with each mesh point. Each mesh point is asaumed

to be at the center of its associated mesh volume.

The mesh point arrangement in X-Y-Z geometry is

illustrated in Fig. 1. For the (i,j,k) mesh point,

labelled O in Fig. 1, the radial integration is

from (xi – Axe/2) to (xi + Axe/2), the rotational

integration is from (yj - AYo/2) to (Yj + AYo/2),

o

1

.

.
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Fig. 1. Mesh point arrangement in X-Y-Z geometry.

and the axial integration is from (z
k

- AZ012) to

(Zk + Azo/2). In this report, the radial direction

refers to either the R or the X direction, the rota-

tional direction refera to either the 6 or the Y

direction, and the axial direction refera to the Z

direction.

The leakage terms are obtained by first trans-

forming the volume integral to a surface integral

using the divergence theorem,

\

v. DV@dV=

/

DV@.;dA, (3)

where ~ is a unit vector normal to the surface. To

evaluate the surface integral, the flux gradients

at the mesh volume boundaries are approximated by

using the two adjacent flux values. The result of

volume integration of Eq. (1) for mesh point O (see

Fig. 1) is thus

(4)

where the group index haa been omitted for simpli–

city and

z: =

so =

V. =

@k =

Lk =

~=

i5k=

macroscopic removal cross section aasaci-
ated with mesh point O,

total neutron source rate associated with
mesh point O,

volume associated with mesh point O,

neutron flux at mesh point k,

distance between mesh point k and mesh
point O,

area of the boundary between mesh point k
and mesh point O, and

effective diffusion coefficient between
mesh point k and mesh point O, e.g.,

Do D1(AxO + Axl)

51 =
Do Axl + D1 Ax. “

For calculational purposes, Eq. (4 can be written

in the simpler form

6

z Ck$k=sovo ,

k=O

where

‘k %__—
Ck – tk

and

6

(k=l,2,...,6)

(5)

(6)

(7)

k=]

The constants Ck (k=O,l,...,6) are computed for the

initial system and stored for use in the flux cal-

culation. They must be recomputed whenever material

compositions change (as in concentration and alpha

searches or in depletion calculations) or whenever

changes are made in the mesh intervals (as in delta

calculations).

Three boundary conditions are available: reflec–

tive, vacuum, and periodic. The periodic boundary

condition is available only for the O (or Y) boun–”

daries. In the flux calculation, the boundary con-

ditions enter only through the values of the con-

stants C
k

at the reactor boundaries. To illustrate

for reflective and vacuum boundary conditions, con-

sider the one-dimenaional slab reactor shown in

Fig. 2. In the figure, the left-hand boundary is

reflected and the right-hand boundary is free

(vacuum).

3
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Fig. 2. Slab reactor with
left boundary and
right boundary.

Reflective Condition.

mesh interval, interval O,

left-hand side of the left

\ . . . . . L
1-
x
g
a

IM IM+I

I
\\

“AxlM~

1.42ir

reflective condition at
vacuum condition at

Imagine that a pseudo-

has been added on the

boundary with the same

composition and thickness of interval 1. Since

V@ = O at the left boundary, $0 = $1 and +0 - $1

vanishes. Therefore the coefficient, Cl, of $0 - $1

in Eq. (4) is immaterial and may be

zero. The calculation is performed

c1
- 0, and thus the imaginary flux

tribute to Eq. (5).

Vacuum Condition. Now imagine

set equal to

assuming that

$0 does not con-

that a pseudo-

mesh intervaI, interval LM i- 1, with the same compo-

sition as interval IM and thickness 1.42 Atr, where

.4
tr

is the transport mean free path in interval IM,

has been added to the right-hand side of the right

boundary. Since ‘$lM + 0 and OIM+l = O, the coeffi-

cient, C
IM+l’ ‘f %M - %f+l

in Eq. (4) cannot be

disregarded. From Eq. (6), it is seen that

‘IM ‘LM+l
%4+1”-05AX ,

. ~M + 0.71 Atr
(8)

where it is assumed that Atr - lf~tr. As in the re-

flective case, there is no contribution of the

imaginary flux to Eq. (5). For the reflective caae,

Ck= O; whereas for the vacuum case, ok = O.

Periodic Condition. To illustrate the manner

in which periodic boundary conditions enter into

the computation of the constants Ck at the bounda-

ries, consider the one-dimensional slab reactor in

Fig. 3. On the left-hand side of the left boundary,

an imaginary mesh interval, interval O, of the same

composition and thickness as interval IM has been

I I I I I I I I
bXIM_/k AXI+ bXIMt Ax,+

Fig. 3. Slab reactor with periodic boundary
conditions.

added. Similarly, an imaginary mesh interval, inter-

val IM + 1, of the same composition and thickness as

interval 1 has been added on the right-hand side of

the right boundary. For periodic boundary conditions,

$0 = @wand 411”= 41M+1. Since in general 01 + $lM

(thus $0 # $1 and $lM # @~+1), the coefficients Cl

andCIM+lcannot be disregarded. From Eq. (6), it

is clear that

El Al

cLM+l = c1 = 0.5(Ax1 +AxIM) ‘
(9)

where

D1 DIM(Ax1 + AxIM)
51 =

D1 Axw + DM Axl “
(lo)

The imaginary mesh intervals discussed in the

examples above are not a part of the code. They are

mentioned only to illustrate the manner in which the

boundary conditions enter into the calculation of

the constants Ck at the reactor boundaries.

The adjoint form of the multigroup diffusion

equations is the same as Eq. (1) except that the

source term, Eq. (2), is changed to

(11)

where $; is the adjoint flux in group g. Note that

the adjoint of a downscatter problem has the charac-

teristics of a more time-consuming upscatter problem

in that the flux in groups g’ > g contribute tO the

source in group g. The code solves the adjoint form

by transposing the scattering matrix and redefining

the fission source term as in Eq. (11). In addition,

the code inverts the group order of the cross

●

b
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sections, the fission spectrum, and the neutron

velocities. By proceeding in this manner, the up-

scatter problem becomes a downscatter problem and

the calculation can proceed through the same calcu-

lational loops as for regular problems.

111. SOLUTION OF DIFFERENCE EQUATIONS

Standard source-iteration techniques are used

to compute eigenvalues and flux profiles. Using an

initial flux guess, an initial fission source dis-

tribution is calculated. New flux profiles in each

group are sequentially computed, beginning in the

highest energy group in regular problems and in the

lowest energy group in adjoint problems. The flux

in each group is normalized immediately before each

group calculation by balancing the total source and

loss ratea. After the new fluxes in all groups have

been calculated, a new fission source distribution

is computed from the new flux profiles. The multi-

plication ratio, A, is obtained by taking the ratio

of the new (current iteration) total fission source

to the old (previous iteration) total fission source.

A fission source cycle, i.e., a complete pasa

through all the energy groups, is called an outer

iteration. The outer iteration process is continued

until the fission source (k) converges or until

either the maximum number of outer iterations (in-

put parameter DOS) or the problem time limit (input

parameter ITIMOF) is exceeded.

In keff calculations, the fission spectrum, X,

is divided by ~ so that ~ approaches unity as the

problem converges. The effective multiplication

factor, keff, ia the product of the successive a’s,

which is equf.valent to

E

initial

‘g

k .~ .
eff

z

current
(12)

Xg

g

Outer iteration convergence is assumed when both

ll-xjl $EPS and ]Aj -kj-l] <EPS, where EPS is

the lambda convergence input parameter and j is the

outer iteration index. Fission source over-

relaxation is employed to accelerate convergence.

After the fission source profile, Fj, for the jth

outer iteration is calculated, a eecond profile is

computed by magnifying the difference between F
~

andFj-1 according to

F; =Fj+f3’(F
j -Fj-l) ‘

(13)

where $’ is the fiesion source overrelaxation fac-

tor. After F; ie computed from Eq. (13), it is

normalized to give the same total neutron source as

J

The group fluxes are computed by horizontal

(R-e or X-Y) planes beginning with the plane at the

lowermost axial position. A complete sweep of a

horizontal plane for a particular axial position

and energy group is called an R-f3 (or X-Y) iteration.

A complete sweep through the entire spatial mesh for

a particular energy group is called an inner itera–

tion. Since an inner iteration involves sweeping

the horizontal planee at all axial positions, an

inner iteration as defined here is sometimes referred

to as a Z iteration.

