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7.1

7. DESCRIPTIONS OF SPECIFIC CONTAINMENT SYSTEMS

H. B. Piper.
7.1 TNTRODUCTION

The philosophy of containment of reactors has changed through the
years of development of the nuclear industry. The purpose of this chapter
is to briefly relate the story of this change, describe the design and
philoscphy of existing and recently constructed containers, describe some
new and different approaches to the problem of containment, and present
tabulated data on the features of existing contalnment systems. Informa-
tion for the preparation of this chapter was gained primarily from Hazards
Surmary Reports (snd amendments) for the various reactors discussed. Where
necegsary, visitg to the installations were made to obtaln more detailed
information and to become familiar with the installation. Tanformation
obtained from sources other than these is referenced.

The carly experimental reactors had no containment provisions at all.
This lack of contalnment was not necessarily the result of ignorance on
the part of the designer obut was more the realization that the potential
danger from these reactors was insignificant. These reactors were housed
in conventional buildings, which were provided primerily to shelter the
plant and ite operators. A typical example is the CRNL Graphite Reactor
(Fig. 7.1),1 a graphite-moderated, natural-uranium reactor consbructed
in 1943, Tt was the second critical reactor ever bullt and was in con-
tinuous service until it was retired on Nov. 4, 1963 after 20 years of
operation.

As the potential power level of reactors increased and, as a result,
he fission-product inventory increased, the philosophy changed from that
of sheltering the reactor to one of controlling, in some way, the disposi-
i

1
tion of the radicactive particles and gases that might be released in case
of an accident or fuel element failure. One of the Tirst methods employed
in an attempt to minimize the public hazard from a reactor accident was to
enclose the reactor in a relatively gastight envelope, 'The Knolls Atomic
Power Laboratory (KAPL) facility at West Milton, N.Y., was one of the first
(1953) and remains the largest (6,000,000 £t?) gastight shell ever to be
built to contain a reactor (Fig. 7.2). This rapidly became the most used
type of contaimment facility, mainly because it offers the most certain
capability of confining the reactor accident with least dependence upon
englineering devices that must operate in order to mitigate the effects of
the accident. This type of container has been used in both high- and low-
pressure applications. The dividing line between high and low pressure
is one of definition and is generally placed at approximately 5 psi.

The integrity of a gastight containment system is dependent upon the
penetrations (air locks, equipment doors, piping, and electrical lines)
that must seal and be relatively leak free at the design pressure of the

*0ak Ridge National Iaboratory, Oak Ridge, Tenn.



SAFETY ROD

GRAPHITE THERMAL COLUMN
CONCRETE SHIELD 7FT. THICK

BRIDGE TUBES o e, CHANNEL 3CANNING DEVICE
FUEL
LOADING
CHANNELS T l;':FF;-&W
THROUGH
HIEL
SHIELD ey N
EXPERIMENTAL
] HOLE
T
r\g r~ CONTROL ROD
LOCATION
LOADING
ELEVATOR
\Am EXHAUST

URANIUM-GRAPHITE
CATTICE AIR INLET

Fig. 7.1. Cutaway Drawing of ORNL
Graphite-Moderated Natural Uranium Reactor.
(From ref. 1)

SuELlL BB-A 10 GR.B- FIREBDIA STEEL GROSS VOLUME 5964 C00 CU. .

GHDIRED TO A B35S SPELIFIKATIONS RESS FitlL -5‘5“‘* 0;0 " .
ALL WELDED SEAMS IN SHELL 5. 3a L LTSS CONTENTS D ons 000 ¢ *

¥O B RADIOGRAPHED,

STRESSD 1N SHELL =/

18,063 "I 14 900D 5 s
VI ;

B AS .

_NET VoL, = §31§ bou "
: eSS

jil 26 Cous.
Hizasuly
3

o

 STRUTS
I iowegaa®

FLOOR AND GRADE
ELEVATION 433%-6

ik 2 Roos
P

L LOCK-1G-43 MIN DIA,
x15-0" MIN CLEAR LENGTH
WM Twe 20« 38" paors.

L LOCK- 1043 MIN. DIA,

% 15-0" CLEAR LENGTH

WITH TWO T5.0"y ¢1-4° DOORS .
SECTION SLEVATIONM

Fig. 7.2. West Milwuon Conteinment Vessel.
{Courtesy of Chlcago Bridge and Iron Company, New
York. )

2L



gystem. In general, as contalner size or design pressure increases, the
problems of this method of containment also increase. In particular, with
greater plant complexity, the nurber of container penetrations increases.
As these design requirements increase, the reliability of the system de-
creases. This faet, together with the desire for improvements in reactor
safety, the understanding of reactor safelty, and the incentive provided
by the goal of economic power, has led to investigation of other, more
economical methods of containment.

The Oak Ridge Research Reactor (ORR) was constructed at ORNL about
the same time that the first gastight reactor container was built at KAPL.
The ORR is housed in a conventional building {(Fig. 7.3) that is maintained
at a slightly negative pressure. The pressure is maintained by continu-
ously discharging building air through filters to a stack, TIn the event
of accldental release of radiocactivity, the gaseocus effluent would pass
througn the filters and the stack. It is considered that this is an ecc-
nomical method of containing some reactor systems, especially those that
would not have a large energy release as part of the maximum sccident or
those for which the energy release and activity release processes would
be separated in fime.

Another type of containment system? provides for pressure suppression
(Fig. 7.4). This system is especially suitable for use with boiling- or
pressurized-water reactvors in which the maximum accident 15 one involving
the release of a great amount of energy in the form of steam from the
reactor primary system. This steam is directed from the reactor vessel
container, i.e., drywell, through ducts, the discharge ends of which are
submerged under a few feet of water. The steam, in bubbling through the
water, 1s condensed, and fission fragments may be scrubbed out. Thus

CRNL-LR-DWG 38384R4

: NORR BUILDING
250-ft EXHAUST
STAGK -~~~

S FAN
HOUSE

Fig. 7.3. ORR Negative-Pressure Containment System.
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the containment problem is greatly reduced and may be dealt with in a more
conventional manner, such as by a low-pressure gastight envelope or by a
negative-pressure system.

