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ABSTRACT 

Experience at operating pressurized water reactors has re-
vealed that air gaps between the reactor vessel and the bio-
logical shield wall can provide paths for radiation streaming, 
which may prohibitively limit the accessibility required to 
areas in the containment during power operation, increase 
personnel exposure during shutdown, and cause radiation damage 
to equipment and cables located above the vessel. Solutions 
for the streaming problem must take into consideration several 
occasionally conflicting factors including personnel exposure, 
ventilation of the reactor cavity, pressure, relief following 
a Loss of Coolant Accident, prevention of shield material be-
coming damaging missiles, and potential for adverse effects on 
post-accident recirculation. These factors dictate that solu-
tions to the streaming problem are limited by the plant age. 
Plants which are either operating or in advanced stages of 
construction must generally rely on fixed shields at some 
distance above the vessel flange, or blow away panels. Plants 
in advance design or early construction can rely on blow away 
panels located below the flange, permanent shields suitably 
located so that cavity pressures following a Loss of Coolant 
Accident are not adversely affected, or combinations of both. 
Streaming does not present a problem for new plants since it 
can be incorporated intimately in the design of the biological 
shield, vessel support structural design, and ventilation 
systems. Several concepts of shield are discussed for each 
potential application, together with their predicted effec-
tiveness. The analytical methods employed to determine the 
streaming magnitude and the shield effectiveness are also dis-
cussed and their accuracy is measured by comparison with ac-
tual measurement at an operating plant. 
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INTRODUCTION 

To date typical primary shield arrangements for pressurized water 
reactors (PWR) plants have incorporated air gaps of varying dimensions 
between the reactor vessel and the biological shield as well as around 
the piping penetrating the shield. 

1 2 3 4 
Operating experience * ' * has revealed that these air gaps pro-

vide paths for radiation streaming, and that depending on the particular 
design, this streaming can be sufficiently severe to prohibitively limit 
the accessibility which operators require to areas in containment during 
power operation. In addition, although conclusive confirmation by op-
erating experience is yet lacking, theoretical calculations^ predict the 
potential for significant dose rates in the region near the closure head 
resulting primarily from activation gammas in the reactor vessel flange, 
insulation, and structures in that area. Access to this area is needed 
by personnel during refueling operations. 

Mostly lacking, or at least inconclusive, is operating experience 
on radiation damage to equipment such as. the Control Element Drives and 
cables located above the vessel. 

This streaming potential has always existed. However, in older 
plants, with the much tighter cavities being designed at the time, its 
magnitude is such that it does not curtail operations in containment. 
These plants, an example of which is given in txgure 1, operate at full 
power with neutron dose rates on the operating deck and lower floors of 
the containment which are lower than 150 mrem/hr and 15 mrem/hr respec-
tively, although peak neutron dose rates of approximately 2 rem/hr are 
experienced locally in areas which do not require access during full pow-
er operation. Corresponding gamma streaming dose rates are typically a 
fraction of the neutron dose rates. These dose rates are not unduly 
restrictive since required occupancy times in containment during power 
operations are short. Typical occupancy times for operating floor areas 
are 45^man-minutes/week with access time to lower floors being roughly 
double . For older plants with larger cavity annular gaps effective 
shields could readily be designed under the then prevalent design consid-
erations and analytical tools. Figure 2 is an example of such a plant. 
These designs lead to negligible containment neutron dose rates. What 
worsened the situation and led to the large streaming dose rates experi-
enced currently in the newer plantgi»2,3 v a s the recognition of poten-
tially very high cavity asymmetric pressure loads onto the reactor ves-
sel and the biological shield wall resulting from a major pipe break in 
the cavity, which led to an opening up of the upper regions of the cav-
ity with s concomitant increase in streaming of the fast neutrons ema-
nating -ore, thermal neutrons resulting from concrete scat-
te- garm radiation both before and after shutdown. 

very same cavity pressure consideration has rendered any 



Fig. 1. Operating Plant- No Neutron Streaming Shield 
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2. Operating Plant- Streaming Shield in Place 
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solution for this streaming problem in existing plant or plants in very 
advanced stage of design and construction a very difficult one, since 
design requirements intended to minimize personnel exposures conflict 
with requirements for cavity ventilation and pressure relief following 
a Loss of Coolant Accident (LOCA). The possibility of designing a shield 
to stay in place when subjected to the dynamic pressures associated with 
the cavity LOCA is dependent on the availability of suitably located em-
bedments to which the resulting loads can be transmitted. The likelihood 
of a fortunate presence of such embedments is remote. 

Alternatively, the potential of shield materials becoming damaging 
missiles or clogging the. recirculation pumps suction following the 
accident must be examined. Because of detailed differences in design, 
these conflicts exist to.a different degree and can be resolved differ-
ently in different plants. 

In fact, there has been virtually no limit to ingenious, and not 
so ingenious, schemes proposed for the solution of this problem. Sev-
eral of these engineered solutions are discussed in the following. 