For each energy group, the inner iteration

process is continued until either convergence is

achieved or the maximum number of inner iterations

is exceeded. Two tests must be satisfied for inner

iteration convergence. The first test requires that

HIGM VZf @i - $:-1 dV
13g

(14)

where the integration is over the entire mesh, i is

the inner iteration index, and j is the outer itera-

tion index. Equation (14) is basically a convergence

test on the total fission source, with the additional

festure that the tightest convergence is required of

those groups which contribute the most to the fission

source. If the first test is satisfied, the code

then requires that

(15)

be eatisfied at each mesh point. G06 is the point-

wise flux convergence input parameter and ie, in

general, larger than EPS. Two values for the maxi-

mum number of inner iteration per group are speci-

fied in the input. The first, S04, is applied if

11- ).1> 10EPS and the second, G07, is applied

otherwise. For each outer iteration, the number of

inner iterations is at least equal to IGM and is

5



not larger than IGMx IIPG, where IGM is the number

of energy groupa and IIPG is equal to either S04 or

G07 as appropriate.

During an inner iteration, the R-8 plane at

each axial position ia swept until either the fluxes

converge or the maximum number of R-e iterations

per plane is exceeded. The test for R-o convergence

is the same as the pointwise test, Eq. (15), for

inner iteration convergence. The maximum number of

R-O iterations per plane is computed internally

from IIPG/M05 where M05 is the R-o iteration reduc–

tion factor specified in the input. For each inner

iteration, the number of R-8 iterations is at least

equal to Kf4and is not larger than IIPGxRM/M05,

where RM is the number of axial mesh points.

In each horizontal plane, the fluxes are com-

puted using line inversion. That is, the fluxes

on each rotational (or radial) line are assumed to

be unknown, and all other fluxes coupled to the un-

known fluxes are assumed to be known (using updated

values). This procedure leads to a system of cou-

pled linear nonhomogeneous equations which are

solved by Gaussian elimination and back-substitution.

The direction (rotational or radial) in which

the line inversion Is performed depends on the geom-

etry and on the boundary conditions at the rota-

tional boundaries. Line inversion is performed in

the rotational direction for all R-e-Z problems and

for X-Y-Z problems with periodic boundary conditions.

For other X-Y-Z problems, the line inversion is per-

formed in the direction containing the most mesh

points.

After each horizontal flux profile, @i, for

the ith R-6 iteration is calculated, a new profile,

$;, Is computed by magnifying the difference be-

tween @i and $i_l according to

(16)

where 6 ia the overrelaxation factor specified in

the input. The code automatically reduces f?- 1 by

a factor of 1.1 when 11 - Al < 10EPS and aIso com-

putes the fission source overrelaxation factor, ~’,

from the expression

~’ = 1.0+ 0.6(f3- 1) . (17)

Tight mesh spacing in the dimension perpendicu-

lar to line inversion can cause excessive running

time. Thus , if tight mesh spacing is used, it should

be in the dimension containing the most mesh inter-

vals. For the same reason, the dummy dimension in

two-dimensional problems should contain large mesh

intervals (at leaat three intervals are required).

n?. IMPLICIT EIGENVALUE SEARCHES

The 3DDT code permits implicit eigenvalue

searches for time absorption (alpha), material com-

position (concentration), or system dimensions (del-

ta) . In contrast to a keff calculation, the fission

spectrum is not changed. Instead, the desired param-

eter is changed to make ~ approach unity. In gener-

al terms, a converged value of k is obtained by a

sequence of outer iterations for the initial system

configuration. Then the system is altered, by chang-

ing the desired parameter by an amount specified in

the input, and another sequence of outer iterations

is performed to obtain a second converged ~. Subse-

quent parameter changes are determined by either

linear interpolation or by parabolic interpolation

modified by precautionary safeguards. Efgenvalue

search problems are thus basically a sequence of

keff calculations for several perturbations of the

original system.

The outer iteration process for the original

system (and corresponding initial eigenvalue guess)

is continued until 1A - k~_ll < EPS, where j is
j

the outer iteration index and EPS is the lambda con-

vergence criterion specified in the input. The

original eigenvalue guess, EV, is then changed to

EV-EVM if ~ < 1 and to EV+EVM if ~ > 1. SW is an

input parameter (eigenvalue modifier) for changing

the implicit parameter which is the object of the

search, and an intelligent use of EVM can materially

shorten computation time.

After converging on the first value of A to a

precision of ]Aj - J,j_lI < Eps for two successive

outer iterations, subsequent values are converged to

lkj-~j_l] <EPSA, where EPSAisthe eigenvalue

search convergence criterion specified in the input.

In most computations, EPSA can be larger than EPS,

saving time by requiring fewer outer iterations with-

out sacrificing final accuracy. When the second

*

t
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converged value of k ia obtained for the second val-

ue of EV, a straight-line interpolation is used to

modify EV, provided that XLAL ~ 11 - 1] ~ XLAH.

XLAL and XLAH are low and high limits on [1 - 11

specified in the input and used to stabilize the

searth. If 11- AI > XLAH, the straight-line inter-

polation proceeds as though 11 - Al were equal to

X?.AH. If II - al < XLAL, the search continues to

completion using a straight-line interpolation with

a fixed slope to prevent errors due to subtraction

of nearly equal quantities. In all cases where

straight-line interpolation is used, the slope of

the line can be adjusted to either over- or under-

predict by using the parameter oscillation damper,

POD, specified in the input.

After a third converged value of A (correspond-

ing to the third value of EV) is obtained, and if

II-AI ~XLAL, parabolic interpolation is used to

obtain the next value of EV. The root of the para-

bola closest to the previous value of EV is taken

as EV. Let ~p and Xpp be the converged lambdas cor-

responding to EVP and EVpp, where EVp is the pre-

vious eigenvalue and EVpp is two eigenvalues back.

If the sign of lee - 1 is different from the sign

of Ap - 1, the new value of EV must lie in the ex-

treme range of the previous valuea Ep and Epp. If

it does not, EV is set equal to 0.5(EVP + EVPP).

In the parabolic search, a slope ia computed for

the switch to the straight-line method if 11 - Xl <

XLAL . Also, if the two roots of the parabola are

imaginary, the straight-line method Is used. Final

convergence of the search is reached when both

11-kl <EPS and ]Aj -Aj_ll < EPS.

Alpha Searches. Consider the time-dependent

form of Eq. (l),

+ Sg(:,t) . (18)

If we assume that

$g(;, t) = @g(;) eat , (19)

Eq. (16) becomes

v. Dg V@g(~) -
()
z; +Q - @g(:) + Sg(a = o .

‘g

(20)

The parameter a as defined in Eq. (19) is computed

as the eigenvalue EV in an alpha calculation. Be-

cause the term a/vg in Eq. (20) appears as an addi-

tional absorption term, alpha calculations are re-

ferred to as time absorption calculations.

Concentration Searches. Any number of mater-

ials can simultaneously be added, depleted, or in-

terchanged in any number of zones during a concen-

tration search. The basic format for specifying

concentration searchea is Illustrated by a simple

example. Suppose that mixture 15 is initially com-

posed of materiala 1, 2, 3, and 4 with atom densi-

ties, respectively, of N1, N2, N
3’

and N
4“

Now

suppose that we wish to vary the atom densities of

materials 1 and 2 by the same factor in order to

make the system critical, while at the same time

keeping the atom densities of materials 3 and 4 con-

stant. The IO, 11, and 12 tables (see input instruc-

tions, Appendix A) for mixture 15 would then be

specified as shown in the following tabulation.

Mix Material Atom
Number (10) Number (11) Density (12)

15 0 0
15 1 N1
15 2 N2
15 15 0
15 3 N3
15 4 N4

In the first row, the O entry in the 11 table

instructs the code to clear a storage area for mix-

ture 15. In the second and third rows, the entries

in the 11 table cause materials 1 and 2 to be added

to the current contents of mixture 15 with atom

densities, respectively, of N1 and Iiz. Because the

entry in the 11 table in the fourth row is the same

as the mixture number, the current contents of mix-

ture 15 is multiplied by the elgenvalue. Finally,

the entries in the 11 table in the last two rows

instruct the code to add materials 3 and 4, with

atom densities, respectively, of N
3

and N
4’

to the

current contents of mixture L5. These instructions

are summarized by the expression.

’15 =

where

’15 =
ai =

Ni =

Ev=

Ev(Nlal + N2a2) + ‘3U3 + ‘4°4 ‘
(21)

macroscopic cross section for mixture 15,

microscopic cross section for material i,

atom density of material i, and

eigenvalue.



From the simple example above as a basis, complex

concentration search problems can be constructed;

the possibilities are limited only by the ingenuity

of the user.

Dimension Searches. In delta calculations,

the code searches on reactor dimensions by varying

the size of each mesh interval according to

Arj = Arj[l + (mesh modifier)j EV] .
0 (22)

In Eq. (22), Ar~ is the initial mesh spacing for

the jth interval and EV is the eigenvalue. Differ-

ent mesh modiffera can be specified for each radial,

rotational, and axial mesh interval. This allows

great versatility in the manner in which the system

can be changed to achieve criticality.

