This document was prepared in conjunction with work accomplished under Contract No. AT(07-
2)-1 with the U.S. Department of Energy.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any lega liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.

This report has been reproduced directly from the best available copy.

Available for sale to the public, in paper, from: U.S. Department of Commerce, National
Technical Information Service, 5285 Port Royal Road, Springfield, VA 22161

phone: (800) 553-6847

fax: (703) 605-6900

email: orders@ntis.fedworld.gov

online ordering: http://www.ntis.gov/help/index.asp

Available electronically at http://www.osti.gov/bridge

Available for a processing fee to U.S. Department of Energy and its contractors, in paper, from:
U.S. Depatment of Energy, Office of Scientific and Technica Information,
P.O. Box 62, Oak Ridge, TN 37831-0062

phone: (865)576-8401

fax: (865)576-5728

email: report s@doni s. osti . gov




SAVANNAH RIVER LABORATORY DPST-T0-561
TECENICAL DIVISION
RECORDS ADMINISTRATION

DISTRIBUTION MENEI

B. C. Rusche, SRL .f. C. Honeck
J. W. Croach - S P. L. Roggenkamp
A, A. Johnson, Wilm. N J. M. Boswell
D. F. Babcock 7 W. E, Graves
W. P. Bebbington, SRP & J. A. Smith
L. W. Fox o N. P. Baumann
0. A, Towler s £ J. R, Hilley ..~
S. V. Topp *ﬁjfgj D. E. Hostetler
W. B, Daspit ST RN R. M. Setterfield
C. H. Ice - P LS J. W, Stewart
L. H. Meyer, SRL -~ J& TIS Cony
G. Dessauer oL T Vital Records Copy
S. Mirshak ® el
J. E. Suich
MEMORANDUM December 18, 1970
TO: B, C. RUSCHE

FROM: P. B. PARKS Aga P

COMPARISON OF ADIABATIC AND DIRECT
SPACE-TIME NEUTRONICS MODELS

INTRODUCTION

Current SRP reactor safety analyses are based on the so-~called
"adiabatic method" of treating neutron kineties. In this method,
space and time ar Sreated separately during the course of a
reactor transient (1 3 thus, the sclution only approximates the
actual reactor behavior since the interdependence of space and
time is not treated exactly. The recently available WIGIE code
i1s based on an "exact" method of solution and now allows a com-
rarison of the adiabatic and direct space-time solutions. WIGLE
is limited to one dimensional geometry (slab) and cannot be used -
for comparisons directly applicable to SRP loadings. However,
certaln conclusions with regard to the distribution of delayed
neutrons during a reactor transient can be made. This study is
rart of a Joint effort by EPD and TPD in the field of reactor
kinetics. :

In pure point kinetics, the flux shape 1ls assumed to remalin un-
altered during a transient, and for small, tightly coupled reactor
cores this is generally true, The adiabatic method i1s a refine-
ment of the point kinetics model in an attempt to take into account
flux 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 kerfr at discrete points in time, At SRP the re-
activity as a function of time forms part of the input for BURP(Q),
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 1ar%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 solutlions do not take into account the differences in the
delayed and prompt neutron source distributions as functionsg of
time. 7The delayed neutrons have a distribution similar to that
of earlier generations of prompt neutrons, rather than the current
prompt distribution. '

In recent years, many approaches to neutron kinetics, other than

the adiabatic methodf have been reported. Only one, the direct
space-time or "exact” solution has recelved widespread attention,

In this method, the time dependent, group diffusion theory equations,
together with feedback equations, are reduced to difference equations
and 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 capabllity to be considered ag 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 %iﬁi. At SRP, there is available a re-
viged version of WIGLE-40'3,%), 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 gulde when considering the relative
accuracy of the adiabatic method when applied to SRP safety analyses.

SUMMARY

The space and time dependent responses to local perturbations in a
reactor model using nuclear parameters characteristic of a heavy
SRP lattlce have been determined with both the adlabatic and direct
methods of analysis. Initial results of thils 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 U44% (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 is overestimated for increasing power transients
but can be underestimated when the perturbation subsequently
1s changed to cause a decreasing power transient.

These effects are due in most part to the failure of the adiabatilc
method of analyslis to properly treat the space and time dependence
of the delayed neutrons.

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 calculatlons due to the limited feedback capabilities of the
WIGLE code. Nevertheless, the regults 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

SaRERE Y S ) A R A e W e b -

A one dimensional, two zone reactor of the same width as the outer
diameter (~ 494 em) of an SRP DoO moderated production reactor was
used in the calculation. (The use of a one dimensional model to
mockup a three dimenslonal 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 kerf was equal to 1.0. These adjusted
values are given in Table I,

WIGLE can haqd%e gg toc 6 delayed neutron groups and so the 15
group Keepin(5) 235y fission and photofission set was collapsed

to 6 groups using standard techniques and a 4 effective?gis factor
for photoneutron production of .783. The MINIBURP code was
used to check the accuracy of the results with 6 groups against
the results with 15 groupsfor 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 B3 and Ay
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 problem in using a one-dimensional representation to
approximate a two-dimensional lattice is determining just how
closely the unperturbed and perturbed flux shapes in the slab
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representation approximate the flux shapes in the two-dimensional
lattice.