Somewhat paradoxically the very problem which caused emergence of 
the. streaming problem will be instrumental in solving it for future 
plants. Quite independently from streaming shield design considerations, 
it has been found necessary to minimize cavity asymmetric pressures and 
vessel internal asymmetric pressures by restraining the primary piping 
so that the largest possible break will result in only a fraction of 
the mass and energy released heretofore by the. assumed double area break 
of the pipe. The resulting lower cavity pressures will permit design 
of permanent or integral streaming shields within the cavity where they 
can be most effective. 

Radiation streaming from annular regions between the reactor vessel 
and the shield wall is not of course confined to PWRs. The annulus be-
tween the vessel and the sacrificial shield wall in Boiling Water Reactor 
(BWR) plants, permits similar streaming. The containment (drywell) de-
sign of these plants, however, prevents further st7.'eaming of radiation 
into areas where, access is required. From the personnel exposure stand-
point, therefore, neutron streaming in RWRs does not constitute a prob-
lem, although careful consideration should be paid to the. proper orien-
tation or shielding of large penetrations from drywell to accessible 
areas, across the biological shield structure. 

METHODOLOGY FOR RADIATION TRANSPORT ANALYSIS 

The design of shields to reduce, radiation streaming exiting the 
annular region of the cavity between vessel and primary shield wall re-
quires coordination of structural, ventilation, and radiation attenua-
tion design. To maximize the chance that radiation protection consid-
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eration would least restrict structural and ventilation design, thus 
maximizing its acceptability with respect to temperature, gradients, LOCA 
and seismic effects, a fair accuracy is required in predicting the radi-
ation streaming and the effect upon it of a shield design. 

Knowledge of the neutron and gamma angular fluxes emergent from the 
vessel is a prerequisite for successful optimization of shield configu-
ration to protect against such streaming. This information was typically 
lacking for older plants and has been developed subsequently to the neu-
tron streaming problem being reported. As gamma dose, rates resulting 
from the streaming phenomenon are only a fraction of the corresponding 
neutron dose rates, most of the attention has been focused on the. latter. 

The method universally adopted for computing the neutron and gamma 
fluxes emergent from the. vessel is to use an S^ code such as DOT®. Many 
investigations**>9,10,11 have led to the conclusion that an Sg angular 
quadrature and cross-section Legendre expansions of order P3 are. at 
least needed to provide flux information sufficient to accurately ana-
lyze essentially all shield configurations although improvements in the 
accuracy of the 2-D S^ for narrow gaps can be made by either transforma-
tion of the normal DOT quadrature sets to asymmetric quadrature setsi2 
or direct employment of asymmetric quadrature sets. 

The neutron flux and spectrum in the reactor cavity, with the ex-
ception of the low-energy flux resulting from concrete wall backscat-
te.red neutrons, are strongly determined by the. thickness of the reactor 
vessel. The flux Is of course also strongly influenced by the thickness 
of the water gap between the core and the. pressure vessel, and the pres-
ence of thermal shields. 

Because of the dissimilarities in these, critical dimensions even 
amongst plants by the same manufacturer, it is not too surprising that 
the. spectrum of the emergent neutron fluxes for plants of the same manu-
facturer and certainly for different manufacturers exhibit rather sig-
nificant differences even in the energy range (0.1 < En (, 10 Mev) which 
is of primary interest for personnel dose rates above the reactor cavi-
ty # 16 Figure. 3 shows typical scalar neutron flux spectra emergent from 
vessels of various manufacturers at core midplane as computed by vendors 
for various plants. Also shown is the corresponding spectrum that we 
calculate for the St Lucie. Plant. Figure 4 illustrates the. model used 
to predict the emergent neutron fluxes at this plant. As expected, the 
differences in the spectra cannot be accounted for by simple power 
scaling. Attempts to predict streaming dose rates and shield effective-
ness by scaling of the values predicted for a similar plant or plants 
can therefore lead to conculsions which may be significantly in error, 
even if the cavity and shield configuration of the two plants are virtu-
ally identical. 

The appropriateness of scaling is of course even more, questionable 
if the cavities are substantially different. This means that a complete 
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Fig. 3. Typical Scalar Fluxes 
Emergent From PWR Vessels - Core Midplane 
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r - 646. 

Fig. 4. 2-D Calculational Model For St. Lucie 2 
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neutronics analysis, starting from the 2-D transport analysis with a 
core and vessel model incorporating dimensions which are as close as 
possible to the as-built dimensions, is essentially unavoidable for each 
individual plant, if an accurate assessment of streaming dose rates and 
shield effectiveness is desired. 

Measurements at operating P W R s s h o w that there is good agreement 
between calculations and measurements and confirm that the analytical 
approach may be used wf.th confidence to assess fluxes within the air gap 
surrounding the vessel up to the height of the vessel nozzles. 

Table 1 reports the measured neutron fluxes'** at the locations of 
the St Lucie Plant cavity shown in Figure 5. It is interesting to 
note that the neutron total fluxes at Points 1 and 2 at the seal level, 
which are shadowed by the coolant legs are roughly half of the fluxes 
at Points 3 and 11, also at the seal level which are between the nozzles. 