In the concentration and delta options, either

k or alpha can be used as parametric eigenvalues.
eff

That is, concentration or dimension searches can be

made so that the final system has a specffied reac-

tivity or a specified alpha. If no parametric

eigenvalue is specified, it is aasumed that the

final system is to be critical.

v. BURNUP MODEL

The burnup equation for each material in each

zone has the form

2 7

dNi/dt = ikNk+ ~
E

tfpj + $
x

~fN
mm

j=l m=~

-,i N_i@aN
ii ii’

(23)

where

Ni = atom density of nuclide f in the zone,

Ai = decay constant for nuclida i,

‘:
= spectrum-averaged microscopic absorption

cross section for nuclide i,

‘;
= spectrum-averaged microscopic capture

cross section for nuclide j,
;f

= spectrum-averaged microscopic fission
m

cross section for nuclide m, and

?== total zone-averaged flux.

The first term on the right-hand aide of Eq. (23)

gives the source for nuclide i from decay of nuclide

k. The next two terms provide for two capture and

seven fission sources. Since fission products are

usually included as a single nuclide, the yield of

nuclide i from the fission of nuclide m has been

assumed to be unity in Eq. (23). Modifications to

the code required to allow fission yields for

individual fission products are straightfotward.

The last two terms in Eq. (23) provide for leases

of nuclide i by decay and absorption.

The zone-averaged flux and cross sections ap-

pearing in Eq. (23) are computed and printed before

each burnup interval and, along with the total reac-

tor power and flux profiles, are held constant dur-

ing the burnup interval. Each burnup interval ia

arbitrarily subdivided into ten smaller intervals

of equal duration. Equation (23) is then solved as

a march-out problem using the smaller time Intervals.

If Eq. (23) is rewritten in the form

d;/dt = ~(ii,t) ,

the march-out algorithm can be written as

where J is the

time interval.

to compute IJ,

tive procedure

used is

fit +
+ 2—(fJ-l

+ ;J)

(24)

(25)

time index and 6t is the subdivided

Because i~ must be known in order

Eq. (25) must be solved by an itera-

at each time step

-w (+%;+;V-l=i+J1
‘J - 2 J-1 J )

where V is the
.

iteration index.

J. The algorithm

9 (26)

It is clear from

the mathematical model that short burnup intervals

should be used if rapid variations in isotopic con-

centrations or flux profiles are expected.

Although the eigenvalue and material deneities

for the depleted system are computed and printed

after each burnup interval, the zone-averaged flux,

cross sections, and reaction rates are not. However,

they can be obtained by specifying a final burnup

interval of minuscule length. The same stratagem

can be used in nonburnup problems to obtain a print-

out of these quantities.
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APPENDIX A

INPUT INSTRUCTIONS

,

.

In the following pages, input specifications

for 3DDT are listed and described in exactly the

order in which they are required by the code. The

input is divided into four categories:

1. a title card,

2. input control integers and input control float-
ing point numbers intermixed on Cards 2 through
9,

3. problem-dependent data (number of carda is
variable), and

4. burnup data (number of cards la variable).

The formats developed for reading problem-

dependent data in the DTF-IV code are alao used in

3DDT. With the exception of the cross sections,

all problem-dependent data are resd by generalized

input subroutine in one of two formats:

6(11,12,E9.4) for reading floating point numbers

and 6(11,12,19) for reading integers. In these for-

msts, the integer in the first column (11) indi-

cates the option (described below), the integer in

the next two columns (12) indicates the number of

times the option is to be applied, and the number

in the last nine columns (19 or E9.4) is the data

associated with the field. The options for 11 are:

Word Variable Format

Card 1 (required)

Al 1 ID 12A6

CONTROL DATA (required)

Card 2

1 AO1 112

2 A02 112

3 IGE

4 IZM

5 104

6 MO 7

112

112

112

112

11—
O (or blank)

1

2

3

4

5

9

S!P&?Q
Code reada data field and no special
action ia taken.

Repeat the number in the data field
12 times.

Place 12 linear interpolates between
the number in this data field and the
number in the following data field
(not allowed for integers).

Terminate reading of the data block.
A 3 must follow the last data field
of each data block.

Fill the remainder of the data block
with the number in the data field.

Repeat the number in the data field

10 x 12 times.

Indicatee the end of data to be read
from the card and code skips to the
next card. This option allows inser-
tions of data within a block without
repunching the entire block.

Both the 2DB and the DTF-IV cross-section for-

mats are allowed in 3DDT. Algorithms for mixing

cross sections and for criticality searches in k
eff’

alpha, concentration, and delta calculations are the

came aa those used in the DTF-IV and 2DB codes.

Comments

Problem identification card which may contain any alpha-

numeric character desired.

Cross-eection format indicator (1/2 = BNWL/LASL). See
explanatory notes.

Theory (0/1 = regular/adjoint) . Flux guess for adjoint prob-
lem must be input in reverse order in terms of groups. Adjoint
fluxes are also printed in reverse order. The neutron balance

tables, power deneity, and fission source rate in adjoint cal-
culations do not have a direct physical interpretation.

Geometry (0/1 = X-Y-Z/R-&Z). Input for Elis in revolutions,

e.g.~ T radians = 0.5 revolution.

Number of material zones.

Eigenvalue type (1/2/3/4 = k/a/C/6).

Initial flux guess (0/1,2,3/4/5 = flat/cards/tape/sine-cosine) .
See input block NO. If M07=4, the flux tape must be aasigned
to file TAPE14.

9



Word

Card 3

1

2

3

4

5

6

Card 4

1

2

3

4

5

6

Card 5

1

2

Variable

IM

JM

KM

EV

EvM

EPS

BO1

B02

B03

B04

B05

B06

MT

MO1

3 MCR

4 Iz

5 JZ

6 KZ

Card 6

1 S02

2 S03

3 IGM

4 IHT

5 IHS

6 ITL

Forma t

112

112

112

E12.4

E12.4

E12.4

112

112

112

LL2

112

112

112

112

112

112

112

112

112

E12.4

112

112

112

112

Number of

Number of

Number of

Comments

radial (or X) intervals (23).

rotational (or Y) intervals (23).

axial (Z) intervals (23).

Initial eigenvalue guess (typical values are 1.0 for C calcula-
tions and 0.0 for all the rest).

Eigenvalue modifier used in search calculations. Typical values

are ~1.O for a, _W.1 for C, and _H.05 for 6. Value of EVM should
reduce reactivity.

Lambda convergence criterion, i.e., convergence criterion on the
total fission source. TypicaI values are 0.00001 ~ EPS ~ 0.0001.

Left boundary condition (0/1 = vacuum/reflective).

Right boundary condition (ace BO1).

Front boundary condition (0/1/2 = vacuum/reflective/periodic) .

Back boundary condition (see B03).

Bottom boundary condition (0/1 = vacuum/reflective).

Top boundary condition (see B05).

Total number of materials including mixtures. Mixtures must
be assigned identification numbers (see IO block) between
MCR+l and MT.

Number of mixture specifications (>0 for burnup calculations).
This is the length of the blocks (see IO, 11, and 12) which
specify how mixtures are to be formed from the input cross
sections.

Number of cross–section acts input from carda (21). The sets
are aasigned identification numbers by the code from 1 to MCR
in the order in which they are read.

Number of radial (or X) mesh interval modifiers (21 for 6 option,
O otherwise). See R3 block.

Number of rotational (or Y) mesh interval modifiers (21 for 6
option, O otherwise). See TA3 block.

Number of axial (Z) mesh interval modifiers (21 for 6 option,
O otherwise). See Z3 block.

Parametric eigenvalue type (0/1/2 = none/k/a). Use with
C and 6 options only.

Parametric eigenvalue (leave blank or zero if S02 = O).

Number of energy groups (21).

Position of sigma transport in cross-sectfon table.

Position of sigma self-scatter in cross–section table.

Cross-section table length.

.
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Word

Card 7

1

2

3

4

5

6

Card 8

1

2

3

4

5

6

Card 9

1

2

3

4

5

6

Variable

sol

MO 5

M06

S04

DOS

GO 7

G05

G06

LAL

I&l

POD

EPSA

IPFLX

IPCUR

IDMTPS

ITI.MOF

ORF

NESFL

Format

E12 .4

112

112

112

112

112

E12.4

E12.4

E12.4

E12.4

EL2 .4

E12.4

112

112

112”

112

E12.4

112

Comments

Neutron source rate (S01 > O) or power in MWT (S01 < O).
Used to normalize the fluxes.

