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FOREWORD

In view of the proliferation concerns caused by the use of highly
enriched uranium (HEU) and in anticipation that the supply of HEU to research
and test reactors will be more restricted in the future, this guidebook has
been prepared to assist research reactor operators in addressing the safety
and licensing issues for conversion of their reactor cores from the use of HEU
fuel to the use of low enriched uranium (LEU) fuel.

Two previous guidebooks on research reactor core conversion have been
published by the IAEA. The first guidebook (IAEA-TECDOC-233) addressed
feasibility studies and fuel development potential for light-water-moderated
research reactors and the second guidebook (IAEA-TECDOC-324) addressed these
topics for heavy-water-moderated research reactors. This guidebook, in five
volumes, addresses the effects of changes in the safety-related parameters of
mixed cores and the converted core. It provides an information base which
should enable the appropriate approvals processes for implementation of a
specific conversion proposal, whether for a 1light or for a heavy water
moderated research reactor, to be greatly facilitated.

This guidebook has been prepared and coordinated by the International
Atomic Energy  Agency, with contributions volunteered by different
organizations. The IAEA 1is grateful for these contributions and thanks the
experts from the various organizations for preparing the detailed
investigations and for evaluating and summarizing the results.
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PREFACE

Volume 3 consists of Appendix G which contains detailed results of a
safety-related benchmark problem for an idealized reactor and Appendix H which
contains detailed comparisons of calculated and measured data for actual cores
with MEU and LEU fuels. The results of the benchmark calculations in Appendix
G are summarized in Chapter 7 of Volume 1 (SUMMARY) and the results of the
comparisons between calculations and measurements are summarized in Chapter 8
of Volume 1.

Both of the approaches described in these appendices are very useful in
ensuring that the calculational methods employed in the preparation of a
Safety Report are accurate. As a first step, it is recommended that reactor
operators/physicists use their own methods and codes to first calculate the
benchmark problem, and then compare the results of calculations with
measurements in their own reactor or in one of the reactors for which measured
data is available in Appendix H.

VOLUME 1
VOLUME 3 SUMMARY
Topic APPENDIX Chapter
Benchmark Calculations G 7

Comparison of Calculations with Measurements H 8
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Appendix G
BENCHMARK CALCULATIONS

Abstract

Safety-related benchmark calculations for an idealized, light-
water, pool-type reactor were performed (Appendices G-1 through
G-5) to compare the computational methods used by various organi-
zations. The calculations include control rod worths, power peak
ing factors, kinetics parameters, temperature and void coeffi-
cients, and postulated transients initiated by loss-of-flow and
reactivity insertions. Appendix G-6 contains analyses of self-
limiting transients for heavy water moderated reactors. Only
limited conclusions for actual core conversions from HEU to LEU
fuel should be drawn from the results in Appendix G.



Appendix G0

SPECIFICATIONS FOR THE SAFETY-RELATED BENCHMARK PROBLEM

Abstract

Detailed specifications are described for a safety-related
benchmark problem to compare calculational methods used in various
research centres. The reactor description 1is the same one
utilized for the benchmark problem solved in TAEA-TECDOC-233,
except for a change in the description of the central flux trap.
Parameters specified to be calculated include kinetics parameters,
reactivity feedback coefficients, power peaking factors, control
rod worths, and several transients.

Reactor Description - 10 MW Reactor used for neutronics benchmark calcula-

tions in IAEA - TECDOC-233 (1980).

Change in

Description - Replace water in central flux trap with a 77 mm x
81 mm block of aluminum containing a square hole
50 mm on each side in order to compute more reallstic
radial and local power peaking factors for the limit-
ing standard fuel element.

Cores - HEU (93%) and LEU (20%).

Burnup Status

of Cores

- BOL, based on equal % burnup.

Static Calculations

l.

Prompt Neutron Generation Time and Delayed Neutron Fraction

a). HEU Core
b). LEU Core

Isothermal Reactivity Feedback Coefficients

a). Change of Water Temperature Only — 38°C, 50°C, 75°C, 100°C

b). Change of Water Density Only - 0.993, 0.988, 0.975, 0.958 g/cm3
c). Change of 238y Temperature Only ~ 38°C, 50°C, 75°C, 100°C, 200°C
d). Core Void Coefficient - Change Water Density Only - 10%, 20% Void

e). Local Void Coefficient - Change Water Density Only - 5%, 10% Void
separately in SFE-2, SFE-3, and SFE-4.

e) is optional.

Radial and Local Power Peaking Factors

In HEU BOL Core:

a). Replace burned HEU CFE-1 with fresh HEU CFE and fresh LEU CFE.
b). Replace burned HEU SFE-1 with fresh HEU SFE and fresh LEU SFE.

In LEU BOL Core:
¢). Replace burned LEU CFE-1 with fresh LEU CFE.



d). Replace burned LEU SFE~1 with fresh LEU SFE.

e). Note reactivity changes for all cases.

c) and d) are optional.

SFE = Standard Fuel Element; CFE = Control Fuel Element.
BOL cores contain fission products.
Fresh SFE and CFE contain no fission products.

Control Rod Worths

a). Reactivity worth of four fully-inserted control rods with
Ag/In/Cd absorber in HEU core.

b). Repeat a) with B4C absorber using natural boron.
¢). Repeat a) with Hafnium absorber.
d). Repeat a), b), and ¢) for LEU core.

Cases with B4C and Hafnium absorbers are optional.

Control Rod Geometry : Fork-Type with blades fitting into guides des-
cribed in IAEA - TECDOC-233 benchmark problem.

Length - 600 m

Thickness - 3.18 mm; 3.1 mmthick absorber with a 0.04 mm layer
of nickel on each surface of Ag/In/Cd and B4C blades.
~ 3.1 mm—thick absorber for Hf blades (no nickel layer).
Width - 66 om

Absorber Materials

i). Ag/In/Cd
80.5 w/o Ag, 14.6 w/o In, 4.9 w/o Cd
Density of Ag-In-Cd : 9.32 g/cm3
Densities of Ag = 7.50 g/cm®, In = 1.36 g/co’,
Cd = 0.46 g/cm3, Ni = 8.90 g/cm.

i1). Boron Carbide (B4C)
Density of B4C = 2.52 g/cm’.

ii1). Hafnium
Density of Hf = 13.3 g/cm3.

Transient Calculations

12

- Hot Channel Factors: Radial x Local Power Peaking Factor: l.4
Axial Power Peaking Factor: 1.5
Engineering Factor: 1.2
Overpower Factor: 1.2

- Nominal Flow Rate: 1000 m3/hr
- Coolant Inlet Temperature: 38°C
- Coolant Inlet Pressure: 1.7 bar absolute

= Thermal Conductivity of UAly~-Al Fuel: 1.58 W/cm K (HEU)
0.5 W/cm K (LEU)
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BOL Core Showing I U Burpnup in Each Fuel Element and Fuel Element
Identification (see IAEA-TECDOC-233, p.44S).

1. Fast Loss~of-Flow Transient

- Flow 1s reduced as e~t/T, with T = 1 second.
- Reactor scram initiated at 85% of nominal flow, with a 200 ms
delay before linear shutdown reactivity insertion of -$10 in 1/2 s.

Compute time histories for HEU and LEU cores of reactor power, peak fuel
temperature, peak clad temperature, and coolant exit temperature.

2. Slow Loss~of~Flow Transient
- Repeat (1) for HEU and LEU cores with T = 25 seconds.

3. Slow Reactivity Insertion Transient

- Reactor critical at an initial power of 1 Watt

- Ramp reactivity insertion rates: 10 ¢/s (HEU)
9 ¢/s (LEU)

- Safety system trip point: 1.2 Py = 12 MW

- Time delay of 25 ms before linear shutdown reactivty
insertion of - $10 in 1/2 s.

- Hot channel factor: Radial x Local x Axial x Engineering

No overpower factor is included since safety system
trip point is set at 1.2 P, = 12 MW.

Compute time histories for HEU and LEU cores of reactor power, input and net

reactivity, peak fuel temperature, peak clad temperature, and coolant exit tempera-
ture. Also indicate total energy release beyond 12 MW.

13



4, Fast Reactivitx ;Egertion Transient

Repeat (3) for HEU and LEU cores with:
- Ramp reactivity insertions: $1.5 in 1/2 s (HEU)
$1.5 in 1/2 s (LEU)
$1.35 in 1/2 s (LEU)
Compute time histories for HEU and LEU cores of same variables specified

in (3). Also indicate initial inverse period, peak power, time to peak power,
and energy release to time of peak power.

14



Appendix G-1

SAFETY-RELATED BENCHMARK CALCULATIONS FOR
MTR-TYPE REACTORS WITH HEU, MEU AND LEU FUELS

J.E. MATOS, E.M. PENNINGTON,
K.E. FREESE, W.L. WOODRUFF
RERTR Program,

Argonne National Laboratory,
Argonne, Illinois,

United States of America

Abstract

Results are provided for the safety-related benchmark problem with
HEU, MEU, and LEU fuels. Additional results include reactivity
worths and power peaking factors with partially~inserted control
rods. Comparisons of calculations and measurements for selected
SPERT I transients are given along with results for self-limiting
transients in the HEU and LEU benchmark cores.

A safety-related benchmark problem was specified in order to compare
calculational methods used in various research centers. Detailed specifica-
tions for this problem are shown in the Appendix G-0. The reactor and fuel
loading specifications are identical with those of the 10 MW neutronics bench-
mark problem defined in IAEA-TECDOC-233.1 The single exception is that the
central flux trap filled with water in Ref. 1 has been replaced by a
77 mm x 81 mm block of aluminum containing a square, water—filled hole 50 mm
on each side in order to compute more realistic power peaking factors in the
surrounding fuel elements. The models used and the results obtained for these
calculations are described in the following sections.

1. MODELS

1.1 Cross Sections

Cross sections in ten energy groups (Table 1) for core materials as
a function of 233y burnup were generated using the EPRI-CELL code?. Time
intervals were adjusted to burn 5% of the initial 235y in each interval up
to 502 burnup. The unit cell (Fig. 1) used in the infinite slab geometry
consisted of fuel, clad, and water regions having their actual thicknesses,
and an extra region with the appropriate thickness and composition to include
the remaining water and aluminum in the same proportions as in the physical
fuel element. Calculations were done in the Bj approximation with a fixed
buckling of 0.007837 cm 2. 1In addition, shielding factors generated using
an integral transport option in the MC2-2 code3 and the unit cell shown in
Fig. 1 were input at the fine group level in the EPRI-CELL calculations in
order to obtain a more accurate treatment of the resonance absorption in 2 U.
The shielding factors for 238U are most important in the 20%Z enriched lattice,
followed by those in the 45% enriched lattice.

Ten—group cross sections were also generated for water and for
graphite using EPRI-CELL with a fission spectrum source and zero buckling.
These cross sections were used in the reflector and flux trap regions of the
reactor.
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e F e,

TABLE 1. Energy Boundaries of 10-Group Cross Sections Used for
Reactivity Coefficients, Bgoff, £, and A
Group Ey, ev Ey, ev Group Ey, ev EpL, ev
1 1.0 x107  6.393x105 6 1,166 0.6249
2 6.393x10° 9.119x103 7 0.6249 0.4170
3 9.119x103 5.531x103 8 0.4170 0.1457
4 5.531x103 1.855 9 0.1457 0.05693
5 1.855 1.166 0 0.0569 2.53x107%
Energy Boundaries of 5-Group Cross Sections Used for
Control Rod Worths and Power Peaking Factors
Group Ey,ev Ep,ev Group Ey,ev Ep,ev
7 5
1 1.0x10 8.209x10 4 1.855 0.6249
5 3
2 8.209x10 5.531x10 5 0.6249 2.53x10~4
3 5.531x103 1.855
' l
| |
|\ |
| & EXTRA
| = REGION
| o |AZ CLAD|H,0 MODERATOR | 2s.61 v/0 H0
| 2 | 7635 vi0 A2
0.255 —mm] ] 0.38 wtew— 1.115 —a==| 0.402 '
!

,I“ UNIT CELL ——"J

Geometry of Unit Cell Used for Caliculation of Core
Cross Sections (All Dimensions in mm).

Figure 1.

1.2 Fuel Elements for Core Calculations

The planar models that were used to represent the standard and
control elements in the diffusion theory calculations are shown in Fig. 2.
Each standard element was modeled as three separate regions — one region
(6.3 cm x 8.1 cm) representing the fueled portion of the element and two
regions (each 0.7 cm x 8,1 cm) representing the sideplates and the other non-
fueled portions of the element. Each control element without absorber blades
was modeled in a similar manner, except that two additional separate regions
were included to represent the aluminum guide plates and their associated
water channels. Further additional regions were added to model the control
elements with the absorber blades inserted.
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2. PROMPT NEUTRON GENERATION TIME AND DELAYED NEUTRON FRACTION

Two—dimensional diffusion-theorZ problems were run using the
10-group EPRI-CELL cross sections in DIF2D" to yield both real and adjoint
fluxes, and were followed by diffusion—-perturbation—-theory calculations of
delayed neutron fraction, prompt neutron lifetime (%), and prompt neutron
generation time (A)., The velocities used were computed in EPRI-CELL by
flux-weighting 1/v, using the fluxes and velocities for the fine groups making
up the broad groups. Velocities of the fine groups correspond to the mid-point
energies. The delayed neutron data are based on ENDF/B-IV, Table 2 gives the
results for kgfg, Bogg, £ and A for all three 235y enrichments in the BOL
cores, Table 3 presents the corresponding decay constants and delayed neutron
fractions by family.

TABLE 2. Delayed-Neutron—-Dependent Parameters

235
U
Designation Enrichment(%) Kef £ Beff L ,usecd A, usec?
HEU 93 1.02839 0.007607 57.55 55.96
MEU 45 1.02422 0.007456 51.96 50.73
LEU 20 1.01796 0.007275 44,53 43,74

= keff» where & is prompt neutron lifetime, and A is prompt neutron

generation time

TABLE 3. Delayed Neutron Parameters A and B by Families

HEU MEU LEU

Family A,sec”! B A,sec”? B8 A,sec”!

(o]

1 0.0127  2.9648x107%  0.0127  2.8937x10™*  0.0127  2.7926x10™“
0.0317  1.5822x1073  0.0317  1.5543x10"3  0.0317 1.5178x1073
0.1160  1.4352x1073  0.1163  1.4077x10"3  0.1167  1,3731x1073
0.3110  3.1144x1073  0.3114  3.0462x1073  0.3121 2.9627x1073
1.3999  9.7969x107%  1.3992 9.6175x10™*  1.3985  9.4536x10™"%
3.8689  1.9914x10™%  3.8602 1.9705x10™*  3,8521 1.9716x107™“

[ NN, B VS I S ]
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3. ISOTHERMAL REACTIVITY FEEDBACK COEFFICIENTS

3.1 Change of Water Temperature Only

Values of kegs were computed for water temperatures of 38°C, 50°C,
75°C, and 100°C. The EPRI-CELL library contains the following hydrogen
temperatures in the range of interest: 23°C, 77°C, 127°C, and 227°C. There-
fore, EPRI-CELL problems were run at the four temperatures of the library for
45%, 25%, and 5% burnup, since these are the burnups in the various elements of
the BOL core, After repeating these calculations for each enrichment, DIF2D
problems for the BOL reactor were run for each of the four available tempera-
tures. Coefficients were then derived for a cubic giving kgeg as a function
of the temperature, T, which would pass through the four points of the kg¢f
vs. T curve. These coefficients were then used to give kogf and hence reacti-
vity differences at the specified temperatures. Table 4 presents kggg and
reactivity changes relative to the 38°C case for the BOL cores with all three
enrichments.

TABLE 4. Reactivity Coefficients For Change of Water Temperature Only

HEU MEU LEU

T(°C) Keff Apx1000 Kaff Apx1000 Keff Apx1000

20 1.02878  + 2,150 1.02455 + 1.842 1.01823  + 1.478
38 1.02651 - 1.02262 -~ 1.01670 -

50 1.02501 - 1.426 1.02135 - 1.216 1.01570 - 0.968

75 1.02193 - 4.366 1.01874 - 3,724 1.01366 = 2.950

100 1.01893 - 7,247 1.01620 - 6.178  1.01168 - 4.881

3.2 Change of Water Density Only and Whole-Core Void Coefficient

Values of k.ff were computed for water densities of 0.993, 0.988,
0.975, and 0.958 g/cm3, which correspond to the temperatures of 38°C, 50°C,
75°C, and 100°C, and for densities of 0.9 and 0.8, which are void conditions.
Cross sections were generated for the six water densities at the three required
burnups. The Dancoff factors input to EPRI-CELL for the resonance calculations
were also a function of water density. The resulting cross sections were then
used in running the six DIF2D problems for the BOL core with each enrichment.
Table 5 lists kefs and reactivity changes relative to the p(Hp0) = 0.993 g/cm3
case. Temperatures corresponding to the densities are also given, although
the calculations were all done at the same temperature (23°C) in order to
obtain coefficients for change of water density only. It should be noted that
the axial reflector savings for the benchmarks is given to be 80 mm at both
top and bottom of the core for all enrichments. Actually, the changes in
axial reflector savings as a function of water density in the fuel elements
might have a significant effect on the reactivity coefficients. However, this
effect was not investigated here since no composition is given for the axial
reflectors,
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TABLE 5. Reactivity Coefficients For Change of Water Density Only

p (H20) HEU MEU LEU

(g/cw®)  T(°C) kefg  Apx1000 kepg  Dpx1000 kefg  Apx1000
1.0 4 1.02840 + 1.714 1.02419  + 1.843  1.01793 + 2,011
0.9982 20 1.02794  + 1.279 1.02370  + 1.376  1.01740 + 1,500
0.993 38 1.02659 - 1.02226 -- 1.01585 -
0.988 50  1.02528 - 1,245 1.02085 - 1.351  1.01433 - 1.475
0.975 75  1.02180 - 4.566 1.01709 - 4,972 1.01028 =~ 5,427
0.958 100 1.01709 - 9.098 1.01204 - 9.879  1.00487 =~ 10.76
0.900 100 0.99965 - 26.25 0.99342 - 28,40  0.98511 - 30.72
0.800 100 0.96387 - 63.39 0.95591 - 67.90  0.94603 - 72.65

3.3 Change of Fuel Temperature Only

Values of kgfg were computed for fuel temperatures of 38°C, 50°C,
75°C, 100°C and 200°C. EPRI-CELL problems were run with resonance calculations
being done at all of the desired temperatures and the three burnup stages.

The temperatures for the thermal scattering calculations in the fuel materials
were not changed, since the effect of fuel temperature changes is almost
entirely a resonance absorption effect in 238y, After the cross sections were
generated, DIF2D problems were run to give koef for the specified fuel tempera-
tures in the BOL cores for the three enrichments. Resulting values of kg¢¢

and reactivity changes relative to the 38°C case are presented in Table 6. It
is seen that the Doppler effect for the HEU case is very small compared to

that for the LEU case.

TABLE 6. Reactivity Coefficients For Change of Fuel Temperature Only

HEU MEU LEU

T(°C) Keff Apx1000 kepg  Apx1000 kefg  Apx1000
20 1.028400  + 0.0104  1.02423 + 0,305  1.01797 + 0.473
38 1.028389 - 1.02391 - 1.01748 -
50 1.028382 - 0.0066  1.02370 - 0.200  1.01716 - 0.309
75 1.028371 - 0.0170  1,02329 - 0.592  1.01650 - 0,948
100 1.028364 - 0.0236  1,02289 - 0.974  1.01586 = 1.567

200 1.028343 - 0,0435  1.02145 = 2.352  1.01345 - 3,908
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TABLE 7. Slopes of Reactivity Components (38°C + 50°C)

HEU MEU LEU

Effect §p/8Tx103/°C 8p/8Tx103/°C §p/8Tx103/°¢C
Water Temperature 0.1188 0.1013 0.0807
Water Density 0.1038 0.1126 0.1229
Sum 0.2226 0.2139 0.2036
Fuel Temperature 0.0006 0.0167 0.0258

Table 7 compares the slope of the three reactivity coefficients for
a temperature change from 38°C to 50°C. The MEU and LEU cores have slightly
larger feedback slopes than the HEU core because of the significant Doppler
effect in these cores.

Figures 3 and 4 are plots showing the various feedback coefficients.,

3.4 Local Void Coefficient

Local void coefficients were comguted for changes in the water
density from 0.993 to 0.95 and to 0.90 g/cm’ separately in the elements
denoted by SFE-2, SFE-3, and SFE-4 in the specifications. Since there was no
longer quarter—core symmetry, calculations were performed for the entire core.
In order to obtain smaller core storage and execution time, 5—-group cross
sections (see Table 1) rather than 10-group cross sections were used for these
calculations. Thus, EPRI-CELL cross sections were generated for water densi-
ties of 0,993, 0.95, and 0.90 g/cm3 at the three burnups involved, as des-
cribed in Section 1 above.

Results of the local void coefficient calculations are shown in
Table 8. Also shown are the reactivity coefficients for a change of water
density from 0.993 to 0.90 in all elements for comparison with the correspond-
ing 10-group values in Table 5. Since the 5-group values are smaller than the
10-group values by a factor of only 1.016 for all three enrichments, the
5-group calculations are considered to have adequate accuracy. Table 8 indi-
cates that the local void coefficients are larger with MEU and LEU fuels than
with HEU fuel. The reason is that_the neutron spectrum is harder in the MEU
and LEU cases since the 23°U and 238y loadings are larger, and the neutron
spectrum affects the leakage.
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TABLE 8. Reactivity Coefficients for Local Voids

HEU MEU LEU
PH,0 s Element
g/cm3 Voided Keff -Apx1000 kegg  —Apx1000 kepg  —Bpx1000
0.993 None 1.03155 - 1.02749 - 1.02143 -
0.95 SFE-2 1.03103 0.489 1.02694 0.521 1.02086 0.547
SFE-3 1.03113 0.395 1.02699 0.474  1.02086 0.547
SFE-4 1.03116 0.367 1.02709 0.379  1.02102 0.393
0.90 SFE-2 1.03041 1.073 1.02629 1.138  1,02019 1.190
SFE-3 1.03061 0.884 1.02640 1.034  1.02018 1.200
SFE-4 1.03069 0.809 1.02662 0.825  1.02055 0.844
All 1.00477  25.84 0.99880  27.96 0.99082 30.25

4. RADIAL AND LOCAL POWER PEAKING FACTORS

Radial and local power peaking factors were computed when selected
fuel elements in the specified BOC core (containing equilibrium concentrations
of Xe, Sm, and lumped fission products) were replaced with elements having
fresh fuel (no Xe, no Sm, and no lumped fission products).

In the original neutronics benchmark problem (IAEA—TECDOC—2331,
p. 445) , the burnup of the fuel elements was chosen to simulate an outside~in
shuffling pattern, but the "fresh elements” in the BOC quarter—core (SFE-1 and
SFE-4) were arbitrarily chosen to have 5% burnup in order to include equili-
brium fission product concentrations in all fuel elements. In a normal BOC
core, these standard elements would contain fresh fuel without fission products.

Since the benchmark cores no longer had quarter-core symmetry after
a single element was replaced, the diffusion calculations were performed for
the entire core. In order to reduce computer storage requirements and execu-
tion times, these calculations were performed using 5-group rather than
10~group cross sections (Table 1). Separate EPRI-CELL cross sections were
generated with five energy groups using the methods described in Section 1.
Preliminary calculations indicated that element SFE-1 adjacent to the graphite
reflector had a larger total power peaking factor than element SFE-4 adjacent
to the water reflector.

In these 2D calculations without control absorbers, the radial
power peaking factor is defined as the ratio of the average midplane power in
a specific element to the average midplane power in all fuel elements. The
local power peaking factor is defined as the ratio of the maximum midplane
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power to the average midplane power in the specific element. The axial
peaking factor is fixed as the peak-to—average ratio (l.31) of a chopped
cosine with an extrapolation length of 8.0 cm for a fuel height of 60 cm. 1In
Section 5.3, it is shown that the axial power peak will be increased by an
additional factor of about 1.15 due to the power bulge toward the bottom of
the core when the control absorbers are inserted 50%.

It is important to note that the maximum midplane power in the fuel
of each element quoted in this section is the value at the edge of the mesh
interval with highest power, and not the value at the center of the mesh
interval with highest power. (There is a simple relationship between fluxes
calculated at the centers of mesh intervals and the corresponding values at
the edges of mesh intervals that can be built into computer codes). Normally,
there is a sharp rise in power density near one corner of the fueled region in
the limiting element. Local power peaking factors based on power densities
computed at the centers of mesh intervals depend on the mesh spacing that is
selected and underestimate the peaking.

The effect of the number of mesh intervals utilized and power
peaking factors computed at the center and edge of the mesh intervals are
illustrated in the table below for element SFE-1 in the HEU BOC reference core
with no fresh element substitutions (i.e. SFE~1 with 5% burnup and equilibrium
fission product concentrations)., Models used for the standard fuel elements
and control fuel elements (without absorbers) had separate fueled and non-—
fueled regions (see Fig.2).

HEU BOC Reference Core — No Fresh Elemeat Substitutions

Radial Maximuym Local Power Radial % Local Power
Megh for Fueled Regions Power Peaking Factor in SFE-1 Peaking Factor in SFE-1
Peaking Based on Based on
Standard El'z Control El.2 Factor Center of Edge of Center of Edge of
(6.3 x 8.1 cm“) (6.3 x 5,95 cm®) in SFE-1 Mesh Int. Mesh Int. Mesh Int. Mesh Int.
8 x5 8 x 3 1.015 1.284 1.450 1.303 1.472
8 x 10 8 x 6 1.020 1,342 1,435 1.369 1.464
8 x 20 8 x 12 1.022 1.382 1.431 1.412 1,463

The table shows that the Local and Radial x Local power peaking
factors based on power densities computed at the edges of the mesh intervals
are nearly independent of the mesh spacing for the cases studied.

Table 9 shows the results of the specified calculations (using an
8 x 10 mesh in the 6.3 x 8.1 cm® fueled region of each standard element and
an 8 x 6 mesh in the 6.3 x 5.95 cm? fueled region of each control element)
for (1) no fresh elements substituted in the BOC cores, (2) specified fresh
elements substituted in CFE-1 and SFE-1, and (3) a fresh element substituted
in SFE-3 (for information only). For elements CFE-1 and SFE-1, the radial x
local power peaking factor was larger for replacement of the control fuel
element both in the equilibrium cores and in the mixed HEU-LEU core since the
control elements in each case contain a larger volume fraction of water, but
the same 235y loading per fuel plate as the standard elements. Among the
control fuel element cases for the HEU, MEU, and LEU equilibrium cores, the
peaking factor was smallest for the LEU equilibrium core, However, the
largest peaking factor was obtained when a burned HEU control element was
replaced with a fresh LEU control element in the HEU equilibrium core.
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The case in Table 9 for replacement of the standard fuel element
with the largest power fraction (SFE-3) with a fresh fuel element may be of
interest to some reactor operators. It shows the power peaking factors that
would result for a hypothetical loading error in which fresh fuel was placed
in SFE-3 rather than in SFE-l.

Since a number of participants in this benchmark problem are
expected to have modeled the standard and control elements using homogenized
fuel and non—fuel regions, the calculations shown in Table 9 were repeated
with fuel element materials homogenized over their 7.7 x 8.1 cm? cross section.

TABLE 9. Radial and Local Power Peaking Factors
Standard and Control Elements Modeled with
Separate Fuel and Non-Fuel Regions (see Fig. 2)

Element Radial x
Substituted Radial Local Local Kaff Ap x 1000

HEU Core

None?@ 1.020 1.435 1.464 1.03335 -

CFE-1 1.358 1.336 1.814 1.03893 5.20

SFE-1 1.110 1.432 1.590 1.03567 2,17

SFE-3b 1.496 1.362 2.038 1.04876 14,22
MEU Core

None?d 1.017 1.483 1.508 1.02944 -

CFE-1 1.337 1.335 1.785 1.03468 4.92

SFE-1 1.105 1.480 1.635 1.03168 2.11

SFE-3Db 1.470 1.390 2.043 1.04381 13.37
LEU Core

None?d 1.015 1.558 1.581 1.02354 -

CFE-1 1.314 1.332 1.750 1.02848 4.69

SFE-1 1.101 1.552 1.709 1.02568 2.04

SFE-3P 1.440 1.427 2.055 1.03698 12.66

LEU Substitutions in HEU Core

None? 1.020 1.435 1.464 1.03335 -

CFE-1 1.491 1.449 2.160 1.03885 5.12
SFE-1 1.209 1.548 1.872 1.03587 2.35
SFE-3b 1.637 1.527 2.500 1.04859 14.06

3Limiting element is SFE-1 with 5% burnup.

bInformation only.,
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The resulting power peaking factors (using power densities computed at the
edges of the mesh intervals) are shown in Table 9a and are slightly smaller
than those in Table 9. Note that a comparison of the kgff Values for the

same cases in the two tables shows that fuel element models with separate fuel
and non—-fuel regions yield excess reactivities that are smaller than the
values for their homogenized counterparts by about 0.6% &k/k.

TABLE 9a. Radial and Local Power Peaking Factors
Standard and Control Elements Modeled with
Homogenized Fuel and Non-Fuel Regions

Element Radial x
Substituted Radial Local Local kaoff Ap x 1000

HEU Core

None? 1.030 1.397 1.439 1.03952 -

CFE-1 1.349 1.310 1.767 1.04509 5.13

SFE-1 1,120 1.397 1.565 1.04188 2.18

SFE-3b 1.508 1.384 2.087 1.05521 14,30
MEU Core

None? 1.027 1.445 1.484 1.03585 -

CFE-1 1.326 1.308 1.734 1.04108 4,85

SFE-1 1.115 1.446 1.612 1.03813 2,12

SFE-3b 1.481 1.415 2.096 1.05047 13.44
LEU Core

Noned 1.025 1.522 1.560 1.03020 -

CFE-1 1.301 1.309 1.703 1.03512 4,61

SFE-1 1.112 1.522 1.692 1.03237 2.04

SFE-3b 1.450 1.458 2.114 1.04385 12.69

LEU Substitutions in HEU Core

Noned 1.030 1.397 1.439 1.03952 -
CFE-1 1.490 1.414 2.107 1.04502 5.06
SFE-1 1.227 1.468 1.801 1.04216 2.44
SFE-3P 1.663 1.549 2.576 1.05522 14,31

3 imiting element is SFE-! with 5% burnup.

bInformation only,
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5. CONTROL ROD CALCULATIONS

5.1 Worth of Fully-Inserted Rods

The worths of four fully-inserted control rods with Ag-In-Cd ab-
sorber, B4C absorber, and Hf absorber were computed in both the HEU and LEU
equilibrium cores at BOL. The rods are fork—type with blades fitting between
the first and third and the 2lst and 23rd plates of the control fuel elements.
The Ag-In-Cd and B4C blades are 600 mm long, 66 mm wide, and 3.18 mm thick,
having a 3.1 mm thick absorber with a 0,04 mm thick layer of nickel on each
surface. The hafnium blades are similar except that they are 3.1 mm thick and
have no nickel plating. The Ag-In-Cd rods are 80.5 w/o Ag, 14.6 w/o In and
4,9 w/o Cd, while the B4C rods contain natural boron, and the Hf rods coantain
natural hafnium.

In order to validate the methods to be used for calculating control
rod worths with diffusion theory, both Monte Carlo (using the VIM codes) and
diffusion theory problems were run for the fresh HEU and LEU cores with no
control rods and with four fully-inserted rods utilizing the specified absorbers.
In the three-dimensional geometry used in the continuous—energy Monte Carlo
calculations, each standard element, control element, and absorber blade were
modeled in explicit detail., Axial reflectors 300 mm thick were assumed at the
top and bottom of the core with the first 150 mm being a mixture of 80% water
and 20% aluminum to represent the composition of the fuel element end boxes, and
the second 150 mm being water only., Each problem consisted of 100,000 neutron
histories. Five—-group edits were obtained with the groups having the energy
boundaries shown in Table 1. The kgf¢ values from the Monte Carlo calculations,
and the reactivity changes obtained are presented in Table 10.

The cross section edits over the control rods in the Monte Carlo
problems were used to calculate extrapolation distances, A, for each group
using the formula

1+ 3E4 (J,.t) (1)
1-2E3 (J,° t)

a= Aitr = 0.7104

where Za is the macroscopic absorption cross section of the absorber blade
calculated from the Monte Carlo edits, t = 3.1 mm is the blade thickness, Ej
and E4 are exponential integrals, and 2tr is the macroscopic transport

cross section of the surrounding medium. Note that the extrapolation distance,
A, equals 0.7104/£tr in the black absorber limit. Two-dimensional diffusion
problems were then run in 5 groups for the fresh-fuel cores using EPRI-CELL
cross sections for all regions outside the control blades, and the condition

' 1:
Dp' + .= 0 (2)

at the surfaces of the blades, where D is the diffusion coefficient for the
medium outside the blades and ¢ and ¢' are the flux and its derivative.

The kopg Values from the diffusion—theory calculations for fresh-fuel cores
are given in Table 11, along with reactivity changes and comparisons with the
corresponding Mounte Carlo reactivity changes. Note that the Monte Carlo and
diffusion-theory problems are not completely identical, since the Monte Carlo
problems have actual axial reflectors, while the diffusion—-theory problems are
two—dimensional with assumed axial reflector savings of 80 mm at both ends of
the core. However, Table 11 shows that the reactivity changes as calculated
by Monte Carlo and by diffusion—theory calculations with extrapolation boundary
conditions agree rather well,
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Methods Comparison — Monte Carlo vs Diffusion Theory
Reactivity Worths for Four Fork-Type Control Rods
Inserted into HEU and LEU Cores with Fresh Fuel

TABLE 10. Monte Carlo Results — Four Inserted Rods - Fresh Fuel Cores
Enrich~
ment Absorber Kaff -Ap ,% -Ap ,$
HEU None 1.20165 = (0.00315 - -
Ag-In—-Cd 1.03462 * 0,00331 13.43 * 0.38 17,65 * 0.50
B4 C 0.99957 * 0.00308 16,82 £ 0,38 22,11 = 0.50
Hf 1.04260 * 0.00311 12,70 * 0.36 16.70 £ 0.47
LEU None 1. 17404 * 0.00314 -
Ag-In—-Cd 1.03720 * 0.00328 11.24 = 0,38 15.45 * 0.52
B4C 0.99873 + 0,00329 14,95 £ 0,40  20.55 * 0.55
Hf 1.03900 * 0,00305 11.07 £ 0.36 15.22 * 0.49
TABLE 11, Diffusion Theory Results - Four Inserted Rods — Fresh Fuel Cores
Enrich- spp/bp@
ment Absorber EEEE -Ap ,% -Ap,$ MC
HEU None 1.19372 - - -
Ag—-In—-Cd 1.03370 12.97 17,05 0.966
B4C 0.99236 17.00 22,35 1.011
Hf 1.03771 12,59 16.55 0.991
LEU None 1.16954 - - -
Ag-In—-Cd 1.03054 11.53 15,85 1.026
B4C 0.99110 15.39 21.15 1.029
Hf 1.03407 11.20 15,40 1,012

a: Ap From Diffusion Theory/ Ap From Monte Carlo
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Table 12 presents diffusion-theory values of kgff and reactivity
changes for the BOC cores. The same values of "a" calculated from Eq (1) were
used in the calculations as were used for the corresponding fresh-fuel cores.
These values are not expected to be very sensitive to burnup. Also there is

little difference in the "a" values for a given absorber for the HEU and LEU
fresh-fuel cores.

Tables 13 through 15 present the relative neutron absorption rates
(%) in the Ag-In-Cd, B4C, and Hf control rod materials for both the HEU and
LEU fresh-fuel cores. The data were obtained from the Monte Carlo edits.

Table 13 shows that all three of the materials in the Ag-In-Cd
rod have considerable absorption with cadmium being a strong thermal absorber
and silver and indium being strong resonance absorbers. When the spectrum is
hardened in going from the HEU to the LEU core, the increased resonance
absorption in silver and indium tends to compensate for the decreased thermal
absorption in cadmium. It is seen from Table 14 that almost all of the
absorption in the B4C rods is in 105, There is considerable epithermal as
well as thermal absorption, since the rods are black at thermal energies, but
gray at higher energies. Table 16 shows that about 70%Z of the absorption in
the hafnium control rods is in 177Hf, although its abundance in natural
hafnium is only 18.5%.

For convenience of potential users, micropscopic absorption cross
sections for the materials in the Ag-In-Cd, B4C, and Hf control blades
obtained from the Monte Carlo calculations are shown in Tables 16, 17, and 18.
In addition, the Monte Carlo values of the parameter a = AZtr that were used
in the diffusion theory calculations are shown in Table 19 for all three types
of absorber blades in the fresh HEU and LEU cores. There are only small

differences between the values of "a" in the HEU and LEU cores.

TABLE 12. Control Rod Worths = BOC Cores Four Fully-Inserted
Fork-Type Rods; Diffusion Theory

Enrichment Absorber ke ff -Ap, 7% -Ap,$
HEU None 1.03334 - -
Ag-In~Cd 0.87872 17,03 22.39
B4 C 0.84376 21,74 28.58
Hf 0.88370 16.39 21.55
LEU None 1.02353 - -
Ag~-In—-Cd 0.89149 14,47 19.89
B,C 0.85752 18.91 25.99
Hf 0.89552 13.97 19,20
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TABLE 13. Relative Neutron Absorption Rates (%) in Ag—~In-Cd Control
Rod Materials for HEU and LEU Fresh-Fuel Cores
HEU Core
Group? 1074g 109,g 131 1157, cd Ni
1+2 1.238 0.709 0.019 0.288 0.059 0.020
3+4 6.538 15.477 0.404 13,382 0.669 0.025
) 3.434 8.287 0.016 7.286 42,028 0.120
Total 11.210 24,473 0.439 20.956 42,756 0. 166
LEU Core
Group? 107, 109, 1137, 151, cd Ni
142 1.431 0.818 0,023 0.334 0.068 0.024
3+4 6.795 17.300 0.399 14.157 0.844 0.028
5 3.179 7.714 0,015 6.918 39.843 0.113
Total 11.406 25.830 0.437 21.408 40.755 0.165

a — See Table 1 For Group Boundaries

TABLE 14, Relative Neutron Absorption Rates (%) in B4C Control
Rod Materials For HEU and LEU Fresh-Fuel Cores
HEU Core
Gr0upa 1OB llB g E
1+2 3.375 0.0002 0,002 0.016
3+4 52.221 0.0003 ~0.0 0.014
5 44,295 0.0002 ~0.0 0.076
Total 99.891 0.001 0.002 0.106
LEU Core
Group? 10y 1y C Ni
1+2 3.912 0.0002 0.003 0.018
3+4 56.622 0.0003 ~0.0 0.014
5 39.368 0.0002 ~0.0 0.064
Total 99.800 0.001 0.003 0.096

a — See Table 1 For Group Boundaries.
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TABLE 15. Relative Neutron Absorption Rates in Hafnium Control
Rod Materials for HEU and LEU Fresh-Fuel Cores
HEU Core
Group? 174y 176y 177yf 178y¢ 179 180y ¢
1+2 0.005 0.122 0.885 0.385 0.485 0.368
3+4 0.188 0.850 32.778 5.772 6.209 0.744
5 0.292 0.965 36.016 9, 104 2,791 2.038
Total 0.486 1.937 69.679 15,262 9.486 3. 150
LEU Core
Group@ 17'+Hf 176Hf 177Hf 178Hf 179Hf IBOHf
1+2 0.006 0. 144 1.045 0.463 0.579 0.438
3+4 0.231 0.933 35,210 6.359 6.808 0.808
5 0.266 0.878 33.151 8.289 2.539 1.852
Total 0.503 1.954 69.407 15.111 9,926 3.099

a - See Table 1 For Group Boundaries.

TABLE 16 — Microscopic Absorption Cross Sections (barns)
Edited from the Monte Carlo Calculation for
Ag-In-Cd Control Rod Materials in the Fresh HEU Core

Group Cd 1371, 1157,
1 0.0309 = 0.0002 0.2327 * 0.0009 0.1166 * 0,0007
2 0.2451 * 0,0034 0.5286 * 0.0041 0.3790 % 0.0035
3 3.2594 * 0.2187 20,148 * 1.761 10.297 * 0.359
4 27.098 *t 0,648 48,177 * 4,803 440,90 % 16.49
5 2053.8 * 31.2 6.1700 £ 0.0532 127.52 % 0,69
Group L07,g 10950
1 0.0806 +* 0,0003 0.0432 = 0,0002
2 0.5760 £ 0.0066 0.3600 £ 0.0046
3 4,8383 £ 0,1548 11.961 = 0,345
4 6.2099 * 00,0261 22,602 * 0,029
5 18.916 * 0,189 49,097 * 0.439
TABLE 17 - Microscopic Absorption Cross Sections (barns)
Edited from the Monte Carlo Calculation for
B,C Control Rod Materials in the HEU Core
Group 10 g C
1 0.3293 % 0.0013 9.8063-6 * 2,0593-6 1.3605-3 * 1.5510-4
2 2.1033 % 0.0215 2,6125-5 * 6,5835-6 0.0 £ 0.0
3 59.850 * 0.850 7.8338-5 t 1.0889-6 5.1090-5 * 7,6635~7
4 583.19 * 3,38 7.5446-4 * 4,4287-6 5.1730-4 £ 2,9848-6
5 1807.4 * 19.9 2.3516-3 = 2.5868-5 1.5954-3 * 1,7390-5
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TABLE 18 - Microscopic Absorption Cross Sections (barns)
Edited from the Monte Carlo Calculation for
Hf Control Rod Materials in the HEU Core

Group

VS WN -

Groug

L I S O R N

1744¢
0.0741 + 0,0003
0.7314 £ 0,0097
43,572 £ 4,061
60.150 £ 0,470
216,32 * 1,48

178Hf
0.0740 £ 0.0003
0.2915 £ 0,0028
8.2012 * 0,3059
15.023 £ 0.050
42,138 £ 0.276

176y4¢
0.0740 = 0,0003
0.5211 £ 0.0064
6.5209 % 0,4493
6.7231 £ 0,0478
23.366 * 0,159
1794¢
0.0740 = 0.0003
0.8090 * 0.0101
18.395 * 0.596
7.6642 £ 0.0468
25.466 * 0,172

177Hf
0.0740 = 0,0003
1.1220 £ 0.0155
46.175 = 0.9743
661,05 * 18.91
245,09 = 1,11
180Hf
0.0740 £ 0.0003
0.2008 * 0,0016
0.8008 * 0.0750
1.9461 £ 0.0166
7.3101 * 0,0504

TABLE 19 - Values of a = Aztr Based on Monte Carlo Calculations for the

Three Control Blade Types in the Fresh HEU and LEU Cores

Group

&N -

Group

U W=

Ag-In—-Cd

663.38
101.38
6.0516
1.0549
0.7834

Ag-In-Cd

657,23
102,71
6.1855
1.0406
0.7899

HEU

LEU

B4C

323.84
51.119
2.2576
0.7198
0.7104

B4C

323.84
51.081
2.2945
0.7200
0.7104

HEf

709.85
105.02
4,2948
0.8457
1.2304

Hf

702,82
104,86
4,4897
0.8683
1,2452
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5.2 Worth of Partially—Inserted Rods

Calculations (not included in the benchmark specifications) of the
reactivity worths of partially-inserted control rods with Ag-In-Cd absorber in
the HEU and LEU BOL cores (with no fresh element substitutions) were also per—
formed since the results are of interest to reactor operators.

Three—~dimensional diffusion theory models of the HEU and LEU BOL cores
were first set ug with quarter—core symmetry and a homogeneous axial distri-
bution of the 237y in the standard and control element planar geometries
shown in Fig. 2. The end boxes on the top and bottom of each fuel element
were represented using a homogenized mixture of 25 v/o Al and 75 v/o HyO
extending 15 cm above the fuel. A thickness of 20 em of water was added above
the axial end boxes. The calculations were done using five energy groups
(Table 1) and the same internal boundary conditions (i.e. asymptotic current-
to-flux ratios at the surface of the absorber slab) that were used in calculat-
ing the reactivity worths of fully-inserted rods described in the previous
section.

The calculated absolute reactivities in % S8k/k and in $ for eight posi-
tions of the four control rods in the HEU and LEU BOL cores are listed in
Table 20, The corresponding reactivity values relative to the rods 100% with-
drawn are shown in Table 21. The tips of the rods were at the bottom of the
fuel meat (height = 0,0 cm) in the fully-inserted position and at the top of
the fuel meat (height = 60.0 cm) in the fully-withdrawn position.

TABLE 20 - Absolute Values of Reactivity vs Rod Position
for HEU and LEU BOL Benchmark Cores

Rod
Position, Height
A of Rod HEU LEU
Withdrawn Tip, cm kegg  Ok/k, % sa kefg  Ok/k, % $b
0 0.0 0.88579 -12.89 -16.94 0.89729 -11.45 -15.74
10 6.0 0.89075 -12.26 -16,12 0.90179 -10.89 -14,97
20 12.0 0.90333 -10.70 -14,07 0.91236 -9.61 ~-13.21
33 19.8 0.93264 -7.22 -9.49 0.93664 -6.76 -9.29
50 30.0 0.97250 -2.83 -3.72 0.97055 -3.03 ~-4.16
67 40,2 1.00422 0.42 0.55 0.99827 ~-0.17 -0.23
85 51.0 1.02652 2,58 3.40 1.01769 1.74 2.39
100 60.0 1.03350 3.24 4,26 1.02341 2.29 3.15
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TABLE 21 - Values of Reactivity vs Rod Position
Relative to 100% Withdrawn for HEU and
LEU BOL Benchmark Cores

Rod
Position, Height
% of Rod HEU LEU
Withdrawn Tip, cm kegg  Ok/k, % sa kegg  Sk/k, % $b
0 0.0 0.88579 16.13 21.20 0.89729 13.74 18.89
10 6.0 0.89075 15.50 20.38 0.90179 13.18 18.12
20 12.0 0.90333 13.94 18.33 0.91236 11.90 16.36
33 19.8 0.93264 10.46 13,75 0.93664 9.05 12,44
50 30.0 0.97250 6.07 7.98 0.97055 5.32 7.31
67 40.2 1.00422 2.82 3.71 0.99827 2.46 3.38
85 51.0 1.02652 0.66 0.86 1.01769 0.55 0.76
100 60.0 1.03350 0.0 0.0 1.02341 0.0 0.0
qBupy = +007607; bBLEU = ,007275

It is interesting to compare the reactivity data in Table 12 and those
in Table 20 for the cases with the rods fully-inserted and fully-withdrawn.
The rod worths in Table 20 were obtained using the 3D model described above
and those in Table 12 were obtained using the specified 2D model with an
extrapolation length of 80 mm in the core and reflectors. The results are
summarized below:

Comparison of Control Rod (Ag-In-Cd) Reactivity Worths
Between Specified 2D Benchmark Model and 3D Model

Reactivity Worth, $

HEU LEU
Position
of 4 Rods 2D 3D 2D 3D
100% OQut 4,25 4,26 3.16 3.15
100% In -18.14 -16.94 -16,73 -15.74
$ (Out-In) 22.39 21.20 19.89 18.89

With the rods 100% out, the 2D and 3D data are almost identical for the
HEU and LEU cases, indicating that the 80 mm extrapolation length was an ex-
cellent choice. However, with the rods fully-inserted, the reactivity differ—
ential between the 2D and 3D models was $1.19 for the HEU core and $1.00 for
the LEU core. This effect may be important in caICulatin§ shutdown margins in
real reactors. The effect on rod worths of the actual 23 U axial burnup
distribution may be important as well.
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The reactivity data (in $) from Table 20 are plotted in Fig. 5 as a
function of the percentage that the four rods are withdrawn. The S~shaped
curves for the two cases have the same general shape and display the smaller
rod worth in the LEU core., Both cases have the same reactivity worth in the
range of 35-407% withdrawn. The HEU core would be critical with the rods
withdrawn about 64% and the LEU core would be critical with the rods with-
drawn about 68%.
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5.3 Axial Power Peaking with Partially-Inserted Rods

Axial power peaking effects due to partially-inserted control rods
are also of interest to reactor operators. Using the calculations described
in Section 5.2, the axial power densities at the midplane mesh point with peak
power in CFE-1 and in SFE-1 for the HEU BOL core are plotted in Figs. 6 and 7,
respectively, for the full-out, full-in, and four partially-withdrawn rod posi-
tions. The corresponding curves for CFE-1 and SFE~1 for the LEU BOL core are
shown in Figs. 8 and 9, respectively.,

In all four cases, the peak axial power density was obtained when the
control rods were withdrawn 50%, and the peak was located at a height of about
20 cm from the bottom of the active core (or about 1/3 of the way up from the
bottom of the fuel).
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Fig. 6

HEU BOL CORE: CFE-1

Axial Power Densities at Midplane Power Peak
for Six Positions of the Four Control Rods

Fig. 7

HEU BOL CORE: SFE-1

Axilal Power Densities at Midplane Power Peak
for Six Positions of the Four Control Rods
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Z = AXIS (em)

Listed in the Table 22 are the peak values of the power densities in
each of the four cases with the rods 50% withdrawn and 100% withdrawn.

TABLE 22 - Peak Power Densities (W/cm3) in CFE-1
and SFE-1 for HEU and LEU BOL Cores with
Control Rods Withdrawn 50% and 100%

Control CFE-1 SFE-1
Rod
Position HEU LEU LEU/HEU HEU LEU LEU/HEU
50% Out 258 249 0.97 277 289 1.04
100% Out 222 218 0.98 238 252 1.06
50% Out
Ratio(IOOZ Out) 1.16 1.14 1.16 1.15

The axial peak power densities in all four cases are about 157 larger
with the rods 50% withdrawn rather than 100% withdrawn. 1In CFE-l, the peak
power densities are 2-3% lower in the LEU core than in the HEU core for both
rod positions. In SFE-1, they are about 5% larger in the LEU core.

In Figs. 6 and 8, it is interesting to note that the "kinks” in the
power density profiles occur at higher axial locations than the tips of the
control rods in these diffusion—-theory calculations. Effects which occur
around the tips of control rods are not addressed here, but would be the sub-—
ject of another study using transport theory calculations.

Figure 10 shows the axial power density profiles in CFE~1 and SFE-1 in
the HEU and LEU cores with the rods 50% withdrawn.
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6. TRANSIENT CALCULATIONS

This section describes the models and methods used for the transient
analysis of the HEU and LEU benchmark cores using the PARET code,6 and
provides a summary of the results.

6.1 PARET Code Description

The PARET code provides a coupled thermal, hydrodynamic, and point
kinetics capability with continuous reactivity feedback. The core can be
represented by one to four regions. Each region may have different power
generation, coolant mass flow rate, and hydraulic parameters as represented by
a single fuel pin or plate with its associated coolant channel. The heat
transfer in each fuel element 1is computed on the basis of a one-dimensional
conduction solution in each of up to 21 axial sections. The hydrodynamics
solution is also one~dimensional for each channel at each time node. The heat
transfer may take place by natural or forced convection, nucleate, transition,
or stable film boiling, and the coolant is allowed to range from subcooled
liquid, through the two-phase regime, and up to and including superheated
steam and allows for coolant flow reversal. The code also has an optional
"boiling model” which estimates the voiding produced by subcooled boiling.

A description of the current PARET code and a comparison for the SPERT I
experiments are provided in Ref, 7.

6.2 Models for Analysis of Benchmark Transients

Before computing the benchmark transients, several modeling varia-
tions were tested in order to determine the sensitivity of the results to
the model employed. These variations included both the number of channels
and the type and detail of the reactivity feedback coefficients. The choice
of heat transfer correlations and models is also considered.

The benchmark problem specifies that isothermal reactivity feedback
coefficients be used in the transient calculations. However, in order to
assess the importance of the axial and radial reactivity feedback coefficient
distributions, first order perturbation theory was used to calculate a point~-
wise feedback distribution in the HEU BOL benchmark core. The first order
perturbation theory data was generated using an RZ model with four radial
regions consisting of 1) the equivalent of three inner standard elements,

2) next three standard elements, 3) four control elements and next five
standard elements, and 4) the outermost ten standard elements. The axial
dimension included 21 (2.857 cm) equal intervals over the 60.0 cm active core,
For the temperature {spectral) perturbation, the water temperature over the
active core was increased from a base temperature of 23°C to a temperature

of 77°C, and the water density was decreased by 1% at a temperature of 23°C
for the density (void) component. The total overall reactivity coefficient
from these perturbations was in good agreement with the isothermal coefficient
from the XY computations described in Section 3. Normalized axial distribu—
tions for the coefficient were taken from the pointwise data at each region
center. The axial power (source) shape was assumed to be a chopped cosine
with a peak—-to—average of 1.5 and having a radial component consistent with
the region—average variation in the power density by region.

These four region data were used to define a four channel PARET
model., These data were also reduced to single distributions for one and two
channel models. The $1.50/0.5 s reactivity insertion transient (the most
severe HEU case specified) was used for this analysis. Table 23 provides a
comparison of the various models using both the RZ perturbation data and the
XY isothermal data specified for the benchmark. Comparisons were first made
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TABLE 23. Comparison of Results of Model and Reactivity Coefficient Distribution Variations for
$1.5/0.5 s Fast Reactivity Insertion Transient in HEU Benchmark Core

Model
Data

Plep,s)» MW

RZ Perturbation Data
with Axial Distribution

RZ Perturbation Data
with Axial Distribution

RZ Perturbation Data
with Axial Distribution

RX Perturbation Data

with Uniform Distribtuion

XY Isothermal Data with

Uniform Distribution

133.1(0.656)

133.2(0.656)

133.2(0.656)

135.2(0.657)

137.5(0.657)

Average Channel Comparisons

141.2(0.674)

133.1(0.680)

Hot Channel Comparisons

158.6(0.666)

159.8(0.666)

160.2(0,666)

140.1(0.667)

140.3(0.667)

T (t,s)’ oCa
Clad Qutlet
132.3(0.675) 67.5(0.779)
128.2(0.682) 62.1(0.794)
139,.7(0.667) 88.1(0.759)

90.0(0.759)

90.8(0.759)

a .
The peak temperatures in the first two cases do not represent the hottest plate or flow channel,

while the last three 2 channel cases include a hot channel model.



for average data with four channels and one channel using the same perturba-
tion data. Comparisons were then made with different feedback data for a two
channel model with one channel representing the hottest channel and the other
channel representing the remainder of the active core.

For the average channel comparisons, the single channel model gives
results for peak power and energy release that are almost identical to those
for the more detailed four channel model. This suggests that the radial
dependence of the source and reactivity coefficient is not important, and that
multi-channel models are not necessary for an accurate prediction of power and
energy release.

The two channel model with a distributed reactivity coefficient
gives results identical to the single (average) channel model for power and
energy release, However, since the two channel model includes a model for the
hot channel, the peak temperatures predicted are those for the hottest channel.
The second two channel model used the overall RZ perturbation theory reactivity
coefficient collapsed to form a uniform distribution. This model gave a
slightly higher prediction for peak power, energy release, and hot channel
temperatures. The non-uniform distribution appears to enhance the negative
reactivity feedback in the more important central region, but in this case has
only a slight effect on the peak values predicted. The uniform distribution
model predicts higher estimates of the peak values and gives more conservative
results. The third two—channel case represents the model used for the analysis
of the benchmark cores. This model used a uniform axial distribution for the
XY isothermal reactivity coefficient data computed in Section 3. The predicted
values are slightly higher due to a smaller reactivity feedback coefficient
than that obtained from perturbation theory.

As a further test, the third two—-channel model was found to give
identical results to that of a two-step method where an average channel power
trace was first obtained with a single channel model, and then a second power
driven transient run with hot channel factors to compute the peak temperatures.

The original PARET code had only a provision for a void/density
reactivity coefficient, while the modified version allows for a separate
representation of the coolant temperature component. The effects of the
choice of feedback model are shown in Table 24. Neither the perturbation
theory case with separate axial weighting factors nor the case with uniform
isothermal data show any significant differences. It should be noted, how-
ever, that ounly density and temperature changes are included. The Doppler
reactivity coefficient remained fixed for these cases.

The variation in results that can be expected from the choice of
correlations and two—phase models has also been considered. These cases give
significant differences in the peak clading temperature and ONB predictions as
shown in Table 25, With the original two-phase scheme, the ONB and fully
developed subcooled nucleate boiling are predicted by the same correlation.
The transition two~phase scheme uses the Bergles—-Rohsenow (B~R) correlation
for the detection of ONB (its intended use) with a choice of correlations for
fully developed nucleate boiling. These results include the choice of Dittus-
Boelter (D-B) and Seider—Tate (S-T) correlations for single phase flow and the
Jens-Lottes (J-L) and the McAdams two-phase correlations., Results are also
provided which include the voiding model option.

In comparing the original two—phase scheme with the transition
model, the B-R cases give almost identical results as expected (the B-R
correlation is used for both ONB and fully developed nucleate boiling). With
both the J-L and the McAdams correlation, the original two—phase scheme
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TABLE 24. Comparison of Reactivity Coefficient Models for $1.50/0.5 s Fast
Reactivity Insertion in HEU Benchmark Core

T (¢,6)> °C
Model

and Data ﬁ(tm,s)’ MW Etm’ MWs Fuel Clad Outlet

"Equivalent” Void Coeff.?
Perturbation Data 133.2(0.656) 3.22 158.6(0.666) 139.7(0.667) 88.1(0.759)

Void and Temperature Coeff. P
Pertrubation Data 130.7(0.656) 3.20 157.7(0.666) 139.4(0.667) 86.8(0.760)

"Equivalent” Void Coeff.€
Isothermal Data 137.5(0.657) 3.40 160.2(0.666) 140.3(0.667) 90.8(0.759)

Void and Temperature Coeff,d
Isothermal Data 134.0(0.656) 3.24 159.0(0.666) 139.8(0.668) 88.9(0.759)

8The "Equivalent” void coefficient with perturbation data is -0.6807 $/% void.

bror perturbation data the void coefficient is -0.2992 $/% void, and the coolant temperature
coefficient is -0.01646 $/°C.

