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ABSTRACT
POW is the diffusion module 'workhorse' of the AUS reactor neu-
tronics modular code system; its steady state calculations have been
checked out against other diffusion codes (particularly CRAM and GOG).
Checkout of kinetic aspects, however, is difficult as kinetic codes are
not freely available. In this report POW has been checked against three
benchmark calculations as well as a calculation on the 100 kW Argonaut

reactor Moata.
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1. INTRODUCTION

For several years the AUS reactor neutronics modular code system
[Robinson 1975] has been used on the AAREC's IBM360/50 computer at the
Research Establishment, Lucas Heights. Presently, some of the peri-
pheral modules are being written; however, the main 'workhorse' modules
are available and have been tested. Even so, extensive crucial testing
of the scheme is yet to be undertaken, particularly of the system as a
whole.

This report describes the checkout of the diffusion module 'workhorse'
POW [Pollard 1974] for multidimensional kinetics calculations. Extensive
earlier checkout of POW has been carried out for steady state comparisons
{J. Pollard, unpublished data], particularly against the codes CRAM
[Hassitt 1962] and GOG [Hopkins & Oakes 1968). However, checkout of
kinetic aspects is difficult as kinetic codes are not freely available.

A further difficulty is encountered in trying to repeat published multi-
dimensional kinetic calculations since the reported calculations freguently
do not list all of the required data. The main reason for the oversights
is probably that the authors present comparisons of different methods

and are not particularly concerned with presenting ‘'benchmark' calcula-
tions. Another difficulty is that sometimes authors are using undefined,
although apparently universal, notation. As an example, even with.
commonly used notation, the 2-group fast removal cross section is sometimes
the downscattering cross section, sometimes the absorption cross section
and sometimes the sum of the two (as it is with POW).

The kinetic checkout adopted here uses three well-documented bench-
mark type calculations and reports a calculation on the RAEC research
reactor Moata. The Moata calculation is well-documented but, on account
of the low computing power at the time of writing, extensive verification
of dependence of the results on choice of'groups, mesh spacing, time
step etc. is not pursued. Even so, the results would be of use to
others pursuing ‘'benchmark' type kinetic calculations.

2. THE MULTIGROUP NEUTRON DIFFUSION EQUATICN

To present some of the guantities required by POW, the reader needs
to be acquainted with the types of equations that POW solves. The time,
t, dependent eguations to be solved at a general point r of the reactor

under study [Stacey 1969; Pollard 1975] are as follows:



(1)

The neutron flux diffusion equation which gives the connection:
the rate of decrease of neutron flux (velocity times neutron

density) for energy group g, ¢g(£,t) (the sought after quantity)

. = that due to leakage and removal via absorption reactions

(ii)

Xp

) i
g(£

o
sg'~g

and out scattering reactions, less production from in scattering
reactions and prompt fission from all groups, less production

from decay of precursors. Mathematically these are

'
4|H

2
- 5{~¢g(£,t) = {-V.Dg(;,t)v+oremg(£,t)}¢g(£,t) -

v
- g. [05g|+g(£lt)+xpg(l—8) "k" Ofg' (Eft)]d)g' (x,;t) =

= 2 ng Adcd("];'t) r g = 1:21---,G . {1)

The precursor concentration equation, which gives the relation:
the rate of increase of precursor concentration for the delayed
group d, Cd(g,t) {an intermediate quantity only) = that due to
production from fission less decay of the precursor. Mathematic-
ally, this is

(Rt = By B % 0p (000, (&) - A€, (k,t),

a .k

d=1,2,..., usually 6 , (2)

where the following are supplied data:

g is the prompt fission spectrum (normalised to unit group

sum) ;

is the delayed fission spectrum (normalised to unit sum)

for delayed group 4 with decay constant Ad and which

vields fraction Bd of total fission emissions, of which

B(=ZBd) are delayed (B is usually about 0.7 per cent of

totgl fissions);

) denotes various macroscopic cross sections (spatially
constant for one material and possibly subject to step or
ramp time variation);
= scattering matrix from group g' to g {with g' to g

term set to zero);
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remg

Vo

D (r,t
g(; }

removal

g + L O (absorption + outscatters);
ag o sg>g’ P

fission emission;

denotes diffusion coefficient which is usually given as
Dg(g,t) = 1/{3Utrg(£,t)}, Otrg being the transport cross

saection;
denotes group g average velocity; and

is the effective steady state multiplication eigenvalue
gsupplied from a preceding calculation {equation (5b))},
and sums are taken over all groups (1,2,...,G for energy
groups and 1,2,..., usually 6 for delayed groups).

Solution of the equations is subject to the following

boundary conditions:

(iii) the outer boundary condition

Dg(;,

where

t) %;¢g(£,t) + 3%-(£’t) = 0 for each group g,
(3)
n= outward normal,
¢ = transport (mean free path) extrapolation
distance,

0.71 for an actual outer boundary of the

reactor,

« for a symmetric boundary (with POW, input

of ¢ = 0 sets this condition).

(iv) The internal boundary conditions for boundaries separating

different materials are all assumed to lie parallel to axes,

say L|R:

(a)

(b)

continuity of flux

¢g(£,t)[L—¢g(£,t)|R = 0 for each group g ; (4a)
continuity of current
n.{Dg(g,t)V¢g(£,t)IL-Dg(Lpt)V¢g(£:t)IR} = 0

for each group g. ' {4b)

(v) In addition the initial conditions are

%E ¢g(£,t) =0, %E'Cd(g,t) =0, t <0 for all groups

(5a)



which give the steady state eguation {(dropping time dependence)

{- V'Dg(£)v+oremg(£)}¢g(£) - I lo (r) +

E, sg'~g
+ 0 ' 5b
Xg {5b)

=<

cfg,(g)]¢g.(£) =

where xg = ng(l—B) + g ngBd is the equilibrium fission
spectrum, k is the effective steady state multiplication .
(eigenvalue), ¢g(£) is the steady state (eigenfunction) flux
and ¢g(£,0) = ¢g(£), except for an arbitrary normalising
factor.

