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BENCHMARK SOURCE SITUATION

Identification: 19

Date Submitted: ~ By: K. Koebke (KWU) ﬁ
: " M. R. Wagner (KWU)
January 1984 H.-J. Winter (KWU)

A. Wérner (IKE, Univ.
Stuttgart)

Date Accepted: gcrober 1985

|2

M. V. Gregory (SRL)

Descriptive Title: :
Two-Dimensional PWR Model, Two Load Cycles

Suggested Function:
Designed to provide a test for the capabilities of
coarse mesh methods for PWR fuel management calculations

Configuration .
’ Two-dimensional model of 1 large PWR .P

Fig. 1 Loading Pattern of First Cycle
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Fuel Assembly Types
€1

E2




Note:

Fig. 2 Refueling pattern of Second Cycle:
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{2): Counter-clockwise rotation : %////
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EOCH BOC2

Assemblies loaded into a position at a symmetry tine

are symmetrized occording to the symmetry at their
new position.

The assembly which is moved from its cyclé 1 position
(1,J) = (8,2) to positions (5,1) and (7,1) at the main
axis is to be symmetrized, at reload time and after ro-
tating it as shown in Fig. 2, according to the following

rule

m(x,y) = 1?(P(x,y) + VP(x,'-y)) -

where P(x,y) denotes the local burnup and the local

nuclide number densities, respectively.

331
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Fig. 3 Control Rod Configuration

R Reflector Area

Control Rod Fositions

Details:

The problem is set up to allow the use of computer codes
which model either a quarter core or a reactor octant.

Vacuum boundary conditions at external boundaries,
Reflective boundary conditions at symmetry lines.

Homogeneous reflector

Specified nuclide depletion chains
initial nuclide densities,
microscopic cross sections of burnable nuclides,
macroscopic cross sections of structural materials.

Reactor is maintained critical throughout 1life by adjusting
the amount of soluable boron (measured in ppm) .

The cycle length is defined by requiring the critical boron
concentration to become equal to zero.

The selection of time steps is not specified. The benchmark
problem solution should approximate as closely as possible
the case of infinitely small time steps.
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Burnable poison is present in some of the assemblies of
types E2 and E3, where indicated in the loading pattern
of first cycle, Fig. 1.

At EOC1 the burnable poison is not set to zero but moves
with the assemblies at BOC2. All fresh assemblies loaded

at the beginning of-the second‘cyCle”areiof type E3 and
contain no burnable-poison, Fig. 2. T

Control rods are described by adding spatially constant
macroscopic cross sections to the respective cross sections
of the structural matérial of the unrodded assemblies.

The soluable boron éﬁd structﬁfél'materia1 are not to be
depleted. o L

Fig. 4 Nuclide Depletion Chains:

2 ﬂsio n/ Yidds
4 4
K4

4
/

A= l52~5-|0.9. sgc"

. ,l - 7 ) . '
. s .
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? @

5 gec! 8P ble. pok
FP  lumped fission products
SB  soluable boron
STRM structural materiol

Az2160
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no loss term:

BSS-19

The isotopic depletion equations for nuclides 1 to 8 are

.

N, { ’
Z - &
T+ 0 + Xj} Nj = Nj~1 < CJ 1 ®g'

L

Note: For nuclides j=3 (U238) and J=8 (burnable poison BP)

the source term is zZero.

For nuclide j=9 (Xe135) the equilibrium concentration is to
be determined by

N. 2 o8 1)
ig°ry %
Xe 0g + AXe

B

J
Xe
g
c

®

The depletion equation of the fission product (FP) j=10 has

[a X
=4

Table 1. Initial Nuclide Densities (Units of 1024 atoms/cm3):

Nuclide Fuel Assembly Type
E1 E2 E3
U235 1.40 E-4 1.60 E-4 2.20 E-4
U238 6.31 E-3 6.29 E-3 6.23 E-3
BP 0. 8.00 E-6 2’ 8.00 E-6 2)

All other depletable nuclides have zero initial number densities

a) where present according to the load pattern of cyecle 1,

Fig. 1

i
1

e
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BENCHMARK PROBLEM

Identification: 19-Al1 Source Situation: 1ID.19
Date Submitted: By: K. Koebke (KWU)
January 1984 M. R. Wagner (KWU)
H.-J. Winter (KWU)
Revised June 1984 A. Worner (IKE, Univ. Stuttgart)

Date Accepted: october 1985By: M. V. Gregory (SRL)

Descriptive Title:
Two-Dimensional PWR Burnup Problem

Reduction of Source Situation:
1. Diffusion theory
2. Two energy groups
3. Zero axial leakage

4. Reactor is maintained critical at all times by adjusting
the amount (ppm) of soluable boron (except for the rodded

reactor at EOC1, see point 7 below)

5. The reactor is at all times in its (instantaneous) xenon

equilibrium state

6. In addition, the critical state of the xenon-free reactor
is to be determined at BOC1, EOC1, and BOC2 (see below)

7. The control rods are withdrawn during depletion. At the
beginning of cycles 1 and 2 the following procedure
should be followed for determining the rod worth and the

power distribution for the rodded reactor:

a. Compute the critical boron concentration CgOC {un-

rcdded) for the unrodded, xenon-free reactor

b. Insert the control rods and compute tne critical boron
ccnecentration chC (rodded) and the nocrmalized power

distribution for the rsdded, xenon-free core
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At end of cycle 1 the procedure is

a. Compute CEOC (unrodded) for the xenon-free, unrodded
reactor.

b. Keep the soluable boron fixed at CEOC (unrodded) and

compute the reactivity of the rodded, xenon-~free
reactor.