This effect of the reactor coolant pipes has been theoretically pre-
dicted by Celnik et Experience therefore supports the conclusion 
that neglect of the nozzle in 2-D representation leads to a significant 
overestimate of the neutron flux at the top of the cavity. Thus the 
complex geometry of the upper cavity is best analyzed by means of Monte 
Carlo codes such as MORSE, SAM, and COHORT. The same codes are used to 
model the geometry of the remainder of the containment. 

Table 2 compares the values measured at St Lucie 1 with values 
calculated at selected points of Figure 5 using DOT and corresponding 
values computed by Combustion Engineering by coupled DOT-DOMINO-MORSE 
analysis. The agreement is generally within 50 percent. The source 
of inaccuracy in the calculated fluxes stems mainly from the difficulty 
of accurately modelling the cavity geometry, which even in this rela-
tively simple region is complicated by the presence of three massive 
vertical columns supporting complex horizontal reactor support struc-
tures . 

The points chosen for the comparison are those where the effects 
of these structures are expected to be minimal. The DOT calculation 
ignores the presence of these structures, while the other calculation 
models them in a simplistic manner. Other inaccuracies stem from the 
possible variance between nominal vessel thickness used for the calcu-
lation and actual thickness. 

The R-Z D0T-D0MIN0-M0RSE computed values incorporates an azimuthal 
correction factor obtained by running R-0 DOT to more accurately repre-
sent the core power distribution. This correction is not used in the 
DOT-only calculation, and this accounts for the identity of flux values 
computed at Points 9 and 10. 

It must be pointed out that while predicted cavity fluxes may have 
uncertainties of the order of 50 percent, the accuracy of the predicted 
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Table 1. Measured Neutron Fluxes In St. Lucie Cavity 

LOCATION3 0 TOTAL 
0 THERMAL 
(E <.45 ev) 

0 FAST 
(E >1.0 MeV) 

1 9 9 + 8 b 4.9+7 2.5+6 

2 8.0+8 5.5+7 1.4+6 

3 1.2+9 1.4+8 1.6+6 

4 7.0+9 6.3+8 1.8+8 

5 2 1 + I O 1.6+9 9.0+8 

6 1.8+10 2.5+9 3.9+8 

7 1.9+10 1.0+9 7.0+8 

8 1.6+1° 1.7+9 3.2+8 

9 1.9+1° 2.7+9 8.1+8 

10 1.5+1° 1.2+9 5.2+8 

11 2.2+9 9.6+7 4.5+7 

12 9.1+8 3.8+6 2.6+6 

aREFER TO FIGURE 5 FOR LOCATIONS OF FOIL PACKETS 

b+X DENOTES X POWER OF TEN 



KEY: 

PACKAGE RECOMMENDED 
NO. LOCATION 

1 ABOVE HOT LEG AT SEAL RING 
ELEVATION AND ANNUL US MIDPOINT 

2 ABOVE COLD LEG AT SEAL RING 
ELEVATION AND ANNULUS MIDPOINT 

3 BETWEEN COLO LEC AT SEAL RING 
ELEVATION AND ANNULUS MIDPOINT 

« BETWEEN HOT AND COLD SIX FEET 
ABOVE CORE MIDPLANE AND 
ANNULUS MIDPOINT 

S & 6 IN FRONT AND BEHIND A DETECTOR 
WELL ASSEMBLY AT CORE CENTER-
LINE AND ON FLAT 

7 & 8 IN FRONT AND BEHIND A DETECTOR 
WELL ASSEMBLY AT CORE CENTER-
LINE AND ON DIAGONAL 

9 AT CAVITY WALL, CORE CENTERLINE 
AND FLAT WITH NO OBSTRUCTION 

10 AT CAVITY WALL. CORE CENTERLINE 
AND DIAGONAL WITH NO OBSTRUCTION 

11 NEAR Rx ON INSULATION AT SEAL 
RING ELEVATION 

12 AT CAVITY WALL AND SEAL RING 
ELEVATION NO OBSTRUCTION 

LEGEND: 
C FOIL PACKAGE 

A FLUX WIRE LOCATED APPROXIMATELY 
AS SHOWN 

Q NEUTRON DETECTOR 

Fig. 5. Foil Package Positions - St. Lucie Neutron Flux Measurement Program 
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fluxes emergent from the vessel, which of course cannot be directly mea-
sured, is certainly much better. 

The approach that the industry has taken perhaps intuitively, of 
predicting the angular distribution of radiation exiting from the pres-
sure vessel, and then using this distribution as a source term for sub-
sequent upper cavity and containment Monte Carlo calculation, is indeed 
the most correct. 

The 2-D reactor pressure vessel (RPV) fluxes are input to the 
DOMINO code which generates the source for subsequent 3-D Monte 
Carlo analyses. Most of the Monte Carlo analyses performed to date 
have used the COHORT 1 5 and particularly the MORSE ^ codes. Consid-
erable effort has been undf»rf-alrf>r» f-n InrrMBP *»ffl M »vnrv of f-hf» 

latter technique can result in factors of 3-5 reduction in running time 
of the MORSE calculation. 