3. POW CALCULATION PROCEDURE IN BRIEF

POW uses a finite difference approximation for the spatial deriva-
tive involved in eguation (1) and requires calculation of group fluxes
at the intersection of chosen grid lines i = 1,2,...,I and j = 1,2,...,J.

Temporal integration from time t to tp, a step of th, is carried out

p-1
using the following assumptions:
(i} for the temporal variation of the cross sections a constant

value is taken N

P
g E) = ,ttyde' /6t , 6
et o (e thhae! /8t (6)

tp-l
(ii} and for the temporal variation of the flux, a linear form is

assumed
) = {(t -t £ + (t-t 't st .
9, e, t) {« p BO et )+ (et )bk p)}/ o

(7)
When we do this, the precursor concentration gquation (2) may be (time)
integrated analytically and the result substituted into the diffusion
equation (1).
Leaving aside essentially all the details [see Stacey 1969; Pollard

1973, 1974] we arrive at the matrix.equation
Mp{p) = - M'$(p-1) + LC{p-1) , (8)

where M and M' are matrices of order IJG, L is a matrix of order IJ
times the number of delayed groups (usually 6), and ¢(p-1) and C(p-1)
are flux and precursor concentration vectors. The precursor concen-

tration is updated using the solution of equation (8) as



C{p} = HC{p-1) + Fo(p)

' (9}

where H and F are matrices containing precursor decay and fission

emission elements respectively.

TABLE 1

POW FLOW PROCEDURE FOR SOLUTION OF THE DIFFUSION EQUATION

DO 1 p=0,1,...,P

IF {p=0} CONTINUE

IF(p=0) DO 5 £o=1,2,...,*

IF (p#0) 2°=1
91 =
D07 R =1,2,...,*%
u
Do 6 g = gl,gl+1,...,G

IF{g=gu,llst upscatter group)

DO 4 %, = 1,2,...,%

Do 4§ =1,2,...,3

4 CONTINUE
6 CONTINUE
7 g1 - gu

5 CONTINUE

IF(p=0) CONTINUE

IF (p#0) CONTINUE

1 CONTINUE
STOP

temporal loop

no iteration required,
calculate t , cross sections and
coefficient matrix

steady state trial soluticn
generate for bare homogeneous system

outer (fission) loop
calculate total fission source from
last flux ¢ and last eigenvalue k and
combine with earlier sources
{Chebyshev extrapolation)

right hand calculation
calculate right hand of equation (8)

upscatter (and fission p > 0} lcop
update groups using Gauss-Seidel
method

group rebalance
rebalance groups on & whole plane
basis when lst upscatter group {or
1st group p > 0) encountered

region rebalance
rebalance regions of the whole plane
for a group

inner plane solution for a group

line solution, SLOR
solve directly for a line ({i=l,2,
as matrix is tridiagonal (i and j
could be swapped here)

.o I}

combine lines using SLOR method

precursor concentration initial condition
calculate precursor concentration

precursor concentration update
update precursor concentration following
equation (9)

output results (disk, printer, plotter,
etc.)

# these loops terminate on convergence tests
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The solution procedure adopted by POW employs successive line over-
relaxation (SLOR) for the inner plane solution for each group and relies
on a region and group rebalance technique {Pollard 1975] to hasten
convergence for the whole plane (Table 1).

4. 1D BENCHMARK-~-SPATIALLY ASYMMETRIC NEGATIVE RAMP OF 1/10 § s !

The need for well documented reactor calculations able to serve as
'‘benchmark' standards for the development and testing of codes has been
recognised for many years. Mostly, the calculations are taken to
higher accuracy than normally required for everyday work to show up
possible small discrepancies between the different codes. The Argonne
Code Center has produced two books on benchmark problems [Argonne
National Laboratory 1968, 1972] and from the latest book we draw our
first example (also reported by Fuller 1972). Results are compared from
the four codes:

RAUMZEIT [Adams & Stacey 1967] - best benchmark solutions;
WIGLE [Cadwell, Henry & Vigilotti 1964];

0X1 [Meneley, Ott & Wiener 1971]; and

POW [Pollaxd 1974].

4.1 Problem Description

Following the data of W.M. Stacey [Argonne National Laboratory
1972] a very loosely coupled 1D slab reactor is subject to a negative
reactivity ramp in one part only of an otherwise symmetric 3-region

system.

% - %
50 POANNNA X A5
52 cm 160 cm 40 cm

M(3) = material 3; M(2) = material 2; M(1l) = M(3) initially.
4.2 Initial Data Required

4.2.1 Mesh spacing

A mesh spacing of 6x = 2 cm is used throughout the system. This
results in 121 mesh points for POW (an edge of mesh code). The boundary
condition ¢ = 0 is taken to be essentially at the reactor extremes with
a transport extrapolation distance of ¢ = 10™® rather than the usual

vélue of ¢ = 0,71.



4.2.2 1Initial nuclear data

Two (energy) group data are used as indicated (according to

POW requirements).