Pressure relief is another scheme that has received attention re-
cently., The system would allow the initial pressure surge that accom-
panied the design accident to be vented directly to the atmosphere under
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the assumption that a negligible quantity of fission fragments would e
released initially. After the pressure peak had abated (a matter of sec-
onds or minutes), the vents would be valved closed so that the fission
fragments subsequently released when (if) the fuel melted would ve con-
fined., Subseduent rises in pressure could be controlled by a spray-dousing
system or by controlling the airflow inside the secaled building. Tor this
type of confinement, the building must be constructed to more strict speci-
fications than those for an ordinary mill structure, but the requirements
are less stringent than those for the high-pressure container. The New
Production Reactor at Hanford uses such a container.?

Cavern containment is being used in some Furcpean countries where the
underlying rock formations are amenable to this application. This idea
for containment has been considered but not yet used in the United States.
Figure 7.5 shows a typlecal plan and elevation view of a cavern containment
system.4

7.1.1 General Design Considerabions

There are many problems and considerations common to practically all
containment systems. Ccomponents must meet system specifications as to
size and capability; the types of accidents that may occur must be con~
sidered; the penetrations and closures must be designed; the tests to be
used to measure containment leakage must be determined; and the maximum
credible accident (mca) must be defined and described.

The topic of size must be considered early in the design. It is a
function not only of the physical dimensions of the building that will
house the reactor plant but also of the type of containment to be employed.
For instance, with pressure suppression the ductwork is important because
of the turbulent pressure drop as a result of the escapling air and steam;
with pressure-venting containment (controlled airflow) the blowers that
provide the suction for the building are the coutrolling item; with the
pressure-relief system the vent ducts must be properly sized to quickly
relieve the pressure buildup in the bhuilding.

The electrical connections to a power reachor are an important con-
gideration both from the point of view of continuous delivery of reactor
power to the network and the availability of power at the plant for the
operation of wvital equipment during emergencies. The clectrical power
distribution system in nuclear plants is not discussed in this chapter
but is covered in Section 9.9 of Chapter 9.

7.1.1.1 High- and Low-Pressure Containers

The considerations involved in sizing high- and low-pressure contain-
ment shells may be discussed together, because they are similar in concept.
The difference is only in the convention of naming those designed to con-
tain pressure above 5 psig as high-pressure containers and those designed
for up to 5 psig as low-pressure containers.

There are three important parameters involved in selecting & steel-
shell containment vessel. These include the meca energy release (pressure),
the physical size (free volume and configurations to be contained), and
the type of steel plate to be used. As far as the shell plate is con-
cerned, the important considerations are the design stress, the resulting
thickness, and the temperature at which the required Charpy V-nobch impact
values can be obtained (see Sec. 8.5). The latter temperature establishes
the minimum operating temperature. To avoid stress-relieving the vessel
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upon completion of welding, the thickness of the welded shell Jjoints must
not exceed 1.5 in. for the usual steels. The 1.5-in. maximum is estab-
lighed in Table UCS-56 of Section VIIT of the ASME Code for steel plates

of P-1 classification, and Par. N-1211 of Section IIL permits such plates
when meeting the requirements of SA-300 and the stated impact values. Most
containment shells have utilized SA~20L grade B steel plates.

Stress-relieving a completed vessel in the field can increase the cost
considerably, although field stress-relieving of large reinforcement assenm-
blies in containment vessels has been successfully accomplished on several
occasions by the use of temporary furnaces., To keep the required plate
thickness (or butt-welded joint) from exceeding 1.5 in., the cylindrical-
shell radius can be limited, or a spherical vessel can be constructed.
Theoretically, a sphere requires half the thickness of a cylinder having
the same radius and internal pressure. The relation between diameter and
pressure for a cylindsr and a sphere of SA-201 grade B steel or equivalent
with wall thickness of 1.5 in. is shown in Fig. 7.6 (ref. 5). Any vessel
whose requirements fall below the curves of Fig. 7.6 may bhe fabricated
without stress~relieving.

Generally speaking, there are fabricatlon and erection expenses in-
volved with a sphere that are offset to a variable extent by the decreased
plate thickness (reduced material and welding costs). There is less wasted
space in the cylinder from the equipment placement point of view; there-
fore, the cylindrically shaped container is a good choice as long as the
plate thickness is within the thickness limlits and the required Charpy
V-notceh impact values can be obtained 30 degrees below the service tem-
perature.

The consideration of pressure to be contained and the firee volume in
which it is contained involves dependent as well az independent factors,

' T i T
\ \ PRESSURE s DIAME TER
- —— LONTANMENT VE SSELS LING
\ \\ BEl e s Y REs
PRUIBF {ASSUMES SA201 GR 3
T & LE M WALLY —
3 N\
1]
g’ \
7, \\
0
& \ AN
o \ M,
£ ‘\\\\ _sPUERE
& \ e
3 \ \
=, AN e
Z° oL - N i
o
u B
[ 4
o sy a6 i 166 206 240 a6 346 %o

CONTAINMENT VESSEL DA -FT

Fig. 7.6. Internal Pressure of Cylinder and Sphere as a Function
of Diameter for a Given Energy Release. (From ref. 5)



708

The amount of energy that might be released as a result of a reactor ac-
cident and the minimum free volume required for servicing and maintenance
are somewhat independent, bubt energy and size combine to determine pres-
sure. There are, of course, unlimited combinations of size and pressure
that may be used as design parameters for the container. Figure 7.7 is a
plot of free volume per pound of released coolant versus final pressure

as a Tunction of the average internal energy of the coolant.” In this
case the coolant 1s water; and the process of the release is congidered

to be adiabatic, with perfect mixing of the gases and vapors in the con-
tainer., If there is any energy addition as a result of a chemical reaction
or a nuclear excursion, or loss of energy due to heat transfer or coun-
densation, such effects must be added. Tigures 7.6 and 7.7 glve, however,
a Tirst approximation to container dimensions; after this, refinements may
be made that result in a more particular solution to a design problem (see
Chap. 6).
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7.1.1.2 Pressure Suppression

The same general 1tems must be taken into account in the design of
a pressure-suppression system as those cited above for a pressure-contain-
ment shell. The main difference 1s that the high pesk pressure for which
the reactor dry well must be designed will be guickly reduced as the pres-
sure is relileved by large-diameter ducts that discharge the vapor and gas
contents of the dry well into the pool of the suppression chamber. PFur-
ther, the suppression chamber must be designed Tor minimum leakage under
the driving force of the pressure to which it will be subjected.

The dry well of the pressure-suppression system is physically small,
since it containg only the reactor pressure vessel and other primary system
components (e.g., circulation pumps) connected to the reactor wvessel with-
out intervening isolation valves. &mall pumps, primary piping (steam gen-
erator and pressurizer, if any), and certain valves are outside the dry
well but are inside the plant bullding.

