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ABSTRACT

Analysis of the proposed GCFR upper and lower plenum flow-
through shields has been performed using both discrete ordinate
(DOT) and Monte Carlo (MORSE) methods. Several shields having
one change of direction in the coolant path (chevron) and two
changes of direction (herringbone) were investigated. The shields
were modeled as unit cells with periodic boundary conditions.
From plenum fluence calculations and design constraints at the
reactor vessel liner, it was determined that all the shield con-
figurations analyzed should be adequate for the necessary radia-
tion attenuation.

INTRODUCTION

The gas-cooled fast reactor (GCFR) poses several unique problems in
shielding design.1 One constraint on the design of the upper and lower
plenum"shields is that, as a safety requirement, they must be compatible
with the natural circulation of the helium coolant in case of a loss of
forced circulation.2 As a solution to this problem, the General Atomic
Company has designed new upper and lower plenum flow-through shields which
should satisfy the safety requirements and still maintain a degree of shield-
ing effectiveness".3 This papar presents the results of an analysis of these
shields. This analysis is part of a general GCFR shielding analysis program
carried out at Oak Ridge National Laboratory for General Atomic Company.4'5'6

By acceptance of This a'ticle, tha
publisher or recipient acknowledges
the U.S. Government's right to J>

^^zzssr mmmm of ™s m™™ «s «N««T»
covering the article.



plenum shield ORHL DUG BO-10479

Fig. 1. Horizontal cut through reactor plenum showing flow-through
plenum shields concepts.

The new GCFR flow-through plenum shields consist of a series of sectiov.s
penetrated radially by vertical openings having one or more changes of direc-
tion. Figure 1 presents a horizontal cut through a plenum showing three
versions of the flow-through shield concept. In the upper left of the figure
is the "herringbone" shield with penetrations having two changes of direc-
tion. The other two versions are referred to as "chevron" shields with
penetrations having one change of direction, but with different curvatures.
The basic requirement in all cases is to prevent an uncollided streaming
path for neutrons passing from the plenum cavity to the GCFR primary cool-
ant boundary (liner). The exposure criteria used for the GCFR liner is that
the shields must limit the total neutron fluence (over 30 years at an aver-
age of 80% full power) to < 1015 cm"2 in order to limit the liner nil duc-
tility temperature shift to ̂  47°C.

PLENUM FLUENCE CALCULATIONS

The fluences in the upper and lower plena were computed by the DOT
discrete ordinates code. The source for this calculation was the leakage
fluence from the top of the orifice region and the bottom of the grid plate
as indicated in Fig. 2. These leakages were obtained from global calcula-
tions of the reactor mid-region modified by axial streaming corrections from
detailed representative cell calculations, also using DOT. All DOT calcu-
lations used a 51-25 neutron-gamma ray group structure, Sg symmetric quad-
rature, and a P3 cross section expansion. In Fig. 3 are shown fluence
isoplots from the lower plenum global calculation. The maximum fluence,
3.6 x 1020 cm"2, occurs at the source plane, and the maximum fluence on the
flow-through shield is about 1.0 x 1019 cm"2. The fluence reduction factors
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Fig. 3. Isoplot of the 24 full-power-year total neutron fluence in the
conceptual upflow GCFR lower regions.

required by the upper and lower plenum flow-through shields must be at least
3.2 and 10, respectively, in order to meet the 1019 cm"2 fluence requirement
at the liner.

FLOW-THROUGH SHIELD CALCULATIONS

Four preliminary plenum shield designs for the lower plenum and one
for the upper plenum were analyzed. The shield designs for the lower plenum
included chevrons with helium coolant path widths of 5.08, 7.62, and 10.16
cm and a herringbone with a coolant path width of 5.08 cm. For the upper
plenum a chevron of 5.08-cm coolant path width was investigated.

Calculations were made with DOT for cell mockups of all the shield
designs and with the MORSE multigraup Monte Carlo code for the 10.16-cm
chevron and the 5.08-cm herringbone designs. The 76 group structure and P3

cross section set were used in all calculations. The discrete ordinates
used a symmetric S12 quadrature set which contained 96 discrete directions.
Periodic boundary conditions were employed at the cell boundaries in both
methods to simulate the entire circular shield. No axial dependence was
included in the Monte Carlo calculation. A cross section of the 10.16-cm



path-width chevron and the 5.08-cm path-width herringbone cells are shown in
Figs. 4 and 5, Each cell is 53.35-cm thick from the source surface (top of
figure) to the exit surface (bottom). The curvature is included in each
of these cells, and if 48 of them are placed end to end a circular shield
of 280.67 cm inner radius is formed. The components of the shield are the
helium coolant, steel and boronated graphite liners, and the graphite core.
These figures are actually computer plots of the Monte Carlo geometry data
used in the calculation. The source spectrum was taken as the average
spectrum on the plenum shields determined from the plenum fluence calcula-
tions. The source angular distribution was taken as a cosine current, and
the spatial distribution was spread uniformly along the source surface of
each cell model. Since the actual angular distributions were less forward
peaked, this model should give conservative results, A computer represen-
tation of the DOT cell model is shown in Fig. 6. In this model the coolant
channel liner materials, steei and boronated graphite, have been combined
into one mixture.