SCRAM—lC7), a two-group, one-dimensional static diffusion theory
code was used to determine the flux shape and reactivity changes
in the one-dimensional r%gresentation. Changes in the thermal
capture cross section, Ig', were made in regilon 3 and flux -shapes
such as that shown in Figure 1 were computed. To check the
adequacy of thlis one-dimensional representa?ésn, calculations
were performed with a two-dimensional GAUGE representation of
the reactor, assuming axial uniformity. Standar? Slat zone,
buckled zone, and reflector dimensions were used 9), The few
group parameters listed in Table I, medified slightly to glve a
flat flux in the absence of any perturbation, were used as input
to GAUGE. A hexa%onal region or block, equivalent in size to a
fuel cell and 17.8 cm in from the flat zone - buckled zone bound-
ary, was perturbed by changing the thermal capture cross section,
Zzﬁ. This region 1s in a position analogous with region 3 of the
one dimensional 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. The SCRAM-1 definition was chosen to be
$€eg é/ﬁfgg 5. For the GAUGE problem, the perturbed block plus
the s adjafent blocks was designated patch 1. The patch on the
exact opposite side of the reactor was designated patch 2. The
_patch to patch" definition of flux tilt was defined as ¥papen 1/
®hateh 2+ Still another expression for the GAUGE tilt was the
"B356 't5 1line" definition where the tilt ratio was the integral
of the flux along the radius where the perturbation occurred
dlvided by the integral of the flux along the exact opposite
radius.

A plot of tilt ratlo versus the change in kqrr 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 reasonably
well with the results obtained using the two definitions giwven

for the GAUGE tilt ratic. Thus it appears that the one-dimensional
reactor problem is a valid representation of the real reector.

C. Adiabatic and Direct Space-Time Solutions

Two types of perturbations were considered, The flrst was a
simple linear ramp change in Zgh in region 3 to a maximum change
of -Asth ... The second can be degcribed as a "sawtooth” in
that tﬁe %§rst linear ramp to -AZj max Was ﬁollowed by a second
linear ramp of opposite slope to +Az§ x» and again
followed by & third linear ramp with the orig%nal slope back to

Azth = 0.

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 Zgh directly, but requires instead an input table of k,pe values
as a function of time. To obtain these values, Az(P in réglon 3 of
the SCRAM-1 mockup was varied over the range from =,0019 to +.0019.
The resulting changes in kerr are plotted in Figure 3. It was
found that a minimum of 5 entries of keprs vs time into BURP was
sufficlently detailed, but generally 10 Kerf values were prescribed
between Akersr = O and Akerr(max). Thus a sawtooth perturbation was
described using 40 entries.

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

2=y s (1 + LEBE‘-’ -1
~ LY “g /] Tlat Zone

may be used for systems with fairly uniform nuclear properties or
when kefr 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
addition of 1/v absorber.

0 _ ARere/Kops
T A G, vI

where A (3, vf ind Akegprr refer to the effect of the addition of
the absorber (10, fThe calculation is performed by adding AS; to
all regions of a SCRAM-1 problem which has already been perturbed
to a flux shape appropriate to kery. The slope, Ak/AS,, times
1/v*kepr is the lifetime. This latter definition was used in all
problems in which kerr approached prompt critical at some time
during the postulated transient.

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

Three perturbations were selected for study: Akefr = .O%%lB
(prompt critical) at AZghy,, = -,0019, Ak = .00369 at asih . =

- _0N125 and Alt .. = 0n om ad+ A% falat 2 ls]

n = Ml bt W
HAULeD, and Ak = LUVl 8T AR S =L UUUGED . L€ Pervurog .

fi : u
tions in sih, when of opposite sggﬁfxgave values of Akgsp of
~.00137, -.00110 and -.00087 respectively.

1. Response to Linear Ramps

The length of the linear ramps was varied from ~ 0 (step function)
to 15 sec. Figure 4} shows a comparison of flux shapes calculated
using adiabatic and direct space-time methods aEhvarious times
during and following a 5 sec linear change in Zs s resulting in a
total change in kerp 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.
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In general the adiabatic method over-predicts 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 aphyslical. 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 region 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 III.
Table IT summarizes the results of perturbations in which =th was
changed linearly to produce maximum ch%ﬁges in keps of +.00§0,
+.00369, and +.00718. The change in I were made over intervals
of 0, 2, 5, and 15 seconds. The resul%s are presented in terms
of differences in total reactor power (BURP - WIGLE) 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 Akesy = .00369.

The results glven 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 WIGLE. In the perturbed region,
which 1s the region of greatest interest, BURP overpredicts the
power by as much as 46% at prompt critical. However, when the
perturbation in kerr is reduced to +.0020, the error is no more
than 16%. The unger—predictions by BURP in region 5 (unperturbed)
at the end of the ramps are generally much smaller, the absolute

R PER AL 5 —- -~ -
value never greater than 14%. Nevertheless, the power differences

in region 5 approach those in region 3 as the perturbation approaches
prompt critical. This is a reflection of the much shorter flux
shape stabllization times, i.e., the response is dominated by
prompt neutrons.