The size of the dry well 1s dictated by the size of the reactor being
contained. 'The wall thickness of the dry well is determined in the same
way ag that for the high-pressure container; that is, it is usually as-
sumed that the vessel must take the pressure of the loss-of-coolant ac-
cident, with conservative credit being taken for condensation and time
dependence of the release. 'The relief ducts are desigped to offer small
resistance to flow of the steam-water mixture from the dry well to the
suppression pool to limit dry-well pressure. This is a2 stralghtforward
fluid-flow problem. Experiwents have indicated that the pressure in the
suppression chamber (above the pool) will be due, primarily, to the dry-
well air that has been displaced by the escaping steam (i.e., all the steam
iz condensed in the suppression pool).

The refueling building houses, or contains, the suppression system
and provides shielding in the event of an incident during the refueling
operations. If an emergency occurs in the fuel-handling operstions (e.g.,
a dropped fuel element), containment is effected by the pressure-venting
system (discussed below), in this case the building is maintained at a
negative pressure so that alr is leaked in. The building air is filtered
and discharged through a high stack.

7.1.1.3 Pressure Venting

The containment capability of the pressure-venbing system depends on
a directed transport of air into the building and the filtration and stack
discharge of the building air. When this technique is employed with struc-
tures that are maintained below atmospheric pressure, it is frequently
called negative-pressure conbainment. This system has been referred to as
the ORR type of containment, mainly because the ORR was the first reactor
to use this scheme in the United States. This scheme is not useful for
housing a reactor that wmay be subject to a large and sudden energy release;
it is suitable for reactors that have a smaller amount of stored energy,
such as some large gas-cooled power reactors and the production reactors
at Hanford. These reactors may, under severe conditions, release a large
guantity of fission fragments, but there would be little accompanying pres-
sure rise due to the sudden release of stored, nuclear, or chemical energy.
The purpose of this containment system i1s to control, predictably, the
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disposition of the released fission products. In order to perform this
function, the capacities of varilous components must be carefully designed
to be adequate to do the work.

The building must be sized and constructed so that its ventilation
system 1s capable of maintaining in-leakage under all prcbable atmospheric
conditions. The pressure difference must be provided by a system of fans
and ductwork that will yield a uniform negative pressure in the building
when operating at the specified volumetric flow rate. Next, the filters
in the discharged gas stream (caustic, charcoal, etc.) for removing the
halogens and particulates must be built to remove, with a specified ef-
ficiency, the maximum amount of the constituent that is expected. Finally,
a stack of sufficient height and capacity to guarantee safe dispersion of
the remaining fisslon products at the worst conceivable metecrological
conditions must be provided.

Several reactor installations use this idea in conjunction with some
other basic containment schemes. For instance, the Humboldt Bay unit uses
this for 1ts refueling system contailnment, while its primary or main con-
sideration with regard to accidents is the pressure-suppression system.
The Indian Point Reactor, which is contained by a steel sphere, uses this
confinement scheme for the alr space between the sphere and the concrete
building that surrounds it. The NS Savannah employs this principle in
the outer portion of its dual containment system.

7.1.1.4 Pressure Relief

A system that would vent the initial pressure surge which accompanied
some maximuwa accident 1s used for the New Production Reactor at Hanford.
For such a system the pressure-relief ports must be designed so that the
pressure drop in the port due to the escaping air, gas, and vapor will
not impose an intolerable pressure on the bullding. Similarly, intercon-
nections between vanlts or cells within the building must be sized to
allow rapid transport of the escaping coolant and steam to the main part
of the building.

After a given time the building must be made leaktight; this means
that the vent ports, which are designed to allow rapid escape of gases,
must be sealed and must resist leakage under the driving force of some
given pressure. (These vent ports must be physically large to accomplish
this function. Further, in order to control the long-term pressure in
the building; a spray or water-fog system that is capable of maintaining
pressure control in the building with excellent dependability must be
provided.

7.1.2 Example of Containment System Planning

In the design of the pressurized-water reactor plant (the PWR) that
was buillt at Shippingport, Pennsylvania, it was first considered desirable
to place the system underground in order to utilize the earth as shielding
from direct radiation. However, the existing water tables limited the
depth of the lower level, and this factor, together with the expense of
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excavation, ruled out an underground location. A cylindrical vessel with
its long axis parallel to the ground was then selected. It was decided
that the meximum pressure should be about 50 psig (as it turned out the
design pressurec was 52.8 psig) and that the plate thickness should be 1.25
in., (for stress relief). These considerations resulted in s diameter of
50 £t for the container. In this case the pressure, shape, and diameter
of the vessel were specified; so the length had to be determined according
to the energy to be contained. The pressure limitation would have reguired
a vessel about 300 ft long, which would have provided adequate volume for
the contained equipment. It was obvious, however, that fabrication, sup-
port, and thermal expansion problems would have been severe in such a ves-
gsel., Therefore it was decided to use several such vessels interconnected
by large-diameter ducts (see Sec. 7.2, Fig. 7.25). The several containers
had to satisfy other requirements with regard to equipment arrangement:
(1) the reactor compartment had to be below a canal to facilitate under-
water refueling, (2) the boilers had to be higher than the reactor vessel
to provide natural convection and a symmetrical arrangement was desirable,
and (3) auxiliary equipment needed to be close to the reactor. The ar-
rangement selected consists of four vessels: +1wo are cylinders 50 £ in
diameter and 97 ft long, one is a cylinder 50 ft in diameter and 147 ft
long, and the other is a 38-ft-diam sphere that contains the reactor.

7.2 HIGH-PRESSURE CONTATNMENT

Since many reactors have been housed in high-pressure containers,
more experience has accumulated with this type of containment than any
other. Available information on 18 selected reactors that have high-
pressure containment vessels is summariged in Tables 7.1 through 7.13.
These tables are followed by discussions of peculiarities of the various
systems. The reactors chosen for review include the following types:
pressurized water, boiling water, gas cooled, homogeneous, fast breeder,
and pressure tube. The containers are of various shapes.

The fact that the high-pressure containment system is designed to
withstand the entire design accident without rupturing makes this system
applicable for any type of reactor. Consequently, almost every type of
reactor has been or is being contained in a high-pressure envelope, with
the notable exceptions being the pool-type reactors for which much less
stringent containment capabilities are required. The installations at
Indian Point and the NS Savannsh are included in this discussion because
their inner contaimment vessels are of the high-pressure type. 'These
plants are, in reality, doubly contained and will be further discussed
from that aspect in Section 7.8, "Multiple Containment.” Table 7.1 lists
the installations discussed here.