CThe "Equivalent” void coefficient with isothermal data is -0.6370 $/% void.

dFor isothermal data the void coefficient is —0.3257 $/% void, and the coolant temperature
coefficient is -0.01537 $/°C.
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TABLE 25. HEU $1.50/0.5s Benchmark Core with Various Correlations and Two-Phase Schemes

D-B Single Phase S-T Single Phase

Original 2¢
Scheme

Original 2¢

Transition 2¢ Schene Scheme Transition 26 Scheme

B-R 24
Correlation

J-L 24

Correlation

McAdams 2¢

Correlation

No Void Model No Void Model Void Model No Void Model No Void Model Void Model
P,Mw(tm,s) 130.7(0.656) 130.7(0.656) 130.7(0.656) 129.0(0.656) 129.0(0.656) 129.0(0.656)
toNg, 8 0.6545 0.6545 0.6545 0.6565 0.6565 0.6565
Tuel,*c(t) 157.7(0.666) 157.0(0.664) 157.3(0.665) 156.5(0.666) 156.6(0.666) 156.8(0.665)
Te1ad, *c(e) 139.4(0.666) 138.2(0.666) 138.4(0.667) 138.9(0.668) 138.8(0.666) 139.6(0.666)
tno NB,® 0.7005 0.7045 0.7048 0.6955 0.7005 0.7002
Toutletr,®c(t) 86.8(0.760) 87.3(0.760) 87.1(0.762) 85.8(0.762) 86.0(0.764) 84.2(0.770)
P,Mw(tm,s) 130.7(0.656) 130.7(0.656) 130.7(0.656) 129.0(0.656) 129.0(0.656) 129.0(0.656)
tONB, S 0.6595 0.6545 0.6545 0.6615 0.6565 0.6565
Tfuel,°c(t) 169.7(0.668) 166.6(0.668) 166.3(0.668) 167.9(0.668) 165.1(0.668) 164.5(0.668)
Te1ad,°c(t) 152.9(0.668) 149.4(0.670) 149.3(0.670) 152.2(0.670) 149.1(0.670) 148.9(0.670)
tho NB:S 0.6965 0.7185 0.7195 0.6925 0.7115 0.7103
Toutlet,*C(t) 84.3(0.766) 85.2(0.764) 83.7(0.762) 83.4(0.770) 84.2(0.768) 82.0(0.774)
P,Mw(tm,a) 130.7(0.656) 130.7(0.656) 130.7(0.656) 129.0(0.656) 129.0(0.656) 129.0(0.656)
toNB,8 0.6615 0.6545 0.6545 0.6635 0.6565 0.6565
Tfuel,*C(t) 175.1(0.670) 172.1(0.670) 171.6(0.670) 172.8(0.670) 169.9(0.670) 169.0(0.670)
Tclad, c(e) 159.7(0.670) 156.4(0.672) 156.2(0.671) 158.7(0.672) 155.5(0.672) 155.0(0.672)
tho NB»S 0.6965 0.7235 0.7228 0.6915 0.7155 0.7134
Toutlet,*C(t) 83.2(0.770) 84.1(0.768) 83.1(0.770) 82.3(0.774) 83.1(0.772) 81.3(0.772)




predicts ONB at a later time, and subsequently higher peak temperatures are
predicted for the fuel and clad. Conversely, the peak outlet temperatures are
slightly higher for the transition model (without the voiding model), and a
longer subcooled nucleate boiling interval is observed.

The S-T single~phase correlation gives a slightly higher heat
transfer coefficient and predicts a slightly lower peak power than the D-B
correlation. The ONB is delayed with S—-T, but the peak temperatures are
slightly lower., The results for this transient are not strongly influenced by
the choice of single—phase heat transfer correlation,

The voiding model also has only a slight effect on this transient.
Since the ONB occurs only at or after the peak power, voiding does not influ-
ence the peak power predicted. The voiding model, however, can have a strong
influence on faster transients with an earlier ONB.

It should be pointed out that a slightly different version of the
PARET code was used for the early modeling comparisons described in this
Section (6.2) than was used for the specified benchmark calculations reported
in Section 6.3. However, the trends that are shown and the conclusions drawn
are unchanged. For example, the results for the HEU $1.50/0.5s transient case
with the S-T Single-Phase, Transition 2¢ Scheme, Void Model, and the McAdams
2¢ Correlation give peak fuel, clad, and coolant outlet temperatures of
169.0°C, 155.0°C, and 81.3°C, respectively, in Table 25 and corresponding
values of 170.9°C, 155.9°C, and 83.8°C for the same transient in Table 29.
The data shown in Section 6.3 should be used for final comparisons.

6.3 Results for Analysis of Benchmark Transients

The PARET code two—channel model, as described above, uses one
channel to represent the hottest plate and flow channel and the other
"average” channel to represent the remaining 550 fuel plates in a volume
weighted sense. The axial source distribution was represented by 21 axial
regions and a chopped cosine shape which had an axial power peaking factor of
1.5 for both the "average” channel and the hot channel. For the hot channel,
this axial distribution was multiplied by the other specified hot channel
factors (l.4 Nuclear x 1.2 Engineering = 1.68). The 1.2 overpower factor was
not included in the reactivity insertion transients. For the moderator heat
source description, the assumption was made that 4.5% of the total energy is
deposited directly in the moderator. This direct heating of the moderator by
gamma radiation has only a small effect on the estimates for peak power and
temperatures. A linear approximation was used for all of the reactivity feed-
back coefficients. The Bergles—Rohsenow correlation was selected for detecting
onset of nucleate boiling, the transition model with the McAdams correlation was
included for fully developed two—phase flow, and the Seider-Tate correlation
was used for the single-phase forced convection regime.

6.3.1 Fast Loss—~of—-Flow Transients

Figure 11 shows the relative power and flow and the resulting
peak temperatures at the fuel centerline, clad surface, and coolant outlet for
the exponential loss—of-flow transient with a time constant of 1.0 s in the
HEU and LEU cores. This loss~of-flow transient is characterized quantita-
tively in Table 26. The flow coast—down was initiated after 1.0 s at a power
of 12 MW, Thus, a 1.2 overpower factor was included. The fast loss—of-flow
transients for both the HEU and LEU cores show a peak in the fuel and clad
temperatures after about 1.4 seconds. The peak tempertures at the fuel center-
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TABLE 26. Tabulated Results for Transient Response of HEU and LEU
Benchmark Cores to a Loss—of-Coolant Flow with a Decay
Time of 1.0 s, a Scram Trip at 85%7 Flow, and a 200 ms Delay

Trip Time at 857% of Nominal Flow 1.16 s

T, °C (t, s)

"Peak Temperatures” HEU LEU
Fuel Center Line 89.2 (0.371) 90.3 (0.371)
Clad Surface 87.5 (0.376) 87.5 (0.371)
Coolant Outlet 60.3 (0.451) 60.3 (0.446)
At 2.9 s (15% Nominal Flow) T, °C

HEY LEU
Fuel Center Line 58.3 58.5
Clad Surface 58.1 58.2
Coolant Outlet 46,6 46,5

line, clad surface, and coolant exit were 89.2°C, 87.5°C, and 60.3°C, respec-
tively in the HEU core. In the LEU core, the corresponding peak temperatures
were 90.3°C, 87.5°C, and 60.3°C, respectively.

The transient was terminated at 15% of nominal flow. Realis—
tically, the flow would be expected to reverse direction and establish a natural
convection flow rate which should be adequate to cool the core. It should also
be noted that at low flow rates the peak temperature in the coolant may occur
upstream from the outlet (the heated slug has not yet reached the outlet),

The LEU fuel temperature is slightly higher due to the lower thermal conduc-
tivity of the fuel meat, but the coolant temperatures for the LEU and HEU
cases are virtually the same.

6.3.2 Slow Loss—-of-Flow Transients

The results for the slow loss—of-flow transients are shown in
Fig. 12 and in Table 27. The calculations were performed in the same manner as
for the fast loss-of-flow transient, but with a time counstant of 25.0 s. The
peak temperatures at the fuel centerline, clad surface, and coolant exit were
85.8°C, 83.9°C, and 58.9°C in the HEU core. In the LEU core, the correspond-
ing peak temperatures were 86.8°C, 83.7°C, and 58.8°C, respectively.
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TABLE 27. Tabulated Results for Transient Response of HEU and LEU
Benchmark Cores to a Loss—of-Coolant Flow with a Decay
Time of 25.0 s, a Scram Trip at 85% Flow, and a 200 ms Delay

Trip Time at 85% of Nominal Flow 5.08 s

T, °Cc (t, s)

"Peak Temperatures” HEU LEU
Fuel Center Line 85.8 (4.29) 86.8 (4.29)
Clad Surface 83.9 (4.29) 83,7 (4.29)
Coolant Outlet 58.9 (4.29) 58,8 (4.29)
At 48,0 s (15% Nominal Flow) T, °C

HEU LEY
Fuel Center Line 48.3 48,4
Clad Surface 48,2 48,3
Coolant Outlet 43,3 43,3

6.3.3 Slow Reactivity Insertion Transients

The slow reactivity insertion results are provided in Fig. 13
and Table 28. The faster HEU transient rises quickly to the 12 MW reactor
trip setting and shows a sharp narrow power burst. The peak power is 1l4.1 MW.
The slower LEU case shows a stronger prompt feedback from the Doppler component.
The result is a much broader burst, and even though the peak power just
exceeds the 12 MW trip point (12.4 MW) the energy released is larger for the
LEU core. As a consequence, the peak temperature at the clad surface reached
77.7°C in the LEU core and 69.0°C in the HEU core. The peak temperatures are
well below any critical values, and no boiling occured in either case.

6.3.4 Fast Reactivity Insertion Transients

Figure 14 and Table 29 show the results for the fast reactivity
insertion transients. The HEU and LEU cores with a $1.50/0.5 s ramp have very
similar behaviors. Since the LEU core has a shorter prompt neutron generation
time and thus a smaller minimum period, the peak power is reached slightly
earlier. The power burst for the LEU core is slightly narrower than for the
HEU case, and even though the peak power is slightly higher for LEU core the
energy release is lower. The peak temperature at the fuel centerline is about
13°C higher for the LEU core, largely due to the smaller thermal conductivity
of the fuel meat. The clad surface temperature is about 1°C higher for the
LEU core, and the maximum coolant outlet temperature is about 2°C lower for
the LEU core. A brief period of localized nucleate boiling is predicted for
the hot channel in both cores.
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TABLE 28. Tabulated Results for Slow Reactivity Insertion
Transients in HEU and LEU Benchmark Cores

HEY LEU

Ramp $0.10/s $0.09/s
Trip Time
@ 12 MW, s 10.62 11.87
Min, Period, s 0.10 0.11
P (ty), MW 14.1 (10.64) 12.4 (11.89)
Tegey (8D °C 70.6 (10.66) 80.6 (11.90)
Telaq (t)s °C 69.0 (10.66) 77.7 (11.90)
Toutler (t) °C 48.1 (10.74) 53.9 (11.93)
Errip, M 1.370 4.239
Ee s MJ 1.743 4,549
20,0 s
P, MW 0.0054 0.0146
E, MJ 2.288 5.299
All T, °C 38.0

ty = time to peak power; Etm = energy release to time of peak power.
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TABLE 29. Tabulated Results for Fast Reactivity Insertion Transients
in HEU and LEU Benchmark Cores

HEU LEU

Ramp $1.50/ 0.5 s $1.50/ 0.5 s $1.35/ 0.5 s
Trip Time
@12 MW, s 0.609 0.573 0.656
Min., Period, ms 15 12 17
P (tp), MW 132.0 (0.660) 147.7 (0.613) 63.2 (0.693)
By, W 3.26 2.95 1.54
Teye1 (tr 8), °C 170.9 (0.670) 183.4 (0.626) 114.8 (0.714)
Telad (t, 8), °C 155.9 (0.672) 156.7 (0.628) 108.0 (0.717)
Toutler (t, 8), °C 83.8 (0.780) 82.0 (0.735) 58.2 (0.826)

A comparison (Fig. 15 and Table 29) was also made between the
HEU core with a reactivity insertion of $1.5/0.5 s and the LEU core with a
$1.35/0.5 s insertion since absorber worths are generally lower in the LEU core
due to its harder neutron spectrum. The LEU core with a $1.35/0.5 s ramp
shows a characteristically slower rise to the peak values. The peak power and
the energy released to the time of peak power are less than half the values
reached in the HEU core with a $1.50/0.5 s ramp, and the peak temperatures are
correspondingly lower. No boiling is predicted for this LEU case.

For completeness, the HEU core was also run with the $1.35/0.5 s ramp.
These HEU and LEU results are compared in Fig. 16 and Table 30. The behavior
is very similar to the $1.50/0.5 s transients. Nucleate boiling is not pre-
dicted for either of these cases.

6.3.5 Comments on Results

The prompt Doppler feedback from the LEU fuel does not play a
strong role in the fast transients, and the LEU and HEU burst shapes are quite
similar. The rate of increase in power is primarily determined by the reactiv-—
ity insertion rate with only slight secondary differences due to the prompt
neutron generation time. The rate of decrease after scram is likewise
determined by the worth and rate at which the rods are inserted. The Doppler
feedback for slow reactivity insertion transients, however, can be a signifi-
cant factor in determining the shape and peak power in the LEU core. The HEU
core with $0.10/s ramp insertion shows a shape similar to the fast transients,
while the shape before scram for the $0.09/s insertion in the LEU core indi-
cates that this transient is already limited by the feedback reactivity.
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TABLE 30. Tabulated Results—-Comparison of Fast
Reactivity Insertion Transients at
$1,35/0.5 s in HEU and LEU Benchmark Cores

HEY LEU
Trip Time

@12MW, s 0.707 0.656
Min. Period, ms 20 17
P(ty), MW 55.7 (0.747) 63.2 (0.693)
Ee s M 1.58 1.54
Tpye1l (t,8),°C 107.6 (0.772) 114.8 (0.714)
Teiad (tr8), °C 103.8 (0.774) 108.0 (0.717)
Toutlet (t»8), °C 57.9 (0.880) 58.2 (0.826)

It should also be noted that these results do not include the effect of the
lower control rod worths predicted for the LEU core in Section 5, but the
differences in control rod worths for scram in the HEU and LEU cores are not
expected to significantly change the results of this study.

These results are also influenced by the methods, models, and
correlations used for the computations, as noted in Section 6.2. The fast
transient results are probably most strongly influenced by the choice of
models and correlations chosen for the predicted two—phase regime. The use of
other choices of correlations for these cases would suggest peak clad tempera-
tures 15-20°C lower than those predicted. The correlation chosen gives more
conservative estimates for the peak clad temperature, and the hot channel
peaking factors already include conservatism for uncertainties. The estimated
peak cladding temperatures are all well below the melting point of the clad,
and no film boiling is predicted.

6.4 Sensitivity of Results to Variations in Kinetics Parameters
and Thermal Conductivity

In this section, the influence of variations in some of the
kinetics and thermal parameters 1s considered. The thermal properties of the
HEU fuel are considered to be well established, and variations are considered
only in the thermal conductivity of the LEU fuel. The kinetics parameter
variations are limited to the prompt neutron generation time (A), the effective
delayed neutron fraction (B), and the moderator reactivity feedback coefficients.
Again, the $1.50/0.5 s transient for the benchmark cores is used as a base
case.

The results of changing the thermal conductivity of the LEU fuel

from the benchmark specification of 0.5 W/cmK to a maximum value of 1.50 W/cmK
in steps of 0.25 W/cmK are shown in Table 31. The largest change, as expected,
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occurs in the peak fuel temperature, and the smallest change is noted in the
peak clad temperature. The energy release to the time of peak power (not
shown) was virtually unchanged over this range. The differential change
decreases as the conductivity is increased. Any uncertainties in the thermal
conductivity would not have a significant impact on the LEU benchmark results.

Variations in the kinetics parameters A and 3 were assessed by
changing the base values (Section 2) by 10% in the HEU benchmark core. This
degree of change should not be taken as a reflection of the expected uncer—
tainty in these parameters. The results of these changes are shown in Table
32. It can be noted that for super prompt critical insertions the inverse
period is approximately (p-1)B/A, where p is the reactivity insertion in
dollars. Thus, increasing B is approximately equivalent to decreasing A by
the same amount. This approximate equivalence is confirmed in Table 32, These
changes in A (or B) might also be interpreted as variations in the reactivity
insertion rate. The largest changes are reflected in the peak power and
energy release values. A decrease in A (or increase in reactivity insertion)
results in a much larger increase in the peak power than a corresponding
increase in A produces.

Table 31. Changes with the Thermal Conductivity of the LEU Benchmark Fuel
for the $1.50/0.5s Insertion
Relative Changes, %*
Thermal

Conductivity, W/cmK P Truel Tclad Toutlet

0.75 +0.63 =3.1 +0.14 +0.44

1.00 +0.96 ~4.7 +0,22 +0.68

1.25 +1.17 ~5.7 +0.26 +0,.82

1.50 +1.,30 -6.3 +0.29 +0.91

*Base case with thermal conductivity

of 0.50 W/cmK

Table 32. Changes with the Prompt Neutron Generation Time (and Effective
Delayed Neutron Fraction) in the HEU Benchmark $1.50/0.5s Insertion
Relative Changes, %
Parameter .E Etm TFuel Tc1ad Toutlet
A+ 10% -19.0 -11.3 -5.1 -2,2 -10.3
A - 10% +27.8 +21.2 +6.6 +2.7 +13.3
g + 10% +24.3  +19.1 +5.7 +2.4 +11.6
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The results of changing the moderator reactivity feedback by *10%
for the HEU benchmark core are shown in Table 33, These changes produce a
much smaller effect than that produced by corresponding changes in A, Again
the changes introduced do not necessarily represent the expected uncertainty
in the reactivity coefficients, but the choice is useful for comparisons.
This degree of uncertainty, however, is probably not unreasonable in these
coefficients.

Table 33. Changes with the Moderator Reactivity Feedback in the HEU Benchmark
$1.50/0.5s Insertion

Relative Changes, 7%

Feedback

Coeff. Change, % E_ Etm Tryel Tclad Toutlet
+ 10% -1.4 ~-1.2 -0.43 -0.19 -1.3
- 10% +1.4 +4,2 +0.44 +0.19 +1.4

6.5 Self-Limited Transients

Although the transients specified for the benchmark cores do not
include self-limiting cases, it is of interest to consider cases where the
specified scram is removed.

Table 34 provides a comparison of both the HEU and LEU benchmark
cores for both protected and unprotected transients of $1.50/0.5 s. This
table also provides a comparison of some of the reactivity feedback coeffi-
cients and parameters for the HEU and LEU cases. Uniform (isothermal) co-
efficients with a uniform weighting were assumed. The prompt neutron genera—
tion time, A, and the Doppler coefficient show the largest changes with
enrichment, and these differences are largely responsible for the observed
differences in the transient results.

In the cases with scram, the influence of the larger Doppler co-
efficient for the LEU core is overshadowed by the negative reactivity from the
insertion of control rods. The shorter A for the LEU core produces a smaller
initial period and a faster rise in power. Consequently, the LEU case with
scram shows a slightly higher peak power than the HEU case. However, the
peak temperatures reached at the clad surface are very similar in both cases.

In the unprotected (self-limited) transients, the strong influence
of the large Doppler feedback in the LEU core is quite apparent. All of the
values recorded are substantially lower for this LEU case. The larger void/
density coefficient with LEU also contributes to the differences noted. The
prompt Doppler feedback in the LEU case dominates during the early stages of
the transient. The maximum clad surface temperature in all cases is substan—
tially below the melting point of 582°C for 6061 alloy. The LEU case shows a
margin to melting of about 320°C, while the HEU peak clad temperature is about
275°C below the melting point.
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TABLE 34, Self-Limited Transients: $1.50/0.5 s Cases
With and Without Scram for HEU and LEU Cores

Period, Telad» °C
Case ms P,MW (ty,s) Etm’ MWs at t; Max. (t,s)
With Specified Scram 14.5 132 (0.656) 3.26 131 156 (0.672)
HEU
Self-limited 14.5 371 (0.667) 7.30 220 308 (0.685)
With Specified Scram 11.9 148 (0.613) 2,95 126 157 (0.628)
LEU
Self-limited 11.9 283 (0.622) 5.56 181 263 (0.642)
Reactivity Coefficients and Parameters
Coolant
Temperature Void/density, Doppler,
A, us Beff $/°¢C $/% Void s$/°cC
HEU  55.96 7.607-3 1.537-2 0.3257 3.6-5
LEU 43,74 7.275-3 1.082-2 0.4047 3.31-3

Thermal Properties of Fuel Meat and Clad

Thermal Conductivity, W/cmK Specific Heat, J/gK
Fuel Meat Clad Fuel Meat Clad

HEU 1.58 1.80 0.728 0.892
LEU 0.50 1.80 0.340 0.892

6.6 Clad Temperature Limitations Compared with
SPERT I Experiments

The PARET code has also been used to determine the reactivity inser—
tion limits imposed by the clad melting temperature. A comparison of the
characteristics and parameters for the HEU benchmark core and for two SPERT I
cores (B-24/32 and D-12/25) are shown in Table 35. All of the results describ-
ed in this section are taken directly from Ref. 7.

The PARET options and parameters are identical to those derived
from the SPERT I comparisons in Ref. 7. These include the S-T correlation
for single-phase, the transition model with the B-R correlation for ONB, the
McAdams correlation for fully developed two—phase, the original Tong correla-
tion for departure from nucleate boiling, and the voiding model option. Based
on the favorable results from the SPERT I comparisons, this model should give
reasonable estimates for the peak clad temperature for the benchmark cores.
The clad melting temperature is taken as 582°C for 6061 alloy.
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TABLE 35. A Comparison of the Characteristics
and Parameters of the HEU Benchmark
Core and Two SPERT 1 Cores

HEU
SPERT I Cores Benchmark
Parameter B-24/32 D-12/25 __Core
Plates/Fuel Element, Std.

(Contl.) 24 12(6) 23(17)
Number of Standard Fuel Elements 32 20 21
Number of Contro Fuel Elements 0 5 4
Fuel Meat Thickness, mm 0.51 0.51 0.51
Clad Thickness, mm 0.51 0.51 0.38
Water Channel Thickness, mm 1.65 4,55 2,23
235y/plate, g 7.0 14.0 12.2
Temperature (spectrum)™

Coeff., $/°C -2,528-2 -2.801-2 ~-1.537-2
Void Coefficient, $/7% Void ~0.3571 -0.4214 -0.3257
Neutron Generation Time, Hs 50.0 60.0 56.0
Baff 0.007 0.007 0.0076
Peak/Ave. Power in Core 2.5 2.4 2.52

*Doppler Coefficient is negligible for all cases.

For the HEU benchmark core, a step insertion of ~$2.35 is the
limiting case, i.e. for step reactivity insertions larger than this limit the
peak surface temperature of the clad is predicted to exceed the clad melting
temperature. The results from the $2.35 step at the time of peak power are
compared with results obtained for the SPERT I D-12/25 core in Fig. 17. The
D-12/25 core included destructive tests which indicated extensive plate
melting for inverse periods greater than ~166s~! (~$2,36 insertion). The
agreement with experiment is remarkably good even though the two cores have
somewhat different characteristics. This similarity of behavior was also noted
in the diversity of cores considered in the SPERT I series of experiments
(Ref. 8). The damage line indicated in Fig. 17 (~140s™!) shows the thres-
hold for clad damage from thermal stress. The PARET code does not have the
capability of assessing any damages from thermal stress, but the threshold for
clad melting can serve as a useful indicator for the limits on reactivity
insertions,
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Measurements in the SPERT I D-12/25 Core.

The results for the SPERT I B-24/32 core are provided in Fig. 18.
Although this core did not include destructive tests, the HEU benchmark core
limiting case is included for comparison purposes. An extrapolation of the
data for the B~-24/32 core would suggest that the benchmark core would also
agree well with this SPERT I data.

Figure 19 provides a comparison of the HEU and LEU benchmark cores
showing the clad melting threshold for reactivity insertions over a range of
ramp durations (from a step to 0.75 s). The areas above the curves indicate
where clad melting would be expected. Also shown in this figure 1is the
corresponding maximum net reactivity inserted (the difference between the
external reactivity inserted and the reactivity from feedback). This maximum
generally occurs at the same time in the transient as the minimum period.

While the two curves in Fig. 19 for HEU and LEU fuel show some
similarties, they also show substantial differences. The LEU core can clearly
tolerate a larger reactivity insertion before clad melting than the HEU core.
The maximum step insertion is ~$2.80 for the LEU core compared to ~$2.35 for
the HEU core. Both curves show the same general shape. The ramp insertions
of short duration are equivalent to a step insertion. The entire ramp is
inserted before the power, temperatures, and feedback have increased substan-—
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Fig. 18, Comparison of PARET Calculations with
Measurements in the SPERT I B-24/32 Core.

tially, and the limiting reactivity insertion remains constant. For ramps

of longer duration, the feedback reactivity limits the net reactivity and

turns over the transient before the maximum of the ramp is reached. A limiting
ramp rate (constant slope) is reached, and a constant maximum net reactivity

is observed for each case. The limiting ramp rate for the LEU core, ~14.8 $/s,
is more than double that for the HEU core, ~6.4 $/s. The LEU core also shows
an earlier transition from the limiting step portion of the curve to the
limiting ramp rate range.

Table 36 shows the limiting cases for the LEU core with a 0.5 s
ramp as the Doppler and the larger void coefficient are eliminated to approxi-
mate the HEU case., The Doppler contributes about 2/3 of the difference noted
between the LEU and the HEU limits, the larger void coefficient contributes
another 287% of the difference, and the remaining 5% difference can be attri-
buted to other unresolved differences such as the prompt neutron generation
time, for example. The benefits of a prompt Doppler coefficient with LEU fuel
are clearly demonstrated by these results.
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TABLE 36. Feedback Components with 0.5 s Limiting Ramp

Relative Change

Case Limiting Ramp, $ (% of Total)
LEU Base 7.40 -
LEU without Doppler 4,60 -2.80 (67)
LEU without Doppler 3.40 -4,00 (95)
and with HEU void
Coefficient
HEU 3.20 4,20 (100)
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Appendix G-2
BENCHMARK CALCULATIONS

INTERATOM*
Bergisch Gladbach,
Federal Republic of Germany

Abstract

Results are provided for the safety-related benchmark problem with
HEU and LEU fuels. Additional results include a comparison of
decay heat power versus shutdown time in the HEU and LEU cores and
a comparison of the reactivity worths of an oval absorber and a
fork-type absorber.

The results presented in the German Contribution to

the Safety-Related Benchmark are based on the 10 MW-
Reactor Core defined for Neutronic Benchmark Calculations
in IAEA-TECDOC-233(1980) with the only alteration within
the central flux trap as described above. All calcula-
tions are carried out for the core status BOC with

xenon egquilibrium. The fuel used was HEU (93 w/o U 235)
and LEU (20 w/o U 235), resp.

Static Calculations

Prompt Neutron Lifetime

The prompt neutron lifetime was determined by calculating
the eigenvalue of the perturbated system in xy-geometry
and four energy groups. A perturbation of 1/v-behaviour
was inserted for the whole arrangement representing

the core plus reflector. In discrete energy groups

the following equation is valid

g L L}

_y2pJ479,59,1 g . X g'49" 491,591
{ -v?D +I 4L+ s}o £ é.vzf 7 +¢ D
The multiplication factors got when solving the above
equation with and without perturbation lead to
1l 8k
k ° As
Carrying out the calculations for HEU- and LEU-fuel,
resp. one gets

T -

lHEU = 54,5 us

I

Leu 42.2 us
Calculations with different xenon status result in

deviations of the order of 1 us for the prompt neutron
lifetime. The core state was BOC for all calculations.

* Work performed on behalf of the Minister of Research and Technology of the Federal Republic of

Germany.
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Delayed Neutron Fraction

From calculations with prompt neutron fission spectra
the delayed neutron fractions result as given below

HEU _

Bogg = 7-62 - 3
LEU _ _
Bagr = 7.32 - 3

Reactivity Feed-Back Coefficients

Reactivity Feed-Backs were calculated using the
following method:

First the INTERATOM burnup code MONSTRA was used to
calculate burnup-dependent cross-sections for the
different parameters such as fuel temperature, water
temperature and water density. These cross-sections
are obtained by taking over the burnup-dependent
isotopic concentrations from the MONSTRA-calculations
with the nominal values of the said parameters.

Secondly the cross-sections generated are used in two
dimensional diffusion calculations of the core with the
INTERATOM-code IAMADY in xy-geometry to get the reacti-
vity differences to the basic core calculation. The
codes used are described in more detail within TIAEA-
TECDOC-233, p. C-68/69.

Change of Water Density Only

The set of water density values used for the calculations

is presented in table 2.3-1. The range used is between
1.0 and .8 g/cm’. The reactivity differences are
adjusted against the reactivity at p_ = .9984 g/cm’
which is the nominal value for the c8re and which is
used during the work for IAEA-TECDOC-233. Up to

p.. = .9485 there is a relation between water density
and water temperature. The two pw—values beyond can
only be reached by partial voiding of the coolant.

Table 2.3-1: Reactivity Coefficients for Change of Water Density

u Only
o T HED TED
5/ cm? °C 8px1000 | 25 x10°/k”" 8px1000 | 28 x10°/Kk”"
w w

120 5. Y 0.371 ¥ 1.9 |+ 0.430 N
.9984 20. 0. 0.0 0.000 0.0
-9924 40. - 1.361 - 6.8 | - 1.584 - 10.1
29777 70. - 4.825 - 11.5 | - 5.679 - 13.5
.9485 | 113. -12.043 - 16.8 | - 13.971 - 19.5
.8986 | - -25.796 - 29.647
.7987 | - -59.233 - 66.890
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To simplify the overview over the results figure 2.3-1
{(upper right part) supplies a comparison of the
reactivity feed-back of water density only when using
HEU- and LEU-fuel, resp. The abszissa was scaled in
the water saturation temperature corresponding to the
density used. The figure demonstrates that this
reactivity feed-back is distinctly greater in case of
LEU-fuel than for the HEU-fuel.

P 2 g1 e g /163
Moderator Water
80 Temperature 8 0+ Density
Effect Effect
60 604

6 0 / 40

20 20
Moderator Moderator
Temperature/°C Temperature /* C
T U T T T T T T 1 T T T T T
0 20 30 L0 50 60 70 10 20 30 L0 50 60 70
_3 -
)49 110 )49 /103
8 0 Ooppler Void
Effect S Effect
16 0
&
6.0 4 12 0 A
<
o4
10 0 /
& 0 80 /
60 /
20+ & 0 /
Fuel 207
__ _HEy_Temperature/°( Void_Fraction/%e
T T T T T T T T -
200 400 600 1. 2. 3 b, 5.

FIG. 2.3-1. Isothermal reactivity feedbacks for HEU and LEU fuels:
changes in moderator temperature only

fuel temperature only

water density only

water voidage only.
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Table

Change of Moderator Temperature Only

The split up of the moderator feed-back into density
effect and temperature effect means that the physical
effect taken into account under moderator temperature
only is the different movement of the hydrogen atoms

at different temperatures whereas the moderator density
was .9984 g/cm’® throughout these calculations. The cal-
culational way used here is based on the work done by
Nelkin and Kappel & Young, i. e. on a theoretical

model rather than measured cross-sections. The results

are presented in table 2.3-2 for three water temperatures

(20, 40, 70 °C). The resulting feed-backs are somewhat

less negative for the LEU~-fuel than for HEU. Figure 2.3-1

(upper left part) compares the results for both fuels
under consideration.

2.3-2: Reactivity Coefficients for Change of Water

Temperature Tw Only

HEU LEU

°C

ﬁ—g x10° /K" ppx1000 | 22 x10%/x”

W w

Apx1000

20
40

70

0. 0.
- 2.093 - 10.47 - 1.569 - 7.85
- 5.389 - 10.98 - 3.863 - 7.65

2.3.3
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Change of Fuel Temperature Only

The third variable to take into account is the fuel
temperature. It is well known that the so-called
Doppler-effect of HEU-fuel is rather small as

may be seen from table 2.3-3. For LEU-fuel the
coefficient for the fuel temperature 1is of the same
order as the other two effects discussed above,
which is indeed a favourable effect of the LEU-fuel
especially as the Doppler-effect is prompt. On the
other hand the favourable Doppler-coefficient enlarges
the cold-hot swing in case of the use of LEU-fuel,
but this effect is still relatively small.

The fuel temperatures which were calculated by the
MONSTRA-IAMADY-way are 60, 260, and 460 °C.

Figqure 2.3-1 (lower left part) compares results

for LEU and HEU. The water density within these cal-
culations was fixed to .9984 g/cm®,

Void Reactivity Feed-Back

It is quite obvious that the results of table 2.3-1
for the water density effect only can also be used

to get the so-called void coefficient. When following
this line the results can be composed as in table
2.3-4 as well as in figure 2.3-1 (lower right part)
versus the parameter voidage, i. e. the relative

void fraction based on the nominal water density

of .9984 g/cm®. Here again we get the somewhat higher
feed-back for the LEU-fuel corresponding to the
density effect described above.



Table 2.3-3: Reactivity Coefficients for Change of Fuel

Temperature TF Only

TF TF HEU LEU
°C K apx1000 | 48 x107/k™" | apx1000 | 28 x107/k”]
ATB ATB
60 333 0. - 0. -
260 533 -.0725 - 3.62 - 3.96 - 198.
460 733 -.1178 - 2.27 - 7.28 - 166.
Table 2.3-4: Void Reactivity Coefficients
P Voidage HEU LEU
g/cm’ % _ _
5/ cm® $ 20x1000 | 22 x107/37"|  apx1000 [ 22 x107/87"
W W
1.0 -.160 + 0.371}1 - 2.32 + 0,430 - 2.69
.9984 - 0. - 0. -
.9924 .601 - 1.361) - 2.27 - 1.584 - 2.64
.97717 2.073 - 4.825) - 2.35 - 5.629 - 2.75
.9485 4,998 - 12.043 ) - 2.47 -13.971 - 2.85
.8986 9.996 - 25.796 | - 2.75 -29.647 - 3.14
.7987 20.002 - 59.233] - 3.34 -66.890 - 3.72

In extension of the global void reactivity feed-backs
local void feed-backs were calculated reducing the
density in specific fuel elements of the different

cO

re zones.

For the inner core zone the fuel element

SFE-3 was inserted with reduced moderator density;
the outer core zone is represented by fuel element
SFE-3 which is neighboured to the graphite reflector,
as well as by fuel element SFE-4 which is surrounded
All core calculations were
carried out using homogeneous xenon-equilibrium at

by water on two sides.

the begin of the cycle.
were calculated in each case,

Two percentages of voidage

5 % and 10 %. Table

2.3-5 presents the results for the reactivity feed-
backs. These results reflect the overall tendency

somewhat higher
values for LEU-fuel and nearly doubling the values

got for the global void feed-back,

when changing from 5 to 10 % voidage. The differences
between inner and outer zone are comparatively small.

Table 2.3-5: Local Void Feed-Backs

Enrichment Fuel Element Reactivity Step Reactivity Step
Voided at 5 %-Voidage at 10 %-Voidage
SFE-3 Ap = - 0.54 o/o0 AP = - 1.11 o/00

HEU SFE-2 Ap = - 0.46 o/o0 Ap = - 0.96 o/o0
SFE-4 Ap = - 0.40 o/00 Ap = - 0.81 0/00
SFE-3 Ap = - 0.60 o/co Ap = - 1.22 o/oo0

LEU SFE-2 Ap = - 0.63 o/oo Ap = - 1.28 o/oco
SFE-4 Ap = - 0.42 o/oo Ap = - 0,84 o/00
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Power Peaking Factors

The radial power peaking factors for the benchmark

core as specified in TIAEA-TECDOC-233 (including the
small alteration at the flux trap mentioned above)

are calculated in xy-diffusion calculation by code

IAMADY.

Radial Fuel Element Power Peaking Factors

One of the basic outputs of xy-core calculations

are the power peaking factors computed element-wise.
To check the calculational methods there is a definite
list of different calculations needed with different
replacements in the nominal core. So the radial fuel
element power peaking factors are composed in table
2.4-1.

Local Power Peaking Factors

Whereas method and results are obtained straight-
forward for the element-wise factors the local power
peaking factors caused some problems. This is due

to the fact that the height of the local value depends
on the mesh-width in the core calculation, as the
local peaking factors (mesh peaking factors) are
calculated by the code IAMADY using the power in

the respective mesh interval.

In case one has a clear flux gradient across one fuel
element expecially in the thermal energy region,

it is quite obvious that the local power peaking
factor will be enlarged when reducing the mesh up

to almost a point. That may be interpreted as the
maximum local power peak. A good approximation in
calculating the local peaking factor is to take the
value at the edge of the mesh interval with the highest
power. As such edge values are not calculated for

the power or power peaking factor by IAMADY the local
power peaking factor (edge value) was determined

via the thermal flux by the ratio of the maximum

flux at the edge of the mesh interval with the highest
power and the average flux of the fueled part of

the respective element.

Beside the radial fuel element power peaking factors
in table 2.4-1 the mesh peaking factors as well as
the local peaking factors and the total peaking fac-
tors are indicated.

Remark on the Results

It must be mentioned that all calculations on power
peaking factor in the way and the philosophy they
are calculated here are not binding for a licensing
procedure in the Federal Republic of Germany. The
results serve the task of comparing methods mainly.
In this specific sense they are of great interest
for the different calculators.



Table 2.4-1 Radial Fuel Element Power Peaking Factors

(Substitution by Fresh Fuel Elements in Core with

Xenon~Equilibrium)

Core Status Element Radial Mesh#** Local Totalx
Peaking | Peaking| Peaking| Peaking
Factor Factor Factor Factor
HEU
no substitution SFE-1 1.031 1.268 1.508 1.555
CFE-1 substituted| CFE-1 1.327 1.173 1.295 1.718
SFE-1 substituted | SFE-1 1.122 1.272 1.506 1.690
LEU
no substitution SFE-1 1.022 1.293 1.664 1.700
CFE-]1 substituted | CFE-1 1.268 1.148 1.281 1.624
SFE-1 substituted | SFE-1 1.112 1.349 1.661 1.847
LEU 1in HEU
no substitution SFE-1 1.031 1.268 1.508 1.555
CFE-1 substituted | CFE-1 1.492 1.217 1.417 2.114
SFE-1 substituted | SFE-1 1.255 1.324 1.597 2.004

Radial Peaking Factor x Local Peaking
Factor
Dependent on the Actual Mesh Choice

* Total Peaking Factor =

x %

Decay Heat Power

For both the fuels under investigation (HEU-fuel with
280 g U 235, LEU-fuel with 390 g U 235) the decay heat
power was calculated according to the draft of the
German Standard DIN 25463, dated April 1980 which is
very similar to the US-Standard ANSI/ANS~5.1-1979.

Figqure 2.5-1 presents the decay heat power of the
defined core configuration for both fuels not including
the contribution of the delayed neutrons. Whereas for
very short shutdown-times the deviation between the two
curves of figure 2.5-1 is rather small, for longer
periods of shutdown the differences grow up to 10 %
after 30 days approx. and beyond 40 % after more than
1000 days. This will be demonstrated more clearly by
figure 2.5-2 which presents the deviation of the overall
decay heat power of the LEU-case from the HEU-case.

Moreover it was checked, which contributions are
responsible for the overall deviations:

- figure 2.5-3 presents the relative deviation of
the contribution of the fission products which is
responsible for the 40 %$-deviation in the area
of 1000 days shutdown-time.

- figure 2.5-4 adds the absolute deviation of the
contribution of the actinides. The main contribution
of the actinides to the deviation in decay heat
power is in the area of short shutdown-times.
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FIG. 2.5-1. Decay heat versus shutdown time for 10 MW benchmark core with HEU and LEU loading, respectively.
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the gelative maximum in figure 2.5-2 in the area of
2,107 s is an effect of a correction of the contri-
bution of the fission products due to the neutron
capture in fission products excluding Cs 133. This
correction determines the differences between the
curves of fiqure 2.5-2 and 2.5-3 mainly.

the contribution of CS 133 calculated separately
is such a small one that any deviation of it

does not influence the overall result even

though this contribution is enlarged by a factor 2
approx. when changing from HEU to LEU.
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For the calculations the following model was used:

- for the incore time of the different fuel elements
the burnup was transferred to full power hours;
no shutdown periods were taken into account.

- the local power peaking factors of the different
fuel elements were not taken into account, i. e.
a uniform power distribution was assumed.

This somewhat simplified modelling will not influence
the principal result when comparing the two fuels under
the decay heat aspect.
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Control Rod Worth

All calculations needed to obtain the control rod worths
for the 10 MW-core loaded with different fuels are

based on the method of adjusting absorption rates.

How to use this method properly was extensively checked
outside the calculations needed for the defined benchmark.
These tests used one-dimensional (Program IANSN) as

well as two-dimensional (Programs DOT 2 and DOT 4/2)
transport calculations to take all heterogenities

into account for the basic fixation of the absorption
rate in the absorber cell. This cell comprises the

area of those three fuel plates omitted to bring in

the absorber blade and its guiding plates. In the
opposite direction the cell is extended such to

include the structure parts of the fuel element

(comb plate) up to the measures of the grid plate

area the control element is put into. By a transport
diffusion absorption rate adjustment the four group
macroscopic cross-sections were obtained for the core
diffusion calculation in the xy-model. The detailed
investigations carried out have set clear that a
separate consideration of the inner part and the outer
part of the absorber cell in the diffusion calculations
improves the results insomuch as this separation of
areas with different heterogenity reflect much better
the results of the 2-dimensional transport calculations.
Whereas the absorption rate adjustment was carried out
in a one dimensional model, the effectiveness calcula-
tions were performed in two dimensions. The 10 MW-bench-
mark cores were calculated in two states. The first state
uses only fresh fuel in the core set-up instead of the
burnup-distribution originally specified. The second
state takes into account the different burn-ups of the
different fuel elements.

Table 2.6~-1 composes the results got for the

HEU- and the LEU-fuel, resp. Two types of absorber
materials were calculated, the AgInCd-blades and

the boron-blades. It is a clear outcome of these
calculations that the absorber effectiveness of the
4 absorbers in the HEU-case is higher than in the
LEU-case and, moreover, that calculations with fresh
fuel underestimate this difference between HEU- and
LEU-shutdown margin.

Tests were also carried out by changing the burnup
state of the fuel surrounding the absorber cell when
calculating the macroscopic absorber cross-sections.
Such influences are rather small. Corresponding changes
in the absorber effectiveness are .1 % maximum.

If one compares this reduction with the differences

in burn-up reactivity loss during cycle (see for ex-
ample IAEA-TECDOC-233, table 2-19: Ap = 2.18 % in

the HEU-case and Ap = 1.03 % in the LEU-case, if

equal MWd per cycle are assumed) the consequence is
that the reduction of absorber effectiveness will not
be compensated by the reduction in reactivity loss due
to burn-up. In case of equal percentage of loss of

U 235 during cycle the cited table reflects an even
more disadvantageous relation.



Table 2.6-1:

Control Rod Worths

HEU-fuel LEU-fuel Difference
HEU-LEU

AgInCd-Absorber
fresh fuel - _
in core Ap = 13.3 & Ap 11.7 % 1.6 %
core with
specified Ap = 16.9 3 Ap = 14.2 % 2.7 %
burnup

B-Absorber
fresh fuel _ -
in core Ap = 17.2 % Ap = 15.3 % 1.9 %
core with
specified Ap = 21.3 % Ap = 18.3 % 3.0 %
burnup

So the total control rod worth available specifically
in case one rod stucks may influence the decision about
the fuel for the core conversion as well as the cycle
length possible for a specific reactor. Case by case
calculations are needed to assess the potential
available.

Comparison of the oval absorber and fork-type absorber

Somewhat outside the basic benchmark calculations in-
vestigations were performed to compare the effective-
ness of different absorber design. Figure 2.7-1 shows
typical oval absorber and fork-type absorber designs,
respectively both based on the 23 fuel plate elements.

The absorber blade consists of an AgInCd-alloy with a
steel canning, the guide plates are made out of Al.
The material of which the oval absorber consists is
natural boron carbide (B4C) with a layer of cadmium.

These absorbers were compared with each other with
regard to their shutdown efficiency which is defined
by

= (kg = %)/ (ky « k)

where k are the effective multiplication factors
of the ite%-of-rod status and the shutdown status, resp.

The calculations the comparison is based on are carried
out with the DOT-4-code in S-4 approximation and 4 ener-
gy groups.

For the fuel we chose a typical fresh HEU-fuel with
180 g U5 in 23 plates per FE. The core was modelled
by an infinite lattice made up out of S FE and 1 CE
regularily (Figure 2.7 - 2).
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Cross Section of the QOval Absorber Cross Sechion of the Fork Type Absorber
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Form the homogeneous DOT-4-calculations we found the
following k:

Oval absorber: shutdown case keff = 1.21629
follower case*k fF = 1.38361

ett = 9,94 3
Fork-type absorber: shutdown case k £ = 1.17680
follower case*keff = 1,40025
ell - 13.56 3

This shows an improvement of the shutdown efficiency
by the fork-type absorber of about 36 %. The result
corresponds to measurements performed in Germany.

Dynamic Calculations

Method of Analysis

The calculations were performed with the INTERATOM
version of the thermal hydraulic code COBRA IIIC (1).
The following modifications in the original code were
necessary in order to apply it to the steady- state and
transient analysis of plate-type fuel elements:

- the cross flow calculations will be bypassed if
laterally closed coolant channels are specified

- at steady state and at each time step the flow
distribution at the core inlet will be corrected
iteratively requiring that the pressure drop
across each coolant channel is equal to the core
pressure drop. The iteration will be terminated
if the inlet flow distribution changes by less
than a specified amount.

- suitable heat transfer correlations were added
which handle forced convection and boiling
heat transfer

- weighted average values for fuel temperature,
coolant density and coolant temperature in
the core are calculated at steady state and at
each time step

- different time steps can be chosen in the
course of a transient

The major modification was the addition of a point
kinetics module to COBRA IIIC which calculates at

the end of each time step the power which is produced
in the meat during the following time step. Besides
specified external reactivities the module takes into
account feedback effects caused by changes in the fuel

* fully withdrawn absorbers, with followers

(1)

D. S. Rowe: "COBRA"™ IIIC: A Digital Computer Program for
Steady-State and Transient Termal-Hydraulic Analysis of
Rod Bundle Nuclear Fuel Elements", BNWL-1695, 1973
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and coolant temperature. The time step is initially
imposed by COBRA IIIC. The module subdivides this time
step for the kinetics calculations if necessary and
feeds back the energy released in the fuel during the
desired COBRA IIIC time step. In case a scram or trip
occurs within such a time interval the module overrules
the specified time step and initiates an additional
thermal hydraulic calculation.

3.2 Calculational Model

The core is represented by two coolant channels. One
channel describes the thermal hydraulic behaviour of
the core and the other channel represents the hot
channel in the core. The core height is divided into
25 axial intervals of equal length, the fuel plate
is modelled by 7 nodes in the lateral direction. For
the analysis of the reactivity insertion transients
the size of the COBRA IIIC time steps was adjusted
depending on the rate of change of the variables to
be fed back into the kinetics module. For the loss
of flow transients the time step was not changed in
the course of the transient. In each case, however,
it was made sure that the results obtained were
independent of the size of the time step.

3.3 Reactor Description

The calculations were performed for the 10 MW core
used for neutronics bench mark calculations as
described in IAEA~-TECDOC-233. A radial nuclear hot
channel factor of 1.4 and an axial nuclear hot
channel factor of 1.5 has been chosen. The axial flux
shape has been approximated by a chopped cosine
distribution. For the engineering hot spot factor and
the engineering hot channel factor values of 1.095
have been applied. The following reactivity co-
efficients for the HEU/LEU core have been used (see

chapter 2.3): change of fuel temperature -3.6 x 10—7

/
- 1.98 x 107° 1/K, change of moderator temperature
-1.05 x 10" %/-0.78 x 107¢ 1/K and change of moderator

density 2.27 x 107 %/2.64 x 1074 3 /i q.
3.4 Results

The four transients specified in (2) were analysed
for the HEU and LEU core:

1. Fast Loss-of-Flow Transient
2. Slow Loss-cof~-Flow Transient
3. Slow Reactivity Insertion Transient
4, Fast Reactivity Insertion Transient

{(2) Letter dated April 15, 1981 from Dr. Matos/ANL to
participants of Vienna-meeting (March 9 - 11, 1981)

78



.1

Fast Loss-of-Flow Transient

The most important results are listed in Table 3-1.
Figure 3-1 shows the thermal power generated in the
fuel as a function of time. In Figure 3-2 the
coolant outlet temperature and the maximum meat and
clad temperature for the hot channel are plotted vs.
time. Fig. 3-3 presents the minimum bubble detach-
ment parameter n defined by

v(z) . (Ts(z) - TB(z))

n{z) =
qu (Z)
where v coolant velocity
TS saturation temperature
'I‘B bulk coolant temperature
q heat flux
4 distance from channel inlet

at different times. The bubble detachment parameter n
is a measure for the safety margin against occurrence
of excursive flow instability in a coolant changel.
The stability threshold may be set at n ~ 40 cm”~ K/Ws
for the purpose of this evaluation.

Table 3-1: Fast Loss of Flow Transient

Fuel HEU LEU

Initial Power, MW 12 12

Initial Flow Rate, m3/h 1000 1000

Time Constant for Flow

Delay, s 1 1

Flow Trip Point, % 85 (0.163)* 85 (0.163)
Time Delay, s 0.2 0.2

Power Level at Scram, % 115.4 (0.363) 114.0 (0.363)
Peak Fuel Temperature, °C 91.0 (0.363) 91.9 (0.363)
Peak Clad Temperature, °C 89.5 (0.380) 89.3 (0.363)
Peak Outlet Temperature, °C 56.5 (0.460) 56.4 (0.460)
Min. Bubble Detachment

Parameter, cm K/Ws 256.7 (0.380) 258.1 (0.380)

*) Quantities in parentheses

which values occur

indicate time (in seconds) at




e/Q,

J Tnpl ‘ Scram
1

1.2

x
™
c
~—
™
c

0.6 _
t
" - : N
! I \
. | |
: i
' 1
0.2 ’ . ;
| | |
1 |
\ !
0 " | i |
0 0.05 01 015 0.2 0.25 0.3 0.35 04 0,45 0.5 t/s
FIG. 3-1. Fast loss of flow transient: relative power generated in the fuel.
1/%
100 -
95
-t~ T
— - ~N 1
" ‘ e~
Y -—//
L S T,
X
80 -- —
\
N

7 -

|

!
70 i —— e et —-t- -
65 :

E——r Y
ol— o m——=- LEU
55 + — —— v
50
0 0,05 01 0.15 0.2 0.25 0.3 0,35 0.4 0.45 05t/

FIG. 3-2. Fast loss of flow transient: maximum fuel and clad temperatures, hot channel coolant exit temperature.

80



1

tmiK / ws

&00

350

300

250

———— HEU

———— LEU

200

3.4.2

3.4.3

3.4.4

0,05 0. 015 0,2 0.25 0.3 0,35 0.4 0,65 0,5

FIG. 3-3. Fast loss of flow transient: minimum bubble detachment parameter.

Slow Loss-of-Flow Transient

The relevant information on these transients is given
in Table 3-2. Figure 3-4 is a plot of the power
generated in the fuel as a function of time. The
maximum coolant outlet temperature and the fuel
plate temperatures are shown in Figure 3-5 and the
bubble detachment parameter in Figure 3-6 for various
times.

Slow Reactivity Insertion Transient

The results of these analyses are summarized in Table
3-3. Figure 3-7 presents the power generated in

the fuel plates as a function of time. The maximum
coolant outlet temperature and fuel plate
temperatures are plotted in Figure 3-8 and the
bubble detachment parameter n in Figure 3-9 vs. time.

Fast Reactivity Insertion Transient

A summary of the results for these transients is
presented in Table 3-4. In Figures 3-10 to 3-12
the transient behaviour of the power, the

maximum coolant outlet and fuel plate temperatures
and the bubble detachment parameter n is shown.

t/s

Text cont. on p. 88.
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Table 3-2: Slow Loss of Flow Transient

uel HEU LEU

Initial Power, MW 3 12 12

Initial Flow Rate, m /h 1000 1000
Time Constant for Flow

Decay, s 25 25
Flow Trip Point, % 85 (4.063)* 85 (4.063)
Time Delay, s 0.2 0.2
Power Level at Scram, % 115.5 (4.263) 114.6 (4.263)
5eak Fuel Temperature, °C 87.4 (4.263) 88.2 (4.263)
Peak Clad Temperature, °C 85.8 (4.263) 85.5 (4.263)
Peak Outlet Temperature, °C 55.6 (4.263) 55.4 (4.263)
Min. Bubble Detachment

Parameter, cm K/Ws 293.2 (4.263) 295.4 (4.263)

*) Quantities in parentheses indicate time (in seconds) at
which values occur
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FIG. 3-4. Slow loss of flow transient: relative power generated in the fuel.
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Table 3-3:

Slow Reactivity Insertion Transient

Initial Power, W

Trip Point,

Flow Rate, m~/h

Time Delay, s

Minimal Period, s

Peak Power, MW

Total Energy Release to
Time of Peak Power, Ws
Total Energy Release
beyond 12 MW, Ws

Peak Fuel Temperature,
Peak Clad Temperature,
Peak Outlet Temperature,
Min. Bubble Detachment

Parameter, cm3K/Ws

°C
°C

°C

1
12 (10.569)*
1000
0.025
0.10 (10.520)
14.36 (10.594)

1.526 x 10°
5.0 x 103
70.5 (10.61)
69.2 (10.62)
45.2 (10.70)

483.0 (10.62)

Fuel HEU LEU
Reactivity Insertion
Rate, c/s 10 9

1
12 (12.028)
1000
0.025
0.11 (11.300)
12.18 (12.053)

5.936 x 10°
1.9 x 103
80.8 (12.06)

78.1 (12.06)
51.1 (12.10)

373.6 (12.06)

*) Quantities in parentheses indicate time (in seconds) at

which values occur
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FIG. 3-7. Slow reactivity insertion transient: relative power generated in the fuel.
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Table 3-4: Fast Reactivity Insertion Transient

Peak Power, MW

Total Energy Release to
Time of Peak Power, Ws

Peak Fuel Tempera-
ture, °C

Peak Clad Tempera-
ture, °C

Peak QOutlet Tempera-
ture, °C

Min. Bubble Detachment

3
Parameter, cm K/Ws

135.1 (0.650)

6

3.14 x 10

173.4 (0.665)

160.0 (0.665)

70.7 (0.783)

33.8 (0.670)

62.9 (0.688)

6

1.59 x 10

111.0 (0.708)

105.1 (0.710)

52.0 (0.840)

206.2 (0.710)

Fuel HEU LEU LEU
Reactivity Insertion

Rate, $/S 3 2.7 3

Max. Reactivity, $ 1.5 1.35 1.5
Initial Power, W 1 1 1

Trip Point, MW 12 (0.6047)* 12 (0.6497) 12 {0.5686)
Flow Rate, m3/h 1000 1000 1000

Time Delay, s 0.025 0.025 0.025
Minimal Period, s 0.014 0.017 0.012

143.9 (0.608)
2.83 x 106
185.8 (0.625)
168.2 (0.625)

63.2 (0.740)

45.8 (0.635)

%) Quantities in parentheses indicate time
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Discussion and Conclusions

Fast Loss-of-Flow Transient

It is evident from Table 3-1 and Figures 3-1 to

3-3 that the transients are almost identical for

HEU and LEU fuel. Though the negative net reactivity
due to the increase in coolant and fuel temperature

is slightly larger for LEU fuel this doesn't affect
the power level at scram very much. The temperature
increase stays below 8 K and the safety margin against
excursive flow instability reduces by 25 % compared

to steady-state conditions. Since there is still

a factor of about 6 between the acceptable and the
actual minimum safety margin against flow instability
this transient doesn't endanger the core for both types
of fuel.

Slow Loss-of-Flow Transient

Table 3-2 and Figures 3-4 to 3-6 show that again

the transient behaviour of the core for both types of
fuel is almost identical. The temperature increase is
less than 4 K and the stability safety margin is
reduced by 14 % but still amounts to about 7. As for
the fast flow coastdown we conclude that this
transient doesn't cause any problems for HEU and LEU
cores.



Slow Reactivity Insertion Transient

As can be seen in Table 3-3 and Figures 3-7

to 3-10 the HEU and LEU cores behave markedly
different. In the HEU case the trip point is

reached earlier because the reactivity feedback

is less than for the LEU core. Consequently the

peak power is higher too. On the other hand the

total energy released to the time of peak power

is by a factor of 3.9 higher for LEU than for HEU.
Therefore the coolant and fuel plate temperatures

for the LEU core are above the ones for the HEU

core. In line with this behaviour the safety margin
against flow instability 1s lower for the LEU core
than for the HEU core. It is interesting to note, how-
ever, that even for the LEU core the peak coolant

and fuel plate temperatures are slightly below and the
flow stability safety margin is about 10 % above the
values reached at steady state under overpower con-
ditions.

Thus we conclude that the transition from HEU to LEU
aggravates this type of transient somewhat, but that
the consequences are still less severe than that one
encountered during steady-state operation of the core
at overpower.

Fast Reactivity Insertion Transient

First the different behaviour of the HEU- and LEU-core
after the ramp insertion of 1.5 $ will be discussed.
The trip point is reached somewhat earlier and the
peak power is slightly higher for LEU than for HEU.
The total energy release for time of peak power is
marginally lower for LEU than for HEU but more energy
is stored in the fuel plates for LEU and thus these
temperatures are a few degrees above the HEU-case.
The flow stability margin is 36 % higher for LEU than
for HEU. In conclusion we can say that this type of
transient has comparable consequences for the HEU-
and LEU-core.