M(L1) M(2) M(3)
Otr em™ !, g=1 0.222222 0.333333 same D=1.5 1 for M(1}), M(2)
=2 0.666667 0.666667 as 0.5 0.5 for M(1), M(2)
O em em™ !, g=1 2.6~2 2,-2 M(1) rem = absorption
=2 l1.8-1 8.-2 ¥ plus outscatters
Vo em” g=1 1.-2 5.-3 2.6-2 = 2.6 x 1072
=2 2.-1 9,.9-2
Osg'+g cm'l,g'=l 0,1.5-2 0,1.-2 downscatters from
=2 0,0 0,0 group 1=1.5-2 for M{l)
XP' g=1 1 same as
=2 0 M{1)
vems b, g=1 1.+7 ¥
=2 3.+5

4,2,3 Delayed group data

Six delayed group data are used:

Family Effective Decay

d Delay Fraction Constant
(By) Ay s™H

1 2.50~-4 1.24-2

2. 1.64-3 3.05=-2

3 1.47-3 1.11-1

4 2.96-3 3.01-1

5 8.60-4 1.14

& 3.20-4 3.01

R=7.5-3

The delayed group fission spectra are taken to be the same as the
prompt spectrun, XP'

4.3 Steady State Calculation, t<0

The steady state calculation, solution of equation (5b), is com-

pared for different codes following the Argonne National Laboratory



[(1972] proposals. In the comparison, power, p(t), is taken to hbe

plt) = £ Z-/ﬂvcfg(g,t)¢g(£,t)d£ . {10)
9 reactor

where f is an arbitrary normalising factor, and group g variation of v
{the number of neutrons released per fission} is ignored. (This power
expression is apparently that adopted by the benchmark proposers.) From

this calculation we have the following results:

RAUMZEIT WIGLE QX1 POW
multiplication, k 0.90156 0.90156 0.90156 0.920156
fractional power, M(1l) 0.2790 0.2790 0.2790 0.2790

M{(2) 0.4421 0.4421  0.4421  0.4421

M(3) 0.2790 0.2790 0.2790 0.2790

Starting from a symmetric cosine distribution trial flux, POW took
31 outer iterations to drop the error indicator down to 1005, (The

error indicator used in POW is

S(n) = max SS?)/SF?_l) - min ng)/sg?—l) . (11)
err A & B A ij "7i3
1,]) 1,]
where sfj‘)(t) - Zf VoL (2800, () aE (12)
9J;,;

the integration being taken over a box about the peoint i,j and which has
edges midway between mesh lines.) The number of outer iterations is not
surprising for the very loosely coupled core considering the effective
dominance ratio (ratio of successive k~eigenvalues corresponding to
symmetric eigenfunctions} is 0.937. (Starting with an asymmetric trial
flux, the convergence is far worse, since the dominance ratio d =
0.9984.)

4.3.1 Steady state normalisation, t=0

POW has several different normalisation procedures by which it can

generate
¢g(£:0) = a¢g(£) ' {13)

where a is a constant. The normalisation adopted in the present calcula-

az/'¢g(;)d£ = -/‘d;; . (14)
g reactor _ reactoxr

tion is



4.4 Time Dependent Data

The only gquantity varied with time is the group 2 removal cross
section (equivalent to the absorption cross section) for M(l}. The

variation is a ramp of 3 per cent as illustrated.

0.18

it o e ——

The asymptotic reactivity corresponding to the full ramp

dk

p = Ttk B $ (15)

is -0.094% which is obtained from a second steady state calculation with

Gremz[M(l)] = 0.1854.

4.4.1 Temporal step length, &t

The temporal step length, 6t, adopted is:

RAUMZEIT WIGLE OX1 POW
St,s 10”3 107%  ave. 5 x 1072 1072

POW convergence for the kinetics part corresponds to the condition:

{n) -y .
Serr(t) < 10 (see equation (11)).

4.5 Kinetics Calculation, t=20

Results of the calculation are plotted in Figure 1 (thermal flux)
and summarised in Tables 2 and 3.

4.6 Observation on Results

From the results, it is clear that POW is able to calculate the 1D
benchmark job to acceptable accuracy (normally a factor of 10 lower than
the accuracy implied by the tables).

5. 2D TWIGL TEST-POSITIVE RAMP OF 24$ s '

Documentation of 2D kinetics calculations in the literature unfortu-
nately tends to be incomplete. Sometimes vital basic data are not given

(or worse, wrongly given) and, at other times, the calculated quantities
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TABLE 2

TCTAL POWER

Note the
tilt in
power

Time, | RAUMZEIT WIGLE OX1 POW
seconds

0. 1.0000 1.00060 1.0000 1.0000° +normalised here

0.1 0.9299 0.9298 0.9298 0.9298

0.2 0.8733 0.8732 0.8733 0.8732

0.5 0.7597 0.7596 0.7597 0.759%6

1.0 0.6588 0.6588 | 0.6588 0.6587

1.5 0.6432 0.6432 0.6433 0.6432

2.0 0.6307 0.6306 0.6307 0.6306

TABLE 3
RELATIVE REGIONAIL, POWER
Time, seconds
0. 0.1 0.2 0.5 1.0 1.5 2.0

Region 1
RAUMZEIT |[1,0000 | 0.8621 | 0.7521 | 0.5337 | 0.3453 | 0.3236 | 0.3066
WIGLE 1.0000 ! 0.8621 | 0,7520 | 0.5336 | 0.3452 1 0.3235 | 0.3066
QX1 1.0000 | 0.8621 | 0.7521 | 0.5336 | 0.3452 | 0.3235) 0.3066
POW 1.0000 | 0.8622 | 0.7522 | 0.5337 | 0.3453 | 0.3236 | 0.3066
Region 2
RAUMZEIT |1.0000| 0.9340 | 0.8805 [ 0.7724 | 0.6753 | 0.6588 | 0.6455
WIGLE 1.0000{ 0.9339 | 0.8804 | 0.7724 | 0.6753 | 0.6587 } 0.6455
QX1 1.0000] 0.9340 | 0.8805 | 0.7724 | 0.6753 { 0.6588 | 0.6455
POW 1.0000 | 0.9339 | 0.8805 | 0.7723] 0.6752 | 0.6588 6.6455
Region 3
RAUMZEIT {1.0000 | 0.9910 | 0.9831 | 0.9655| 0.9463 | 0.9382 | 0.9312
WIGLE 1.0000] 0.9910} 0.9830 | 0.9655 | 0.9462 | 0.9381 | 0.9311
X1 1.0000} 0.9910 | 0.9831 | 0.9656 | 0.9463 | 0.9383 | 0.9312
POW 1.000C | 0.9908 | 0.9829 | 0.9653| 0.9460 | 0.9380 | 0.9310

normalisgd here
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being compared are imprecise. Test cases are offered in ENEA/EURATOM
(19721, but the present author has had little success with them. There
is thus a real need for 2D benchmark kinetics problems to be defined.
Some problems originally set up to test the 2D, 2-group TWIGL cocde

