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COMPARISON OF ADIABATIC AND DI~CT
SPACE-TIME NEUTRONICS MODELS

INTRODUCTION

Current SRP reactor safety analyses are based on the so-called
“adiabatic method” of treating neutron kinetics. In this method,

reactor transient?l~; thus, the solution only approximates the
space and time ar rested separately during the course of a

actual reactor behavior since the interdependence of space and
time is not treated exactly. The recently available WIG~ code
is based on an “exact” method of solution and now allows a com-
parison of the adiabatic and direct space-time solutions. WIG~
is llmited to one dimensional geometry (slab) and cannot be used
for comparisons directly applicable to SRP loadings. However,
certain conclusions with regard to the distribution of delayed
neutrons during a reactor transient can be made. ThiS study iS
part of a joint effort by EPD and TPD In the field of reactor
kinetics.

In pure point kinetics, the flux shape is assumed to remain un-
altered during a transient, and for small, tightly coupled reactor
cores this is generally true. The adiabatic method is a refine-
ment of the point kinetics model in an attempt to take into account
flu shape changes that occur during the reactor response to a
local perturbation (such as fuel or target meltdown, rod with-
drawal, etc.). Static reactor codes are employed to calculate the
flux shape and keff at discrete points in time. At SRP the re-
activity as a function of time forms part of the input for BURP(2),
which is used to calculate the total reactor power as a function of
time.
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Were it not for the presence of delayed neutrons, the adiabatic
method, in the limit of a lar#e number of discrete time points,
would closely approximate an exact” solution of the space-time
response of the reactor to localized perturbations. However, the
static solutions do not take into S,CCQUnt the differences in the
delayed and prompt neutron source distributions as functions of
time. The delayed neutrons have a distribution similar to tht
of earlier generations of prompt neutrons, rather than the current
prompt distribution.

In recent years, many approaches to neutron kinetics, other than
the adiabatic method have been reported. Only one, the direct
space-time or “exacth solution has received widespread attention.
In this method, the time dependent, group diffusion theory equations,
together with feedback equations, are reduced to difference equations
ad solved by numerical techniques. This method is often used as the
basis for evaluating the accuracy of other, more approximate methods.

From a practical point of view, the direct space-time treatment re-
quires too much computer capability to be considered as a candidate
for three dimensional analysis with feedback. One dimensional
treatments with simple feedback approximations are widely used, and
two dimensional treatments with no feedback are available at sites
with large computer facil i~$,~~. At SRP, there is available a re-
vised version of WIGLE-40 a one dimensional, 2 energy group,
direct space-time code, employing up to six delayed neutron groups.

It was the purpose of this study to examine the magnitude of errors
in the adiabatic method caused by the neglect of prompt and delayed
neutron flux shape differences and attempt to evaluate the effect
of these errors on SRP safety analysis. In particular, these
errors were determined for a slab reactor model with nuclear prop-
erties similar to those of heavily absorbing SRP production re-
actors. The reactor response to a variety of reactivity perturba-
tions similar to those encountered in safety analyses were calculated
with both the direct space-time and adiabatic treatments. Detailed
feedback effects were ignored in both sets of calculations. Of
necessity, only a limited number of perturbations were studied; but
the results can serve as a guide when considering the relative
accuracy of the adiabatic method when applied to SRP safety analyses.

S-RY

me space and time dependent responses to local perturbations in a
reactor model using nuclear parameters characteristic of a heavy
SRP lattice hsve been determined with both the adiabatic and direct
methods of analysis. Initial results of this study indicate that,
when compared to the results of direct space-time calculations,

. the adiabatic calculations overestimate the magnitude of the
total reactor power change;

. the error in the total reactor power can be as large as 44$ (at
prompt critical), depending only on the magnitude of the pertur-
tion;
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the space dependent power in the immediate vicinity of the
“ perturbation ig overestimated for increasing power transients

but can be underestimated when the perturbation subsequently
is changed to cause a decreasing power transient.

These effects are due in most part to the failure of the adiabatic
method of analysis to properly treat the space and time dependence
of the delayed neutrong.