R-O iteration reduction factor. The maximum number of R-O

(or X-Y) mesh sweeps per inner (Z) iteration is set equal to
S04/M05 or G07/M05 as appropriate. Suggested value M05 = 2.

Number of R-9 (or X-Y) ulanes with uniaue zone numbers

Inner (Z) Iteration maximum per group for 11 - A[ ~ 10xEPS

(suggested value 55 S04~10). - -

Maximum

tion is

Maximum
[1-A[

number of outer iterations (if
object, use ITIMOF).

number of inner (Z) iterations
< 10xEPS (suggested value 10 <—

running tLme limita-

per group when
G07 ~20).

Not used at present--leave blank or zero.

Inner iteration pointwise flux convergence criterion. sug-
gested value EPS < GO651OXEPS. G06 cannot be zero.—

Lower limit on [1 - AI used in search options only. Suggested
value: 0.005.

Upper limit on ]1 - Al used in search options only. Suggested
value: 0.5.

Parameter oscillation damper used in search options only. sug-

gested values: 0.5 for a calculation, 1.0 otherwise.

Eigenvalue search convergence criterion. Used only in search
calculations. Suggested value EPS < EPSA < 10xEPS.— —

Punch flux dump (0/1 = yes/no). Not recommended for IMxJMxKMxI.GM
> 6000, instead use IDMTPS. If a dump is called for in a bumup
calculation, only the fluxes computed for the undepleted system
are dumped. Adjoint fluxes are punched in reverse order in
terms of groups.

Punch atom densities after each burnup interval (0/1 = no/yes).

Write flux dump on magnetic tape (0/1 = yes/no). If yes, must
assign a magnetic tape to file TAPE16. Adjoint fluxes are
written in reverse order in terms of groups. In bumup calcula-
tions, only the fluxes computed for the undepleted system are
dump ed.

Time limit in seconds. For long running problems, this allows

a flux dump to be taken before CP time expires.

Overrelaxation factor. Suggested value: 1.4.

ECS field length in octal thousands. Must be the same as that
requested on the job card.

11



PROBLEM-DEPENDENT DATA

Block
Name Format

6E12.5
(req~red)

Number of
Entries Comments

MCR Cross-section seta on cards where MCR is the
number of acts. The first card in each set ia
the heading card containing HOLN, ATW, ALAf4,
AA(9) (format A6, 2E6.2, 9A6) where HOLN =
isotope identification name, ATW = atomic
weight (amu) of isotope, and AA(9) = miscel-
laneous additional identification. The heading
card is followed by the cross-section tables

(in barna) for each group beginning with the
highest energy group. For AO1=l, the table

, for each group starts on a new card, For A01=2,
the cross aectiona are a continuous block. If
A01=2 and IHT=3, the last set of cross sections
is followed by ANU(l), T=l, IGM where ANU(I) is
the value of v for group I. The order of the
various interaction cross sections within the
table is discussed in the explanatory notea.

NO 6(11,12,E9.4) Varies Flux input. The length of this block depends
(optional) on the option chosen in parameter M07 (card 2)

as follows:

M07 Option m

o NO input required.
1 IM+JM+KM+IGM
2 IGM(IM+JM+XM)
3 IGMxIMxJMxXM
4 Same as M07=3 but flux guess

ia taken from tape. The mag-
netic tape containing the flux
guess must be asaigned to file
TAFE14 .
Sine or cosine guess coniputed
internally by subroutine SINUS.
Card input not required at this
point but see block EF.

See explanatory notes for further details on
flux input.

RO 6(11,12,E9.4) m-l-l Radial (X) mesh in cm. The entries must be
(required) ordered by magnitude and must begin with 0.0

for R-8-Z problems

TAO 6(11,12,E9.4) JM-I-1 Rotational (Y) mesh in revolutions (or cm)
(required) ordered by magnitude.

Zo 6(11,12,E9.4) XM+l Axial (Z) mesh in cm ordered by magnitude.
(required)

EF 6(11,12,E9.4) IGM Flux energy spectrum to be read only if M07=5.
(optional) See explanatory notes.

6(11,12,19) M06XIMXJM Zone number blocks for each of the M06 unique
(req~red) R-6 (X-Y) planes. Each block contains IMxJM

entries. The zone numbers for all intervals

in the radial (X) direction must be given in
order from left to right for the first rota-

tional (Y) interval, then for the second
rotational interval, and so forth until the
zone numbers for the entire plane have been
specified.

Identifies zone number plane to be used for
each axial interval starting with the bottom
interval.

IDZNO 6(11,12,19) KM
(required)

5

6(11,12,19) IZM
(reqfired)

K7 6(11,12, E9.4) IGM
(required)

Material numbers by zone starting with zone 1.

Fission spectrum ordered by group beginning

with the highest energy group.

.
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PROBLEM-DEPENDENT DATA (continued)

Block Number of
Name Format Entries

6(11,12,E9.4) IGM
(req~~red)

6(11,12,19) MO1
(opt~~nal)

11 6(11,12,19) MO1
(optional)

6(11,12, E9.4) MO1
(opt;~nal)

R2 6(11,’12,19) It4
(optional)

6(11,12,E9.4) IZ
(optRnal)

TA2 6(11,12,19) JM
(optionsl)

TA3 6(Il,I~,E9.4) JZ
(optional)

6(11,12,19) KM
(opt%nal)

6(11,12,E9.4) KZ
(opt~~nal)

Comments

Velocities (cm/see) for each group starting
with the highest energy group.

Mixture numbers labeling the cross-section
mixture blocks. The length of each mixture
block is n+l where n is the number of isotopes
in the mix. No input is required if MO1=O.

Mixture commands indicating which isotopes are
to be used to make each mixture. The first
entry for each mix is O. Once a mixture has
been defined, it may be used as a component of
another mixture. However, the material inven-
tory tables, which are part of the printed
output, are inapplicable for a mixture speci-
fication more complex than a mix in a mix (e.g.,
a mix in a mix in a mix). An isotope cannot
be specified more than once in the same mix in
burnup calculations. If specified more than
once in other calculations, the printed inven-
tory table will be incorrect. The procedure
used in concentration search problems is dis-
cussed in Sec. IV of this report. No input

is required for 11 if MO1=O.

Atomic densities (x 10
24

since input cross
sections are assumed to be in barns) of the
various components of each mixture. The first
entry for each mixture must be 0.0, corres-
ponding to the O in the 11 table, followed by
the density for each material in the order
they are given in the 11 table. No input re-
quired if MO1=O. See Sec. IV of this report
for procedure used in concentration searches.

Radial numbers. These are read and used only
in 6 calculations. They indicate which radial
mesh interval modifier (block R3) is to be used
for each radial (or X) interval.

Radial mesh interval modifiers. These are the
factors used with the eigenvalue to achieve
the increase or decrease in size of the radial
(or X) mesh intervals. A different modifier
may be specified for each mesh interval. This

block is read only in 6 calculations.

Rotational numbers. These are used in the
same manner as the R2 block except in the O
(or Y) direction.

Rotational mesh interval modifiers. These are

used in the same manner as the R3 block except
in the El (or Y) direction.

Axial numbers. These are used in the same
manner as the R2 block except in the axial (Z)
direction.

Axial mesh interval modifiers. These are used
in the same manner as the R3 block except in
the axial (Z) direction.

.
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BURNUP DATA .

Word Variable Format Comments

Card 1 (required) ..

1 NCON 16 Burnup control:
= o:

= N:

~ o:

end of problem, read input
The remaining words on the

data for next case. -
card are ignored.

This card, with NCON=O, must be the last card
in the data deck for each problem.
read bumup parameters for N burnable isotopes
and take time step of DELT. Card 2 below is
read only if this option is used.
take time steu of DELT using burnup parameters

2 NPRT

from previous time step. Ii this option is
used, Card 2 below is not required.

16 Print control:
= o: partial print. Fluxes, fission densities? and

fission neutron source rates are not printed
for the depleted system.

= 1: full print. Quantities normally printed after

an eigenvalue calculation are printed for the
depleted system.

3 DELT E12. O Length (days) of time step (burnup interval).

Card 2 (optional--repeat for all burnable isotopes, i.e., ,N=l,NCON)

1 MATN(N)

2 NBR(N)

3 LD (N)

4 LCN(N,l)

5 LCN(N,2)

6 LFN(N,l)

.

.

.

12 LFN(N,7)

EXPLANATORY NOTES

16 Material number of the burnable isotope.
.1

16 Control for breeding ratio
= o: no effect
= 1: fertile isotope
. 2: fiasile isotope

16 Decay source control:
. 0:
= I:

16 Capture
= o:
. I:

16 Capture
Same

16 Fission
= o:
. I:

16 Fission
Same

no decay source
decay source from

source #1:
no cauture source

calculation:

burnable isotope I

capture source from burnable isotope I

source #2:
options as LCN(N,l).

source #l:
no fission source
fission source from burnable isotope I

source #7:
options as LFN(N,l).