High-pressure containers have been built in a variety of shapes and
sizes and with several different structural materials and techniqgues.

The size and shape of the contalner are determined usually by a compromise
between several requirements. The container should offer sufficient room
for equipment without a large amount of wasted space, and the physical
size should be such that the pressure to be contained is not excessive.



Table 7.1. High-Pressure Contalnment Vessels
Thernmal . . . Nuclear
Prime Architect- Conteinnent N
- % ati Power 7 B ¥ r
Reactor Name Locetion e Type Contractor Engineer Fabricator mqulpgent Operator
(Mw) Supplier
Big Rock Big Rock Poin® Charlevoix, 240 Boiling water, Bechtel Bechtel cB& ™ CGeneral Eiectric Consumers Power Co.
Point Plant Mich. power .
CVIR Carclinas-Virginia Parr, &.C. 63 Pressurized tube, Westinghouse Stone & Webster Westinghouse Carolinas-Virginia
Tube Reactor power Nuclear Power
Associates, Inc.
Dresden Dresden Nuclear Morris, Il1l. 626 Boiling water, General Electric  Bechtel CBR&T Genersl Electric Commonwealth Edison
Power Station power
Elk River Elx River Reactor Eik River, 72.7 Boiling water A2lis-Chalnmers Sargent & ILundy CR&T Allis-Chalmers Rural Cooperative
Minn. (58.2 + 14.5) nuclear super- Power Associates
heat, power
Errico Ernrico Fermi Atomic lagonns Beach, 2C0 Fast breeder, UR&C Commonwealth CB&T Various Power Reactor
Fermi Power Plant Mich. power Assoclates Development Corp.
EBR-IT Experimental NRTS, Idaho 62.5 Fast breeder, Argonne Nationsl  H. K. Ferguson Graver Tank and Argonne Natlonal — Argonne National
Breeder Reactor IIL Dower Laboratory Manufacturing Co. Laboratory Laboratory
BEGCR Experimental Gas- Oek Ridge, 85 Gas-cooled, ARC-0RO Kaiser Pittsburgh- Allis-Chalmers Tennessee Valley
Cooled Reactor Tenn. power Des Moines Authority and AEC
HWCTR Heavy Water Cowpo- Aiken, S.C, 61 Heavy water, test CB&I (steel AEC, Du Pont
nents Test Reactor nortion)
ERT Homogeneous Reactor  Osk Ridge, 5.2 Agueous homo- ORNL ORNL CB&I Kewport News ORNL
Test Tenn. gereous, pover Shipbuilding —
pressure vessel
and core tank
Foster-Wheeler —
hest exchangers
Westinghouse -
pumps
Indian Consolidated Edison  Indilan Point, 585 Pressurized watex, Owner Cvmer CR&T Babcock & Wilcox  Consolidated Edison
Point Thorium Reactor N.Y. power, thorium
converter *
NS Savannah Nuclear Ship {mobile} 69 Pressurized water Babcock & Wilcox  Geo. C. Sharp, New York Ship- Babcock & Wilcox  American Export—
Se.varnah Ine. & New York building Corp. Isbrandtsen ILines
Shipbuilding for the U.S.
Corp. Government
Pathfinder  Pathfinder Atomic Sicux Falls, 199.6 Boiling water Allis-Chalmers Piloneer Service Pittsburgh- Allis-Chalmers Northern States
Power Plant 8.0, (175.2 + 42.4) nucleay super- and Engineering Des Moines Power Co.
heat, power
PRTR Plutonium Recycle Earnford, 70 Heavy wster, test
Test Reactor Wash.
Saxton Saxton Nuclear Ex- Saxton, Pa. 20 Light water, Bethlehem Steel
perimental Reactor experimental
Shipping- Shippingport Atomic  Shippingport, 231 Pregsurized waler, Westinghouse Stone & Webster Pitteburgh—- Westinghouse AEC, Duguesne
port Power Station Pa. nower Des Moires Light Co.
SM-1 Stationary Medivm Fort Belvcir, 2C Pressurized water, Alco Bethlehem Steel U.8. Army
Power Va. pover
VBWR Vallecitos Bolling Pleasanton, 3C Boiling water Bechtel Bechtel Consolidated General Electric  Gereral Electric
Water Reactor Calif. Steel
Yankee Yankee Atomic
Electric Co. Rowe, Mass. 6C0 Pressurized water, Cwner Storne & Webster CB&T Westinghouse Yankee Atomic

power

Llectric Co.

aChicago Bridge and Iron.
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An economic balance must be struck between size, shape, material, and
method of construction, with the material and method of construction being
dictated in general by the design pressure. Table 7.2 gives the size,
shape, design pressure, temperature, and conventional load factors, such
as wind, snow, and seismic loading, considered for the plants listed in
Table 7.1.

The internal pressure to be withstood usually determines the thick-
ness of material to be used and the physical size of the container. The
dependence of free volume on internal pressure is strictly a pressure-
volume rate relation whose independent variable is the amount of energy
to be contained if the rate at which heat is released to, and removed
from, the system is not considered (i.e., the adiabatic case is consid-
ered). In general, large water-cooled reactors have a large amount of
stored energy and thus reguire either a large container designed for a
reasonable pressure or a reasonably sized vessel designed to contain s
high pressure.

Vessels that are required to have a very large free volume are spheri-
cal because of economics (see Table 7.2). The sphere reguires less mate-
rial to contain a glven pressure than a bullding of another type of con-
figuration. One notable exception is the EGCR containment vessel, which
has a very large contained volume but a relatively low pressure of 9 psig.
Most of the other vessels are cylinders with hemispherical tops and either
hemispherical, hemiellipsoidal, or flat bolttoms. Exceptions are discussed
individvally below.

The entries in Table 7.2, column 6, regarding design containment
temperature may be misleading. The numbers guoted are the final tempera-
tures, but the point of interest here is really the change in temperature
during the accident, which would cause expansion of structural members
that should be analyzed for excessive stresses. Usually some initisl
temperature i1s assumed in the contaimment vessel, and the temperature
difference 1s obtained by subtraction from the number guoted as the final
temperature. The absolute value of the temperature becomes significant
(as far as the contaimment structure is concerned) only if it is above
approximately 600°F, which is the temperature at which substantial changes
in material properties begin to occur. However, bemperatures below 600°F
are of interest to those who design any contained eguipment that includes
thermelly sensitive materials, such as electric motors and gaskets.