Another technique which we have found useful, splits the Monte 
Carlo analysis in two stapes, and uses MORSE-to-MORSE coupling to ana-
lyze the entire problem. The first stage of the calculation stops the 
random walk at a suitable level, which is generally the flange level of 
the RPV. A collision tape provides the source for the second stage of 
the calculation, namely from the selected level to all response points 
in containment. 

The advantages of using an intermediate collision tape are first 
that the same collision tape can be used to examine different shielding 
arrangements by choosing the escape level below the shield. The portion 
of the calculation from the vessel to the shield needs to be done only 
once. Secondly, the problem is split into two parts, and increased 
accuracy at a reduced computer cost can be obtained by repeated runs of 
the second stage initialed by rewinding of the collision tape. Finally 
computation time can be saved by overriding the next flight estimator 
in the. first portion of the calculation, ie, that inside the cavity. 

The geometry models used for streaming analyses must adequately 
represent the important radiation transport regions and scattering sur-
faces without excessive complexity. Clearly some shield configurations 
require detailed geometrical description. 

The adequacy and accuracy of the geometrical model can be checked 
by comparison of design drawings with computer generated pictures rep-
resenting selected plans and sections of the model. Figure 6 is an 
example of computer generated pictures of the geometrical MORSE model 
for the St Lucie Unit 2 Plant. The conceptual neutron streaming shield 
consists of a vertical wall extending from the top of the primary shield 
wall to the missile shield and spanning the entire refueling cavity 
opening, the missile shield itself, and a vertical shield arranged in 

MORSE analyses, by using 
as well as coupled Monte 
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Fig. 6. Computer Generated Pictures Of St. Lucie 2 Model 
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a labyrinth configuration with the missile shield to permit the re-
quired ventilation. Both vertical shields consist of relatively light 
weight PERMALI (phenolic impregnated laminated wood) material, layered 
and completely encased in concrete to satisfy nonflammability require-
ments. The inner layer of the PERMALI is borated to suppress thermal 
neutron a c t i v a t i o n ^ . Design considerations entering this particular 
shield arrangement are discussed later. The relative effectiveness of 
this shield has been computed by the. MORSE-MORSE technique explained 
above by comparing the. neutron dose rates computed with and without the 
shield at a point coincident with the normal parking place of the refuel-
ing machine. The. expected reduction in dose rate at this point is a 
factor of about 500. 

Generally fair agreement has been found between analyses performed 
by the 2-D transport - Monte Carlo approach and measured values^- ̂ . 
Figure 7 compares values of the full power neutron dose rates deduced 
from measurements conducted during power ascension at St Lucie Unit 1 
with values predicted by the aforementioned methodology. The unshielded 
values are reported as being the same for Unit 1 and Unit 2, even though 
the latter has no thermal shield, and streaming dose rates could be 
somewhat higher. The. shielded values differ, as the first Unit employs 
a different shielding scheme, which is described later. 

ENGINEERED SOLUTIONS 

Engineered solutions to the streaming problem generally fall into 
three categories: shields backfitted in plant which are either opera-
ting or are in advanced construction, shields designed for a plant which 
is in advanced design or may already be. under early construction, and 
finally shielding configurations which are being designed concurrently 
and in close coordination with the structural and mechanical design 
of a future plant. 

The backfitting of streaming shields in plants that are. either 
operating or in advanced stages of construction is complicated by the 
impact that the shield can have on the forces and moments which the 
reactor vessel and cavity wall would have to withstand following an 
improbable design basis LOCA. Further economic necessity dictates 
that maximum, if not exclusive, use of the existing mechanical and 
structural design be made. This means that typically use must be made, 
of existing embedments to anchor shield structures and that major 
changes to ventilation and insulation systems are not feasible.. Since 
virtually all plants of this vintage have little margin to accommodate 
increased loads, LOCA considerations dictate shield designs which rely 
on either fixed or blow-away annular shields located a sufficient 
distance above the RPV flange to ensure adequate cavity pressure relief, 
or blow-away panels in the cavity annulus at or below the flange level. 

Experience backed by theoretical predictions, has shown that 
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F I G U R E 

M E A S U R E D 100% 
( E X T R A P O L A T E D ) 

62 6 0 R / H R 
33 1 .6 
3 2 1 .0 
3 6 1.S 
4 0 4 . 0 
4 1 7 . 6 

P R E D I C T E D 100% 

6 5 . 0 R M 
1 0 3 0 
2 . 0 2 9 ' 
3 . 6 31 

10 .0 37 
7 . 0 3 6 

Fig. 7. St. Lucie Operating Floor 
Measured And Predicted Neutron Dose Rates 
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typically no shielding is required for the primary wall penetrations. 
LOCA differential pressures generated across the shield (70-80 psid for 
full area breaks) render the feasibility of a fixed above-the-flange 
shield doubtful or inordinately costly in view of the likely absence of 
embedments to which such a structure, could be attached. In general, 
designs have been proposed and implemented, that rely on the. shield 
material to blow away in case of a LOCA. 