Cross Sections. If control parameter AO1=l,

the cross-section tables are read in the BNWL for-

mat. In this format. the cross sections are assumed
f

to be in the order o;, d;, VUg, u
tr

g ‘ ‘S-%’ “g-%’
() .... and the table for each group starts on
E-2 *Q’.. -

a new card. In the LASL format (A01=2), the cross
c f“ a a

sections are either in the order u , u , u , u ,
f tr gggg

w~g, o,a, u
g

~_l+g> ag-2+g, .... or in the

a
order u Wygotr, aPg, og_l+g, ag_2%, .... and

g’ g’ g
the cross sections are read in a continuous block.

The code checks the cross-section tables for

internal consistency. That is, the transport cross

section computed from

tr
G .U;+ x u
g s% ‘

g’

(A-1)

tr
must agree with the u specified in the table. If

g
they differ by more than EPS in relative magnitude,

either the problem is terminated or a warning is

printed, depending on the magnitude of the

discrepancy.

.
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Flux Guess. Let @(G,I,J,K) denote the flux for

group G at radial (or X) mesh point I, rotational

(or Y) mesh point J, and axial (Z) mesh point K.

If li07=0, the gueaa

$(G,I,J,K) = 1.0 (A-2)

is used for all groups and all mesh points. This

option is recommended only for cell problems in

which all the boundaries are reflected and the en-

ergy spectrum is not known. For other problems, op-

tion M07=5 should be used if a flux guess from other

sources is not available.

If M07=1, the flux guess is synthesized from

$(G,T,J, K) = X( I)Y(J) Z(K) H(G), (A-3)

where X(I), Y(J), Z(K), and H(G) are, respectively,

the radial, rotational, axial, and energy distribu-

tions. These distributions can be obtained from

one-dimensional calculations using, for example,

the DTF-IV code. This flux guess is effective for

problems which are nearly separable in both space

and energy. The one-dimensional distributions are

read from cards as separate blocks in the order X(I),

I=l,IM; Y(J), J=l,JM; Z(K), K=l,I@l; and H(G), G=l,

IGM.

If M07=2, the flux guess is synthesized from

@(G,I,J,K) =X(G,I)Y(G,J)Z(G,K) , (A-4)

where X(G,I), Y(G,J), and Z(G,K) are, respectively,

the group-dependent radial, rotational, and axial

distributions. As before, these distributions can

be obtained from one-dimensional calculations. This

flux guess is effective for problems which are nearly

separable in space but not in energy. The distribu-

tions are read from cards as separate blocks in the

order X(G,I), I=l,IM; Y(G,J), J=l,JM; and Z(G,K),

K=l,KM for each group starting with G=l for regular

problems and G=IGM for adjoint problems.

If M07=3, a full flux guess $(G,I,J,K) is read

from cards. The fluxes are read in KM blocks of

length IMxJM in the order

((@(G,I,J,I), I=l,TM), J=l,JM)

((4J(G,I,J,2), I=l,IM), J=l,JM)
.
.
.

((@(G,I,J,KJf), I=l,IM), J=l,JM)

for each group starting with G=l in regular problems

or G=IGM in adjoint problems. Normally, this guess

will be a card flux dump from a previous run and

the blocks will already be in the correct order.

The flux guess for M07=4 is the same as for

M07=3 except that the fluxes are on magnetic tape

rather than on carda. This guess is normally a

tape flux dump from a previous run.

If M07=5, the flux guess is synthesized in the

same manner as the M07=1 option, Eq. (A-3). However,

the one-dimensional spatial distributiona X(I), Y(J),

and Z(K) are computed internally by subroutine SINUS

from sine, cosine, or flat functions depending on

the boundary conditions. The energy distribution

H(G) (block EF in the input specifications) is read

from cards.

APPENDIX B

STORAGE REQUIREMENTS

The variable-dimensioned arrays in 3DDT are required because the combined storage capacities of

stored in three levels. Four-dimensional arrays, the fast core and the ECS are not large enough for

e.g., $(x,y,z,g), are stored on disk; three- most problems.

dimensional arrays, e.g., $(x,y,z) for a particular On the CDC 6600 computer, disk files are

energy group, are stored in the ECS; and two- treated the same as tape files. That is, they may

dimensional arrays, e.g., $(x,Y) for a particular be written, rewound; read, and backspaced by the

energy group and axial position, are stored in a standard FORT&lN 1[0 statements. In 3DDT, disk

container block in the fast central memory. Thus , files are used to store fluxes (file NFLUX1), flux

central memory storage requirements are insensitive constants (file NCXS1) , and cross sections (file

to the number of energy groups and the number of NCR1) . An additional disk file, NSCRAT, is used as

axial mesh points. Three levels of storage are a scratch file.
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Both random access and sequential file access

can be used to transfer arrays between fast core

and the ECS. Rsndom ECS access permits the manipu-

lation of data arrays through high-speed block

transfers. Sequential ECS file access permits tape

file simulation to be employed using ECS as the

storage medium. For each read or write statement,

the time required to transfer n words between fast

core and ECS is given approximately by

t=ai-n/b, (B-1)

where a = access time in seconds and b = transmis-

sion rate in wordslsec. With random access, a ~

1.5 x 10-5 and b z 6.7 x 106; whereas with sequen-

tial access, a ~ 8.0 x 10
-3

and b g 6.7 x 106. Al-

though the transmission rates are the same for the

random and sequential modes, the much larger access

time for the sequential mode greatly reduces the

effective transfer rate.

The effective transfer rate, R, is given by

R= ntt = n/(a + nib). (B-2)

Equation (B-2) shows that R increases linearly with

n for small n and approaches the transmission rate,

b, for large n. Effective transfer rates computed

from Eq. (B-2) for the two ECS modes are tabulated

below for varloua values of n.

Effective Transfer Rate (words/see)
n Random Access Sequential Access

10 6.1 X 10; 1.2 x 10:
100 3.3 x 106 1.2 x 105

1000 6.1 X 106 1.2 x 106
10000 6.6 x 10 1.1 x 10

Since the arrays transferred between fast core and

ECS are of the order of IMxJM, where IM = number of

radial (or X) mesh points and JM = number of rota-

tional (or Y) mesh points, n is of the order of

1000 in most problems. The effective transfer rate

for n - 1000 using random access is 50 times larger

than that uelng sequential access. For this reason,

random access is used in the CDC 6600 version of

30DT .

The use of sequential file access would make

3DDT compatible with computing systems for which

ECS is not available. Thus, it is expected that a

version using sequential ECS file access will be

prepared later. Disk storage could be used in

place of the ECS, but only at considerable cost

computing time. The effective transfer rate

16
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between fast core and disk is at least two orders of

magnitude smaller than that between fast core and

the ECS using random access. The use of magnetic

tape storage is even less desirable, because effec-

tive transfer rates with magnetic tape are several

times smaller than with disk.

The three-tier storage arrangement is well

suited to the iteration scheme used in 3DDT. During

an outer iteration, the three-dimensional arrays for

the current group are extracted from the disk and

stored in the ECS before entering the inner itera-

tion loop. In the inner iteration loop, the two-

dimensional arrays for the current axial position

are transferred from the ECS to central memory.

Since the two-dimensional arrays must be transferred

from the ECS to central memory every time the axial

position changes, and since the axial mesh may be

swept many times for every outer iteration, most of

the data transmission is between ECS and central

memory. Thus, disk access time and transmission

rates are not as critical as those for the ECS.

The variable-dimensioned arrays stored in the

container block A in central memory require Ncm

storage locations, where

N = 17xINxJM + ITLXMT + 15xML + 2xJMxRM + 2xIPlxRM
cm

+

+

+

4xMOl + 6xIGt4 + 8x1224+ 2(IP+JP+KP)

2(IM+JM+KM) i-4xML + 12xIGP +M06 + llxKM

2xMAx(rM,JM) + T06(IM+JM+RM+IZ+JZ+KZ).

(B-3)

Extended core storage and disk storage requirements

are, respectively,

N = 10xIIt%TM~ + IMXJMXM06
ecs

and

N
disk =

In Eqs.

m

JM

KM

ITL

MT

ML

MO1

IGM

+ IGM(JMxKM+IMxKM+IMxJM) + 4YJ4Lx1ZM

(B-4)

6xIMxJMxKMxIGM + ITLxMTxIGM. (B-5)

(B-3) through B-5),

.

.

.

.

.

.

.

number of radial (or X) mesh intervals,

number of rotational (or Y) mesh intervals,

number of axial (Z) mesh intervals,

cross-section table length,

total number of materials including mixes,

number of

number of

number of

input material cross sections,

mixture specification,

energy groups,



.