The reduced reactivity insertion for a LEU-core, i. e.
1.35 $ in 0.5 s, causes a much less severe transient
than the 1.5 $ transients discussed above.
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Appendix G-3
IAEA SAFETY-RELATED BENCHMARK CALCULATIONS

Y. NAITO, M. KUROSAWA, Y. KOMURO,
R. OYAMADA, Y. NAGAOKA

Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken,

Japan

Abstract

The results of static and transient calculations are provided for
the TAFA safety-related benchmark problem.

1. Static Calculations for a 10 MW Light Water Research Reactor

by Y.Naito, M. Kurosawa., and Y.Komuro

1.1 Calculation Method

The neutronic calculations have been performed with the computer
code system RETER-ACE which was used for solving the previous IAEA
benchmark problems for light wvater research reactors (IAEA-TECDOC-233,
1980). Treatment of fission products is different from the previous one
where only three lumped fission products are assumed. In the present
calculations important decay chains are selected and the birth and
decay of indivisual isotopes which belong to the chains are calcu-
lated without lumping the fission products. The less-important fission
products are lumped into one pseudo nuclide. In the RETER-ACE system,
26 energy cross sections (MGCL 26) are applied for cell burn—up calcu-
lation and collapsed to 3 or 4 group constants with burn-up dependent
neutron energy spectrum for succeeding diffusion calculations. The cut
off energies for 3 groups are 5.53 Kev and 0.68256 ev. For cell calcu-
lation, one dimensional Sn transport routine ANISN-JR is used, and for
core calculation two dimensicnal diffusion routine 2DFEM with finite
element method is used. With this 2DFEM, not only an effective multi-
plication factor of a core is calculated but also neutron generation
time, effective delayed neutron fraction and so on are obtained with
both real and adjoint fluxes.

1.2. Computed Results
The reactor cores for this calculations are same as the 10 MW
reactor used tor the previous neutronics benchmark calculations except
the more realistic structure of central irradiation channel box.
1.2.1 Prompt Neutron Generation Time and Delayed Neutron Fraction
Delayed neutron energy spectra and fraction data are derived from
Keepin (Physics of Nuclear Kinetics by G.R. Keepin). The computed

results of prompt neutron generation time and delayed neutron fraction
at the BOL core are shown in Table 1.
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Table 1 Prompt Neutron Generation Time and Delayed
Neutron Fraction at BOL
HEU LEY
A(us) 57.60 44,39
Bors(3) 0.744 0.7219

1.2 2 Isothermal Reactivity Feedback Coefficients
Changing water temperature, water density,
effective multiplication factors keff
With these computed results, 1sothermal
cients are obtained.

and fuel temperature,
at the BOL core are computed.
reactivity feedback coeffi-

Change of water temperature only
ke ke ok ks f ok Ok sk sk ok e ok ok ok sk ok ok ok sk ok ok ok ok ok Kok K

Yalues of keff were computed for water temperature of 27°C, 50°C,
and 100°C taking i1nto consideration of the different movement of the
hydrogen atoms at different temperature where the moderator density was

assumed to be 1 O g/cm3

presented 1n

Table 2

throughout these calculations

Table 2 Reactivity Coefficient for Change of Water Temperature
_ 3
Tw Only (pw = 1,0 g/cm™, BOL)
Tw HEU LEU
°c sox10® 2P Apx10 %%—xlos
b W
W

27 _—- ——- .- ---

S0 -2.32 —10.09 -2.15 - 9.35

100 -8.23 -11.82 -6.26 - 8.22

Change of water density only
kKRR R sotoRoR sk kok ook ok oRRoR KoKk kK

Values of keff were computed for water densities of 1.0, 0.993,
0.975, 0.958, 0.900 and 0.800 where the moderator temperature
assumed to be 27°C throughout calculations. The results are

presented i1n Table 3.

Change of fuel temperature only
oo ok ok ok sk e stk ok sk ofesk sk sk sk ok ok sk skt ok ok ok ok sk sk

Values of Keff wvere computed for fuel temperature of 27°C,

200°C and 287°C wvhere the moderator temperature and density were
assumed to be 27°C and 1.0 g/cm® respectively throughout
calculations. The results are presented in Table 4.
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Table 3 Reactivity Coefficients for Change of Water Density

Py Only (T = 27°C, BOL)

Fy T, HEU LEU

g/cm® °C 80x10° %g—x103 %%—xlos Apx10° %g—xloS %$~x105

W W W W

1.0 a. 1.37 195.7 4.03 1.53 218.6 4.50
993 38. - —-- .- - - -
.975  75. | -3.42 -190.0  -10.82 -4.18 -232.2 -11.80
958  100. | -6.95 -207.6  -14.12 -8.30 -242.4 ~16.48
.900 -19.80 -221.6 221,73 -231.6

.800 -45.99 -261.9 -53.10  -313.7

Table 4 Reactivity Coefficients for Change of Fuel
Temperature T, Only (Dw = 1.0 g/cm3, 8OL)

TF HEU LEU

o Apx103 %%—-xlos Aox10> 2? x10°
F F

27 - - --- ---

100 - 0.068 -0.093 -1.390 - 1.904

200 -0.125 - 0.056 -3.210 - 1.820

287 - 0.160 - 0.040 -4.708 - 1.722

Table 5 compares the initial slope of the above three reactivities
as coefficients for a temperature change from 27°C to 100°C, The LEU
core has slightly large initial feedback slopes than the HEU core.

1.2.3 Control Rod Worths

The averaged cross sections of control elements were obtained by
a one-dimensional Sn routine ANISN-JR. The model for cell calculation
is shown in Fig. 1. Reactivity worths of four control elements 1in the
core are shown in Table 8.
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Table § {nitial Slopes of Reactivity Components
(27°Cc—>1p0°C)
HEU LEU
Effect Bp/BTX10°/°C Ao/ 8TX10°/°C
Water Density -11.210 -13.387
Water Temperature -11.274 - 8.575§
Fuel Temperature - 0.093 - 1.904
Total -22.577 -23.866
Table 6 Control Rod Worth at BOL
HEU LEU HEU-LEU
Absorber | Control Rod Worth | Control Rod Worth ApH—ApL
8p,, (3AK/K) 8p, (34K/K) (%8K/X)
Ag-In-Cd 17.47 13.94 3.53
B4C 23.08 19.03 4.05
Absorber Ni Extra{0.0402x3) /&
~ Fuel
™ .
H.0 | Al |H20 DAl mest) 1H201  Fuel (Unit cell)
o] ™ ook
D158 R12750.127 hinsauz080. 11 Fom ans 2.628
l o 0.038
.15
0.7
o.7951 |
0.8461
0.8841
0.9956
3.6206
Collapsed =1]

Al

H20

Extra

Ni

Control rod region

[a1-27 6.0260x1072]

[H =1 e.eessxm'zJ

{0 - 16 3.3428x1072

H-T 17122x107°

0 -16 85609x1073

Al-27 44827x1072

[Not Ni 9.130 x107%]
Fig.1 Calculation mode

Dimension in cm

Ag-107
Ag-109
In-113
In-115
Not Cd

2.150
2.037
3.017
6.832
2.465

Ag/In/cCd

x 1072
x1072
x107¢
x 1073
x 1073

2.056
8.938
2.744

B4C |8 -10
8 -1
Cc -2

x107¢
x1072
x 1072

| for o control rod cell



2. Transient Calculations

by R. Oyamada, Y. Nagaoka

2 1 Common Input Data

Common input data for the loss-of-flow transient and the
reactivity insertion transient analysis are as follows

— Hot Channel Factors

Radial * Local Power Peaking Factor 1.4
Axi1al Power Peaking Factor : 1.5
Engineering Factor : 1.2

— Normal Flow Rate ¢ 1000 m3/hr

— Coolant Inlet Temperature . 38°C

— Coolant Inlet Pressure : 1.7 bar absolute

—~ Thermal Conductaivity

UAlx-Al Meat 1.58 W/cm.°C (HEU)
0.5 W/em °C (LEU)
Al Clad 2.034 W/cm.°C
- Heat Capacity
UAlx-Al Meat 0.176 cal/g.°C (HEU)
0.080 cal/g.°C (LEU)
Al Clad 0.215 cal/g.°C
— Density
UAlx-Al Meat 3 233 g/cmd (HEU)
6 108 g/cm® (LEU)
Al Clad 27 g/cmd

(Following data are the values calculated as described in the
static calculations)

— Prompt Neutron Generation Time : 55 86 us (HEU)
: 44 39 us (LEU)
- Delayed Neutron Fraction . 0 007444 (HEU)

0 007219 (LEU)
- Isothermal Reactivity Feedback Coefficients

Change of Water Temperature -0 01515 8/°C (HEU)
(20°C -100°C) -0 01188 $/°C (LEU)
Change of Water Density : -2 844 8 (HEU)
(1 0- 0 9) ‘ -3 222 8 (LEU)
Change of Fuel Temperature -1 249 E-4 $/°C (HEU)

-2 637 E-3 8/°C (LEU)

2 2 Loss-of-Flow Transient
2 21 Calculation Method

Loss-of-Flow Transient was calculated using RELAP 4/MOD 5 Ref 1
which 1s a program to analize transient thermal-hydraulics of nuclear
reactor

Temperature rise along axial direction was calculated 1n small
length i1ncrements for both of average and hot channels The axial pover
distribution was represented by distribution factors at 17 axial mesh
points based on a chopped cosine shape with a 15 mm extrapolation
length, which gives the peak-to-average ratio to be 1 S
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In calculation of feedback reactivities, only
the average channel wvas
taken for simplicity. That is, the core was assumed to consist of one
region with average channels. For axial direction, weight functions
proportional to square of neutron flux wvere taken into account.

Dittus and Boelter heat transfer correlation Ref 2) for subcooled
liquid forced convection was used.

Decay heat model wused was one provided 1in RELAP-4, which is
similar to the proposed ANS-standard model Ref 3). Infinite operating
time prior to shutdown was assumed in obtaining the decay heat.

Calculation conditions were as follows

- Initial reactor pover 1 12 MW
— Flow is reduced as exp (-t/T), with T = 1 second
and T = 25 seconds.
- Reactor scram initiated at 85% of normal flow, with a 200 ms delay
before linear shutdown reactivity insertion of — $10 in 1/2 sec.

TABLE 7 Results for Transient Response of HEU and LEU
Benchmark Cores to a Loss-of-Coolant Flow with a
Decay Time of 1.0 s.

T, °C (t, s)

Peak HEU LEU
Clad Surface 98.4 (0.40) 97.1 (0.40)
Coolant Exit 58.4 (0.48) 58.1 (0.48)

(o)

At 10.0 s T, C
HEU LEU
Clad Surface 106.0 95.2
Coolant Exit 48.4 49.3

2.2.2 Computed Results

The results for the case with flov decay of T = | second are
shown in Table 8 and in Fig. 2.

The results for the case with flow decay of T = 25 seconds are
shown in Table 9 and in Fig. 3.

As can be seen in these tables and figures the HEU and the LEU
cores show almost identical transient.
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TABLE 8 Results for Transient Response of HEU and LEU
Benchmark Cores to a Loss-of-Coolant Flow with
a Decay Time of 25.0 s.

T, % (t, s)

Peak HEU LEU
Clad Surface 96.4 (4.2) 96.1 (4.2)
Coolant Exit 57.7 (4.3) 57.5 (4.3)
At 10.0 s T, °C

HEU LEU
Clad Surface 41.1 41.1
Coolant Exit 39.0 39.0

TABLE 9 Results for Slow Reactivity Insertion Transients
in HEU and LEU Benchmark Cores

HEU LEU
Ramp l0¢g/s 9¢/s
Trip Time
12 MW, s 10.643 11.900
P (tg), MW 13.75 (10.668) 12.35 (11.923)
Treur (t), °C 70.5 (10.688) 81.2 (11.933)
Tclad (t), °C 69.2  (10.693) 78.5 (11.933)
Toxit (t), °C 47.7  (10.773) 52.8 (11.978)
Etp, W 1.75 4.69
20.0 s
P, MW 0.006 0.015
E, WJ 2.35 5.48
t, = time to peak power; Etm = energy release to time of peak

power.
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2.3 Reactivity Insertion Transient Calculations
2.3.1 Calculation Method

Reactivity insertion transient analyses were performed using the
code EUREKA-PT, which was developed by modifying EUREKA Ref 4) for
plate-type reactors, and it's reliability has been demonstrated through
the SPERT-III C core experiment analyses. The code provides a coupled
thermal, hydrodynamic, and point kinetics capability wvith continuous
reactivity feedback.

The calculation model wused 1is similar to that wused 1in the
loss-of-flow transient calculations described in 2.2.1, except that the
EURECA-PT code uses one channel to represent the hottest plate and the
other "average’' channel to represent the remaining 550 fuel plates in a
volume wveight sense.

As described in 2.2.1, weight functions proportional to square of
neutron flux were taken into account for regionwise reactivity feedback
coefficients. In order to assess the importance of the regionwise
reactivity feedback coefficients, a transient calculation for the LEU
core with reactivity of 1.58%8/0.5sec insertion were also carried out on
the case without treating the weight function i.e. with isothermal
reactivity feedback coefficients. The results shov the peak power is
only at most 2% higher than that of the case with treating the veight
functions. This suggests that taking the regionwise reactivity
coefficient is not so important.

Calculation conditions were as follows
Slov Reactivity Insertion Transient

- Reactor critical at an initial powver of 1 VWatt

— Ramp reactivity insertion rates : 10 cent/sec (HEU)
: 9 cent/sec (LEU)
- Safety system trip point 1.2 Po = 12 M¥

— Time delay of 25 ms before linear shutdown reactivity insertion
of - 810 in 1/2 sec.
Hot channel factor : Radial % Local x Axial * Engineering

No overpover factor is included since safety system trip point
is set at 1.2 Po = 12 MW.

Fast Reactivity Insertion Transient

Repeated above for HEU and LEU cores with
— Ramp reactivity insertions : $1.5 in 1/2 sec (HEU)
' $1.5 1in 1/2 sec (LEU)
$1.35 in 1/2 sec (LEU)

2.3.2 Computed Results

The results of calculations for the case of the slov reactivity
insertion transients are shown in Table 9 and Fig. 4.

In the LEU case the effect of the Doppler feedback is represented
explicitly. Consequently the energy released is larger in the LEU core
than in the HEU core, though the peak power 1s smaller in the former
case.
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The results of calculations for the case of the fast reactivity
insertion transients are shown in Tables 10 and 11 and Fig.5 through 7.

The powver, released energy, and temperature are lower in the HEU
core than in the LEU core for both 1.5%8/0.5sec and 1.35%/0.5sec cases.
This is attributed to large prompt neutron generation time of the HEU
core.

TABLE 10 Results for Fast Reactivity Insertion Transients in
HEU and LEU Benchmark Cores

HEU LEU
Ramp $1.50/ 0.5 s $1.50/ 0.5 s £1.35/ 0.5 s
Trip Time
12 MW, s 0.619 0.576 0.660
Min. Period, ms 15.2 12.2 17.1
P (tg), Mw 114.8 (0.664) 143.8 (0.616) 61.5 (0.697)
Ety,, MJ 2.86 2.95 1.53

Truel (t, s), °C 155.4 (0.678) 171.0 (0.625) 112.4 (0.719)
Telad (t, s), °C 147.3 (0.678) 149.2 (0.627) 107.2 (0.722)
Texit (t, 8), °C 62.3 (0.820) 62.7 (0.762) 55.1 (0.827)

TABLE 11 Results-Comparison of Fast Reactivity Insertion
Transients at $1.35/0.5 s in HEU and LEU
Benchmark Cores

HEU LEU

Trip Time

12 MW, s 0.720 0.660
Min. Period, ms 21.3 17.1
P (ty), MW 50.7 (0.760) 61.5 (0.697)
Egy» MW 1.53 1.53
Teruer (t, s), °C 102.5 (0.786) 112.4 (0.719)
Telag (t, s), °C 99.8 (0.787) 107.2 (0.722)
Texit (%, s), °C 53.9 (0.891) 55.1 (0.827)
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Appendix G4

SAFETY-RELATED BENCHMARK CALCULATIONS
FOR MTR REACTORS

H. AMATO, H. WINKLER, J. ZEIS
Eidgendssisches Institut fiir Reaktorforschung,
Wiirenlingen, Switzerland

Abstract

Results of the calculated temperature coefficients and dynamic
parameters for the IAEA benchmark core are given for HEU, MEU and
LEU fuels. Some comparison of the calculated wvalues with
experimental data is also presented.

1. INTRODUCTION

In connection with the first IAEA-Guidebook on Research Reactor
Core conversion from HEU to LEU (Ref.l ) further safety

related BENCHMARK problems have been specified at an IAEA-
Meeting in 1981.

This report describes, as a first part, the calculation
methods used for the SAPHIR reactor and gives the results
of different reactivity coefficients.

The core configuration is the defined BENCHMARK core (Ref. 2)
based on a 6 x 5 element core reflected on two sides by

graphite.

The calculation results indicate that for the HEU fuel
the moderator temperature coefficient dominates, whereas
for MEU and especially for LEU fuel the fuel Doppler
coefficient becomes dominating for the normal operating
conditions. This should give an adwvantage in certain power

excursion cases, because the fuel coefficient is very fast.

2. Cross Section Data

The WIMS-D1l Code (Ref. 3) has been used to create the cross section
data for the different temperature and water densities. They have
been calculated for S5, 25 and 45% burnup for the standard element
and 25% burnup for the control element.
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The calculations are based on the same homogenized fuel cell as
defined in (Ref.4) and have been carried out for 5 neutron energy
groups. Table 1 to 3 gives the calculated k  of the different cases
for high enriched (HEU, 93%) medium enriched (MEU, 45%) and low
enriched (LEU, 20%) fuel elements of the 23 plate MTR type.

Table 1l: k for Change of Water Temperature Only

_______ [

Burn up o Infinite Multiplication Factor
% T( C) HEU MEU LEU
20 1.647994 1.612017 1.561967
38 1.646455 1.610620 1.560757
S 50 1.645482 1.609740 1.559990
75 1.643573 1.608012 1.558491
100 1.641822 1.606426 1.557115
20 1,558427 1.527404 1.479451
38 1.556706 1.525850 1.478098
25 50 1.555618 1.524869 1.477241
75 1.553479 1.522941 1.475568
100 1.551513 1.521177 1.474049
20 1.439852 1.419623 1.381651
38 1.437911 1.417923 1.380213
45 S0 1.436683 1.4616850 1.379310
75 1.434261 1.414756 1.377564
100 1.432033 1.412856 1.375992
20 1.452730 1.471622 1.487519
38 1.451453 1.470426 1.486377
KE S0 1.450664 1.469691 1.485677
25 75 1.449147 1.468293 1.484365
100 1.447806 1.467079 1.483247
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Table 2:

k_ for Change of Water Density

oo

Burn up | Density or Corresp. Infinite Multiplication Factor
% ;;ii’fr:ction T?gg; HEU MEU LEU

0.9982 20 1.647994 1.612017 1.542961

0.993 38 1.648569 1.612321 1.542971

0.988 50 1.649106 1.612604 1.542980

5 0.975 75 1.650524 1.613338 1.542979
0.958 100 1.652351 1.614266 1.542942_|

5% 20 1.653386 1.514761 1.542902

10% 20 1.658616 1.617244 1.542438

20% 20 1.668468 1.621059 1.540058

0.9982 20 1.558427 1.527505 1.461206

0.993 38 1.559058 1.527725 1.461178

0.988 50 1.559648 1.528024 1.461150

25 0.975 75 1.561204 1.528799 1.461051
0.958_ w0 1.563209 1.529774 1.460877 |

5% 20 1.564342 1.530312 1.460755

108 20 1.570064 1.532864 1.459819

20% 20 1.580774 1.536648 1.456197

0.9982 20 1.439852 1.419623 1.363883

0.993 38 1.440596 1.420010 1.363856

0.988 50 1.441290 1.420370 1.363828

as 0.975 75 1.443126 1.421307 1.363727
| 0.958 | 100 1.445493 1.422487 | 1.363545 |

5% 20 1.446833 1.423142 1.363415

10% 20 1.453625 1.426277 1.362403

20% 20 1.466461 1.431112 1.358413

0.9982 20 1.452730 1.471622 1.438147

0.993 38 1.453848 1.472530 1.438534

0.988 50 1.454894 1.473380 1.438894

KE 0.975 75 1.457672 1.475627 1.439829
25 0.958 100 1.461280 1.478533 _1.441007__|

5% 20 1.463336 1.480183 1.441660

108 20 1.473933 1.488589 1.444773

20% 20 1.495017 1.504773 1.449557
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Table 3: K for Change of Fuel Temperature Only
(WIMS - Calculations)
Burn up ° Infinite Multiplication Factor

% T( C) HEU MEU LEU
20 1.647994 1.612017 1.561967
38 1.647988 1.611451 1.561000
5 SO 1.647983 1.611083 1.560371
75 1.647975 1.610337 1.559098
100 1.647967 1.609618 1.557870
200 1.647938 1.606962 1.553339
20 1.558427 1.527404 1.479451
38 1.558421 1.526865 1.478526
25 S0 1.558417 1.526515 1.477925
75 1.558410 1.525806 1.476707
100 1.558402 1.525121 1.475533
200 1.558374 1.522592 1.471194
20 1.439852 1.419623 1.381651
38 1.439847 1.419117 1.380766
45 50 1.439843 1.418788 1.380191
75 1.439835 1.418120 1.3739025
100 1.439828 1.417476 1.377901
200 1.439800 1.415095 1.373741
20 1.452730 1.471622 1.487519
38 1.452712 1.471485 1.487309
KE S0 1,452700 1.471396 1.487172
25 75 1.452676 1.471215 1.486894
100 1.452652 1.471040 1.486626
200 1.452566 1.470394 1.485631




3. Core Calculations

For the calculation of the homogenous reactivity feed back coefficients
the two dimensional diffusion code CODIFF of the programme system
BOXER (Ref. 5) is used. The BOL-BENCHMARK configuration

(Fig. la) is the basis of the calculations.

Datenblatt fur LADUNG - Nr. Plaxtom-: 10 MW
Ladung fiic: _[AEA-BENCHMARK VA-Nr.:
LADUNGSANORDNUNG 1A: Burn ui dis;ribu;ion ) ; ] , s .
Rr. | Normalelenmeat 13, t 1
Nr. | Kontrollelement 2 5 {25 5
ti—;_ GA-Kontrollelement 3 cls |25|45 {25({5 |¢C
Be Reflektorelement 4 c |25 |45 4~ as5f25 | C
Q Neutronenquelle 5 C {25 | 45 [3% 45125 | C
6 cts {2545 | 28] 5 {c¢
7 5125 5
Bemerkungen: 8
9 (1 o0
LADUNGSANORDNUNG 18: Elementhlaczes , ] ; . . 8 o
Nr. | Normalelement 1|,
Nr. | Kontrollelement 2 SF4
E_I:‘E— GA-Kontrollelement 3 c |sF1 |cre-1 CrR <
Be Reflektorelement 4 c |sF2 [sF3 C
Q Neutronenquelle S c [
SFX | Standard fuel element X 6 c CFE_ CFE c
7
Bemerkungen: 8
9 L o9
LADUNGSANORDNUNG 1 2 3 4 5 6 7 8 9
Nr. | Normalelement 1|,
Nr. { Kontrollelement 2
Nr. | GA-Kontrollelement 3
Be Reflektorelement 4
Q Neutronenguelle S
6
7
Bemerkungen: 8
9 |, "

FIG. 1.
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In the vertical direction a buckling of B: = 1,6943-10 cm”2,
corresponding to a extrapolated height of 76,3 cm where used. The
vertical buckling, or the reflector saving, of course,is influenced
by temperature and the water densitiy and hence influences the keff'
Cross check calculations indeed indicate that the reactivity
differences are influenced in only a minor way by this effect (only

a few percent of the value).

4. Homogeneous Reactivity Feed-back Coefficients

4.1 Change of Water Temperature Only

For the defined core configuration values of kefgg are calculated
for water temperatures of 20, 38, 50, 75 and 100°c using the
5 group WIMS-cross section data for each corresponding burn up

and enrichment.

The reactivity coefficients indicated are given by

ap = Ko -1 ) K{Tl -1
Ko K(T)
where K =K for 20°C
o (T)
K = K for specified temperature

(T)

Table 4 presents keff and the reactivity differences at the specified
temperatures, relative to the 20°C case for the BOL core with all

three enrichments.

4.2 Change of Water Density Only
were computed for water densities of 0,9982, 0,993,

Values of keff

0,988, 0,975 and 0,958 g-cm ® which correspond to the temperatures
given in Section 4.1, using the corresponding WIMS-data. In supplement

homogeneous void coefficients for 5, 10 and 20% void at a temperature

of 20°C are calculated.

Table 5 presents keff and the corresponding reactivity differences
at the specified temperature and void content respectively, relative to
the 20°C case of the BOL core at all enrichments.

4.3 Change of Fuel Temperature Only

Values of keff where computed for fuel temperatures of 20, 38, 50, 75
100 and 200°C for the BOL core and for all enrichments. As input data

the WIMS five group cross sections are used as described in Sect. 2.
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Table 4: Reactivity Coefficients For Change of Water Temperature Only

HEU MEU LEU
o
T(C) keff -Apx1000 keff -8px1000 keff -Apx1000
20 1.026918 - 1.028665 - 1.026385 -
38 1.024648 2.157 1.026691 1.869 1.024774 1.532
S0 1.023185 3.553 1.025430 3.067 1.023746 2.512
75 1.020190 6.422 1.022839 5.537 1.021659 4.507
100 1.017331 9.177 1.020382 7.891 1.019688 6.399
Table 5: Reactivity Coefficients For Change of Water Density Only
R o HEU MEU LEU
(g/cm®) | TC(C) L ~Apx1000 K ge ~-Apx1000 keff*) -Apx1000
0.9982 20 1.026918 - 1.028665 - 1.015604 -
0.993 38 1.025535 1.313 1.027184 1.443 | 1.014023 1.535
0.988 50 1.024222 2.563 1.025764 2.749 | 1.012586 2.935
0.975 75 1.020703 5.929 1.022029 6.312 1.008642 6.796
0.958 | 100 _|1.015974 | 10.490 | 1.016967| 11.182 | 1.003375_ | 12.001
5%(.948) 20 1.013197 13.187 1.013949 14.109 1.000314 15.050
10%(.898 20 0.998039 28.177 0.997901 28.57 0.983737 31.896
20%(.799 20 0.962808 64.841 0.960957 67.09 0.946321 72.098

*) In this case ke is sligtly different from the other value due to changes in
Zone definitions at WIMS-caclulations. They have no influence on Ap values.
1y Estimated from k. at burn up of 25%.

For the creation of the WIMS cross sections, the fuel density has been
maintained constant to the 20°C case and only the temperature has
been changed . Thus, this temperature effect corresponds mainly to the

U-238 resonance effect.

Table 6 represents the calculated values Of k, .. and the reactivity
differences relative to the 20°C case for the BOL core with all three
enrichments. The Apr-value of the HEU fuel has been estimated from

the k, at 25% burn up, because the accuracy of the CODIFF calculations has
been insufficient. The error in this case is only a few percent, as can
be shown by calculating the Apr for MEU and LEU fuels in the same
manner. This indeed is only valuable for the fuel temperature coeffi-

cient and not for the moderator coefficient.
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Table 6: Reactivity Coefficients for Change of Fuel Temperature Only

HEU MEU LEU
(°c) Kogg -Apx1000 Korg -Apx1000 K, ce ~-Apx1000
20 1.026934 1.028665 - 1.026385 -
38 1.026930 0,004 Y | 1.028412 0.2392 | 1.025936 0.426
50 1.026928 0,006 ') | 1.028267 0.3763 | 1.025664 0.685
75 1.026923 0,011 ') | 1.027944 0.6719 | 1.025082 1.238
100 1.026217 0,017 ) | 1.027627 0.9819 | 1.024513 1.780
200 1.026895 0,039 1.026441 2.106 | 1.022412 3.786
(3.794) 1)

*) In this case k is sligtly different from the other value due to changes in
Zone definitions at WIMS-caclulations. They have no influence on Ap values.
1) Estimated from k°° at burn up of 25%.

In Figs.2 to 5 the corresponding reactivity feedback coefficients are
shown graphically for all three enrichments. This figures show that
the main reactivity effect for the HEU core is given by the water
(moderator) temperature effects. For the MEU and especially for the LEU
core the fuel or Doppler coefficient dominates for the normal opera-
ting range. Fig. 5 gives the homogenous void coefficient for the

BOL core relative to the water density of 20%.

4.4 Linear Temperatur Coefficient
In Figs. 2 to 5,it is shown that the reactivity feedbback with

respect to temperature is nearly linear. Thus a linear

feedback coefficient (aT) can be derived in practice.

Table 7 shows the corresponding linear feedback temperature

coefficients for all three enrichments in the range of 38%¢ to 50°%.

4.5 Local Void Coefficient

Local void coefficients where computed for changes in water density
of 5 and 10% (which correspond to densities of 0,9483, 0,8984g-cm™ %)
relative to the water density at 20°C (0,0082g-cm™*) separately

in the denoted elements SFE-2, SFE-3 and SFE-4 in Fig. 1B. The
results of these calculations are shown in Table 8 for all three
enrichments. These elements where introduced in the loading correspon-
ding to a water density of 0,993g-cm °, so the void coefficient

is relative to the 38°C case. However, the water temperature still

is 20°C, so the keff is slightly higher in reality than for 38%c.
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Table 7: Slope of reactivity coefficient (@) in the range of 38% + 50°%

HEU MEU LEU
Effect gﬁ -3,0_.. "1 dp -3,0..~1 dp -3,0 .—1
ac x 10 *({C) ac x 10 °(¢C) at x 10 “( C)
Water a 0,116 0,100 0,082
temperature T
Water density ad 0,104 0,109 0,117
Fuel temp. aTw 0,0002 0,011 0,022
Table 8: Local Void reactivity coefficient
Void HEU MEU LEU
-3 -3 -s
% 0320 keff Apx10 keff Apx10 keff Apx10
gecm?
0 0,993 none 1,02553% - 1,027184 - 1,014023 -
5 0,9483 SFE-2 1,024980 0,528 1,026602 0,552 1,013443 0,564
3 1,025149 0,367 1,026670 0,487 1,013527 0,483
4 1,025104 0,410 1,026739 0,422 1,013589 0,422
SFE2+3 1,026128 1,002
10 0,8984 SFE-2 1,024371 1,108 1,025977 1,145 1,012818 1,173
3 1,024609 0,881 1,026116 1,013 1,012836 1,156
4 1,024608 0,882 1,026243 0,893 1,013104 0,895
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4.6 Total Reactivity Coefficient

In oxder to receive a feeling about the changes of total reactivity
coefficient with the enrichment, normal operating conditions should

be considered.

Supposing a normal startup procedure of an MTR-reactor from zero
power to a thermal power of 10 MW,the following conditions exist

(example SAPHIR):

initial Full
(zero power) powexr
Power 0,05 (fp) 10 MW
Flow rate 220 220 L-s !
Water temperature inlet 20 20 °c
Water temperature outlet 20 30 °c
Mean moderator temperature 5& 20 26 °c
Mean fuel temperature T, 20,3 45 °c

Taking into account the different temperature conditions, the loss

of reactivity between zero and full power becomes:
Ap =[a + «a « AT+ « + AT
4
o] ( W Tw) W Tf £

The results for this reference case are given in Table 9.
Measurements (Ref. 6) made at SAPHIR with HEU fuel at 5 and 10Miand a flow
rates of 120%+s”! and 260%-s”! give an extrapolated value for the

reactivity difference at 10 MW and the BENCHMARK Core:

Ap, = 16.5 + 08 ¢

P

which is in very good agreement with the calculated value of 17.1¢.

5. POWER PEAKING FACTOR

5.1 TIntroduction

The radial and local power peaking factors were calculated for the
specified benchmark core in TECDOC-233 with the small alteration of a
block of aluminum with a smaller water gap in the central irradiation
position. The dimension of the water gap has in both directions two

mesh intervals with (4.1 x 3.85cm) in order to have the same calcu-

lation scheme as for the other calculations.
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In grid positions CFE-1 and SFE-1 (see Fig. 1B), the burned fuel

Table 9: Effective temperature coefficient on power

HEU MEU LEU

Apx10~ 3 Apx10~? Apx10 3

Moderator 1,320 1,254 1,194
Fuel 0,005 0,275 0,550
ApPower 1,325 1,529 1,744
App[%] 17,1 20,0 23,7

element (either HEU or LEU) has been replaced by a fresh control- or

standard element and the power distribution has been calculated.

Table 10 shows the determined specific power for the different cases.

The calculations were carried out with the EIR-diffusion code CODIFF.

Table 10: Specific Power in different Elements[ﬁ°cm"3]

mean Power max meash max Power mean Core
Element
. . Element Power Edge of El. Power
Substitution| - =
P P P P
Elem mesh max o
HEU Core (HEU-Substitution)
none SFEl 115.5 136.5 157. \
none CFEl 96.5 110.1
SFE1l HEU 126.0 148.1 175. -
1
=
CFE2 HEU 119.9 137.8 142. o
S
HEU-Core (LEU-Substitution) ©
~
"
SFE1l LEU 136.9 166.5 202, ? 0
"
CFEl LEU 137.1 162.3 167.
LEU-Core (LEU-Substitution)
none SFEl 113.2 136.8 210.
none CFEl 98.5 108.4
SFELl 123.3 148.4 228. //
CFE1l 117.7 128.9 132. L
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5.2

Radial Peaking Factor for a Fuel Element

The radial peaking factor is defined as the ratio of the mean power

in a specific fuel element to the mean power of the whole core.

The mean power in the core has been determined for 10MW to be

Table 11 shows the calculated radial peaking factors.

P =
o

106.9Wecm~?

Table 1l: Radial and local power peaking factoxs

Element radial local mesh local cell total Koge Apx103
Substitution fr fm fmax fr x fmax
HEU-core (HEU-substitution)
none 1.080 1.182 1.36 1.47 1.026934
SFEl 1.179 1.175 1.39 1.64 1.029234 2.18
CFEl 1.122 1.149 1.18 1.32 1.03277s 5.51
HEU-core (LEU-substitution)
none 1.080 1.182 1.36 1.47 1.026934
SFEl 1.281 1.216 1.48 1.90 1.029404 2.34
CFEl 1.283 1.184 l.22 1.57 1.034704 7.32
LEU~core (LEU-substitution)
none 1.059 1.208 1.85 1.97 1.026469
SFEl 1,153 1.204 1.85 2.13 1.028709 2.12
CFEl 1.101 1.095 1.12 1.23 1.031934 5,16

5.3

Local Power Peaking Factor in a Specific Element

The local power peaking factor is defined as the ratio of the maximum

power in the specified element to the mean power in this element.

The maximum calculated power in an element depends on the mesh width

especially if strong power gradients exist in this element. So the

calculated results for the choosen mesh with ¥4 of the element di-

mensions does not necessarily give the maximum power in this element.

So a second calculation has been run with a small mesh in the

critical outer regions of the specified element. This mesh has the

dimension of one fuel cell, i.e. one fuel plate with one water gap.
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The dimension of the inner mesh points of the element have been
adapted in order to maintain the total mesh points.

In Table 10 the corresponding specific power is given as Ppesh,
which means the calculated power for a mesh with of ¥4 element
dimension and Pgax for the mesh dimension of a fuel cell.

Table 11 shows the corresponding power peaking factors.

5.4 Total Power Peaking Factor
The total power peaking factor given in Table 1l is defined as the

ratio of maximum cell power to the mean power of the core.

5.5 Reactivity Differences
For each calculated case Kqoef has also been determined.
Table 11 gives the calculated Kqgf and the reactivity difference

Ap for the replacement of the burned fuel element by a fresh fuel

element.

5.6 Discussion of the Results
The maximum power peaking factors are clearly found for the element

SPE-1 which is surounded by water and graphite as reflector. The
replacement of a corresponding fresh fuel element in the HEU-/

LEU~core gives an increase of the power peaking of 9% for the mean
power in the element and 13% for the maximum power. The replacement

of the 5% burned HEU-element by a fresh LEU-element have coxresponding
increases of 18% and 29%, respectively. Thus a careful check of the
safety margins is needed, if a core conversion with a stepwise

replacement of the HEU fuel elements is considered.

The calculations also show that no real reactivity problem exists

by replacing the HEU-element with LEU elements.

The calculated reactivity differences are of the same magnitude

or even smaller than for the normal shuffling of HEU-elements.

6. BENCHMARK CALCULATION OF BASIC KINETIC PARAMETERS

6.1 Introduction
The specifications of the problem are identical to those of the
10 MW benchmark defined in IAEA-TECDOC-233, except for the central flux

trap, which includes an aluminum block with a central hole.

The results of the calculation of the basic kinetic parameters are
presented in Table 12.
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Transport calculations

Designation Enrichment keff Beff L, [_usec] A, [usec]
$ U-235
HEU 93 1.02639 778.4°107° 60.36 58.81
MEU 45 1.02746 765.2+107° 52.18 50.79
LEU 20 1.03039 736.2+107° 46,12 44.76

Diffusion calculations

HEU 93 1.02443 777.2-107°% 60.98 59.53
MEU 45 1.02624 763.9+10"° 52.68 51.33
LEU 20 1.02462 735.1°10"° 46.54 45, 42

6.2 Short Description of the Calculation Method
The atomic densities of the isotopes existing in the irradiated

fuel where taken from a WIMS burn-up calculation. These densities
were fed into the code MICROX (7) to perform 2-region cell
calculations and to obtain PO and Pl microscopic cross sections and
1/v constants in a fivegrouwp structure. The cross sections for the
reflector materials (C and Hzo) were also produced through a

MICROX calculation for an infinite water medium with a fixed source

having an energy distribution corresponding to a fission spectrum.

The microscopic cross sections were converted to RSYST (8) format
and mixed to obtain the macroscopic cross sections for the specified

materials.

At this stage a 1-D calculation was performed using the code

ANISN (9). The flux and current spectra from this 1-D modeling

of the problem were used to collapse the cross sections to a standard
4 groups structure and to obtain diffusion cross sections using the
weigthed column sum correction for the fast groups and the row

sum correction for the thermal group. The reactivity and flux
distribution calculations were performed with the code DOT 3.5 (10)
in S4-Pl approximation and with the diffusion code FINELM (1ll). The
effective delayed neutron fraction and prompt neutron lifetime

were obtained using the code BETAEFF (12).
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Appendix G-S

CALCULATIONS FOR THE SAFETY-RELATED
BENCHMARK PROBLEM

JUNTA DE ENERGIA NUCLEAR
Calculations and Models Division,
Madrid, Spain

Abstract

Results are provided for the safety-related benchmark problem with
HEU and LEU fuels.

1. INTRODUCTION

The present paper represents the JEN/Spain contribution to a
benchmark problem, selected for the IAEA Guidebook on Safety-related
aspects of research-reactor core conversion. The calculations were
made in accordance with the problem specifications, also included
in the same appendix of the Guidebook. For better understanding, so-
me information is repeated here; specifically, figures 1 and 2 show
the core pattern, and fig. 3 presents the radial geometry of the
standard fuel element; same does fig. 6 for the control fuel element.

As this contribution has been delivered at a rather late time,
the authors have had access to other-laboratories contributions in
draft form; for this reason, some differences or discrepancies have
become apparent, and are mentioned or discussed in the text.

The work has been performed with the participation of several
engineers, as follows:

Coordination: M. GO6mez-Alonso;

Static Calculations: A. Brfi, C. Ahnert;

Dynamic Calculations: E. Donoso, J.J. Sa&nchez-Mir§,
R. Martinez-Fanegas.
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FIG. 1. Core configuration in previous (neutronic) benchmark problem (for central element, see Fig. 2).
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2. METHODS USED FOR STATIC CALCULATIONS

2.1. General

Neutronic models common to several calculations will be described
here, while models specific to each calculation will appear in the
corresponding sections. Fig. 7 shows this general scheme of a neu-
tronic calculational method (3-5), developped for studies of MTR-
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type reactors, using codes available at JEN. According to this
method, we may distinguish the following steps in the calculation:

a) determination of few-group cross sections for both fuel ele-
ments and other elements;
b) preparation of a library of few-group constants in due format;
c) X-Y diffusion calculation of the reactor core.
Due to the fact that, in step (c), the standard fuel element (SFE)
is treated as two distinct regions (see fig. 5), the constants for
these two regions have to be obtained independently in step (a).

Similarly, as shown in fig. 6, at least three different sets of cons-
tants are necessary to describe the control fuel elements (CFE).

2.2. Cell spectral calculations

To obtain cross sections in few groups for some parts of fuel ele-
ments, cell calculations were performed with the spectral code WIMS-
TRACA (1), a JEN version of the WIMS-D (2) code.

For the fueled or "active" part (fig. 5, fig. 6) of the fuel ele-
ments, "pure" cell calculations were performed, accounting for half
the meat, clad and moderator in the unit cell (see fig. 4 for dimen-
sions; for both inner and outer cells, an "average" channel width
of 0.2252 cm is used). The burnup dependence was analysed, and
4-group constants were obtained for the different burnups present
in the core (5 %, 25 % and 45 %). The group structure is shown in
table 1. Other parameters were as follows, in general: T=38°C, to-

tal buckling B?=B2+B2=6.1(-3)+1.7(-3)=7.8x10"° cm™2.

For the "inert" part (fig. 5, fig. 6) of both SFE and CFE, a
"supercell” model of the standard fuel element was used, as shown
in fig. 4; the "extra region" accounts for the two "inert" parts
in SFE (fig. 5). No burnup dependence is considered.

2.3. One-dimensional spectral calculations

TO obtain the constants of other elements in the core, one-
dimensional multi-slab spectral calculations are performed, again
using the WIMS code. The dimension considered is a traverse from
a midplane of the core to the outer boundary (see fig. 2). The
active parts of the fuel elements encounterzad, are given homogeni-
zed compositions, but corresponding resonance fine-group cross
sections and disadvantage factors are input to the code, to have
an adequate treatment. Those parameters are taken from the "pure"
cell calculations of section 2.2; with little error, a unique set
of parameters (corresponding to the average burnup of 25 %), is
used for all fuel elements encountered.

As shown in fig. 2 three different one-dimensional calculations
are needed; from line (1) calculation 4-group constants are obtai-
ned for the graphite reflector elements, the water reflector ele-
ments, and the water surrounding the core; line (2) calculation
gives constants for the "control zone" (rods out) of the CFE(*);
from line (3) calculation, constants are obtained for the central
element or trap.

(*) For the "rods out" situation, instead of the absorber plates,
aluminium ("follower") plates of the same dimensions are asumed.

129



This one-dimensional model is supposed to give better results
than the alternative homogeneous cell calculations, because the
spectrum in each element is affected by the neighboring elements,
including fuel elements.

2.4. Library preparation and diffusion calculations

As shown in fig. 7, an auxiliary program developped at JEN,
WIMSEDIT (6), is used for preparing a library of macroscopic cross
sections, in the format of the diffusion code, CITATION. That
WIMSEDIT code also facilitates the transfer of disadvantage factors
and resonance parameters, from the cell WIMS calculation to the
one-dimensional WIMS calculation.

The X-Y diffusion calculations are performed using the finite-

difference CITATION-2/2 computer code (7), to obtain keff, ordinary
and adjoint fluxes, power densities, etc. The axial buckling is gi-

-2

ven its geometric value of 1.7x10”° cm™2.

3. BASIC KINETIC PARAMETERS

3.1. Prompt Neutron Generation Time

As a first approximation, this parameter has been hand-calculated,
using data easily available from the neutronic codes used in other
sections. Then, a few-group zero-dimensional expression for the ge-
neration time was needed; from the stablished theory (12), the
following formula is derived:

+ 1 I
L b, - — - ¢
v
g=1 9 Vg 9
A = ’
Trilcb
(vIcd) X
£ 451799
where: ¢; is core-average adjoint flux for group g,
vg is core-average g-group neutron velocity,
¢; is core-integrated g-group ordinary flux,
Xg is g-group fraction of fission spectrum,
(v2f¢)T is total (core) source of fission neutrons.

In this analysis, parameters in n=4 energy groups were used,
obtained as follows:

a) from a supercell WIMS calculation , parameters x _ and v
(flux-weighting of 1/v absorber); g g

b) from an X-Y CITATION calculation, parameters ¢;, ¢; and (v2f¢)T

The results are indicated below:
A (HEU) = 51.7 us , A (LEU) = 38.0 us.
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3.2. Delayved Neutron Fraction

Similarly, the effective delayed neutron fraction, Beff, has been
calculated using core-average few-group constants, by means of the
following expression:

T+ i T il
bo Xo LB T (vig) e
. gil 9 "g i j=1 £373
Beff T n -
) 0T X (Ve )T
g=1 9 79 £
where: i is an index for fissionable isotopes,

xé is g-group fraction in typical delayed-neutron spectrum,

i

R is i-nuclide delayed-neutron fraction.

Again, parameters in n=4 energy-groups were used; they were ob-
tained as in the previous section, with several differences:

(v2f¢)T and (Zj(vzf);¢§) were taken from WIMS, gl and xé from the
literature (13). The following results were obtained:

(HEU) = 0.00736 , 8 (LEU) = 0.00713.

Beff eff

4. ISOTHERMAL REACTIVITY FEEDBACK COEFFICIENTS

4.1. Calculational models

As a first approximation, a 25 % - burned SFE supercell model
(fig. 4) was selected as core representative for the calculation
of the reactivity coefficients (see fig. 7). With this rough model,
the reactivity values obtained for the reference cases (all T 38°C,
pw=0.993 g/cc, no voids) were as follows:

keff (HEU) = 1.0733 , keff (LEU) = 1.0337.

Then, in WIMS, each specified feedback parameter, Ty, was varied,

following the values given in the Problem Specifications. Then, a
minor code, POLAJ, was used to fit the reactivity values to a second-
degree polynomial in Ty; the first derivative, dp/dTy, is the desired
o coefficient.

Also, coefficient mean values Ap/ATx were obtained for a typical
range of Tx values.

4.2. Change of water temperature only

Keeping constant the rest of the input data, WIMS problems were
run for water temperatures (in moderator and extra region) of 20°C,
60°C and 100°C, for which a specific hydrogen scattering set was at
WIMS library. By means of the polynomial fit mentioned above, the
reactivity coefficient and defect were calculated for the temperatu-
res given in the Specifications.
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Table 2 presents these quantities for the HEU and LEU cores;
8 shows the function -Ap(Ty) vs. Ty, and fig. 9 the function

{(-dp/dTw) vs. Tw, also for both cores. Table 6 gives the average va-
lues in the range (38°C - 100°C). The functions (dp/dTw), for the

temperature effect, are as follows (Ty in °C, dp/dTw in pcm/°C or
10”% Ak/k/°C):

HEU: (dp/dT )T
LEU: (dp/dT )T

fig.

-9.55 + 2.05x10 2 T

-7.74 + 2.13x10"2 T, .
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Reactivity Coefficients for Change of Water Temperature Only

TABLE 1

Energy group structure

Group Energy Limits
Ey EL
1 10.0 Mev  9.118 keV
2 9.118 keVv 4.00 eV
3 4.00 eV 0.625 eV
4 0.625 &V 0
TABLE 2

T, HEU LEU
(°C) -A0p dp/arT, -Ap dp/dT,,
(x1000) o) *

(Ecm/°C) (x1000) (pcm/°C) *
38 - -8.77 - -6.93
50 1.038 -8.53 0.816 -6.68
75 3.105 -8.01 2.420 -6.15
100 5.044 -7.50 3.890 -5.62

(*) 1 pem = 107> Ak/k
TABLE 3

Reactivity Coefficients for Change of Water Density Only

T, Oy HEU LEU

(°C) (g/an3) ~Ap dp/aTw -Ap dp/dTw
(x1000) (pam/°C) (x1000) | (pcm/°C)

38 0.993 - -15.02 - -16.55

50 0.988 2.104 -18.84 2.356 -20.87

75 0.975 7.732 -26.80 8.583 -29.89

100 0.958 15.468 -34.77 17.242 -38.90




TABLE 4

Reactivity Coefficients for Change of Fuel Temperature

HEU 1EU
TF
(°C) =4p dp/ dTF =Ap dp/i dTF
(x1000) (pcm/°C) (x1000) | (pcm/°C)
38 - -.0201 - -3.08
50 .0018 -.0197 .369 -3.03
75 .0072 -.0191 1.117 -2.95
100 .0117 -.0185 1.839 ~2.86
200 .0289 -.0159 4.518 ~2.50
TABLE 5
Void Reactivity Coefficients
Void I HEU LEU
fraction 3
(%) (g/cm™) -bp —do/dow -dp dp/dpw
(x1000) | (Ak/k/({g/cc)) (x1000) | (Ak/k/(g/cc))
0.993 - 0.366 - 0.413
0.9433 20.51 0.448 22.826 0.495
10 0.8937 44.40 0.530 49.042 0.576
20 0.7944 105.43 0.695 114.577 0.740
TABLE 6
Average reactivity coefficients
Parameter Feedb. Coeffic. .
and range HEU LEU Units
Water temperature Tw(38-100°C) -8.14 | -6.27 pa/°C
Water density Tw do. -24,95 | -27.81 do.
Fuel temperature T% do. -0.019 | -2.97 do.
Subtotal T do. -36.94 |-37.05 do.
Water voids 0, (0.94-0.89 g/cc) 0.482 | 0.529 | ak/k/g.cn’
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4.3. Change of water density only

WIMS problems were run changing the water concentration in the
moderator and extra regions, according to the densities in the Spe-
cifications. The temperatures were taken as 38°C.

The results are presented in table 3, figures 10 and 11, and
again table 6. The functions dp/dT , for the density component,
follow (same units as above) :

HEU: (de/dT, ) = =2.91 - 0.3186 T,
LEU: (dp/dT ) = =-2.85 - 0.3606 Tw'
(It is obserwved that, for this reactivity coefficient component,
the values encountered in this contribution are about double of the
values obtained by other laboratories; it is not yet clear where is the

origin of this discrepancy, either in the method or in the code
used) .

4.4. Change of fuel temperature only

WIMS problems were run changing the "meat" temperature datum,
according to the values in the Specifications. Water temperature
and density were set at 38°C and 0.993 g/cc, respectively.

The results are presented in table 4, figures 12 and 13, and again
table 6 (average values). It is very apparent that this Doppler coe-
fficient is large for LEU fuel, and almost negligible for HEU fuel.
The functions dp/dTF are given below (same units as in Sect. 4.2):
-5

-0.021 + 2.57x10 T..
3 F

-3.21 + 3.57x10 ° T

HEU: dp/dTF
LEU: do/dTF

"

Fe

4.5. Core void coefficient

To obtain whole-core void coefficients, the water concentration
was varied only in the "moderator region" (representing the channel
between plates), in several WIMS problems, corresponding to 5 &,

10 % and 20 % of void fraction in water. A common temperature of
38°C was assumed.

The results appear in table 5, fiqures 14 and 15, and table 6;
like for the water-density coefficient, the LEU value is larger
than the HEU one. The functions dp/dpw are as follows:

HEU: dp/dpw 2.013 - 1.659 Pu
LEU: dp/dpw = 2.049 - 1.647 P

i

(Also as in Section 4.3, there is a remarkable discrepancy with
results of other laboratories, which requires further 1nvest1gat10n).

*Note: Density-only coefficient has been recalculated using a
two~-dimensional X-Y model for the LEU case and the results
(average value = 14.4 pcm/°C are in agreement with those of
other laboratories. The same may occur for the other reactivity
coefficients.
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5. RADIAL AND LOCAL POWER PEAKING FACTORS

5.1. Calculational model

For the peaking factor calculations, several core configurations
were analysed, generally including one fresh fuel element in a BOC
core. As no longer quarter-core symmetry exists, whole-core X-Y
CITATION cases were executed, in the usual way (see Sect. 2.4).

From the corresponding power-density edits, the various power
peaking factors (radial, local and total) were obtained. The radial
factor is defined as the average relative power density in a fuel
element as compared to the core average. The local factor is defined
as the quotient of the maximum power density inside the fuel element
to the fuel-element average; instead of the continuous or point ma-
ximum, the X-Y mesh-element maximum is taken here (mesh spacing
between 0.15 and 0.8 cm). Finally, the product radial x local is
here called the total peaking factor.

5.2. Results

Table 7 presents the value of keff and the various peaking factors
for the different cases in the Specifications.

It is observed that higher values of the radial peaking factors
are obtained for the CFE-1 substitutions; this is not surprinsing,
because a larger difference in burnup exists between the old and
new fuel elements (25 % to 0 %).

The values of the local peaking factors are very devendent on the
mesh width. On the other side, as expected, the local power peaks
usually occur at one corner of the "active part" of the fuel element,
mainly due to abundant water around.

TABLE 7

Radial and Local Power Peaking Factors

core Fresh Substituted X Power peaking factors
Element Element eff Radial Local Rad. x Loc.
none " 1.0339 1.023 1.451 1.484
HEU CFE-1 1.0394 1.328 1.259 1.672
HEU SFE-1 1.0366 1.141 1.392 1.589
CFE-1 1.0394 1.471 1.338 1.968
LEU
SFE-1 1.0369 1.250 1.501 1.876
none " 1.0170 0.987 1.584 1.563
LEU LEU CFE-1 1.0228 1.286 1.241 1.596
SFE-1 1.0204 1.136 1.511 1.716

* Relative power values 1in element SFE-1.
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6. CONTROL ROD WORTHS

6.1. Calculational model

For control rod calculations, a remarkable computational effort
have to be devoted to the determination of suitable diffusion-theory
cross sections for the absorber regions of the control fuel elements,
CFE. The procedure used here is schematically shown in fig. 7; a
brief description of it follows. First, a WIMS one-dimensional calcu-
lation is performed along a core traverse (line 2 of fig.2) which
perpedicularly crosses through the plates of a CFE; this spectral
calculation is very detailed in energy and space, using the same
input data (except for the absorber blade) as the corresponding
WIMS cross-~section calaulation for the CFE "control zone" (rods out)
mentioned in section 2.3. The reactivity difference Ap between both
WIMS calculations is obtained.

Then, two similar one-dimensional problems (rods in and rods
out) are analysed with the diffusion code CITATION 2/2, using or-
dinary flux-weighted constants, and the same group structure and
mesh width as in further X-Y core calculations. Normally, the reac-
tivity difference Ap between both CITATION calculations (with and
without absorber) does not coincide with the WIMS value mentioned above;
to match that reference value, the absorption cross section and
the diffusion coefficient of the absorber region, in the thermal
and epithermal groups, are adjusted accordingly.

Once diffusion-effective absorber constants are available, usual
core calculations (see Sect. 2.4) are performed, for the two condi-
tions (rods out and rods in). Separate few-group constants are used
for the absorber and the remaining two regions of the "control zone"
of CFE's.

6.2. Results

(The calculation procedure outlined above has been satisfacto-
rily used at JEN for large blade-type control rods; however, it has
not been validated for fork-type control rods. For this reason,
no results are given)."

7. METHODS USED FOR TRANSIENT CALCULATIONS

7.1. Computer codes

The model used for the different transient calculations, is mainly
based in the computer code COSTAX-BOIL (8) (JEN version (9)). This
program has a one-dimensional (axial) treatment of the core, both
for the Neutron Kinetics and for the Thermal-hydraulics of the ave-
rage channel.

Neutron Kinetics additional characteristics are as follows: 2
energy groups, up to 6 families of delayed neutrons, finite-differen-
ce space aproximation, temperature and void reactivity feedback, etc.

* ‘Table 8. Control rod worths’ was not submitted for publication.
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Other features of the Thermalhydraulics part are as follows: de-
tailed cylindrical and plate-tipe geometries, the heat transfer to
coolant may take place by forced convection, nucleate, transition,
or stable film boiling, and the coolant is allowed to range from
subcooled liquid, through the homogeneous model for two-phase flow,
up to saturated steam. The Bergles-Rohsenow correlation is used for
the subcooled nucleate boiling mode, and the Dittus-Boelter correla-
tion is used for the single-phase forced convection regime.

The JEN version of COSTAX-BOIL is improved with the following
additions:
a) decay heat model, taken from the RELAP code (10);

b) hot-channel model, which permits the analysis of an additional
channel with a different power;

c) the axial calculation of the bubble detachment parameter, n
(see the contribution by INTERATOM, section 3.4.1).

Other code incidentally used has been LUCU-2, developped at
JEN (11); see Section 8.4 for details.

7.2. General calculational model

This refers to the application of COSTAX-BOIL/JEN. As the speci-
fications for the transients in the benchmark problem were mainly
adapted to Point Kinetics codes, some additional questions arose,
which were solved with the following assumptions, believed reaso-
nable:

a) Two—-group constants were needed for the core; they were ob-
tained with a "pure" cell model, using WIMS.

b) For the axial reflector, a certain typical composition was
assumed (v30 % Al, ~70 & Hy0, in volume); a one-dimensional
WIMS supplied the two-group constants.

c) Two-group neutron velocites are also needed; rough estimates
were obtained using (1/v) weighting in WIMS (see (a) above);
further adjustement is attained affecting the velocities by
the adequate factor, in such a way that the value of the ge-
neration time, A, as calculated entering 2-group parameters
in its definition (section 3.1, taking g=1,2), should match
the more precise value of A obtained from the Static Calcu-
lations.

d) As the axial power distribution is explicitely obtained by the
COSTAX code, provisions have to be taken in relation with the
axial peaking factor F,; specifically, the I, ofan upper part
of the core is incremented, and its height is adjusted to
forze F, to have the specified value (1.5).