[vasinsky, Natelson & Hageman 1968] and reported by Hageman & Yasinsky
{1969] and Wight, Hansen & Ferguson [1971] are discussed in Sections 5.1
and 5.2. Results are compared from the five codes:

TWIGL [vasinsky, et al. 1968] - best comparison solutions;

LUMAC [McCormick 1969];

MITKIN {Reed & Hansen 1970];

SADI [Wight, et al. 1971); and

POW .

5.1 Problem Description

A 2D symmetric square section reactor is subject to a positive
reactivity ramp in part of the system. The quarter reactor layout is as

follows:

sk

f{’&l\ //// >~
241 3 I 24 X
em cm Tem
9 _
on
M{3} = blanket material; M(2) = core material;
M(1l) = driver material

M{(2) initially.
5.2 Initial Data Required

5.2.1 Mesh spacing

A mesh spacing of 8x = 8y = 8 cm is taken throughout the system.
The result is an 11 x 11 spatial mesh arrangement for POW. The boundary
condition ¢ = O is taken close to the actual boundary, using a transport
extrapolation distance of ¢ = 1073,

5.2.2 1Initial nuclear data

POW 2-group data for the problem are given below:



12

M(1) M(2) M(3)
CA em™ !, g=1 0.238095 same 0.256410 D=1.4 1.3 for M(1),M(3)
=2 0.833333 as 0.666667 0.4 0.5 for M(1),M(3)
O om em™ !, g=1 2.-2 M(1) 1.8-2
=2 1.5-1 ¥ 5.-2
Vo em™ !, g=1 7.-3 3.-3
=2 2.-1 ' 6.-2
sq'g em !, g'=1 0,1.-2 0,1.-2
=2 0,0 0,0
Xpr 9=1 1 same
=2 0 as
vems !, g=l 1.47 M(1)
=2 2,45 ¥

5.2.3 Delayed group data

A one delayed group data set is used:
B=7.5-3, A=8.-25}! |,
The delayed group fission spectrum is the same as the Prompt spectrum,

XP‘
5.3 Steady State Calculation, t<0

The results obtained for the steady state calculation are:

TWIGL POW
multiplication,k 0.914193 0.914194

5.4 Time Dependent Data

The thermal removal cross section of the driver material, M(1), is

reduced following the ramp variation indicated.

§ rem LMD em—!
0.15

0.1465 | o
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The asymptotic reactivity corresponding to the full ramp is:
p = 0.517% {using eqguation (15)}.

5.4.1 Temporal step length, &t

The temporal step length, &t, used is:

TWIGL LUMAC MITKIN
8t,s 10”2 8 x 107" 1073%; 107%,t20.25
SADI oW

8t,s 2.5 x 107" 1072

POW convergence for the kinetics section corresponds to the con-

dition;

Sé:i(t) < 10 ° {see equation (11)),
which is recommended by Pollard [1974] to save machine time, although
the IBM360/50 computational time for the job of 22 CPU-minutes is
hardly excessive,
TABLE 4
NORMALISED CENTRAL THERMAL FLUX

Time, TWIGL  LUMAC MITKIN SADI POW
(s)

0. 1.000 1.000 1.000 1.000 1.000
0.02 1.030 1.033 1.037
0.05 1.120 1.122  1.116 1.121
0.10 1.298 1.297 1.299 1.293 1.298
0.15 - 1.550 1.549 1.543 1.550
0.20 1.933  1.940 1.929 1.919 1.931
0.25 2.033 ' 2.037 2.064 2.036
0.30 2.044 2.079 2.004 2.047 2.045
0.35 2.053 1.984 2.056 2.052
0.40 2.062 1.981  2.066 2,062
0.45 2.070% 2.069

' 0.50 2.079% 2,079

* estimated from published total thermal Fflux



14

5.5 Kinetic Calculation, t=0

Results of the calculation are presented for the normalised central
thermal flux (Table 4)

¢2 (Ololt)/¢2 {0,0,0) '

that is ¢1,1,2(t)/P1,1,2(0) in terms of flux at mesh point (1,1),
group 2.

5.6 Observation on Results

Unlike the problem given in Section 4, the time variation does not
introduce asymmetric flux behaviour, and mostly the time variation at
all points is similar. For the simpler problem given in the present
section, POW again achieves acceptable accuracy whereas LUMAC, MITKIN
and SADI do not.

6. 2D TWIGL TEST-POSITIVE STEP OF 1$

The present calculation is also for the reactor described in Section
5, but with the ramp of Section 5.4 changed to a step of the same size.

6.1 Time Dependent Data

The thermal removal cross section of the driver material, M({1), is
reduced instantaneously from 0.15 cm ! to 0.1465 cm™ ! at t=0. The
asymptotic reactivity is again p = 0.517%.

6.1.1 Temporal step length

The temporal step length, 8t, is as indicated:

TWIGL LUMAC MITKIN SADI
St,s 1073 8x10° 2x10"% 2.5 x 10°%

POWa POWb POWC POWd POWe
St,s 1072 1072 10”3 10~ 3 107"

POW convergence during the kinetics calculation is taken as:

S(n)(t) <1077 Powa and POWe , and
err

S(n)

(t) <10°% Ppowb, POWA and POWe ,
err

in order to verify the adequacy of the lower accuracy convergence
limit.

