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ABSTRACT 

Piping penetrations are significant radiation streaming 
paths through the reactor pressure vessel (RPV) shield wall 
in a boiling water reactor (BWR). Some typical penetrations 
have an 86.4 cm diameter sleeve with a 32.4 cm diameter pipe 
passing through. For the TVA STRIDE units, designed by 
C F Braun & Co, a design approach has been developed to pack 
most of the penetrations with a castable refractory shielding 
material, thereby reducing the gap to a minimum. The 
recirculation outlet line utilizes a flow diverter design. 
Further shields attached to the pipe are not required. Four 
penetration calculations were performed with a Monte Carlo 
analytical technique - the core spray, reactor water level, 
recirculation inlet, and recirculation outlet penetrations. 
To improve the statistics and maintain reasonable cost, a 
stepwise procedure was developed. Statistical analyses were 
also performed. 

INTRODUCTION 

At the Fifth International Reactor Shielding 
Conference last year, Allen Avery gave a paper entitled 
"Radiation Streaming - The Continuing Problem of Shield 
Design." In the case of boiling water reactors (BWR's) 
such as Hartsville and Phipps Bend units as designed by 
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C F Braun & Co, his comment is particularly relevant to the 
design of the reactor pressure vessel (RPV) shield wall. 
Process piping must always be routed through this wall at a 
number of locations. As such it is necessary to go beyond 
sophisticated one-dimensional analyses for bulk shield 
thickness, and consider, protection against local increases 
which may result from streaming through the piping 
penetrations. In the schematic example of Figure One, a 
virtually open line of sight exists between the upper part 
of the core and the drywell region, which could result in a 
relatively high local dose rate without additional penetra-
tion shielding. Presence of the water-filled pipe does not 
contribute enough shielding to help the problem significantly. 

In the RPV shield wall configuration, penetrations 
typically provide an annular gap of about 25 cm between the 
outside of the pipe and the inside of the shield wall pene-
tration. The intent of this gap is to allow inservice 
inspection (ISI) equipment to be passed through the penetra-
tions during shutdown when ISI takes place, as required by 
Section XI of the ASME Code. Where required, penetration 
shielding must deal with streaming through this gap. However, 
it is anticipated that there will be some situations where 
use of this relatively large annular gap will be required. 
Thus, potential shield designs were devised either to cover 
or fill in the gaps after shield wall fabrication, in the 
field if necessary. 

CRITERIA 

The shield design objective for the RPV shield wall 
analysis is an environmental one, namely that the dose rate 
from the operating core sources be limited to 107 rads 
ethylene per hour. Equipment environmental requirements 
are controlling due to the fact that the drywell area is 
not habitable during reactor operation. The objective used 
is half the value to which equipment in the drywell area is 
qualified, as a minimum. 
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Any shield design developed must also consider the 
practical factors of the problem. Accommodations for ISI 
must be made, and the design cannot be such that the pipe 
would be damaged by the relative thermal growth between the 
RPV and the shield wall, or by the safe shutdown earthquake 
movement. Finally, constructability of the shielding designs 
must be considered. 

DESIGN 

Various types of physical designs were considered 
before the analysis was begun. Swing-out doors presented 
difficulties because their movement would interfere with 
routing of the pipes, which in several instances turn down-
ward immediately outside the shield wall. Sliding doors on 
the outside of the wall would interfere with pipe whip 
restraints and other wall appurtenances, while sliding 
doors inside the wall were generally considered feasible 
but difficult to manipulate. Shielding of the annular gap 
by cylindrical shields attached to the pipes was rejected 
because it was anticipated that these shields might be quite 
heavy, and thus cause stress and/or missile problems. 

Continuing discussions with inservice inspection vendors 
indicated the feasibility of passing ISI equipment over the 
shield wall rather than through the penetration gaps. This 
approach to ISI access would permit shield designers to "pack" 
the penetrations, and this became the primary design solution 
to the problem. Figure Two shows the reactor water level 
penetration, which is typical of the penetrations using this 
shield design. Note that in this case the pipe centerline 
is only about 6 cm above the top of the active core region. 
The pipe is shown in its "cold" position, but in either the 
"cold" or "hot" position there is an adequate gap for seismic 
movement. The original 20.3 cm penetration has been "packed" 
down to a 9.7 cm diameter pipe sleeve. The packing material, 
a cementitious substance with a bulk density of about 1*7 
g/cm3 and containing 0.051 g/cm3 and 0.028 g /cm3 of hydrogen 
and boron respectively, runs the entire length of the penetra-
tion (61 cm). With this design, the packing can be broken out 
with relative ease in the unlikely event that access through 
the penetration is needed to perform repairs to the pipe or 
nozzle. 
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FIGURE 2 
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Figure Three shows a sli!glit variation in the design to 
accommodate ISI requirements. In this case the recirculation 
inlet line has a longitudinal seam. Consequently, there is 
an ISI requirement to inspect the longitudinal weld 31 cm 
from each circumferential weld. The resulting design is a 
"partially packed" penetration, in which the thickness of 
shielding is limited to 35.6 cm of the penetration length. 