Since these vessels are constructed to prevent outleakage under the
influence of considerable positive internal pressure, the designer does
not (and should not) include the strength necessary to resist crushing
by the action of a negative internal pressure. Thus negative-pressure
protection (columm 7, Tsble 7.2) is of concern. In the event of a nega-
tive internal pressure, which might be brought about by condensation of
steam after a major accident, some relief device must be available that
would be much more reliable than the ordinary "vacuum breaker." The NS
Sevannah has the highest external pressure specification. This is a
special case, since this container could sink into the depths of the sea.
If, however, the vessel sank deeper than 100 ft, the bolis on the manway
hatches would elongate and fail. This would allow the water to rush in
and the pressure to be equalized. After pressure equalization was at-
tained, springs would close the hatch to reseal the vessel.
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Table 7.2. Design Parameters of High-Pressure Containment Vessel
il A
Free Dimensions Design Design Negative- Conventional Load Factors
Reactor Shape Volume A(ft) = Pressure® Temperature Pressure Seismic
(£+3) (psig) (°m) Protection Wind Snow °(; éy Other
x 102
Big Rock Sohere, partially below grade 922 130 27 (-1.22) 235 Yes 30 1n/£u? 40 1b/ft? 0.05
CVTR Reinforced concrete cylinder, 243 58 db 2L 220 No 84 mph i
partially below grade, with 129 n®
steel dome-top
Dresden Sphere, partially below grade 2680 190 20.5 (-1.0} 325 Yes 1.0 mph 25 1b/f4%  0.033
Elk River Vertical cylinder with hemisphericel 287 74 d 21 (-0.33) 220 Yes 30 1b/ft? 30 1p/ft2
top and hemiellipsoidal hottom, 115 h
partially below grade
Enrico Fermi Vertical cylinder with hemispherical 280 72 d 32 {-2) 460 (at Yes 60 1b/Ft2 30 1b/fe? 0.1 10 1b/f:2
top and hemiellipsoidal bottom, 120 1 building
vartially below grade wall)
EBR-LI Vertical cylinder with hemispherical 450 24 ?
top and hemiellipsoidsl bottom,
partialliy below grade
EGCR Vertical cylinder with hemispherical 1360 114 & 2 200 Yes 40 1b/$£t% (top) 10 1b/ft? .05 {hor.) 1 1L/ft?
ends, partially below grade 216 h 30 /747 (cyl.) 0,025 (ver.) ({insula-
tion)
HRT Rectengular parallelpiped 24.7 54 X 30.5 3c (-7.5) 270 No o external loads considered
EWCTR Prestressed concrete cylinder below 320 70 d 24 (-0.75) 226 Yes 100 mph C.10 (nor.)
grade, steel cylinder with dome top 125 h C.025 (ver.)
above grade
Inéian Poimt Sphere, partially below grade 18C0 16C 25 (-1.25) 220 Yes Totally enclosed
Shielding here enclosed in concrete building 165 Yes ASA 58 ABA 58 0.C5
building
NS Savannah Horizontal cylinder with spherical 32.3 354 186 (-100 360 Yes (menway will Nc external lcads considered, but loads due to
heads 50 h t of sea- fail at 100 ft ship motion are considered
water) * of sea water)
Pathfinder  Vertical cylinder with hemispherical 145 50 & 78 (-3) 320 Yes 30 1b/rs2 35 1b/£6? uBcY 7Rc?
top and hemiellipsoidal bottom, 120.5 h
partially below grade
PRTR Vertical cylinder with hnemispherical 400 8c a 15 (-C.58) 205 Yes
top and hemwiellipsoidal bottom, 122.5 1
vartizlly below grade
PWR Three cylindrical containers with 473 Multiple 52.8 (-3.0) 28D Ko No external loads considered
hemispherical ends and one containers
spherical container
Saxton Vertical cylirder with hemispherical 141.5 50 4 30 Yes 80 mph 25 lb/f’c2
top and hemiellipsoidal bhottom, 109.5 h 20 lb/ft2 on sliope
partially below grade 0=50%
M1 Vertical cylinder with hemispherical 32.8 364d 66 273 Ko 20 1o/ft?
ends, partially below grade 64 h
VEWR Vertical cylinder with hemispherical 125 48 4 45 (-2} 292 ? 100 mph G.13%
enés, partially below grade 99 h
Yankee Sphere, above grade 86C 125 34.5 249 Ne 100 mph

o
“The pumbers in parentheses represent the design limit for
negative lnternsl pressure.

“Diameter.

cHeight.

dUniformBuilding Code.

®Two boiler chambers 50 £t in diameter, 97 ft in length; one
auxiliery chember, 50 ft in diameter, 147 ft in length; one sphere,
38 £t in diameter (see sec. 7.2, Fig. 7.25).
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7.2.1 Spherical Coantainers

The Dresden (Fig. 7.8, ref. 6), Indian Point (Fig. 7.9, ref. 7), and
Big Rock Point (Fig. 7.10, ref. &) containment vessels are typical steel
spheres that have as their foundations concrete pads which surround the
lower one-fourth of the sphere. The outer portions of the steel are in
contact with the supporting concrete, except for an intervening coat of
an anticorrosion substance, such as paint, Bitumestic, or epoxy. Con-
crete foundations for the reactor and other heavy equiprent are poured
inside the shell in direct contact with it.

In general, the container is supported by the bottom foundation and
by columns that support the vessel at the horizontal girth line. The
inside hardware 1s suppcrted on foundations that are, in turn, supported
by the foundation pad.

7.2.1.1 Yankee

The Yankee containment shell 1s quite different from the typical
steel sphere, both in the manner in which the shell is supported and in
the way that the equipment foundations are supported. The bottom of the
shell is 24 £t above grade. The vapor container is supported by steel
columns atbtached at the horizontal girth line. The concrete work (foun-
dations for eguipment, shielding, etc.) i1s completely independent of the
containment shell. The inner concrete work is supported by reinforced
concrete columns that penetrate the sphere through convoluted steel ex-
pansion joints. These expansion Jolnts are welded to the shell at one
end and are integral with the concrete support columns at the other (see
Fig. 7.11, ref. 9).