6.2 Kinetics Calculation, t=0

Results of the calculation are presented in Table 5 for the
normalised central thermal flux, $2(0,0,t)/¢5 (0,0,0).
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TABLE 5
NORMALISED CENTRAL THERMAL FLUX

Time TWIGL LUMAC MITKIN SADI POWa  POWb POWC POWd POWe

{s)
0. 1.000 1.000 1.000 1,000 1.000 1.000 1.000 1.000 1.000
0.01 1.594 1.629 1.631 1.621 1.627 1.627 1.623 1.624 1.623
0.02 1.837 1.879 1.881 1.983 1,923 1.924 1.870 1.872 1.872
0.03 1.934 1.973 1.978 2.026 1.953 1.954 1.964 1.966
0.04 1.979 2.028 2,024 2.029 2.031 2.000 2.002
0.05 2.002 2.067 2.023 2.000 2.000 2.015 2.017
0.10 2.030 2.032 2.044 2.033
0.20 2,048 2.050 2.053 2.051

It is interesting to note that dropping the POW region rebalance
scheme [Pollard 1975] makes little difference to the POWb computational
time, whereas dropping group rebalance for the early time steps increases
the computational time by more than a factor of 6 and convergence is not
completely achieved. This result is in contrast with the asymmetric 1D
calculations given in Section 4-where group rebalance is only of marginal
help.

6.3 Observation on Results

As one would expect, the step change is harder to calculate than
the equivalent ramp discussed in Section 5.

From the POW results, we note the insignificant loss of accuracy
using the convergence condition

g™ vy < 107?
err 7

and that a step length of a least 8t = 10" % 5 is needed for early times
as the 8t = 1072 s results show a slight 'wobble'. Comparison of PoOW
with the other codes suggests that the TWIGL step length of 6t = 10™3% s
is inadequate, but otherwise reasonable agreement is obtained.

7. 2D MOATA - SPATIALLY ASYMMETRIC NEGATIVE STEP OF 1%

The present calculation concerns the estimation of neutron flux
following the dropping of a safety rod in the AAEC research reactor
Moata (a 100 kW Argonaut type reactor of highly enriched uranium in

aluminium plates, cooled and moderated by light water with graphite
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reflector). The drop in one tank only of the two-tank reactor causes
flux asymmetries as calculated for the earlier 1D benchmark (Section 4).
A comparison is made with an experiment conducted on Moata as part of a
Summer School run at the Research Establishment for final year high
school students [Barxy et al. 1974]1. The main purpose of the present

calculation is to provide a possible ‘'benchmark' problem for use by

others.,

7.1 Problem Description

A 2D model of Moata, which is an approximation of that of J. Connolly
(AAEC private communication), is subject to a negative reactivity step

in the left hand fuel tank. The half reactor layout is as follows:

View for ¥ f

2D plots
\ ¢ 0

A 1 !
NL NR
2984
em .
55.79
$-0 e Vs, 7 r//// $-0
Yy . Y
B el grahite ; fuel 7
7 W) w2
mh// M2 A
EL etk WL | ¢r Ll WR . 1
50 16.11 4572 ls.ll Zrun .
tm T em R m -
177.94 -
em
g
L e
o

NL, etc., are dete¢tor positions detailed later.
POW input data for the calculation is listed in Appendix A.
7.2 1Initial Data Required

7.2.1 Mesh spacing

The following mesh spacing is used:

6x, left and right hand = 50/7 = 7.1428571 cm,
graphite
left and right hand = 16.11/5 = 3.222 ¢cm, and

fuel



central graphite
fuel

Sy,

top graphite

17

= 45.72/7 = 6.5314285 cm;
= 25.956/5 = 5,1912 cm, and
= 29.84/5 = 5.968 cm.

The result of this choice of large mesh is a set of 32 x 11 solution

points for POW.

actual boundary with ¢ =

codes having this requirement.

7.2.2

Initial nuclear data

The boundary condition ¢ = 0 is taken close to the

10" % for ease of calculation by others using

The 2-group data for the problem are indicated below:

M{1) M(2) M(3)
0.2436 same 0,279
1.558 as 0.3646
3.9655-2 M{l) 5.6669-3
5.5971-2 + 2.081-3
2.13-3 o
8.074-2 0
0,3.532-2 0,3.461-3
6,302-4,0 1.651-4,0

1 same
0 as

9.+6 M(1)

2.3+45 ¥

'7.2.3 Delayed group data

D=1.36836 1.19474 for M(1l),M(3)
0.21395 0.914244 for M(1l),M(3)
rem = absorption plus axial leakage

plus cutscatters

note the slight upscatters

Effective 6 delayed group data used are derived from data of Keepin
[1965] and Tomlinson [1972].

Family Effective Decay
d delay fraction constant
Ba A 57
1 2.511-4 1.24-2
2 1.664-3 3.05-2
3 1.495-3 1.11-1
4 2.975-3 3.01-1
5 8.571-4 1.14
6 3.113-4 3.01
B = 7.5535-3
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The delayed group fission spectra are taken to be the same as the

prompt spectrum, X.

7.3 Steady State Calculation, t<0

The POW steady state calculation flux results are displayed in
Figures 2 and 8. The multiplication is k = 1.01227 and the normalisation

adopted is

v —
z f ¥ 0@ d war = 1 . (16)
¥

g eactor

7.4 Time Dependent Data

As a very approximate representation of the safety rod drop in the
near vicinity of the left hand fuel tank, the thermal removal cross
section of M(1) is instantaneously increased by 9.74887 x 10™“ cm !.

The asymptotic reactivity corresponding to this change is p = 30.798$.
The cross section change for M(l) was determined by a SEARCH calculation
in POW to give p = -80¢, which is the reactivity of the safety rod
determined at an AAEC Summer School [Barry et al. 1974] and elsewhere
[T. Wall, private communication].