1P = IM+l,

JP = JM+l,

KP = KM+l,

IGP = IGM+l,

IZM = number of material zones,

12 = number of radial (X) zones to be modified
(delta option),

JZ = number of rotational (Y) zones to be modi-
fied (delta option),

KZ = number of axial (Z) zones to be modified
(delta option),

M06 = number of R-O (X-Y) planes with unique
zone numbers, and

T06 = 1 for delta calculation, = O otherwise.

For a fairly large problem, in which TM=JM=KM=M06=

IZ=JZ=KZ=30, IGM = 16, ITL = 12, MT = 100, ML = 20,

MO1 = 200, T06 = 1, and IZM

quirements for the variable

No = 23,186,

N– 340,200,
eca –

‘disk
= 2,611,200.

= 80, the storage re-

arrays are

Subroutine

3DDT

On a 65K machine, the dimension of the container

block A can be aa large as 25,000. The maximum ECS

memory available to a single ueer is currently

about 800,000 and each machine has access to two

disks of about 6,500,000 words each. Thue, the

large problem specified above can be accommodated

on a 65K machine and much larger problems can be

accommodated on a 130K machine. Because of the

manner in which arrays are stored in central memory,

very large two-dimensional (R-Z or X-Z) problems

can be accommodated on a 65K machine. For example,

consider an R-Z problem with IM=KM-+t06=Iz=KZ.=75,

IGM = 25, ITL = 15, MT = 200, ML = 40, MO1 = 400,

IZM = 160, and T06 = 1. In the dummy direction, Cl,

JM = 3 (at least three mesh points are required in

N– 24,598,
cm -

N= 337,500,
eca

‘disk
= 2,606,250.

APPENDIX C

SIMPLIFIED LOGICAL FLOW CHART

INP

ERR02

POINTR

RETRVR

each dimension) and JZ =

storage requirements are

A simplified logical flow chart for 3DDT is

shown in Fig. C-1. Only external (nonsystem) sub-

routines are included in the flow chart and a brief

description of these subroutines is given below.

Description

Main program--controle the overall flow
of the problem. 3DDT calls INP, INIT,
FISCAL, S8830, ERR02, CONSTS, OUTER,
CNNP, S8850, GRAM, INPB, AVE~G, and
MARCH .

Controls the reading and printing of all
input data other than the burnup data
and computes program constants and
variable-dimension pointers. INP is
called by 3DDT and calls S860, S862,
REAG2, RRA12, SINUS, MAPR, ERR02, and
PO INTR .

This subroutine printa error messages
and is called by 3DDT, INP, S860, INIT,
and CNNP.

Calculates pointers for arrays in ECS.
POINTR is called by INP.

Retrieves integer data from the con-
tainer block A. RETRVR is called by
INF.

Subroutine

S860

S862

SINUS

REAG2

RRA12

LOAD

MAFR

o. For this caee, the

Description

Reads cross sections from carda and
checke them for consistency, performs
adjoint reversals of the cross sections

if required, and writes the cross-
Section tape. S860 is called by INP
and calls ERR02.

Reade input flux guess and preparea a
flux tape. It is called by INP and
calls REAG2.

Subroutine to calculate flux input
guese. It is called by INP and calls
REAG2 .

Intermediate subroutine used to read
floating-point data. REAG2 ia called
by INP, SINUS, and S862 and calls
LOAD .

Intermediate subroutine used to read
integer data. REA12 is called by INP
and calls LOAD.

Reada either integer or floating-point
data in the DTF-IV format. LOAD is
called by REAG2 and REA12.

Produces a picture plot by zone and
material. MAPR is called by INP.
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BurnupLoop

g
Eigenwalue%archLoop -1

Outer
Iteration
LooP

1, * *
[ I I 1 I I I I I I I I

Subroutine

CONSTS

INNER2

INNER

INNERP

Fig. C-1.

Description

Simplified logicsl flow chart.

INIT Performs adjoimt reversals of veloci-
ties and fission fractions, mixes cross
sections, modifies geometry, calculates
areas and volumes, and calculates fis-
sion neutrons. INIT is called by 3DDT

and calls CLEAR and ERR02.

CLEAR Sets an array of a specified length
equal to a given constant. It is called

by INIT, OUTER, s8850, GRAM, and AVERAG.

FISCAL Calculates fission sums and performs
fission normalization. FISCAL iS called
by 3DDT.

S8830 Prints the monitor line after each out-
er iterstion. It is cslled by 3DDT and
s8850.

OUTER Performs a complete outer iteration.
OUTER calls INNER2, INNER, INNERP, and
CLEAR and is called by 3DDT.

Calculates coefficients for the flux
equation. CONSTS is called by 3DDT.

Calculates the flux in a specified group
when IM.GT.JM and IGE = O. It is

called by OUTER and calls IFLUXN.

Calculates the flux in a specified
group when IM.LE..TN or IGE = 1. It is

called by OUTER and calls IFLUXN.

Calculate the flux in a specified
group for periodic boundary conditions
in the (3 (or Y) direction. It iS
called by OUTER and calla IFLUXN.
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I INP I

Subroutine

IFLUXN

CNNP

S8850

S8847

PRT

GRAM

INPB

AVERAG

MARCH

Description

Subroutine to normalize the fluxes
before each group calculation. It is
called by INNER, INNI?R2, and INNERY.

Performs convergence tests, computes a
new eigenvalue, and computes new param-
eter for search options. CNNP is
called by 3DDT and calls ERR02.

Prints the final monitor line, group
fluxes, total flux, power density, and
fission source rate and produces a flux

dump on cards or tape. It is called
by 3DDT and calls PRT, s8830, S8847,
and CLEAR.

Computes and prints overall neutron
balance table. It ia called by s8850.

Subroutine to print any two-dimensional
array. It is called by S8850.

Calculates and prints the mass of each
material in each zone and the zone
volume. It ia called by 3DDT and calls
CLEAR.

Reads and prints the input burnup data.
It is called by 3DDT.

Calculates one-group zone-averaged
fluxes, fiesion cross sections, and
absorption cross sections and the
breeding ratio. It 1s called by 3DDT

and calls CLEAR.

Calculates the time-dependent isotopic
concentrations. MARCH is called by
3DD7.
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APPENDIX D

VARIABLE-DIMENSIONED ARRAYS

AND NONSUBSCRIFTED COMMON VARIABLES

The variable-dimensioned arrays in 3DDT are described in Table D-I. These arrays are stored in the

container block A(25000). Nonsubscripted common variables are described in Table D-II. The tables are

included for the benefit of those readers who may want to make changes or additions to 3DDT.

Variable
(Dimension)

AO(JM, I@f)

A1(IM, KJ4)

A2 (IM,JM)

ALAM(ML)

ATW (ML)

ANU(IGM)

AXS (ML)

BRDT(12M)

C(ITL,IGM,MT)

CO(ITL,MT)

CXB(IM,KM)

CXR(JM,KM)

CXS 1(IM ,JM)

CXS2(IM,JM)

CXS3(IM,JM)

CXS3P(IM, JM)

CXS4(IM,JM)

CXT(IM,JM)

EO (IGP)

E1(IGP)

E2 (IGp)

E3(IGP)

E4 (IGP )

E5(IGP

TABLE D-I

DESCRIPTION OF VARIABLE-DIMENSIONED ARRAYS

Description

Radial area elements for each rotational and axial mesh interval.
For IGE=l, area elements do not include radius factor.

Rotational area elements for each radial and axial mesh interval.

Axial area elements for each radial and rotational mesh interval.

Decsy constants of the input materials.

Atomic weights of the input materials.

Temporary storage for v in S860. Stored in location LK6 in array A.

Spectrum-averaged absorption cross section for each input material
for the current zone.

Breeding ratio by zone.

Temporary storage of cross sections by position in table, group,
and material in subroutine S860. Storage starts at location LN2B
in array A.

Cross-section array for current group by position in table and
material.

Back boundary constants by radial and axial position for current
group.

Right boundary constants by rotational and axial position for
current group.

Mesh volume left boundary constants by radial and rotational posi-
tion for current group and axial position.

Mesh volume front boundary constants by radial and rotational posi-
tion for current group and axial position.

Mesh volume bottom boundary constants by radial and rotational posi-
tion for current group and axial position.

Same as CXS3 but for plane above current axial position.

Mesh volume central constants by radial and rotational position for
current group and axial position.

Top boundary constants by radial and rotational position for current
group.

Fission rate for each group, EO(I), and sum over all groups, EO(IGP).

Fission neutron source for each group, EO(I), and sum over all groups,

E1(IGP).