The non-linear two-group diffusion equations to be solved are

"

1 1
vD VQ).I + Zr Q

g .5

_ond 2 , . 12
vD V®2 + zr 02 = I 91.

*
where ppm is the eigenvalue ) and the following cross section

definitions apply

1 _ 12 1 1 1
I, =1 + I, 0+ Io + ppm.oc’sB

2 _ 2 2 2 2 @
Lo = oo+ Ip + ppm'gc,SB * 9%, Xe Nye -

D8 - | g
?((BXtr) ,
Note: The macroscopic cross sections £2 include contributions
STRM* For the rodded
reactor there are additional contributions AZR from the

cbntrol rods for all rodded assemblies of Fig. 3.

These contributions are indicated by brackets.

from the structural material 3

*
) with the exception of the rodded reactor at EOC1 where

keff is the eigenvalue

o
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Transport cross sections

g _ 8
Ztr = T¢p, STRM

Fission
7
g . g
z.* 2 %fy Ny
J=1
Capture (not including soluable boron and xenon)

. % o
1D = 4 o N g g
¢ T g qq Ted 87 I3 sTRM * (8IS R)

Slowing down

~__ The two-group cross sections and other data are listed in the

following tables:

Table 1: Microscopic Cross Sections of Fissionable Nuclides

Table 2: Microscopic Cross Sections of Nuclides 8 to 11
Table 3: Fission Product Yields
4y : Macroscopic Cross Sections of the Structural Material

Table 5: Macroscopic Cross Sections of the Control Rods

U'@
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Table 2.
Microscopic Capture Cross Sections o, of Nuclides 8 to 11,
units 10724 cm2 for nuclides 8-10,
unit em™! ppm~ ! for nuclide 11.
Nuclide Group o% (A1l Assembly Types)
J g
8 BP 1 28.00
2 800.0
9 Xel135 1 0.0
2 1.20E+6
10 FP 1 5.3
2 36.5 ,
*)
11 SB 1 1.40E-7
2 9.38E-6
*) . . -1 -1
note: units for nuclide 11 are cm ppm
Table 3 Fission Product Yields yi (A1l Assembly Types)
Nuclide | U235 U236 U238 pPu239  Pu2i0  Pu2l1  Pu2h2
3 4 5 6 7

kN J 1 2

.0663 .0665 .0665 .o7u7 .0665 .0708 .0665

9 Xe135 1.0 1.0 1.0 1.0 1.0

10 FP 1.0 1.0
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Table 4. Macroscopic Cross Sections (cm"1) of the Structural
Material STRM
. - , g
Note: Dg-I.O/(32tr )

Assembly Group € 8 zle
Type g ¢,STRM | tr, STRM STRM
E1 1 6.51E-4 0.222 1.89E-2
2 7.02E-3 0.835
E2 1 - 6.50E-4 0.222 1.88E-2
2 6.93E-3 0.829
E3 1 6.50E-4 0.222 1.85E-2
2 6.78E-3 0.820
Reflector ] 9.80E-4 0.257 2.37E-2
2 0.138 1.31

Table 5. Macroscopic Cross Sections of the Control Rods,

all assembly types

Group 238 : Az
¢, R R
& _
1 0.002 -0.003
2 0.020 -

Additional Data:

Average power density is 93 Watt/cm? .at all times (averaged
over entire octant core) resp. 1.186877625E+6 W/cm for

the reactor octant.

The burnup (exposure) is expressed in units of MWD/kgU.

The uranium mass density in all assembly types is
2.54E-3 kg/cm3.
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Expected Primary Results

For reactor cycles 1 and 2:

1.

Critical boron concentration (ppm) at discrete time
points

Average normalized assembly powers at BOC and EOC
Average assembly burnups at EOC

Average nuclide densities for each fuel batch at EOC
Cycle length in units of full power days

Critical boron concentration and normalized power dis-
tribution for the rodded, xenon-free reactor (BOC1 and
BOC2)

Reactivity of the rodded,xenon—fbee reactor (EOC1)

Total running time and computer used

Suggested Additional Results

1.

29

3.

Maximum power per assembly and jocation of maximum in
jocal coordinates for each assembly at BOC1 and BOC2 %)

Maximum value of burnup and its location in local co-
ordinates for each assembly at EOCI and EOC2

Dependence of results and computing time on
a. spatial mesh for fiux calculation

. b. spatial discretization of burnup calculation
\ c. time step lengths.

_\

) It is recommended to compute the maximum values for a local
grid of 16x16 (homogenized) vpins" for each assembly. The
maximum value of the average '"pin powers' per assembly and
ijts location in terms of local pin coordinates is the
suggested result.
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i | ID.10-A1-1
A BENCHMARK PROBLEM SOLUTION
‘(\(’[
Identification: 19-A1-1 Benchmark Problem: 1ID.1¢-Al
; Date gubmitted: August 1934 By: H.-J. Winter (KWU)
K. Koebke (KwWuU)
M. R. Wagner (KWU)
Date Accepted: October 1985 By: M. V. Gregory (SRL)
Problem: é

Two-dimensional PWR Burnup problem4

Mathematical Modéls:

1. Nodal diffusion calculation

The nodal expansion method (NEM)1 with polynomials of
4. order, quadratic transverse leakage approximation1
and burnup—correction5 was used with a square mesh of
h = 4.6 cm, which corresponds to 5x5 nodes per assembly.
Explicit use was made of the octant symmetry so that

the total number of nodes is equal to 841.