7.4.1 Temporal step length &t

The temporal step length, 8t, is chosen in a stepwise constant

fashion as indicated

t, 8t, e-folding
(s) (s) time,
(s)
0<t < 102 10”3 ~-3.3 x 1072

1002 <t<10'9x10? -9.,9 x 10!
10t < 9 x 1002 -9.1

1st<10 0.9 -17
10 € t < 100 9 -38
100 < t < 200 10 -60

This type of stepwise change was chosen so that 6t was always much less
than the magnitude of the overall e-folding time observed during the
calculation. The 0.9 factors were choseén so that every tenth output
corresponded to 1072, 107!, 1, 10, 100 s as required for display of
results éiven in Pigures 2 to 9.

The convergence test used in the POW calculation is taken as:
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sy <1073
ery

7.5 Kinetics Calculation, 20

In terms of the spatial mesh indices numbered from the bottom left
hand corner,
i=1,2,...32; 3j=1,2,...,11,
thermal flux results are given for the following detector positions:
EL(6,1)
NL(10,9) NL is very approximately the detector position
for experimental results given in Figure 9.
WL(15,1)
ER(18,1)
NR(23,9)
WR(27,1)
The flux results are recorded in Table 6 and, in addition, an
asymmetry tilt indicator is given:
T = zNR’ztt) ~ w2 : | (17)

NR,Z(t) + ¢NL,2(t)

For completeness Appendix B details some ocutput of the POW run.

As the last time step length, 8t = 10 s, may be somewhat excessive,
the calculation is repeated from t = 100 s with 6t = 5 s. Results are
indicated in Table 7. -

7.6 Observation on Results

The results beyond about 10 s show a 'wobble® indicative of an
excessively large step length. A strict 'benchmark’ calculation would
need to employ a step length of probably no more than one second in
order to give results to four significant figures. This can be left as
an exercise for those with fast computing equipment, since the IBM360/50
took about 180 CPU minutes to produce the entries in Table 6.

8. FLUX TILT IN SYMMETRIC SYSTEMS ASYMMETRICALLY DISTURBED

From results given for the 1D benchmark calculation (Figure 1) and
the 2D Moata calculation (Figure 8), we notice the extreme tilting that
can result from an asymmetric disturbance to a symmetrical system. Wade
& Rydin [1972], using perturbation analysis, produced a relationship
connecting the tilt indicator, T (equation (17)), with the reactivity,

p (equation (15)) and the dominance ratio (ratio of k-eigenvalues). Here
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TABLE

6

THERMAL FLUX AT DIFFERENT DETECTOR POSITIONS x 10°

time EL NL WL ER NR WR T
(s}
0 935800 355600 1432000 1432000 355700 935900 o
1072 576800 228400 990600 1133000 299700 806200 0.135
107! 417900 164600 713400 815100 215100 580800 0.133
1 370600 146100 635300 729000 192700 520900 0.138
10 213500 84540 370700 431200 114600 310500 0.151
55 65160 25900 114300 134500 35900 97410 0.162
100 29410 11700 51750 60890 16270 441920 0.163
150 11980 4772 21120 25070 6713 18220 0.169
200 5882 2341 10400 12190 3258 8865 0.164
asymptotic 0.182
TABLE 7
THERMAL FLUX FOR DIFFERENT STEP LENGTHS x 10°
time EL NL WL ER NR WR
(s)
150 {8t=10) 11980 4772 21120 25070 6713 18220 0.169
150 (4t=5) 12490 4972 22050 25950 6938 18860 0.165
200 (8t=10) 5882 2341 10400 12190 3258 8865 0,164
200 (6t=5) 5847 2326 10340 12120 3239 8815 0.164
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we pursue a simpler approach to the asymmetric disturbance to produce a

somewhat similar result.

Given a symmetric reactor, such as the one bhelow

by

L symmetry line R

with boundary condition 3¢/on = 0 or ¢ = 0, the steady state equation

is {compare with equation (5b))

{- V.Dg(g)V + oremg(x,)} ¢g(i) (x) =
=% (o ® + X > D)1, o () (18)
Osgrag T Xy X B0 (1) '
g (1)
where k(l) = k, the normal multiplication, ¢g(l) the corresponding

eigenfunction, and k(z) = dk(l)' the second highest magnitude eigen-

value, ¢g(2) the eigenfunction, with 4 = the dominance ratio.

Consider an asymmetric disturbance in L1 corresponding to a pure

absorption effect, o' =0 + 60 r then the steady state is
remg remg remg
retained by changing the multiplication to k', the first eigenvalue of

the equation

{- v.ng(;;)v +0 (x) + 60remg(;g) }¢'g(;,) =

remg

\) L}
z.ldsg,,, (B + X4 i Gfg.(,r,)]fb g & - (19)

Let us assume that the disturbance does not encourage high harmonics, so
that

' 0 = ad ) () * bo o) () (20)

is a reasonable approximation with a and b yet to be determined.

Introducing the half source terms
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v

F =Z . = 21
(v} E—ffﬂfg(£)¢g(l)(£)dg (V=1L or R) (21)
g v (i)
v
L} - —_—
and F'(v) =12 k,ofg(£)¢'g(£)d£ ’ (22)
9 v
we adopt the arbitrary normalisations (as in equation (16))
F(l)(v) = + since the lst harmonic flux
is symmetric, (23)
F(z)(L) = ~% , F(z)(R) = % since the 2nd harmonic
flux is asymmetric, and (24)
F'(L) + F'(R}) =1 ; (25)
equation (20} then gives
LI
k ak(l) . (26)

If equation

reactor (R}

aF

which is obtained by subtracting a and b proportions of

from equation (19) and integrating.