7.3. Main common data

Besides the data contained in the Problem Specifications,other
important data were as follow:

a) The 2-group structure has the energy boundary at 0.625 eV; the
(adjusted) group velocities were: v,=8.39x10¢ cm/s;
vy= 1.62x10° cm/s (HEU), and vq= 7.85x10° cm/s., vp= 1.42x10°

cm/s (LEU).
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b) With the purpose of gaining time, some data were taken from
other constributions to the Appendix, as indicated below:

i) from JAERI contribution, the density and heat capacity
of the meat, the isothermal reactivity feedback coeffi-
cients, and the prompt neutron generation time (used
indirectly, see section 7.2.c¢).

ii) from ANL contribution, the decay constants and fractions
of the delayed neutrons.

c) The reactor core was divided in 60 axial intervals.

d) In each transient, the time step for integration was kept
constant, its value being less than 1/15 of the minimum
reactor period.

e) The decay heat from fission products was assumed to amount
to 7 % of total power at time zero (reactor at steady state).

f) The number of active coolant channels was taken the same
as the number of fuel plates, 551; consequently, the coolant
flow per channel is 1000/551=1.815 m?/hr.

8. LOSS-OF-FLOW TRANSIENTS

B.1l. Specific calculational details

Because of the overpower factor, the initial or steady-state
reactor power is taken to be 1.2x10=12 MW. For consistency, the
power peaking factor for the hot channel is the product radial x
local x engineering, i.e. 1.4x1.2=1.68.

8.2. Fast transient

The coolant flow (or velocity) decreases exponentially with a
l-sec time constant. A scram is produced soon as indicated in the
Specifications.

The main results for both HEU and LEU cores are presented in ta-
ble 9, and figures 16 an 17. As expected, the diferences between
the HEU and LEU cases are irrelevant, due to the fact that the
decay-heat part of the power dominates over the fission component.

The curves for the temperatures exhibit a moderate peak soon after
the scram, then show a minimum for t~n1.5 sec, and then rise again
continuosly. For tn7 sec, when the (downward) coolant velocity is
very low, the code begins to fail; see section 8.4 for applicable
comments.
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TABLE 9 ~ Fast Loss-of-Flow Transient

HEU LEU
Flow Trip Point, % 85(0.16)* 85(0.16)
Power Level at Scram, MW 11.8(0.36) 11.7(0.36)
Peak Fuel Temperature, °C 94.5(0.37) 95.4(0.37)
Peak Clad Temperature, °C 94,0(0.38) 93.9(0.37)
Peak Coolant Outlet Temperature, °C 59.4(0.43) 59.3(0.43)

Min. Bubble Detachment Paramater , cm3K/Ws 268.0(0.38) 262.2(0.38)
At 6.0 s

Fuel Temperature, °C 123.5 125.3
Clad Temperature, °C 123.5 125.2
Coolant Outlet Temperature, °C 64.8 65.65
Min. Bubble Detachment Parameter , cm3K/Ws 52.4 51.0

(*) Quantities in parentheses indicate time (in seconds) at which values
occur
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8.3. Slow transient

The coolant velocity at core inlet decreases exponentially with
a 25-sec time constant.

The main results for both HEU and LEU cores are shown in table 10
and figures 18 and 19; as in the fast transient, there are no signi-
ficant differences between the high and low-enriched cores. Again,
similarly as in the fast case, in a particular transient, after a
first peak and a subsequent minimum, the temperatures increase con-
tinuosly. Of course, this situation would be unacceptable for a
long time; one option could be that, at a certain coolant flow va-
lue, some device is actuated which favors natural convection through
the reactor core. This is further discussed in the next section.

TABLE 10 - Slow Loss-o0f-Flow Transient

HEU LEU
Flow Trip Point, 7% 85(4.06) * 85(4.06)
Power Level at Scram, MW 11.8(4.26) 11.7(4.26)
Peak Fuel Temperature, °C 91.2(4.27) 91.9(4.27)
Peak Clad Temperature, °C 90.7(4.27) 90.3(4.27)
Peak Coolant Temperature, °C 58.3(4.27) 58.1(4.27)
Min. Bubble Detachment Parameter, cm3K/Ws 301(4.27) 304(4.27)
At 45.0 s
Fuel Temperature, °C 43.9 44.1
Clad Temperature, °C 43.9 44.0
Coolant Qutlet Temperature, °C 40.9 40.9

(*) Quantities in parentheses indicate time (in seconds) at which values
occur
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8.4. Transient termination by natural convection

The assumption is made that, as the coolant flow reduces below
10 % of its nominal value, the water plenums below and above the
core are put in free contact with the pool water.

*

Code LUCU-2 (11) has been used for the transient analysis( ).
This code has a one-dimensional (axial) modelling of the thermal-
hydraulic behaviour of a MTR channel (either average ot hot), sol-
ving the customary equations. Several regimes are considered: forced con-
vection, mixed convection, flow reserval and natural convection; sim-
ple correlations for two-phase flow are included. The time-dependent
power generation in the plate is an input datum, as are the initial
values of the coolant velocity, the average plate temperature and
the coolant outlet temperature.

For illustrative purposes, only one case has been analysed in
this manner: the final part of the slow loss-of-flow transient, for
the LEU core. The initial data for LUCU were taken from the output
of COSTAX at time t=58 sec (at which, flow is 10 % of nominal).
Fig. 20 presents the corresponding results of transient evolution,
showing a rapid flow reversal and subsequent natural convection.

It is seen that a broad peak of the plate temperature occurs shortly
after the flow reversal, followed by a lower peak of the coolant
outlet temperature, and leading to a quasi-stable situation; the
maximum temperatures are well bDelow safety limits. Fig. 20 also
presents the results already described in section 8.3 for the nor-
mal assumption of reducing forced flow, obtained with the COSTAX
code; a conclusion that may be derived from this comparison, is

that the increasing temperatures of the normal case would exceed

the peaks of the natural convection case in less than 2 minutes

from the beginning of the transient.

(*) The code has not yet been checked against experimental results.
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9. REACTIVITY INSERTION TRANSIENTS

9.1. Calculational model

Any reactivity perturbation, Ap, is treated by the COSTAX code
by applying a (1+4p) factor to the (vIg) constants of the different
regions. No overpower factor is applied in any form; initial reac-

tor power is 1 W. Trip and scram conditions are given in the Problem
Specifications.

9.2. Slow ramps

For the HEU core, a reactivity addition rate of 0.10 $/sec, or
7.61x10" "% Ak/k/sec, is considered; for the LEU core, the rate is
0.09 $/sec, or 6.55x10”"* Ak/k/sec.
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The main results for both cases are given in table 11 and figu-
res 21 and 23. It is seen that the LEU transient is slower than
the HEU one, but gives rise to more energy realease and higher tem-
peratures. In any case, there is no boiling, as expected for tran-
sients which are supposed not to be severe at all.

(The comparison with the results of other contributions, shows
discrepancies for the LEU case; present analysis gives a higher
peak power, a much lower energy release, and also lower tempera-
tures. The origin for these differences seems to be in a slower
power growth during the early part of the transient; no explanation

exists yet for this discrepancy, which does not appear in the HEU
case) .
TABLE 11 - Slow Reactivity Insertion Tranmsient
HEU LEU
Reactivity Insertion Rate, §/s 0.10 0.09
Trip Point, MW 12(10.61)* 12(11.68)
Minimal Period, s 0.095(10.49) 0.11(11.42)

Peak Power, MW 14.93(10.64) 13.01(11.71)

Total Energy Release to Time of

Peak Power, MJ 1.629 2.103
Total Energy Release beyond 12 MW, MJ 0.076 0.019
Peak Fuel Temperature, °C 69.9(10.68)  73.2(11.72)
Peak Clad Temperature, °C 69.5(10.66)  71.9(11.73)
Peak Coolant Outlet Temperature, °C 47.5(10.73) 48,.8(11.78)
Min. Bubble Detachment Parameter, cm3K/Ws 537(10.66) 502(11.73)
At 20.0 s

Power, MW 0.007 0.0092
Energy, MJ 2.198 2.656
All Tewmperatures, °C 38.0 38.0

(*) Quantities in parentheses indicate time (in seconds) at which values

occur
TABLE 12 - Fast Reactivity Insertion Transients
HEU LEU LEU
Max. Reactivity, $ 1.5 1.5 1.35
Trip Point, MW 12(0.611)* 12(0.597) 12(0.691)
Minimal Period, ms 14.5(0.500) 13.5(0.500) 19.2(0.500)

Peak Power, MW 132.7(0.659) 116.1(0.638) 51.8(0.729)

Total Energy Release to Time of
Peak Power, MJ 3.465 2.624 1.44

167.1(0.672)
162,.3(0.675)
108.7(0.747)

36.2(0.765)

Peak Fuel Temperature, °C
Peak Clad Temperature, °C
Peak Outlet Temperature, °C

Min. Bubble Detachment Parameter, cm3K/wS

166.4(0.654)
156.6(0.654)
80.4(0.711)
58.2(0.657)

105.0(0.753)
102.1(0.756)
54.9(0.840)
241(0.759)

(*) Quantities in parentheses indicate time (in seconds) at which

values occur
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9.3. Fast ramps

For the HEU core, a reactivity addition of 1.5 $§ (or 1.14 % Ak/k)
in 0.5 sec is considered; for the LEU core, two ramps are studied:
1.5 $ (1.09 % Ak/k) in 0.5 sec, and 1.35 $ (0.98 Ak/k) in 0.5 sec.

The main results of these analyses are given in table 12 and fi-
gures 22 and 24. For the 1.5 $§ ramp, the comparison of results bet-~
ween the HEU and LEU cases is as follows: the transient is faster
for the LEU core, but the power peak obtained is lower, and same are
the energy release E(tp) and the temperatures; a slight difference,
in a similar direction, is also observed in the minimal value of the
bubble detachment parameter: np=36 for HEU, np=58 for LEU. Consis-
tent with these low values, the code outputs indicate that, after the
power peak, boiling occurs in both cases; moreover, after some time
of these low n values, the temperature calculation in the COSTAX
code begins to fail; this fact is reflected in fig. 24, by cutting
the corresponding curves.

The analysis of the 1.35 $ ramp for the LEU core gives a much
less severe behaviour; the peak clad temperature is below saturation
temperature, and no boiling occurs.

({Again, a certain discrepancy, between this and other contribu=-
tions, is observed in these fast ramp results for the LEU cases.
Specifically, the peak power in present contribution, is lower
and delayed, inducing a lower energy release, and delayed peaks of
the fuel and clad temperatures. As in the case of the slow ramp
(section 9.2), a slower rate of power increase, from the transient
beginning to the peak, is in the origin of the differences. The
posible causes of this discrepancy, which affects the LEU cases on-
ly, will need further investigation).
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Appendix G-6

SELF-LIMITING TRANSIENTS IN HEAVY WATER
MODERATED REACTORS

J.W. CONNOLLY, B.V. HARRINGTON, D.B. McCULLOCH
Lucas Heights Research Laboratories,

Australian Atomic Energy Commission,

Lucas Heights, New South Wales,

Australia

Abstract

A brief description is provided of the methods and models for
reactivity transient calculations din theavy water moderated
research reactors as a supplement to the heavy water reactor
benchmark problem discussed in TIAEA~TECDOC-324. These methods and
models were validated by comparison with experimental transient
data from the SPERT I1 BD22/24 heavy water moderated core.
Experimental and calculated transient parameters for this core are
compared.

1. INTRODUCTION

IAEA Tecdoc 233 defined generic 2 MW and 10 MW light water moderated
research reactors for a series of benchmark calculations of specified
reactor parameters with high and low enrichment cores. Subsequent to the
publication of Tecdoc 233, a series of benchmark transient calculations,
based on the same generic reactors, was defined (App.F0), and the results
of these calculations constitute the major parts of Appendices F1 to F5 of
the present document.

In a similar manner, a 10 MW generic heavy water moderated research
reactor was defined for HEU/LEU benchmark comparison calculations for the
Heavy Water Reactor Guidebook prepared as a supplement to Tecdoc 233.
Because differences in transient behaviour with reduction in enrichment
were in this case expected to be small and/or favourable, transient bench-
marks were not considered essential, and none were defined for inclusion in
the present document.

The benchmark heavy water moderated reactor is very closely similar to
the AAEC's 10 MW HIFAR. Methods of transient calculation broadly similar
to those reported in Appendix F1 have been developed independently at the
AAEC's Lucas Heights Research Laboratories over a number of years in the
context of HIFAR safety assessment. They have been validated by comparison
with a range of light and heavy water moderated SPERT core experimental

programs, and have shown excellent agreement.
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The brief account of this work which follows, and the results pre-
sented, are included in the 'Benchmark Appendices' of the present document
for the sake of completeness. Although the studies do not relate specifi-
cally to the benchmark heavy water moderated research reactor, both the
HIFAR and the SPERT BD22/24 cores resemble the benchmark very closely. The
material presented therefore demonstrates that calculations of the change
with core enrichment of the transient behavour of heavy water moderated
research reactors can be carried out with the same confidence as Those for

light water moderated reactors.

2. THE METHOD

The transient characteristics of D0 and H 0 moderated reactors differ
because the prompt neutron lifetime of the former is much longer than
that of the latter, and because most D30 reactors have a large lattice
pitch. 1In such reactors there are thus two distinct zones producing reac-
tivity feedback; the first is the coolant within the fuel elements and the
second, the bulk moderator between the fuel elements. For transients
initiated under conditions of forced convection cooling, the subsequent
power history is therefore partly determined by the fraction of coolant
which flows to the bulk moderator region.

In the following sections, a summary is given of transient calcula-
tions for the DIDO class reactor HIFAR, which is essentially the
same as the benchmark D;0 moderated HEU core. To validate these calcula-
tions, the experimental data from the SPERT II program have also been
analysed using the same methods.

The code used in the analysis was the one-dimensional conductive heat
transfer-coupled neutron kinetics code ZAPP (Ref. 1). This code includes a
simulation of boiling heat transfer and has been extensively tested against
SPERT I data (Ref. 2,3). Comparison between PARET (Ref. 4) and ZAPP calcu-
lations of these SPERT I data shows that both codes yield rather similar
results even though the thermohydraulic modelling used in the two codes is
completely different.

ZAPP was developed further to enable calculations to be made under
forced convection heat transfer conditions. This model was then tested
against data from the SPERT II program for the close packed D0 moderated
core (Ref. 5). An empirical voiding model for transients terminated by
steam expulsion of coolant from the coolant channels of the expanded D,0
core BD 22/24 was then developed. This composite model was applied to the

Hy0 moderated core D12/25 of the SPERT I program and enabled experimental
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burst parameters for transients characterised by initial inverse periods

(o) up to the maximum induced (300 s"l) to be satisfactorily reproduced.

2.1 Comparison between the Benchmark D0 Moderated HEU Reactor, HIFAR

and SPERT II BD 22/24

Table 1 lists data pertinent to transient analysis for the three
reactors. The major design difference is the flat plate geometry of the BD
22/24 fuel element, which results in a larger heat transfer area and a
smaller volume of coolant within the fuel element than in the other two
cores. The volume of coolant per fuel element in the benchmark is larger
than that in HIFAR because the region of D0 within the inner fuel tube
is specified as coolant; in HIFAR, this D0 is contained within an

aluminium thimble and flow through the region is small.

3. CALCULATIONS OF TRANSIENTS IN BD 22/24 AND COMPARISON WITH

EXPERIMENTAL RESULTS

During the SPERT II BD 22/24 program, measurements of the burst
parameters peak power (Pp,.), energy release to the time of peak power

(Etyp)» central fuel plate temperature at the time of peak power (Opy) and

and maximum central fuel plate temperature (Op.,,) were measured. These
experiments were performed without forced convection coolant flow and at
several values of reactor vessel pressure and initial D,0 temperature.
Figure 1 compares calculated and measured burst parameters as a

function of initial inverse period (ue). The agreement is good. The
effect on the calculated energy release of deleting the steam void growth
model is also shown in this figure. The calculations produced nucleate
boiling heat transfer conditions at or before peak power for values of

1

ae 2 2 sT° and steam void growth contribution to reactor shutdown for

values of ae 2 7 s"l.

3.1 Calculated Burst Parameters in HIFAR without Coolant Flow

Transient calculations were performed for HIFAR using the cylindrical
geometry version of ZAPP, under conditions of zero coolant flow and over a
Qe range similar to that for the SPERT II experiments. Figure 2 shows the
computed burst characteristics as a function of ao. Because of the smaller
heat transfer area of HIFAR compared with BD 22/24, nucleate boiling is

1

established at or before peak power for values of ae #2 1 s™° and steam

voidage contributes to shutdown for all ao #» 6 s“l. Otherwise the burst
parameters calculated for HIFAR closely resemble those for BD 22/24, since
the reactivity coefficient per unit energy release is about the same for

both reactors.
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TABLE 1

COMPARISON OF CHARACTERISTICS OF REACTORS BD22/24, HIFAR AND BENCHMARK

PARAMETER BD22/24 HIFAR BENCHMARK
Number of fuel elements 24 25 26
Lattice pitch (mm) 152.4 152.4 152

Fuel plate geometry

Fuel alloy thickness (mm)

Cladding thickness (mm)

235U/fuel element (g)

Heat transfer area (mz)

Prompt neutron lifetime (us)

Max./Ave. core power

Clean cold critical mass (kg)

Coolant vol/fuel element (L)

Whole reactor temperature co-
efficient at 20°C (é% o=l

Central void coefficient
Sk _3)

(—

k
Total coolant void co-

efficient (Eg /%)

Coolant temperature co-

efficient (E§-°C'l)at 20°C

parallel slab
0.508
0.508
154
40
660
1.5
2.8
1.5

annular slab

0.66
0.432

150
29

500

1.6

~1.0

2.5

-8.04x10"" (a)

-10.3x10 (a)

annular slab
0.5
0.51
150
29
460 (a)

3.9 (b)

-1.7x10"%(a,b)

-13.4x10"°(a,b,¢)

152

(a) Calculated value
(b)

(c)

Includes central thimble region

Mean Value from 20 - 50¢C
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3.2 Calculations of Transients in HIFAR with Forced Coolant Flow

HIFAR operations are restricted to two modes. In the low power mode,
with the shutdown pump operating, the power is restricted to 150 kW maximum
and the core coolant flow is 29 L s'l; in the high power mode, the maximum
permitted power is 10 MW with two main pumps delivering a coolant flow rate
of 364 L s™!.

Calculated peak and runout powers (equilibrium power attained after
peak power) for the low power mode are shown as a function of step reactiv-
ity insertion in Fig. 3. Because these calculations were performed with a
low (10 kW) initial reactor power, it was found that ramp additions of
reactivity, to the same total reactivity injection as a step, produced the

same peak power; this arises because the ramp is complete before the

reactor power is high enough to generate appreciable reactivity feedback.

: 3
L /7 4
- .
|

! :
1ok Peak power-flow 29 Ls™' .
i - .- Runout power .

5 PR - flow 29Ls”
£ - 1
1 —
5 / Peak power -no flow ]
L / .
- / <
= Intet temprature 45°C .

i ! 1 1 ! 1

2 4 6 8 0 12E-3
Reactivity Addition ©k)

Figure 3 Calculated powers for HIFAR — initial power 10 kW
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In the high power mode, the time for coolant to traverse the core is
small (~ 0.1 s) and the initial power is high (10 MW). The former means
that heated coolant flowing into the bulk moderator produces appreciable
feedback and the coolant flow path partition between reflector and bulk
moderator therefore needs to be known; the latter results in the immediate
production of reactivity feedback and thus a dependence of peak power on
ramp rate.

Evidence from experiments on HIFAR (Ref. 6) and on the similar reactor
DR3 (Ref. 7) suggests that the fraction of coolant flow directed to the
bulk moderator is large. For the calculated peak powers as a function of
ramp rate and ramp height shown in Fig. 4, it has been assumed that all
coolant flows directly into the bulk moderator. Subsidiary calculations
suggest that the peak powers do not change greatly unless the fraction of
flow to this region drops below ~ 0.4.
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Figure 4 Calculated peak powers for HIFAR — initial power 10 MW
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Appendix H
COMPARISON OF CALCULATIONS WITH MEASUREMENTS

Abstract

Calculations are compared with measurements in several reactors
in order to determine the accuracy of neutronics calculations
for cores containing MEU and LEU fuels.



Appendix H-1

CRITICAL EXPERIMENTS IN THE ISIS REACTOR
WITH THE CARAMEL FUEL ELEMENT

COMMISSARIAT A L’ENERGIE ATOMIQUE
Centre d’études nucléaires de Saclay,
Gif-sur-Yvettte, France

Abstract

Neutron tests of the caramel type U02 fuel were conducted in Isis
in 1979. The new fuel elements of this type have been used since
1980 in Osiris, where they replaced the highly enriched U-Al fuel.

The Isis tests were preceded by calculations, whose results are
compared with those obtained by measurements.

1.1 CALCULATION METHODS (NEUTRON)

1.1.1 Effective macroscopic cross-sections

These are the result of unidimensional transport calculations,
performed using the Apollo code <1).

Library of effective cross-sections

The nuclear data base employed 1s ENDF B /4 of American origin.
It is a multigroup library that gives the following characteristics
for the elements and their chief isotopes:

microscopic diffusion cross-sections,
microscopic absorption cross-sections,
microscopic production (vog) "o,

elastic, inelastic transfer cross-sections etc.

Several thermal matrices generally appear for the same 1sotope, with
different temperatures. In the case of self-protected cross-
sections, the effective cross-sections are given for a series of
temperature values.

Resolution of the transport equation

For a unidimensional environment, the Apollo code resolves the transport
equation in its integral form, in the multigroup approximation. The
number of groups used here is 99.

Since we are dealing with cells exhibiting considerable anisotropy,

collision is assumed to be linearly anisotropic; this is the
approximation Bl.
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Calculation of self-protection of resonances

This 1s broken down into two steps. The first consists of
calculating the effective cross-sections that are employed, and the
second of calculating the self-protected cross-sections.

Calculation of the diffusion and leakage coefficient

Calculation of the flux in the cell makes it possible to proceed with

the calculation of a current. For any reaction, one can then
define an effective cross-section, homogenized for each group, and
find an eigenfunction of the multigroup transport equation. Even

in the thermal part, the diffusion coefficent accounts for the
collision amisotropy (approximation Bl).

Evolution calculation

It 1s possible to evoke €VOlution in heterogeneous fuel zones. In
the case at hand, the fissile region can be treated as an infinite (plate/
water) network.

The changes 1n heavy isotopes are calculated by successive iterations,
taking account of the variation in effective cross-sections with the

neutron spectrum and the fine structure of the fluxes in the cell.

This can be carried out at constant flux, or at constant mean power.

Environmental absorption characteristics

The various environments are quite different with respect to their
neutron properties:

the hafnmium of the control rods acts as a black body to
thermal neutrons,
the fissile region of fuel elements,

experimental mock-ups, structures, which are relatively
non-absorbent,

the wvarious reflectors and moderators (beryllium, water),
which are very large and relatively non-absorbent.

These are treated differently for the calculation of their effective
cross-sections.

High absorption zone

Hafnium absorbent of control rods

The very high absorption of this material is a hindrance for diffusion
calculations.
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An Apollo one-dimensional transport calculation is carried out in the
real geometry (structures, water channels), and in a fissile
environment (neighbouring fuel elements).

The elementary unit consists of the fuel plate (UO, fissile core and Zr
clad) and the water channel. A one-dimensional transport
calculation is carried out for an infinite network of plates, with the
adjustment of transverse leaks. The microscopic cross-section
library employed has already been described. Due consideration
is given to the fine structure of the fluxes, and also to the self-
protection of resonances. The expected result is a set of
microscopic effective cross-sections accurately representing the
properties of the fissile region of the element. Microscopic
effective cross-sections are also obtained (four groups), as well as
the diffusion coefficients of the fissile region.

- ——— . ——— - —— -

The media surrounding the core (core box, structures, light water)
are considered as homogeneous for calculation of the neutron
constants. Certain core constants, such as the beryllium reflector
blocks, aluminium and experimental mock-ups, have several cooling
water channels. These channels are also homogenized for the

requirements of the neutron calculation on one location of the network.

Other constituents, like the standard and control elements, exhibit an
excessively heterogeneous character for overall representation.

For example, the fuel element consists of the juxtaposition of a fuel
platesnetwork with water and structures.

The standard fuel element is divided into two zones:

fissile region (uranium plate/water) network ,

edge plate region.
The fuel follower of the control element in:

fissile region,
edge plate region,

peripheral region (aluminium/water).

The absorbing part of the control elements in:

central water cavity,
hafnium absorbent and structures,

peripheral medium.
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Energy groups employed

Distribution interval
into

macrogroups energy lethargy

fast No.l 10 MeV to 907 keV 0 to 2.4

fast No.2 907 keV to 5 keV 2.4 to 7.6

epithermal 5 keV to 0.625 eV 7.6 to 16.588

thermal 0.625 eV to 0 16.588 to 25.233
1.1.2 xy two-dimensional diffusion calculations

Daixy diffusion code <2>.

The reactor is represented in rectangular coordinates, by a cross-
section in the median plane of the fuel element.

Each core element is treated with the required level of detail, by
zoning into several regions of different types (fissile region, edges
etc). T he microscopic effective cross-sections of these regions
were calculated, in transport theory, during the previous cell
calculations.

To account for axial leaks, a transverse Laplacian is introduced in
the form of "extrapolated height”. All the core constituents are

represented, with the control elements in positions completely up
or down.

Successive iterations supply a critical parameter, the value of the
effective multiplication factor.

The essential results are concerned with the following:

the reactivity available for different loading states, the anti-

reactivity of the experimental dewvices, the efficiency of the
contro] elements,

distribution of sources i1n accordance with the different

parameters (configuration of control rods, burnup of fuel
elements etc),

value of neutron fluxes: the value of the thermal and fast
neutron fluxes in the different core regions, and i1n particular
In the experimental zones.

1.1.3 Isis /OsiriS specific characteristics

The carame] fuel used in Osiris 1s enriched to 7%, and refuelling
between two operating cycles (= 28 EFPD) 1s partial. No burnable
poison 1s used. In the first load the partly burnt elements
constituting the core at equilibrium are replaced by fuel that is less
rich 1n U235 (4.75% and 5.62%).
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The control elements have an absorbent part (hafnium frame) and a

caramel fuel follower.

Mock-ups placed in the fissile network and on a row serve to simulate

the Osiris irradiation experiments.

Reflector blocks (beryllium)

are placed on one of on side of the core, in variable numbers.

Before the 1loading of the Osiris reactor, an experimental study
of the core was carried out on the Isis neutron mock-up.

The large-scale configuration (7 x 7) planned for Osiris was built up
progressively by proceeding from smaller cores, like the minimum
compact core without the experimental mock-ups described below.

caramel 1.45 mm
density UO,: 10.3 g/cm?

standard elements
(17 plates)

control elements
(14 plates)

caramel dimensions

17.1 x 17,1 x 1.45mm

171 x 17,1 x 1.45mm

end channels

spacing between caramels 1.58mm 1.58 mm
active width 72.9 mm 54.3 mm
active length 629 mm
number of caramels per plate 136 (34 x 4) 99 (33 x 3)
UO, weight per plate 578.9 g 421.4 g
uranium weight per plate 510.3 g 3711.5 g
235y weight per plate

4.75 % 4.2 g

5.62 % 8.7 g

7% 35.7 g 26 g
UO, weight per element 9 841 g 5 899 g
uranium weight per element 8 675 g 5 200 g
235U weight per element

4.75 % 412 g

5.62 % 487.5 g

7% 607.3 g 364.1 g
plate thickness 2.22 mm 2.22 mm
internal channel 2.63 mm 2.85 mm

2.29 mm 2.46 mm
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1.2 AVAILABLE REACTIVITIES

1.2.1 Minimum compact core
This core has no irradiation experiment mock-ups. The control
elements are in place in their final configuration. The minimum

critical size is determined by progressively positioning the standard
fuel elements (4.75%).

The critical configuration includes:

12 standard elements 4,75% 4972.7 g
6 control element followers 7% 2271.0 g
7244 g **%U

As predicted by calculation, criticality is reached with twelve 4,75%
elements with the six rods in the high position.

excess reactivity available calculation 6 CR H | experiment

p pcm +25 £
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1.2.2 Osiris type configuration (7 x 7)

Loadmg

Standard fuel elements (38)

235

15 elements enrichment 4.75%  6076g “°°U
8 elements " 5.62% 3891g "
16 elements "T7% 9143¢g "

e a m - - - -

6 fuel followers ' 7% 2270¢g "

or 21 380 g =°°U

The absorbent part of the control elements consists of hafnium in the
form of a hollow square tube (51 inner side x 58.2 outer side x
568 mm long, thickness 3.6 mm).

Placed in the fissile network or in the free locations inside the rack,
they are used to simulate Osiris irradiation experiments.

Four in the network.

One in a slot.

In row 10, two Be blocks in the corners.

Criticality 1s reached with the two safety rods in the high position,
by rasing the next control rod CR No.l. The stabilization level
1s 130 mm.

The initial reactivity values are as follows:

calculated 10,800 panm
measured 10,530 pcm
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The measured value 1s obtained from anti-reactivity measurements of the
control elements given below.

Anti-reactivity of control rods

The anti-reactivity of rods not selected as safety rods can be measured
by using a reactimeter, or by the double criticahity method with
boronation of the core circuit water.

The anti-reactivity of the two rods selected as safety rods 1s measured
by dropping, using a reactimeter.

The following table gives the results obtained.

anti-reactivity of rods raised
in sequence 2,5,1,6,3,4 measured
Osinis type large core anti-reactivities
pan
2 +5 5800
1 2100
6 2820
3 2810
4 3050
total anti-reactivity 16 600
of six rods ’
- . 10" 5
Beff = 750 - 10
effective proportion of delayed neutrons

13 POWER DISTIIBRUTION IN THE FUEL

The measurement system consists of three mimaturized fission
chambers (deposit of ??°U), mounted on an alumimium support strip,
that 1s inserted between the fissile plates of the fuel element.
Measurements are taken for several rod configurations, in the
horizontal plane of symmetry of the core, and are supplemented by
vertical distributions i1n some fuel elements of the network.

Prior calibration of the chambers 1s performed by simultaneously
irradiating a number of gold detectors, placed in several locations
distributed in the core.

Since all the fuel elements of the first core are new, the indications
of the fission chambers make 1t possible to determine the power dis-
tribution within the fuel elements, and the relative contribution of
each element to the total power of the reactor.
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Comparison of calculations with measurements

Agreement is excellent with respect to the internal elements of the
network. For the peripheral elements, the power peaking, due to

the vicinity of the reflectors, isalittle underestimated by the calculation.

This is due to the fact that the fuel's neutron characteristics are
normally calculated for an infinite network. In the transport
calculation, a more faithful representation of the real environment

of the peripheral fuel elements provides a better picture of the
variation in neutron spectrum, but lengthens the computer calculation
time. It is very easy to adjust the calculation results such as to get
good estimates of the power distribution and hot point factor.

1.4 NEUTRON FLUX IN EXPERIMENTAL LOCATIONS

Miniature fission chambers are used to measure the thermal
(23%U) and fast (2?’Np) fluxes. Gamma heating is measured with
calorimeters.

The flux values correspond to disturbed values for the core box
locations where the experimental maquettes have been positioned, and
to undisturbed fluxes in water, at the outer periphery of the core
box.

Comparison of calculations and measurements
Fluxes in irradiation places :

Thermal fluxes

Locations in network deviations of 0 to 20%
Locations row 10 deviations of 0 to 20%
Locations first periphery deviations -5 to +5%

Fission fluxes

Locations in network deviations 20 to 25%
Locations row 10 deviations 20 to 25%
Locations first periphery deviations 0 to 10%

The values calculated at the first periphery, in an undisturbed medium,
show very good agreement with measurements.

As for the internal locations in the core box, occupied by generally
rather absorbent experimental mock-ups, the calculated fission flux
values are higher than the measured results.
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1.5 CONTROL RODS ANTIREACTIVITY

We must adjust cross sections to obtain a good accuracy for reaction rates
in the hafnium absorber. So the calculation results for the effectiveness
of control rods will be in good accordance with measurements.

1.6 GAMMA HEATING

Gamma heating is measured in the irradiation locations of the network and
at the first periphery, and were not subjected to calculation.

CONCLUSION

The comparison of measurement results, obtained in Isis on the first

caramel core, with the results of prior neutron calculations, shows
the following:

excellent agreement of values relating to reactivity,

overestimate of neutron fluxes in the internal irradiation
experiments in the core box, but good agreement for
undisturbed fluxes at the first outer periphery of the core
box.
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Abstract

In accordance with the jont ANL-KURRI program, the critical experiments using MEU fuel
in the KUCA, a hght-water-modetated and heavy-water-reflected single-core, were started 1n
May, 1981. In advance of the critical experiments, the MEU fuel elements and the boron loaded
side-plates were fabricated by CERCA in France.

The first critical state of the core using MEU fuel was achieved at 3: 12 p m, May 12, 1981.
After that, several experiments were performed. The paper provides the results of measurements
concerning the citical approach, the reacuvity effects of side-plates containing boron burnable-
poison, the space dependent effects of void reactivities and the temperature reactivity coefficients.
These data will be used to examine the computer code systems in various countries and also used for
core conversion of the KUHFR from HEU to MEU.

Keywords: critical experiment, fuel fabrication, MEU fuel, cnitical mass, boron burnable-poison,
vord effect, temperature coefhcient, KUCA, light-water moderator, heavy-water reflector, KUHFR

INTRODUCTION

Due to mutual concerns in the USA and Japan about the proliferation potential of
highly-enriched uranium (HEU), a joint study program! was initiated between Argonne
National Laboratory (ANL) and Kyoto University Research Reactor Institute (KURRI)
in 1978. In accordance with the reduced enrichment for research and test reactor
(RERTR) program, the alternatives were studied for reducing the enrichment of the fuel
to be used in the Kyoto University High Flux Reactor (KUHFR)?». The KUHFR has
a distinct feature in its core configuration: it is a coupled-core. Each annular shaped
core is light-water-moderated and placed within a heavy water reflector with a certain
distance between them. The phase A reports of the joint ANL-KURRI program in-
dependently prepared by two laboratories in February 19793.4 concluded that the use
of medium-enrichment uranium (MLU, 459%,) in the KUHFR is feasible, pending results
of the critical experiments in the Kyoto University Critical Assembly (KUCA)® and of
the burnup test in the Oak Ridge Research Reactor (ORR)®,
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The fuel material used in this experiment is different from the former fuel in the
following ways:

(1) high density — the H/U ratio is decreased in order to be more undermoderated,

(2) MLEU — the U238/U25 ratio content is increased.

We had no data on fission gas release from high density burnup fuel of MEU.

The main purposes of the critical experiments are as follows:

(1) To examine our code system, which was used in the calculation of the Safety
Review Report for HEU fuel. The core configuration of the KUHFR is so
complicated that we have to confirm the feasibility of our computing technique
in calculating the nuclear characteristics of high density MEU fuel core.

(2) To supply standard criticality data using high density MEU fuel to various
countries, which is requested by the Technical Committee of the International
Atomic Energy Agency, and to examine the computer code systems in these
countries.

Further, the fabrication technique itself is also to be checked, because (1) high density
MEU fuel has not been fabricated in the world and (2) it is the first experience for us to
order the fabrication to a foreign fabricator.

An application for a safety review (Reactor Installation License) of MEU fuel to be
used in the KUCA was submitted to the Japanese Government in March 1980, and a
license was issued in August 1980. Subsequently, the application for ‘Authorization
before Construction’ was submitted and was approved in September 1980. Fabrication
of MEU fuel elements for the KUCA experiments by CERCA in France was started in
September 1980, and was completed in March 1981. The critical experiments using
MEU fuel started in May 1981 utilizing the single core as a first step.  Those on a coupled-
core will follow.

The first critical state of the core using MEU fuel was achieved at 3: 12 p. m., May
12, 1981. After that, several experiments were performed as follows: the reactivity effects
of the side-plates containing boron burnable-poison, the void reactivities, the temperature
coeflicients.

FABRICATION OF MEU FUEL ELEMENTS

MEU fuel elements for the KUCA critical experiments were fabricated by Compagnie
pour I'Etude et la Réalisation de Combustibles Atomiques (CERCA) in France. One
fuel element consists of two side-plates and either fifteen or seventeen curved fuel plates.
The fuel plate, side-plates, and fuel elements are illustrated in Figs. 1 and 2. The total
number of fuel plates fabricated is 294, of 32 different widths. The fuel plates were fab-
ricated by the picture frame technique. The dimension and uranium content of each
fuel plate are listed in Table 1.

MEU fuel was supplied from the United States Department of Energy (USDOE) to
CLERCA for Kyoto University. The nominal enrichment is 45.04+0.4 w/o. The chem-
ical form of the meat (fuel core) is UAI -Al dispersion, and the density is about 4.0
g/cm3. The uranium density of the fuel core is 1.69 gfcm? and 23U density is 0.7575
g/cm3.  For reference, these values of the former fuel with the 93% HEU are 0.6357
g/cm? and 0.5918 g/cm3, respectively.
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The boron loaded side-plates were also fabricated by the picture frame technique.
The purity of natural boron contained in the side-plates is more than 989%,.

650mm

fp——————600mm :,. &%‘ﬂm
10 Smm
L O I """"""""""" 1
meat ! :
width : !
plate i curvature
wi?lh R J
(a)
55mm 55mm
3I7mm 38mm
i L75mm % 1 5mm
209mm 23mm
L il
L t
l_EII:I E —} Eo
{b) +Hi5mm (c)

Tmm

(a): fuel plate (the width is tabulated in Table 1).
(b): side-plate containing no burnable-poison,
inner fuel element: L=59.34 mm,
outer fuel element: L=67.4]1 mm.
(c): side-plate containing boron burnable-poison,
inner fuel element: L=59.40 mm, Lz=47.1 mm,
outer fuel element: L=67.00 mm, L,=54.7 mm.

Fig. 1. Illustration of the fuel plate and side-plates.

Space for Control Rods
< Center 1sland

— Inner Fuel Element

Side-Plate ~— T~ Outer Fuel Element

Supporting Grid

Fuel Piote
Stopper

Positioner

Fig. 2. View of the assembled fuel elements.
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1.

Table 1. Specifications of MEU fuel plates.

pllla:)tc width  width  curvature Ura- U-235 width width  curvature Ura- U-235

inner fuel plate outer fuel plate

of fuel of meat radius nium of fuel of meat radius num
(mm) (mm) (mm) (gr) (gr) {mm) (mm) (mm) (gr) (gr)

- W N -

o= TN B R &)

9
10
11
12
13
14
15
16
17

48.70  39.50 544 2000 899 61.16 51.96 133.3 2596 11.67

52.68 43.48 58.2 21.64 9.72 63.15 53.95 137.1 2694 1211
56.66 47.46 62.0 23.67 10.64 65.14 55.94 140.9 28.51 12.81
60.64 51.44 65.8 25.67 1154  67.13 57.93 144.7 28.99 13.00
64.62  55.42 69.6  27.57 1239  09.12 59.92 148.5 30,12 13.54
68.60 59.40 73.4  29.57 13.29 71.11 61.91 152.3 31.04 13.91
72.58 63.38 77.2 31.87 14.21 73.10  63.90 156.] 3192 14.36
76.56  67.36 81.0 3426 15.4l 75.09 65.89 159.9 3285 14.76
80.54 71.34 84.8 36.18  16.24 77.08  67.88 163.7 33.89 1523
84.51 75.31 88.6 38.27 17.16 79.07 69.87 167.5 35.55 15.99
88.49 79.29 92.4 40.34 18.10 81.06 71.86 171.3 3649 lo.4l
92.47 83.27 96.2 43.09 19.26  83.05 73.85 175.1 37.10 16.61

96.45 87.25 100.0 4449 19.98 8504 75.84 1789  38.25 17.10
100.43 91.23 103.8 46.74 20.89  87.03 77.83 182.7 39.68 17.76
104.41  95.21 107.6  48.30 21.64  89.02 79.82 186.5  40.69 18.27

— — — — — 91.01 81.81 1903 41.45 18.63
— — — — — 93.00  83.80 194.1 4269 19.1t

enrichment=44.87 w9%,, plate length==650 mm, meat length=600 mm

Fabrication Procedures

The fabrication process of the MEU fuel plates is shown in Fig. 3, and the fabrication
procedure is as follows;

(1)

fabrication of U-Al alloy by melting uranium metal and aluminum,
— uranium content of UAL,: 6943 w/o
crushing and grinding UAI, into powder, and sieving,
—UAI grain size: 40 gm (40 w/o maximum) and
40 —125 pm (the rest)
weighing and blending the UAI, and aluminum powders for each {uel compact,
compacting the blended powder,
— uranium concentration in the fuel compacts: 42 wjo maximuin
assembling the fuel compact into the aluminum frame and cover plates,
cladding by hot and cold rolling, and marking,
annealing at 425°C for | hour to test for blistering,
cold rolling to specified thickness,
cutting the plates to specified sizes,
chemically etching the plate surface,
curving the plates,
final cleaning and inspection,
packaging for shipment.



Cores

melt_and cast UAI Frome
crush and grinding into_powder Al sheet cutting into strips
sieving, homogenizing rolling of strip

weighing and blending UAI,
and Al powders * punch frame

inspect for U-235 content inspect for dimensions

form sandwich (core + frame + cover)

hot rolling

mark identification number

cold rolling
annealing, roller leveling,_
dimension checking_

cut 1o size INSPECTION

» ultrasonic test

# radiograph examination

+ fuel homogeneity

» dimension in flat state

# surface defects

# surface contamination

# cladding thickness { micro-graphs)

INSPECTION

# cleaniiness

# surface defects

# dimension after curving

curvature of plates

packaging
shipment

Fig. 3. Fabrication process of the MEU fuel plates.

The fabrication procedure of the boron loaded side-plates is as follows:

(1)

weighing and blending the natural boron and aluminum powders,
— weight of natural boron: 640 mg45 9, for outer elements and
570 mg+5 9%, for inner elements
boron grain size: 80 ym maximum

assembling the blended powder and silver markers into the aluminum frame

and cover plates,

cladding by rolling,

annealing at 425°C for 1 hour,

roller leveling to specified thickness,

cutting the plates and machining with grooves and engraving to specified sizes,
chemically etching the plate surface,

packaging for shipment.
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2. Inspectron

The actual inspection of the fabrication of MEU fucl elements was performed by
Compagnie Génerale des Mauéres Nucleaires (COGLMA) 1n France, which was chosen
by Kyoto University to be the acting inspector The inspectors of Kyoto Umniversity
visited CERCA three times — at the beginning of fabrication, mid and final stages —,
then Kyoto University authorized the inspection results reported by COGLMA  ‘lThe
Science and Technology Agency of the Japanese Government further inspected the MEU
fuel elements 1n Japan

‘1 he {ollowing 1tems were considered in the inspection of the fuel plates uramum
enrichment from the supplier’s report, uranium and aluminum purities by chemical
analysis, 25U content in each fuel plate by the gamma-ray counung examination, fuel
homogenetty by the X-ray absorption technique, cladding bond integrity by ultrasonic
testing, cladding and dog bone thickness by destructive testing, dimension, surface delects,
and surface contamination by the alpha counting method  Because of high density fuel,
we especially examined the bonding between the aluminum cladding and the aluminide
fuel meat

1 he inspection 1items for the side-plates were as follows, boron and aluminum purities
by chemical analysis, boron content 1n each side-plate by weighing natural boron, boron
core location by radiograph examination, cladding bond integrity by ultrasonic testing,
cladding and core thickness by destructive testing, dimension, surface condition, and
surface contamination by the alpha counting method The inspections for the side-plate
were rather easy because the boron content was not so high

The nspection report and recoirds such as X-ray absorption diagrams, radiographs,
ultrasonic test diagrams and micro-photographs taken 1n the destructive tesung, were

delivered to KURRI.

3.  Transport of MEU Fuel Elements

MEU fuel elements were transported from CERCA in France to KURRI 1n Japan as
a Type A Fissile Class 11 Package Four FS-13 containers were used 1 hese packages
were certified to satisfy the IALA requirements of the package design by Ministre des
Transports (French Government), Department of Transportation (Government ol the
United States) and Science and Technology Agency (Japanese Goveinment)

The transport between France and Japan was performed by a cargo plane via Alaska

EXPERIMENTAL

1. Core Confrguration

Figure 4 shows the view of the heavy water tank made fiom aluminum for the single-
core experiments The fuel elements are assembled in a cylindrical form as shown in
Fig 2 and installed in the heavv water tank The annular shaped core 1s light-water-
moderated and placed within a heavy water reflector”  The core has a cylindrical center
island of Iight water  The fuel region 1s divided into two parts by the space for control
rods, which are called the inner and outer fuel regions, respectively  The inner region
consists of 6 fuel elements, while the outer region consists of 12 elements  Each fuel plate
which has some curvature, can be inserted one by one between aluminum side-plates.
The plane cross-section of the assembly looks like a Japanese fan or a kind of cake called
Baumkuchen
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OUT-0l ~ OUT-12 * Outer fusl elements

IN-Of ~ IN-06 Inner fuel elements

#4 45, #6 ° Lin-N, Log-N and Sofety channels,
respactively (UIC)

Ci~ C3 : Control rods

54~ 56 ° Sofety rods
N - Neutron source ( Am-Be 2 Ci)

Fig. 4. View of the heavy water tank for a Fig. 5. Configuration of the C38R(BK D,O)MEU
sigle-core. core.

The core configuration employed in this work was called C38R (BK D,O)MEU and
is illustrated in Fig. 5. The outer fuel elements were numbered as OUT-01, OUT-02
and so on, while the inner as IN-0l, IN-02 and so on. The maximum numbers of fuel
plates which can be loaded in the outer and inner fuel elements are 17 and 15 per element,
respectively. The core was mainly controlled by two rods, namely C2 and C3 rods,
because all safety rods were withdrawn to the upper limit at each operation and Cl rod was
apart from the core. The detectors were arranged around the heavy water tank. The
neutron source was located under the heavy water tank.

2. Critical Approach

As a first step for the critical approach of the core, every one of the outer fuel elements
was fully loaded with 17 fuel plates (204 fuel plates, 3135.24 g-235U). Then, the critical
approach was performed by inserting fuel plates into the inner fuel elements from outside
to inside in regular order. At that time, all side-plates contained no burnable poison and
the pitch between fuel plates was 3.84 mm. The inverse multiplication method was
adopted for the critical approach. The detectors used in this experiment were three
fission chambers for the start-up channels, namely #1, 42 and #3. The first critical state
was achieved at the 8th step of {uel loadings.

3.  Reactivity Effects of Boron Burnable-Poison

Alter achieving the first critical state, the reactivity effects of the outer and inner
side-plates containing boron burnable-poison were measured. The reason for using
side plates with burnable-poison is attempt to obtain longer fuel life in the KUHFR.
For the outer side-plates, the measurements were performed as follows: substituting fuel
elements with burnable-poison lor fuel elements without poison one by one from OUT-12
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towards OUT-01 in order, the excess reactivity or subcriticality of the core was measured
belore and alter each substitution. The excess reactivity was mcasured by the positive
period method, and the subcriticality by the source multiplication method. "The reac-
tivity effect of the boron burnable-poison was obtained from the diflerence between two
reactivitics measured before and after the substitution.

For the inner side-platcs, after achieving the critical state with full loading ol outer
side-plates which contained burnable-poison, the substitutions were made from IN-06
towards IN-Ol by the same way as for the outer side-plates. After two steps of these
substitutions, there remained no more space to insert any fuel plate for adjusting the crit-
icality of the core. Then, another set of measurements was performed changing the
loading pattern of fuel elements.  All the inner fuel elements which contained burnable-
poison and was filled to the capacity with 15 fuel plates, were loaded in the core, and the
criticality was adjusted by the number of fuel plates inserted outside of the outer fuel
elements. At that time, any outer element contained no burnable-poison. Then, sub-
stituting inner fuel elements with poison for those without poison one by one from IN-06
towards IN-Ol in order, reactivity was measured for each case before and after the
substitution.

The pitch between fuel plates in the side-plate containing burnable-poison was
3.80 mm. From the results of the above measurements, the mass reactivity coeflicients of
fuel plates were incidentally obtained.

4.  Reactunty Effects of Vouds

The reactivity effects of void at four locations in the core were measured. The
locations were (1) the middle of the cylindrical center island of light water, (2) the space
for control rods, (3) the light water gap between the heavy water tank and the outer [uel
region and (4) the middle of the heavy water reflector. In advance of the measurements,
294 fuel plates were fully loaded in the core.  The criticality was adjusted by the number of
side-plates containing burnable-poison.  All of the inner and one hall of the outer fucl
elements contained poison. Aluminum void pipes of several diameters were employed to
simulate the void. The excess reactivity was measured before and after pouring light-
or heavy- water into the void pipe by the positive period method. The difference between
two reactivities belore and after the injection corresponded the effects of the voids.

5. Temperature Coefficients

The temperaturc reactivity coellicients were measured for two core configurations.
One had an acrylic void pipe at the center island of light water and the other had no such
a void. The outer diameter of the acrylic void pipe was 100 mm and the inner diameter
was 92 mm. The core configuration without void was the same as that arranged for the
measurements of the void effects. While, in the core with the acrylic void pipe, all the
fuel elements except only one outer element contained burnable-poison. The temperature
of light and heavy water were raised simultaneously by the electric heater installed in both
region and was adjusted to be the same in both region. The temperatures of several
locations in the core were monitored by the thermocouples set there. The excess reac-
tivities of the core at seven temperature points from 20°C to 70°C were measured by the
positive period method and the temperature reactivity coefficients of the core were obtained
from them.
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RESULTS AND DISCUSSION

1. Critical Mass

The inverse multiplication curves measured by the start-up channels are shown in
Fig. 6. The first critical state of the C38R(BK D,O)MEU core was achieved with 262
fuel plates. The masses of 25U and U were 4165.74 g and 9284 g, respectively. The
cxcess reactivity measured by the positive period was 0.211 9%4k/k. Using the measured

mass reactivity coefficient for the fuel plate (0.0198 % dk/k/g-235U), the least critical mass
of the core was estimated as 4155 g-2%U or 9260 g-U.

Inverse multiplication factor, [/M
o © O O o o o
~nN [83] b (&) o)) ~ o]
T T T ] T T T

o
T

O'Osooo 3800 4000 4500

Mass of 235U, g

Fig. 6. Inverse multiplication curves measured by the start-up channels.

On the other hand, the critical state of the C38R(BK D,O)HLEU core for which
HEU (93 9,) fuel was used, was formerly achieved with 276 [uel plates. 'T'he masscs of
25U and U were 3524.46 g and 3784 g, respectively. The excess reactivity was
0.468 9%, 4dk/k. The increase of 235U mass in MEU core was caused by the absorption of
2381, whose density is increased more than twice.

A preliminary calculation for the MEU core using a two-dimensional diflusion code
KR302DPT® with 3 group constants gave the result that critical mass was 4347 g-23%U
(266 [uel plates). A more precise calculation is now being perlormed by means of a
two-dimensional finite-elcment dilTusion code 2D-I'EM-KUR or a three-dimensional code
3D-FEDM-KURD?.9,
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2. Reactinty Effects of Sde-Plates Contavming Burnable-Poison

The reactivity eflect caused by the substitution of burnable-poison for each fucl
element without poison is shown in Figs 7-(a) and —(b). The measured reactivity of
each element with burnable-poison was not constant. It is due to the reactivity inter-
ference eflects with the side-plates containing burnable-poison already inserted in previous
steps. The reactivity effects were approximately —0.4 %Jk/k per outer fuel element and
—0.6 % dk/k per inner element.

‘0 2 T T T T T T T T T T T 1
by F o: critical method 4
b4
<2-03r & subcntical method 1
B33
-~ o o B
3 >3, J
$ 0 o R ]
.2‘ I o]
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-2 -t -10-09-08-07-06-05-04-03-02 -0l

Substituting position of the side-plate with burnable - poison

Fig. 7-(a). Reactuvity eflects caused by the substitution of burnable-poison tor
each outer fuel element without poison. (sohid hne shows a simple expectation on
the qualitative tendency of the interference effect)

-04 T T T T T T
x i ° " critical method ]
X -05+ v = suberitical method -
°\°. - full loading of the outer burnable-poison g
R .
[ 4] - .
:‘g -7+ no poison in the outer fuel elements
g L i
® _og 1 i L 1 1 1

IN-06  IN-O5 IN-04 IN-03 IN-02 IN-Ol
Substituting position of the side-plate with burnable-porson

Fig. 7-(b). Reactivity effects caused by the substitution ol burnable-poison for
cach inner fuel element without poison. (solid hne shows a simple expectation on
the qualitative tendency ol the mtetlerence eflect)

The integral effects for fuel elements containing poison are shown in Fig. 8. The
total reactivity of the outer side-plates containing boron burnable-poison was measured as
approximately —4.7 9, 4k/k, while that of the inner was —3.7 % 4k/k. 'Taking account of
the interference effects between the inner and outer side-plates with poison, the integral
effects of burnable-poison would be about 8 9, 4k/.

The critical state was achieved with 286 fuel plates, when all outer burnable-poison
side-plates were loaded. The mass of 23U was 4438.62 g and the excess reactivity was
0.133 9%, 4k/k. On the other hand, the critical state was achieved with 277 fuel plates
under full loading of inner burnable-poison. The mass of 23U was 4189.53 g and the
excess reactivity was 0.057 %, Jdk/k.
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Fig. 8. Integral reactivity effects of the inner and outer fuel elements containing
boron burnable-poison. (integrated values of Figs. 7-(a) and (b))

From these experiments, the mass reactivity coefficient of individual fuel plate was
obtained for the inside part of the inner fuel region and for the outside of the outer region:
(1) For the inner fuel plates, the values were in the range from 0.014 to 0.021 %, dk/k/g-2%U.
The tendency was observed that the value was larger for fuel plates nearer to the center
island of the core. This phenomenon corresponds to the fact that the neutron importance
is higher at the inner part of the core. (2) For the outer fuel plates, the mass reactivity
coefficients were approximately 0.0085 9%, 4k/k/g-235U. That was roughly one half of the
value for the inner fuel plate.

These measured values are very useful to examine the calculation method. 1t will
be reflected to the final design of the KUHFR fuel elements.

3. Reactivity Effects of Aluminum Void Pipes

The reactivity effects of voids measured at four locations using aluminum pipes are
tabulated in Table 2. In the control rod space and at the middle ol the hcavy water
reflector, the reactivity effects of voids were negative. While they were positive at the
other locations. The void coeflicient was estimated as approximately 1 x 10-5 Jk/k/cm? at
the middle of the center island of light water, —5 x 10-8 Jk/k/cm3 at the space for control
rods, 2 X 10-6 gk/k/cm?3 at the light water gap region between the outer fuel region and the
heavy water tank and —2x 10-7 Jk/k/cm? at the middle of the heavy water reflector,
respectively. These values can be understood from the H/U ratio, that is, whether the
moderation in these regions is undermoderated or wellmoderated.
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Table 2. Reactivity Effects of Aluminum Void Pipes.

‘ : outer diameter inner diameter void reactivity
locations in the core (cm) (cm) (% Jk/K)
1.0 0.7 0.0249
2.5 1.9 0.171
middle of the center 2.5 2.1 0.212
island of light water 2.5 2.2 0.231
2.5 2.3 0.245
4.0 3.38 0.538
space for control rods 1.0 0.7 —0.0109
light water gap between 1.0 0.7 0.0042
the outer fucl region 2.5 2.3 (.0632
and the heavy water tank
ddle of th 3.5 2.9 —0.0096
t
:" € o e . 6.5 5.5 —0.0303
t
cavy water reflector 9.0 8.4 - 0.078]

4. Temperature Reactivity Coefficients

In Fig. 9, the temperature reactivity cocllicients arc shown. LFor the core without
void, the temperature coefficient was positive below 70°C.  On the other hand. it changed
their sign from positive to negative at approximately 33°C for the core with acrylic void
pipe at the center island of light water. Two curves of the temperature coefficients were
almost parallel to each other and both curves tended to be linear beyond 35°C. The
difference between two was approximately 9x 105 Jk/k/°C.

14 r“rv T T T T T
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Temperature coefficients, 107> AK/K/°C
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/
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|

-g | acrylc void pipe at the center isiand

_|O Lt L | 1 i 1 L.
20 30 40 50 60 70

Core temoerature °C

Fig. 9. Temperature reactivity coeflicients for the cores with and without an
arcylic void pipe at the center.
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In general, at very high temperature the negative temperature coefficient due to
Doppler effect of 2*U absorption must be dominant, but it was not obscrved in the

present temperature region.
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Appendix H-2.2
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Abstract

Critical expeiments using MEU fuel in the KUCA, a light-water-
moderated and heavy-water—-reflected single-core, were started in
May 1981. This paper provides some results on the analysis of the
KUCA critical experiments using the ANL code system. The critical
mass for HEU and MEU single-cores and the boron burnable-poison
effects for MEU cores were analysed. Five-group constants were
generated using the EPRI-CELL code and two dimensional diffusion
calculations were performed using the DIF3D code. For the
analysis on the critical mass, a two-dimensional finite-element
diffusion code (2D-FEM-KUR) was also applied and the results
compared with the DIF3D (2D) code.

Introduction

The joint ANL-KURRI program1 was initiated in 1978 for reducing the
enrichment of the fuel to be used in the KUHFR.Z2 The KUHFR has a distinct
feature in its core configuration, namely a coupled-core. The core consists of
two annular shaped modules that are light-water moderated and placed within a
heavy-water reflector with a specified distance between them. The phase A
reports of the joint ANL-KURRI program, independently prepared by the two
laboratories in February 1979,374 concluded that MEU fuel is feasible for the
KUHFR.

In accordance with an ANL-KURRI joint study concerning the RERTR progran,
the critical experiments using MEU fuel in the KUCAD were started in May 1982.
Thereaf ter, the KUCA exgeriments have been providing valuable data with regard
to the RERTR Program.®:7,8

This paper provides some preliminary results on the anlaysis of the KUCA
critical experiments using the ANL code system. Since this system was employed
in the earlier neutronics calculations for the KUHFR, it is important to assess
its capabilities for the KUHFR. The KUHFR has a unique core configuration
which is difficult to model precisely with current diffusion theory codes.