7.2.1.2 Indian Point

The Indian Point reactor containment structure is peculiar in that
the conventional steel sphere is itself contained within a 5 1/2-ft-thick
concrete cylinder (Fig. 7.9) with an arched top of concrete blocks 2 3/4
Tt thick. The purpose of this is to provide shielding in the event of a
maximim accident. Prestressing wires are wound near the top of the cylin-
drical portion of the shield to give additional strength for support of the
arched concrete (prestressed) beams that carry the load of the roof blocks.

The concrete building would be further utilized in the event of an
accident to reduce the amount of fission-product activity available to be
released to the atmosphere. The annular space is maintained at a slightly
negative pressure, and the air is routed through filters and up the stacks.
This containment scheme is further discussed in Section 7.8.

7.2.1.3 Dresden

The containment design basis was required for Dresden (Fig. 7.8)
pricr to the establishment of the maximum credible accident concept. In
order to proceed with contalinment structure procurement, a design pressure
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of 29.5 psig was selected to provide for coolant-loss energy sources.

The initial concept was Lthat the difference between the contalnment design
pressure and the test pressure of 37 psig would permit the consideration
of other potential energy sources, such as chemical reactions and nuclear
excursions. Iater, when the meca concept was developed and the design
guantities of system energy were known, it was detefmlned that coolant
loss under the most energetic "ot standby condition" would produce a
pressure of about 21 psig and that the mca pressure from full-power opera-
ting conditions would be 19 psig.

7.2.2 Cylindrical Containers

Most cylindrical containers are vertical with hemispherical tops and
either hemispherical, hemiellipscoidal, or flat bottoms. This is a large
group, and it is further broken down for this discussion by shape of head
and construction technigue. TIn general, the cylindrical vessels have a
smaller contained volume thar the spheres, again with the exception of
the EGCR container. The sizes range from a small, 37,000-ft>, free volume
in the SM-1 to 450,000 f£t? for the EBR-IT and the exceptionally large,
1,360,000-f+3, EGCR containment shell. The design pressures, physical
dimensions, and other design parameters are given in Table 7.2.

2.2.1 Hemispherical Top and Hemiellipsoidal Bottom

Seven vessels comprise a subgroup having hemispherical tops and
hemiellipsoidal bottoms (EBR-IT, Fig. 7.12; Enrico Fermi, Fig. 7.13;
FGCR, ¥Fig. 7.14; Elk River, Fig. 7.15; Pathfinder, Fig, 7.16; PRIR, Iig.
7.17; and Saxton, Fig. 7.18).11727 The top is hemispherical because it
is the most economical shape, both from the standpoint of amount of steel
used and the cost of construction. However, the use of this shape for
a bottom would result in much wasted space, since large amounts of con-
crete would be needed to form the foundations and floors for equipment.
The flat bottom would be best from the standpoint of space and ecguipment
arrangement but could present scrious stress problems. A compromise be-
tween the flat and the hemispherical bottom is the hemiellipsoidal head.
This shape relieves the stress problems and less concrete is needed for
the floor.

Figure 7.19 shows three containment structures that are the same
from the bottom floor up. This figure is intended to illustrate the fact
that the hemispherical bottom is the least economical from the standpoint
of usable space. + 1s apparent that much of the space shown as concrete
in the containers with spherical and elliptical ends is usable, but even
g0, the greatest awmount of usable space is provided by the flat-bottomed
vessel and the least is provided by the spherical-bottomed vessel.

These containers are usually ereccted with foundations supporting a
concrete pad on which the bottom head rests. Concrete 1s poured inside
the building to form the various operating flocrs, partitions, and foun-
dations. In general, the concrete, both ingide and ouftside, is poured
in contact with the vapor contalner, which is protected from corrosion
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SPHERICAL BOTTOM ELLIPTICAL BOTTOM FLAT BOTTOM

Fig. 7.19. Comparison of Containers with Variocus Bottom Shapes.

by molsture-resistant paint. Io cases where the concrete and steel will
not be isothermal at all times, provision must be made to allow for the
differences in thermal expansion of the two materials. (This is discussed
more fully in Chapter &.)

The finished grade of the Elk River reactor is approximabely at the
bend line of the lower head (Fig. 7.15). This puts the main operating
floor and the reactor above grade. The reascn for this was economic; it
was determined that the excavation would have cost more than the addi-
tional concrete used for shielding. The EGCR container is also largely
above ground, with the reactor vessel completely above finished grade,
The reason for this was that the Melton Hi1ll lake water table would have
presented serious problems for deemer excavations. The other five mem-~
bers of this group have thelr finished grades approximately even with the
main floors; thls places the bulk of the heavy concrete work and the re-
actor below grade, allowing the earth to act as shielding from direct
radiation.

In a1l cases the hydraulic and bouyancy effects of ground water must
be considered. If this presents a problem, the foundations must be
drained, as for the Enrico Ferml Reactor, or the problem eliminated ia
some other manner.

7.2.2.2 Hemlspherical Top and Bottom

The VBWR (Fig. 7.20) and the SM-1 (Fig. 7.21) containers®®s1? dirfer
from the foregoing group only in the shape of the bottom. They have hemi-
spherical bottoms that are supported in the usual manner, and the interior
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arrangements are similar to those of the other containers, with grade
level coincident with the main floor.

Difficulty was experienced in one phase of the construction of the
SM-1 vapor container. It was part of the design to pour 2 ft of concrete
on the inside and 3 ft of concrete on the outside of the steel contain-
ment shell. This concrete was to provide missile protection, as well as
shielding. The inside of the inner concrete liner was to be covered with
g steel membrane to facilitate cleanup in case of an accident that might
spread contaminants inside the container. Frection of this 1/8~in.-thick
nmenbrane was difficult, and it is thought that this would not be included
in future plants.