L
E3

Now the reactivity, p°',

pl
therefore a

and b

An overall,

to eguation

T =

giving T!

and finally

(20) held strictly, we would have for the right half of the

(1)
k'

(1) (2)

(R) - 1] + bF (R) (27)

equation (18}

Hence

k : k
(1) _ wl =20 5 ).
a(k, 1) + 2b(k, 1)— 0 . (28)
{(=Bp of egquation (15)) is
k' -k
_ (1)
= K ’ {29)
= 1/(1-p") {30)
= -p'/{(1-p') [1-a(1-p")1} . (31)
normalisatién independent, tilt indicator is taken similar
{17), namely
_ F'(R) - F'(L)
F'(R) + F'(L) ' (32)
= db/a (33)
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T' = -p'd/[1-d(1-p')] (34)

which is the required result.

The connection given by equation (34) differs slightly from that of
Wade & Rydin [1972) bacause of the appearance of the additional factor
(1-p') in the denominator, which is normally guite close to one. Wade &
Rydin demonstrate the applicability of equation (34) over a wide range
of variation of p' and d by a series of 1D calculations.

Using the Moata calculations of Section 7 as an example, we determine
k(2) = 0.97863 = k of an isolated right hand half of the reactor, hence
d = 0.9668 which compares well with the result required for Chebyshev
extrapolation and estimated during the full symmetric reactor calcula-
tion (starting from an asymmetric trial flux corresponding to the left
hand safety rod inserted), 4 = 0.9664, We then have T {equation (34))
= 0.213 (0.176 without the additional (l-p') factor), which is in very
good agreement with the directly estimated quantity T' (equation (32))
= 0.214.

It is perhaps not surprising that the thermal flux local tiit
indicator at position NR compared with NL, T (equation (17)) = 0.182 is
only in approximate agreement with the overall tilt indicator of equation
(32) . Accepting the estimates of a and b made available through equa-
tions (30) and (31), a = 0.9940 and b = 0.2189, with the local flux
estimate of ¢'g given by egquation (20), we calcuiate for the local tilt
T = 0.184. Again very good agreement is obtained, suggesting the adeguacy
of the approximation (20).

Equation (34) ultimately breaks down since for

p'L = - llég) (corresponding to completely removing L),
(35)
we have T'+» instead of the actual limit T'+l. This suggests that

results from equation (34) should be ignored if T' exceeds 1, that is if
*D'>“D'L/2 . (36)

As an example close to the limit expressed by equation (36), we return
to thé asymmetrically disturbed, extremely loosely coupled 1D system of
Section 4. We have p' = -0.000707, d = 0.99844, p‘L/2 = -0.000781,
therefore a = 0.99929 and b = 0.82709, giving an estimate for the
thermal peak flux tilt (mesh position 99 compared with 23) of T = 0.895

(0.453 without the (1-p'} factor), which is within reasonable agreement
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of the directly estimated quantity T = 0.870.
9. CONCLUSIONS

The checkout of POW with results of other multidimensional kinetic
codes for benchmark type calculations indicates that POW is correctly
solving the steady state and kinetic equations. It is to be hoped that
further benchmark calculations of the type undertaken here will be
tackled by laboratories with fast computing equipment as confidence in
the results of running such a code needs to rest on adequate code
checkout. '
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FIGURE 2. 2D MOATA FLUX PLOT, t = 0
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FIGURE 5. 2D MOATA FLUX PLOT, t =1 s
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FIGURE 7. 2D MOATA FLUX PLOT, t = 100 s
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APPENDIX A
POW INPUT DATA LISTING FOR MOATA CALCULATION

//JPPMOATZ JOB ('PH10093@/P22PHNRA',N1),J,P.POLLARD,
/7’ CLASS=J,

4 TIME=188

// EXEC BUFFPROG,PRG=VPLOT

// EXEC AUS,FL1='AUS, JPPOWFLX',DISPFL1=0LD
//G0O.SYSIN DO *#

#0001

STEP =
LINK POW(1,2)
END

STOP

#DD2

PRELUDE MAXX=32,MAXY=11,MAXG=2,MAXF=1,MAXGD=6,MAXM=5 END
POW MOATA2G MOATA KINETICS CALC FOLLOWING ROD DROP IN M{1)
* 2GP XS DATA FOLLOWS

* COLLAPSED FROM 4GP DATA OF CONNOLLY (SEE POW REPORT,PG E3)
* REM INCLUDES LEAKAGE BASED ON EXPTL AX!AL BSO OF 9.28184
NG=2

XSD FUELLT M(1)

20436-101'558

3.9655-2,5.5971-2

2113@'3:8.@74"2

$.,3.532-2

6.302-4,09

DEFN FUELRT M(2)=M(1)

XS5D C M(3)

2.798-1,3.646-1

5.66649-3,2.0812-3

20

@,3.461-3

1.651-4,0 :

* VEL ADJUSTED FROM FUEL CELL CALC TO ALLOW FOR C REFL
VEL 9.+6,2.34+5

SP 1,0

* 6GP EFFECTIVE DELAYED DATA FOLLONWS

* DERIVED FROM DATA OF KEEPIN (1965) AND TOMLINSON (1972)
I1GD=6

SD

DLAMDA .
1.24-2,3,05-2,1,11-1,3.91~1,1.14,3.01

BETAD

2.511~4,1.664-3,1,495~3,2,975~3,8.571-4,3,113~-4
XM=1,-6,7#7,1428571,5%#3.222,7%6,5314285,5%3,222,747.1428571,1,.-6
YM=G,5*5|1912.5*5.968.1.'6

REG MX=1(1)31 MY=1(1)10 M(3)

REG MX=8(1)12 MY=1(1)5 M(1) MX=28(1)24 M(2)