The KUCA core employed in this series of critical experiments was similar to
that of the KUHFR, although it was not a coupled core (single core). Even for
this simpler KUCA core, it is still difficult to model the geometry precisely
with a finite-difference diffusion code.
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This paper also provides some results from a finite-element diffusion code
(2D-FEM-KUR),9'10 which was developed in a cooperative research program between
KURRI and JAERI. This code provides the capability for mockup of a complex
core configuration as the KUHFR. Using the same group constants generated by
the EPRI-CELL code,!! the results of the 2D-FEM-KUR code are compared with
the finite difference diffusion code (DIF3D(2D))'2 which is mainly employed
in this analysis.

Description of the ANL Code System

Microscopic broad-group cross-section data at ANL is %enerated using the
EPRI-CELL code. This code combines a heterogeneous P1 GAM 5 type treatment

for the epithermal sgectra and resonances and a heterogeneous integral-transport
treatment (THERMOS)'4 for the thermal range. The epithermal treatment

includes (1) an interpolation over tabulated groupwise-resonance integrals as a
function of temperature and potential scattering for the resonance self-shielding,
(2) resonance overlap corrections, (3) an optional buckling search, and (4)

many other refinements. The code also provides a cell depletion calculation
based on the CINDER code for each of the THERMOS space points in a depletable
zone. Cell-averaged cross-section data at preselected times in the depletion
history can be obtained in either a 2, 3, 4 or 5 group structure. A flow

diagram for the EPRI-CELL code is shown in Fig. 1.

EPRI-CELL
Input

GAM-1
Epl-thermol

THERMOS —— ECDATA
Thermal file
1
Brood Group
Cross-sectlons

CINDER
Cell Dependent
Burn-up

Figure 1. Flow Chart for the EPRI-CELL Code

The EPRI-CELL libraries at ANL are based mostly on ENDF/B-IV data. The
68 group epithermal, GAM, library is generated using MC2-215 and the integral
transport RABANL option for the resonance self-shielding parameters. The
35-group thermal, THERMOS, library is generated using the AMPX16 or NJOY
codes with an Sy g treatment for hydrogen and deuterium.

The neutronics calculations are performed using the DIF3D code. This code has

the capability for 1-D through 3-D diffusion theory calculations for several
geometries based on the finite-difference method.

Description of KUCA Fuel Assemblies

In this study, experimental results of critical mass for HEU and MEU cores
and the boron burnable-poison effects were analyzed.
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The specifications of HEU and MEU fuel plates are tabulated in Tables |
and 2. An illustration of the fuel plates and side-plates is shown in Fig. 2.
The HEU fuel plates were fabricated in Japan by Nuclear Fuel Industries, and
Each fuel plate can be

the MEU fuel plates were fabricated in France by CERCA.
inserted one by one between aluminum side-plates.

Figure 3 shows the heavy water tank which is employed in the single core

For MEU fuels, special side-
plates containing boron burnable-poison were also fabricated (see Fig. 2).

KUCA experiments. Figure 4 shows a view of the assembled fuel elements.

assembly is then installed in the center of the heavy-water tank and filled

with light water. A typical core configuration is shown in Fig. 5.

TABLE 1. SPECIFICATIONS OF HEU (NFI)

inner fuel plate

outer fucl plate

p':;tc width  width curvature Uranium U-235 width  width curvature Uranium U-235
' of fuel of meat radius of fuel of meat  radius
(mm)  (mm) (mm) (gr) (gr) (mm)  (mm) (mm) (gr) (gr}
1 St 42.95 56.17 8.10 7.54 62.60 53.84 133.83 10.22 9.52
2 55.74 46.98 60.01 8.83 8.22 64.61 55.85 137.67 10.54 9.82
3 59.76 51.00 63.85 9.70 9.03 66.62 57.86 141.51 10.97 10.22
4 63.78 55.02 67.69 10.49 9.77 68.63 59.87 145.35 11.33 10.55
5 67.80 59.04 71.53 11.22 10.45 70.64 61.88 149.19 11.83 11.02
6 71.82 63.06 75.37 12.06 11.23 72.65 63.89 153.03 1213 11.30
7 75.84 67.08 79.21 12.84 11.96 74.60 65.90 156.87 12.57 11.71
8 79.86 71.10 83.05 13.60 12.67 76.67 61.91 160.71 12.98 12.09
9 83.88 75.12 86.89 14.37 13.38 78.69 69.93 1G4.55 13.54 12.61
10 87.91 79.15 90.73 15.07 14.04 80.70 71.94 168.39 14.03 13.07
11 9)1.93 83.17 94.57 15.68 14.60 82.7t1 7395 172.23 14.17 13.20
12 95.95 87.19 98.41 16.46 15.33 84.72 75.96 176.07 14.73 13.72
13 99.97 91.21 102.25 17.41 16.22 86.73 77.97 179.91 14.90 13.88
14 103.99 95.23 106.09 18.32 17.06 88.74 79.98 183.75 15.28 14.23
15 108.01 99.25 109.93 18.96 17.66 90.75 81.99 187.59 15.54 14.47
i6 — — — — — 92.76 84.00 191.43 15.91 14.82
17 — — —_— — —_ 94.77 86.01 195.27 16.42 15.29

enrichment 93.14 w9,
fucl plate pitch=3.84 mm

plate length =650 mm
meac length = 600 mm

TABLE 2. SPECIFICATIONS OF MEU (CERCA)

inner fucl plate

outer fucl plate

P'l‘:‘c width  width curvature Uranium U-235 width  width curvature Uranium U-235
: of fuel of meat  radius of fuel of meat  radius
(mm) (mm)  (mm) (gr) (gr) (mm) (mm) (mm) (gr) (gr)
1 48.70  39.50 54.4 20.00 899 61.16 51.96 133.3 25.96 11.67
2 52.68 43.48 58.2 21.64 9.72 63.15 53.95 1371 26.94 12
3 56.66 47.46 62.0 23.67 10.64 6514 55.94 140.9 28.51 12.81
4 60.64 5].44 658 25.67 11.54 67.13 57.93 144.7 28.99 13.00
5 64.62  55.42 69.6 27.57 12.39 69.12 59.92 148.5 30.12 18.54
6 68.60 59.40 73.4 29.57 13.28 71.11 61.9] 152.3 31.04 13.91
? 72.58 631.38 772 31.87 14.21 7310 6390 156.1 31.92 14.36
8 76.56  67.36 81.0 34.26 15.41 7509 65.89 159.9 32.85 14.76
9 80.54 71.34 84.8 36.18 16.24 77.08 67.88 163.7 33.89 15.23
10 84.51 75.31 88.6 38.27 17.16  79.07  69.87 167.5 35.55 15.99
It 8849 79.29 92.4 40.34 18.10 81.06 71.86 171.3 36.49 16.41
12 92.47 83.27 96.2 43.09 19.26 83.05 73.85 175.1 37.10 16.61
13 96.45 87.25 100.0 44.49 19.98  85.04 75.84 178.9 38.25 17.10
14 100.43  91.23 103.8 46.74 2089 87.03 72.83 182.7 39.68 17.76
15 104.41 95.21 107.6 48.30 21.64 89.02 79.82 186.5 40.69 18.27
16 - - — —_ — 91.0! 81.8! 190.3 4].45 18.63
17 —_ —_ — — —_— 93.00 £3.80 194.1 42.69 19.11

enrichment 44.87 w9,

fuel plate pitch=3.8 mm

plate length =650 mm
meat length =600 mm
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Fig. 3. View of the heavy water tank for a single-core.

186



Spoce for Control Rods
< Center Istord

S Hoot

— Inner Fuel Element

Sude-Prote ~ 1~ M Outer Fuel Etement

Swpporting  Grid

Fue! Pioe
Siopper

Positioner

Fig. 4. View of the assembled fuel elements.

rc2

By,
B
L

FCl

&
&

020 tank { 0,0 reflector)

(::) vIce
IN-01 - IN-06 : Inner fuel elements (containing no burnable-poison)
EX-01 - EX-12 : Outer fuel elements (containing no burnable-poison)
cl -¢C3 : Control rods
S4 - S6 : Safety rods
FCl - FC3 : Fission chambers
UIC4 - UICH ¢ Uncompensated ionization chambers
EX-01 - EX-12 contain 17 fuel plates.
IN-01,-02,-05,-06 contain 10 fuel plates.
IN-03 - IN-04 contains 9 fuel plates.

Total 262 plates

Fig. 5. C38R(BK D.O)MEU core configuration using the side-plates
with 3.8 mm pitch.
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The Generation of Group Constants

The single core employed in the KUCA critical experiments was divided into
10 regions for the MEU core and into 11 regions for the HEU core. For the MEU
core, these regions are (1) the inner and (2) the outer fuel regions, (3) the inner
and (4) the outer side-plate regions, (5) the light-water region in the center
of core, (6) the control rod region, (7) the outer vessel region between the outer
fuel elements and the heavy-water reflector including the inner wall of the annular
shaped alunminum tank for containing the heavy-water, (8) the heavy-water reflector
region, (9) the outer wall region of the aluminum heavy-water tank, and (10) the
light-water reflector region outside of the heavy-water tank. For the HEU core,
the inner vessel (11) which separates the fuel from the center island containing
light water was also modeled.

In generating group constants, the FPRI-CELL code with slab geometry was
used for each region. The upper energy boundaries of the five-group structure
used at ANL are as follows: 10 MeV, 0.821 MeV, 5.53 KeV, 1.855 eV, and 0.625
eV.

For the inner (1) and outer (2) fuel regions, the materials between two
side plates were modeled as a unit cell for full fuel loading (see Fig. 6).
The fuel meat, aluminum clad, and light-water moderator were modeled as shown.
The residual region between the edge of the fuel meat and the side-plate was
taken into account as an extra-region. RABANL corrections were applied for
resonance self-shielding.

U-Al Al n,o Al + uzo
(extrs region)

Fig. 6., Model of the unit cell used in the
generation of group constants.

For the inner (3) and outer (4) side-plate regions in Fig. 7, the treatment
of the side-plate with and without boron burnable-poison was different. 1In
each case, the small portion of the light water in the grooves of the side-plate
was ignored, but the light water in the gap between two side-plates was taken
into account. For the side-plate without burnable-poison, & simple fission
spectrum was assumed. With burnable-poison, the spectrum for collapsing cross
sections was generated using a homogenized core source. TFor the side-plate
with burnable-poison, all regions were represented explicitly. The end sections
of the side-plate containing no poison were included as an extra-region.
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Fig. 7. Model for the side-plate with burnable-poison.

For the regions (5) through (11), a 235U fission spectrum was employed.
In the control rod region (6), aluminum sheaths for control rod insertion,
and gluminum spacers, and all other aluminum support structures were homogenized.
The inner (11) and the outer (7) vessel regions consist of aluminum and light-
water. In these regions, heterogenities were taken into account. For the
outer tank wall region (9), the group constants prepared for aluminum in outer
vessel region (7) were utilized. For the center light-water (5) region and the
light-water reflector (10) regions, group constants were prepared using a 235U
fission spectrum in the same thickness of light water.

Neutronics Calculations

Using the DIF3D code, two dimensional diffusion calculations were per-
formed. In the Phase B calculations!” for the KUHFR, extrapolation lengths
were derived using fitted data from R-Z computations. These varied by region
from ~10 cm in the center to >15 cm in the heavy-water reflector. On the other
hand, the experimental results gives the extrapolation lengths as 8.1 # 0.1 cm
in the center light-water region, 7.8 cm * 0.1 cm in the outer fuel region and
9.8 £ 0.3 cm in the heavy-water reflector, respectively. In this paper, the
experimental values of the extrapolation lengths were adopted.

The core configuration was modeled in X-Y geometry (Fig. 8). In the inner
part of the core, a mesh of approximatey 0.25 x 0.25 cm was employed. In the
heavy-water reflector and in the heavy-water. tank regions, a 1 x 1 cm mesh wag
used. In the light-water reflector region, a 2 x 2 cm mesh was used.

For some cores, the 2D-FEM-KUR code was applied to compare results with

the DIF3D(2D) code. Figure 9 shows the core configuration simulated by the
2D-FEM-KUR code.
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Fig. 8. Example of the core configuration (MEU) used
in the DIF3D(2D) code.

)

Fig. 9. Example of the core configuration (HEU)
used in the 2D-FEM-KUR code.

Results and Discussions

Preliminary results of calculations for the cores employed in the critical
mass measurements are tabulated in Table 3. Results for the cores used in the
burnable-poison effects measurements are tabulated in Table 4.

Tables 3 and 4 show that ratios between the results of calculations and
experiments are less than 1.6%. Calculated eigenvalues are always higher
than the experimental values. One reason for this tendency is due to the
me thod employed in the fuel regions for generating group constants in this
paper. The extra-region in Fig. 6 tends to increase the H/U ratio in the fuel
meat region. This causes a shift from an under-moderated fuel region to a more
vell-moderated region and leads to the over-estimation of the eigenvalue.
Calculations using group constants prepared without the extra region are
currently in progress.

190



TABLE 3. CRITICAL CORES WITHOUT BURNABLE POISON

Number Keal c/E
Pitch of
Fuel (z=) Plates Xexp DIF3D(2D) 2D-FEM-XUR DIF3D(2D) 2D-FEX-XUR
MEU 3.80 262 1.0008 1.0112 1.0111 1.0104 1.0103
(44.871)
HEU 3.84 262 1.0021 1.0112 1.0122 1.0091 1.0101
(44.872)
HEU 3.84 267 1.0047 1.0198 1.0204 1.0150 1.0157
(93.142)
TABLE 4. CORES WITH BURNABLE POISON
Number Eigenvalue Reactivity Effect of BP
Pitch of Pe Pcal
(am) Plates Kexp Kcal C/E (Xax/k) (Xak/x) c/E
Outer SP with BP 3.80
288 1,0047 1.0188 1.0141 ~4,7 -4,408 0.94
Inner SP without BP 3.84
Outer SP without BP 3.84
277 1.0006 1.0130 1.0124 ~3.6 -3.485 0.97
Ianner SP with BP 3.80
All SP with BP 3.80 294 €0,986 0.9939 >1.008 (-8)* -7.666 (0.96)
All SP without BP 3.84 294 - 1.0759 - - - -

SP: gide-plate, BP: burnable-poilson.
*
Estimated froa experiment.

Although the core configuration was not simulated exactly in the diffusion
calculations, and simple treatments were used in generating some of the group
constants, the agreement between the calculations and the experiments is
sufficient for design calculations of the KUHFR. Even for burnable-poison
effects, which are difficult to calculate accurately by means of the diffusion
theory, the differences shown in Table 4 are less than 7%.

The agreement between the results obtained using the DIF3D(2D) code and
the 2D-FEM-KUR code was quite good. Both the 2D-FEM-KUR code with its explicit
geometrical representation and the DIF3D(2D) code with a jagged X-Y approximation
for the core can be used with confidence for neutronic design calculations of
the KUHFR.
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Appendix H-2.3

ANALYSIS OF KUCA MEU CORES
BY THE JAERI SRAC CODE SYSTEM

T. MORI, K. TSUCHIHASHI

Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken,
Japan

Abstract

As part of the Japanese RERTR Program, a series of calculations
using the JAERI SRAC code system were performed for the KUCA
critical experiments with MEU fuel. Parameters studied include
critical masses, the mass coefficient, boron plate reactivities,
and the reactivities due to vold pipes inserted in the central
water island.

1 Introduction

As a part of Japanese RERIR program, a series of calculations have
been done for the KUCA critical experiments using MEU fuel by the code
system SRAC (Ref. 1-5 ) which has been developed since 1978 as the
nuclear design and analysis part of the JAFRI standard thermal reactor
code system.

This report describes a preliminary analysis of the data measured
in the fiscal year of 1981 by the current data library of the SRAC.

2 Calculational Method
Cross Sections

The optional data library is taken to use that based on ENDF/B-4
files except the scattering law for H20 and D20 which are stored only
in ENDF/B-3.

The transport cross sections for PO transport calculations are
calculated by the Bl approximation which correspond to the diffusion
coefficients as D = 1/(3 Ltr).

Resonance absorption of heavy nuclides is calculated by the table
look—up method for E > 130.07 eV, and the ultra—fine (about 4500 pts.)
group collision probability method for 130.07 eV > E > 0.983 eV
(thermal cut off).

The energy group structure for this analysis is as shown in Table 1
composed of 22 fast groups and 31 thermal groups. This structure is
chosen to have sufficient number of energy groups in the core calcula-
tions to consider the spatial variation of neutron spectrum which 1is
foreseen by the heterogeneous disposition of HZ20 islands in the KUCA
cores.
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Table 1 Energy Group Structure in Fast and Thermal Neutron Range
Fine Few Energy Range (eV) Lethargy Range
1 1 0. 10000E+08 0.60653E+07 0.0 0.5000
2 0.60653E+07 0.36788E+07 0.5000 1.0000
3 0.36788E+07 0.22313E+07 1.0000 1.5000
4 0.22313E+07 0. 13584E+07 1.5000 2.0000
5 0. 13534E+07 0.82085E+06 2.0000 2.5000
6 2 0.82085E+06 0.49787E+06 2.5000 3.0000
7 0.49787E+06 0.30197E+08 3.0000 3.5000
8 0.30197E+08 0.11109E+06 3.5000 4.5000
9 0.1110SE+06 0.40868E+05 4.5000 5.5000
10 0.40868E+05 0.15034E+05 5.5000 6.5000
11 3 0.15034E+05 0.55308E+04 6.5000 7.95000
12 0.55308E+04 0.20347E+04 7.5000 8.5000
13 0.20347E+04 0.74852E+03 8.5000 9.5000
14 0.74852F+03 0.27536E+03 9.5000 10.5000
15 0.27536E+03 0. 13007E+03 10,5000 11.2500
16 0. 13007E+03 0.61442E+02 11.2500 12.0000
17 4 0.61442E+02 0.29023E+02 12.0000 12.79500
18 0.29023E+02 0.13710E+02 12.7500 13.5000
19 0.13710E+02 0.64760E+01 13.5000 14.2500
20 0.64760E+01 0.30590E+01 14.2500 15.0000
21 0.30590E+01 0. 186374E+01 15.0000 15.6250
2 0.18374E+01 0.99312E+00 15.6250 16. 1250
Fine Few Energy Range (eV) Velocity Range (cm/sec)
1 1 0.99312E+00 0.60236E+00 0.13784E+07 0.10735E+07
2 0.60236E+00 0.41339E+00 0.10735E+07 0.88936FE+06
3 0.4139CE+00 0. 36528E+00 0.8899%6E+06 0.83597E+06
4 0.36528E+00 0.31981E+00 0.83597E+06 0.78196E+06
5 0.31961E+00 0.29722E+00 0.78196E+08 0.75496E+06
6 0.297392E+00 0.27693E+00 0.75496E+06 0.72796E+06
7 2 0.27699E+00 0.23742E+00 0.72796E+06 0.67396E+06
8 0.23742FE+00 0.20090E+00 0.67396E+06 0.61996E+06
a 0.20090E+00 0.18378E+00 0.81996E+06 0.59296E+06
10 0.18378E+00 0.16743E+00 0.59296E+06 0. 565I7E+06
11 0.18743E+00 0. 15183E+00 0.56597E+06 0.53896E+06
12 0. 15183E+00 0.13700E+00 0.53896E+06 0.51196E+06
13 3 0.13700E+00 0. 122393E+00 0.51196E+06 0.48496GE+06
14 0.12233E+00 0. 10983E+00 0.48496E+06 0.45797E+06
15 0. 10963E+00 0.97080E-01 0.45797E+06 0. 43096E+06
16 0.97080E-01 0.85397E-01 0. 43096E+06 0.40420E+06
17 0.85397E-01 0.74276E-01 0.40420E+08 0.37696E+06
18 0.74276E-01 0.64017E-01 0.37696E+06 0.34936E+06
19 4 0.64017E-01 0.54520E-01 0.34936E+08 0.32236E+06
20 0.54520E-0t 0.45785E-01 0.32236E+06 0.29536E+06
21 0.45785E-01 0.37813E-01 0.29536E+06 0.26897E+06
22 0.37813E-01 0.30602E-01 0.26897E+06 0.24196E+06
23 0.30802E-01 0.24154E-01 0.24196E+06 0.21497E+06
24 0.24154E-01 0. 18467E-01 0.21497E+06 0.18796E+-06
25 5 0.18467E-01 0. 13543E-01 0. 18796E+06 0. 16097E+06
6 0. 13543E-01 0.83805E-02 0 168097E+06 0.13398E+06
44 0.383805E-02 0.53804E-02 0.13386E+08 0. 10696E+06
28 0.53804E-02 0.33423E-02 0. 10696E-06 0.79965E+05
29 0.33423E-02 0. 14683E-02 0.79965E+05 0. 52965E-05
30 0.14663E-02 0.35238E-03 0.52965E-05 0.25965E+05
31 0.35238E-03 0.10010E-04 0.25965E+05 0.43761E+04
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Process
Step 1 Primary cell calculation for single fuel plate cell

A one dimensional plane cell composed of a fuel plate, cladding,
and coolant water 1is supposed as shown in Fig.l1. In this step three
linear equations are successively solved for (1) fast 15 groups (10 MeV
- 130.07 eV), (2) resonance 49500 groups, (3) thermal 31 groups.

Atomic denstty

(x10%h

I P meat B 19564-3
‘ U 234%-3
J Al 51883-2

W TIPSO

N a  ar s0-2

/‘*{Lﬁl— | | H0 dependent on

122mm 045mm Q5mm temperature
{(12mm for boron loaded side plate)

IS

FIG. 1. Primary cell model.

Step 2 Secondary cell calculation

To consider the neutron distribution in the azimuthal direction,
a one dimensional plane cell of side plate, side water, and homogenized
fuel region is supposed as shown in Fig. 2a. A similar cell is also
supposed for the case where boron plate is inserted in the side plates
as shown in Fig.2b. Because spreading side plate spacing is assumed as
parallel, the plate to plate spacing is taken to keep the same volume
of fuel region . Thus the spacing changes by fuel loading.

To compare the boron plate reactivity worth, both of c¢ollision
probability method and one dimensional SN routine were used.

Step 3 Core calculation

Using the 53 group cross sections obtained by the above process,
one dimensional diffusion equation is solved in the R-geometry shown in
Fig.3. The extrapolation distance in the axial direction is decided to
meet the critical mass of unpoisoned core.

To estimate the axial leakage through the central void pipe, a
series of two dimensional SN calculations in R-Z geometry are executed
with 9 group energy cross sections which are condensed from the results
of one dimensional diffusion calculation.
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FIG. 3. Core model for 1-D diffusion.

3 Comparison of calculated results with measured ones

In Table 2, the calculated Keff values to estimate the critical
mass and boron worth are listed. The values on the first column of Keff
are the results of 1-D diffusion calculation where the secondary cell
are treated by the collision probability method, those on the second
column are Keff values with 1-D SN routine in the treatment of the
secondary cell. Those on the third column are to show the effect of
axial buckling.

In Table 3, the mass coefficients are compared with experimental
values. The results show that 1t is difficult to predict the coeffic-
1ents which shows sharp position dependence due to the heterogeneous
disposition of water 1slands by the diffusion approximation.

In Table 4, the reactivity worth of boron plates are compared. The
underestimate of boron worth by the collision probability method are
not improved by 1-D SN calculation. Any two dimensional analysis might
be suitable to take account of H20 regions which are located at 1nner
and outer radial direction of the secondary cell.

Table 2 Calculated effective multiplication factors

Case: Outer : Inner :Temp Keff
No.: Nbr. : Nbr. : : PIJx* ANISN ek PIJ :
: Fuel B : Fuel B : : H=74.0cm : H=70.0cm:

1 : 17 9 : 300 0 0.99333 : 0.98210

2 17 10 . 300 :1.00731 : 0.99594
3: 17 : 15 : 300 :1.06692 : 1.05501

4 : 17 B: 15 : 300 1.02667 1.02782 :

5: 17 15 B : 300 1.03463 1.03543 :

6: 17 B: 15 B : 300 0.92248 :

7 : 15 15 B : 300 T 0.99978

8 : 16 : 15 B : 300 : 1.01570

g: 17 B: 13 : 300 o 1.00327

10 : 17 B : 14 : 300 :1.01738

Note PIJ+ : The secondary cell solved by collision prob method
ANISN++:The secondary cell solved by ANISN
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Table 3 Mass coefficients

Case : Core : Exp : Calculated
: (fuel plates) © Ak/k/g U-235 . Ak/k/g U-235
12 :noB  (inner) :  0.0198% . 0.0168%
578 : inner B (outer) : 0.0085% ;. 0.0070-0.0078%
4 3 10 : outer B (inner) : 0.014% - 0.021% : 0.0159-0.0227%

Table 4 Reactivity Worth of Boron Plate

. Case @ Core : Exp : Calculated

; : T Ak/k Keff T Ak/k Keff
12 : noboron 1.002114 : 1.002671 :
78 : outer boron : 4.7% 1.001332 : 3.8% 1.009066 :
9 10 : inner boron : 3.7% 1.000570 : 3.0% 1.012678 :

The reactivity effects of the alminum void pipes 1inserted 1n the
core center as to remove HZ0 are shown in Table 5. Some competing
effects 1e., the positive effect due to decreasing neutron absorption
by H?20, the negative effect of decreasing of slowlnghggwer and 1ncreas-—
1ng axial leakage result in the positive reactivity worth. Calculated
values shows that both of 2-D SN calculations and 1-D diffusion calcu-

lations overestimate this effect.

Table 5 Reactivity effect by the central void tube

Case OQOuter Inner : Exp Calculated * :

dia. dia. : TWOTRAN sk : 1-D Diffusion 4okk

(cm) (em) % Ak/k @ % Ak/k Keff © % Ak/k Keff :
6 0. ; 0.99111 . 0.939246
A 1.0 0.7 0.0249:  sofololok dolofolololok 1 solololok stotototofolok
B 2.5 1.9 0.171 : 0.271 0.99378 : 0.249 0.90492
cC 2.5 2.1 0.212 : o0.28 0.98389 : 0.262 0.99504
D 2.5 2.2 0.231 : 0.288 0.9835%5 : 0.268 0.99510
E 25 2.3 0.245 : 0.224 0.90401 : 0.2/ 0.99517
F 4.0 3.38 0.538 : 0.665 0.99769 : 0.704 0.99244

Note % Full insertion of boron plates is assumed
xk No upper, lower reflecter considered
skt The void tube 1s homogenized with surrounding water 1in the
central region (r < 5.358 cm)
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The measured temperature reactivity coefficients of the cores, with
or without acrylic void pipe at the center island are integrated
numerically assuming linear dependence on temperature of experimental
values as plotted in Fig. 4 . The experimental Keff values are norma-
lized to meet the calculational values at 300 °K. The calculated values
at 350 °K seem to show fairly good agreement with the experimental
ones. The calculations along the intermediate temperatures failed due
to the improper interpolation formula for the thermal scattering law

S{a,8).

Katt

-~ Exp
Q40 = Cai

Central vod cose

1 035} )—\

No void case
1010}
//_—T
{ 005 L . L ]
300 325 350

Temperature  (°K)

FIG. 4. Temperature effact on kg

Temperature coefflclents, 107> dk/k /°C
o
T
/
/
bol
1

-2 -

Nl

acrylic vold pipe at the center Island

-10
20 30 40 50 €0 70

Core tempercture, C

FIG. 5. Temperature reactivity coefficients.
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4 Discussion

We have not yet got the satisfactory results The heterogenous core
configuration such as the local existense of water 1slands seems to
make difficult the analysis. Some approach using Pl coefficients of
cross sections might be necessary

Until publishing the final report, the 2-D analysis of the secon-
dary cell for boron plate worth, the 2-D core analysis to predict the
extrapolation distance, and the 1improvement of the 1interpolation
formula of the thermal scattering law for the analysis of temperature
coefficients will be done.
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Appendix H-2.4

MEASUREMENTS OF NEUTRON FLUX DISTRIBUTIONS
IN A MEDIUM ENRICHED URANIUM CORE

S. SHIROYA, H. FUKUI*, Y. SENDA*,
M. HAYASHI, K. KOBAYASHI
Research Reactor Institute,

Kyoto University,

Osaka, Japan

Abstract

Neutron flux distributions were measured using the foil activation
technique as part of single-core experiments in the C-core of the
KUCA with MEU fuel in order to validate a computer code system
developed in cooperation with JAERI. The single cylindrical core
was light-water—-moderated and heavy-water—-reflected. Relative
flux distributions were obtained with and without a void in the
light-water moderator at the center of the reactor. The values of
reflector savings were obtained for a few positions in the core
without the void. Comparisons of measured and calculated data are
presented.

Keywords: neutron flux distribution, reflector saving, critical experiments, actwation technique, MEU
Juel, light water moderator, heavy water reflector, KUCA, RERTR program

INTRODUCTION

In accordance with the reduced enrichment for research and test reactor (RERTR)
program, a joint study program was initiated between Argonne National Laboratory
(ANL) and Kyoto University Research Reactor Institute (KURRI) in 1978D. In the
joint ANL-KURRI program, alternatives were studied for reducing the enrichment of
the fuel to be used in the proposed Kyoto University High Flux Reactor (KUHFR)2.
The KUHI'R has a distinct [eature in its core configuration. [t is a coupled-core. Two
annular shaped cores are light-water-moderated and placed within a heavy-water reflector
with a certain distance between them. To simulate such a complicated configuration
for analytical purposes, a code system was developed in cooperation with Japan Atomic
Energy Research Institute (JAERI)3.

For test studies on the use of a code system, it is important to measure not only the
multiplication factor but also neutron flux distributions. The measurement of neutron
flux distributions provides detailed information which is useful for testing a code
system. It is especially important to obtain the value of reflector savings at various
positions in the reactor for use in two-dimensional calculations, since it is difficult to
predict them precisely by calculations.

* Engineering, Kyoto University, Yoshida-honmachi, Sakyo-ku, Kyoto 606, Japan.
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As a part of the single-core critical experiments program using medium-enriched
uranium (MEU 459%) fuel in the Kyoto University Critical Assembly (KUCA)¥, the
neutron flux distributions were measured. The present paper provides experimental
neutron flux distributions measured in the C38R(BK D,O)MEU core which was
assembled in the C core® of the KUCA. The C38R(BK D,O)MEU designation
means a light-water-moderated, heavy-water-reflected cylindrical core using the MEU
fuel of “Baumkuchen” type.

For the measurement of neutron flux distributions, the foil activation technique was
employed. Gold wires, with and without a cadmium sheath, were activated. Relative
neutron flux distributions were obtained for various positions in the core with and
without a void in the light-water moderator at the center of the reactor. The values of
reflector savings were obtained for a few positions in the core without the void.

EXPERIMENTAL
(1) Expertmental Arrangement

The positions of foil irradiations in the C38R(BK D,O)MEU core are shown in
Figs. 1 and 2 with its configuration. The differences between the cores shown in Figs. 1
and 2 are seen at the center H;O region and the outer fuel region. In Fig. 1, all fuel

@ IN(B)-QI~IN(B)-06 : Inner fue! elemants {contalning burnable poison
EX-01~06,08~12 : Quter fuel elements ’, '
-7 : Quter fuel elements (containing no burnable poison )
CI~C : Control rods
~ : Safety rods i
: Neutron source (Am-Be 2Ci)
] : Acquc void tube
©1,2,3,49586,7,8 - Posltions of gold wire
- g~ : ¢ ¥ {the top of fuel plate)
“——=].0 L ' [the middle of fuel piate)
-—-—s ] : 4 ] 44mm below the middle of fuel plite )

Fig. 1. Positions of wire irradiations in the C38R(BK D,0O)MEU core with an
acrylic void tube at the center.
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elements except one outer element contain boron burnable-poison. An acrylic void tube
of 10 cm o.d.and 9.2 cm 1. d. is located at the center. In Fig. 2, one half of outer
fuel elements contain no burnable-poison and there is no void at the center. Two
hundred and ninety-four fuel plates are fully loaded in both cores. The pitch between
fuel plates in the fuel element containing burnable-poison is 3.80 mm, while that in the
fuel element without burnable-poison is 3.84 mm. The numerical symbols (1~11) in
Figs. 1 and 2 indicate the positions where gold wires were set vertically. The alphabetical
symbols (a~p) indicate gold wires set horizontally.

Bare gold wires (purity 99.999%) of 0.5 mm diameter were set at the all positions.
To obtain thermal-neutron flux distributions, gold wires covered with cadmium sheath
(0.5 mm thick and 1 mm i. d.) were set as shown in Fig. 2.

The gold wires were irradiated at approximately | W. Each irradiation time was
30 minutes.  After the irradiations, gold wires were cut into small pieces (I ~2 cm). The
gamma-rays (0.412 MeV) emitted from the decay of 98Au(1¥7Au(n, y)!%Au) were counted
with an automatic sample changer (OKEN model S-1023) in which a well-type
Nal(TIl) scintillator of 2" dia. x 3" long is installed.

D,0 tank ( 0,0 refiector)

Inner fuel elements {corﬂumlnq burnable pmson;
0306 09,12 Quter fusl slaments + ’

QUT-01 02 0405
. Outer fuel slements (contoining no burnable poison)
CI~COJ 0810, 11 Control rods
$4-56 Safety rods
N Neutron source {Am Bs 2C1)
@9, 10,11 Positions of gold wire with and without codmium

Fig. 2. Positions of wire irrachations 1in the C38R(BK D,O)MEU core without
void at the center.
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(2) Data Processing

The saturated activity A, (1/sec) is proportional to ncutron flux and was obtained
with 1%Au decay corrections applied for irradiation time, waiting time and counting

time.
Y - R
' (I—exp(—aT))exp(—-2T,) (1—exp(—4T,)) ’

where

A : dccay constant of 1Au (2,975 x 10-9/scc),

T, : irradiation time (sec),

T,: waiting time (sec),

T.: counting time (sec),

C : measured counting rate (l/scc).

After weighing each piece of gold wire, the saturated activity 4; per unit weight
and per unit power level was obtained as follows:

di=-ils,

where

W weight ol a piece of gold wire (mg),

P : reactor power level (W).
This value A4; was regarded as the relative neutron {lux,

To obtain the relative thermal neutron flux, the saturated activity of cadmium-

covered gold wire was subtracted from that of bare gold wirc. 'I'he axial ncutron
flux distributions were fitted by the least square technique to a cosine curve as follows:

y=A cos (B(x—C)),

where

A, B, C: constants for a cosine fit,

y: neutron flux,

x: distance from the surface of grid plate (cm).
As the length of the fuel meat was 60 cm, the axial rellector saving j (cin) was obtained
from the following equation,

RESULTS AND DISCUSSION

(1) Horizontal neutron flux distributions

The horizontal neutron flux distributions are shown in I'igs. 3. 4, 5 and 6. These
neutron flux distributions were measured in the core with the acrylic void tube at the
center.

Figures 3 and 4 show the neutron flux distributions in the fuel and heavy-water
reflector regions, respectively.  In Fig. 3, neutron flux distributions (j~m), mecasured at
the middle height of fuel plates between the side-plates, have some depressions in the fuel
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Fig 6 Honzontal flux distributions along the outer circular direction of outer fuel region in the

C38R(BK D;O)MEU core with an acrylic void tube at the center
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This is because the lower edge of the fully withdrawn safety rod S4 is near that position.
In Fig. 4, the neutron flux in heavy-water reflector, measured at 44 mm below the
middle height of fuel plates, has no peak and decreases rather rapidly with distance
from the center of the core. This phenomenon reflects the facts that there is a light-
water gap, approximately 2.5 cm thick, between the outer fuel region and the heavy-
water tank and the 30 cm thick layer of heavy-water is not sufficient for a neutron
reflector.

Figures 5 and 6 show the neutron {lux distributions at the middle height of fuel plates
along the inner circular direction of the inner fuel region and along the outer circular
direction of the outer fuel region, respectively. In Iigs. 5 and 6, there are peaks near the
side-plate regions, though the regions contain boron burnable-poison.

(2) Vertical neutron flux distributions
The vertical neutron {lux distributions in the core with a void at the center are shown
in Figs. 7, 8 and 9, while those for the core without void are shown in Figs. 10 and 1.

of the position 5 In Fig |
SIO- qto g
3 £
5’ fue! plaie - =
3 h o
w fuel meot {9
% o jA I ‘ ”"E
} Dfo lovel
0 l 1 1 ! 1 L 1 1 ! 0
0 750 20 0 40 0 60 w75 80 90 95 i

DISTANCE FROM THE SURFACE OF THE GRID PLATE, em

Fig. 7. Vertical flux distributions in the heavy-water reflector of the C38R (BK D,0)
MELU core with an acrylic void tube at the center.

7 O I the inner fuel region (batween IN(B)-05 ond -06)
74- 8 A Inthe outer fuel reglon {batwesn OUT-07 ord €X-08) ~7
6 O In1he outer fual reglon ( batween EX-Cl and -02)
6L (6~8 correspond 10 the positions shown in Fig | ) 6
§ fuel plate S
- -5 =
5 3 fuel meat { 5 g
g €
-4 14 5
< %
3 c
> 3 = -
3 3
g 2
2,50 —2
| |- 1
0 I 1 1 t 1 1 I t 0
0 7510 20 30 40 50 &0 70 725 80
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Fig. 8. Vertical flux distributions between side-plates in the C38R(BK D,O)MEU core with an acrylic

void tube at the center.
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Asymmetric features were observed in all of the vertical distributions. Namely, the
neutron flux near the upper edge of {uel plates was higher than that ncar the lower cdge.
The reason was that the thickness of light- or heavy-water layer was not the same at the
upper and lower site. At the upper site it was much thicker. Inaddition to that, there
were lavers of other materials such as aluminum and stainless-steel at the lower site.
These materials are not favorable for the reflection of neutrons. In fact, ncutrons are
strongly absorbed in the stainless-steel layer.

Figure 7 shows the neutron {lux distribution in heavy-water reflector. T'he irregular
points near the peak in Fig. 7 might be caused by the horizontal aluminum pipe installed
in the heavy-water tank for the measurement of neutron flux distributions.

Figure 8 shows the neutron flux distributions in the inner fuel region (between IN(B)-
05 and -06) and outer fuel region (between EX-01 and -02, OUT-07 and EX-08). In
Fig. 8, the neutron flux (7) in inner fuel region is larger than those of (6) and (8) in outer
fuel region. The difference between (6) and (8) in outer fuel region was caused by the
OUT-07 element which contains no boron burnable-poison.

Figure 9 shows the neutron flux distributions in the central void region, the inner
fuel region (IN(B)-06), and the outer fuel region (EX-0I, OUT-07). Figure 10
shows the neutron flux distributions 1n the center H,O region, the outer fuel region
(OUT-11) and the heavy-water reflector. In Figs. 9 and 10, the neutron flux in the
center is distinctly higher than anywhere else for either core with and without void.

The thermal neutron flux distributions are shown in Fig. 11 in the center H,O
region, the outer fuel region (OUT-11) and heavy-water reflector.

4+ 2 T ot the center of the coure
4 O in the inner fual slement {IN(B)-0€)
I O in the outer fusl element (EX-01}
3 A& inthe outer fuel element (OUT-07)
(1~4 correspond to the positions shown in Fig | )

3+ 3 =
- S
E fuel plate l z
- V4 P i g
g | fuel meat Y | g
5 | ]
5] <
> 2 | Jd2 3
35 v @
T
- 2
g o

[re]

> =z
[re]
=2

I+ 11

0 1 ! { Il 1 1 0

0 7510 20 30 40 50 60 70 725 80

DISTANCE FROM THE SURFACE OF THE GRID PLATE  cm
Fig. 9. Vertical flux distributions along center axis of the {ucl element in the C38R(BK D,O)MEU

core with an acrylic void tube at the center.
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(3) Reflector savings

Measured neutron flux distributions, corrected for epi-cadmium neutrons, were
fitted by the least square technique to a cosine curve to obtain axial reflector savings.
These results are listed in Table 1. Table 1 shows that the extrapolation distance in
the heavy-water reflector is larger than those in the fuel and the central light-water
region, while the center position of the flux distribution, C, is the same in all regions.
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Table 1. Axial reflector savings and extrapolation distance.

A (n/sec cm?) B (l/cm?) C (cm) 4 {cm)
heavy-water reflector 0.27 3949 10-¢ 40.4 98403
outer fuel region 1.01 4,158 x 10~? 40.2 7.840.1
center region 1.01 4.119%x 10°® 40.0 8.14+0.1
of light-water
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Appendix H-2.5/1

EFFECT OF REDUCING FUEL ENRICHMENT
ON THE VOID REACTIVITY*

Part 1. Experimental study

(Abstract)

H. FUKUI

Department of Nuclear Engineering,
Kyoto University,

Kyoto

K. MISHIMA, S. SHIROYA, M. HAYASHI, K. KANDA
Research Reactor Institute,

Kyoto University,

Osaka

Y. SENDA?

Department of Nuclear Engineering,
Kyoto University,

Kyoto

Japan

Reactivity of void in the channels between the fuel plates 1is
measured, and the impact of core conversion from using HEU to MEU
fuel in the 1light-water—-moderated cylindrical core with heavy
water reflector 1is investigated on this quantity at the Kyoto
University Critical Assembly. The void was generated in the flow
channels by producing nitrogen gas bubbles through a small needle-
like nozzle and the reactivity effect was measured. The wvoid
fraction was measured In an out-of-pile experiment. The results
indicate that the void effect on reactivity is slightly larger
(more negative) in the MEU core than in the HEU core. It is also
shown that the interference effect of reactivity by bubbling in
two adjacent channels simultaneously is within the experimental
error.

* The full text of this paper was published in Nuclear Technology, Vol. 70 (Sep. 1985).
Present addresses:

! Kobe Shipyard & Engine Works, Mitsubishi Heavy Industries, Ltd, 1-1-1 Wadasaki-cho, Hyogo-ku,
Kobe 652, Japan.

2 Mitsubishi Atomic Power Industries, Inc., 2-4-1 Shiba-kouen, Minato-ku, Tokyo 105, Japan.



Appendix H-2.5/I1

EFFECT OF REDUCING FUEL ENRICHMENT
ON THE VOID REACTIVITY*

Part I1. Analytical study

{(Abstract)

Y. SENDA!

Department of Nuclear Engineering,
Kyoto University,

Kyoto

S. SHIROYA, M. HAYASHI, K. KANDA
Research Reactor Institute,

Kyoto University,

Osaka

Japan

The results of analyses on the vold reactivity measurements
performed in the Kyoto University Critical Assembly using MEU fuel
as well as HEU fuel are provided. In consideration of the
heterogeneity of a complex core, four-group constants were
generated by SRAC, a standard thermal reactor code system for
reactor design and analysis at the Japan Atomic Energy Research
Institute. The eigenvalue and perturbation calculations were
subsequently performed by the 2D-FEM-KUR code, which is a two-
dimensional diffusion code based on the finite element method.
The calculated eigenvalue keff agreed with the measured value to
within 0.5% 1in the calculated-to—-experiment ratio. The void
reactivity calculated by perturbation theory approximately
reproduced the experimental data including the spatial
dependence. The discrepancy between the calculated and measured
vold reactivity was <0.05 x 10 3 Ak/k per voided flow channel.

* The full text of this paper was published in Nuclear Technology, Vol. 70 (Sep. 1985).
! Present address: Mitsubishi Atomic Power Industries, Inc., 2-4-1 Shiba-kouen, Minato-ku, Tokyo 105,
Japan.
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Appendix H-2.6

STUDY ON TEMPERATURE COEFFICIENTS
OF MEU AND HEU CORES IN THE KUCA

K. KANDA, S. SHIROYA, M. MORI,
M. HAYASHI, T. SHIBATA

Research Reactor Institute,

Kyoto University,

Osaka, Japan

Abstract

Recently, measurements of the temperature reactivity coefficients
were performed In the KUCA in succession to the study on void
reactivity effects. The objective cores of study were 1light-
water-moderated and heavy-water reflected ones loaded with HEU or
MEU fuel. The following effects on the temperature coefficients
were investigated for the range from 20°C through 70°C: (1) the
reduction 1in fuel enrichment, (2) the fuel loading pattern, and
(3) the existence of boron burnable poison. The measured data
were analyzed using the SRAC system to assess the computational
technique for the temperature effects on reactivity. Through the
present study, no remarkable difference was observed between the
temperature effects in HEU and MEU cores. It was found that the
difference in the core configuration causes a much greater effect
on this quantity than the other differences including the fuel
enrichment. The calculated results agree approximately with the
experimental data.

INTRODUCTION

In accordance with the international Reduced Enrichment for
Research and Test Reactors [RERTR] program, the critical experi-
ments using medium-enriched-uranium [MEU] fuel was launched in
1981 using the Kyoto University Critical Assembly [KUCA]. There-
after, the KUCA experiments have been providing useful data with
regard to the RERTR progran.l'ls

Recently, measurements of the temperature effects on reactiv-
ity were performed in the KUCA in succession to the study on the
void reactivity effectg?’®*6210011s1ks15  oypce the temperature
coefficient as well as the void coefficient is a physical quantity
closely related to the safety of liquid-moderated reactors. It is
important to investigate the effects of reducing fuel enrichment
on these quantities in advance to & core conversion from high-

enriched-uranium [HEU]} to reduced-enrichment-uranium fuels.

With use of light-water-moderated and heavy-water-reflected
annular cores constructed in the KUCA, the following effects on
the temperature reactivity coefficients were investigated for the
temperature range from 20°C through 70°C: (1) the reduction in
fuel enrichment, (2) the fuel loading pattern, and (3) the exis-
tence of boron burnable poison [BP].
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The measured data were analyzed using the SRAC system16 to
assess the computational technique for the temperature coeffi-
cients. For the calculation of this quantity, 3 physical process-
es were taken into consideration; namely, the (1) Doppler, (2)
thermal expansion, and (3) thermal neutron spectral shift effects.

EXPERIMENTAL

A schematic cross-section of the light-water-moderated and
heavy-water-reflected core constructed in the KUCA 4is shown in
Fig. 1. The core can be divided into following 7 concentric
regions: the (A) central light-water, (B) inner fuel, (C) control
rod, (D) outer fuel, (E) outer vessel, (F) heavy-water reflector,
and (G) outside 1light-water regions. The outer fuel region
consists of 12 fuel elements, and the inner fuel region 6 fuel
elements.

Six fuel loading patterns were employed in the present study;
4 patterns of MEU cores (see Fig. 2) and 2 patterns of HEU cores
(see Fig. 3). These cores can be classified into 2 types; namely,
"1" and "II". 1In the type "I" core, all outer fuel elements were
fully loaded to its capacity with 17 fuel plates and the criti-
cality was essentially adjusted by the number of fuel plates
inserted into the inner fuel elements from the outside toward the
inside in order. In the type "II" core, all inner fuel elements
were fully loaded with 15 fuel plates and the criticality was
adjusted by the number of fuel plates inserted into the outer fuel
elements from the 1inside toward the outside. Therefore, the
thicknesses of the central light-water region and the outer vessel
region of light-water were different for the type "I" and "I1".
In Pigs. 2 and 3, "no BP" means that there are no side-plates
containing BP{ "Outer BP" and "Inner BP'" mean that all outer and
inner side-plates contain BP, respectively.

A heater and a stirrer were installed in the heavy-water
reflector in addition to 3 heaters and a stirrer installed in the
dump tank from which light-water i1s pumped up and fed to the core
tank in every operation of the KUCA. Seven thermocouples and 2
quartz-type thermometers were also installed to monitor the
uniformity of the temperature as shown in Fig. 4. At several
temperatures in the range from 20°C through 70°C, the excess
reactivities or the subcriticalities were measured by the positive
period method or the source multiplication method. The measured
data of temperature dependent excess reactivities were then fitted
to a quadratic equation using the method of least squares as;

p(T) = aT2 + bT + ¢ , (1)

where, p(T) is the excess reactivity at the temperature T [°C],
and a, b, and ¢ are the constants. Thus, the temperature coeffi-
clents a(T) were determined as;

a(T) = 2aT + b . (2)
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FIG. 1. Schematic cross-section of the KUCA core.
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CALCULATIONS

The temperature effects on reactivity were calculated by the
procedure shown in Fig. 5 using the SRAC system!®. The effective
multiplication factors were calculated at 3 temperatures (namely,
27°C, 52°C, and 77°C) for which the scattering kernels are pre-
pared 1in the neutron cross section 1library in SRAC. In the
calculation, following 3 physical processes were taken into
account; the (1) Doppler, (2) thermal expansion, and (3) thermal

neutron spectral shift effects.

From the public library of 107 energy groups in SRAC based on
the ENDF/B-IV filel”, the user library of 50 energy groups was
generated. Assuming a fixed source problem, the primary cell
calculations were performed by the collision probability routine
in SRAC. 1In this step, the cell-averaged 19-group constants for
the actually fueled region was obtained with approximating a
curved geometry by a slab onel®, Using the TWOTRAN code in SRAC,
the secondary cell calculations were performed in order to take
into account the neutron flux distributions 1in the azimuthal
direction for obtaining 19-group constants of the fuel region. In
this step, a curved geometry was approximated by a rectangular one
and a special attention was paid to preserve the volumes of the
actually fueled region and the BP layer. Therefore, by dividing a
fuel element into several regions, the plural calculations were
performed for the fuel region as shown in Fig. 6.

With use of the 19-group constants obtained through the above
procedures, the core <calculations were performed using the
CITATION code in SRAC. A one-dimensional ([1-D} cylindrical model
was employed in this eigenvalue calculation (see Fig. 7) and the
10-group constants were generated in this step. In this step, the
experimental data of reflector savings3’9 were used for the
vertical transverse buckling. With use of the 10-group constants,
two-dimensional [2-D] R-Z calculations were performed using the
CITATION code in SRAC (see Fig. 8). 1In order to check the differ-
ence between the l-D and 2-D calculations, 1-D calculations using
the 10-group constants were also carried out.
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RESULTS AND DISCUSSION

Figure 9 shows the comparisons between the calculated and
measured temperature effects on excess reactivity. Note that the
calculated values are normalized to the experimental ones at 27°C.
The calculations gave slightly larger effective wmultiplication
factors than the experimental data, however, these differences
vere less than 3%, The 2-D calculations simulate fairly well the
tendencies in temperature effect, whereas the 1-D calculations
underestimate these tendencies. This can be attributed to the
neglect of the positive temperature effects caused by the light-
water reflectors above and below a core in the 1-D model.
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FIG. 9. Temperature effects on reactivity (the calculated
results are normalized to the experimental ones at 27°C).

Figure 10 shows the comparisons between the calculated and
measured temperature coefficients of reactivity. The differences
between the temperature coefficients in MEU and HEU cores are not
so significant and it 1is considered that they depend strongly on
the fuel loading patterns (see Figs. 2 and 3) as mentioned below.
The calculated results approximately agree with the experimental
ones, however, there exists some discrepancies between the gradi-
ents of temperature coefficients. The agreements are better in
the type "I" core than in the type "II" core. This tendency was
previously found in the analyses of the BP effect measure-
wents®’13,  This may be attributed to the difficulty in the
generation of group constants for the inner fuel region where the
neutron importance is highest and the curved geometry is most
severe.

Figure 1l shows an example of the dependences of temperature
effects on 3 physical processes calculated by the 1-D model. In
the MEU core, the Doppler effect causes a slightly negative
reactivity effect, whereas that in the HEU core is close to zero.
The thermal expansion effect causes a negative reactivity effect,

whereas the thermal neutron spectral shift effect causes a large
positive effect which overweigh the other effects.
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FIG. 11. Dependence of temperature effects on 3 physical processes.

Figure 12 shows the region dependent temperature effects on
reactivity in the HEU cores calculated by the 1-D model. 1t is
found that the temperature effects in the fuel regions causes
negative reactivity effects and those in the heavy-water reflector
are approximately zero, whereas those in tHe light-water regionms
causes positive effects. The positive temperature effects can be
attributed mainly to the effects caused by the central light-water
and outer vessel regions which depend strongly on the thicknesses
of light-water layers,

In view of the above, the temperature effects on reactivity

depend strongly on the core configurations, rather than on the
fuel enrichment and the existence of BP. It is considered that
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the negative temperature effects in the fuel regions are attribut-~
ed mainly to the decrease in macroscopic neutron scattering cross
section with the increase in temperature, and the positive temper-
ature effects in the light-water regions are attributed to the
decrease in macroscopic neutron absorption cross section.
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FIG. 12. Region dependent temperature effects.
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STUDY ON TEMPERATURE COEFFICIENT OF REACTIVITY IN
KUCA LIGHT-WATER MODERATED AND REFLECTED CORE —
EFFECT OF M/F RATIO AND CORE SHAPE ON THIS QUANTITY

K. KANDA, S. SHIROYA, M. MORI, T. SHIBATA
Research Reactor Institute,

Kyoto University,

Osaka, Japan

Abstract

Both the experimental and analytical studies have been performed
on the temperature coefficient of reactivity in the KUCA light-
water moderated and reflected core loaded with HEU fuel. The
temperature effect on reactivity was measured for the range from
20°C through 70°C to investigate separately the effects of the M/F
ratio and the core shape on this quantity. The results of both
the eigenvalue and perturbation calculations by the SRAC code
system approximately reproduced the experimental data. It was
found that the contribution of the core region was negative to the
temperature coefficient due to the degradation of moderation,
whereas that of the reflector region was positive due to the
decrease in neutron absorption. The positive contribution of the
reflector region became larger as the M/F ratio became smaller and
the core shape became more slender.

INTRODUCTION

In the last international meeting at Petten in the Netherlands, the
result of study was reported on the temperature coefficients of reactivity in
the highly-enriched-uranium (HEU) and medium-enriched-uranium (MEU) cores
constructed in the Kyoto University Critical Assembly (KUCA).1 Through this
study, it was found that the difference in the core shape caused a much
greater effect on this physical quantity than the other differences including
the fuel enrichment.

Therefore, another experiment has been performed to investigate how the
temperature coefficient of reactivity depends upon (1) the moderator-to-fuel
(M/F) ratio and (2) the core shape. In the present experiment, light-water
moderated and reflected rectangular-parallelepiped cores were constructed in
the KUCA with use of HEU fuel, since they had simple configurations desirable
to provide the benchmark data for the detalled assessment of the neutronics
calculation.

The experimental data were analyzed by the SRAC code system2 developed at
Japan Atomic Energy Institute (JAERI). Through this analytical research, a
few computational methods based on diffusion theory were examined on the
validity calculating the temperature coefficient. On the basis of the above
assessment, further studies were carried out (l) to separate the contribution
of the core region to this physical quantity from that of the reflector
region, (2) to investigate quantitatively each contribution of the nuclear
features (diffusion, moderation, absorption, etc.) to this quantity, and (3)
to examine each effect of the physical processes (thermal expansion, thermal
neutron spectral shift, etc.) on this quantity.



EXPERIMENTAL

An illustration of a fuel plate is shown in Fig. 1. The fuel plate had a
flat shape and contained uranium-aluminum (U-Al) alloy in aluminum clad. One
fuel plate contained 8.89g 235y and 9.55g U, which corresponded to the
enrichment of 93.10%. The uranium content in the U-Al alloy was 20%, i.e.

0.59g/cc. One by one, each fuel plate was inserted between two aluminum side
plates to form a fuel element.

Two types of side plates shown in Fig. 2 were used in the experiment to
vary the M/F ratio (H/23%y atomic ratio) in the fuel region. These side
plates had grooves for the fuel insertion in 4.54mm and 3.49mm pitches, which
were employed to construct so called the C45 and C35 cores, respectively.

L—ssmm,.
— goMm__, g c L -
-—528”"”-— SE\E - '——-q—"‘;
T _LOE "_J 7 T
! { X ? ' — ©
D ; T R
C — s
e | X .
L, e J
RIS ISR £ r cat  C35
- o !
o EQ% Ll Fﬁlm < l Q0 (mm; 1 05 1085 |
v {u- . .
N e :1 | l/—\E—) X T (mm) 284“.9‘
t s oA == Pocomm) 454 34
' s ——  Clod X ,
Y arh \ (an) S R
L v . | —
Fig. 1 Fuel Plate Fig. 2 Side Plate

A view of a fuel element is shown in Fig. 3. The fuel elements were
installed on a grid plate in the core tank, which is an aluminum tank of 1.8m
in depth and 2m in diameter located at the C-core of the KUCA, with a 71lmm
pitch in one direction and a 142mm pitch in the other direction to form a
core, The maximum of 31 and 40 fuel plates were loaded in the C45 and C35
fuel elements, where H/23%U atomic ratios were 315 and 212, respectively.
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Three cores employed in the experiment were shown in Fig. 4, For
jdentification, these cores were designated as the C45G0(5 Rows), C35G0(5
Rows),* and C35G0(3 Rows) cores. In the above notation, GO means that there
was no light-water gap in the fuel region.
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Fig. 4 Core Designation

In the cores a) and b) shown in Fig. 4, the fuel elements were assembled
in 5-row configurations. From this figure, it is clear that the longitudinal
sizes of these two cores were exactly the same, and the lateral sizes of them
were approximately equal with each other. Consequently, the differences in
the temperature coefficients between these two cores were mainly attributed to
the change in the M/F ratio. The core c¢) in Fig. 4 was a 3-row core
constructed with the same pitch of 3.49mm as the core b). Since this core was
long in the lateral direction and narrow in the longitudinal direction, the
dependence of the temperature coefficient upon the core shape could be
investigated through a comparison with the core b), whose shape was nearly
square.

When light-water was heated up to an appropriate temperature in the range
from 20°C to 70°C with the aid of heaters and a stirrer, it was fed to the
C-core tank. To monitor the uniformity of temperature, 7 thermocouples and 2
quartz-type thermometers were settled in various positions as shown in Fig. 5.
After the criticality was attained by adjusting the stroke of the control rod,
the excess reactivity was measured by the positive period method. When the
system was subcritical, the subcriticality was measured by the source
multiplication method.