7.2.2.3 Hemispherical Top and Flat Bottom

1. CVIR. The CVIR container (Fig. 7.22, ref. 20) is a concrete
cylinder with a hemispherical steel top and a flat concrete bottom. The
materials and method of construction make this system unique. The con-
tainer was bullt on a 5-ft 9-in.-thick reinforced concrete foundation
pad, and the container itself is a reinforced concrete cylinder with
2-ft-thick walls. The cylindrical portion is 83 £t high and is covered
by a l/2~in,~thick steel hemispherical dome that is covered by 20 1/2 in.
of concrete. The top of the foundation mat and the inside of the vertical
cylinder wall are lined with l/4—in,~thick steel plates to form a vapor-
tight membrane. The use of this thin membrane is similar in concept to
that of the SM-1, with the main difference being the plate thickness.
Although the 1/8“ina plate was quite difficult to handle during erection
of the SM-1, it proved to be useful when the container was contaminated
by a minor activity release. In order to obtain the convenience of the
metal liner and yet employ less expensive construction techniques, the
thicker l/4~in. plate was used. Continuous metal battens (welding strips)
were cast in the concrete shell. When the concrete work was finished,
the steel plates were welded to these batlens (seec Sec. 7.2.4.3, Fig.
7.28, detzil B). All the strength necessary to contain the maximum pres-
sure is provided by the 2 ft of reinforced concrete; no credit is taken
for the restraining potential of the steel liner. It was fell that no
special attention needed to be given Lo amblent and seasonal temperature
changes. The conecrete on the outside of the steel liner is considered
to be gufficient thermal insulation that thermally induced stresses will
not present any problem.

All internal partitions and equipment foundations are supported by
the large foundation mat. Finished grade is aboul the same level as the
main operating Tloor.

2. HWCTR. The HWCTR containment vessel (Fig. 7.23, ref. 21) has
the same general shape as that of the CVIR, but again the method of con.-
struction was unique. This container is a composite steecl and prestressed
concrete structure. The lower half of the building is below grade and
is of prestressed concrete 18 in. thick. Tt is supported by the founda-
tion slab, which is nominally 5 £t thick. ‘The upper half of the building
is a conventional steel cylinder with a hemispherical dome.

By using prestressed concrete instead of ordinary reinforced concrete,
the required wall thickness was reduced, and the permeability by gas was
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also reduced. Since concrete is porous, the walls that were not covered
by steel were coated by an epoxy-base paint to provide a hard nomporous
surface for easy decontamination. It is estimated that thiz container

was congtructed at a cost of about two-thirds that of a conventional welded
steel building.

Points of particular concern were the transition from prestressed
to ordinsry veinforced concrete and from reinforced concrete to the steel
of the upper portion of the container. These transitions are shown in
Fig. 7.24. Water stop gates were used to ensure the leaktightness of the
vapor contalner; further, a thermal-setting plastic resin (Liquid Tile)
was used, as shown in the details of Fig. 7.24. After completion of the
building, further work was necessary because of cracks in the concrete and
inability to achieve the required leakage criterion. Meost of the plastic
paint was used over interior surfaces and at the junction of the floor
slab and the cylindsr wall., Fiberglas and resin were used to a distance
of & ft from this joint on both the floor and walls around the full cir-
cumference of the building to assure leaktightness of this joint. Con-
siderable time and effort were expended to meet initial requirements.

The differences in thermml properties of the two materials of con-
struction, concrete and steel, could result in gericus stresgs difficulties
at the point of transition. This problem was treated in the following
manner. The stesl superstructure has as its base a fixed tec section
flange that is rigidly attached to the concrete struchure by 328 bolts
placed about the circumference of the structure and by reinforced concrete
poured over this tee section. As may be seen in Fig. 7.24, the thick
portion of the tee section 1ls embedded in concrete, but the shell wall
(the thinner steel) is allowed a 1/4«in, expansion region on each side.

Tt is considered that this is sufficlent allowance for movement and de-
formatbtlon of the steel shell dus to effects of ambient temperature changes
and wind loadings. TIn the case of the maximum accident, wnder the in-
fluence of an internal presgure of 24 psig and a bemperature of 226°F,

the lower flenge, and also the shell, may be expected to suffer permanent
deformation and, upon subsldence of the accident effects, take a permanent
set without failure. This is considered to be acceptable.

7.2.3 Other Shapes

7.2.3.1 PUWR

The PWR container (Fig. 7.25, ref. 22) provides an example of a novel
approach to the design of a large containment vessel. Although not as
large as the spherical vessels, 1t has a greater contalined volume than
any of the cylindrical vessels, except the EGCR contalner. Its design
pregsure is rather high, about 53 psig. (For the design philosophy of
the PWR container, see Sec. 7.1.2.)

The system consists of four 1nteruonngcfed vessels (three cylinders,
and a sphere), with a gross contained volume of 600,000 ft3.  The sphere,
which contains the reactor, is 38 £t in dismeter, w1rh a cylindrical dome
(17 £t in diameter, 20 Tt high) on top. Iccated on each side of the
sphere are 47-Tt-diam, 97-ft-long, horizontal cylinders with hemispherical
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heads; these are called boiler chambers, and together they contain the

four reactor coolant loops and the steam generators. The third cylinder,
called the auxiliary chamber, is 47 ft in diameter and 147 £t in length,
and it has hemigspherical heads. All chambers are interconnected by several
large-diameter ducts. The vessels are housed in concrete cells constructed
below grade. This type of housing of the vessels permits the periocdic
inspections required by the Pennsylvania Code.

7.2.3.2 HRT

The HRT container (Fig. 7.26) is a rectangular welded-steel structure
erected on a reinforced concrete slab and shielded on the top and sides.
The dimensions and shape of the tank were determined by the space avail-
able in the building, which had been used Tor the Tirst homogeneous re-
actor experiment, HRE-1. The top of the container is flush with the floor,
and thus the earth is used as much of the shielding. The roof is made
of two layers of removable high-~density concrete blocks that are 5 £t in
total thickness. The vapor container consists of an all-welded steel
membrane liner, nominally 3/4 in. thick on the sides and the bottom and
1/8 in. thick at the top. The top portion of the liner is sandwiched
between two layers of shielding blocks and is made up of sections the
size of the upper blocks. This makes it possible to remove one or more
seal pans for maintenance in a given part of the container without dis-
turbing the entire vapor seal. Further, the below-grade construction

malntenance. After completion of the container and placement of all pene-
trations, the inside surfaces were painted with Amercoat 74.

7.2.3.3 H§m§avannah

The NS Savannah vapor container (Fig. 7.27, ref. 23) offers an ex-
ample of high-pressure containment that is unigque in several ways. First,
it is aboard a ship; second, the design pressure is quite high; and third,
the contaimment vessel is; in a sense, contained. The reactor container
is a horizontal cylinder, the axis of which lies fore and aft; it is situ-
ated in one of the ship's holds designated as the reactor space. This is
located Jjust forward of the bridge and directly below the promenade deck.
The reactor space is kept at a slightly negative pressure, and the ex-
hausted air is fed through a filtering system and then up thne stack. The
design philosophy of this system is similar to that of the Indian Point
Reactor, as discussed in Sections 7.2 and 7.8.

