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Comparison of Calculated Quantities with Measured Quantities
for the LEU-Fueled Ford Nuclear Reactor

M. M. Bretscher and J. L. Snelgrove

Argonne National Laboratory

I. Introduction

The Ford Nuclear Reactor (FNR) went critical on December 8, L981 with 23
LEU fuel elements. Five of these 23 elements were fabricated by CERCA and the
others by NUKEM. Since that time a substantial data base of experimental
results for LEU cores has been accumulated by the University of Michigan FNR
staff- This paper compares some of the experimental data with analytical cal-
culations 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.

II. 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 2 3 SU per element. Coatrol elements
contaia 9 fuel plates. For this critical assembly the 2 3 SU 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3512.82 g. With the shim safety rods (A, B and C) fully withdrawn and the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 0.067Z.
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 0.45Z.

Five-group cross sections, based on the ENDF/B Version IV data base,
were generated for each reactor region by the EFRI-CELL code (1). These
multigroup cross section generation methods are described in the Guidebook
(2). Table I 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 For these calculations all rods are withdrawn and each fuel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 H2O-filled tubes which
penetrate part way into the O2O tank and from neutron leakage through
the beam tubes have been ignored in these calculations. Table II 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 0.372, somewhat less than the 0.452 measured value.
Our experience with HEU cores has been to slightly overpredict the eigen-
value, but for this L2U core we have underpredicted k e f f.



I I I . Shim Safety Rod Worths

The F'iR shim safety rods are made from boratfi 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 L.099 cm.
They are described in Ref. (3).

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 ?i SQ 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 cylindrical rod
was chosen so as to preserve the surface area of the actual rod. The outer
region of the rod was 1 aim thick and the middle layer 3 mm thick.

Current-to-flux ratios were evaluated in the Pj 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 (4) transport code was used for the one-dimensional problem and
'"WOTRAN-II (5) 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 I I I . 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 il lustrated 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 I I I . The results are summarized in Table IV 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 underpredicted for the 30-element case.

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 III)
were applied at the absorber surface.



For all these 3D calculations the control rod was assumed to be with-
drawn 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 (6), with internal boundary conditions, was used to calculate
Che eigenvalues corresponding to each withdrawal step and these results are
summarized in Table V. The rod position for the fully inserted rod is taken
as 0.0 inches (bottom of core) and 24.12 inches 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
4.5Z larger than that found on Che basis of the 2D - XY calculation.

IV. Axial Rhodium Reaction Rate Distributions

Axial reaction race distributions were measured in the FNR with a
rhodium self-powered neutron detector. Fig. 4 shows the core configuration
of the 29 LEU fuel elements used during these measurements. A 3D model of
this 29-elemenc 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 20.7 inches 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 III).
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 (FEF37) 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.

The distribution in the H2O 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, one inch diameter (I.D.)
vertical tubes penetrate the D2O tank to a depth of eight inches below the
top of the core and are filled with H2O. Fig. 14, taken from Ref. (7), shows
these tubes entering the top of the D2O 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
H2O-filled tubes produce additional moderation in the D2O tank, which is the
reason for the discontinuity in the calculated capture rate distribution at
the D2O-H2O 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 H2O region above the D2O tank the measured capture rate distribution, for
some reason, does not fall off as rapidly as Che calculated one.



V. Thermal Neutron Flux Distributions

The rhodium self-powered neutron detector (Ref. 7, pp.77 ff) was used
to measure thermal neutron flux distributions in the 31-element LEU core.
This core contains 25 standard fuel elements and 6 nine-plate control iuel
elements. Using techniques already described, this core was modeled in X'fZ
geometry for diffusion calculations. For these calculations the control rod
was withdrawn half way and the shin safety rods were banked at the 20.7 inch
position. The t^O-fiiled tubes at positions X, S, W and R in the D2O tank
(see Fig. 14) were explicitly represented in the 3D model. These tubes
penetrate the heavy water tank to a depth of 8 inches below the top of the
fuel.

Figure 17 shows the 31-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 D2O 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 H2O 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.

Figure 18 shows the calculated and measured thermal neutron flux distri-
butions in row 7. Flux peaking in the water hole associated with the special
fuel element at grid position 57 and in the H2O reflector regions is clearly
evident. Secondary peaks in the core correspond to the side plate regions
containing AI-H2O 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 1.5 inches to the west at the coreH^O tank interface so
as to pass through positions X and S in the D2O tank. Note the flux peak-
ing in the upper elevation distribution in the H2O-filled tube at position
X (Y =• 72.28 cm) in the D2O tank. The effect is much less evident at
position S. No such peaking is seen in the midplane distribution since the
H2O-filled tubes do not extend this deep into the D2O 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 D2O
reflector. In general, these distributions are in satisfactory agreement
with the measured values.