2. Burnup and control rod calculation
The depletion calculation was done for Xe~equilibrium
states and for the following time steps (in full power
days) between diffusion calculations

Cycle 1: 1.5(4), 12(2), 15(23), 6.49, 10°® days
Cycle 2: 1.5(4), 12(2), 15(15), 7.04, 10"6 days

total number of time steps 54
total number of diffusion calculations 62
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The control rods are withdrawn during depletion. Con-

trol rod worths are determined for the xenon—-free reac-
tor at BOC 1 and BOC 2 in ppm, at EOC 1 in % reactivity

Computing time: 1650 CP-sec (total)
Computer: CYBER 176
Code: MEDTUM-22">

Determination of maximum powers and burnups

‘At BOC and EOC data files were saved which contained

the converged nodal variables (node averaged fluxes

and face averaged partial currents) and the average
purnups and the macroscopic cross sections per node.
Phe editing code PINPOW was then used to reconstruct
the two-dimensional flux and power distributions within
each fuel assembly. For each node a high order local
interpolation method3 was applied to determine the peak
powers. The location of the maximum values of "pin”
powers and burnups per assembly is given in terms of
ljocal pin coordinates for a 16x16 array of square "pins"

for each assembly, see tables 3a, 6a, 8a, %a.
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Results

Tab.
Tab.
Tab.
Tab.
Tab.
Tab.
Tab.
Tab.
Tab;

Tab.

Tab.

1:

8:

g8a:

Critical boron concentrations vs. core

averaged burnup

Average normalized
(without Xe)

Average normalized

(Xe-equilibrium)

Maximum powers per

(Xe-equilibrium)

Average normalized
(Xe—equilibrium)

Average normalized
(without Xe)

Average normalized

(Xe—equilibrium)

Maximum powers per

,(Xe—equilibrium)

Average normalized

(Xe—equilibrium)

Average assembly b

assembly powers
aSsembly powers
assembly at BOC
;ssembly poweﬁs
assembly powers
assembly powers
assembly at BOC

assembly powers

urnups at EOC 1

Maximum values of purnups at EOC 1

at

at

at

at‘

at

at

BOC

BOC

EOC

BOC

BOC

EOC

895
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Tab. 9: Averadge assembly burnups at EOC 2
Tab. 9a: Maximum values of burnups at EOC 2 A
Tab. 10: Average nuclide densities for each fuel E

batch at EOC 1

Tab. 11: Average nuclide densities for each fuel E
batch at EOC 2

Tab. 12: Control rod worths at BOC 1, EOC 1, BOC 2 E

Tab. 13: Average normalized assembly powers at BoC 1, A
all control rods inserted (no Xe)

Tab. 14: Average normalized assembly powers at BOC 2, A
all control rods inserted (no Xe)

Note: E means expected primary results; A means suggested
additional results; BOC beginning of cycle; EOC end »

of cycle
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CYCLE 1
Time Point Core Average Critical Boron
Burnup Concentration
t B C
(efpd) (MWa/kgU) (ppm)
0. 0. 1277.8 (without Xe)
0. 0. 1038.6 (Xe equilibrium)
30. 1.098 1081.7
60. 2.197 1069.2
90. 3.295 1019.0
120. 4.394 944.1
150. 5.492 853.1
180. A 6.590 751.5
210. ©7.689 643.5
240. 8.787 531.7
270. 9.886 418.1
300. 10.984 304.3
330. 12.082 191.0
360. 13.181 79.1
381.49 13.968 0.
| .*’ CYCLE 2
0. : 8.754 1260.6 (without Xe)
0. 8.754 979.5 (Xe equilibrium)
30. 9.853 891.5 .
60. 10.951 ©789.0
! 90. 12.050 677.5"
l 120. 13.148 560.9
i 150. 14.246 442.0
| 180. 15.345 322.5
! 210. -16.443 203.4
! 240. 17.542 85.5
; 262.04 18.349 0.
: Tab.l

Boron concentrations vs. COre average burnup,

efpd = gquivalent full power days per cycle
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) 1 2 3 4 ] 6 7 8
[ 1.114)1.128 f1.107 | 1.1i6 | 1.092 ) 1.106 {1.137 | .863
1
|
1.116 [1.121 | 1.096 [ 1.103]1.074 [1.036 | .896
2
1.097 [1.103 [1.075 | 1.080 | .996 | .782
3
1.070 |1.068 [1.050 {1.158 | .639
4
1.009 | .964 | .916
5
.816 | .503 -
6
Tab, 2
Average normalized assembly powers at BOC 1, no Xe
1 2 3 4 5 6 7 8
, 1 1.164|1.175 |1.151 [1.150 |1.115 |1.107 {1.113 | .827
9 1.157 j1.161 [1.130 {1.122 |1.078 |1.016 | .859
3 1.135 11.131 |1.093 {1.077 | .975 | .751
s 1.093 |1.077 {1.041 {1.114 | .612
1.011 | .950 | .882
5
.802 | .490
6
Tab, 3
Average normalized assembly powers at BOC 1,

Xe~equilibrium

ID,.19-A1~1

i
i
)
i
1
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1 2 3 4 5 6 7 8

1.19441.222 |1.181 [1.201 1.145 [1.158 {1.170 |1.187

1 g 81116 7 8 1 16 7 8 1186 5 8 1 9

! 1.187 |1.215 j1.161 |1.181 1.111 [1.121 §1.186
2 8 8 11 7 8 1 1 6 7 1 1 1 2

. 1.166 J1.191 |1.124 j1.142 1.040 }1.127
3 7 7 1 1 6 7 11 4 11 11

L.125 |1.148 [1.079 [1.364 |1.043

1.053 [1.071 |1.239

5" s s |1 1111
.968 | .954
6 11|11

Tab. 3 a
BOC 1, Xe-equilibrium .