The importance of this error to SRP safety analyses cannot be de-
termined unambiguously for two reasons. In the first place, the
calculations had to be made using a one-dimensional reactor model.
Direct space-time reactor codes capable of treating more than one
dimension were not available at the onset of this program. Secondly,
temperature feedback effects could not be included consistently in
the calculations due to the limited feedback capabilities of the
WIGLE code. Nevertheless, the results suggest that the inherent
error of the adiabatic method in the treatment of delayed neutrons
leads to non-negligible effects. Thus a more sophisticated method
of space dependent kinetics, to properly account for delayed
neutron effects, should be included in any future revision of the
SRP safety analysis codes.

DISCUSSION

A. Mockup of a Heavily Absorbing Production Reactor

A one dimensional, two zone reactor of the same width as the outer
diameter (+494 cm) of an SRP D20 moderated production reactor was
used in the calculation. (me use of a one dimensional model to
mocku a three dimensional reactor is discussed in the next sec-
tion.~ The width of the buckled zones was fixed at’36.3 cm.
Figure 1 shows the divisions of the reactor into 2 buckled zone
regions and 5 flat zone regions. Region 3, 17.8 cm wide beginning
17.8 cm from the buckled zone - flat zone boundary, was the region
in which all of the perturbations were made. The cell-homogenized,
two-group parameters were adjusted until the unperturbed radial
flux shape was flat and keff was equal to 1.0. These adjusted
values are given in Table I.

WIGLE can ha d e to 6 delayed neutron groups and so the 15
group Keepin?5~ 2~~U fission and photofisston set was collapsed
to 6 groups using standard tectiiques and a y effective
for photoneutron production of .783. The MINIBURP code~%~s~ctor
used to check the accuracy of the results with 6 groups against
the results with 15 grou~for a step change in Ak of .0001. At
400 sec. after the increase in reactivity, the relative power
levels differed by less than 1$. The final values of pi and Ai
for the six groups are tabulated in Table I. This set of values
was used for both the adiabatic and direct space-time calculations.

B. Comparison of Flux Tilting in One and Two Dimensional Reactors

An inherent
approximate
closely the

problem in usLng a one-dimensional representation to
a two-dimensional lattice is determining just how
unperturbed and perturbed flux shapes in the slab
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lattice.