This limits the choice of shield materials and configurations to 
tUose which will not pose a missile problem inside containment. 

22 
Hinged or sliding panel configurations which can be. designed 

to have, no missile problem, can also be used, but are of more limited 
applicability since the hinge structure forces may not be readily ac-
commodated by the. existing design without great cost. 

While the. above-the-flange shields may be easier to backfit, they 
have some considerable disadvantages. The shields must be removed at 
each refueling and provision for a laydown area within containment 
must be. made. We estimate that for the shield that we designed for 
the St Lucie Unit 1, the. refueling outage time could be increased by 
a minimum of one-and-one-half days. Others have estimated an addition 
of as many as four days to the o u t a g e 1 ^ . 

In reality, these, estimates can be misleading since many of the 
operations required to remove and reinstall the. shields can be planned 
to take place concurrently with other operations normally taking place 
during refueling outages. However, these estimates do point out the 
potential cost penalties which can arise if shielding needs to be added 
at a late, stage. These penalties transcend the. cost of the design, 
procurement, and installation of the shield and appear as potential 
operating costs caused by the loss of power generation. The latter 
can range from relatively low cost to more than $1 million per re-
fueling outage. 

Another disadvantage, is that these shields have no effect in re-
ducing activation levels at the. flange, and are only partially effec-
tive for containment dose, rates. Our analyses for these types of 
shields indicate that a thickness of approximately one foot of material 
(equivalent water) is optimum and that further reduction of the dose 
rates in containment areas is not realizable as they become entirely 
dominated by by-pass streaming through the. venting and cooling openings. 
Predicted reductions in neutron dose, rates in excess of factors of 25-30 
can be achieved with lesser reduction in gamma dose rates. 

On the positive side, the above-the-flange. shields interfere less 
with existing ventilation systems, and are subject to less stringent 
radiation damage, and high temperature, resistance requirement. 

Of several schemes proposed, we opted in St Lucie 1 for a shield 
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of water-filled nylon neoprene bags specially designed to rupture, upon 
LOCA. This scheme which is shown in Figure 8, is similar to that em-
ployed at Calvert Cliffs. 

The structure and grating designed to support the water bags are 
designed to withstand the impact and drag forces generated by the. LOCA 
in the. cavity plus the design basis seismic event. The. bags are tetered 
to the grating, and lift when subjected to the. pressure pulse. The 
bags are then designed to rupture in a controlled manner as the teter 
straps unzip a peel tape on the sides of the bag. The force, transmitted 
by the. lifting bags to the support structure through the teter straps is 
negligible compared with the LOCA and seismic loads. The support struc-
ture is located some four feet above the flanged level to ensure no in-
crease. in reactor cavity pressures over those that would occur with no 
shielding. Since the bags become missiles, an analysis of the. potential 
for damaging missiles was conducted. Various computer simulations were 
conducted of potential flights of the water bags under different tear 
areas. Even for small tears it is found that the bags empty rapidly 
under the differential pressure. Figure 9 shows the typical water bag 
missile parameters resulting from the analyses. The energy of the re-
sulting missiles are shown to be insufficient to cause damage to the 
CEDMs and safety-related components in containment. 

The secondary effects of the. water bags as missiles have been ex-
amined to assure the. ability of water to flow to the containment recir-
culation sump, and to assure the. necessary head to the recirculation 
pump suction. For the particular configuration of the St Lucie. Plant, 
the first requirement is satisfied by placing grating on all the. pre-
viously existing openings on the operating deck. The second require-
ment is met even under the assumption that the entire refueling cavity 
and the reactor cavity act as water retainers to the level of the pri-
mary shield wall and the primary penetrations, respectively. 

Failure of any of the bags can be detected by the cavity sump level 
indicator, and also by increasing neutron dose, rate levels in contain-
ment. Analyses of the cavity cooling system behavior as a result of 
failure of the water bags show that this system will not fail. The 
water content of the. bags is also shown to be insufficient to adversely 
affect ECCS analyses. 

The choice of the nylon-neoprene material for the bags is prompted 
by its availability as well as its ability to meet the normal operating 
environment and the LOCA and post-LOCA environment without significant 
releases of potentially dangerous chemicals. Although the material is 
flammable, it is self-extinguishing and the total quantity employed is 
insufficient to cause a heating or pressurization problem in containment 
even if it were to burn completely (a highly unlikely if not impossible 
event since it encases water). 

Radiation damage requires replacement of the water bags at every 
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Fig. 8. St. Lucie 1 Neutron Streaming Shield 
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other refueling. This is not a serious disadvantage as the cost of the 
bags is low. The shield is designed to be removed and installed with-
out handling the bags, an operation which might otherwise result in 
ruptured bags and spillage particularly at the end-of-life. of the bag. 