Maximum powers per assembly (pin averages) and location of
maximum in local pin-coordinates

‘l"g' 1 2 3 4 5 6 7 8

1.036/1.083 |1.038 |1.089 1.046 |1.095 |1.057 | .868
~ 1.037 |1.086 |1.042 1.094 |1.045 {1.052 | .872
? 1.
L.041 |1.093 |1.050 |1.095 | .996 | .833
| 3
i o v L 050 |1.101 |1.044 |1.227 | .673
, 4
! ' o ' 1.047 {1.055 | .923
i 5 \
927 | .634
6 l

| Tab. 4

Average normalized assembly powers at EOC 1,
Xe-equilibrium '
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1 2 3 4 5 6 7 8
r
1 [ .699] .947 786 | .800 [1.059 | .885 [1.082 | .971
[ ;
.831 |1.082 |1.076 | .862 [1.345 | .827 | .921
2
.814 {1.149 |1.047 | .835 [ .839 | .907
3
.753 | .826 [1.065 |1.402 | .786
4
1.458 [1.014 [1.225
5
1.500 | .888
)
Tab. 5
Average normalized assembly powers at BOC 2, no Xe
1 2 3 4 5 6 7 8
.735| .985 | .816 ) .824 }1.077 | .s98 [1.085 | .969
1
.865 j1.111 {1.096 | .878 |1.353 | .835 | .920
2
.838 1.165 |1.056 | .842 | .839 | .899
3
.768 | .830 }1.050 j1.365 | .771
4 )
1.431 | .990 l.181
5
1.440 | .853
6

Tab. 6

Average normalized assembly powers at BOC 2,

Xe-equilibrium
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1 2 3 4 5 6 7 8
7a8|1.061 | .841 | .846 |1.135 ]| .957 {1.198 [1.232
4 11515l 116 | 316f1513) 116} 816 |16 8| 2 8
881 |1.146 11.135 | .953 |1.440 | .929 {1.187
2 3 3 1116l16 1|16 8}l 8 8|1 6]2 1
871 l1.254 {1.198 | .931 | .937 |1.200
3 16 313 3l 1 3}6 17186} 116
cg28 | .952 |1.214 |1.484 {1.236
4 1 11127161610 51111 4
1.541 |1.085 |1.454
5 1M1t 116} ¢ 1
1.561 11.394
6 6 6 |1 2

Tab. 6 a

BOC 2, Xe-equilibrium

Maximum powers per assembly (pin averages) and

maximum in local pin-coordinates

location of

1 2 3 4 5 6 7 8
1 L9135 }.168 .972 .946 |1.114 .937 j1.071 .969
2 1.030 |1.234 |1.165 .941 11.302 .881 .944
3 .941 j1.172 j1.071 .885 .869 .912
4 .842 .866 |1.001 1.187- .748
5 1.259 .893 .998
6 1.152 . 137

Tab. 7

Average normalized assembly powers at EOC

Xe-equilibrium

2,

901
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Maximum values of burnups per assembly (pin averages) and

location of makximum in local pin-coordinates.

o1 2 3 4 5 6 7 8
i [ 15.181{15.757 {15.189 {15.753 {15.125 {15.531 |15.011 |11.641
! ; . i
- 15.186 [15.762 |15.175 |15.674 [14.869 |14.483 [11.838
3 15.184 |15.725 [15.058 [15.3%4 |13.704 |10.866
4 15.081 [15.472 |14.616 |15.503 | 8.764
14.506 |14.133 |12.438
5
11.988 | 7.665
6
Tab. 8
Average assembly burnups (MWd/kgU) at EOC 1
-1 2 -3 4 5 6 7 8
15.296]16.079 }15.305 | 16.080 | 15.258 | 15.942 | 15.620 }15.997
1 9 916 16 |9 9|1 16}6 9|1 16]3 91 16
‘ 15.303 [16.082 |15.297 | 16.051 | 15.090 |15.530 {15.971
2 9 911 16|66 8f1 1{3 6}l1 111 3
. 15.302 |16.075 |15.209 | 15.873 | 14.479 }15.%84
3 8 811 116 6}l1 1]21l1 1
s -7 ]15.232 115.967 |14.919 {18.380 {14.405
4 - 6 611 115 3fj1 1}1.1
14.868 |15.406 |16.903
5 4 311 1011 1 .
14.236 |14.038
6 1 1)1 1
Tab. 8 a
EOC 1
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1 2 3 4 5 6 7 8
L N
4 | 22.990|21.741 23.384 ) 23.827 22,191 | 24.554 | 22.278 | 9.574
i
9 20.863 |18.677 | 21.470 | 24.271 | 12.840 | 23.792 | 9.212
3 22.811 | 19.686 | 22.456 | 23.611 | 22.769 | 8.950
| 4 22.625 | 23.757 | 25.331 |12.488 | 7.4%
12.948 | 24.837 |10.660
5
12.621 | 7.780
6

Tab. 9

Average assembly burnups (MWd/kgU) at EOC 2

‘23.155 26.030 |23.896 [24.240 |26.179 25.141 [26.116 ]11.916
1 114 14016 16 15 14 16 16 |16 16 | 8 16 |1 16 2 8

.ﬁp . 1 2 3 4 5 6 7 8

; 22,947 |24.622 |25.985 [25.050 [13.441 24.805 |11.654
; 2 e 15 e 16 |1 16f16 88 8|2 4f1 1

>3.168 |24.105 126.132 24.494 |24.256 |11.507
3 ha 14 {16 16 {16 16 | 8 1 )15 16 |1 16