SCRAM-l(7), a two-group, one-dimensional static diffusion theory
code was used to determine the flux shape and reactivity changes
in the one-dimensional r$~resentation. Changes in the thermal
CaPtUre cross section, xc , were made in region 3 and flux shapes
such as that shown in Figure 1 were computed. To check the
adequacy of this one-dimensional representa
were performed with a two-dimensional GAUGE

~~~n, calculations
representation of

the reactor, assuming axial uniformity. s~andar~ ~lat~~~w
buckled zone, and reflector dimensions were used 9 .
group parameters listed in Table I, modified slightly to give a
flat flux in the absence of any perturbation, were used as input
to GAUGE.
fuel cell &Z~”%li??% ;;;;;;: zone

, equivalent in size to a
- buckled zone bound-

~tx! ?~i~ region is in a position analogous with region 3 of the
erturbed by changing the thermal capture cross section,

ofiedimensional representation used in SCRAM-1.

The flux shapes obtained with the two techniques for various
perturbations can be compared by defining a single parameter
called the “tilt ratio”, the ratio of flux integrals over equiva-
lent regions on opposite sides of the reactor. However, there is
no completely consistent way to define the tilt ratio for the two
methods of calculation.
F

The SCRAM-1 definition was chosen to be
/Vr 5. For the GAUGE problem, the perturbed block plus

t%gs?x a~~acent blocks was designated patch 1. The patch on the
exact opposite side of the reactor was designated patch 2. The
~atch to patch” definition of flux tilt was defined as ~pa~chl/’

Still another expression for the GAUGE tilt was the
~ine to line” definition where the tilt ratio was the integral
$,atch 2“

of the flux along the radius where the perturbation occurred
divided by the integral of the flux along the exact oppostte
radius.

A plot of tilt ratio versus the change in keff caused by a per-
turbation in the GAUGE and SCRAM-1 representations is shown in
Figure 2. The magnitude of the SCRAM-1 tilts agree reasonab~y
well with the results obtained using the two definitions given
for the GAUGE tilt ratio. Thus it appears that the one-dimensional
reactor problem is a valid representation of the real reactor.

c. Adiabatic md Direct Space-Time Solutions

Two types of perturbations were considered. The first was a
simple linear ramp change in Z~h in region 3 to a maximum change
of .~thm The second can be d~~cribedas a “sawtooth” in
that t~e ?~~st llnear ramp to -Uc *X was
linear ramp of opposite slope to

+~t~l~owed by a second
and again

followed by a third linear ramp with the o~i.~~~1 slope back to
~~h = Q,

These perturbations were input directly into the WIGLE code; the
output was a record of the flux levels as functions of both space
and time. BURP cannot accept perturbations in the form of changes
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in .Z~hdirectly, but requires instead an input tab e of kef
as a function of time. To obtain these values, t $Va’ues&hinregon30f
the SCRAM-1 mockup was varied over the range from ~.0019 to +.0019.
The resulting changes in keff are plotted in Figure 3. It was
found that a minimum of 5 entries of keff vs time into BURP was
sufficiently detailed, but generally 10 keff values were prescribed
between A~ff = O and Akeff (max). Thus a sawtooth perturbation was
described using 40 entries.

BURP also requires a value for the prompt neutron lifetime ~, as
input. The usual definition

may be used for systems with fairly uniform nuclear properties or
when keff does not depart strongly from unity. However, a more
general definition of the prompt neutron lifetime may be found
from perturbation theory as the reactivity coefficient of a uniform
addftion of I/v absorber.

‘keff eff
4’ /kA ~Xa V)

Z~rl&o&~]O~nd $~ff refer
to the effect of the addition of

. calculation is performed by adding ma to
all regions of a SCNM-1 problem which has already been perturbed
to a flux shape appropriate to keff. The slope, Ak/AZa, times
l/v”keff is the lifetime. This latter definition was used in all
problems in which keff approached prompt critical at some time
during the postulated transient.

The adiabatic space-time solutions come from a combination of BURP
and SCRAM-1 results. The flux shapes were found from SCWM-1 while
the amplitude of the space integrated flux at any given time was
obtained from BURP output.

Three perturbations wer
(promptcritical ) at ~2hse1ected for study: 2A ‘f = “0?L18 .-.0019, Ak = .003 9 at ~
-.00125, and Ak ff ❑ .082~a~t=~th$max= -.000825. The p~r%~ba-
tiOn8 in ~$h, w~en of opposite s gn, gave values of Akeff of .
-.00137, -.00110 and -.00087 respectively.

1. Response to Linear Ramps

me length of the linear ramps was varied from ‘O (step funct%on
to 15 sec. Figure k shows a comparison of flux sha~es calculated
using adiabatic and direct space~time methods a~hv&ious times
O.uringand following a 5 sec linear change in Xc , resulting in
total change in keff of +.00369. Figure 5 compares the total
reactor power predicted by the two methods for the same ramp.
Figure 6 shows the power predictions in the perturbed region,
region 3, and the power in an unperturbed region, region 5, on
the opposite side of the pile.

a
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In general the adiabatic method over-pred$cts the total reactor
power at all times as shown in Figure 5. The power on the per-
turbed side of the reactor is over-predicted while the power on
the opposite side is underpredicted, and at times even decreases
as a function of time during a positive transient,which is ob-
viously aphysical. The region 5 power response in Figure 6 shows
these effects clearly. About 1.5 seconds beyond the end of the
ramp the power in regton 5 as predicted by the adiabatic method
begins to exceed the power calculated with WIGLE. The asymptotic
flux shapes become the same, and the adiabatic method everywhere
overpredicts the power density by the same percentage.

Comparisons of WIGLE and BURP-SCRAM-1 results for this and other
perturbations described above are presented in Tables II and 111.
Table 11 summarizes the results of perturbations in which ~th was
changed linearly to produce maximum c
+.00369, and i-.00718.

~~ges in keff of +.0020,
The change in z were made over intervals