The results of the DOT calculation are summarized in Table I which
gives the neutron transmission factors defined as the ratio of the total
neutron leakage current to the total neutron source current. The flux
reduction factor was taken as the reciprocal of the transmission since pre-
liminary calculations indicated the ratios of the flux and currents were
similar.

Comparisons of DOT and MORSE calculations are shown in Table II. The
effect of secondary gamma-ray production is indicated here. Although gamma
rays comprise only about 11.5% of the total radiation source, they are about
40% of the total leakage. The results of the two MORSE calculations, with
and without the steel and boronated graphite liner materials mixed, are
within their calculated statistical uncertainties. However, it can be
argued that with the mixed liners there is more neutron capture and gamma
ray production nearer the coolant path, leading to the lower neutron and
higher gamma-ray transmissions indicated in the table.

Isoplots of two of the DOT calculations are shown in Figs. 7 and 8.
The source plane is at the top of the figure in each case. The right and
left boundaries have periodic conditions, and the lower boundary has a
vacuum condition. The streaming down the coolant paths is evident. How-
ever, at the left side of each figure it appears that there is streaming
through the shield material. This is actually due to neutrons streaming
down the first leg of the coolant path and continuing into the shield. This
effect is most pronounced for the herringbone where it appears that a sig-
nificant contribution to the neutron transmission is that going from the
first leg of the path, through the center of the cell, and out the third leg
of the "adjacent" cell.

The MORSE herringbone results are compared to DOT in Table III as calcu-
lated for the cell model in Fig. 5. The Monte carlo work indicated that
only those source particles streaming down the first leg of the coolant path
contributed significantly to the exit leakage. Even though biasing was
applied to keep the particles close to the coolant path, it was found that
the center of the cell could not be excluded from the calculation, an indi-
cation of the streaming discussed in connection with Fig. 8. The higher
neutron transmission in the MORSE results would lead to a lower gamma ray
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Fig. 4. Plot of the cell geometry model used in the MORSE calculation
for the 10.16-cm chevron plenum flow-through shield.
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Fig. 5. Plot of the cell geometry model used in the MORSE calculation
of the 5.08-cm herringbone design plenum flow-through shield.



Table I. Discrete Ordinates Calculated Neutron and Flux Reduction
Factors for Several Upflou GCFR Plenum Shield Configurations

Shield type Neutron transmission factor Flux reduction factor

Lower plenum

10.16-cm chevron .0225 44.4

7.62-cm chevron .0158 63.4

5.08-cm chevron .0114 87.9

5,08-cm herringbone .0064 155.0

Upper plenum

5.08-cm chevron .0149 67.1

Table II. Neutron and Gamma-Ray Transmission Factors
for the 10.16-cm Chevron Shield

MORSE MORSE MORSE MORSE

Neutron

Gamma ray

Total

DOT

.0225

.1229

.0341

(discrete liners)

.027919%

.1188±11/S

.038417%

DOT

1.24

0.97

1.13

(mixed liners)

.0252 8%

.1411 10%

.0386 6%

DOT

1.12

1.15

1.13

Table III. Neutron and Gamma-Ray Transmission Factors
for the 5.08-cm Herringbone Shield

MORSE

Neutron

Gamma ray

Total

DOT

.0665

.1214

.0198

MORSE

.0069+12%

.0082+9%

.0157±7%

DOT

1.06

0.69

0.79
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Fig. 6. Plot of the cell geometry model used in the DOT calculation
for the 10.16-cm chevron plenum flow-through shield.

result than that for DOT as indicated in Table III. Also the separation of
the liner materials could be a factor in the discrepancy of the calculated
gamma ray and total transmission factors for the herringbone shield.

CONCLUSIONS

From the liner constraints listed in the introduction and the results
of the plenum fluence calculations, it was determined that neutron flux
reduction factors of at least ten were necessary for the flow-through shields
to fulfill the design criteria. It is seen in Table I that all the designs
tested by calculation are more than adequate. The agreement between the
uiscrete ordinate and Monte Carlo results indicates that the necessary geo-
metric approximations included in the DOT calculation had little effect on
the desired results.
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Fig. 7. Isoplot of the total neutron
flux in a 2-D X-Y mockup of the 10.16-cm
chevron lower plenum flow-through shield.

Fig. 8. Isoplot of the total neutron flux
in a 2-D X-Y mockup of the 5.08-cm herringbone
lower plenum flow-through shield.
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