2. Response to Sawtooth Perturbations

The length of the ramps in the "sawtooth" perturbations covered the
same range as for the single ramps. Figure 8 shows the total re-
actor power as a function of time as predicted by BURP and WIGILE
for a perturbation in which kerr is changed to 1.00369, back to
1.00, then to .9989 and then back to 1.00 in 5 second intervals.
Again BURP overpredicts the total power at all times. The BURP-
WIGILE power differences are listed in Table IV for the other saw~
tooth perturbations considered.
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The errors at the node (kerr = 1.0) and at minimum keff are sensi-
tive to the rate at which the perturbation is introduced, the
greatest error occurring for the relatively slow 15 sec ramp.
Again the error is strongly sensitive to the magnitude of the per-
turbations.

Figure 9 shows the power response in reglons 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 (WIGLE) region dependent power differences

a I ) A2 MeatT A~ T
for the sawtooth problems are listed in Table V.

D. Implicationg 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 anelysis, can be considerably over-

estimated in some cases but underestimated in others.

The reagon for this discrepancy 1s 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 calcuiation.

The shape and the magnitude of the perturbations 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 calculationsf 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-dimensionel
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. However, the
results presented above do indicate that future refinements in
SRP analytical methods should include a more sophisticated
neutronics model.

E. Further Studies and Experiments

A two-dimensional version of a direct space-time code, DISCOTHEQUE
(vased on the calculation method in TWIGL'11l)), has recently.be-
come avallable 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 WIGLE

have been interpreted properly.
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The Advisory Committee on Reactor Physics has recently recommended
that experimenis be performed To provide b?&% rk data against
which neutron kinetics codes may be tested . In particular, it
recommended the study of a uniform (as homogeneous as possiblej
reactor with simple geometry that can be eaglly analyzed - possibly
a cylinder or a square prism. The dimensions should be such asg 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 1%-30 program in the PDP,

PBP:pph
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Table I

Two Group Parameters for Production Rea
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ctor Mockup

{transverse buckling = 50 ubB)

Group D Zc + Zf zr 'yzf
Buckled Zone 1 1.385 .010796  .008547  .0020927
2 8792  ,018100 - . 026304
Flat Zone 1 1.385 .0107396 .008547 . 0020917
2 8792  .019778 - . 020348
Delayed Neutron Parameters
Group By Ay (sec™1)
1 .0009856 1.55
2 .0043140 .209
3 .0017650 L0247
Y .00008052 . .00280
5 .00003679 . 000147
6 . 00000119 . 00000141
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Table II

Difference in Total Reactor Power Response to Linear
Change in IY0(BURP - WIGLE)

Length of Ramp (sec.)

0 2 5 15

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 6.7 - 6.6 6.4
. 00369 18.4 18.% 17.9 17.2

Percent Difference 5 Sec. After End of Ra.mp
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Table III
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Difference in Region Dependent Response to Linear Change
in stb (BURP, SCRAM-1 - WIGLE )

0

Length of Linear Ramp

2 5 15
Maximum Ak Percent Difference at End of Ramp
. 0020 Reg 3 - - 15.5 12.1
Reg 5 - - -100'2 - 5-8
.00369 Reg 3 - 27.1 ol .7 20.6
Reg 5 - -13.7 - 8.0 1.3
. 00718 Reg 3 - - k5.7 -
Reg 5 - - 34,7 -
Percent Difference 5 Sec. After End of Ramp
. 0020 Reg 3 13.6 - 12.1 10.4
Reg 5 - 4.3 - - 2.7 Y
.00369 Reg 3 22.9 22.3 21.1 18.1
Reg 5 7.2 8.6 9.6 11.9
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Table IV

Difference in Total React%ﬁ ?eSponse to Sawtooth
C

Perturbations in =
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December 18, 1970

BURP - WIGLE)

Iength of Ramp (sec.)

keff

ers - 2 5 15
Maximum Ak Percent Power Difference at Speclfied
+.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
+.00718 1.00718 - 43.6 -
1.00000 - 37.7 -
+ 99861 - 60.5 -
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Dependent Response to Sawtooth

Length of Ramp (sec.)

Kerr 2. 5 15
Maximum Ak Percent Power Difference at Specifled kegps
Region 3 |
.0020 1.00200 - 15.5 12.1
1.00000 - - 3.9 - 3.8
.99913 ~ ~-10.4 - 6.2
.00369 1.00369 | 27.1 24,7 20.6
1.00000 {- 3.9 - 4.1 - 1.7
.99890 |-17.1 -13.5 - 4.9
.00718 1,00718 - 45,7 -
1.00000 - 6.7 -
.99861 | - - 1.8 -
Region 5
. 0020 1.00200 - -10.2 - 5.8
1.00000 - 6.0 8.1
.99913 - 14.7 13.%
.00369‘ 1.00369 {-13.7 - 8.0 1.3
1.00000 0.5 16.1 22.0
99890 | 24.2 28.5 29.6
.00718 1.00718 - 34.7 -
1.00000 - 80.0 -
. 99861 - 108.8 -
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