of O, 2, 5, and 15 seconds. The resul%s are presented in terms
of differences in total reactor power (BURP - WIG~) at the end
of the ramp and 5 seconds after the reactivity reaches its maximum
value. The 15 sec ramp problem was not solved at prompt critical
because of computer overflow. The 2 sec ramp problem was solved
only for Akeff = .00369,

The results given in Table II show that the difference in the
total power predicted by the two methods is insensitive to the
length of the perturbation. However, as expected, the difference
is strongly dependent on the magnitude of the perturbation. The
power differences for the 5 sec ramps have been plotted in Figure 7.

The region dependent power responses at the end of the perturbation
are considerably more sensitive to the length of the perturbation.
Table III lists the differences in the power in regions 3 and 5 as
predicted by BURP-SCRAM-1 and WIG~. In the perturbed region,
which is the region of greatest interest, BURP overpredicts the
power by as much as 46$ at prompt critical. However, when the
perturbation in k ff is reduced-to +.0020, the error-is no more
than 16$. sThe un er-predictions by BURP in region 5 (unperturbed)
at the end of the ramps are generally much smaller, the absolute
value never greater than 14$. Nevertheless, the power differences
in region 5 approach those in region 3 as the approaches
prompt critical. This is a reflection of the flu
shape stabilization times, i.e., the response
prompt neutrons.

perturbation
much shorter
is dominated by

2. Response to Sawtooth Perturbations

The length of the ramps in the “sawtooth” perturbations covered the
same range as for the single ramDs. Figure 8 shows the total re-
actor
for a
1.00,
Again
WIGLE
tooth

power as a function-of kim~ as pr~dicted by BURP “ani-W~Gw
perturbation in which keff is changed to 1.00369, back to
then to .9989 and then back to 1.00 in 5 second intervals.
BDRP overpredicts the total power at all times. The BURP-
power differences are listed In Table IV for the other saw-
perturbations considered.
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The errors at the node (&ff = 1.0) and at mtiimum keff are sensi-
tive to the rate at which the perturbation is introduced, the
greatest error occurring for ‘therelatively 81OW 15 sec ramp.
Again the error is strongly sensitive to the magnitude of the per-
turbations.

Figure 9 shows the power response in regions 3 and 5 to the 5 sec
sawtooth perturbation described in Figure 8. These results demon-
strate that the adiabatic method does not always overpredict the
power response in the perturbed region even though the overall
reactor power may be overpredicted. The adiabatic (BURP-SCRAM-1)
and direct-space-time (WIG~) region dependent power differences
for the sawtooth problems are listed in Table V.

D. Implication for SRP Accident Analysis

On the basis of the transients studied, the adiabatic method would
appear to consistently overestimate the magnitude of the total
reactor power change during a transient (assuming the direct space-
time Calculations to be “exact”). The power changes in the regions
adjacent to and including the perturbed regions, which are of more
importance in reactor safety analysis, can be considerably over-
estimated in some cases but underestimated in others.

The reason for this discrepancy is the failure of the adiabatic
method to treat properly the delayed neutrons. In the direct
Space-time calculation, the delayed neutron contribution to the
flux tilt lags behind that of the prompt neutrons; whereas, in
the adiabatic calculation, the delayed neutron flux tilt is
assumed improperly to be the same as that of the prompt neutrons.
Thus, during a transient, the total flux tilt (and hence instan-
taneous power) predicted by the direct space-time calculation is
smaller than that predicted by the adiabatic calculation.

The shape and the magnitude of theperturbations discussed above
cover the range of those normally encountered in SRP safety
analysis. However, since feedback treatments comparable to those
in BURP cannot be included in the WIGLE calculations it is im-
possible at present to perform safety analyses with ‘exact”
methods that would be directly comparable to problems now being
routinely calculated with BURP in combination with two-dimensional
static codes. For this reason, it is not possible to determine
unambiguously the importance of errors incurred through the use
of the adiabatic method in reactor safety analyses. Rowever, the
results presented above do indicate that future refinements in
SRP analytical methods should inclu@e a’more sophisticated
neutronics model.

E. Further Studies and Experiments

A two-dimensional version of a direct spa e-t jime code, DISCOTHEQUE
(based on the calculation method in TWIGL1l ), has recently,be-
eome available and the applicability of this code to the problems
discussed above will be studied. If warranted, a few checks will
be made to ensure that the one-dimensional studies with WIG~
have been interpreted properly.
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The Advisory Committee on Reactor Physics has recently recommended
that experiments be performed to provide
which neutron kinetics codes may be testedb~$yr~d;g;g:;’ ,,

recommended the study of a uniform (as homogeneous as possiblej
reactor tith simple geometry that can be easily analyzed - possibly
a cylinder or a square prism. The dimensions should be such as to
allow appreciable flux tilting in at least one dimension. This
type of experiment is now under consideration. In addition, a
series of space-time dependent experiments is being planned as a
part of the upcoming Mark 14-30 program in the PDP.

PBP:pph
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Table I

,..

-3

.,

,,

Two Group Parameters for Production Reactor Mockup
transverse buckling = v~ J

Group D Zc + Zf Zr TX
f——

Buckled Zone 1 1.385 .010796 .008547 .0020927

2 .8792 .o~8100 -- .026304

Flat Zone 1 1.385 .010796 .008547 .0020917

2 .8792 .olw78 -- .020348

Delayed Neutron Parameters

Group fll -1)Ai (see

1 .0009856 1.55

2 .oo43140 .209

3 .0017650 .0247

4 .00008052 ..00280

5 .00003679 .000147

6 .00000119 .00000141
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Table II

Difference in Total Reac

c~nge in z~~~~$~! ~~~se to Linear