Inscatter source for each group, E2(I), and sum over all groups, E2(IGP).

Outscatter from each group, E3(I), and sum over all groups, E3(IGP).

Absorptiona in each group, E4(I), and sum over all groups, E4(IGP).

Left boundary leakage for each grOup, E5(I), and sum over all groups,
E5(IGP).
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TABLE D-I (continued)

Variable
(Dimension)

E6 (IGP)

E7(IGP)

E8(IGP)

E9 (IGP)

E1O(IGP)

E1l(IGP)

EF (IGM)

FO(IM, JM)

F2(IM,JM)

FXS (ML)

HA(IM or JM)

HOLN(ML)

IO(MO1)

I1(MO1)

12 (MOl)

13(MOI)

IDZNO(KM)

K(IM)

K6 (ICM)

K7 (MM)

LAXS (IZM)

LCN(ML,2)

LCXB(IGM)

LCXR (I@l)

LCXS1(KM)

LCXS2 (KM)

LCXS3(FJf)

LCXS4(KM)

LCXT(IGM)

LD (ML)

LECS2(KM)

LFDENO(KM)

LFDEN1(KM)

LFLXO (KM)

LFLX1(KM)

LFN(ML,7)

LFXS(IZM)

LIDZ(M06)

LMASS(IZM)
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Description

Right boundary leakage for each group, E6(I), and aum over all groupa,
E6(IGP).

Front boundary leakage for each group, E7(I), and sum over all groupa,
E7(IGP).

Back boundary leakage for each group, E8(I), and aum over all grOuPs,
E8(I.GP).

Bottom boundary leakage for each group, E9(I), and sum over all groupa,
E9(IGP).

Top boundary leakage for each group, E1O(I), and sum over all groups,
E1O(IGP).

Total leakage for each group, E1l(I) , and sum over all groups, E1l(IGP).

Temporary storage for group distribution of flux in s862 and SINUS.
Stored at location LK6 in array A.

Fission rate (summed over groups) for previous outer iteration by radial
and rotational position for current axial position.

Same as FO but for current outer iteration.

Spectrum-averaged fission cross section for each input material and
current zone.

Temporary storage for line inversion.

Names of materials.

Mix number table.

Material number table.

Atom density table.

Atom density table for

Identifies zone number

GRAM calculation.

plane to be used for each axial position.

Temporary storage for radial material numbers in MApR. StOred at
location LCO in array A.

Effective fission neutron spectrum.

Input fission neutron spectrum.

Locates array AKS(ML) in ECS for each zone.

Identifies source isotopes for capture in burnup calculations.

Locatee array CXB(IM,KM) in ECS for each group.

Locates array CXR(JM,KM) in ECS for each group.

Locates array CXS1(IM,JM) in ECS for each axial position.

Locates array CXS2(lli,JM) in ECS for each axial position.

Locates array CXS3(IM,JM) in ECS for each axial position.

Locatea array CXS4(IM,JM) in ECS for each axial position.

Locates array CXT(IM,JM) in ECS for each group.

Identifies source isotopes for

Locates array S2(IM, JM) in ECS

Locates array FO(IM, JM) in ECS

Locates array F2(IM,JM) in ECS

Locates array NO(IM, JM) In ECS

Locates array N2(IM,JM) in ECS

Identified source isotopes for

decay in burnup calculations.

for each axial position.

for each axial position.

for each axial position.

for each axial position.

for each axial position.

fission in burnup calculations.

Locates array FXS(ML) in ECS for each zone.

Locates array MO(IM,JM) in ECS for each unique zone number plane.

Locates array MASS(ML) in ECS for each zone.



Variable

(Dimension)

LMASSP (12?4)

LVOL(RM)

MO (IM,JM)

M1(IM, JM)

M2(IZM)

MAss (ML)

MAssp (ML)

MATN (ML)

NO (IM,JM)

N2(IM, JM)

N2B(IM, JM)

N2T(IM, JM)

NBR(ML)

PA(IM or JM)

PHIB(IZM)

RO(IP)

R1(IP)

R2 (IM)

R3(IZ)

R4(1M)

R5 (IM)

RF (IM)

S2(IM, JM)

TAO(JP)

TA1(JP)

TA2 (JM)

TA3(JZ)

TA4(JM)

TA5 (JM)

TF (JM)

VO(IM, JM)

V7(IGM)

VOL(IZM)

ZO(RP)

Z1(RP)

Z2 (m)

Z3(RZ)

Z4 (Iu4)

TABLE D-I (continued)

Description

Locates array MASSP(ML) in ECS for each zone.

Locates array VO(I.M,JM) in ECS for each axial position.

Zone numbers by radial and rotational position for current axial
position.

Same as MO(IM,JM) but for plane below current axial position.

Material numbers by zone.

Current mass of each input material for the current zone.

Material mass for the previous burnup time step for the current
zone.

Material number for burnable isotopes.

Flux by radial and rotational position for current group and axial
position and previous outer iteration.

Same as NO(IM,JM) except for current outer iteration.

Same as N2(IM,JM) except for plane below current axial position.

Same as N2(IM,JM) except for plane above current axial position.

Indicates fertile or fissile isotope for breeding ratio calculation.

Temporary storage for line inversion.

Average total flux by zone.

Initial radii (or X mesh).

Current radii. Also used for temporary storage of radial flux
distribution in SINUS.

Radial zone numbers.

Radial zone modifiers.

Average radii.

Length of each radial mesh interval.

Temporary storage for radial flux distribution in s862. Stored at
location LRO in array A.

Total source by radial and rotational position for current group
and axial position.

Initial thetas (or Y mesh).

Current thetas. Also used for temporary storage of rotational flux
distribution in SINUS.

Rotational zone numbers.

Rotational zone modifiers.

Average thetas.

Length of each rotational mesh interval.

Temporary storage of rotational flux distribution in S862. Stored

in location LTAO in array A.

Volume elements by radial and rotational position for current axial
position.

Neutron velocities by group.

Volume by zone.

Initial axial (Z) mesh.

Current axial mesh. Also used for temporary storage of axial flux
distribution in SINUS.

Axial zone numbers.

Axial zone modifiers.

Average axii.
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Variable
(Dimension)

Z5 (KM)

ZF(KM)

TABLE D-I (continued)

Description

Length of each axial mesh interval.

Temporary storage for axial flux distribution in S862. Stored at
location

TABLE O-II

LZO in array A.

TABLE D-II (continued)

IIESCRIPTION Ol?NOM5UBSCRIPTED CONMON VARIABLES

Variable

AO1

AO 2

ALA

BO1

BO ]

BO3

B04

B05

B06

BO ?

CNT

CVT

DAY

DELT

D05

EO1

E02

EO 3

EPS

EPSA

EQ

ESFL

EV

EVM

EVP

EVPP

EVPT

FEF

G06
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Description

Cross-section format indicator.

Theory (regular or adjoint) indicator.

Lambda for current outer iteration.

Left boundary condition.

Right boundary condition.

Front ’boundary condition.

Back boundary condition.

Bottom boundary condition.

Top boundary condition.

Flag used for internal computation in
FISCAL and INIT.

Parabolic interpolation trigger in CNNP.

Lambda convergence trigger.

Accumulated burnup time in days.

Burnup interval in days.

Outer iteration maximum.

Used for temporary storage in INIT,
OUTER, INNER, INNER2, INNERP, and
FISCAL. EOl=l-AinCNNP.

Used for tern orary storage in OUTER.
E02 = 11- TA in CNNP.

Absolute value of the difference be-
tween lambda for the current outer
iteration and that for the previous
iteration.

Lambda (total fission source) conver-
gence criterion.

Eigenvalue search convergence criterion.

Eigenvalue slope in search options.

Extended core storage field length.

Eigenvalue for current outer iteration.

Eigenvalue modifier.

Previous eigenvalue in search options.

TWO eigenvalues back in search options.

Eigenvalue for previous outer iteration.

Useful energy released per fission
(205.0 MeV).

Inner iteration pointwise flux conver-
gence criterion.

Variabl

G07

IDMTP S

IGE

IGEP

IGM

IGP

IGV

IHS

IHT

IHTM1

S1

IM

IMJM

IMKM

104

1P

IPCUR

IPFLX

ITENT

ITEMPO

ITEMP 1

ITEMP2

ITIMOF

ITL

Iz

IZM

IZP

JM

JMKM

JP

JZ

KO 7

KM

.e

Inner iteration maxtmum per group.

Flag for producing flux dump on
magnetic tape.

Geometry indicator.

= IGE + 1.

Number of energy groups.

= IGM+ 1.

Group indicator in OUTER, INNER, INNER2,
and INNERP.

Position of sigma self-scatter in cross-
section table.