The shield design given in Figure Four actually serves 
two purposes. A flow diverter design is used to limit the 
potential consequences of a postulated safe-end weld break 
in the re; irculation outlet line by diverting flow from the 
break out of the annulus between the vessel and shield wall. 
The shielding features are the steel thickness (15.2 cm) and 
the diverter configuration. For inspection of the circum-
ferential and longitudinal welds, the two pieces of the 
diverter separate vertically. Manipulation is by hand crank 
outside the shield wall. 

ANALYSIS 

The Monte Carlo calculations were performed with the 
COHORT1 procedure. COHORT is a system of Monte Carlo codes, 
developed originally by Radiation Research Associates, which 
is designed to compute the energy deposition and other flux-
related quantities as a function of energy and location for 
neutron or gamma transport in a generalized, three-dimensional 
geometry. The COHORT system employs separate routines to do 
the following: (1) generate source parameters describing the 
location, direction, energy and importance of sampled 
particles, (2) use the source parameters to compute multiple-
collision data describing the histories of the transport of 
sample particles, and (3) use the collision data to compute 
expectation fluxes in specified geometric detector regions. 

A stepwise procedure was used in the COHORT analyses, and 
is summarized in Figure Five. Separate sets of initial source 
parameters were generated by a source routine (S01A) to 
describe fission product gammas and fission neutrons emitted 
from the core regions during full-power operation. The power 
distribution used to sample source parameters in the core was 
supplied by General Electric. The HOI history generator 
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FIGURE 3 
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FIGURE 4 
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FIGURE S 

COHORT COMPUTATIONAL SCHEME 
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routine was used to compute collision data representative of 
the neutron and gamma transport in the core, moderator, shroud, 
jet pump, and RPV regions. The three-dimensional mathematical 
model used in these calculations contained 42 geometric 
regions with 23 material compositions made up from 18 different 
elements. Due to azimuthal symmetry and the use of albedo-
reflection boundaries, it was necessary for the model to 
represent'only a 45-^degree sector of the core, RPV, and 
internals. Neutron cross section data for 37 energy groups 
were obtained from the ENDF/B-III and -IV libraries. Gamma 
cross sections for 52 energies were generated from the DLC-7 
ENDF/B Evaluated Photon Interaction Library, 

The neutron collision data obtained from HOI were input 
to the S02 procedure to generate secondary gamma source 
particle parameters representative of gammas produced by 
neutron capture and inelastic scattering events in the core 
and RPV materials. Prompt fission gammas were generated 
along with the secondary gamma source. Using the same 
mathematical model as for fission product gammas and for 
neutrons, the secondary gamma source parameters were input 
to HOI for transport inside the RPV. 

Output collision data from the separate HOI transport 
calculations were then input to the AO2 analysis routine to 
compute fluxes and particle leakage current data as a function 
of axial position on the outer RPV surface. For comparison 
with the COHORT results, the one-dimensional Sn transport code, 
A N I S N 2 , was also used (with a coupled set of multigroup 
neutron and gamma cross sections obtained from RSIC) to 
.compute neutron and gamma fluxes on the RPV surface at core 
mid-plane. Although the Monte Carlo spectral distributions 
contained noticeable statistical variations, particularly for 
neutrons at low energies, reasonably good agreement was 
obtained in the comparisons of total fluxes. 

To provide data bases for transport calculations external 
to the RPV, the COHORT-AO2 particle leakage current data were 
used to generate cumulative probability distributions repre-
sentative of axial position and direction of emission from the 
outer RPV surface. Because of the statistical variations 
mentioned above, cumulative energy probability distributions 
were based on the ANISN results. Total RPV source strengths 
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were normalized to yield agreement with field data supplied by 
General Electric for the total gamma dose rate and fast neutron 
flux at core mid--plane. 