23.155 |24.730 |28.324 |13.323 ]11.656
4 3773 ]10016)1 166 10 |1 4

13.629 |25.744 [12.993
5 11 10]1 16 |4 1

; : 13.515 [12.380
1 1

Tab. 92 a
EOC 2

Maximum values of burnups per assembly (pin averages) and

jocation of maximum in local pin-coordinates




-
1
Ll
<
[
[=)}
—{
»
[]
-t

904

1 003 3® ydleq [8NJ YOoed I0J SOTITSUSP opTIonuU sbeisay

0T "qel

y0-F06L56°  p0-FZ608L"  VO-FLTSSL®  €£0-F66V0T°  $0-EP9ST6"  €0-FLITOT" dd
80-HEES0Z"  80-AVTILZT ™ 80-F8LPZZ  80-F6LEOZ™  80-H0800Z°  80-AT606T° setax
90-aSpSTL"  S0-HT1096T° 0" 90-d9¥9L6" 0° 0° g
90-3€8299°  90-ATbevZ"®  90-FYTT0Z"  90-FLOT08"  90-FYEBLS"  90-FSS6L8° zvend
$0-F1998€°  S0-FSTHIZ®  S0-FBBE6T"  S0-FOSSH"  GO-AE089E"  S0-H9929%° 1vend
S0-S6059°  SO-F9SLTY"  SO-TETBOY"  SO-HEOZTL®  SO-EOTLEY"  SO-FSTHIL" ovend
vO-ELL6VZ"  YO-ESYPTT®  ¥0-E65S0ZZ°  $0~FLETI9T™  v0-H068¥Z°  ¥0-HTH6ST" 6€z0d
20-¥5Z129°  TO0-PZBT9"  Z0-F9¥8T19°  Z0-ASPIZ9°  Z0-HZHZZ9°  Z0-TZZEZ9" gezn
RO-FLGLEL"  PO-HSEEET"  V0-FTYOET"  v0-FLZIYT®  vO-FEGEET"  $0-HO0ZEET" 9ezn
yO-ESYZI6°  £0-HT99VI"  €0-HEI8YT"  vO-EBTE9L®  v0-HB99E8°  $0-H9£6Z9° sezn
sbeiany 910D da+¢d B dd+zd : 4t e spTTONN

yoljedg 1ong xad AMEU\vNOAV saT3Tsuad GU..HHU.DZ



'z 00€ 3B po93IasUl  («

z D0F 3 yoleq Ienj yoed 103 mmauwmcmv sptionu abeaaav

1T "9qed
€0-EE8GTT"  ©O-AL8TIOLS €0-3096v1°  €0-ALTLYT £0-3E8EQT”  €0-FILIST €0-4109sT1" dd
80-d6£81Z°  80-H68LET” 80-d40€9€Z"  80-ESSYET” g0-dsE88T”  80-HISY6T” 80-35£081" SETEI
90-d16L8T" 0°  90-dL60SL’ 0°  90-3¥1ZLT” 0° 0° dd

G0-gTZee1”  90-dL60ST” GO-dLYbEL” m01m¢mwma. go-d6Thse”  SO-HPIZITT G0-IES6SL” Zyend
Go-EzELTST  S0-ASOYST” 60-d€60€9°  SO0-FOTYI9” 60-FH0LO8*  SO-T6BOVL” GO-HL8L8L" 1v2nd
Go-apborL”  GO-FSETLES G0-d21908°  SO-Ev¥¥eL’ G0-A16096°  S0-FTSTT6® 70-3LE00T" ovend
T (A AR Jvact A AN KA p0-dLIV6T"  VO-HEST6T’ p0-d8.882°  V0-H0ESBL” p0-d11s8¢” 6e£e0d

20-96L919° Z0-9£8819° Z0-38%e19” Z0~-3ELETO” Z0-9Z2L919° - TO-aVLLIO® Z20-d19819° geen
yO-ap9TLT" y0~=gETECT” p0-dS0LTT” v0-"6EG1C" 0-39¢881° pOo-AHT118T° $0-d8GL9T° agen
p0-329086° €0-ALTTST” P0-I9£0L6"° y0-J988L6° #0-36998%° p0-gr15ES” p0-dZE66L° agen
obe1say 910D A*mm dda+¢d €d dd+c3d fac C SpPTTOtN

yozeg 1ond 1ad ﬁm50\¢woﬁv soT3TSUSQ PTIONN

.
1
-
<
|
o
Ll

L]
A
L

o



906
ID.19-A1~1

Control Rod Worths . ’

control rod
CO (ppm) Cr (ppm) worths in

Time Point ‘
unrodded rodded Ac (ppm) resp.

Apeff .
BOC 1 1277.8 530.1 747.7 ppm
EOC 1 248.2 248.2 -8.078 %
BOC 2 1260. 526.4 734.2 ppm

Tab. 12

Control rod worths at BOC 1, EOC 1 and BOC 2 for Xenon-
free reactor state; p ¢ = (keffbl)/keff' Kaote eigenvalue

-
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Tab. 1

BOC 1

Average no

no Xe

Tab.

BOC 2

Average normalized assembly powers,

no Xe

3

14

1 2 3 4 5 6 7 8
i 2.27013.251 |1.852 | 2.114| .906} .720} .515} .692
{
3.366 |2.620 [2.138 |1.233 | .s08 | .659 | .770
2
1.400 |1.427 | .651 | .611 | .446 | .633
3
~ 637 | .615 | .422 | .805 | .571
4
.372 | .557 | .732
5
6 .347 | .358

rmalized assembly powers,

all control rods inserted,

1 2 3 4 5 6 7 8
1 eo6l1.263 | .667 | .772| .545| .sa0 | .799 }1.478
L.144 |1.233 [1.070 | .s94 | .634 | .858 |1.528
2
573 | .904 | .s14 | .e07 | .757 |1.583
3 i
.361 | .505 | .744 |2.064 |1.501
4 \
.724 | .988 |1.856
5 k :
1.084 |1.122
6

all control rods inserted,

I —

907




908 ID.19-A1-2
BENCHMARK PROBLEM SOLUTION

Identification: 19-A1-2 Benchmark Problem: ID.19-Al

Date Submitted: February 1985 By: D.R. Vondy (ORNL)

Date Accepted: October 1985 By: M. V. Gregory (SRL)

Descriptive Title: Two-Dimensional PWR-Burnup Problem With Fuel
Management Treating Two Cycles!