The expected effectiveness of this shield against neutrons can be 
seen from Figure 7. A conservative reduction in dose rates by a factor 
of 25 is predicted. Calvert Cliffs with a similar shield achieved a 
reduction factor of lOO1^. The shield has a much more moderate effect 
on the gamma streaming dose rates. Reduction factors of 2 to 3 are 
expected. This disadvantage, is not of major significance since un-
shielded gamma streaming dose rates have been measured to be a factor 
of 8 to 10 lower than the neutron dose rates1»2>3 at most locations. 
Hence with this shielding the gamma streaming dose rates are. expected 
to be. of the. same magnitude as the neutron dose rates. 

The lesser effectiveness of the water for gamma radiation as well 
as the radiation damage difficulty can be overcome, by using silicone 
based or refractory shielding materials which satisfy the nonflamma-
bility/fire. resistance, requirements for application inside containment. 

To the author's knowledge, however, such materials have, not re-
ceived sufficient evaluation regarding their missile and sump clogging 
potentials. Rigorous analyses of the potential for missile damage and 
sump clogging is forestalled by the unavailability of data on break-up 
properties of the shielding materials upon impact. Clearly if these 
materials are to become of common use, testing of such impact properties 
should be conducted. No testing has been performed so far. 

In blow-out designs for application below the flange, or for hinged 
designs at the flange, an example of which is seen on Figure. 10, the 
inertia of the shield prior to complete blowout as well as the blockage 
provided by the structure, if any, supporting the shield can lead to 
potentially higher cavity pressures, which the plant design must be ca-
pable of accommodating. It is important to recognize that the. peak 
forces which determine the acceptability of the. cavity wall, the vessel 
supports, and the. vessel internals design, occur within the first few 
tens of milliseconds following the LOCA, and that therefore, it is the 
rapidity with which the shield blows out or swings out to open up a 
sufficient pressure relief area that determines the peak forces. It 
must blow out within a certain time to be determined by thermal hy-
draulic-motion dynamics coupled analyses. 

The supporting structures of the shields located just above, at, 
or just below the flange level, moreover, must withstand larger impact 
and drag forces. In turn this requires strong embedments conveniently 
located in the cavity walls, which are likely to be absent in plants 
already built. Thus, such shields are primarily applicable, to plants 
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Table 2. St. Lucie Plant 
Calculated And Measured Cavity Neutron Fluxes 

FLUX ̂ cm2_secj 

FOIL LOCATION MEASURED 
CALCULATED 

DOT-DOMINO-MORSE 
CALCULATED 

DOT ONLY 

4, 6' ABOVE CORE 0 T 7.0 (+9)a 6.3 (+9) 8.7 (+9) 
MIDPLANE 0 F 1.8 (+8) 2.6 (+8) 1.9 (+8) 

®Th 6.3 (+8) 4.9 (+8) 1.2 (+9) 

9, AT CORE MID- ®T 1.9 (+10) 1.4 (+10) 2.1 (+10) 
PLANE 0° OFF * F 8.1 (+8) 7.0 (+8) 5.1 (+8) 
CORE FLAT «Th 2.7 (+9) 1.9 (+9) 2.3 (+9) 

10, AT CORE MID- 0 T 1.5 (+10) 1.2 (+10) 2.1 (+10) 
PLANE 3 0 ° OFF 0 F 5.2 (+8) 5.6 (+8) 5.1 (+8) 
CORE FLAT ®Th 1.2 (+9) 1.8 (+9) 2.3 (+9) 

aDENOTES POWER OF TEN (10) 

^ IS TOTAL FLUX 
0 F IS FOR E > 1.0 mev 
flYh IS FOR E < 0.45 ev 

Fig. 10. Three Mile Island 2 Streaming Shield 
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under design or early construction. Figure 11 illustrates a design of 
a blow-away flange level shield. 

In the. particular plant illustrated by Figure. 11, the. flange level 
shield is used in conjunction with a lower shield. However, it could 
be used by itself if less shielding effectiveness is required. 

The shield blocks consist of silicone rubber material and are. lim-
ited in weight to 35 lbs or less from missile as well as inertia con-
siderations. The. effectiveness of the shield is limited by the. vessel 
insulation and the minimum air gap required for ventilation. In our 
analyses of several cavities we have observed that the neutron stream-
ing dose, rate varies approximately as the square of the gap area as 
the gap gets smaller. There is considerable incentive, therefore, to 
minimize, the effective gap area. With the use of a more efficient 
insulation, such as microthermal insulation, replacing the reflective 
insulation normally provided, the effective streaming gap can be reduced 
to a minimum of 3-1/2 inches. The protruding flange itself overlaps 
the gap, thus further reducing the. streaming dose rate. 

Difficulties faced by designs similar to that shown for the upper 
shield of Figure 11 are the likely incompatibility with already designed 
cavity ventilation systems and the usual problem of proving that mis-
siles cannot cause unacceptable damage or prevent adequate. post-LOCA 
recirculation. This problem is less severe in this application than 
for above-the-flange shield, since missile, trajectories are. initially 
confined to a relatively small upward cone, so that many of the mis-
siles are intercepted by the missile shield. 