~~~
Maximum Ak Percent Difference at End of Ramp

.0020 4.8 5.2

.00369 12.5 13.7 14.8

.00718 (prompt critical) - 43.6 -

.0020

.00369

Percent Difference 5 Sec. After End of Ramp

“6,7 - 6.6 I 6:4

18.4 18.& 17.9 17.2
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Table III

Difference in Region Dependent ,Responseto Linear C,hnge
in Z~h(BURP, SCRAM-1 - WIG~)

Length of Linear Ramp

o 2 5 15— .

Maximum @k Percent Difference at En6 of Ramp

.0020 Reg 3 15.5 12.1

Reg 5 -10.2 - 5.8

.00369 Reg 3 27.1 24.7 20.6

Reg 5 -13.7 - 8.0 1.3

.00718 Reg”3 45.7 -

Reg 5 34.7 -

~

=

.0020 Reg 3

Reg 5

.00369 Reg 3

Reg 5

‘cent“Dlf~

13.6

- 4.3

22.9

7.2

!rence 5 Sec. Afte

+

12.1

- 2.7

22.3 21.1

8.6 9.6

End of Ramp

10.4

.7

19.1

11.9
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%ble IV

Difference in Total React
Perturbations in Z~~ ~~{~W:g~tiOOth

Length of Ramp (see.)

I

keff 2
1

~— 15. —

Maximum Ak Percent Power Difference at Specified keff

+.0020 1.00200 - 4.8 5.2

1.00000 - 1.7 2.7

.99913 - 4.6 5.7

+.00369 1.00369 12.5 13.7 14.8

1.00000 3.5 6.5 10.3

.99890 8.2 12.0 16.9

+.oo7~8 1.00718 - 43.6 -

1,00000 - 37.7 -

,99861 - 60.5 -
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Table V

Difference in Regi
Cbnges h x!H ~~$p~~$MR;sponse to Sawtooth- WIG~ )

Maximum Ak

~

.0020

.00369

.00718

Region 5

.0020

.00369

.00718

Length of Ramp (sec.)

k
eff 2 5 15— —

!’rcent Po

1.00200

1.00000

.99913

1.00369

1.00000

.99890

1.00718

1.00000

.99861

1.00200

1.00000

.99913

1.00369

1.00000

.99890

1.00718

1.00000

.99861

r Diff~

27.1

3.9

17.1

13.7

0.5

24.2

nce at SI

15.5

- 3.9

-10.4

24.7

- 4.1

-13. y

45.7

6.7

- 1.8

-10.2

6.0

14.7

- 8.0

16.1

28.5

34.7

80.0

1o8-.8

:cifiedkeff

12.1

- 3.8

-6.2

20.6

- 1.7

- 4.9

- 5.8

8.1

13.4

1.3

22.0

29.6
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Region 3 (from SCRAM-17
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