Mathematical Model

The problem was solved with several models on a local analysis system.2 The mesh-centered
finite-difference spatial representation of the diffusion-theory transport approximation was applied
with the VENTURE neutronics code at specific points in time. The two-dimensional quarter-core
neutronics problems were solved by direct iteration toward the critical soluble boron concentration,
The effect of operation at power was modeled with the BURNER code, applying a matrix
exponential technique to solve the coupled chain equations with flux renormalization in substeps to
maintain the desired power level of 2.3737552 + 6 watts for a I-cm-thick (93 W/cm?) quarter
core.

A two-cycle reactor-history calculation was done in one pass on the computer, often along with
rod-insertion calculations. Lacking automated capability for establishing the end-of-cycle time
and conditions, the calculations were done for specified exposure times and then redone to effect
accurate results. To model the end-of-cycle state, the soluble boron concentration was set to zero
and k was calculated. A useful approximation of 0.00037 Ak/day was used in predicting changes
and interpreting results. Also in reporting results, the net fissile consumption was assumed to be
proportional to the exposure time. A maximum relative-point flux change on outer iteration of
0.0005 was specified as criterion for terminating iteration (convergence level), typical of
application to this kind of neutronics problem but somewhat relaxed from what has been used for
benchmarking. The difference in the value of k from unity at the end of each cycle for the
reported results was usually less than +0.00005 (cycle time +0.01 days).

Details

Each interval for exposure was divided into subintervals, and flux-level adjustments were made
after each of these to effect the desired power level on the average over an exposure step.
Calculations were done: (a) marchout, with successive neutronics and exposure calculations; or (b)
redepletion, wherein a long-exposure period was used for an initial calculation and then the
exposure was redone with the average of the start- and end-of-period flux values. Generally,
equilibrium '**Xe was calculated with the neutronics code but using macroscopic data and total
zone-average fission rates. A macroscopic yield fraction for '*Xe of 0.0690 was used excepting
th}\values of 0.06631 for the clean core and 0.0698 at the end of each cycle before refueling.
Note that the use of a high-yield value for freshly loaded fuel should cause the '*Xe concentration
to be overestimated suppressing the thermal flux somewhat and tending to underestimate the
power density there. (A few cases were run to generate information about the '*Xe feedback
effects allowing the error in the reported results to be examined, but as the discrepancy was found
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to be small such results are not reported.) All redepletion cases were done with a 2-day exposure
period treated explicitly at the end of each cycle to effect a good representation of equilibrium
ISSXC.

The intent in this effort was to generate good results independently from the problem
originator. Key objectives included

1. producing results for specific modelings using finite difference demonstrating their dependence
(sensitivity to) to the model variables, allowing discretization error evaluation,

2. produce a relatively accurate solution; and

3. produce benchmark-quality results for the problem by reliable discretization-error removal.

There are three discretization error sources associated with the number of depletion zones, the
number of meshpoints, and the discretization of time. The numbers used are shown here (those
emphasized are in bold): '

Number of zones (octant): 31, 102, 397, 1566
Number of meshpoints: 81, 289, 1156, 4629, 18496
Number of time steps (first cycle, second cycle):
(4,3), (8,6), (12,9) marchout;
2(1,1), 2(2,2), 23,3), 2(4,4) redeplete.

Note that with only 31 depletion zones (one per fuel element) the effects of fuel-element rotation
are not modeled. The four choices of the zones represent 1, 4, 16, and 64 depletion zones per fuel
assembly. There are several reasons why such a variety of modeling was employed.

One aspect of considerable importance in generating accurate results for reactor-history
calculations is maintaining the core-power level (or inferring equivalent full-power days).
Generally, this was achieved in the calculations rather well with accounts kept of the cumulative
average power. The anticipated change is then based on past history, allowing accurate
compensation.  Typically short-exposure periods (<100 days) were divided into three equal
subintervals (occasionally five), while long ones (>200 days) were divided into eight. A relatively
coarse accounting of the product of power and time is, however, used; the start- and end-power
levels of each subinterval were averaged. Thus, a cycle done in four intervals with three substeps
each produced 13 values of the power to be averaged. (The use of only a few intervals and
substeps would cause the estimate of the average power level over an interval to be inaccurate.)
Note that renormalization of the flux level to effect the desired power level was also done for the
model applying redepletion.

Convergence criteria were selected representative of application (not tight for high-quality
benchmarking) to produce results typical of code use. The maximum relative flux change over a
full outer iteration was limited to <0.0005. This does not lead to tightly converged results as for
the power densities, but they should be adequate recognizing there is some deviation from
precision.  Elaborate inhouse checking was desired to avoid errors in modeling, somewhat
justifying the use of two different exposure models. The availability of results from the FRG
problem originators was helpful. The simpler models are easy to describe, but an elaborate
description and complexity add unreliability regarding accuracy of the modeling. The more
variety in the modeling, the more accurate the determination and elimination of discretization
errors. The use of two schemes for treating time should enhance the reliability of the results.
Finally, computational costs had to be kept low promoting the use of a coarse grid of meshpoints
and error evaluation.
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Results

Only selected results are reported. Justification could not be found for the additional effort
that would be necessary to extend the data processing for reporting elaborate information.