Depending on the thickness permissible from inertia considerations 
and the material chosen, reduction of dose rates ranging from factors 
of 40 to more than 100 can be achieved. However, the particular upper 
shield shown in Figure 11, which is eight inches thick would have a 
reduction factor of approximately 12 with absence of any other shield. 
Thicker shields would have to be used for larger reductions. For this 
particular design we have, analyzed the potential missile problems and 
have determined that the design is acceptable. 

This design i s predicated on a conservatively estimated m i s s i l e 
energy of 40,000 f t - l b as the energy below which the mi s s i l e s cannot 
cause damage and a to ta l volume of material which, when broken up and 
transported to the recirculat ion sumps, would cover a surface area 
smaller than half the surface area of the recirculat ion sump screens. 
In th i s instance, the re la t ive ly small thickness of the shield mate-
r i a l , which in turn leads to acceptable m i s s i l e s , i s permissible be-
cause of the use of t h i s shield in conjunction with the lower sh ie ld . 

The upper shield serves to attenuate neutrons and gamma which 
either bypass the lower shield by emerging from the vesse l above the 
lower shie ld , or escape the lower sh ie ld , or stream up the gap between 
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UPPER SHIELD 

D E T E C T O R S I L I C O N E 
R E S I N A N N U L U S 

LOWER SHIELD 

Fig. 11. Combination Upper And Lower Neutron Streaming Shield 
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the. lower shield and the vessel. 

In instances where a lower shield of the kind shown in Figure 11 
is not compatible with the cavity cooling design, and a thicker upper 
shield would therefore be required to achieve sufficient dose rate re-
duction factors, a hinged panel arrangement utilizing the same kind of 
material can be used. Figure 12 illustrates this shield concept. The 
effective, inertia of each shield segment can be. minimized by setting 
a proper counterbalance during initial startup operations. Ventilation 
of the cavity is permitted through the opening between the. lower portion 
of each shield panel and the primary shield wall. These necessary open-
ings do permit some radiation streaming so that the effectiveness of the 
shield is limited. 

In the particular application of Figure 12, however, a considerable 
fraction of the radiation emerging from the vessel is attenuated by the 
lower and upper annular steel plates, each approximately six inches 
thick, which form an integral part of the. vessel ring girder support 
structure. 

The ring girder and lower cavity concrete arrangement reduce, the 
neutron dose rate in containment by a factor of approximately 7 times 
the. dose rate, that would occur with the more, traditional column type 
support and larger lower cavity annular gap. 

The reduction factor achieved by the. hinged shield of Figure. 12 has 
been determined to be approximately 20. Coupled with the attenuation 
produced by the ring girder lower cavity, this is considered satis-
factory. 

It is significant to note that the hinged arrangement is designed 
in such a way that the refueling seal can be installed, the refueling 
cavity flooded, and refueling operations can take place without the 
necessity of the. shield removal. 

A second shield alternative for plants under design or early con-
struction is the design of a permanent or blowout shield located at or 
below the vessel nozzles. The lower shield of Figure 11 is an example 
of this design. The shield consists of an annular ring of special high 
temperature concrete which is designed to remain in place in event of 
a LOCA. The inner six inches of the. ring are designed to be removable 
at selected locations to permit in-service, inspection. To minimize the 
effective gap between the reactor vessel and the inner surface of the 
concrete annular ring, the. vessel mirror insulation at the shield el-
evation has been replaced by microthermal insulation, the outside sur-
face of which is in direct contact with the concrete of the shield. 
The effective, gap is limited in this fashion to 1.5 inches. 

This particular design utilizes separate, ventilation systems for 
the upper and the lower cavity which are separated by the shield. The 
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(a) HINGED STREAMING SHIELD 
(b) RING GIRDER 

SUPPORT 

Fig. 12. Hinged Neutron Streaming Shield 
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shield insulation configuration permits a heat conduction path from the 
reactor vessel to the primary shield wall across the annular shield 
ring. Detailed heat transfer studies, results of which are shown in 
Figure 13, indicate that temperatures within the concrete shield are 
sufficiently low so that the concrete water content loss, as the. plant 
is operating, will be insignificant, and that the primary shield wall 
concrete, temperatures at the. locations of the vessel supports are within 
design limits. The reduction factor that is predicted for this shield 
is approximately 90. This factor is relatively low because the shield 
is ineffective, against the radiation leakage emerging from the vessel 
above the core height. 

When used in conjunction with the blow away upper shield, as il-
lustrated in Figure 11, the double shield concept can result in reduc-
tion factors in excess of 1000. 

Figure 14 illustrates a different approach that can be used to pro-
vide the necessary shielding at the nozzle level. This design relies 
on both a lower cavity annular plug and a cylindrical band of shielding 
material which is placed directly on the vessel insulation. This band 
serves to reduce the shallow angle streaming by collimation effect. 
The reduction factor of this shield is approximately 25. 