The measured excess reactivities were fitted to a quadratic curve by the
method of least squares as;

p(T) = aT?® + bT + ¢ , (1
where, p(T) 1is the excess reactivity at the temperature T [°C], and a, b, and
¢ are the constants. Then, the temperature coefficient a(T) was obtained by

differentiating Eq. (1) as;

a(T) = 2aT + b . (2)
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Note here that the maximum difference was less than 1°C in temperatures
measured by the 9 thermometers shown in Fig. 5. The maximum error was
estimated to be #0.005ZAk/k for measured excess reactivities in the C-core
from experience.

CALCULATIONS

The calculations were performed by SRAC in accordance with a flow chart
shown in Fig. 6. The &4-group constants for the core calculation were
generated at 3 temperatures 27°C, 52°C, and 77°C, for which scattering kernels
were installed in the neutron cross section library for SRAC. To calculate
the temperature coefficient of reactivity, following 3 physical processes were
taken into account; namely, (1) the Doppler broadening, (2) the thermal
expansion, and (3) the thermal neutron spectral shift.

The cell calculations were performed by the slab geometry option of the
collision probability routine in SRAC to obtain the cell-averaged 19-group
constants of the core region shown in Fig., 7. Assuming a fixed source
problem, the primary cell calculation was carried out with the 107-group
library to obtain homogenized group constants for the actually fueled regionm.
Next, the secondary cell calculation was performed to take into account the
neutron flux distributions in the lateral direction. Thus, the collapsed
constants were generated using the 107-group constants for the fueled region
obtained in the primary cell calculation.
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The super cell calculations were executed by the CITATION code installed
in SRAC to obtain the 4-group constants, The super cell I calculation was
performed wusing the 1-dimensional (1-D) cylindrical geometry option to
generate the group constants of the core and reflector regions. The super
cell II calculation was carried out using the 1-D slab geometry option to
obtain the group constants of axial structures for 3-dimensional (3-D)
calculations., The calculated axial neutron flux distributions were fitted by
cosine curves to obtain the group-dependent axial bucklings at each
temperature as listed in Table 1, which were employed in 2-dimensional (2-D)
calculations.

Table 1 Group-Dependent Axial Buckling

Group-Dependent Axial Buckling (10 2cm 2)

Core  Temperature
Group ! Group 2 Group 3  Group 4

27°¢C 1.9088 1.9114 1.9141 1.9123
C45G0 52°C 1.8992 1.9018 1.9053 1.9036
77°C 1.8870 1.8905 1.8940 1.8914
27°C 1.8131 1.8182 1.8224 1.8207
C35G0 52°C 1.8020 1.8071 1.8122 1.8097
77°C 1.7893 1.7944 1.8003 1.7969
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The core calculation was performed by CITATION in SRAC to obtain the
temperature coefficlent of reactivity. The eigenvalue calculations were
executed using both the 3-D X-Y-Z and 2-D X-Y geometry options at the three
temperatures 27°C, 52°C, and 77°C. The X-Y cross sections of 3-D models are
shown in Fig. 8, which were also used as 2-D models, and the X-Z cross section
of a 3-D model is shown in Fig. 9. The perturbation calculations were carried
out using the same 2-D models as those employed in the eigenvalue calculations
on the basis of both the exact and the first order perturbation theories.
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RESULTS AND DISCUSSION

Table 2 shows the calculated effective multiplication factors at 27°C in
comparison with the experimental data. The calculated results agreed with the
experimental data within 0.5% in the C/E ratio for both the 2-D and 3-D
calculations at the three temperatures.

Figure 10 shows the temperature effects on excess reactivity in the
individual cores. Note that the calculated values with 3-D models were
normalized to the experimental data at 27°C. The calculated results
approximately reproduced the tendency in the experimental data.

Figure 11 shows the temperature coefficient of reactivity in the
individual cores. The magnitude of the negative temperature coefficient was
greatest in the C45G0(5 Rows) core, the next magnitude was found in the
C35G0(5 Rows) core, and the 1lowest was 1in the C35G0(3 Rows) core. The
calculated results approximately agreed with the experimental data, and the
agreement 1in the gradients of temperature coefficients was better for the
5-row cores than for the 3-row core.
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Table 2  Comparison of Calculated and Measured keff at 27°C

Effective Multiplication Factor keff

Experiment Calculation C/E Ratio

Designation of Core

2-D Cal. 1.0004 0.9964

C43606> Rovs) 1.0040 3.p ca1. 1.0023  0.9983

2-D Cal. 0.9997 0.9972
€3560(3 Rows) 1.0025 3-D Cal. 1.0013 0.9988
€30G0(3 Rows) 1.0036 2-D Cal. 1.0008 0.9972

3-D Cal. 1.0024 0.9988
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Table 3 shows the comparison of temperature coefficients by the
eigenvalue and perturbation calculations. All calculated results had slightly
greater values than the experimental data, however, there was no remarkable
difference in the results by any method of calculation. This indicates that
both the eigenvalue and perturbation calculations can be applicable to obtain
the temperature coefficient.

This table also shows that the results of 2-D and 3-D eigenvalue
calculations were approximately agreed with each other. This assures the
validity of the 2-D model employed in the present study. The results of the
exact and the first order perturbation calculations were approximately equal
with each other, however, the contribution of each region was slightly greater
to the temperature coefficient by the exact perturbation method than by the
first order perturbation method.
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Table 3 Comparison of Calculated and Measured Temperature Coefficients

Temperature Coefficient (x10 “ak/k/°C)

Method of Calculation C45G0(5 Rows) C35G0(5 Rows) C35G0(3 Rows)

39.5°C 64.5°C 39.5°C 64.5°C 39.5°C 64.5°C

Eigenvalue  3-D Cal. ~1.22 -1.85 -0.98 -1.69  -0.69 -1.32
Calculation 2-D Cal. -1.23 -1.86 -0.93 <-1.71  -0.69 -1.26
Exact Core -2.04 -2.67 -1.98 -2.68  -1.91 -2.51
Reflector  0.77  0.67 0.99  0.87 1.19  1.08

Perturbation
Calculation . . .1 -1.27  -1.99  -0.99 -1.81  -0.72 -1.43
Ficet Ocder  COTE -2.00 -2.51  -1.96 -2.56  -1.88 =2.43
Reflector  0.73  0.56 0.95  0.75 1.14  0.93

Perturbation
Calculation ... . -1.27  -1.95  -1.01 -1.82  -0.74 ~-1.50
Experimental Data ~-1.05 -~-1.69 -0.77 -1.57 -0.39 -1.20

Table 4 shows the breakdown of the temperature effects on reactivity in
the C35G0(5 Rows) core by the perturbation calculations. The difference
between the exact and the first order perturbation methods were found mainly
in the fission and absorption terms of the core region and in the absorption
term of the reflector region, both of which were closely related to the change
in the flux distributions of thermal neutrons rather than that of fast
neutrons.

Table 4 Breakdown of Temperature Effect on Reactivity in C35G0(5 Rows) Core

Contribution to Reactivity (Z4Ak/k)

Exact Perturbation First Order Perturbation

Region Component Calculation Calculation

52°C 77°C 52°C 77°C

Fission  -2.33674 -4.65580  -2.28050 -4.439]12
Absorption 2.24857 4.50065 2.19849 4.31882
Moderation -0.34308 -0.84050 -0.34183 -0.83298

Core Diffusion =0.05447 -0.13461 -0.05560 -0.13993

Leakage -0.00892 -0.03425 -0.00944 ~0.03682

Total -0.49464 -1.16450 -0.48888 -1.13003

Absorption  0.32936 0.67954 0.32026 0.64303
Moderation 0.01637 0.04149 0.01598 0.03884
Diffusion =-0.09302 -0.24207 -0.09340 -0.24363

Reflector */ rage <0.00527 -0.01327 -0.00527 -0.01330
Total 0.24746  0.46569  0.23757  0.42494
Whole System -0.24720 -0.69881 -0.25131  -0.70509
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Figure 12 shows the temperature coefficients calculated by the exact
perturbation method. For all cores under investigation, the contributions of
the core region were negative to the temperature coefficients and had negative
gradients, whereas the reflector region gave approximately constant positive
contributions. The sum of the above two contributions made the negative
temperature coefficient having a negative gradient in total.

The negative contributions of the core region were approximately equal
with each other in magnitude. As for the positive contributions of reflector
region, the greatest magnitude was found in the C35G0(3 Rows) cores, the
second was in the C35G0(5 Rows) core and the lowest in the C45G0(5 Rows) core.
This determined the tendency in the magnitudes of total temperature
coefficients in these three cores.
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Fig. 12 Temperature
Coefficient of Reactivity by
Exact Perturbation Method

Fig. 13 Calculated Thermal Neutron Flux
Distribution at 27°C

Figure 13 shows the calculated thermal neutron flux distribution in each
core, which was considered to be closely related to the positive temperature
coefficient in the reflector region. Note that these flux distributions were
normalized to unity at the core center.

Firstly, comparing the C45 and C35 5-row cores, it is found that the flux
peaking in the reflector region of the C35 core with a smaller M/F ratio was
larger than that of the C45 core. Secondly, comparing the C35 5-row and 3-row
cores, the flux peaking in the slender 3-row core was larger than that in the
nearly square 5-row core. The reason was that the number of neutrons
moderated in the reflector region became larger, when the M/F ratio became
smaller and the core shape became more slender.

Figure 14 shows the contribution of each nuclear feature (diffusion,
moderation, absorption, etc.) to the temperature coefficient in the C35G0(5
Rows) core by the exact perturbation calculation. 1In the core region, the
change in the neutron absorption rate also caused the change in the fission
rate, therefore, the sum of these two contributions was plotted in Fig. l4-a).
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In the core region, the main contribution was due to the degradation of
moderation as shown 1in Fig. 1l4-a). The negative gradient of temperature
coefficients was mainly attributed to this term in the core region. The
degradation of moderation was caused by the decrease in macroscopic scattering
cross sections with the decrease in the atomic number density of light-water
due to the thermal expansion.

In the reflector region, the absorption term was the main contributor to
the temperature coefficient as shown in Fig. l4-b). The change in this term
was attributed to the decrease in absorption cross sections of light-water,
which was caused by both the thermal expansion and the thermal neutron
spectral shift.
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Figure 15 shows the results of the eigenvalue calculation considering two
main physical processes (namely, the thermal expansion and the thermal neutron
spectral shift), separately. From this figure, it is found that the thermal
expansion contributed to a negative effect on reactivity for all the cores,
whereas the thermal neutron spectral shift contributed to a positive one, and
the overall temperature coefficients were negative. Note that the Doppler
broadening effects were negligibly small on reactivity, since HEU fuel was
loaded in the core.

The negative temperature coefficient caused by the thermal expansion of
light-water was mainly attributed to the negative one in the core region. The
thermal expansion caused the decrease in the atomic number density of light-
water with the increase in temperature. This gave the negative effect on
reactivity mainly by the decrease in the H/235U atomic ratio. In other words,
the leakage probability of fast neutrons grew larger mainly with the decrease
in macroscopic scattering cross sections of light-water.

The positive temperature coefficient caused by the thermal neutron
spectral shift was mainly attributed to the positive temperature coefficient
of the reflector region. The thermal neutron spectral shift caused the
decrease in microscopic absorption cross sections for thermal neutrons. This
caused the increase in the efficiency of neutron reflection by light-water
reflector, which introduced the positive effect on reactivity in the reactor
system.
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CONCLUSIONS

The results obtained through the present study are summarized as follows:

In the temperature range of 20°C up to 70°C, the temperature coefficients
of reactivity were negative for all the cores under investigation. The
magnitude of negative temperature coefficient was greatest in the C45G0(5
Rows) core. The next magnitude was found in the C35G0(5 Rows) core, and
the lowest was in the C35G0(3 Rows) core.

The calculated effective multiplication factor agreed with the measured
one within 0.5% in the C/E ratio for both the 2-D and 3-D calculations.
The measured temperature effects on reactivity were approximately
reproduced by both the eigenvalue and perturbation calculations.

In each core of the three, the contribution of the core region was
negative to the temperature coefficient and had a negative gradient,
whereas the reflector region gave an approximately constant positive
contributions. The sum of these contributions made the negative
temperature coefficient having a negative gradient in total.

The contribution of the reflector region became larger, as the flux
peaking of thermal neutrons in reflector became larger. The flux peaking
became larger, as the M/F ratio became smaller and the core shape became
more slender.

In the core region, the main contribution to the temperature coefficient
of reactivity was attributed to the degradation of moderation, which was
caused by the decrease in macroscopic scattering cross sections due to
the decrease in the atomic number density of light-water.

In the reflector region, the main contribution to the temperature
coefficient was attributed to the decrease in microscopic absorption
cross sections, which was caused by the increase in neutron temperature.

The results of 2-D calculations agreed well with those of 3-D
calculations. This indicates that one could successfully calculate the
temperature coefficient by the 2-D model, if the change in axial buckling
due to the increase in reactor temperature were adequately taken into
consideration.

The calculated temperature coefficients by the exact and the first order

perturbation methods agreed well with each other. This indicates that,
although the change in the reactor condition occurred over the whole
system with the increase in reactor temperature, the first order
perturbation theory could be applicable to calculate the temperature
coefficient. The reasons were that the neutron flux distribution changed
gently over the whole system and the negative effect on reactivity in the
core region competed with the positive one in the reflector region.
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CRITICAL EXPERIMENTS OF THE JMTRC MEU CORES
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Japan Atomic Energy Research Institute,
Oarai-machi, Ibaraki-ken,

Japan

Abstract

The JMTRC, the critical facility of the Japan Materials Testing
Reactor (JMTR), went critical on August 29, 1983, with 14 medium
enriched uranium (MEU, 45%) fuel elements. Experiments are now
being carried out to measure the change 1in various reactor
characteristics between the previous HEU core and the new MEU
fueled core. This paper describes the results obtained thus far
on critical mass, excess reactivity, control rod worths and flux
distribution, including preliminary neutronics calculations for
the experiments using the SRAC code.

INTRODUCTION

The JMIRC, a 100 W swimming pool type critical facility, has been operated
as a neutronics mock-up for the JMIR (50 Mw)l,

Experiments using the JMIRC and MEU (45%) fuel are being carried out in
order to validate the neutronics calculation code system used for analyzing the
JMIR MEU core, and to obtain nuclear characteristics for the JMIR MEU core.

Items included in the JMTRC experiment program are as follows:

For the minimum critical core,
A Critical mass

and for the full core,

Excess reactivity

Control rod worth

Power calibration (Reactor noise technique)
Space dependent mass coefficient

B/2(Pulsed neutron technique)

Flux distribution and power calibration
Shut-down margin

Void coefficient

Temperature coefficient (if feasible)

LUHTOmMEHOOW

An application for the MEU fuel in the JMIRC was submitted to the Japanese
Govermment in 1981. Approval of the fabrication was granted in September, 1982.
Fabrication of the MEU fuel elements was performed at NUKEM in FRG, and was
completed in March, 1983. The transportation of fuel elements from NUKEM to
JAERI was completed in July, 1983, after the final inspections by JAERI.
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The critical experiments using the MEU (45%) fuel in the JMIRC were started
in August 1983. Initial criticality was achieved at 3:35 p.m. on August 29,
1983, with 14 MEU fuel elements. Items A, B, C, D, H and parts of item E and G
have been finished so far.

In order to compare the MEU and HEU fuel cores, critical experiments were
carried out for the HEU fuel core prior to the experiments for the MEU fuel
core, with the same core configuration,

This paper describes comparison of the results of critical mass, excess
reactivity, control rod worth and flux distribution, and preliminary neutronics
calculations on each core.

This work is also part of the JAERI-ANL joint study concerning the RERTR
program.

GENERAL DESCRIPTION

Core Configuration

Figure 1 shows a perspective view of the JMTRC, which is located in one of
the pool wings in the JMIR containment building. The core configuration is a
duplicate of the JMIR core, i.e., number and arrangement of fuel elements and
control rods, the beryllium matrix etc. The core configuration for the experi-
ments is shown in Figure 2. The fuel region consists of 7 by 5 lattice spaces,
each 7.72 centimeter square. These spaces contain the 22 standard fuel ele-
ments, 5 combination fuel-poison control elements (follower fuel elements), and
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Fig. 1. The JMTRC Critical Facility. Fig. 2. Standard Core.
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8 aluminum experiment holes. Surrounding the fuel region is a reflector region
containing a number of beryllium and aluminum experiment holes. The core has 5
mock-up loops including two mock-ups of hydraulic rabbits, The control rods are
made from borated stainless steel containing 1.6 w/o natural boron,

Fuel Element Description

For the JMIRC experiment, 31 MEU fuel elements were fabricated without any
significant change in dimensions and shape from those of the HEU fuel elements.

The 235y per fuel element, uranium density and number of elements fabri-
cated are summarized in Table 1.

Table 1. MEU Fuel Element Loadings

Kind of Plates per Uranium 235y Number
Element Element Density, g/cm3 Content, g Fabricated
Standard Fuel
Element A 19 1.6 310 8
" B 19 1.4 280 10
" c 19 1.3 250 4
Special Fuel
Element B 14-19 1.4 206-280 2
" c 14-19 1.3 184-250 2
Control Rod
Fuel Section 16 1.6 205 5
Total 31

In order to simulate the equilibrium core of the JMIR, three kinds of
standard fuel elements (A, B, C) and two kind of special fuel elements (B, C)
were fabricated. 1In the special fuel elements, the central 5 plates are re-
movable. The standard fuel elements and the control rod fuel sections are
illustrated in Attachment 1. The corresponding HEU fuel element loadings are
summarized in Table 2.

Table 2, HEU Fuel Element Loadings

Kind of Plates per Uranium 235y
Element Element Density, g/cm3 Content, g

Standard Fuel

Element A 19 0.7 279
" B 19 0.6 237
C 19 0.5 195

Control Rod
Fuel Section 16 0.7 195
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RESULTS

Critical Mass

The initial critical state of the MEU fuel core was achieved with 14
standard fuel elements at 3:35 on August 29, 1983.

Figure 3 shows the initial critical core configuration in case of the MEU
core, including the positions of two proportional counters, the UIC chamber, and
the neutron source that were used during the approach-to-critical experiment,

The critical approach was performed by the inverse multiplication method.
The standard fuel elements were loaded outwards from the core center surrounding
the SA-2 control rod. Figure 4 shows the inverse multiplication curves for the
MEU and HEU fuel cores. For the MEU and HEU fuel cores, the 235U minimum criti-
cal masses were 5077.4 g and 4746.8 g, respectively. The excess reactivities
were measured to be 1.12 ZAk/k and 1.61 XAk/k for the MEU and HEU minimum
critical cores, respectively. A neutronics calculation gave excess reactivity
results of 0.95 %Ak/k and 1.87 Zak/k for the MEU and HEU fuel cores, respective-
ly. Thus, experiment and neutronics results showed good agreement.
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Rod Calibration and Excess Reacgtivity

An accurate calibration of the shim safety rods in most desirable in order
to measure the excess reactivity available in the core. The measurements were
started in the initial critical state. A fuel element was then added and the
next part of the rods was calibrated. Afterwards in order to calibrate a finer
stroke of the shim safety rods, a standard fuel element was replaced by a spe-
cial fuel element in which & maximum of five fuel plates could be exchanged with
aluminum dummy plates to reduce the 235y content per element. A calibration was
also made on this part of stroke. This procedure was continued until the final
core (22 standard fuel elements) was attained. The positive period technique
was used to make the reactivity calibrations.

The differential and integral reactivity curves measured for the shim
safety rods are shown in Figure 5. As can be seen in this figure, the reactivi-
ty worth in the MEU fuel core is lower and slightly sharper than in the HEU fuel
core. This is attributed to the smaller thermal flux due to the larger uranium
loading in the MEU fuel elements.
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Fig. 5. Shim Safety Rods (SH-1+SH-2) Calibration Curves.

Table 3 shows the excess reactivity changes by experiments and neutronics
calculations from the initial critical state to the final core configuration.

The calculations were performed using the SRAC (Standard Reactor Analysis
Code)2 system developed at JAERI. Four-group cross sections for each reactor
cell were generated by the collision probability method. Core calculations were
made using diffusion theory with the three-dimensional (XYZ) option. As shown
in Table 3, calculated excess reactivity is lower than the measured one in the
MEU fuel core, while higher in the HEU fuel core.



Table 3. Excess Reactivity

MEU HEU
Number Loaded  Excess Reactivity Lloaded Excess Reactivity

of U-235 Measured Calculated U-235 Measured Calculated

Elewents (g) (XAk/k) (Zak/k) (g) (Zdk/k)  (Xbk/k)
14 5185 1.12 0.95 4629 - -
15 5465 2.75 2.55 4866 1.6l 1.87
16 5745 4,04 3.89 5103 2.91 3.23
17 6025 5.60 5.53 5340 4,56 4.92
18 6305 6.58 6.67 5577 5.63 6.09
19 6555 7.93 7.90 5772 6.95 7.27
20 6805 9.08 8.99 5967 8.05 8.33
21 7055 10.34 10,11 6162 9.28 9.42
22 7305 11.17 10.93 6357 10.04 10,23

Control Rod Worth

The gang rod worth of SH-1 and SH-2 (SH-1+SH-2) was obtained by integrating
the gang differential reactivity curve of SH-1 and SH-2 shown in Figure 5.

On the other hand, the reactivity equivalent of the safety rods SA-l, SA~2
and SA-3 were measured simply by comparing with shim safety rods.

The results are shown in Table 4. As can be seen in the table, the reac-
tivity worths for control rods SH-1, SH-2 and SA~2 in the MEU fuel core are
smaller than in the HEU fuel core, while those for SA~-l1 and SA-3 in the MEU fuel
core are larger than in the HEU fuel core. The calculated worths are in reason-
able agreement with the measured worths. In the neutronics calculation, the
thermal group constant for each control rod was given a value of 0.176 obtained
with logarithmic differential boundary condition.

Table 4., Control Rod Worth

Measured Calculated

MEU HEU 8 %Zok/k MEU HEU Ap 2A8k/k
Rod Zok/k ZAk/k (MEU-HEU) XAk/k tak/k (MEU-HEU)
SH-1
SH=2 11.30 11.72 -0.42 11,30 11.78 -0.48
SA-1 3.08 2.87 +0.21 3.19 2.99 +0.20
SA-2 5.85 6.00 -0.15 6.26 6.35 -0.09
SA-3 3.38 3.07 +0.31 3.42 3.18 +0,24
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distribution by the foil activation technique.

Neutron Flux Distribution

The dysprosium foils for measuring low energy neutrons and gold foils for
absolute measurements, were used for the measurment of thermal neutron flux
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Gold foils, with and without
a cadmium cover were activated in
the core. For the measurement in
the fuel elements, acrylic plates
on which the foils were taped, were
inserted between the fuel plates.
For the measurement in the reflec-
tor region, foils were taped on the
surface of the elements, plugs or
mock-up experiments.

The foils were irradiated for
1 hour at approximately 90 watts
and taken from the core for count-
ing. The control rod positions
during the operation for irradia-
tion of the foils were: SA-l,
SA-2: up, SA-2: down, SH-1, 2: 428
opm (MEU), 504 mm (HEU),

The horizontal neutron flux
distributions are shown in Figure
6. Measurements were made at an
axial position of 100 mm below the
mid-height of the core. Figure 6
shows the distribution along Row 8
from the core center in an easterly
direction. The calculated neutron
flux distribution was normalized at
the edge of the core. The results
of the measured thermal neutron
flux distributions show a decrease
by about 8 to 12 X in the fuel
region in the MEU fuel core.,

The axial neutron flux distri-
butions are shown in Figure 7, for
the fuel element of position J-10,
The calculated neutron flux distri-
bution was normalized at the edge
of the fuel element. It can be
seen that the measured neutron flux
i{s about 11 ¥ lower at the peak
point (-100 mm from core center) in
the MEU fuel core than in the HEU
fuel core. The axial thermal
neutron flux peaking factor (peak
flux/average flux) for a fuel
element at position J-10 were 1.4l
and 1.48 for the MEU and HEU fuel
cores, respectively.
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Measured neutron flux level was normalized to the maximum power of 100 W,
The reactor power was determined with activation of fission foils (93 % enriched
uranium alloy), irradiated at the same time in each fuel element,

CONCLUSION

The MEU fueled core with the larger uranium loading, was validated by the
JMTRC experiments resulting in the features as follows:
® The excess reactivity was sufficient for the JMIR cycle length with
11.17 ZAk/k.

° The shim safety rod worth (SH-1+SH-2) if 0.42 ZAk/k lower than in the HEU
fuel core.

The thermal neutron flux distributions are 8 to 12 % lower than in the HEU
fuel core in the fuel region.

The axial thermal neutron flux peaking factor (position J-10) were 1.4l
and 1.48 for the MEU and HEU fuel cores, respectively.

The results of the neutronics calculations using the SRAC system were in
fairly good agreement with experiments. More detailed analysis is underway to
validate the neutronics calculation method.
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Attachment 1

JMTRC_STANDARD FUEL ELEMENT

JMTRC CONTROL ROD SECTION
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CRITICAL EXPERIMENTS OF THE JMTRC MEU CORES
Part 11
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Abstract

Critical experiments 1in the Japan Materials Testing Reactor
Critical facility (JMTRC) with medium-enrichment-uranium (MEU,
45%) fuel elements have been carried out. The purposes of the
experiments are to obtalin nuclear characteristics and to validate
neutronics calculation performed by SRAC code system used for
analyzing the JMIR MEU core,

This paper describes the results of experiments, such as reactor
kinetics parameters, shut-down margin and void coefficient
following the previous paper presented at RERTR meeting, 1983.
The calculated results are in satisfactory agreement with the
measured results. It is indicated that the changes of nuclear
characteristics due to the core conversion from the HEU to the MEU
core give no serious problem from the viewpoint of reactor safety.

INTRODUCT ION

The Japan Materials Testing Reactor Critical facility (JMTRC),
a 100 W swimming pool type critical facility and moderated and
cooled by light water, has been operated as neutronics mock-up for
JMTR (Japan Matertals Testing Reactor.,SO0MW tank type).l

Critical experiments have been carried out (n the JMTRC with
mecium-enrichment-uranium (MEU, 45%) fuel elements. The purposes
of the experiments are to obtaln nuclear characteristics and to
validate neutronics calculattions performed by SRAC code systemm
used for analyzing the JMTR MEU core. Some results of the
experiments, such as critical mass, excess reactivity, control rod
worths and flux distribution were presented at the international
meeting of RERTR, 24-27 October, 1983. Toka!-mura.

This paper describes the results of the experiments such as
reactor kinetics parameters fBett/2p ( Peft : effective delayed-
neutron f{raction and £s : prompt-neutron life time ), shut-down
margin and void coefficient following the previous paper. In order
to compare nuclear characteri{stics of the MEU and previous high-

enrichment-urantum (HEU,90%) core, the experiments were also
carried out 1{in the HEU core prior to the experiments in the MEU
core with the same configuration. The validity of the neutronics

calculations {s confirmed by the experiments, {n both the MEU and
HEU core.
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—CORE CONFIGURATION

The core confliguration is a duplicate of the JMTR core, 1{.e.,
number and arrangement of fuel elements and control rods. the
beryllium m=matrix etc, as shown 1{n Figure 1. The fuel region
consists of 7 by 5 lattice spaces, each 7.72 centimeter square.
These spaces contain the 22 standard fuel elements., 5 control rods
with follower fuel! sections, and 8 aluminum experiment holes. The
horizontal cross sections of MEU fuel elements are 1{illustrated {n
Flgure 2. Surrounding the fuel region 1is a reflector regtion
containing a number of beryllium and aluminum experiment holes.
The core has 5 mock-up loops including two mock-ups of hydraulic
rabbits. The control rods are made from borated stainless steel
containing 1.6 wt-X national boron.
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For the JMTRC experiment, 31 MEU fuel elements were fabricated
without any significant change in dimensions and shares from those
of the HEU fuel elements. The uranium density of fuel elements and
U-235 per element are summarized in Table I. The JMTRC fuel
elements were fabricated as three kinds of standard fuel elements
(A, B, C), In order to simulate the equilibrium core of the JMIR.

Table 1. JMTRC Fuel Element Loading
235
Kind of Plates per Uranium U
Element Element Density, g/cm Content. g
MEU
Standard fuel
element A 19 1.6 310
- B 19 1.4 280
- C 19 i.3 250
Fuel follower
element 16 1.6 205
HEU
Standard fuel
element A 19 0.7 279
" B 19 0.6 237
" C 19 0.5 185
Fuel follower
eiement 16 0.7 195

(01t

The kinetics parameters (Seft/2¢) were measured by the pulsed
neutron technique, as a ratio between effective delayed-neutron
fraction (feff} and prompt-neutron life time (£»), 1i.e., prompt-
neutron decay constant at critical (ac).

The outline of the experiment system using the pulsed neutron
technique {5 shown {n Figure 3. An Instantaneous pulse of neu-
trons, which is generated at an accelerator assembly, 1s injected
into a subcritical core and ensuing flux of neutons |5 measured by
8F3 counter. And the decay constant at a subcritical (a) s
defined as the time constant of a fundamental prompt-neutron mode,
as shown in Flgure 4. The a was measured at various control rod
positions. And ac¢ was obtained by extrapolating the data of a
to that at the control rod position at criticality. The accelerator
assembly was located at 4 lattice spaces (G-3, G-4, H-3 and H-4) (n

the core shown in Figure 2. The BF3 counter was set up at K-12,
and the measurements were also carried out when the counter was set
up at F-12, in order to check whether the data depended on counter

positions in the core.

Figure 5 shows the a versus control rod position from critical
position. The reactor kinetics parapeters (Bett/ 2p) measured are
111 sec in the MEU core and 103 sec in the HEU core. The value in
the MEU core is about 7 % larger than that Iin the HEU core.
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F-12, K-12 and C-14, in the core shown in Figure 1. And the shut-
down margin is determined by following equation.4J

p = (1 - asac) /7 (1/Beft - a/ac)

where o Is reactivity and Betf {s effective delayed-neutron
fraction. On the other hand. 1in the measurements by the rod drop
method, BF3 counters (R-1, R-2) were located at B-14 and Q-1, In
the core shown In Figure 1.

The data by two methods are shown {in Table 2. In the measure-
ments of the shut-down margin, since the pulsed neutron technique
is less dependent on the BF3 counter positions than the rod drop
method, the pulsed neutron technique is superior than the rod drop
method. Therefore the data by pulsed neutron technique have been
used as evaluated data. The shut-down margins obtained are 14.0
XA4k/K in the MEU core and 16.4 %X4k/k in the HEU core. The margin
in the MEU core is about 2 X4k/kX smaller than 1{n the HEU core,
but is still enough as the criterion is 10 Xd4k/k in the JMTRC and

the JMTR.

Table 2. Shut-Down Margin
Method & M EU HEU 40 %XA48K/k
BF3 Counter Position X4K/K X4k/k {MEU-HED)
Rod drop method
B - 14 11.0 12.5 -1.5
Q-1 13.0 15.5 -2.5
Pulsed neutron
technique
K- 12 13.7 16 8 -3.1
F - 12 13.4 16.1 -2.7
C - 14 14.7 16.4 -1.7
Average 14.0 16.4 -2.4
YOID COEFFICIENT
In the measurement of vold coefficient, the void was simulated
by inserting aluminum plates into the core. It has been confirmed

by the neutronics calculations that a discrepancy between alumsinum
and votid effects {s small enough to be ignored. In this experiment
ten alumi{num plates ( 2-mm-thick, 60-mm- width. and 840-mm-height )
were {nserted wvertically {nto water-gaps of the standard fuel
element.

The results of void coefficient measured at var{ous positions

are shown in Table 3. As shown in Table 3, the locations of the
fuel element with aluminum plates were symmetric with respect to
the column "[" {n the core shown {n Figure 1. There is almost no

difference In the void coefficient between the MEU and HEU core.
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Table 3 Void Coefficient

Location of Fuel MEU HEU
Elements with
Aluminum Plates Xdk/K Sverd-% XAK/K /vd-%
-2 -2
H-88J-28 -0.97 x l(]'2 -l.OleO_z
G-98n -9 -l.39x10_2 -1 55)(]0_2
F-880L-28 -1 59)(10_2 -l.al]xl()_2
F -10 & L -10 -0.72 x 10 -0 68 x 10
-2 -2
Averaged value -t 15 x 10 -1 22 x 10

VALIDITY OF NEUTRONICS CALCULATIONS

The neutronics calculations were performed using the SRAC code
system. which was developed {n Japan Atomic Energy Research
Institute ( JAERI ). In this study., the lattice calculation to
generate 4group constants was performed by collision probability
method, and the core calculation was performed by 3-D diffusion
code. The kinetic parameters. Qeff and £2», were calculated by means
of the perturbation theory. The group energy structures were
the 4 groups (upper energy boundaries : 10 MeV, 1.0 MeV, ].83 KeV,
0.6823 eV).

Table 4 shows the results of the measured and calculated
excess reactivity, the control rod worths, the shut-down margin and
the void coefficient. As shown {n Table 4, the calculated excess
reactivities are 0.3 X4k/k and 0.6 %4K/K higher than the measured
ones in the MEU and HEU core, respectively. The calculated control
rod worths agree with the measured ones within 0.4 ¥4k/k per
control rod. The calculated shut-down margins are 1.3 %4k/k and
1.8 %4k/k higher than the measured ones 1in the MEU and HEU core,
respectively. The void coefficient agrees by 0.001 Z4k/k/wid-1 bet-
ween the measured and the calculated values.

Table 5 shows the results of measured and calculated reactor
kinetics parameters. As shown in Table 5, the calculated feft/2s
are 13-15% larger than the measured ones. And the changes of the
parameters due to the core conversion from HEU to MEU fuel are
about 6% decrease 1n the Z2¢ and no significant change in the fe¥.
The reason why the prompt-neutron life time Is smaller i{n the MEU
core than that Iin the HEU core 1{s malnly because of |ncreased
uranium-235 loading in former core.

Table 6 shows the neutron flux changes due to the core

conversion. The calculated thermal neutron flux (<0.68eV) 1is |n
satisfactory aqreement w{th measured one, and the decrease of
thermpal neutron flux agrees with the measured ones within 2-5 %.
And the changes of calculated fast neutron flux (>!.0MeV) due to
the core conversion, are almost zero in all regions.
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Table 4 Calculated Exess Reactivity, Control Rod Worths. Shut-Down
Margin and Void Coefficient, Compaliring with Measured Ones

MEU HEU
veasured Calculated a0 Measured Calculated a0
QL) 1Ca1_"eas)
txess reactivity b2 |- +0 3 10 0 10 6 +0 6
k ¥-1'94 3
Contrl rod worths
Lak/k
SH-1 & SH-2 112 17 +0 6 17 12 S +0 8
SA-1 31 29 -0 2 32 31 -0
SA-2 58 60 +0 1 6 3 6 4 +0 1
SA-3 3 4 32 -0 2 3 4 33 -0
Sthut down margin t4 0 15 3 +1 3 6 4 18 2 +1 8
k¥-1.94 3
Void coefficient -0 212 -0 013 -0 00} -0 012 -0 013 -0 00!

X4k/% / wg %

Table 5. Calculated Kinetics Parameters, Effective Delayed-Neutron
Fraction Peff and Prompt-Neutron Life Time Z2».
Compalring with Measured Ones

MEU HEU
Measured Calculated C/M Measured Calculated C/™
1
Beft/ 2o, sec 111 125 113 103 118 115
Bett - 0.00766 - - D 00766 -
Ro. usec - 61.1 - - 64 8 -

Table 6 Calculated Thermal Flux Changes by
Core Conversion {rom HEU to MEU Fuel.
Compairing with Measured Ones

Measured Cajculated

Therma! neutron

flux

Fuel region -8 ~ -12 % -8 ~ ~13 %
Be reflector region -1~ -3 2 0 ~~3 %
Fast neutron
flux

Fuel and Be reflector +2 ~ -2 %
region
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CONCLUSION

The MEU core with the larger uranium loading, 1is vallidated by
the JMTRC experiments resulting In the feature as follows.

-1
The reactor kinetics ©Pparameters fBeft/2p Is 112 sec in the
MEU core, which is about 7% higher than In the HEU core.

The shut-down margin 1ls 14.0 X4k/k in the MEU core, which is
2.0-3.0%4k/k smaller than that In the HEU core.

The void coefficient 1is -0.012 X4dKk/k/wid-%Z in the MEU core.
There is no significant difference {n the void coefficient between

the HEU and the MEU core.

It 1s Indicated that the changes of nuclear characteristics
due to the core conversion from the HEU to MEU core 4give no
serfous problem from the viewpoint of reactor safety.

Concerning the validity of the neutronics calculations, 1t Is
confirmed that the caiculated results are In satisfactory agree-
ment with the measured results, 1i.e., the differences are: 0.3-0.6
X4k/k in excess reactivity, 0.4 ¥4k/k in control rod worths, }.3-
1.8 %24k/k 1in shut-down margin, 0.001 X4Kk/K/wid-X in wvoid co-
efficient, 13 - 15 %4 {n Kinetlics parameters and 2 - S ¥ {in flux
distribution.
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Appendix H-4
COMPARISON OF CALCULATIONS WITH MEASUREMENTS

Appendix H4.1

COMPARISON OF CALCULATIONS WITH MEASUREMENTS
IN THE FNR FULL-CORE LEU DEMONSTRATION REACTOR

FORD NUCLEAR REACTOR/UNIVERSITY OF MICHIGAN
Ann Arbor, Michigan

ARGONNE NATIONAL LABORATORY
Argonne, Illinois

United States of America

Abstract

As part of the U.S. RERTR Program, a full core demonstration with
LEU fuel began in December 1981 in the 2 MW Ford Nuclear Reactor
(FNR) at the University of Michigan. This appendix compares some
of the experimental data with analytical calculations based, for
the most part, on three dimensional diffusion theory. The
critical configuration, control rod worths, axial rhodium reaction
rate profiles and thermal flux distributions have been calculated
and compared with measurements.

I, Introduction

As part of the U.S. RERTR Program, a full-core demonstration with LEU
fuel began in December 198l in the 2 MW Ford Nuclear Reactor (FNR) at the
University of Michigan. The LEU standard and control fuel elements were
manufactured by NUKEM and by CERCA using specifications prepared by ANL and
the University of Michigan (See Volume 2, Appendix J-4). The core went
critical with 23 fuel elements on December 8, 1981,

Since that time a substantial data base of experimental results for LEU
cores has been accumulated by the University of Michigan FNR staff. This
appendix (Ref. 1) compares some of the experimental data with analytical
calculations based, for the most part, on three—-dimensional diffusion theory.
The critical configuration, control rod worths, axial rhodium reaction rate
profiles and thermal flux distributions have been calculated and compared
with measurements.

The experiment program is still in progress and includes further measure—
ments on a full core of LEU elements and on mixed cores of LEU and HEU elements.

II. The "As—Built"” Fuel Element Parameters

Table 1 shows the "as—built” parameters averaged over the 20 standard
fuel elements supplied by CERCA, and over the 23 standard elements and 11
control elements supplied by NUKEM. Compositions of the aluminum alloys used
by both manufactures are shown in Tables 2 and 3. Table 4 shows the "as—built”
fuel element data used in the ANL calculations.
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III., Critical Configuration

Figure 1 shows the FNR critical configuration with 23 fresh LEU fuel
elements. The 18 plate standard FNR LEU fuel elements were fabricated by
NUKEM and CERCA and contain about 167 g 235y per element. Control elements
contain 9 fuel plates. For this critical assembly the 235y mass was
3512,82 g. With the shim safety rods (A, B and C) fully withdrawn and the
control rod fully inserted, the excess reactivity was measured to be 0.067%.
The worth of the hollow stainless steel control rod was found to be 0.383%
so that the excess reactivity of the cold, clean LEU core was about 0.45%.

Heavy Water Tank

ss 45 35 25 15

Shim A S$him C

57 47 7 27 17

“8 38 28 18

Shim B C-Rod

FIG. 1. FNR initial LEU critical configuration {Dec. 8, 1981).

Five-group cross sections, based on the ENDF/B Version IV data base,
were generated for each reactor region by the EPRI-CELL code (Ref. 2).
These multigroup cross section generation methods are described in IAEA-
TECDOC-233 (Ref. 3). Table 5 shows the energy structure of the standard
five-group set.

Using these cross sections, two— and three—~dimensional diffusion calcu-
lations were performed to evaluate the eigenvalue for the 23-element, cold,
clean LEU core. For these calculations all rods are withdrawn and each fuel
element is represented by three regions -— a fuel region sandwiched between
two side plate regions. Effects from the vertical Hy0-filled tubes which
penetrate part way into the D30 tank and from neutron leakage through
the beam tubes have been ignored in these calculations. Table 6 summarizes
the eigenvalues calculated from two—and three—dimensional models for both
course and fine mesh structures. The XYZ fine mesh calculation gives an
excess reactivity of 0.37%, 0.08% less than the 0.45% measured value. Our
experience with HEU cores has been to slightly overpredict the eigenvalue,
but for this LEU core we have underpredicted kg¢f.
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Table 1.

"As-Built”

Data for FNR Reactor LEU Fuel Elements

Number of Elements

No.

Fuel Plates

Fuel Meat Length, mm
Fuel Meat Width, mm

Fuel Meat Thickness, mm

Water Gap, mm

Cladding Thickness, mm

Plate Thickness, mm
Side Plate Width, mm
Side Plate Thickness, mm

Side Plate to Side Plate
Inside Dimension, mm

Fuel Plate Curvature, mm
Special Guide Plate Width, mm
Special Guide Plate Thickness, mm

Fuel Meat Composition (wtZ)

Al
Fe
U

Uranium Composition (wt%)

233y
234y
235y
236y
238y

Mass 235U/
Fuel Element, g (* 1%)

U Density in
Fuel Meat, g/cm3

NUKEM
Standard
Elements

23
18
600,0*

60,0%

0.779 * 0.009

2.942

0.390 * 0.010
1.558 + 0.019

79.92
4.75

65.17
140.,0%*

57.90
0.10
42.00*

0.13
19,90
0.17
79.80

167.02

1.66 * 0.04

CERCA
Standard
Elements

20
18
595+ 5
59.5 = 0.1
0.721 £ 0.011
2.963
0.408 * 0,012
1.537 + 0.009
80.10
4,78

65.04
140,0%*

55.05
0.09
44,86 + 0.01

<0.01
0.15
19.81
0.22
79.82

167.19

1.84 + 0,05

NUKEM
Control
Elements

11
9
600,0%*
60.0*
0.779 ¢+
2.942
0.390 =
1,558 #
79.93
4,75

65.20
140.0%
65.20
2.87

57.90
0.10
42,00%

0.13
19.92
0.14
79.81

83.27

1.66 *

0,009

0.010
0.019

0.04

*Assumed Values
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Table 2. Chemical Composition of CERCA Aluminum Alloys

AG 3 N.E. AG 3 N.E. UAly -Al
Cladding and Frame Side Plate Fuel Meat
Density (g/cmd) 2.7 2.7
Composition (wtZ%)
Li <0.001 <0.001
B <0.001 <0.001
N 0.13
0 0.20
Mg 2.76 2.83
Al 96.78 9 .73 57.53
Si 0.12 0.11 0.05
Ti 0.01 0.01
Cr 0.01 0.01
Mn 0.04 0.04
Fe 0.26 0.26 0.09
Cu 0.0039 0.0047 0.001
Zn 0.01 0.01 0.003
Cd <0.001 <0.001
U 42 .00%

Table 3. Chemical Composition of NUKEM Aluminum Alloys

Al -Mg-1 Al-Mg-2 Al-Mg-5i-1 Al-Mg-Si-1 UAL, -Al
Cladding Frame Side Plate Guide Plate Fuel Meat
Density (g/cm3) 2.69 2.68 2.70 2.70
Composition (wt%)
B 0.0021
Mg 0.895 1.95 0.74 0.72
Al 98.66 97.53 97.26 97 .44 57.875
Si 0.13 0.17 0.90 0.92 0.04
T1 0.04 0.02 0.01 0.005
Cr 0.0055 0.01 0.01
Mn 0.0155 0.13 0.72 0.69
Fe 0.28 0.15 0.34 0.19 0.07
Co 0.001 0.003
Cu 0.0045 0.005 0.01 0.01 0.004
Zn 0.006 0.01 0.01 0.01 0.006
U 42.00%

*Assumed value.
Note: Impurities less than 10 ppm = 10 ,g/g neglected.
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Table 4. Data for FNR Fuel Elements Used in ANL Calculations

DIMENSIONS AND URANIUM COMPOSITION

Data for NUKEM standard and control elements listed in Table 1.

VOLUME FRACTIONS
(Based on 81.00 mm x 77.09 mm FNR Grid Spacing)

STANDARD ELEMENT CONTROL ELEMENT
Fueled Region Fueled Region
Fuel Meat 0.1479 Fuel Meat 0.0739
Clad 0.1214 Clad 0.0607
H20 0.5090 H70 0.2545

0.7783 0.3891

Non—-Fueled Region Non-Fueled Region
H90 0.0796 H0 0.4191
Structure 0.1421 Structure 0.1918
0,2217 0.6109

STANDARD ELEMENT MASSES, g

Fueled Region Non-Fueled Region Total
Mass
Fuel
Material Meat Clad H20 Structure H»0

H90 1901.5 297.4 2198.9
Mg 11.0 13.7 27 .4
Al 1158.8 1207.3 1398.6 3764.7
Si 0.8 1.6 9.7 12,1
Cr 0.1 0.0 0.1
Mn 0.2 7.6 7.8
Fe 1.4 3.4 4.3 9.1
234y 1.1 1.1
235y 167.3% 167, 3%
236y 1.4 1.4
238y 671.1 671.1
U 841.0 841.0

*Average 235y mass for 5 CERCA and 14 NUKEM standard elements chosen by FNR

for the 19 standard elements in the 23 element critical core.
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Table 5. Energy Boundaries of Standard Five Group Structure

Group Upper Energy Bound
1 10.0 MeV
2 0.8208 MeV
3 5.531 keV
4 1.855 eV
5 0.625 eV

Table 6. Diffusion Theory Calculations for the FNR LEU
Cold Clean Critical Configuration

Mesh in Standard

Model Fuel Element Keff
2D-XY Ny Ny =6 x b6 1,00066
2D-XY Ny Ny =10 x 12 1,00292
3D-XYZ Ny Ny =6 x 6 1,00193
3D-XYZ Ny Ny =10 x 12 1.00371
Measured Value: 1.0045

IV. Shim Safety Rod Worths

The FNR shim safety rods are made from borated stainless steel contain-—
ing 1.5 w/o natural boron. Each of the solid rods has a 3.470 cm x 5,668 cm
cross section with rounded ends having a radius of curvature of 1.099 cm.
They are described in Ref. 4.

To calculate the rod worths, group—~dependent internal boundary condi-
tions (defined as current—-to—flux ratios) were applied at the surface of the
absorber in diffusion calculations. These boundary conditions were evaluated
from P) Sg transport theory calculations.

Cross sections for the outer, middle and inner regions of the rod were
generated by the EPRI-CELL code in cylindrical geometry. Since the rod is
essentially black to thermal neutrons, the outer radius of the c¢cylindrical rod
was chosen so as to preserve the surface area of the actual rod. The outer
region of the rod was 1 mm thick and the middle layer 3 mm thick.
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Current—to—flux ratios were evaluated in the P] Sg approximation using
both one~dimensional cylindrical and two—dimensional XY geometries. For each
model the surface area of the shim safety rod was preserved and for the XY
geometry the volume was also held constant. In both cases internal boundary
conditions were evaluated at the surface of the borated steel rod. The
ONEDANT transport code (Ref. 5) was used for the one-dimensional problem and
TWOTRAN-II (Ref. 6) for the XY geometry. Average boundary conditions were
obtained by perimeter weighting of the TWOTRAN point current—-to—flux ratios.
The results of these calculations are summarized in Table 7. Because of
modeling deficiencies, the ONEDANT internal boundary conditions tend to be
too large and the TWOTRAN values somewhat small.

Control rod worths were measured in a 27-element and a 30-element LEU
core. These two core configurations are illustrated in Figs. 2a and 2b., For
each of the configurations the worths of the shim safety rods were evaluated in
two dimensional XY calculations using the internal boundary conditions given
in Table 7. The results are summarized in Table 8 where the calculated-to-
experiment (C/E) worth ratios are shown for each of the shim safety rods.
Doubling the number of mesh intervals in the core would increase these C/E
ratios by about 2%. The shim rod worths are reasonably well-calculated for
the 27-element core, but are somewhat underpredicted for the 30~element case.

Heavy Water Tank

55 45 3s 25 s~

56 u6 36 26 16
Shim A Shim C

57 w7 37 27 17

80 58 48 38 28 18 8,0

Shim B C-Rod

59 W9 33 29 19

50 40 I
{
| i
H,0

FIG. 2a. FNR 27-element LEU core for shim safety rod worth measurements.



Heavy Water Tank
65 55 45 3s 2S 15
66 56 4“6 36 26 l¢
Shim A Shim C
67 57 47 7 27 17
68 58 48 38 28 18
Shim B C-Rod
H,0
2 59 49 39 29 19 HZO
\\\\\ 40
1
|
®,0

FIG. 2b. FNR 30-element LEU core for shim safety rod worth measurements.

Table 7. Group-Dependent Internal Boundary Conditions (-j/¢)

TWOTRAN-XY ONEDANT-R

Group E, - eV (-3/¢) (=3/¢)
1 10.00 + 7 2.8411 - 2 3.5206 - 2

2 8.208 + 5 -8.3937 - 3 -1.2773 - 2

3 5.531 + 3 7.9673 - 2 1.0147 - 1

4 1.855 2,4479 - 1 2.7691 - 1
5 6.249 - 1 4,1490 -~ 1 4,4703 - 1




Table 8. Reactivity Worths of the FNR Shim Safety Rods

No. of Fuel Lattice Exp. C/E C/E

Elements Rod Position % AK/K TWOTRAN-XY  ONEDANT-R
27 A 46 2.220 0.989 1.051
27 B 48 2.320 0.974 1.035
27 c 26 2.283 0.947 1.006
30 A 46 2.642*% 0.991 1.053
30 B 48 2.233* 0.943 1.003
30 C 26 2.085% 0.915 0.973

*tstimated as 1.93 times the measured half-rod worth.

A 3D model of the FNR reactor with 27 fresh LEU fuel elements has been
used to calculate the differential worth of shim safety rod A. For these
calculations each fuel element was again divided into two non—-fuel regions,
corresponding to the side plates, and a central fuel region. A 6 x 6 mesh
structure in the XY plane was chosen for most fuel elements. For the con-
trol fuel elements, however, the mesh structure was 7 x 8. Axial mesh
planes were separated by 2.50 cm in the core region except near the core-
axial reflector interfaces where the spacing was reduced to 0.50 cm. The
shim rods were represented as having a rectangular cross section whose dimen-
sions were chosen so as to preserve the volume and surface area of the actual
borated steel absorber. TWOTRAN internal boundary conditions (see Table 7)
were applied at the absorber surface.

For all these 3D calculations the control rod was assumed to be with-
dravn half way. Shim rods B and C were moved as a unit in such a way as to
keep the reactor near critical for each step of withdrawal of shim rod A.
The DIF3D code (Ref. 7), with internal boundary conditions, was used to calculate
the eigenvalues corresponding to each withdrawal step and these results are
summarized in Table 9. The rod position for the fully inserted rod is taken
as 0.0 cm (bottom of core) and 61.27 cm for the fully withdrawn rod. Figure 3
compares the calculations with the measured differential worth of shim rod A.
Note that the 3D calculation gives a total rod worth which is about 4.5%
larger than that found on the basis of the 2D - XY calculation.

V. Comparison of ANL and University of Michigan Calculations with Measurements

From the measured excess reactivity (0.45%Z 8k/k) and 235y mass (3512.82 g)
of the 23 fresh LEU element configuration along with the predicted dependence
of kKerf on the fissile mass content, critical mass estimates were made by
both ANL and the University of Michigan. Two-dimensional XY diffusion calcu-
lations, based on ENDF/B-IV cross sections, were performed to simulate the
actual LEU loading sequence in the "Approach to Critical” experiment. From

these data the critical mass was predicted. The results are summarized in
Tables 10 and 1l.
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Table 9.

in 27-Fuel-Element Core

Calculated FRN Shimm Rod A Differential Worth

Step

1

Rod A Rod B and C
Position, Position, Ap Total p
cm cm K-Effective % %
61.27 33.12 1.002732 0.000 0.000
(Out)
50.65 33.12 1.001214 0.151 0.151
40,64 33.12 0.997602 0.362 0.513
40.64 40,64 1,006252
30.63 40.64 1,000362 0.585 1.098
20,63 40,64 0.993904 0.650 1.748
20.63 53.14 1,002876
10.64 53.14 0.998774 0.410 2,158
0.00 53.14 0.997358 0.142 2,300
(In)
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Table 10. FNR LEU Approach to Criticality
ANL/Univeristy of Michigan Calculations

Number of ANL Calculations Univ, of Mich. Calculations
Fuel Elements 2357 Mass, g Keff 235y Mass,g Kaff
21 3178.3 0.9762 3178.7 0.9835
22 3345.6 0.9887 3346,0 0.9926
23 3512.9 1,0011 3513.3 1.0025
24 3680.2 1.0096 3680.6 1,0097
25 3847.5 1.0178 3847.9 1.0161

Table 11. FNR Critical Mass for LEU Fuel

Mass, g
Experiment 3436
ANL Calculation 3498
University of Michigan Calculation 3471

Table 12. FNR Control Rod Worths in Core with
27 Fresh LEU Fuel Elements

Rod Worth, % Ak/k

Rod Position Experiment ANL Calec. Univ. of Mich. Calc.
A 46 2,22 2.20 2,28

B 48 2,32 2.26 2,65

C 26 2.28 2,16 2,25

Full length control rod worths for each of the shim safety rods (A, B,

and C) were measured in the 27 LEU fuel element core configuration (Fig. 2a).
Each rod worth was determined from a series of positive period and incremental
rod worth measurements. The University of Michigan and ANL results are com-—

pared with measurements in Table 12.
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VI. Axial Rhodium Reaction Rate Distributions

Axial reaction rate distributions were measured in the FNR with a
rhodium self-powered neutron detector. Figure 4 shows the core configuration
of the 29 LEU fuel elements used during these measurements. A 3D model of
this 29-element FNR reactor was used to calculate axial reaction rate dis-
tributions for the rhodium detector. For these calculations it was assumed
that each of the shim rods was 52.58 cm withdrawn from the bottom of the
core and that the control rod was withdrawn half way. Shim rods were treated
using the same TWOTRAN internal boundary conditions as before (Table 7).

The fuel element mesh structure discussed earlier was again used in these
DIF3D calculations of the XYZ fluxes from which the rhodium reaction rate
traverses were determined. Reaction rate distributions calculated with and
without equilibrium xenon and samarium were found to be nearly identical.

Measured and calculated axial rhodium capture rate distributions are
compared in Figs. 5-11 for fuel element positions (FEP) 15, 19, 27, 35, 39,
47 and 37 (see Fig. 4). The curves are normalized at the peak of the dis-
tributions. In general, the measured and calculated distributions agree
quite well, but in all cases the calculations underpredict the peak heights
in the axial reflector regions. These calculated peak heights are very
sensitive to the aluminum-water volume fractions used to describe the various
axial reflectors. To illustrate this, Fig. 12 shows the axial capture rate
distribution in fuel element position 37 (FEP37) where the aluminum end boxes
above and below the fuel plates were explicitly represented in the 3D model.
Comparing this figure with the previous one shows the improved agreement in
the reflector peak regions.

Heavy Water Tank

55 45 35 25 15

66 56 46 36 26 16

Shim A Shim C

67 57 7 37 27 17

68 S8 4“8 38 28 18

Shim B C-Rod

69 59 49 39 29 19

\ 40

FIG 4 FNR 29-element LEU core for rhodium reaction rate axial distribution measurements
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H20P40-3 in FNR with 29 LEU fuel elements.

The distribution in the H0 reflector (grid position 40) is shown in
Fig. 13. It is seen that the measured rhodium capture rate distribution in
the light water reflector is broader and shifted with respect to the
calculated one.

For measurements in the heavy water reflector, 2.54 cm diameter (I.D.)
vertical tubes penetrate the D90 tank to a depth of 20.32 cm below the
top of the core and are filled with H70. Figure 14, taken from Ref. 8, shows
these tubes entering the top of the D)0 tank and also identifies positions X,
S, W and R. Rhodium capture rate distributions at locations X and S in the
heavy water reflector are shown in Figs. 15 and 16. As Fig. 15 shows, the
Hp0-filled tubes produce additional moderation in the D20 tank, which is the
reason for the discontimuity in the calculated capture rate distribution at
the D30-H30 interface at the bottom of tube X. This effect is not as evident
at position S (Fig. 16) because this location is farther from the core. In
the Hp0 region above the D70 tank the measured capture rate distribution, for
some reason, does not fall off as rapidly as the calculated one.
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VII. Thermal Neutron Flux Distributions

The rhodium self-powered neutron detector (Ref. 8, pp.77 ff) was used
to measure thermal neutron flux distributions in the 3l-element LEU core.
This core contains 25 standard fuel elements and 6 nine—plate control fuel
elements. Using techniques already described, this core was modeled in XYZ
geometry for diffusion calculations. For these calculations the control rod
was withdrawn half way and the shim safety rods were banked at the 52.58 cm
position. The Hp0-filled tubes at positions X, S, W and R in the D0 tank
(see Fig. 14) were explicitly represented in the 3D model. These tubes
penetrate the heavy water tank to a depth of 20,32 cm below the top of the
fuel.