It may be noted that there is a certain consistency in the results due to the application of a set
procedure of calculation. Possible variation in the results associated with levels of convergence,
- etc, is not indicated directly. Calculations not reported, however, indicated that only modest
variation from the reported results is likely. Possibly the use of a consistent procedure produces
accurate information about the difference in the results associated with a change in one or more of
the variables. Any significant discrepancy in establishing the first-cycle time would likely directly
affect the estimate of the second-cycle time. It is noted, however, that the first-cycle time seems
to be somewhat more sensitive to the modeling variables than is the second-cycle time.

Primary information about calculations for two cycles is shown in Table 1. The dependence of
cycle time on the modeling is shown. With the coarsest mesh the cycle times are grossly
overestimated as is power-density peaking. Increasing the number of exposure (depletion) zones
from 31 to 397 decreases the first- and second-cycle times by about 6 and 0.6 days, respectively;
however, the estimated reactivity worth of the control-rod insertion at the end of the first cycle is
reduced by only 0.03%. Calculation times depend directly on the number of meshpoints affecting
the size of the neutronics problems and have only a small dependence on the number of zones and
the size of the exposure problem. For case 102A, an independent procedure from the use of the
fuel management code was used for refueling as a check.

Table 2 presents peak-power density data after refueling by fuel assembly, for start of cycle
two. The modeling requirements to reduce the discretization error in these results are of
considerable interest. Table 3 presents final average core-atom densities.

Gross results obtained with redepletion are shown in Table 4. The meaning of 2(3,3) is that
both the first and the second cycle were divided into three subintervals and each of these intervals
was treated with a first pass and then redepleted. With 2(1,1), there were three neutronics
problems solved each cycle (plus one more for a 2-day exposure at the end of the cycle). With
2(3,3) there were seven neutronics problems solved each cycle, plus one at the end of two days, for
a total of 16. [Note that with marchout (4,3) involves 5 + 4 = 9 while (8,6) involves 16
neutronics problems. It may be noted that the coarsest case 2(1,1) is quite unstable - treating the
first cycle in only one step results in severe oscillation of the final conditions that was not found to -
dampen with further redepletion calculations of the type done. Indeed, the behavior of the soluble
boron prompted this writer to divide the first cycle into uneven periods (like 14 and then 34) for a
2(2,2) calculation. This proved to be quite unstable also. Stability was effected only by reducing
the redepletion step time to under 200 days.] Cases 262, 263, 266 show the effect of refining the
procedure in regard to modeling time with increasing intervals.

Data of peak-power density by assembly are given in Table 5 for the redepletion cases, and the
final atom densities are shown in Table 6.

Information about the soluble boron requirements is shown in Table 7 for several cases.

It should be noted that end-of-cycle conditions do depend on the exposure time. Thus, if the
cycle time was underestimated, the fuel consumption would be low, etc. So the accuracy for the
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specific modeling does depend on how well the end-of-cycle state is established. Not much
discrepancy was found for the results reported.

The results were analyzed to extract simple parameters for extraction of the discretization
error contributions. These were then used to predict hopefully more accurate results. Shown in
Table 8 are results obtained for the straight marchout case 420 and the inferred answers obtained
by extrapolation. One assumption made was that the discretized meshpoint arrangement error
contribution is proportional to the square of the meshspacing (inversely proportional to the number
of one-dimensional points squared). Assuming that an error vector type of discretization error
contribution is applicable, the resulting equation that was used to process the straight marchout
results is

1)

Xeo = Xigm T llfxi](x"“‘ = Xi-iJm)
Xj M T inJ—I,M
=8
+ l'—%‘"_;] [xux - quw/s] ,
1=m

where x is some result, subscript i refers to an index referencing time, j refers to an index representing
meshpoints, and m refers to an index referencing exposure zones. Thus, each of the three discretization
error contributions are measured separately and extracted individually,

+

A Xigm T Xioldm ) o 0.338;
Xi—tjm T Xi~2jm

1—~4 x - x
e 7"’] b — TMB oy, = 0.208;
1= Ym Xigmp T XiJmfs

where for

l-i-at—'y4 ’

which can be solved iteratively. i
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Table 8. Results inferred from discretization error interpretation using marchout data