The cumulative probability distributions describing 
location, direction and energy were input to a source routine 
(S01B) to generate source particle parameters representative 
of gammas (fission product plus secondary) and neutrons emitted 
from the RPV outer surface. Using relatively simple mathemati-
cal models, these source parameters were input to the HOI 
routine to compute the transport between the RPV and selected 
inside shield wall surface areas containing penetrations. To 
preclude unnecessary transport in remote RPV and shield wall 
regions, albedo techniques were employed to represent scatter-
ing from nonadjacent areas. Leakage data were recorded to 
describe the location, direction, and energy of particles 
entering the selected shield wall areas. These data were then 
used to generate suitable cumulative probability distributions 
for use in another source routine (S01C) to sample source 
parameters for the final step in the transport calculations. 
Note routines S02 and AO2 were not required for this interme-
diate step. 

In the final transport step, a separate detailed mathema-
tical model was used for each penetration to describe the RPV, 
shield wall, piping, and penetration shielding. Each model 
included at least 40 geometric regions containing material 
compositions made up from 14 different elements. In a manner 
similar to that described previously, source particle para-
meters representing the RPV-originated gamma and neutron 
leakage into the shield wall regions were input to HOI to 
compute the transport through the penetrations and adjacent 
shielding materials, 

HOI neutron collision data were input to the SO2 routine 
to generate secondary gamma source parameters resulting from 
neutron interactions in the piping and shield wall regions. 
Separate final A02 analyses were then performed using the 
various sets of collision data to compute average RPV gamma, 
neutron, and shield wal.1 secondary gamma fluxes versus energy 
(for 18 gamma groups -2 -utron groups) in specified 
detector regions ely . t-.nide the penetrations. 
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RESULTS 

RPV shield wall penetrations in the region of interest 
are those seen in Figure Six. Note that all penetrations are 
rotated into sectional view, and the "cold" centerline eleva-
tions given are with respect to a datum level of zero at the 
vessel bottom invert. 

The vertical variation in dose rate is seen in Figure 
Seven for the reactor water level penetration, showing ± la 
error bars to give an indication of precision, for each 
detector region. This vertical variation is typical of other 
penetrations analyzed. Typical results from some of the 
penetrations are given in Table One, along with the standard 
deviations. Values listed are for the nearest detector 
regions above and below each pipe. 

The dose rates are controlled primarily by photons 
generated inside the RPV (fission and secondary) for the 
recirculation inlet and reactor water level penetrations. 
Neutrons dominate the core spray penetration dose rates, and 
the recirculation outlet penetration dose rates have sizeable 
contributions from all three components (RPV gammas, neutrons, 
and shield wall secondary gammas). 

DISCUSSION 

The shield designs proposed have adequate provisions for 
inservice inspection, thermal growth, and seismic movement. 
Since the annular gap tolerance is fairly tight, in the TVA 
Hartsville and Phipps Bend design the shield wall penetrations 
will be packed in the field, after dimensions and thermal 
growth patterns have been confirmed with the hot test. The 
pipe sleeves will be held in place with studs before packing. 

Absorbed dose rates indicated in Table One are less than 
the design objective indicated previously. Therefore it is 
concluded that the shield designs for the RPV shield wall 
penetrations are adequate without any further analyses. Since 
the core spray penetration without any packing was determined 
to be well below the design objective, shielding of penetra-
tions at higher elevations (eg, feedwater) is considered 
unnecessary. 
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FIGURE 6 
PENETRATION LOCATIONS 
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FIGURE 7 
VERTICAL DOSE RATE DISTRIBUTION 
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TABLE 1 

ANALYTICAL RESULTS 

DOSE RATES, RADS ETHYLENE/HOUR 
PENETRATION ABOVE STD DEV'N BELOW STD DEV'N 

CORE SPRAY 
(WITHOUT PACKING) 

6.0 0.59 6.5 0.58 

REACTOR WATER 
LEVEL 

93.0 30.0 43.3 18.0 

RECIRCULATION 
INLET 

46.0 6.0 68.0 8.0 

RECIRCULATION 61.0 22.0 51.0 18.0 
OUTLET 

The Monte Carlo computations performed for this analysis 
were done with a stepwise approach, using symmetry and albedo 
reflection boundaries where possible. Using these mehtods, 
considerable economies were realized over "brute force" 
techniques. Considering the various factors of conservatism 
included, the analyses performed are considered sufficiently 
precise for power plant design. 
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