In Figs. 17-20 the thermal fluxes are normalized to 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 MM power
level, but the normalization required multiplying the calculated fluxes by a
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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Table I . 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 I I . Diffusion Theory Calculations for the FNR LEU
Cold Clean Crit ical Configuration

Mesh in Standard
Model Fuel Element keff

2D-XY

2D-XY

3D-XYZ

3D-XYZ

N x N v
A 7

N x Nv

NX Ny

NXNy

- 6

- 10

- 6

- 10

x 6

x 12

x 6

x 12

1

1

1

1

.00066

.00292

.00193

.00371

Measured Value: 1.0045



Table I I I . Group-Dependent Internal Boundary Conditions (-j/<j>)

Group

1

2

3

4

5

E

10

8

5

1

6

u ~

.00

.208

.531

.855

.249

eV

+ 7

+

+

5

3

1

2.

- 8 .

7 .

2 .

4 .

TWOTRAN-XY

(-j/<

8411 -

3937 -

9673 -

4479 -

1490 -

2

3

2

1

1

3

- 1

1

2

4

ONEDANT-R
C-j/<

.5206 -

.2773 -

.0147 -

.7691 -

.4703 -

2

2

1

1

1

Table IV. Reactivity Worths of the FNR Shim Safety Rods

No. of Fuel
Elements

27

27

27

30

30

30

Rod

A

B

C

A

B

C

Lattice
Position

46

48

26

46

48

26

%

2

2

2

2

2

2

Exp.
AR/K

.220

.320

.283

.742

.313

.166

C/E
TWOTRAN-XY

0

0,

0.

0.

0.

0 .

.989

.974

.947

,955

910

881

C/E
ONEDANT-R

1

1

1,

1,

0.

0 .

.051

.035

.006

.015

.968

.937



Table V. Calculated FNR Shim Rod A Different ia l Worth
in 27-Fuel-Element Core

Step

1

2

3

4

5

6

7

8

9

Rod A
Position
Inches

24.12
(out)

19.94

16.00

16.00

12.06

8.12

8.12

4.19

0.00
(In)

Rod 8 and C
Position
Inches

13

13

13

16

16.

16,

20.

20.

20.

.04

.04

.04

.00

.00

.00

,92

,92

92

K-Effective

1

1

0

1

1

0

1

0

0

.002732

.001214

.997602

.006252

.000362

.993904

.002876

.998774

.997358

0

0

0

0

0

0,

0,

Ap
%

.000

.151

.362

.585

.650

.410

.142

Total p
%

0

0

0

1,

1.

2.

2.

.000

.151

.513

.098

.748

,158

300
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Fig. 1 FNR Initial LEU Critical Configuration (December 8, 1981)
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Fig. 2a FNR 27-Element LEU Core for Shim-Safety Rod Worth Measurements
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Fig. 2h FNR 30-Element LEU Core for Shim-Safety Rod Worth Measurements



FNR DIFFERENTIAL SHIM ROD A WORTH

FEP46 WITH 27 LEU FUEL ELEMENTS
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Fig. 4 FNR 29-Element LEU Core for Rhodium Reaction Rate Axial

Distribution Measurements



RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP15 IN FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP19 IN FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP27 IN FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP35 IN FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP39 IN FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP47 IN FNR WITH 29 LEU FUEL ELEMENTS
q

o
CO

o

E-J

OH

tf :

Q :

wN 2
>-( «-
< •

d :

o :So-
CM"

q.

o;
d _

J

X

A,

\

1
I
j

/

/
/
/

/

/

j

/

P

/ ^ \

/ \

/ \
/ \

/ \
/ V

5 / \

7 V
1 V

'• • ' V
\^ V-

\ L
S y

CALCULATED
MEASURED

1 J ' ' ' 1 ' ' * J '

CM

E-

A •ii

0.0 20.0 40.0 60.0 80.0

AXIAL POSITION (cm)
Fig. 10

100.0



RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP37 IN FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP37 IN FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS
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Core side

View of D20 Tank Top from Above

Fig. 14



RH AXIAL CAPTURE RATE DISTRIBUTION
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RH AXIAL CAPTURE RATE DISTRIBUTION
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THERMAL FLUX DISTRIBUTION IN ROW 7

OF THE FNR WITH 31 LEU FUEL ELEMENTS
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THERMAL FLUX DISTRIBUTION IN COLUMN 3

OF THE FNR THRU D20 POSITIONS W AND R
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THERMAL FLUX DISTRIBUTION IN COLUMN 2

OF THE FNR THRU D20 POSITIONS X AND S
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