Final core average
Peak power density (W /cm?) Nuclide density
History for two cycles After refueling (atom/barn-cm X 10°)
Result Calculated®  Extrapolated®’| Zone Calculated Extrapolated | Nuclide Calculated  Extrapolated
Cycle titne (days)
First cycle 381.84 381.60 {1L,1]  69.095 70.18 ny 97.921 97.98
Second cycie 262.70 262.48 [2,1] 97378 99.07 Béyy 17.182 17.172
Peak Power Density (W /cm’) [3,1} 78.172 79.29 28y 6166.3 6166.3
Initial, rods in 336.12 339.01 (411 78735 19.37 »%py 26.302 26.278
First cycle, start 126.11 127.36 [51] 104.641 105.37 240py 7.1205 7.115
First cycle, end 116.29 117.06 [6.1) 89.211 89.72 Mipy 5.2823 5.281
Second cycle, start 144.60 143.62 [7.1}]  110.847 110.96 Hpy 1.3526 1.3540
Second cycle, end  124.49 124.69 [8,1] 114.794 114.38 BP 0.18807 0.18774
Fissile londing (kg), quarter core [22] 8L781 83.11 135% e 2.1874-3 2.1868-3
First cycle, end 1.20019 1.20081 (3,2] 105.791 107.18 FP 126.02 125.98
Second cycle, start 1.63317 1.63347 [42] 105.036 106.09 '
Second cycle, end 1.29555 1.29613 [5.2) 88.769 89.41
Initial soluble boron (ppm) [6,2] 134.092 134.23
Rods in, no Xe 532.2 530.4 [7.2] 86.549 87.02
Rods out, no Xe 1278.6 1271.9 {8,2] 110.646 110.36
Rods out, with Xe 1039.4 1038.7 [3.3] 80873 81.77
End of first cycle before refucling [4.3] 116.545 117.61
Soluble boron (ppm)  248.2 248.3 [53] 111.144 111.96
k, rods in 0.92559 0.92534 [6.3) 86.732 87.25
After refucling, soluble boron (ppm) {7.3] 871157 87.25
Rods in, no Xe 5333 521.7 [83] 111.564 111.28
Rods out, no Xe 1262.8 1261.8 [4,4] 76983 71.57
Rods out, with Xe 977.1 976.2 [5.4] 88.461 88.74
[6,4] 112.450 112.99
[7.4] 137.827 137.10
[8,4] 114.882 114.62
{5.5] 143.027 142.46
[6,51 100.631 100.28
[7.5] 135.007 134.29
[6,6] 144.597 143.61
(71,6] 129.187 12842 ]
*Case 420.

4Case data used: time 415—-420—; mesh 404—405—; zones 315—415—.
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Reviewer's Notes

I have summarized the relevant points of comparison between the two
solutions in the following Tables and Figure. Because the solution techniques
and the type of reported results were significantly different, all results are
not directly comparable. I have selected those results which are common to
both solutions. In general, they are "integral” measures of the solution (e.g.,
core average nuclide density). Even though the details may be different, the
points of commonality between the two solutions support the “"goodness” of each
solution.

As shown in Tables 1-4, the agreement (generally far better than 1%)
between the values for critical boron concentrations, equivalent full power
days, core average nuclide densities at the end of cycle 2, and control rod
worths calculated by the two solutions is remarkable. Figure 1 shows that the
maximum assembly power distribution at BOCZ and xenon equilibrium is
calculated to be virtually identical between the two solutions.

M. V. Gregory
Reactor Safety Research Division
Savannah River Laboratory
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Table 1. 1Initial Critical Boron Concentratian (ppm) q
Time KWU ORNL 1 ORNL 2 ORNL 3 % Difference
BOCl w/o Xe  1277.8 1278.6 - 1277.9 -0.008
BOCl eq. Xe 1038.6 1039.4 1039.4 1038.7 -0.010
BOC2 w/o Xe  1260.6 1262.8 - 1261.8 -0.095
BOC2 eq. Xe 979.5 977.1 974.5 976.2 0.337

Table 2. Equivalent Full Power Days per Cycle

Time KWU ORNL 1  ORNL 2  ORNL 3 % Difference
EOCI 381.49  381.84  381.29  381.60 ~0.029

EOC2 262.04 262.07 261.53 262.48 -0.168

Note: ORNLI

ORNL straight marchout

ORNL2

]

ORNL redepletion .
ORNL3 = ORNL extrepolated

% difference = (KWU-ORNL3/KWU x 100)
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Table 3. Core Average Nuclide Densities (102*/cm?®) at EOC2

Nuclide KWU ORNL1 ORNL2 ORNL3 % Diffusion
U235 .98062E-4 .97921 .98031 .9798 0.083
U236 17164E-4 .17182 17156 17172 -0.047
U238 +61675E-2 .61663 .61667 .61663 -0.019
PU239 .26234E-4 .26302 .26187 .26278 ~0.167
PU240 «71044E-5 .71205 .70853 «7115 -0.149
PU241 .52732E-5 .52823 .52645 .5281 -0.148
PU242 +13521E-5 .13526 .13520 .13540 -0.141
BP .18791E-6 .18807 .18649 .18774 -0.090
XE135 .21839E-8 .21874 .21837 .21868 —0.133
FP .12583E-3 .12602 .12579 .12598 -0.119

Table 4. Control Rod Worths

CO (ppm) unradded CR (ppm) radded
Time KWU ORNL % Difference KWU ORNL1 % Difference
BOC1 1277.8 1278.6 -0.063 530.1 532.2 -0.396
BOC2 1260.0 1268.2 -0.651 526.4 533.3 -1.311
EOC1 248.2 248.2 0 248.2 248.2 0

Control Rod Worths

KWU ORNL1 % Difference
BOC1 (ppm) 747.7 746.4 0.174
BOC2 (ppm) 734.2 734.9 -0.095

EOC1 (% Ap) -8.078 -8.039 0.483
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Results From Page 897

Cycle 1
Time
(EFPD)
0
0
30
60
90
120
150
180
210
240
270
300
330
360
381.49

Cycle 2
Time
(EFPD)
0
0
30
60
90
120
150
180
210
240
262.04

Burnup
(MwWd/kgU)
0

0

1.098
2.197
3.295
4.394
5.492
6.590
7.689
8.787
9.886
10.984
12.082
13.181
13.968

Burnup
(MWd/kgU)
8.754
8.754
9.853
10.951
12.05
13.148
14.246
15.345
16.443
17.542
18.349

Boron
(ppm)
1277.8
1038.6
1081.7
1069.2
1019.0
944 1
853.1
751.5
643.5
531.7
418.1
304.3
191.0
79.1
0.0

Boron
(ppm)
1260.6
979.5
891.5
789
677.5
560.9
442
3225
2034
85.5

(without Xe)
(with Xe)

(without Xe)
(with Xe)
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