A more effective shield than that shown in Figure. 14 could be de-
signed by making use of special insulation material which can also 
serve as radiation shield. Not much attention seems to have been de-
voted in this country to the. potential use of such materials. However, 
insulation made of "chrysotile5" a kind of asbestos made from serpen-
tine rock, has been proposed for use by the Japanese to help solve the 
very same streaming problem20. Such insulators or others like it should 
be studied as replacement for the normally used reflective insulation 
in a relatively thin band around the core extending upward above the 
nozzle in collimator fashion, which would complement an annular plug 
located above the top of the core, but below the nozzles. Reduction 
factors achievable by these arrangements, if these insulator materials 
were to be shown acceptable from the heat transfer as well as radiation 
resistance, standpoint, can range in the neighborhood of 25-40. 

Similar reductions can be achieved by "low pressure drop" permanent 
ring shields located below but near the flange, which are. staggered to 
allow a venting area between them equal to or larger than the venting 
area at the' flange level, and are. optimized in location to minimize 
streaming . The shields are designed to remain in place in the event 
of a LOCA. 

Certain plant layout configurations lend themselves to solutions 
of the streaming problem by shields located away from the direct stream-
ing path. An example of such solution is illustrated in Figure. 15. 
This shield arrangement and the computer modelling have been described 
in the. previous section. 
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Fig. 13. Temperature Distribution In Vessel 
Supports .Bulk Concrete And Streaming Shield Plug 
For Lower Shield Of Figure 11. 
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Fig. 14. Neutron Straaraing Shield 
Combination Of Cavity Plug And Vessel Shield 
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Fig. 15. St. Lucie 2 Proposed Neutron Streaming Shield 
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The. shields are designed to remain in place in case of a LOCA. 
They are rapidly removed and stored within containment during refueling. 
Their removal does not interfere, with other operations preparatory to 
head removal. 

This particular design became possible when modifications to the 
primary system restraints limited primary break sizes to a fraction of 
the unrestrained piping break sizes. The resultant calculated cavity 
pressures are much lower than those which would be predicted for unre-
strained break sizes, particularly in the upper reaches of the. refueling 
cavity. Consequently, it is possible to design the vertical shielding 
walls and the missile shield for the resulting peak pressures. Pres-
sures computed from unrestrained breaks mass and energy releases had 
heretofore made this design marginal at best. The dose rate reduction 
factor of this concept is excellent, ie, approximately 500. 

The. general radiation level within the now enclosed upper ref.ieling 
cavity is higher than it would have be«sn without the vertical shield 
wall. However, the increase manifests itself in bringing the radiation 
dose rates on the shield wall side to the same level as the virtually 
unchanged dose rates on the opposite side. The configuration, therefore, 
does not add measurably to whatever potential for radiation damage of 
cables and control element drives already exists in the unshielded con-
dition. 

Our analyses indicate that damage of the cables should not be a 
problem. Predicted radiation levels do exceed the level specified for 
control element drive exposure which is typically 25 rads/hr. It is 
not known, however, whether the higher dose rate levels will cause the 
drives to fail. Further work is required to assess the capability of 
the drives under irradiation. 

This shield is also totally ineffective, against activation of ma-
terials in the closure head area. The activation, however, can be min-
imized by suppressing the thermal neutron flux in that region by ad-
dition of borated materials to the. head insulation and the upper cavity 
concrete surfaces. 

As it should be clear from the preceding, many different solutions 
to the radiation streaming problem are possible. The particular solu-
tion adopted for a given plant and its effectiveness will depend in 
large part on the status of the plant's design and on how ingeniously 
the. engineers responsible for the shielding, structural, and ventilation 
design can integrate and satisfy all of the shielding, pressure relief, 
heat removal, operation, and in-service inspection requirements without 
jeopardizing plant safety by reasons of damaging missiles, flammability, 
release of hazardous chemicals, and so on, within the bounds of the 
given design. 

No difficulties should be encountered in satisfying all of the 
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preceding requirements in an optimal manner for new plants. Figure 16 
is an example of how the necessary shielding is incorporated in the 
design at the. very beginning. This particular shield arrangement is 
optimized for a particular nuclear steam supply system, in this Instance 
a Westinghouse system; but similar arrangements are readily adapted to 
the other manufacturer's systems. 

CONCLUSION 

In this brief review of the problems encountered in providing suit-
able shields to prevent radiation streaming from the reactor vessel cav-
ity of pressurized water reactors, the difficulties of designing such 
shields have been emphasized. These difficulties may be severe for the. 
older plants and those, in advanced design and/or construction. That 
they are severe is natural, since the. streaming paths were created in 
the designs in the first place for sound engineering reasons, albeit 
often to satisfy arbitrary licensing requirements. 

Thus, solutions may not be simple nor elegant, but there, are solu-
tions. For future plants, in particular, the streaming problem should 
not recur. In these plants the shielding can be integrated from the 
very beginning in the design of the biological shield, and ventilation 
and structural design can be. conformed with the particular choice of 
shield. While improvements are still needed to streamline and standard-
ize the analytical 2-D transport Monte Carlo methodology, the agreement 
between predicted and measured dose rate values gives confidence that 
the analytical tools are adequate for good shielding design. 
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Fig. 1 6 . Cavity Design Circumventing Radiation Streaming 
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