Figure 17 shows the 3l-element core configuration and the calculated-to—
experiment (C/E) thermal flux ratios. The calculated thermal fluxes (group 5)
were normalized to the measured value on the core midplane at grid position
37. In addition, measurements were made at the 1/4 and 3/4 core height
positions so that the three numbers in a given grid location (Fig. 17)
correspond to the C/E values at the lower, middle and upper elevations. In
the 3D model these elevations correspond to axial positions for Z = 45, 60 and
75 cm., Because of access limitations, measurements in the D70 tank were
made only on the Z = 78,26 cm plane. The calculated axial flux distributions
were used to extrapolate the measured values at positions X, W, S and R to the
core midplane and the 3/4 height position. Measurements in the H0 reflector
were made at four locations in grid position 40 in order to define the thermal
neutron flux peak in the reflector. The measurement at grid position 57 was
in the central water hole of the 9 plate special fuel element. For most
positions the C/E thermal flux ratios are within 10% of unity.

270



5. 1.064 R, 1.114 R

Heavy Vater Tank
X, 0.986 w. 0Q.963 1 4

A 0.996
0.943
\ 0.964 0.946 0.942 0.940 0.916 0.965

76 [ s6 “E %% 28 e
1.073
Shim A 1.072 Shia C
1.083

1.052 1,033 0.893 0.979 0.900
H,0 1.076 0.968 1.043 1.000 0.%70 0.92¢ 00
1.on 1.044 1.029 0.921 c.929 “

62 58 8 e e 1s

o o
108y [
i
T} ) 39 29, 19
0.999

1.107 1.068 | 1.008 | 0.998 | 0.938

Shin B

AN

ANRNAN

0.864 !
0.942

1.030
1.111

1.032
1.172

0.988
Ch. &
1.110

FIG. 17. Thermal neutron flux C/E
ratios for the FNR 31 element LEU core.

Figure 18 shows the calculated and measured thermal neutron flux distri-
butions in row 7. Flux peaking in the water hole associated with the speci al
fuel element at grid position 57 and in the Hp0 reflector regions is clearly
evident. Secondary peaks in the core correspond to the side plate regions
containing Al1-H70 mixtures. In general, the agreement between the calcu-
lated and measured fluxes is quite good at both the middle and upper elevations.

Figure 19 shows a North/South traverse through the middle of column 3 and
then is displaced 3.81 cm to the west at the core-D70 tank interface so
as to pass through positions X and S in the D)0 tank. Note the flux peak-
ing in the upper elevation distribution in the HpO0-filled tube at position
X (Y = 72.28 cm) in the D90 tank. The effect is much less evident at
position S. No such peaking is seen in the midplane distribution since the
Hy0-filled tubes do not extend this deep into the D0 tank. Figure 20
shows similar curves with the upper part of the traverses displaced in the
opposite direction so as to pass through positions W and R in the D0
reflector. In general, these distributions are in satisfactory agreement
with the measured values.

In Figs. 17-20 the thermal fluxes are normalized :o the experimental
value on the midplane of position 37 and are in units of 1013 n/cm?+s at a
power of 2 MW. The 3D diffusion calculation was also done for a 2 MW power
level, but the normalization required multiplying the calculated fluxes by a
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factor of 0.646. Thus, there is a large disagreement between the measured
and calculated absolute fluxes (C/E = 1.55). This discrepancy remains to be
resolved. The upper energy boundary of group 5 is 0.625 eV whereas the
cadmium cutoff energy is about 0.55 eV. This difference accounts for some of
the discrepancy.
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Appendix H-4.2

ANALYSIS OF CRITICAL EXPERIMENTS
OF FNR LEU CORES

K. ARIGANE, K. TSUCHIHASHI
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken,
Japan

Abstract

An analysis has been done of the critical experiments in the LEU
cores of the FNR to validate the calculational method, and
accuracy of the neutronic design for the core conversion of JRR-4
from HEU to LEU fuel using the JAERI SRAC code system. This
report describes the calculational process, the results of
calculation for the critical mass and the control rod worths, and
comparisons with the experimental values. Agreement between
calculated and experimental values 1is satisfactory.

INTRODUCTION

The core conversion of the JRR-4 from HEU fuel to LEU fuel has been
prepared. To validate the calculational method and the accuracy of the
neutronic design by the JAERI SRAC code system!, a series of neutronic
calculations have been done for the initial LEU cores of the FNR ( Ford
Nuclear Reactor at the University of Michigan ) which reached criticality
in Dec 1981 as the first demonstration of the conversion from HEU to LEU.
Both LFU cores of JRR-4 and FNR have somethings in common, such as a pool
type reactor and use of UAlx MIR type fuel, and borated stainless steel
control rods. Satisfactory results would convince us of the validity of our
prediction for the LEU core of JRR-4. Several analyses for the FNR experi-
ments have been presentedz‘s.

This report describes the calculational process and the results of the
analysis of the critical mass and the reactivity worth of the control rods.

CALCULATIONAL METHOD
Cross Sections

The cross section data are based on ENDF/B-4 taken from the optional
data libraries except the scattering lav for H20 and D20 which are stored
in ENDF/B-3.

The transport cross sections for PO transport calculations were calcu-
lated by the Bl approximation which correspond to the diffusion coefficient
D=1/(3 Ltr).

Resonance absorption of heavy nuclides was calculated by the table
look-up method for E > 130.07 eV, and the IR method was applied to the
resonance levels in which resonance energies are located between 130.07 eV
and 1.125 eV ( = thermal cut off).
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Process
Step |  Primary Cell Calculation for a Single Fuel Plate Cell

A one dimensional plane cell composed of a fuel plate, cladding. and
coolant water was assumed as shown in Fig.l. The energy group structure for
the cell calculations 1s composed of 22 fast groups and 31 thermal groups
as shown 1n Table 1. In this step two sets of linear equations vwere
successively solved for (1) 22 fast groups and (2) 3! thermal groups using
the collision probability method. In Table 2 wve show the atomic number
densitles used in the cell calculations.

Fuel Meat

Clad
H,0

j

0.039
0.1471

0:1471
0.039

0.450)

{umit:cm)

FIG 1 Cell model for fuel plate

Step 2 Secondary Cell Calculation for an Element

A one dimensional plane cell composed of a homogenized fuel region,
water gap, and side plate, as shown in F1g.2 was assumed for a standard
fuel element. The same process as Step 1 was used with the same energy
group structure

Another two—dimensional rectangular cell for the control element as
shown 1n Fi1g 3 was assumed to have the smeared cross sections corresponding
to the region surrounding the control rod As the cell calculation is based
on the assumption of the periodic array of the lattice cells, 1t does not
reflect the actual 1solated boundary condition. To mitigate this non
realistic condition, we 1included a standard fuel region surrounding the
contrcl element 1n the cell.

After the cell calculation of this step, the 53 group cross sections
were collapsed into the 10~ ( or 3 ) group structure, also shown 1in Table
1, using the spectrum obtained by solving one point B! equation with a
buckling value so as to make the Keff of the standard fuel element unity.

The macroscopic cross sections for non—fuel regions were calculated by
the Bl approximation.
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Table 1

Energy Group Structure

Fine Coarse
1

Fast
Energy
0. 10000E+08
0.60653E+07
0.36788E+07
0.22313E+07
0.13534E+07
0.82085E+06
0.49787E+06
0.18316E+06
0.67380E+05
0.24788E+05
0.91188E+04
0.33546E+04
0.12341E+04
0.58295E+03
0.2M™3BE+03
0. 13007E+03
0.61442E+02
0.29023E+02
0.13710E+02
0.64760E+01
0. 30590E+01
0. 18554E+01
0.11254E+01

Fine Coarse
i

OOV & WN —

EBBNBHRRBR
[4]]

@

Thermal

Energy

0.11254E+01
0.68256E+00
0.41399E+00
0.36528E+00
0.31961E+00
0.297TE+00
0.27699E+00
0.23742E+00
0.20090E+00
0.18378E+00
0.18743E+00
0. 15183E+00
0. 13700E+00
0.12293E+00
0 10983E+00
0.97080E-01
0.85B3g37E-01
0.7427T6E-01
0.64017E-0t
0.54520E-01
0.45785E-01
0.37813E-01
0. 30602E-01
0.24154E-01
0.18467E-01
0. 13543E-01
0.93805E-02
0.53804E-02
0.33423E-02
0. 14663E-02
0.35238E-03
0.10000E-04

Energy Boundaries for 3 Group Structure

0. 10000E+08
0.18316E+06
0.68256E+00
0. 10000E-04

Table 2 Atomic Number Density
in Primary Cell (10++24)
! Mixture: Meat Clad :Coolant
: Width 0.078 : 0.039 : 0.14716 .
. (cm) X2 X2 :
: U234 :5.6078-6: :
: U-235 .8.4927-4. :
;U236 :7.0769-6: :
:U-238 :3.3637-3: : :
MG : 15.9658-4: :
AL :5.1244-2:5.9243-2: :
SI 13.3062-5:7.4996-5: :
CR : 11.7325-6: .
MN : 14,568 -6: :
FE 12.9916-5:8. 1232-5: :
H : : 18.6684-2 .
0 :3.3347-2
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FIG. 3. Cell model for control fuel element.

Step 3 Core Calculation for Critical Mass

The core calculations were executed by the diffusion theory code using
the X-Y two-dimensional option with the 10-group structure for the clean
core to get the critical mass for the geometry shown in Fig.4. To confirm
the buckling value used in the X-Y two dimensional calculation, a three
dimensional diffusion calculation with the 10-group structure was also done
for the vertical figure as shown in Fig.5.
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Step 4 Core Calculations for Control Rod Worth

To predict the control rod_ reactivity worth, the following process
similar to that taken by Bretscher® was examined.

A pair of two—dimensional 10—group Sn calculations were done for 1/4 of
a simplified core with and without a control rod in the central position 1n
order to get the reactivity worth and the logarithmic derivatives around
the control rod

A pair of diffusion calculations with the same conditions were done to
find an adjusting factor to the derivatives for the thermal groups so that
the diffusion theory calculation had the same reactivity. No derivatives
were applied to the non-thermal groups as a non-absorbing reaction such as
slowing-down, distorts the flux distribution. Using the derivatives des-
cribed above, a series of two-dimensional diffusion calculations were done
to predict the control rod worth The disposition of the D20 tank in the
northern reflector and the control rod i1n the excentric position of the
active core forced us to use full core geometry as shown in Fig.4 Through
the experience of core calculations for swimming pool type reactors, we
knew the thickness of reflector could be assumed as 30 cm even though 1t 1s
much thicker ( 1t causes an underestimate of 0.2 % Ak/k ).

Step 5 3-Croup Core Calculation

Independent of the above process, a series of 3-group calculations were
done for the clean core and the cores with a control rod. In such a few
group calculation, the up-scattering effect 1s not more important, so the
thermal cut off energy was chosen as 0.6825 eV The logarithmic derivative
for a black boundary was applied to the thermal group around the control
rod.

Vertical Buckling

As the Keff wvalues by X-Y two dimensional calculations are strongly
affected by the vertical buckling, we took care of how to get 1t. First, we
calculated the material buckling by the 10-group cross sections for the
standard fuel element. Next, +e adjusted the radial buckling value so as to
make the Keff unity through a series of one dimensional 10-group diffusion
calculations 1n the vertical direction across the top surface of the upper
reflector, the standard fuel element, the grid plate, and the bottom of the
lower reflector The vertical buckling was taken as the difference of the
material buckling and the radial buckling. This value seems suitable for
the clean core, however., we applied 1t also to the core with a control rod.

The same process was taken to get the vertical buckling for the 3-group
calculations

RESULTS AND COMPARISON
Critical Mass

Table 3 shows the results of core calculq}lons fgr the clean cores. We
obtained the vertical buckling as 0.00174 cm™ ( Bm® =0.00908 cm™ ) for
the 10-group calculations and 0.00169 ¢ Bm® =0.00880 cm- ) for the
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3-group calculations. We see good consitency between the 10-group and
3-group calculation and also between the 2-D and the 3-D calculation. In
Fig. 6 the results of the 2-D 10-group calculations are plotted together
with the results by ANL and the University of Michigan. Agreement among the

results of the three institutions seems good.

Table 3 Keff for Clean Core { 23 elements loaded )

: Dimension . Number . Vertical : : * : Aok :

: : of . Buckling © K-eff : C/E-1 : Number of:

. Groups .oem=-2) : . (%) . Meshes :

3D : 10 :  — : 1.0063 : +0.18 : 2Bx12x47 .

2-D : 10 : 0.00174 11,0038 : -0 06 : 2Bxl2 )

3D : 3 D — 11,0096 0 +0.11 . 28x12x47
2-D : 3 : 0.00169 1.0038 - -0.06 : 2Bx12

Note. & Experimental Value .Ref 5.,6) =1.0045
at Regulating Rod Widthrawn
4k 1,2 core calculation

Fine Enaregy Groups t53 Groups
Faw Enaregy Groups 110 Groups
Tharmal Cut Off Energy :1.115 eV
Library 1ENDP /B4
Nunbar of Puel Elements 12} Puel Elsmants
Geomatry 12-D Pull Core
1.02 p
JAERI (SRAC)
Exp. Value:
1.01 3436 (g) |
‘ |

£
-
o
(=)
4

Univ., of Mich.

\
———— e\

[ 1 e, 3 — o, ]

3300 3400 3500 3600 3700 3800

U-235 Mass (q)

FIG. 6. K,4 dependent on 2°U mass.

Control Rod Worth

By a pair of X-Y 10-group Sn calculations, the worth of 4.67 % Ak k
was obtained for the simplified core with and without a control rod in the
central position. In order to have the same worth by a pair of X-Y diffu-

sion calculations, we got an adjusting factor of (.80 for the derivatives
for the thermal groups.

The results by the 10-group full core calculations to simulate the
actual rod positions are shown in Table 4 together with the experimental
values. The comparison with experimental values shows an overestimate of
less than 10 % of the rod worth by the 10-group calculations.
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Table 4 Contro Rod Worth

Rod Exp 10 GROUP Calec  « 3 GROUP Calc 4%
Position. % . “ C.E-1, % C/E-1
. Aksk ) Ak, k o s © o Aksk N ¢
A 2.2 2.40 8.1 2.28 2.7
B 23 295 99 2 42 4.3
C . 228 2.39 48 2.28 0.0

Note + Logarythmic derivatives for thermal groups from TWOTRAN
«r Logarythmic derivative for thermal group as black boundary

In the same table, the results by the 3-group calculation using the
logarithmic derivative of 0.469 are shown. We found the overestimate of
less than 4.3 % by the 3-group calculations. This deviation could be
minimized by setting the derivative to 0.40.

CONCLUSION

We got satisfactory results ( 0.68 % underestimate in critical mass )
for the clean LEU core of FNR using the 10-group energy structure with the
vertical buckling value obtained by a kind of buckling search.

We got consistent results between the 10-group and the 3-group calcula-
tions and also between the 2-D and 3-D calculations.

We can estimate the control rod worth to an accuracy of less than 10 %
utilizing the 1nformation obtained by the two—dimensional Sn calculation
for the simplified core configuration.

The better prediction for the control rod worth by the 3-group calcula-
tions with the black logarithmic derivative suggests that a borated
stainless steel control rod behaves as a black body i1n the thermal energy

region.

The overall results are so satisfactory that we may take the same
calculational scheme for the JRR-4 core conversion.
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Appendix H-5

COMPARISON OF CALCULATIONS WITH MEASUREMENTS IN THE
ORR WHOLE-CORE LEU DEMONSTRATION REACTOR

Appendix H-5.1

ANALYTICAL SUPPORT FOR THE ORR WHOLE-CORE
LEU U,SL;-Al FUEL DEMONSTRATION

M.M. BRETSCHER

RERTR Program,

Argonne National Laboratory,
Argonne, Illinois,

United States of America

Abstract

Analytical methods used to analyze neutronic data from the whole-
core LEU fuel demonstration in the Oak Ridge Research Reactor are
briefly discussed. Calculated eigenvalues corresponding to
measured critical control rod positions are presented for each
core used in the gradual transition from an all HEU to an all LEU
configuration. Some calculated and measured results, including
Beff/l sy are compared for HEU and LEU fresh fuel criticals.
Finally, the perturbing influences of the six voided beam tubes on
certain core parameters are examined. For reasons yet to be
determined, differential shim rod worths are not well-calculated
in partially burned cores.

INTRODUCTION

This paper deals with analytical methods and some computational results
which support the Whole Core LEU Silicide Fuel Demonstration in the Oak Ridge
Research Reactor (ORR). As was discussed in the previous paper,! this
demonstration began with an all HEU equilibrium core (core 174C) which was
followed by a sequence of HEU/LEU mixed cores in a gradual transition toward
an all LEU U3Siz-Al equilibrium core. Except for two HEU shim rod followers,
the 30-MW ORR reactor is currently operating with an all LEU core. During
this transition phase a wealth of experimental data was obtained by the ORR
staff against which computational codes and methods may be benchmarked. Some
of these computational/experimental comparisons will be reported here.
However, comparisons between measured and calculated cobalt wire activations
will be given in the next paper.2

CODES AND METHODS

Figure ] shows a map of a typical HEU/LEU transition core. The HEU and
LEU 19-plate fuel elements are of identical geometry as are the 15-plate shim
rod (SR) fuel followers. Fresh 19 and 15-plate elements contain 340 g and

200 g 235U, respectively, for the U3812—A1 dispersion fuel and 285 g and
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167 g, respectively, for the U308—Al HEU case. Magnetic fusion experiments
(MFE) are located in grid positions C3 and C7 and the HFED (High uranium
density Fuel Element Development) miniplate irradiation facility is in E3.
Radioisotopes of europium and irridium were produced in the locations shown in
Fig. 1. The pressure vesel simulator and gamma shield are part of the HSST
(Heavy Section Steel Technology) experiment which is normally in a retracted
position at core startup until equilibrium xenon concentrations have been
achleved. The EPRI-CELL code3 was used to generate 5-group cross sections for
each region in the reactor. For computational purposes, each fuel element was
represented by a fuel (meat-clad-moderator) region and a side plate (HZO/Al)
region. Burnup-dependent cross sections were calculated for both HEU and LEU
fuel using EPRI-CELL. In most cases these 5-group cross sections are based on
ENDF/B Version IV data.

PRESSURE VESSEL SIMULATOR
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ORR Cycle 175C
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The burnup behavior of each fuel element in each reactor cycle was
analyzed using the REBUS-3 fuel cycle analyses code.“
transition cores was analyzed by the REBUS-3 code as a non-equilibrium

problem.

Each of the HEU-to-LEU

This code allows for the use of burnup~dependent cross sections and

for control rod movement during the burn cycle. 1In most of these calculations

the burn cycle length, determined from the total MWh's of reactor operation,
was divided into three equal sub intervals.
the boundaries of each of these sub intervals were determined from the

recorded control rod position history and input into the REBUS problem.

Critical control rod positions at

At

each of these boundaries, or time nodes, the code determines burnup-dependent
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atom densities in six axial regions of equal height for each fuel element, the
eigenvalue, fuel element powers, and neutron fluxes. These calculations are
based on diffusion theory for which the three-dimensional DIF3D code® is
used. The buildup of neutron-induced 611 and 3He poisons in the beryllium
reflector, which begins with the fast neutron threshold reaction 9Be(n,a)GHe,
are also taken into account in the REBUS-3 calculations. From numerous REBUS
calculations a library of axially-dependent atom densities for partially
burned fuel elements and fuel element followers has been obtained for use in
subsequent calculations. These atom densities are appropriately adjusted for
the shutdown decay of 1351, 135%Xe and !“9Pm in the fuel elements and for the
decay of 3H into 3He in the beryllium reflector.

The poison section of each shim rod consists of square water-filled
cadmium annulus 0.040" thick, 2.30" on a side and 30.5" long. It was shown in
Ref. 6 that these cadmium control elements may be represented in a diffusion
calculation by using blackness-modified diffusion parameters in which the
cadmium is black to group 5 neutrons (E, <0.625 eV). In the normal operation
of the ORR, shim rods F4 and F6 are fully withdrawn while the other four (B4,
B6, D4, and D6) are banked together at a position to achieve criticality.

There are six evacuated beam tubes (6-7/8" ID) which leave the east side
of the aluminum core box at various angles. The perturbing effect of these
beam tubes on power and flux distributions within the core was investigated,
in a preliminary way, using the two-dimensional transport code, TWODANT ,

Just recentlg, three-dimensional continuous-energy VIME Monte Carlo
calculations” have been performed to study the effect of the beam tubes on
certain core parameters. Some results of these calculations will be presented
at the end of this report.

Calculated kinetic parameters for several ORR cores are based on ENDF/B
Version V data. Beginning with REBUS-3 atom densities and flux distributions,
the VARI3D codel!® was used to obtain Bofg and an appropriate set of (Ai,Bi)
kinetic parameters.

Numerous reactivity substitution measurements were made, relative to H,0
and/or Al, for the irradiation modules, and the MFE, HFED, and HSST
experiments. The worth of beryllium reflector pieces poisoned with 3He and
®11 was also measured relative to unirradiated beryllium. These measurements
were used to show that all these facilities are reasonably well modeled in the
diffusion calculations,

CALCULATED EIGENVALUES CORRESPONDING TO
MEASURED CONTROL ROD POSITIONS AT CRITICALITY

From the control rod position data recorded throughout each burn cycle,
critical rod positions at the boundaries of each subinterval of the cycle
length were input into all of the REBUS-3 fuel cycle burnup calculations. The
code then adjusts the control rod positions throughout the burn cycle and
calculates the eigenvalue at each of these "time nodes.” A small adjustment
of the calculated eigenvalue is needed because the average coolant temperature
is different from that at which the water cross sections were generated. For
this correction a calculated temperature coefficient of

ap = = 1.104 x 10 -
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was used. Cross sections for the water coolant in the core were calculated at
a temperature of 140°F which 1s the nearest temperature available in the cross
section library to the average of the inlet and outlet coolant temperatures
(~125°F). These coolant temperatures are recorded periodically throughout
each operating cycle. The temperature correction to the eigenvalue amounts to
a few tenths of a percent.

The eigenvalue calculations for each of the transition cores operated to
date are summarized in Table I. The results in this table show that the
eigenvalues are reasonably well-calculated and that the REBUS-3 code
adequately accounts for the change in core reactivity due to fuel burnup.
Note that no results are available for core 177C which shut down only a few
days ago. The last entry in the table is also incomplete. This is the core
which will be operating at the time of the ORR tour on Thursday.

Table I. Calculated Eigenvalues Corresponding to
Measured Critical Rod Positions

Fuel Elements? CL in Calculated Eigenvalues
Core HEU LEU FPD'sP BOC  1/3 CL 1/2 CL 2/3 CL _EOC
174C 27+6 0+0 16.8402 1.0004 1.0018 1.0021 1.0021
174D 24+6 3+0 12.8451 1.0022 1.0023 1.0049
174E 24+6 3+0 10.6211 1.0043 1.0025 1.0027
174FX 20+6 740 0.0 0.9981
174F 24+6 3+0 15.4290 1.0001 1.0008 1.0011 1.0020
175A 20+6 740 18.5178 1.0012 1.0018 1.0018 1.0012
1758 20+6 7+0 20.3036 0.9942 0.9949 0.9964 0.9972
175C 17+6 10+0 17 .3544 0.9984 1.0015 1.0015 1.0020
176-AX1 13+4 14+2 0.0 1.0013
176A 17+6 10+0 17.2238 1.0001 1.0001 1.0008 1.0029
176B 13+4 1442 21.8612 1.0008 0.9992 1.0000 0.9984
176C 14+4 1442 19.4343 1.0017 1.0012 1.0003 1.0011
176D 8+4 1742 19.4449 1.0018 1.0003 1.0008 1.0027
177-AX1 442 21+4 0.0 1.0006
177A 8+4 17+2 14.7716 0.9955 0.9963 0.9969 0.9988
177B 442 21+4 18.5173 1.0033 0.9996 0.9996 0.9997
177¢C 4+2 21+4
177D 0+2 24+4

4The notation 27+6 means there are 27 19-plate standard fuel elements in the
core and 6 15-plate fuel follower elements.

bcL is the cycle length in full power days (FPD's).
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It should be mentioned, however, that the results have not been corrected
for the somewhat off-setting effects of neutron leakage through the six voided
beam tubes and the depletion of cadmium near the bottom of the control
elements. These matters are still under investigation but some preliminary
findings will be presented later in this paper.

FRESH FUEL CORES

Typical approach-to-critical measurements were made in the ORR using
cores consisting of fresh HEU and LEU fuel and reflected with both water and
beryllium. Figures 2 and 3 show the different core configurations and the
loading steps followed in the approach-to-critical measurements. The
beryllium-reflected cores consisted of a 3x3 assembly of fuel with shim rods
located at each corner. Beryllium reflector pieces were added successively in
the approach-to-critical studies. For these measurements all four control
rods were banked together and moved as a unit. Table II gives the eigenvalue
calculation corresponding to the critical banked rod position for each core
configuration. For the water-reflected cores the eigenvalues are over-
predicted by about 0.3%7 for the fresh HEU fuel and are under-predicted by
about 0.7% for the fresh LEU fuel., The calculations tend to over-estimate the
effect of the beryllium reflector by about 0.6%, but these results are very
sensitive to the values used for the ®Li and 3He poison concentrations in the
beryllium, These poison concentrations were estimated from incomplete records
available for the irradiation history of each beryllium reflector element.
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Fig. 2. Approach-to-Critical Loading Sequence for H20—
Reflected Fresh Fuel Cores, HEU-1 and LEU-1%

289



POOL

Al A2 A3 A4 A-S A4 A7 Al AP

8-t 82 83 84 B.S 84 8y -8 8.9

HEU-2 c-) 'c-a plcs Jca glcs ¢ c-s ek-'
" Be |MFEJJ] Be Be
LEU“h 6 6 6
D=1 02 6]D3 6 1jp.s 1 .9
3 Be Be SR N
6 5 1 1
€ €2 6]es 4LJE4 1lEs | E-?
Be Be
6 4 1 1

Fol F2 6|F3 24 llps 1 F.9

1
G-l c2 flcs llcs llcs ! c-?

Fig. 3. Approach-to-Critical Loading Sequence for Be-
Reflected Fresh Fuel Cores, HEU-2 and LEU-2.

Table I1I. Calculated Eigenvalues Corresponding to the Measured
Critical Rod Positions in Cores with Fresh Fuel

Loading Rod Bank*

Core Fuel Reflector Step in. keff

HEU-1 HEU H,0 5 24.37 1.00275
HEU-1 HEU Hy0 6 17.21 1.00351
LEU-1 LEU H,0 6 25.14 0.99485
LEU-1 LEU Hy0 7 21.33 0.99147
LEU-1 LEU H,0 8 15.46 0.99122
HEU-2 HEU Be 5 24.13 1.00754
HEU-2 HEU Be 6 17 .34 1.01104
LEU-2 LEU Be 5 25.27 0.99687
LEU-2 LEU Be 6 18.41 1.00075

*
The rod bank position is measured with respect to fully
inserted rods where the 30.5 inch length of cadmium is symmetrically
located about the core midplane.

Note: For loading steps not shown in this table the reactor was subcritical
as shown by both experiments and calculations.
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Because of the small size of these fresh cores, especially the beryllium
reflected ones, the results are expected to be sensitive to core-reflector
interface effects which are not properly accounted for in diffusion theory.
Therefore, detailed Monte Carlo calculations are planned but no results are
currently available,

Differential shim rod worths were measured in these fresh cores by the
positive period technique. Table III compares measured and calculated values

of the 7 —E/in. As can be seen, there is a wide scatter in the calculated-
to-experimental (C/E) ratios. These discrepancies are still under investiga-

tion and some improvement may result from refined calculations. However, to-

date no completely satisfactory explanation has been found for this spread in
the C/E ratios. The repeatability of the experimental measurements appears to

be of the order of 5-7%.

Table I1I. ORR Differential Rod Worths in Fresh Fuel Cores

® * Sk
Ry R¢ Bank )4 I—/in.

Core Reflector Rod in. in. in. Calc. Exp. C/E
HEU-1 HZO D4 12.00 12.36 20.83 0.5536 0.4936 1.122
HEU-1 H,0 D6 16.75 17.21 17 .21 0.3255 0.3290 0.989
HEU-1 HZO F4 12.00 12.26 20.03 0.4793 0.4579 1.047
LEU-1 H,0 D4 12.00 12.22 17 .65 0.6154 0.6265 0.982
LEU-1 H,0 D6 14 .65 15.46 15.46 0.4871 0.4991 0.976
LEU-1 H,0 F4 12.00 12.32 16 .64 0.3993 0.4025 0.992
HEU-2 Be D4 12.00 12.19 20.97 0.6312 0.5006 1.261
HEU-2 Be D6 12.00 12.22 20.88 0.6213 0.5418 1.147
HEU=-2 Be F4 12.00 12.19 21.20 0.6806 0.5483 1.241
HEU-2 Be F6 12.00 12.17 21.15 0.6779 0.5676 1.194
LEU-2 Be D4 15.00 15.27 20.33 0.5257 0.5360 0.981
LEU-2 Be D6 15.00 15.25 20.21 0.5164 0.5236 0.986
LEU-2 Be F4 15.01 15.23 20.55 0.5905 0.5137 1.150
LEU-2 Be F6 15.00 15.28 20.42 0.5912 0.5653 1.046

*
Rg-Ry 1s the step change in the rod position which produced the positive
asymptotic period.

Beff AND THE PROMPT NEUTRON LIFETIME

The ratio of the effective delayed neutron fraction to the prompt neutron
lifetime, Beff/=2p, was measured by J. T, Mihalczo and G. E. Ragan in several
ORR cores using a two-detector cross-correlation method!! to obtain the prompt
neutron decay constant. To determine the calculated ratio, Begf and & were
evaluated separately. Beginning with flux distributions and burnup-dependent
cross sections and atom densities from previous REBUS-3 calculations, the
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VARI3D codel® was used to first calculate the adjoint flux and subsequently
Beff+ The code also evaluates a 6-family coalesced set of the kinetic
parameters (Ai, Bi) from ENDF/B Version V delayed neutron data.

The prompt neutron lifetime was calculated by considering the change in
the eigenvalue resulting from a uniform distribution of a purely 1/v absorber
throughout the entire reactor volume. The fractional change in k resulting
from this perturbation is given by

Sk *
=k jvlfj ¢y 8L ¢j] av/PD (1

where PD is the perturbation denominator. This result, when combined with the
equation for the prompt neutron lifetime,

*
zp =k fv [zj ¢j ¢j/vj] dv/PD, (2)

yilelds

8
lp = E—/N O V . (3)

Here N is the concentration (atoms/b-cm) of the purely 1/v absorber whose
cross section is o,, when the neutron velocity 1s v. Strictly speaking,
Eq. (3) 1is valid only in the limit as N + O.

This 1/v insertion method was used to evaluate %_ where 0B was chosen as
the 1/v absorber. At 2200 m/sec o, (19B) = 3837 barns. Burnup-dependent
infinitely dilute 10g cross sections were generated for spectra characteristic
of each reactor region and calculations were performed for atom concentrations
of 5.0 x 1078 and 2.5 x 1078 atoms/b-cm. Final results were obtained by
extrapolation to zero 10B concentration. Effects from elastic and inelastic
scattering and from the non-1/v behavior of the 10p absorption cross section
above about 0.3 MeV were found to have a totally neglibible influence on &
evaluated by this 108 1/v insertion method. P

Results of these Beff and £ _ calculations are summarized in Table IV
where the ratios of the two are compared with the measured values. Although
measurements were made in each of the cores indicated in Table IV, experi-
mental results!? are available only for the water-reflected fresh cores. For
these two cases the calculated Beff/l values agree remarkably well with the
measurements. A strong photoneutron source term from the beryllium reflector
together with a low frequency noise problem in the measurement of the
frequency~dependent cross—-power spectral density function so far have made it
impossible to determine 3eff/£P in the other cores. However, the results do
show that Beff/zP is smaller in these cores than in the fresh cores which is
in qualitative agreement with the calculations.
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Table IV. B¢ and the Prompt Neutron Lifetime

Fuel Elemencs* tp BEff/%P (sec-l)
Core HEYU LEU Boff u-sec., Calc. Exp. C/E
HEU-1 12+4 0+0 8.0522-3 47.8731 168.2 169.0 £ 0.9 0.9953 = 0.0053

LEU-1 0+0 la+4 7.9796-3  41.5521 192.0 193.1 £ 0.8 0.9943 £ 0.0041
1768 13+4 14+2  7.4503-3  62.7516 118.7
176BX2 27+6 0+0  7.4740-3  69.7233 107.2

177AX2  4+2 21+4 7.3730-3 66.8051 110.4

*The notation 12 + 4 means there are 12 19-plate standard fuel elements in the
core and 4 l5-plate fuel follower elements.

ON-GOING ANALYTICAL STUDIES

Perturbing Influences of Voided Beam Tubes

The REBUS-3 non-equilibrium studies described earlier (Table I) do not
account for the perturbing effects of the six voided beam tubes. Preliminary
studies of the influence of the evacuated beam tubes on flux and power
distributions in the core were made using two-dimensional XY transport theory
calculations. By comparing these results with analogus XY diffusion cal-
culations, it was found that the effect of the beam tubes could be represented
approximately in a DIF3D calculation by filling the beam tubes with about 3%
of normal water density. However, these XY studies suffer from the fact that
they do not allow one to model the actual three-dimensional character of the
beam tubes nor do they permit one to model the real angles at which the beam
tubes leave the aluminum core box on the east side of the core. For these
reasons beam tube effects were studied using the continuous energy, three-
dimensional Monte Carlo Code, VIM?. Calculations were done for the case of
voided beam tubes and for the case of the beam tubes flooded with water at
normal density for core 177-AX1. Similar XYZ calculations were made with the
DIF3D diffusion code where the "voided" case corresponded to water at 3% of
normal density. Although comparisons between the two types of calculations
are still preliminary and incomplete, some observations can be made.

1. The two types of calculations are consistent in their predictions of
the amount by which the eigenvalue is lowered due to neutron leakage through
the voided beam tubes relative to the flooded case.

Calculation Skefgs %
VIM - Monte Carlo -0.73 £ 0.33
DIF3D - Diffusion -0.493
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2. Within the statistics of the Monte Carlo calculations (based on
200,000 neutron histories), the voided-to-flooded ratio of the region-
integrated fission rates for VIM and DIF3D agree.

Voided-to~Flooded Fission Rate Ratio

Row VIM-Monte Carlo DIF3D
A 1.032 £ 0.015 1.025
B 1.039 £ 0.017 1.021
C 1.021 £ 0.013 1.011
D 0.983 £ 0.011 1.001
E 0.978 £ 0.014 0.982
F 0.942 £ 0.011 0.950

The statistical errors correspond to one standard deviation.

3. The eigenvalues for the Monte Carlo calculations have a standard
deviation of about 0.24% and are about 1.0% larger than the corresponding
diffusion calculations. Before the reason for this discrepancy is understood,
a detailed analyses of the results from both sets of calculations needs to be
done.

Energy, position and angular coordinates for each neutron crossing the
plane of the aluminum core box on the east side of the core where the beam
tubes are located have been saved on a tape from the Monte Carlo
calculations. From this information we plan to construct group and position-
dependent reflection coefficients (albedos) for subsequent use in diffusion
calculations where the beam tubes will be accounted for by means of these
boundary conditions.

Differential and Integral Rod Worths

Differential shim rod worths (% ﬁﬁ/in.) are measured in the ORR by the
positive period technique. This data is then integrated from the lower to the
upper limit of rod movement to obtain the total rod worth. Measured and
calculated differential worths for the HEU and LEU fresh cores were given in
Table III. Except for the beryllium-reflected HEU core, these calculated and
measuted differential worths are in reasonable agreement if one takes into
account repeatability errors (~5-7%) associated with the measurements. Some
additional refinements in these calculations remain to be done and this may
improve the C/E ratios.

For reasons which are at best only partly understood, however, calculated
differential worths in the partially depleted HEU/LEU mixed cores are usually
substantially larger than the measured values., This is illustrated in Table V
for recent measurements made in core 177-AXl1. The calculations include an
approximate treatment for the perturbing effects of the voided beam tubes, the
depletion of 113¢d in the lower sections of the cadmium poison regions (due to
the irradiation of the shim rods in previous burn cycles), and the depletion
of 235y in the fuel followers. Kinetic parameters (xi,Bi) were generated for
this core and used to convert measured periods to reactivities. Clearly there
are effects, perhaps associated with shim rod burnups, which are not properly
modeled in the calculations. In an effort to better understand this worth
descrepancy we plan to do the following.
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Table V. Differential Shim Rod Worths 1in Core 177-AX1

C/E Worth Ratios

Ry Re Bank keff* (A{,84) (Xg,B4) + Voided + Cd
Rod in. in. in. (at Ri) ORR ANL B.T.'s Depl.
F6 12.00 12.66 16 .24 0.9975 1.623 1.804 1.704 1.501
Fa4 12.00 12.62 16.25 0.9975 1.642
B6 12.00 12.41 16 .66 0.9975 1.475
B4 11.99 12.39 16 .69 0.9975 1.572
D6 6.00 6.60 19.59 0.9967 0.787
D6 12.00 12.23 17.48 0.9977 1.020
D6 18.00 18.39 15.17 0.9977 1.265
D4 12.00 12.26 17 .66 0.9978 1.112

*
With the rod at the initial position, Ry, the reactor was critical. The rod
was then withdrawn to Rg and the positive period measured.

Note: Prior to these measurements shim rods F4 and F6 had been irradiated for
7 burn cycles, B4 and B6 for 3 cycles, and D4 and D6 for O cycles.

1. Investigate the effect of the cross section mis-match between those
sections of the fuel followers located in the core and the lower parts in the
water reflector below the core. To date, fuel follower cross sections have
been generated only for a core environment.

2. At the next shutdown period in the ORR differential worth measure-—
ments will be made using sets of both burned and fresh shim rods. This data

should show whether we are able to better calculate differential worths for
fresh shim rods than for burned ones.

3. Some worth measurements will be made at several power levels 1in order
to determine the importance of the inherent neutron source term from
photoneutron reactions mostly on beryllium.

4. Data will be taken to better determine repeatability errors associ-
ated with rod worth measurements.

5. The die—away curve following a rod drop will be measured in order to
determine an effective set of kinetic parameters (Xi,ai). Unfortunately, this
method does not determine Beff*
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Appendix H-5.2

COMPARISON OF CALCULATED AND MEASURED
IRRADIATED WIRE DATA FOR HEU AND
MIXED HEU/LEU CORES IN THE ORR

R.J. CORNELLA, M.M. BRETSCHER
RERTR Program,

Argonne National Laboratory,

Argonne, Illinois

R.W. HOBBS
Oak Ridge National Laboratory,
Oak Ridge, Tennessee

United States of America

Abstract

Low power wire activations are being performed in the Oak Ridge
Research Reactor (ORR) as part of the whole—core LEU demonstration
experiments. Calculations of the demonstration cores, including
simulation of the wire activations, are being performed at Argonne
National Laboratory (ANL). This paper presents the results of
comparisons for 293 wires from five cores and shows that, on the
average, the integrated activities agree within 67.

INTRODUCTION

Low power wire activation measurements are being performed in the Oak
Ridge Research Reactor (ORR) during the whole-core demonstration of LEU
fuel.! These measurements have the dual purpose of allowing prediction of
maximum fuel power density prior to full power operation of the reactor and of
providing data for comparison with results of calculations. Among the many
detailed calculations of the demonstration cores being performed at Argonne
National Laboratory (ANL)? are simulations of the wire activations. The
purpose of this report is to describe the methods by which comparisons of
calculated and measured wire data are made and to present the results obtained
thus far.

DESCRIPTION OF METHODS

This section describes the procedures used to obtain a comparison of
calculated and measured data for wires irradiated in the ORR. In part, these
procedures are invoked through the use of a Fortran code which was written
specifically for this application and which operates interactively within
ANL's central computing environment.
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Data Generation

The calculated relative axial activity of a flux wire is inferred from
the product of five-energy-group fluxes and wire cross sections. The reactor
flux 1s obtained from a three-dimensional diffusion theory calculation of the
reactor, and the wire cross sections are obtained from a one~dimensional
integral transport theory cell calculation of the wire and its general
environment. The relative wire activity is calculated at the center of each
of the three-dimensional mesh cells of the analytical model.

The measured axial activity profile of a flux wire is determined at ORNL
using a computer-controlled gamma scanning system. The data collected by this
system are stored on a floppy disk which is subsequently mailed to ANL. The
measured activity dataset contains, for each wire, reactor location tags and
pairs of numbers corresponding to lineal wire position and associated
activity., The activities, as received, are corrected for background, counting
dead time and decay since irradiation. For a wire irradiated within a fuel
element, the location tags give the x-y coordinates of the wire in terms of
reactor row and column, water channel number, and location and distance north
or south of the comb. For wires irradiated in a beryllium reflector block or
in a control rod fuel follower, the x-~y location is assumed to be the central
coordinates of the corresponding element location.

Adjustment Of Data

The comparison of calculated and measured data for a given wire is
reported in terms of a C/E ratio which is usually based upon integrated
activities over the active height of the fuel. Prior to making this
comparison the calculated and measured data undergo adjustment.

The measured data undergo a process of axial alignment which begins with
categorization of each of the irradiated wires. A wire is categorized as
qualified if it possesses the following two attributes: 1) the wire was
resident in a standard fuel element during irradiation and 2) the
characteristics of the wire's activity profile allow for unambiguous
identification of upper and lower reflector valleys. The activity profile of
each qualified wire is axially offset such that its reflector valleys are
centered with respect to those of its analytical counterpart and is integrated
over the active height of the fuel. The sum of all such integrals forms
the numerator of a normalization constant., Figure 1 shows an aligned pair of
calculated and measured activity profiles and their associated upper and lower
reflector valleys.

A wire is categorized as non-qualified if it does not possess both of the
above attributes. The activity profile of a non-qualified wire is axially
offset so as to to align its peak activity with that of its analytical
counterpart. These data are neither integrated nor used in the formation of
the normalization constant mentioned above.

The calculated data are integrated over the active height of the fuel at
the center of all mesh cells in the x-y plane. The counterpart of a qualified
wire's integral is found by linear interpolation between these analytical
integrals to the coordinates of the qualified wire. The sum of these
interpolated integrals forms the denominator of the normalization constant
mentioned above. All of the three-dimensional mesh cell-centered data are
then scaled by this normalization constant.
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Figure 1. ORR Core 176AX, Fuel Element D3 - Calculated and Measured Activity
Profiles for Wire M3, Wire Locations Superimposed on X-Y Mesh
Structure and the Associated C/E's.

C/E Ratios

As indicated above, a wire's C/E ratio is usually based upon a comparison
of integrated activities over the active height of the fuel. This is the case
for all qualified wires. The numerator of the C/E ratio is equal to the
interpolated activity integral taken from the normalized calculated data and
the denominator is equal to the activity integral taken from the measured
data., Due to the existence of flux gradients across the reactor fuel
assemblies it 1s necessary to have accurate location data for the wire if
meaningful C/E's are to be calculated. The standard fuel element attribute is
required for qualified wires because it is only in these elements that we are
certain of a wire's x-y location. The valley identification attribute is
required for qualified wires in order to provide accurate parameters to the
alignment algorithm and to assure that subsequent integrations are performed
over the active height of the fuel.

The C/E ratio for all non-qualified wires, including those in fuel
followers, is initially based upon a comparison of peak activities only. The
operators of the ORR attempt to place the wire in the central water gap of the
follower, however, due to the control rod's configuration, it is impossible to
see where the wire finally resides. As a result, there is uncertainty in the
wire's x-y location within the follower. Also, there is uncertainty in the
axial location of the wires which are irradiated in beryllium reflector
blocks.
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After the initial C/E's are calculated it is possible to interact with
the Fortran code. These interactions include viewing selected experimental
and analytical data in either digital or analog form as well as offsetting and
attempting integration of previously unqualified experimental data. Such
interactions are generally exercised with the measured fuel follower data. If
the follower data include valleys and peaks which reflect those of the
corresponding calculated data then its data is axially offset to align it with
the calculated data. If the subsequent integration is successful the data
then becomes qualified and a C/E based upon integrals is calculated. The
integration is successful 1f the offset wire data extends over the active
height of the fuel in the follower. The analytical data used for offsetting
and calculating a C/E 1is that corresponding to the central x-y coordinates of
the follower.

RESULTS OF COMPARISON

To date, the C/E's for 293 wires from five cores have been determined.
The average magnitude by which these C/E's differ from unity and the
associated standard deviation are 6.0% and 4.7%, respectively. Twenty-two of
these wires were non-qualified and their corresponding statistics are 10.5%
and 8.4% respectively. Generally, the wires irradiated within the interior of
the core show C/E's closer to unity than those on the periphery of the core.
The five cores analyzed thus far for irradiated wire C/E ratios are 174C,
174FX, 176AX, and two water reflected criticals—-—-HEU-1 and LEU-1.

Figures 2, 3, and 4 give average C/E ratios for the 174FX, HEU-1, and

LEU~1 cores, respectively. The average magnitudes by which C/E's differ from
unity are 6.2%, 5.4%, and 3.9%7, respectively.

ORR CORE 174FX
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Figure 2.

300



ORR CORE HEU-1
AVERAGE C/E RATIOS FOR IRRADIATED WIRES
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Figures 5 and 6 give average C/E ratios for the 174C and 176AX cores.
These results show the effect of a diffusion theory modelling enhancement
which is being pursued. Until recently, the analytical model of the core has
not included a description of the voided beam tubes along the east side of the
core, Rather, this area of the pool has been described as water {flooded beam
tubes). RERTR Program staff are presently working on a model of the voided
beam tubes. The status of this model is preliminary, however, it has been
applied to the 174C and 176AX cores in order to investigate its affect upon
irradiated wire C/E ratios. Figure 5 gives the results of two wire analyses
for the 174C core. The upper-most number at each reactor location gives the
average C/E ratio for the case where the beam tubes have been voided within
the analytical model of the core. The lower number, given parenthetically,
gives the average C/E ratio for the case where the beam tubes are assumed to
be flooded with water. As indicated, the effect of the voided beam tubes is
to shift the flux from east toward west with the most significant changes
occuring in the G (east), F, and A rows. Although the introduction of voided
beam tubes has generally improved C/E's in the G row beryllium reflector
blocks, the C/E's in the F and A rows have generally been degraded. Overall,
the average magnitude by which C/E's differ from unity is 0.5% smaller for the
the case of flooded beam tubes (6.9%) than it is for the case of voided beam
tubes (7.4%). Figure 6 gives the results of a similar study for the 176AX
core. The magnitude and sign of the C/E changes in this core are essentially
the same as they were in the 174C core. However, in the case of the 176AX
core the average magnitude by which C/E's differ from unity is 1.2% smaller
(3.7%) for the case of voided beam tubes than it is for the case of flooded
beam tubes (4.9%).

ORR CORE 174C
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ORR CORE 176AX

AVERAGE C/E RATIOS FOR IRRADIATED WIRES
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Figure 6.

Wires are typically loaded into the water channel of a fuel element as a
two wire assembly which locates one wire near the comb (inner wire) and one
wire near the side plate (outer wire). The C/E's display a trend where, for a
given assembly, the inner wire's C/E is greater than the outer wire's C/E.

For the 176AX core, the magnitude of this difference has a range between zero
and 10% and a mean of 4%, The other four cores show a similar trend. The
implication of this correlation is that the analytical model overpredicts the
axially integrated flux in the center of a fuel element and underpredicts it
near the side plate. This implication is generally consistent with compari-
sons of diffusion theory and Monte Carlo calculations performed within the
RERTR Program. The consistency of this correlation also implies that the
uncertainty in the experimental data is not large enough to mask this result.
The upper right-hand corner of Figure 1 shows a schematic of the x-y mesh
structure which was used for the analytical model of the fuel element in
location D3 of the 176AX core. Superimposed upon this mesh structure are the
abreviated i.d.’'s (M1, M2, .....,MI0) of the ten wires which were irradiated
in this fuel element. The wire pairs (M1,M2), (M3,M5), and (M4,M6) correspond
to three two-wire assemblies. The C/E's shown below the schematic reflect the

inner-to-outer C/E bias discussed in this paragraph.
SUMMARY

The comparison of calculated and measured irradiated wire data will
continue throughout the whole-core demonstration of LEU fuel. Thus far, the
activities of 293 irradiated wires have been compared with their analytical
counterparts and the agreement, on the average, is within 6%. Core location—-
dependent biases in the agreement are being studied in order to ascertain the
potential need for analytical modeling enhancements.
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Abstract

A series of experiments with MEU and LEU fuel elements in the HEU-
fueled Pool Critical Assembly at ORNL were performed in order to
study the effects on excess reactivity and power density
distributions in mixed-enrichment cores. This paper reports the
results of these measurements and the subsequent validation
calculations performed at ANL.

I. Introduction

As part of the RERTR Program whole-core demonstration in the Ford Nuclear
Reactor (FNR) at the University of Michigan, data have been obtained which will
allow more extensive validation of neutronics methods for whole-core calcula—
tions of an equilibrium high-enriched-uranium (HEU) core and a fresh low—enriched-
uranium (LEU) core.! It is also important to validate the methods for analysis
of mixed-enrichment cores, especially for those cases where one to a few lower—
enriched elements with higher 23% content are placed in a higher—enriched core.
This situation is expected to occur frequently during stepwise core conversions
where one begins substituting lower—enriched elements for higher—enriched
elements in the normal fuel cycle. In planning for such conversions one must be
able to accurately predict the power density distribution in the lower—enriched
elements in order to be able to evaluate thermal-hydraulic safety margins. 1t
is also important to be able to predict core reactivity. A series of experiments
designed to provide the data needed for these validations has been performed in
the Pool Critical Assembly (PCA) at the Oak Ridge National Laboratory (ORNL).
This paper reports the results of the measurements and of the subsequent
validation calculations performed at ANL.

Measurements were made on approximately 20 different critical configura-
tions in the PCA during the period June 15-26, 1981. The normal PCA fuel
elements contained high—enriched uranium (HEU, 93 wtZ 2351) while the reduced-
enrichment fuel elements, obtained for irradiation testing in the Oak Ridge
Resarch Reactor (ORR) under the fuel demonstration activity of the RERTR
Program, contained either medium—enriched uranium (MEU, 45 wt% 2335) or low-
enriched uranium (LEU, 19.8 wt% 235y)., All of the fuel elements used in these
experiments were essentially fresh. The elements used were 18-plate, 140—g—2 U,
HEU PCA elements, 19-plate, 200—g—235U and 265—g—235U, HEU ORR elements,
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19-plate, 282—g—235U, MEU RERTR test elements, and 13-glate, 340-g—235U, LEU
RERTR test elements. In addition, four 9-plate, 70-g- 35U, HEU PCA control
elements were used. A complete description of the elements is presented in
Tables 1 and 2. Measurements were made of critical core loadings using various
combinations of HEU, MEU, and LEU fuel elements. For several of these configura-
tions, more than one control rod insertion pattern was used in order to

provide data for testing control rod worth calculations. Axial and radial
fission rate traverses were made in several different cores, in as many as
eight different fuel elements for a single core and in up to five different
midplane positions within a single element. These measurements provided:
criticality data for comparison of all-HEU cores with mixed-enrichment cores;
fission density maps of all-HEU and mixed—-enrichment cores, including detailed
radial data for the core and individual fuel elements and axial data near and
away from control rods both in the fuel zone and in the axial reflector; and
partial differential worth profiles for the regulating rod and one shim rod.

Table 1. High-Enriched Fuel Element Characteristics

Control Standard ORR ORR

Parameter PCA HEU PCA HEU HEU #1 HEU #2
Enrichment, wt% 93 93 93 93
Fuel Meat Composition UAl UAlL UAl U30g8-Al
U Density in Meat, g/cm3 0.432 0.432 0.591 0.775
235y/Plate (average), g 7.778 7.778 10.63 13.95
235y /Element, g 70.0 140.0 202.0 265.0
238y /Element, g 5.27 10.54 15.20 19.95
U Metal/Element, g 75.27 150,54 217.20 284.95
U Metal in Meat, wt% 14,72 14.72 19.24 24.78
No. of Plates/Element 9 18 19 19
Plate Length (average), cm 62.55 62.55 62.55 62.55
Plate Width (average), cm 6.655 6.655 6.655 6.655
Plate Thickness, cm 0.154 0.154 0.127% 0.127*
Meat Length, cm 60.0 60.0 60.0 60.0
Meat Width, cm 6.350 6.350 6.350 6.350
Meat Thickness, nm 0.508 0.508 0.508 0.508
Cladding Thickness, mm 0.508 0.508 0.381* 0.381%
Water Channel Thickness, cm 0.297 0.297 0.295 0.295
Width of Element, cm 7.610 7.610 7.610 7.610
Depth of Element, cm 8.049 8.049 8.047 8.047
Width of Control Rod Channel, cm 6.655 - - -
Depth of Control Rod Channel, cm 2.858 - - -

*Cladding thickness is 0.381 mm for 17 inner plates and 0.572 am for 2 outer

plates.

Consequently, the plate thickness is 1.65]1 mm for the 2 outer plates.



Table 2. Reduced-Enriched Fuel Element Characteristics

Parameter MEU LEU
Enrichment, wtZ 45.0 19.75
Fuel Meat Composition U30g8-Al U30g-Al
U Density in Meat, g/cm3 1.722 2.376
235y /plate (average), g 15.0 26.2
235U /E lement, g 285.0 340.6
238y /Element, g 348.3 1384.0
U Metal/Element, g 633.3 17246
U Metal in Meat, wt% 43.77 53.34
No. of Plates/Element 19 13
Plate Length (average), cm 62,55 62.55
Plate Width (average), cm 6.655 6.655
Plate Thickness, cm 0.127 0.226
Meat Length, cm 60.0 60.0
Meat Width, cm 6.350 6.203
Meat Thickness, om 0.508 1.50
Clad Thickness, mm 0.381 0.381
Water Channel Thickness, cm 0.295 0.290
Width of Element, cm 7.610 7.610
Depth of Element, cm 8.047 8.047

R. W. Hobbs of ORNL directed the work at the PCA. The experiment program
was designed by J. L. Snelgrove and J. R. Deen of ANL, and approved by the
Operations Division at ORNL. The validation calculations were performed at ANL
by J. R. Deen.

II. PCA Core Description

The PCA is a light-water cooled, moderated, and reflected pool-type
facility as shown in Fig. 1. It is located near the northwest corner of the
same pool in which the 2-MW Bulk Shielding Reactor is located. The distance
between the two cores is approximately 30 feet. The core consisted of a 5 x 5
array of fuel elements for most of the measurements, but for some measurements
its size was reduced to 21 elements by removing the corner elements, so that
five heavily-loaded, reduced-enrichment fuel elements could be loaded into the
central positions of the core. A summary list of the critical core configura-
tions is presented in Table 3. The core was operated at a power level of
50 watts so as not to burn up the fuel significantly while providing adequate
counting statistics and reasonable counting times for the fission chamber
measurements.
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Figure 1. Pool Critical Assembly Structural Arrangement

The core is usually reflected on all four sides by practically an infinite
thickness of light water. However, the PCA had previously been used for bench-
mark tests sponsored by the Nuclear Regulatory Commission entitled "The
Computational Blind Test,” which utilized the PCA Assembly Pressure Vessel Wall
Benchmark Facility. Consequently, pressure vessel wall simulator materials
were present on one face of the PCA as shown in Fig. 2.

The PCA is controlled by three B4C shim—safety control rods and one stain-
less steel (type 347) regulating rod. The control rods were located in the
center of control fuel elements having aluminum guide plates on either side of
the control rod as well as four fuel plates on one side and five fuel plates on
the other side of the control rod. A drawing of the control element with shim
rod inserted is presented in Fig. 3 and drawings of the other elements used in
the measurements are presented in Figs. 4-7.
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Table 3.

Summary of Criticality Measurements at PCA

Element Location by Type

Control Rod** Positions

Corner ({n. withdrawn)

Element Shim Regulating
Core # Elements c-4 c-5 B~S D=5 c-6 Changes Rods? 1,2,3 Rod
101 25 2 3 1 1 2 None 15.5 10.2
302 25 2 3 1 1 2 None 12.8,24.0,12.8 19.4
301 25 2 3 ] 1 2 None 15.5 10.2
303 25 2 3 1 1 2 None 15.5 10.2
304 25 2 3 1 1 2 None 15.5 10.2
305 25 2 3 1 1 2 None 15.5 10.2
306 25 2 3 1 1 2 None 15.5 10.2
307 25 2 4 1 1 2 None 15.5 12.0
308 25 2 4 1 1 2 None 13.5 11.86
309 24 2 4 4 1 2 §f§1 14.75 12.5
310 23 2 4 4 4 2 put 13.8 12.3
311 22 2 4 4 4 4 Pull 14.4 12.0

A-3

312+ 21 4 4 4 4 4 Full 15.25 10.2
313% 21 4 5 4 4 4 None 17.0 16.4
314 25 2 4 1 1 2 Replace 15.5 6.6

4 Corners
315 25 2 4 1 1 2 Noae 15.5 8.93
3164 25 2 3 1 1 2 None 17.0 14.0
3168 25 2 5 1 1 2 None 11.5,24.0,24.0 17.25
316C 25 2 5 1 1 2 None 24.0,16.0,16.0 10.4

*Differential control rod worth data takenm on shim rod for core #312 and regulating rod for core #313.

**control rod is fully withdrawm at 24 inches,

ARR

LV P VO

Element Classification

Iype

HEU
HEU
HEU
MEU
LEU

Enrichment

140
201

1
+ 2

235y (g/element)
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III. Description of Miniature Fission Chamber and Measurement Techniques

The miniature fission chamber was located very near the tip of a semi-
flexible plexiglass strip approximately 0.25 cm thick by 4 cm wide by 83 ¢m
long. The fission chamber itself was approximately 1 cm long. The plexiglass
strip was attached to a plexiglass cube approximately 5 cm on each side.