Position of sigma transport in crOss-

section table.

= IHT - 1.

Inner iteration count for a single group.

Number of radial (or X) mesh Intervals.

= LMdM.

= LMXI04.

Eigenvalue type indicator.

=IM+l.

Flag for punching atom densities after
each burnup interval.

Flag for punching flux dump.

Temporary storage.

Temporary storage.

Temporary storage.

Temporary storage.

Time limit (aec) for problem.

Cross-section table length.

Number of radial zone modifiers.

Number of material zones.

= IZM + 1.

Number of

= JMXXM.

=JM+l.

Number of

Temporary

Number of

rotational (Y) mesh intervals.

rotational zone modifiers.

storage for G07.

axial (Z) mesh intervals.



Variable

KP

KPAGE

KZ

LAH

LAL

LAP

LAFP

LAR

LC

LCP

LFLG

MO1

MO5

MO6

MO7

MCR

ML

MT

MTP

NCFC

NCON

NCR1

NCXS1

NFLUX1

NCOTO

NINP

NOUT

NPRT

NSCRAT

NXCM

TABLE D-II (continued)

Description

.KM+l.

Page counter for monitor print.

Number of axial zone modifiers.

Upper limit on 11 - Al for parabolic
interpolation.

Lower limit on II - Al for parabolic
interpolation.

Converged lambda for previous eigen-
value.

Converged lambda for two eigenvaluea
back.

Lambda for previous outer iteration.

Total number of inner iterations for a
single outer iteration.

Total number of R-O (or X-Y) iterations
for a single outer iteration.

Error flag used in ECS read and write
statements.

Mixture specifications table length.

Inner iteration reduction factor for
R-f3 iterations.

Number of R-9 (or X-Y) planes with
unique zone numbers.

Flux guess indicator.

Number of material cross-section sets
from cards.

= MCR+MTP.

Total number of materials including
mixtures.

Number of material cross sections from
tape (=0 currently).

Trigger for computation of flux
constanta.

Burnup control.

Disk file (tape simulation) for storing
cross sections by group, material, and
position in table.

Disk file (tape simulation) for boun-
dary and central volume constants for
flux calculation. Constsnts are stored
by group and mesh point.

Disk file (tape simulation) for storing
current fluxes. Fluxes are stored by
group and mesh point.

Trigger to terminate outer iteration
loop .

System input file.

System output file.

Print control.

Disk file (tape

scratch file.

= ITL - IHS.

simulation) used as a

Variable

ORF

ORFF

P02

POD

sol

S02

S03

S04

SK7

T7

Tll

TEMP

TEMF1

TEMP2

TEMP 3

TEMF 4

TI

T06

TSD

Vll

TABLE D-II (continued)

Description

Overrelaxation factor.

ORF for [1 - Al ~ 10EPS.

Outer iteration count.

Parameter oscillation damper.

Neutron source rate or power level.

Parametric eigenvalue type indicator.

Parametric eigenvalue.

Inner Iteration maximum per group for
11-kl > 10EPS.

Sum over all groups of K7(IGM).

alpha/velocity.

Total fission neutron source for pre-
vious outer iterations.

Temporary storage.

Temporary storage.

Temporary storage.

Temporary storage.

Temporary storage.

Current time (system clock).

= 1/0 (6 calculation/no).

= 1.602 x 10_19 FEF (MW-sec/fission).

Total source for the current group.

The remaining nonsubscripted common variables

are po.inters for locating, in the container block

A, the variable-dimensioned arrays specified.

Variable

LAo
LA2
Mm
LBRDT
LCXBC
LCXRC
LCXSC2
LCXSC4
LEO
LE2
LE4
LE6
LE8
LE1O
LFO
LFXSC
LHOLN

L1O
LIZ
LK6
LLAXS
LLCXS 1
LLCXS 3
LLCXB
LLCXT
LLECS2
LLFDN1

Pointer
for Array

AO(JM,KM)
A2(IM,JM)
ATW (ML)
BRDT(IZM)
CXB(IM,Kll)
CXR(JM,KM)
CXS2(IM,JM)
CXS4(J.M,JM)
EO(IGP)
E2(IGP)
E4(IGP)
E6(IGP)
E8(IGP)
E1O(IGP)
FO (IM,JM)
FXS (ML)
HOLN (ML)
IO (MO1)
12(M01)
K6(IGM)
LAXS (IZM)
LCXS1(KM)
LCXS3(KM)
LCXB (LGM)
LCXT(IGM)
LECS2(KM)
LFDENl(K14)

Variable

LA1
LALAM
LAXS C
LCO
LCXC3P
LCXSC1
LCXSC3
LCXTC
LE 1
LE 3
LE5
LE7
LE9
LE1l
LF2
LHA
LIDZNO
LI1
L13
LK7
LLCN
LLCXS2
LLCXS4
LLCXR
LLD
LLFDNO
LLFLXO

Pointer
for _Array

Al(IM,KM)
ALAM (ML)
Axs (m)
CO(ITL,MT)
CXS3P(IM,JM)
CXS1(IM,JM)
CXS3(IM,JM)
CXT (IM ,JM)
E1(IGP)
E3(IGP)
E5 (IGP)
E7(IGP)
E9 (IGP)
E1l(IGP)
F2(TM,JM)
HA(1M or JM)
IDZNO(KM)
T.1(MO1)
13(M01)
K7(IGM)
LCN(ML,2)
LCXS2(KM)
LCXS4 (KM)
LCXR (IGM)

LD (ML)
LFDENO(~)
LFLXO(KM)
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Variable

LLFLX1
LLFXS
LLIDZ
LLMASP
LM1
LMAssc
LMATN
LN2B
LNBR
LPA
LRO

TABLE D-II (continued)

Pointer Pointer

for Array Variable for Array Variable

LFLX1(XM)
LFXS(IZM)
LIDZ(M06)
LMASSP (IZM)
Ml(m,m)
MASS(ML)
NATN (ML)
N2B(IM,JM)
NBR(ML)
PA(IM or JM)
RO(IP)

LLFN
LLVOL
LLMAS S
LMo
LM2
LMASPC
LN2
LN2T
LNO
LPHT.B
LRl

LFN(ML,7)
LVOL (XM)
LMASS(IZM)
MO(IM,JM)
M2(IZM)
MASSP (ML)
N2(IM,JM)
N2T(IM,JM)
NO(IM,JM)
PHIB (IZM)
R1(IP)

LR2
LR4
LS2
LTA1
‘LTA3
LTA5
LV7
LZO
‘LZ2
LZ4

—

APPENDIX E

EXECUTED SAMPLE PROBLEM

TABLE D-II (continued)

Pointer
for Array Variable

R2 (IM) LR3
R4(IM) LRS
S2(IM,JM) LTAO
l’Al(JP) LTA2
TA3 (JZ) LTA4
TA5 (m) I.,vo
V7(IGM) LVOLC
Zo (XP) LZ1
Z2 (M) LZ 3
24 (KM) LZ5

Input data and selected computer output for a

simple three-group, three-zone, one-step burnup

problem in X-Y-Z geometry are given in the follow-

ing pages. l%e reactor consists of a cubical core

region 80 cm on a side, surrounded on all sides by

a blanket region 30 cm thick. Thus, the reactor

is a cube 140 cm on a side. The core region is

divided into two material zones: an inner cube 40

cm on a side and an outer cubical shell 20 cm thick.

Initial compositions of the core and blanket zones

are given in Table E-I.

Becauae of symmetry, only one octant of the

reactor is represented in the calculational model.

A reflective boundary condition is applied to the

interior boundaries of the octant and a vacuum

boundary condition is applied to the exterior boun-

daries. The spatial mesh contains 14 intervals in

each dimension and the initial flux profiles are

computed internally from cosine distributions and

an input energy distribution.

TABLE E-I

INITIAL COMPOSITIONS OF CORE

Material

238U

239pu

240pu

c
Na
Fe
??ission
Products

Pointer
for Array

R3(IZ)
R5 (LM)
TAO(JP)
TA2 (JM)
TA4(JM)
VO (I.M,JM)
VOL(IZM)
Z1(KP)
Z3(KZ)
25 (KM)

AND BLANXET ZONES

Atom Density in Units of 1024
Core Core Blanket

~ ~ ~

0.008 0.010 0.030
0.0016 0.002 =0
0.0001 0.00012 - - -
-0.020 0.020 ---

0.006 0.006 ---

0.013 0.013 0.0062

=0 =0 =0

In the sample problem, the initial keff calcu-

lation is followed by a burnup interval of 30 daya

with the reactor at 1000 MWT total power. Following

the burnup interval, a final keff is computed for

the new material compositions resulting from fuel

depletion, breeding, and fiaaion-product buildup.

.

.
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