OUTPUT DATA PRINT FLUX

RESTART

GROUPS 1 2,2

MREG -1=1,2,3

PLOT -3,135

PUREJY @ 3 3 1P 1@ 9.7 #.8 3 1,-280 -1

ED!T '11ﬂ:0:@

#* ADJUST ABSORBER TO GIVE REQD REACTIVITY

* AKEFF=AKEFF#0.,993934 IE ~80 CENTS WITH BETA=7.5535-3
LIST AKEFF END

COMPUTE (2,1,8)=(2,1,0)(2,2,0.993934) 9

SEARCH(-0.01) #AKEFF 1.-4

DEFN M(5)=M(1) XSD MODIFY M(5)=3%1,-20,0,012,6#%1.~20

WSEA 4*8,1 DEFN FUELLT WSEA M{1)=M(2) M(5)
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OUTPUT DATA PRINT

START

# RESTORE SYMMETRIC T=g FLUX

SEARCH(®)

DEFN FUELLT M(1)=M(2)

RESTART

SEARCH(-09.21)

WSEA 4#0,1 DEFN FUELLT WSEA M{1)=M{(2) M(5)
CALC=REAL,KINETICS

OQUTPUT DATA PRINT FLUX

I0UT 8 5 1@

PULSE(21)=(9,1),(1000,1)

REACP -21,1.0,0
PULSE(22)=(2,1.-3),(2.99999-2,1.-3),(0,99999-2,9.~3},(0.9999%9-1,9.-3),
(#,99999-1,9,~2),(8.99999,9.-2),{(8,99999,8,.9),(9,.9999,08.9),
(9.,9999,9.),(99,999,9.),(99.999,10.), (1060,18.)
DTS '22:1.2ﬂﬂ

ACCFO=1.~-3,ACCLAM=1,-3

RESTART

TLIM=d,9

NIL=2 OUTPUT

AFTER 1 RESTART

PLOT -3 EDIT -1 0 0 @
AFTER 2 RESTART
PLOT -3 EDIT 1 @ 2 @
AFTER 3 RESTART
PLOT -3 EDIT -1 2 B @
AFTER 4 RESTART
PLOT -3 EDIT -1 0 B @

AFTER 5 RESTART
PLOT -3 EDIT -1 2 @ @
# COLLECTION OF PLOTS OF THERMAL FLUX ALONG X-AXIS

XYPLT- -6 -8B

MSEA 2 1 1 @(1)5 CALL SuUBé
STopP

/

/7’

7/
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APPENDIX C
2D FAST REACTOR BENCHMARK WITH FEEDBACK

Since the main study reported here, a further series of benchmark
studies has come to the author's attention [Buffoni, et al. 1975].
Benchmark problem 1 of this series, with the descriptive title, 'Super-
prompt critical transient with feedback, 2 group neutron diffusion
problem in fast reactor', was undertaken with POW. The fast reactor
benchmark is well documented, and affords POW the opportunity to tackle
a simple single temperature feedback model. In addition, four labora-
tories have submitted four different sets of solutions, and so a further
contribution is warranted.
Rather than specify all of the data used by POW, we will be content
to indicate only those data which are not detailed as part of the bench-
mark problem, namely:
(1} r-mesh spacing in cm (5* means 5 of the numbers that follow)
5*3.4, 7%*3,., 10*3.5374, 10%*4,,

(2) =z-mesh spacing in cm
10%4,, 10%3.85, 4*3.25, 10*3.85, 10%*4.,

(3) number of spatial sclution points is 1485, and

(4) temporal step length is 6t=2.5 x 10" s for t<20 x 10" ? s,
otherwise 8t=5 x 107 % s.

Results of the POW calculation are shown in Tables Cl and C2 and
Figures Cl to C3. These results are considered acceptable compared with
those of the other contributors, namely

UK-RIS, Fletcher using the code SPARK,

CRNL, Mcbonnell using the code ADEP,

C8N, Buffoni using the code NADYP-A, and

GfK, vath using the code KINTIC-1.

POW gave a steady state multiplication of k=1.000093, with flux almost

the same as the plotted GfK results and used 130 minutes of CPU time

{now on an IBM360/65) to calculate the reactor behaviour to t=100 x

10779 s.

REFERENCE

Buffeni, A., Fletcher, J.K., Galati, A., McDornell, F.N., Musco, A. &
Vath, L. [1975] - Review of kinetics benchmark calculations.
In 'Proceedings of the Joint NEACRP/CSNT specialists' meeting

on new developments in three-dimensional neutron kinetics and
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review of kinetics‘benchmark calculations'. Technische
University at Munchen, MRR 145, pp.505-551.
TABLE Cl
CASE 1. 2-GROUP SPECTRA (%) AT z = 88.25 cm FOR START AND END

OF TRANSIENT IN CENTRE OF REACTOR AND AT POSITION OF MOVABLE ABSOREBER

r=20 r = 20 cm

t Calculated Group 1 Group 2 Group 1 Group 2
(s) by

UK~RIS 86.0 14,0 86.1 13.9
CRNL 86.0 14.0 86.0 14.0
0] CSN 85.8 14.2 85.8 14.2
GEfK 86.1 13.9 86.0 14.0
AARC 86.0 14.0 85.9 14.1
UK-RIS 86.2 13.8 84.5 15.5

CRNL - - - -
100 x 1073 csN 86.5 13.5 85.1 14.9
GFfK 86,2 13.8 84.5 15.5
AAEC 86,2 13.8 84.5 15.5

TABLE C2

CASE 1. TIME AND GROUP DEPENDENT FLUX SHAPE INDICATOR,
. (r =20, z = 88.25,t)/¢G(r = 38, z = 88.25,t)

G

t Calculated Group 1 Group 2

(s) by
UK~RIS 0.87 0.85
CRNL 0.90 0.20

0 CSN 0.88 0.93
GEfX 0.88 0.89
AAEC 0.87 0.90
UK-RIS 0.96 1.12
CRNL - -

100 x 10”% csN 0.92 1.05

GfK 0.93 1.12

AAEC 0.93 1.11
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