The plexiglass cube rested upon a plexiglass adapter guide when the bayonet
was fully inserted into a fuel element channel. The adapter guides, shown in
Figs, 8a and 8b, were attached to the top of the fuel element and rested on top
of the fuel plates. There were five slots into which the plexiglass bayonet
could be inserted: a central slot, two slots approximately 2.1 c¢m to either
side in the central coolant channel, and one slot each in the fifth coolant
channel to either side of the central channel. The center—to~center distance
from the central channel to the fifth channel is 2.1 c¢m in the 19-plate element
and 2.6 cm in the 13-plate element.
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Top View of 13 Plate LEU Element with Plexiglass Adapter Guide for Minature Fission
Chamber Resting on Top of Fuel Plates

Note: Parts 1, 2, and 3 are plexiglass adapters and Part 4 is the adapter guide
for locating the adapter with respect to the coolant channels. The slots for
insertion of the fission chamber probe are labeled 5.

IV. PCA Analysis Methods

A. Neutron Cross Section Generation Methods

Five—-broad-group neutron cross sections were generated by the ANL
version of EPRI-CELL, using slab geometry.2 EPRI-CELL combines a GAM-l
68-group homogeneous resonance treatment in the epithermal energy range with
a 35-group, one—dimensional, integral-transport theory (THERMOS) treatment for
the thermal energy range. The cross section library was based on ENDF/B IV
cross section data.

Various unit cells, shown in Fig. 9, were used in order to generate cross
sections dependent on the location and neutron energy spectrum of each material
in the core. The most commonly used unit cell for the fuel regions consisted of
a 1/2 plate thickness next to a 1/2 moderator thickness and an extra region
material with a zero current boundary conditions at each boundary. The 13-plate
LEU element required a more detailed 1/2-element EPRI-CELL unit cell because of
rapid changes in spatial neutron spectra. The PCA control element unit cells were
also represented by a 1/2 element model either with or without the control rod
material present.

B. Whole Core Model

A three-dimensional diffusion-theory code, DIF3D, was used to calculate
the koff's and 235y fission rate distributions measured at the PCA.3 Each
standard fuel element was homogenized into two separate zones. The first zone
was a homogenized mixture of fuel, clad, and moderator and the second was a
homogenized mixture of element side plate material and water not included in
the first zone. All standard elements were modelled in the same fashion except
for the 13-plate 340 g LEU element. The aluminum-water mixture for that
element was distributed in both the x and y directions instead of just on the
two sides of the element because of the large component and location of non—fuel
material. All fuel element models are shown in Fig. 10,
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Figure 10. TFuel Element Models Used in Whole Core Calculations

Each control element was represented by using three separate material
zones: one for the homogenized fuel, clad, moderator zone; one for the side
plate zone; and another for the water and aluminum guide plate located in the
center of the element when the control rod was fully withdrawn. When a shim
control rod was inserted into the control fuel element, one region was assigned
to the B4C absorber material and another to the coolant water and guide plate
surrounding the control rod. When the regulating rod was inserted into a
control element, a single homogenized mixture of stainless steel absorbing
material, coolant water, and guide plate aluminum was placed in the center of
the control fuel element.

The XY model of the whole core calculation is shown in Fig. 11. Along
the lateral surfaces of the core, a l-cm—thick region of harder spectrum
reflector water was assigned. Beyond this inner reflector water on the three
water-reflected core faces, a softer-spectrum (closer to a Maxwellian distribu-
tion) water material was used for the remaining, effectively infinite, 39-cm
thickness of water before a zero—flux boundary condition for all neutron
groups was imposed. On the core face adjacent to the pressure vessel wall
simulator facility, several different materials were located to model this

experimental apparatus.
The top and bottom axial reflectors were modelled by two and four separate

homogenized mixtures of water and aluminum, respectively. Locations of these
axial reflector zones are presented in Fig. 12.
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Figure 11. Diffusion Theory Model in X-Y Plane

Most critical configurations were calculated with a mesh of 60 x 60 x 42
for the XYZ geometry. The mesh in the XY plane allowed 18 mesh lines for the
reflector on each side of the core and 24 mesh lines for calculating the core
flux distribution. The axial mesh structure was much coarser than that in the
XY plane due to the greater axial uniformity of the core relative to the
radial. The core and both top and bottom axial reflectors required only 14
mesh lines each.
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C. Control Rod Model

The shim rods were modelled using an internal boundary condition applied
at the surface of the B4C absorbing material. The internal boundary conditions
are expressed in terms of group-dependent current-to-flux ratios. The current—
to-flux ratios were calculated by using a VIM-Monte Carlo calculation and com-—
pared with a TWOTRAN-II transport calculation.4s> Three separate geometrical
representations of the control element with the control blade fully inserted
in the VIM calculations were compared with the transport model of the control
element in XY and RZ geometry. The various geometrical representations in VIM
were checked to determine the errors that would be made in using current—to—
flux ratios from XY or RZ representations of the control rod in TWOTRAN-II.

The three VIM cases were: (a) an exact representation of the control
element with curved plates and control rod as shown in Fig. 3, (b) an exact
representation of the control rod with flat fuel plates in the control element,
and (c) is an XY geometrical representation of the control rod and fuel plates
in the control element. Each control element was surrounded by a half thickness
of homogenized standard fuel element material to simulate the actual energy
spectrum of neutrons leaking into the control element of the PCA core. All
three cases were uniform in the axial direction and had zero current boundary
conditions for all neutron groups at each outer boundary.

TWOTRAN-II was used to calculate a model identical to VIM case (c) in XY
geometry as well as an RZ representation of a partially inserted cylindrical shim

control rod. A P}-Sg approximation was used for both transport calculationms.
The cross sections for TWOTRAN were obtained from EPRI-CELL.

The results of these two methods of obtaining current—to—flux ratios
for use in DIF3D calculations is shown in Table 4. One may conclude that for
the thermal groups 4 and 5 that there is good agreement between Monte Carlo and
RZ or XY geometry Pj-Sg transport calculations. For group 3 the transport
calculation was in error due to the inadequacy of the EPRI-CELL code in treating
the spatial self-shielding of B-10 for the epithermal energies. It was found
that o5, for B-10, which EPRI-CELL indicated was constant, actually varied from
80 b at” the surface to 48 b just a few milimeters into the interior of the
absorber. Therefore the VIM (j/¢)3 data were used in DIF3D calculations.

Table 4. Internal Boundary Conditions for Shim Control Rods

VIM-Monte Carlo Results TWOTRAN~IT Transport Theory Results
Energy Exact Rod Exact Rod Rectangular Rod Rectangular Rod Cylindrical Rod
Group Curved Plates Flat Plates Flat Plates Flat Plates Homogenized Fuel
1 * * * 0.01311 0.013
2 * * * 0.02296 0.025
3 0.2618 0.2652 0.2322 0.3316 0.362
4 0.5477 0.5502 0.5314 0.5317 0.534
5 0.5888 0.5842 0.5652 0.5479 0.544

*Statistics from Monte Carle calculations were not good enough to obtain reliable neutron current
information.
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When the net neutron current is close to zero as it is for groups 1l and 2,
acceptable statistics could not be obtained from VIM without excessively large
numbers of neutron histories. Therefore, the VIM j/¢ for groups 1 and 2 were
not reported and the transport—calculated values were used in DIF3D. The
TWOTRAN RZ calculation for an :solated control rod indicated a nearly uniform
j/¢ for all groups along the entire surface except near the corners of the
control rod tip, where the values decreased rapidly.

V. Results of Reactivity and Fission Rate Comparisons

A comparison of the measured and calculated regulating and shim differential
control rod worths are presented in Tables 5 and 6. The regulating rod C/E
values are closest to unity for positions near its maximum differential worth.

Table 5. Calculation of Differential Regulating Rod Worths
For Core #313 Using DIF3D

Position of Regulating Rod Ak Ak C
Before Pull After Pull bkagf k k E
(Inches Withdrawn) z) cal. meas.

%) %)

9.68 10.89 0.0473 0.0465 0.0653 0.712
10.89 12,58 0.08914 0.0875 0.0869 1.007
12.58 14,65 0.09406 0.0923 0.0919 1.004
14,65 17.34 0.07415 0.0723 0.0832 0.869

*Note: All shim rods were held at 17.0 inches withdrawn for
all regulating rod differential worth calculations. In reality,
the shim rods were inserted in small increments to maintain
criticality after the withdrawals of the regulating rod.

Table 6. Calculation of Differential Shim Rod Worths for Core #312
Using DIF3D

Control Rod Positions

Shim #1 Shim #2 Shim #3 Regulating Calculated Calculated Measured C
(Inches Withdrawn) Keff Ak/k(%) ak/k(%) E
10031 18035 1833 1835 1.00801  0-0719  0.06%  1.099
12092 16,40 lewo  17.3  loogss  0-077L  0.068 1039
13031 15,90 1590 1.0 Loonig 00625 0.0650  0.962
1. 1500 1500 1705 Loogse  O:07H 0.0773 0920
6.7 1330  13.50  1s.33  loosss 00772 0.0 103
3386 1280 12.80 169 1.0002 0045  0.0435  1.046
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Table 7. Core Reactivity Comparison Using HEU, MEU and LEU Fuel Elements

Core Central Control Rod Positions™**

Core Size Element (in. withdrawn) Calculated
" (# elements) (enr - 23% g) Shim #1  Shim #2  Shim #3  Regulating Keff
314 25 HEU - 265 g 15.5 15.5 15.5 6.6 1.0069
315 25 MEU - 282 g 15.5 15.5 15.5 8.9 1.0060
3164 25 LEU - 340 g 17.0 17.0 17.0 14,0 1.0071
3168 25 LEC - 340 g 11.5 24.0 24.0 17.3 1.0086
316cC 25 LEU - 340 g 24.0 16,0 16.0 10.4 1.0069
312 21 MEL - 280 g* 15.25 15.25 15,25 10.2 1.0053
313 21 LEL - 340 g* 17.0 17,0 17.0 16,4 1.0059
301 25 HEU - 265 g** 15.5 15.5 15.5 10.2 1.0088
302 25 HEU - 265 g** 12.8 24.0 12.8 19.4 1.0100

*surrounded by four MEU 282 g fuel elements, one at each face of the central
element. A1l HEU and MEU fuel elements have 19 curved fuel plates whereas the LEU
element has 13 straight plates.

**Slightly dif ferent core loading than the first all HEU core.

***Control rod fully withdrawn at 24 {inches.

Tne calculated differential shim rod worths were within *10% of the measured
values for the range of the measured data from 10 to 24 inches withdrawn. The
whole—core calculated reactivity results presented in Table 7 indicate an

average kefg = 1.0066 * 0.003. There are very small changes in whole core
calculated keff's for an all-HEU core compared to any mixed-enrichment critical
core configuration. Differences of Akgff = 0.17% were calculated for different
critical control rod patterns as shown in core #316, which suggests some improve-
ments are still needed to provide exact modelling of control rod worths.

All of the critical measurements were made in the order of increasing core
aumber. Core 314 is an attempt to duplicate the previously measured results of
core 301. No change was made to the calculational model in calculating these
two cores except to represent the changes in the regulating rod position.

Since core 314 was measured immediately before cores 315 and 316, these cores
were used to report any calculational biases due to replacement of HEU fuel
with MEU or LEU fuel,

The comparisons of the calculated and measured radial 23% fission rate
distributions are presented in Figs., 13-22, 30. They are grouped as xaxis
distributions along the y—axis mid-plane of the core and similarily as y—axis
distributions along the x-axis mid-plane of the core. The measured and calculated
distributions were all normalized to unity at the center of the central element
(C-5). The largest errors in calculating relative 233 fission rates occurred
when heavily loaded central elements were compared with neighboring 140 g~HEU
elements. These sharp changes in fuel properties were predicted to within 5%
except for the 340 g LEU element, for which a more detailed model was required
to obtain the results shown in Figs. 17, 18, 21, and 22, The comparisons of
measurement and calculation along the y-axis tend to be in slightly better
agreement than along the x-axis due to the additional difficulty introduced by
the effect of the spectrum softening caused by the presence of the side plates.
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The only distribution that exhibits larger than ~5% error is the core #312

distribution along the x-axis.

The reason for this large error is difficult to

understand, especially in view of the excellent agreement along the y—axis and

better agreement for other more heterogeneous cores along their x-axes.
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The relative axial 23°U fission rate traverse comparisons were presented
in Figs. 23-29. The vertical grid lines on these plots represented the upper
and lower boundaries of the active fuel. The upper and lower reflector zones
were located adjacent to the upper and lower active fuel boundaries. Labels are
printed on the upper corner of each active fuel zone to identify the enrichment
and 23%y loading in grams/element for each figure. In the cases with neighbor-
ing inserted shim rods, the location of the top-entry shim rod tip is given
by an additional grid line. The comparisons are presented in the order in
which the measurements were made, i.e, by increasing core number. The calculated
znd measured distributions were both normalized to unity over the active fuel
zone so that axial effects were completely separated from radial effects.
Simpson's integration rule was used to obtain the normalized distributions
‘rom the raw measured and calculated distributions. Most axial distributions
were measured in the center of the central element, although some were made in
various locations in element B-5, which was located between two shim rods.

For the axial comparisons in C-5 away from shim rods, the distributions
were within *2% at all points except near the reflector-fuel meat interface.
These zones were more difficult to model due to the softening of the spectrum
within the fuel. No attempt was made to model this effect except in the LEU
element. The secondary distribution peak 1n the upper reflector was predicted
reasonably well. Notice that the height of the peak is directly proportional
to the loading of 235y in the fuel meat zone and thus becomes larger than the
primary peak in the fuel meat zone of the LEU element distribution, as shown in
Fig. 28,

For the comparisons of measurement and calculation made in the 140 g HEU
element located in position B-5 between two shim rods, the agreement was
not as good as in element C-5. The comparisons made to the left or right
of center of B-5 appeared to be in better agreement than the one in the center
of B-5, as shown in Fig. 24. The predictions of the 235U fission rate near or
in the reflector zones was not as good as those in C-5, perhaps due to the
spectral shifts introduced by the shim rods. Perhaps the best agreement and
most interesting comparison of this axial series is presented in Fig. 29. Two
separate comparisons are shown in this figure to illustrate the effect on
the 235U fission rate distribution of insertion of a shim rod in a neighboring
location. Both comparisons indicate very good agreement, even in the upper
reflector zone. The areas of poorer agreement remained near the lower reflector -
fuel meat interface and in the vicinity of the shim rod tip, where steep flux
gradients are introduced. From these distributions one can conclude that to
accurately calculate the effect of control rods upon the flux distribution
would require further model modification, primarily in the radial planes.
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V1. Conclusions

These measurements at the PCA provided very valuable data for comparison
with research reactor calculational modelling for all-fresh mixed—enrichment
and all-HEU cores. These comparisons with measured data indicate the ability
of the current research reactor analysis methods to predict changes in reactivity
or power distribution, even under the very unusual condition of loading adjacent
elements that not only differ in 235U content by more than a factor of two, but
also in initial enrichment. The predictions of radial and axial fission rates
were within an average of 5% of measured data even in fuel element positions
near a shim rod. Although the calculated core kgff was slightly above unity,
the relative changes were consistently less than 0.2% Ak/k for all core configura-
tions, including the reduction in core size by 16%Z. When only the central
element was replaced with either an MEU or LEU element, <0.1%Z Ak/k change in
whole-core kggg was calculated.

Although further model development could be done to improve the agreement
with the measured data, these comparisons demonstrate that using the current
research reactor analysis methods, accurate predictions of core power distri-
butions and reactivity trends can be made for most plate—type mixed-enrichment
core configurations.
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Appendix H-7

COMPARISON OF CALCULATIONS AND MEASUREMENTS
OF MEU FUEL IN THE SAPHIR REACTOR

H. WINKLER, J. ZEIS
Eidgendssisches Institut fiir Reaktorforschung,
Wiirenlingen, Switzerland

Abstract

In a 4 x 4 core arrangement each standard element (93% enrichment
~280 g U-235, 23 plates) has been replaced by a MEU-element with
320 g U-235, 45% enrichment. The reactivity difference has been
determined over the fine control rod position. The same core
configuration was calculated with the two dimensional diffusion
code CODIFF in order to obtain the difference in keff respe pe

1. INTRODUCTION

In order to check the validity of the calculations codes
used for the reduced enrichment programme some reactivity

measurements have been done on the SAPHIR-Reactor.

In a 4 x 4 core arrangement each standard element

(93% enrichment ~ 280 g U-235, 23 plates) has been
replaced by a MEU-element with 320 g U-235, 45% enrichment.
The reactivity difference has been determined over the

fine control rod position. The same core configuration was
calculated with the two dimensional diffusion code CODIFF

in order to obtain the difference in keff resp. p
It is shown that the mean deviation between calculation

and measurement is less than 6,5%. Thus reasonable

agreement exists.

2. Core Confiquration and calibration of control rods

Fig. 1A shows the core configuration No. 433 used for the
reactivity measurements. All standard elements are fresh 23 plate
MTR-elements with a content of 281 g U-235, 93% enriched, whereas
the control elements are of the central rod type with 14 fuel

plates and a burn up of about 20% each.
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Betriebsvorschrift fiir SAPHIR

Formular F-7.1
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The standard elements has been replaced successively by one MEU

(45% enrichment, 320 g U-235) element.

The above described core configuration has became critical with

the followind rod positions:

Coarse control rod position 390 resp. 394 mm
Fine  control rod position 199 resp. 141 mm.

In order to check the influence of the relatively low position of
the control rods a second loading without the element on place 68
has been used (loading 433B) for control measurements. In this

loading the critical rod position has been:

Coarse control rod position 650 mm (upper limit)
Fine control rod position 360 mm.

For both loadings the reactivity worth and curve of the fine control

rod has been measured. The results are given in Fig. 2 and Fig. 3.

Also the shut down reactivity of the coarse control rod has been

determined by rod drop technique.

The rod values are: P390 = 11,63 +* 0,5 $
= 14,95 0,7 $

4+

Peso
From this a reactivity value of Ap = 3,3 * 0,8 $ can be deduced

for the element on place 68. (The calculations gives Ap = 2,03 %)

From the reactivity curve Fig. 3 it can be determined an over-

criticality of 0.205 $ for the loading 433B.

Assuming a B_.. = 8-10~' the multiplication factor will be

keff = 1,00168.

The two dimensional core calculations with the diffusion code
CODIFF (Ref. 1) has given for the same loading a multiplication

factor of

k = 1,03230.

eff
For this calculation a vertical buckling according to the BENCH-

MARK Problem (Ref. 2) of B; = 1,6943-10"%-cm™~? has been used.

Comparing the two reactivity values (measured and calculated) an
effective value of the vertical buckling for the standard MTR
core with all control rods withdrawn can be determined to

B; = 2,4+10"%-cm™? which corresponds to an extrapoled height of

Hextr. = 64,2 cm.
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A recalculation of the loading 433B with this new value of B;

gives a multiplication factor of:

k = 1,005644.

eff

3. Measurement of the MEU-elements

The core configuration 433 contains 11 fresh HEU-standard elements
(281 g U-235, 93% enriched) and S control elements with a small

burn up.

The standard elements have been successively replaced against
MEU-elements (320 g U-235, 45% enrichment) and the reactivity

difference was determined over the position of the fine control rod.

For each measurement the corresponding core configuration was
calculated with the two dimensional diffusion code CODIFF (Ref. 1)
in order to determin keff’ The vertical buckling used in the

calculation is B; = 1,6943 10~ *-cm~2.

In a second step two to three standard HEU-elements have been

replaced by MEU-elements in order to check the interference effect.

Table 1 shows the results of the measurements and calculations.

4. Influence of rodposition

The coarse control rod position has been relatively low during

the reactivity measurements.

In order to evaluate this influence a slight loading modification
has been made. The element on place 68 was removed so that the
reactor becames critical with all coarse control rods in upper

limit (650 mm).

In this loading (No. 433B) configuration (Fig. 1C) the 93% element
on place 66 and 56 was replaced by a 45% element and recalculation

of these configurations have been made.
The results of the calculations and measurements are also given in

Table 1 and show no significant change in the reactivity difference.

A further test calculation were made with the adapted buckling of
B; = 2,4 107 *.cm” 2. This calculations shows that the influence

on the reactivity differences is less than 2%.
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Table 1:

Reactivity difference of MEU fuel elements

Replaced Rod Measured Ap[¢] Calculations Coarse
Element position total per Element Keff Ap[&] control rod
(addition Pos .
65 212 2,5 1,050441 1,8
67 248 7,9 1,049946 7,41
66 248 7.9 1,049832 8,71
56 282 13,5 1,049055 17,52 390
46 329 20,0 1,048795 20,5
36 229 3,7 1,050121 5,7
47 285 13,4 1,049316 14,56
45 225 4,9 1,05013 5,32
- 196 0 0 1,05060 0
66 203/202 7,7/7,5 1,049832 8,71
66+56 308 23,7 15,7 394
66+56+46 478 42,1 18,4 1,046588 45,61
56+46 381 33,2 - 8,9 1,047281 37,7
45+56+46 426 37,5 4,3 1,046871 42,38
66467 251 14,6 7,1 1,049236 15,47
- 141 0 0 1,05060 0
Loading 433B
66 422 8,1 1,032988 8,03 650
56 512 16,0 1,032175 17,6
- 360 - 0 1,033674
All stand. - - - 1.043525 80,67

Mean value of Ap for Standard Element Positions

GP Ap Gp Ap
65 2,5 68 2,5
66 7,8 0,1 58 7,5
67 7,5 £ 0,5 36 3,7
56 15,1 £+ 0,7 38 2,0
46 19,2 + 1,1

45 4,6 * 0,4

47 13,4
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5. Total reactivity loss of MEU fuel

The replacement of all standard HEU-elements in the core configuration
433 would result in a measured reactivity loss of 85,8 ¢. If the
complete core including the control elements is changed against

MEU-elements, then a loss in reactivity of about 1,10 $ is expected.

The calculation of the reactivity loss due the replacement of the

standard elements in this loading gives a value of Ap = 80,67 £.

6. Conclusion

It has been demonstrated that the core calculation CODIFF gives
reasonable results compared to the measurements. The mean difference
between the calculation and the measured value can be determined

from

7 2
Apm
— = 1,065 % 0,013
n
(Apc N Apcalc.; Apm = Apmeasured)

Thus the agreement between calculation and measurement is better

than 7%.
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Appendix H-8

COMPARISONS BETWEEN CALCULATED AND MEASURED FLUX
AND REACTIVITY IN HEU, MEU AND LEU FUEL ELEMENTS
IN DR-3 AT RISO

K. HAACK
Rise National Laboratory,
Roskilde, Denmark

Abstract

As part of the investigations to determine the consequences of
conversion of the DR-3 reactor to lower enrichment, three MEU and
three LEU fuel elements were irradiated to normal burnup (50-
60%). Full axial thermal and fast neutron flux density
measurements were made 1Iin the test elements and all other
accessible fuel elements in the core during the test periods, and
reactivity measurements were made at the loading and at the
discharge of every test element. These measurements were then
conmpared with calculations.

1. Introduction

As a part of the investigations carried out to enlighten
the consequences of conversion of DR 3 to lower enriched
fuel, three 45% enriched (MEU) and three 20% enriched (LEU)
fuel elements have been irradiated to the normal burn-up
(50-60%). Full axial thermal and fast neutron flux density
measurements were undertaken in the test elements and all
other accessible fuel elements in the core during the test
periods, and reactivity measurements were made at the loading

and at the discharge of every test element.

These measurements are compared to calculations made on
HEU, MEU and LEU cores by ANL and RIS® and by contributors
to the benchmark calculations included in the IAEA guidebook
on conversion of heavy water research reactors to lower

enriched fuel.

2. Measurements

The measurements are reported in appendix J-4.7 +to this
publication. Neutron flux density measurements were made

by Ni and Co foil activation technique. The flux measurement
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results are presented in graphs showing fast-to-thermal
flux ratios versus 235U content. The reactivity measurement
results are relative to HEU elements and rather uncertain,

as each of them are based on two measurements, only.

3. Calculations

1)

Calculations on the MEU core was done by Matos based

on information from the DR 3 staff concerning the 235U—contents
in realistic HEU cores and actual operation schemes.

Calculations on the LEU core was done by Matos l), Hejerup

2) and contributors to the benchmark calculations 3)

reported
in the IAEA guidebook on heavy water research reactor conver-

sion.

In all calculations the terms "thermal" and "fast" flux

are defined by the energy boundaries:

Thermal flux En‘< 0.625 ev
Fast flux En> 5.53 kev

see fig. 1 which shows these boundaries in relation to the neu-
tron spectra in a 93% enriched DR 3 fuel element, as calculated
by Hejerup, Rise. For comparison the fuel meat spectrum

of a 20% enriched element is shown dotted.

4, Comparison between flux measurements and calculations

Absolute values of the measured and calculated neutron
flux density values are - in the principle - incomparable,
because the energy boundaries of the calculations are sharp
and arbitrarily chosen. In the data treatment of the measure-
ments, the determination of thermal flux density by Co-activa-
tion 1is based on Westcotts convention, which presumes a
maxwellian energy distribution and also incorporate a contribu-
tion to the Co activation from the epithermal neutrons
by the resonance integral; and the Ni threshold 1is not
very sharp and furthermore a factor of 103 higher than

the fast flux boundary used in the calculations.
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FIG. 1.

However, the most interesting figures 1in connection with
conversion considerations are the flux changes owing to
the enrichment changes. And this comparison is more appropria-
te, as it is relative and the errors of the absolute values
are partly balanced out. Therefore the percentage changes
of the fast/thermal flux ratios are given in table 1. It

is seen that the calculated and measured changes AR are

matching fairly well.

TABLE 1.

Core position cl c2 Measure-
Reference no. Reference no. ments
2y 3 X 2y 3 a9

Cf'45 1.006 1.003

Cth,45 0.947 0.940

aR 45 6.2% 6.7% 4.2%

Cf 20 1.016 1.018 1.015 1.007 1.028 1.020

Ct; 20 0.877 0.890 0.888 0.863 0.868.0.866

!’
aR 20 15.8% 14.4% 14.3% 18.1% 18.4% 17.8% 13.8%

x) Mean values used.
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The calculated flux ratios to be read in the references
1), 2) and 3) are the flux ratios between reduced enriched

and highly enriched fuel elements:

_ g)20 ¢25
C20 = and C45 = —= for fast as well as thermal neutrons.
P93 P93
But the flux ratios needed for the comparisons are
Pe . . .
R for the three enrichments, in order to find the changes

~ %en

of that flux ratio caused by the change in enrichment.

This flux ratio change for, par example, 45% enrichment
is found as

R - R

R P /G
aRds = 45 93 _ 45 _ £,45” "th,45

= -1
Rg3 Rg; P ,93” %n, 93

%’ %as . Seas
Pen, a5’ Pen, 93 Cen, 45

A comparison between the absolute values of the calculated
and measured neutron flux can be obtained by applying the

activation rate instead of flux.

The activation rate obtained by the measurements is including
the reaction of the total neutron spectrum on the Co foil.
And so 1s the calculated activation rate, which 1is not
limited to neutron energies 1in the defined ranges below

0.625 eV, or above 5.53 keV.

Sets of calculated and measured reaction rates are shown
in table 2, for two different operation cycles. The mean
values of the ratio of calculated to measured Co reaction
rates don” t deviate significant from 1.0, but the calculated
Ni reaction rates seems to be about 10% smaller than the

measured values.
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TABLE 2. COMPARISON BETWEEN CALCULATED AND MEASURED REACTION RATES
IN Co AND Ni

Core Co reaction rates Ni reaction rates
pos. Cycle 234 Cycle 237 Cycle 237
Calc. |Meas. [Calc/Meas. | Calc. [Meas. |Calc/Meas. | Calc. Fteas. Falc/Meas.

al 3.3672)2.977% 1.13

a2 3.537%3.407% 1.04

Bl 3.327%13.297% 1.01

B2 4.107%4.067% 1.01

B3 4.567%(4.607°| 0.99

B4 4.317%04.227% 1.02

BS 3.757%(3.467%] 1.08

c1 3.427%)3.257% 1.05 3.197%13.257%) .98 1.947192 29713 4 85
-9 -9 -9 -9 -12 -12)

c2 4.197%|3.90 1.07 3.9877|4.06 0.98 2.7771%3.18 0.87
-9 -9 -9 -9 -12 -12

c3 4.707%]4.43 1.06 4.617%4.80 0.96 2.9071%3 27 0.89
-9 -9 -9 -9 -12 -12

cé 3.177%2.90 1.09 3.177%(3.04 1.04 2.097 %19 0.95

D2 4.187%4.367°| o0.96

El 3.537203.597% o0.98

E4 3.267%03.007% 1.09

Mean ratio 1.04 0.99 0.89

std. dev. ~.0.05 0.03. 0.04

Mean ratio 1703
std. dev. 0.05

The calculations were made on the very core configurations
in which the measurements were carried out, and the calculated
reaction rates apply to the center of the flux scan tubes,

where the foils were placed for activation.

The correspondent flux values are presented in table 3,
where the "Calc." columns denote the mean thermal flux
(below 0.625 eV) and the maximum "fast" flux (above 5.53
keV). The "meas." columns are the mean thermal and max.
fast flux calculated from the measured activation rates
by Westcotts convention and threshold detector theory,

respectively.

The ratio columns show that the calculated thermal flux
seem to be about 30% higher than the measured thermal flux.
The calculated fast flux seem to be a factor of 2.4 higher
than the measured fast flux in spite of the Ni reaction

rates were slightly lower.
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TABLE 3. COMPARISON BETWEEN CALCULATED AND MEASURED NEUTRON FLUX
DENSITIES

Core Thermal neutron flux density Fast neutr.flux density
pos. Cycle 234 Cycle 237 Cycle 237
Calc Meas, | Calc/Meas.| Calc.| Meas. | Calc/Meas. | Calc.| Meas. [Calc/Meas.
Al 1.17 0.82 1.63
A2 1.19 0.94 1.27
Bl 1.17 0.91 1.29
B2 1.41 1.12 1.26
B3 1.57 1.27 1.24
B4 1.48 1.16 1.28
B5 1.30 0.96 1.35
cl 1.17 0.90 1.30
c2 1.39 1.08 1.29 1.11 0.90 1.23 0.49 0.21 2.33
C3 1.57 1,22 1.29 1.35 1.12 1.21 0.71 0.30 2.37
[of 3 1.11 0.80 1.39 1.57 1.33 1.18 0.76 0.31 2.45
D2 1.43 1.21 1.18 1.09 0.84 1.30 0.53 0.21 2,52
El 1.25 0.99 1.26
E4 1.15 0.83 1.39
Mean ratio 1.32 1.23 2.42
std. dev. 3.10 0.03 0.08
VT
Mean ratio 1.30
Sstd. dev. 0.10

All neutron fluxes are in units of 1014 n cm_ls—l

It should be pointed out here, that the thermal neutron
flux values presented in the benchmark calculations 3) are
mean values across the fuel element and therefore only 0.92
times the thermal neutron flux values in table 3 which are
the fuel element centerline values. Thus the benchmark fluxes

should be in mean 1.30 x 0.92 = 1.20 times higher than the

corresponding measured fluxes would have been.

Similar considerations apply to the fast flux values, so
the benchmark calculated fast fluxes should be 1.076 x 2.42

= 2.60 times higher than the corresponding measured fluxes

would have been.

As a conclusion it can be stated that owing to different
energy boundaries and diverging methology, calculated and

measured flux values must deviate. With the energy boundaries
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used here the calculated flux wvalues for DR 3 should be

in excess of those measured in DR 3 by factors of:

2,6 for the fast neutron flux

1,2 for the thermal neutron flux

The factors are dependant on the flux spectrum, among others
things, so even with the same calculation flux boundaries,

the factors will be different for various reactors.

5. Comparison between calculated and measured reactivity

values

The reactivity measurements in connection with the fuel element
changes between the HEU, MEU and LEU elements are reported in

appendix J-4.7.

The appropriate reactivity calculations have not been carried
out, but the reactivity <calculations on the whole core
conditions at begin-of-cycle and at end-of-cycle show that
further 6g will be needed in each new MEU element and about 15g
in each new LEU element if conditions similar to the present

HEU core should be obtained.

These figures can be checked by means of the reactivity
measurements. By the measurement of the reactivity differences
between HEU and MEU and between HEU and LEU in 3 of the
7 fuel element groups in which the DR 3 core can be divided,
the reactivity differences 1in the remaining 4 groups can
be estimated. This 1is shown in fig. 4 of appendix J-4.7.
Thus the total reactivity 1losses by changes to full MEU
and full LEU cores can be found, and by means of the fuel

235U

weight factors the amount necessary to compensate for

the losses can be found.

The results from these extrapolations were that l4g 235U ought
to be added to each LEU element and 6g 2350 to each MEU
element, - in nice accordance to the calculated values.
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Appendix H-9

PART I
COMPARISON OF CALCULATIONS WITH MEASUREMENTS OF
CONTROL ROD WORTHS IN THE HEU RA-2 REACTOR

A. GOMEZ, A.M. LERNER, J. TESTONI, R. WALDMAN
Comision Nacional de Energia Atémica,
Buenos Aires, Argentina

PART 11
USES OF THE METHOD OF COMPUTING CONTROL ROD
WORTHS IN THE RA-3 REACTOR WITH HEU AND LEU FUELS

A.M. LERNER, J. TESTONI
Comisién Nacional de Energia Atémica,
Buenos Aires, Argentina

Abstract

In Part I, calculations are compared with the reactivity worth of
strongly absorbing materials measured in the RA-2 reactor in order
to verify the calculational methods. In Part 1I, these methods
are applied in calculating the reactivity worth of Cd control rods
in the RA-3 HEU core and both Cd and Ag-In—-Cd control rods in a
proposed LEU core for the RA-3, The Ag-In-Cd rods are shown to
have a higher reactivity worth than the Cd rods in the proposed
LEU core.
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Part I

COMPARISON OF CALCULATIONS WITH MEASUREMENTS OF
CONTROL ROD WORTHS IN THE HEU RA-2 REACTOR

1. INTRODUCTION

The purpose of this work is having reliable calculational methods, so
that they can be subsequently used in calculating low enriched fuel reactors.

This paper has two parts. In the first one some experiments are described
which were performed in the RA-Z2 reactor; the reactivity worth of strongly
absorbing materials in clean and simple configurations was measured.

In the second part, some of these cxperiments were calculated, and the

results compared with experimental values.

2. MEASUREMENTS

2e.1l.Description of the cxperiments.

The RA-Z2 is a zero—power reactor located at the "Centro Atdmico Consti-
tuyentes", Buenos Aires, Argentina. Its fuel elements are MIR type, of
8.08 x 7.7 x 61.5 cm3 size, each containing 19 plates having anaverage weight
of 148 gr of 90% enriched uranium. In some of the fuel elements (F.E.) one
or more fissionable material plates may be removed.

The initial configuration consists of 20 F.E. in a 5 x 4 arrangement,

16 of them normal ones and the remaining 4 (corresponding to the D column)
with only 13 contiguous plates each.(figure 1).

The nucleus is completely reflected with light water, being the condition
of infinite reflector satisfied.

The neutron detector was located within the core, inside a F.E. in which
two plates were replaced by another two especially designed so as to contain
the detector.

The reactivity perturbation produced by detector and specicl plates
was measured by anothcr detector placed outside the core; the value obtained

was 0,20%. This value was supposed constant for all the measurements.
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FIG. 1. RA-2 initial configuration.

The measurements were performed by means of the pulsed neutron technique,
being the reactivity estimated with Gozani's method /1/.

The initial configuration was slightly subcritical (0.308%).

Both the detector and source positions were chosen so that the spacial
harmonics could be reduced and the kinetic distortion effect avoided.
Statistical tests were used in order to define the adjusting chamels without
any harmonics.

The measuring scheme was as follows:

Two fuel plates were removed (being the vacant zone occupied by light water)
and the core reactivity measured. A cadmium plate (1lmm thick) was inserted
in the position of one of the fuel plates removed and the measurement was
repeated. The same procedures were followed with a cadmium plate in the
position of the other fuel plate removed and with both fuel plates replaced
by cadmium plates. The cadmium reactivity worth was then estimated as the
core reactivity difference with and without absorbing material.

One of the absorbing plates was always located in position 5E3 (row 5,

column E, third plate) while the other one varied along row 5.

2.2. Results of measurements.

Table 1 shows the values obtained for the joint reactivity of both
cadmium plates as a function of the spacing between them, and the sum of
each separate reactivity worth. The corresponding curves are shown in

figure 2.
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TABLE 1: Measured values of reactivity.

CONFIGURATION SPQE?;ESB?E;IN SDZ ($) Pﬁgbz ($) 942 (8)
SE3 - 5E6 13 3.106 £ 0,048 | 5.783 ¥ 0.050 Lo, < 0.150
5E3 - 5E9 25 3.53%2 £ 0,067 | 6.209 ¥ 0.068 | 5.001 £ o0.004
5E3 - SE12 38 3.802 £ 0.059 | 6.7 2 0,060 5.610 £ 0.110
5£3 - 3E15 50 t.211 ¥ 0.08 | 6.888 X 0.087 6.188 < 0.087
5£3 - 5F3 82 5.115 £ 0.100 | 7.702 ¥ 0.101 7.587 < 0.683
SE3 - 5F6 95 5.197 % 0,056 | 7.874 L o0.057 | 7.892 Z0.078
5E3 - 5F11 108 5.312 £ 0.088 | 7.98 £ 0.089 8.335 < 0.078
SE3 - SF17 120 5.28, £ 0.088 | 7.961 % 0.089 8.413 % 0.110
SE3 - 5G11 197 4,143 0,078 | 6.820 Zo.0m | 7.69%6 % 0.085
SE3 - 5G17 222 3.300 ¥ 0.058 | 6.067 £0.050 | 6.881 % 0.120
5E3 - SHIL 278 1.701 ¥ 0.032 | 4.378 ¥ 0.034 4,.887 0,075

Note; The reactivity value obtained for the

and its distance to the center of the

9_
81
L° )
7FE
H
>
5
<
5r8

1

plate in position 5E3 is

reactor is 121 mm.

FOSITION OF Cd PLATE 2 (cm)

@4 = (2.677 < 0.013)$

1
-15

|
-10

-5

5 10
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FIG. 2. Measured values of joint (p,,) and sum of separate reactivities (o, + py).

The values giving the sum of reactivities were adjusted by peans of

2
the function A.cos P +B (as given by first order perturbation theory)

while the joint reactivity was represented by a smooth, continuous line.

The intersection of both lines determines the position where the

" shadow

effect" changes sign. The separation between absorbing plates for null

"shadow effect" was 9.1cm.
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3. CALCULATIONS

3.1. Calculational method.

In order to calculate the reactivity worth of highly absorbing material
plates in MTR fuel type reactors, a frequently used method consists in
substituting the absorbing material by adequate boundary conditions on the
plate's surface.

In this report some of the above mentioned experiments were calculated
using this method.

The stages followed in order to perform the calculations are described
in what follows.

a) Calculation of absorbing material (cadmium) cross sections with GGTC /3/
code. The condensation spectrum used was that resulting from light water
moderation of U235 fission source neutrons.

Two energy group structures for transport and diffusion calculations
were used, being the first of them chosen so that the cadmium absorption
cross section is well described (Table 2).

b) Calculation of cell parameters for the normal fuel element, aluminum of
frames and coolant in nine-group and two-group energy structures, with
WIMS-D code /[4/.

c) Having obtained the cadmium nine-group cross sections at the first stage
and the fuel and coolant cross sections at the second one, a one—dimen-
sional (S4 - PO) transport calculation for the whole reactor was performed
with ANISN code /5/, describing it along an axis normal to the plates
and crossing the control element. From this third stage the boundary
condition was obtained, that is to say, the current-to-flux ratio on the
cadmium plate surface for the thermal group, for which cadmium absorption
is considerable.

d) Having obtained the two-group cross sections at the first two stages, and
the boundary conditions at the third one, three configurations of the
RA-2 reactor were studied (figure 3). They differ in the position of the

fuel plates substituted by absorbing material.
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TABLE 2: Energy structures and its corresponding limits, chosen

to describe Cd absorption cross section adequately.

1
Zza, CADMI UM UPPER ENERGY STRUCTURE OF
-1
(em ) LIMIT 9GR 2GR
1.5201 E03 10. Mev 1
1.5271 E-02 .821 Mev 2
1.4862 E-01 5530. ev 3 1
1.3999 E-O1 4. ev 4
9.5845 E-01 1.5 ev 5
1.8185 E+01 .625 ev 6
1.9519 E+02 280 ev 7 2
1.1397 E+02 .080 ev 8
1.5375 E+02 .020 ev 9
D E F G H D E F G H
4
5
6
7
SE3-5E15 SE3-5F11
D E F G _H
4
5
6
7

5E3-5G17

FIG. 3. Schematic RA-2 reactor: absorbing plates in three different positions.

Two—dimensional diffusion calculations were performed with EXTERMINATOR-2
code /6/. The importance of a detailed geometrical description was proved,
so that in case a reduction in the computing time becomes necessary, it
should rather be achieved by decreasing the number of energy groups. Having
this criterion in mind, a two—group structure and a complete geometrical

description (symmetry 1) were chosen.
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In the reactor calculation, the absorbing material was described by
giving its cross sections for the fast group and the boundary cordition ob-

tained from the transport calculation, for the thermal group.

3.2. Results of calculations.

Table 3 shows the results obtained. The experimental reactivity values
are obtained in dollars, being thus necessary to introduce PECF . This
parameter gives the delayed neutron fraction, and it is needed to transform

reactivity values from dollars to pcm.

TABLE 3: Comparison of calculated and measured reactivity values.

CALCULATION EXPERIMENT DI FFERENCE

(pem) (pem) (%)
in {cd - 2o 2200 1958 12.3
& |H20- ca 3268 3116 4.9
§ Cd - Cd 4788 L579 4.6
. |cd - n20 2220 1997 11.2
L% H20- Cd 4091 3931 4.1
2 lcd - ca 6409 6168 3.9
| o4 - n20 2222 1994 11.4
0
2 | H20- cd 2674, 2509 6.6
éi Cd - cd 5464 5092 7-3

In this report a value (a\)ew = 0,007, was used; it was obtained by means
of the perturbation theory option of EXTERMINATOR-Z2 with a four-group energy
structure. The delayed neutron spectrum used was suggested by Batchelor and
Bonner /7/. According to which spectrum is chosen, a fluctuation of 3% in
the (68@ values may be found.

Table 4 shows the dependence of the "shadow effect" with the spacing of
absorbing plates. The "shadow effect" was represented by means of the non-—
dimensional parameter [?.z'(P,*P:)]/Pm; with this definition the comparison
between calculated and measured values is not affected by the Pem value.

Similar behaviours are observed.

It is also interesting to calculate the neutron balance, that is to say,

neutrons absorbed and leaked out in each of the materials the reactor is
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TABLE 4: "Shadow effect"; comparison between calculated

and measured values.

[Paz - (P4+Pz)] /RZ
CONFIGURATION CALCULATED MEASURED
5E3 - SE15 -0.14 <0.11
5E3 - 5F11 +0.02 40,04
5E3 - 5617 +0.10 40.12

TABLE 5: Neutron balance.

REFLECTOR CADMIUM OTHERS TOTAL
H20 (%) PLATE (%) (%) (pam)
wnlcd - H20 2.7 6L.7 8.6 2210
‘E H20- Cd 38.3 53.4 8.3 3277
Hlea ~ca | 3.0 57.6 8.4 4797
|ed - B0 26.7 64.9 8.4 2219
~
fin,. H20- Cd 43.2 48.8 8.0 4090
g_,” cd - cd 37.8 54.0 8.2 64,09
cd - H20|  26.7 64.9 8.4 2P
% H20- Cd 32.6 59.1 8.3 2683
g cd - cd 30.0 61.7 8.3 5472

made of. Table 5 shows the results of this balance. The fractions of neutrons
absorbed by the reflector and the control material are shown explicitly, while
axial and transversal leakages and fuel absorptions are considered together.
The relative importance of reflector absorptions may be noticed.

The coincidence of calculated and measured values, within the experimental
error range (a typical statistical error of 4%, and a systematic error of 3%
due to the uncertainty in the ﬁe@ value) shows that the selected calcula -
tional method results an adequate means of evaluating one or two cadmium
control plates reactivity worth for highly enriched fuel reactors, being the

dependence with the plates position correctly reproduced too.
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It should be noted that the systematic discrepancy could be possibly

associated with the error introduced by f&eg; already mentioned.
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Part 11

USES OF THE METHOD OF COMPUTING CONTROL ROD WORTHS
IN THE RA-3 REACTOR WITH HEU AND LEU FUELS

l. INTRODUCTION

In this paper control rod worths in a realistic situation of the RA-3
reactor are calculated, and it is shown that the reactivity value of Cd
plates diminishes in a LEU fuel core, as compared with the corresponding
worth in the HEU fuel core. Tt is also shown that for the LEU fuel core it

is convenient to use Ag~In-Cd control rods.

2. CALCULATIONS

The reactivity worth of the pair of control rods constituting the (fork
type) control element in both HEU and LEU fuel cores of the Argentine RA-3
reactor is calculated.

The method used here has already been checked with experimental values
obtained from the RA-2 (HEU) reactor, and is described with some detail in
/1/.

The RA-3 HEU fuel element is designed as in /1/ and its U235 load is of
195 gr. The fuel meat is an alloy of U-Al 90% enriched in U235.

In order to perform these calculations, one of the possible designs
proposed for the conversion of the reactor has been chosen.

The F. E. selected has the same geometrical parameters as the HEU F.E.
with a U308—A1 fuel meat and a uranium density of 3.1 gr/cc (225.4 gr of
U235 each F.E.).

This density was determined with the cycle length matching criterion
described in /2/, by means of two independent calculations, one of them with
CNEA methods, and the other one with ANL methods; the difference between

them is less than 4%.
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Figure 1 shows the reactor model used to obtain the reactivity worth of
the pair of control plates,

In order to simplify the calculations a 27 - F.E. core surrounded by
graphite elements 7.7cm thick was simulated as an equivalent square reactor.

In both cases, HEU and LEU, a uniform 25% burnup was supposed.

G
F G: Graphite
F: Fuel (Bu = 25% U235)
s . A: Absorbing plates
23f66em A
_]r.,IIIll'

Figure 1

3. RESULTS

Table I contains the four different situations studied, and the corres-
ponding results of calculations,

The first two of them show that the Cd plates lose some 12% of their
reactivity value when changed from a HEU core to a LEU one.

The results obtained for the Ag-In-Cd plates corroborate the improvement
this material produces, much more if its thickness is increased to 2.7 mm

increasing thus the absorption due to Ag and In.

Table I

Control rod worth

Plate material Thickness Core of palr of plates
(mm) (pcm)
Cd 1.0 HEU 4580
Cd 1.0 LEU 4026
In-Ag-Cd 1.0 LEU 4561
In-Ag-Cd 2.7 LEU 5443
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On the other hand, the high reactivity values obtained for the whole
set of cases is due to the fact that there is a single F.E. located at the
core center.

An adequate description of both In and Ag absorption cross sections
requires a more detailed energy description than the Cd one alone; in this
paper an energy structure of 6 groups has been chosen for the diffusion
calculation, the boundary condition for highly absorbing materials used for

the last three groups.

Table II

Energy group structure (ev)

1.492 E+07 - 8.208 E+05

8.208 E+05 — 5.531 E+03
5.531 E+03 - 1.067 E+0l
1.067 E+01 - 1.445 E+00
1.445 E+00 - 6.826 E-0O1
6.826 E-01 - 0
REFERENCES
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/2/. "Research Reactor Core Conversion From the Use of Highly Enriched
Uranium to the Use of Low Enriched Uranium Fuels Guidebook". TAEA -
TECDOC - 233, 1980.
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Appendix H-10

MEASUREMENTS AND ANALYSIS OF CRITICAL
EXPERIMENTS IN THE ‘LA REINA’ REACTOR
USING MEDIUM ENRICHMENT URANIUM FUEL

J. KLEIN*, R. VENEGAS**, O. MUTIS*

* Comisién Chilena de Energia Nuclear
** Universidad de Santiago

Santiago, Chile

Abstract

The 5 MW La Reina reactor became critical on January 23, 1985 with
20 medium enrichment uranium fuel elements., Experiments were
carried out to measure the change in critical core configuration
characteristics between the previous highly enriched uranium fuel
and the new medium enriched uranium fuel. This paper provides the
results of measurements concerning with the critical approach, the
axial flux distribution, and reflector savings and the excess
reactivity, including results of neutronic calculations made for
the critical experiment.

INTRODUCTION

It was estimated in 1979 that a uranium density of about 3.7 g/cm3 was
required to match the cycle length of the current 80% enriched uranium (HEU)
fuel for the conversion of the La Reina reactor to 20% enriched uranium fuel
and no changes in the overall fuel element geometryl. However, this fuel
was not available in the international marketplace.

The La Reina reactor was converted to use 457 enriched uranium (MEU)
fuel elements with a uranium density of 1.26 g/cm3 with only minor changes
in the design of the fuel element geometry. With the same element geometry
the thermal-hydraulic characteristics of the core is virtually identical with
both HEU and MEU fuels?.

The first critical state of the core using MEU fuel was achieved in
January 23, 1985 with 20 fuel elements. In order to compare the MEU and HEU
fuel cores, the same core configuration which reached the first criticality
on October 13, 1974 was fitted using MEU fuel.

This paper shows the results of those measurements concerning with the
critical approach, the axial flux distribution, the reflector savings and the
excess reactivity, including results of neutronic calculations made for the
critical experiment.
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GENERAL DESCRIPTION

Reactor

The La Reina reactor is a light water-moderated, water-cooled and beryl-
lium-reflected reactor based on the Herald reactor in operation at the UKAEA
at Aldermaston. It employs flat plates MIR-type fuel. Figure 1l shows a pers
pective view of the La Reina reactor.

1 Control rod platform
Elactro -magnetic clutches
Lead cell

Control rods

Reaclor pool

Radial beam tubss
Tangentiat beam tubes
Rsacter core

len chambaers

Second pool

Delay tank

Water puritication plant
fon sxchange units
Settlament tank

1S Filterad water tank
16 Deionisation plant

17 Pressure hiltes

10 Yentilatien plant

™ Charcoal filter

20 Absclute filtars

21 Pump reem

22 Centrifugel pump

23 Heat exchanger

F3 R 2B we ve wn»runwn

Fig. 1. La Reina Reactor Block.

The reactor core is composed of fuel elements and other special purpose
elements inserted into a lattice plate made of 12 cm thick aluminium. A rect
angular array of 10 x 8 holes in the lattice plate is available to suit the
core elements. The arrangement of core elements can be changed to permit dif-
ferent experimental requirements. All core elements are similar in overall
shape and have identical spigot details. Six cadmium-stainless steel control
blades pass through the core in two groups of three. Slots between element
rows and in the lattice plate allow the free passage of the blade absorbers.

Fuel Element Description

Forty MEU fuel elements were framed for the La Reina reactor with only
minor changes in the design of the fuel plate and no changes in the fuel ele-
ment geometry. Each MEU fuel element contains 183.16 g of U-235 in sixteen
fuel plates. The two outer p'ates contain 6.11 g of U-235 each and each of
the fourteen inner plates contain 12.21 g of U-235. Fuel plates are spaced
approximately 3.17 mm each other to permit the circulation of cooling water
between them. The sixteen fuel plates are connected to a lower spigot fit-
ting. The upper fitting carries two cross-members by means of which the ele-
ment are to be lifted.
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The upper fitting of the fuel element contains a filter grid with 85 ho-
les, 4.76 mm diameter each, which prevents blockage of flow channels by small
objects dropped into the core accidentally. If the filter grid should become
blocked, cooling water will flow through lateral holes in the upper section
of the fuel element from the other elements.

The fuel element is illustrated in Attachment 1 and the uranium densi -
ties and loadings for the HEU and MEU fuel elements are summarized in Table 1.

Table 1. Uranium Densities and Loadings for the
HEU and MEU Fuel Elenents.

Parameter HEU MEU

U-235 Density in Fuel Meat:

Outer Plate, g/cm3 0.258 0.283

Inner Plate, g/cmd 0.516 0.566
U-235/Plate:

Quter Plate, g 5.50 6.11

Inner Plate, g 11.00 12.21
Uranium Density in Fuel Meat:

Outer Plate, g/cm> 0.322 0.630

Inner Plate, g/cmd 0.645 1.258
Uranium/Plate:

Outer Plate, g 6.785 13.578

Inner Plate, g 13.750 27.133
U-235/Fuel Element, g 165.00 183.16

CORE CALCULATIONS FOR CRITICAL CONFIGURATIONS

Different cell models were prepared to generate appropiate cross sections
for the different regions of the core in the standard five-group structure?
commonly used at Argonne National Laboratory for MIR plate-type reactor using
the WIMS-D cell code™.

The core calculations were executed by means of the EREBUS codes, a two-
dimensional diffusion code, where the z leakage was approximated by an experi

mental axial buckling.

The results of the critical experiment, performed in October 1974 using
HEU fuel, was used to evaluate the calculation methods by comparing the calcu
lated excess reactivity value with the one experimentally measured. During
the critical experiment, with all control blades withdrawn, it was found that
the system was slightly subcritical with 19 HEU fuel elements (Figure 2 with-
out the fuel element in position E9) and supercritical when the 20th element
was added.

For the 19 and 20 HEU fuel element configurations, the excess reactivity
was calculated using an XY model and 6.65 cm extrapolation distance®. The
diffusion theory calculations gave an excess reactivity of -0.33 %Ak/x for
the 19 fuel element configuration and 0.79 %A«/k for the 20 fuel element con-
figuration.
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Preliminary critical calculations were performed for the MEU fuel using
the same extrapolation distance as the HEU fuel case, as an initial guess.
For the 19 fuel element configuration the system was supercritical and had a
calculated excess reactivity of 0.52 %Ac/x.

EXPERIMENTAL RESULTS
Critical Mass

The critical approach of the core was performed with the inverse multi -
plication method. The MEU fuel elements were loaded surrounding the A2 and
B2 control blades.

Figure 2 shows the critical core configuration, including the positions
of the detectors and the neutron source used during the critical approach ex-
periment. The neutron detectors were two fission chambers and a BF3 detector,
namely FCl, FC2 and BF3.

G

F uzz‘ﬁzm

(3 Uiju|uj|u

D Ujuluju

c Tulu[u]u

(oo v o)

B Fnl [UJUTUTU

A (R Uujujuiju

H R (PXP)
123 (5 6 7 8 910

Fig. 2. Critical Configuration

Timed count rates were measured sequently with all control blades fully
inserted, fully withdrawn and at several intermediate positions prior to each
fuel loading step until the critical mass was reached. The first critical
state using MEU was achieved at the 7th fuel loading step. Figure 3 shows
the inverse multiplication versus number of fuel elements and Figure 4 shows

the inverse multiplication versus control blade positions, both obtained from
the FC1 chamber.

The minimum U-235 critical mass was, for the MEU case, 3610 g while, for
the HEU case, turned out to be 3240 g of U-235 as the minimum critical mass’.

Neutron Flux Distribution

In order to determine the neutron flux distribution, foil activation
technique was utilized using gold foils. All measurements were made in the
fuel element using an acrylic plate, where foils were taped on, inserted in
the central channel of the fuel element in position D8, Figure 2.

The axial buckling was determined from the thermal flux distribution and

fitted to a cosine as shown in Figure 5. An extrapolation distance of
6 =5.70 £ 1.77 cm was obtained for the critical configuration in which the
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axial buckling of B% = 0.00204 * 0.00021 cm—? was measured.

Using now the

z leakage simulated by the axial buckling, B2, ex erimentally determined, new
y g z P

calculations of critical configurations were performed.
element configuration an excess reactivity of 0.06 %Ak/«c was obtained.

For the 19 MEU

20 fuel element configuration has an excess reactivity of 1.12 Zix/k.
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Excess Reactivity

The positive period technique was used to obtain the excess reactivity
of the 20 MEU fuel element critical configuration. Measurements started to-
gether with criticality at some lower power level and with all control blades
nearly at the same height. The excess reactivity of the A pair of blades were
measured in six steps; however, for the B pair only three measurements steps
were required. Thus, for the MEU critical configuration it was found an ex-
cess reactivity of 0.63 * 0.26 Zac/x.

COMPARISON AND DISCUSSION

The critical state, for both HEU and MEU fuel, was achieved with 20 fuel
elements. HEU critical core mass was 3300 g of U-235 and its excess reactivi
ty was estimated approximately in 0.77 %Ax/x; nevertheless, MEU fueled core
mass was 3663 g of U-235 and its excess reactivity was measured in
0.63 + 0.26 7%ac/x.

During the critical experiment, carried out in October 1974, the reactor
using HEU fuel was critical with the A control blades withdrawn up to 78.1%.
Following the same loading scheme used in that critical experiment, the reac -
tor, using MEU fuel, was now critical with the A control blades withdrawn up
to 867%. In both cases the B control blades kept fully withdrawn.

The utilized calculation method allowed a good prediction of the excess
reactivity for the 20 HEU fuel element critical configuration, being its val-
ue of 0.79 %.ix/v. The experimental value for the same critical core was esti-
mated to be 0.77 %ir/x. The experimental velue of the excess reactivity for
the 20 MEU fuel element critical core is 0.63 * 0.26 Z%Ax/x and the calculated
one is 1.12 Zix/x.

The experimental results demonstrated that the HEU critical configura -
tion has a greater excess reactivity than the same critical configuration
using MEU fuel, while the neutronic calculation predicts an opposite behaviour.
The detailed comparison between the calculated reactivity values and those ex-
perimentally measured provides very valuable data for verification of research
reactor analysis methods. As a result of the critical experiment, more detail
ed analysis are needed to validate the research reactor calculational modelling
for the MEU cores.
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Attachment 1

LA REINA FUEL ELEMENT
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