The vapor container 1s, of course, not subjected to loads due to
wind or snow or seismic disturbances but may be dynamically loaded by
pritching and rolling of the ship. 'The design criteria define a maximum
loading (static plus dynamic) of 0.6 times gravity (0.6 X g). It is
estimated, however, that all components can stand at least l-g loading
and in most cases 2 g. These adverse movements are minimized by stabi-
lizing fins protruding from the ship's hull; but, if these were inopera-
tive, the container would withstand the stresses imposed by extreme
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pitching and rolling and even those impeosed by capsizing the ship. The
latter is an unexpected occurrence. Composite redwood and steel colli-
sion mats are provided to protect the reactor and contaimment vessels
from damage in the event of collision.

7.2.4 Proof Tests

Various tests for the purpose of finding leaks, proving the strength
of a vessel, and establishing the leakage rate under certain pressure
conditions are performed on vapor containers. Table 7.3 shows test pres-
sures and leakage limitations imposed by the designers and, where possible,
the results of their tests.

The methods of measuring the rate of leakage from a vessel are usually
the reference-vessel method or the absolute temperature-pressure method.
Tt can be seen from Table 7.3 thal the reference-vessel method is used
in the majority of cases (see Chap. 10). Most of the containers listed in
Table 7.3 were tested at the design pressure for several days to obtain
the datae for the calculation of a rate of leakage. Some of the reactors
are incomplete at this time, and leakage-rabe results have not been re-
ported for some others.

In at least five of the cases listed in Table 7.3 (EBWR, Saxton, Flk
River, Big Rock Point, and CVTR), a pattern for the tests wAs established.
Upon completion of the containment shell, the testing routine was initi-
ated. First, low-pressure tests were performed at internal pressures
ranging from 2 to 10 psig. The container wag pressurized to this low
pressure, and then a soap solution was painted on all the welds and pene-
trations. If bubbles appeared or i1f flaking of the soap occurred, it was
obvious that a leak had been found. When all lesks found in this manner
were repaired, a second low-pressure soap check was made, and if no further
leaks were Tound, the system was pressurized in steps to 1 1/4 times the
design pressure (ASME Code eriterion). After pressurizing to 1 1/4 times
the design pressure and holding for a specified time (from 15 min to 6
hr), the pressure was then decreased to design pressure and held there
for a leakage-rate test of several days' duration. (Methods of testing
are discussed in Chap. 10.)

Tests of other systems accomplished the same end but were made in
different sequences. In three cases (SM-1, HRT, and NS Savennah) the
container proof test of 1 1/4 times design pressure was not required.
These were all regarded as special applications of nuclear contalnment,
and the design specifications did not require that the container meet
the ASME Code criterion.

7.2.4.1 NS Savannah

The NS Savamnah leakage-rate test was performed at pressures up to
60 psig, the average 24-hr accident pressure. The long-term leakage rate
is the quantity that is of greatest interest; the design pressure would
last only a few moments under the conditions of the maximum accident (see
Fig. 7.32 in Sect. 7.2.9.2). 'The average pressure for the next 24 hr gives
the most realistic numbers ag far as leakage of radiocactive contaminants
is concerned (see also Chap. 10).
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Containment Structure Proof Tests
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Reactor

Design
Leakage
Requirements

Low-Pressure
Test

Strength Test
Pressure
(psig)

leakage-Rate
Test Pressure
(psig)

Measured a
leakage Rate

Method of
Measurement

Retest

Fregquency
of Retest

Big Rock Point O.5%/day

CVIR

Dresden

Elk River

BEnrico Fermi

EBR-IT
EGCR

EWCTR

ERT

Irndian Point

NS Ssvanpah

Pathfinder

PRIR

FwWR
Saxton

SM-1

VBWR

Yankee

O.l%/day
0.5%/day
0.1%/day
C.15%/day

1C00 £+3/day at 20 psiz
<0.5%/day

<i%/day

10 liters/min
(1.9%/day)

O.l%/day

1.5%/day (2.5%/day for
an interim period of
initial operation)

0.2%/day

1090 £43/cay
{0.25%/cay)

Q. 25%/day

Not statec

1.8 ri3/day

<1%/day

0.1%/day

5-psig sozp test

1% Freon (sniff) and
5-psig soap check

5- 1o 10-psig soap
check

2-psilg soap check
2 psig

Soap check at low
pressure

After hydraulic pres-
sure tes®t, soap
check for ieaks

Sozp check at 5 in.
water

After proof test,
5-psig soap check

Soap check at low
pressure

Sozp test and Ireon

5-psig soap check of
all welds and pene-
trations

Final leak test with
helium

Soap check at low
pressure

5-psig soap check

33.7 (~L 1/4 X ap)°

26 1/4 {1 ./4 X ap)
37 {~1 1/4 x dp)
26.25 (1 1/4 x dp)
40 (1 1/4 x dp)

30 {1 1/4 x dp)
11.25 (L 1/4 x dp)

29 (~ 1/4 x dp)

Hydrauvlic, 26 top,
36 hotbvon;
pneumatic, 15

31.25 (1 1/4 x ap)

173 (aydraulic
test)

97.5 {1 1/4 x dp)

18.75 (L 31/4 x é&p)

70 (<1 1/4 x dp)
37.5 (X 1/4 x ép)

Hydraulic, 76 top

56.25 (1 1/4 x dp)

40 (<1 1/4 x dp)

27
10

22 1/2

29.5
27.5
5

21.5 (two)
30

24

Several times
2t 15-3C
ané —7.5

25
10

Un Lo 60

78 (soap
check)

15

52.8
30

45

26.5
12

15

16

0.036%/day
0.021%/dsy

0.074%/day (5 days)

<O.l%/day

0.0187 + 0.01l4%/day

0. 06%/day
0.09%/day
0.036%/dzay

<0.1%/day (4 cays)
0.56%/day (3 days)

4.3 liters/min at
30 psig

2.5 liters/min at
~7.5 psig

0.014%/cay
0.C20%/aay

See Table 10.4

<0.1%/dzy (nc
penetrations
instailed)
<1000 scfd
(72 br)

0.15%/day
0.C4 £ 0.093%/day

0.033%/day

Without penetra-
tions, <0,1%/dsy
(<0.2% in 60 hr
at 25 psig)

O.CZ%/day

0.C1%/3zy

0.027%/day at 15.5

psig
0.0210%/dzy

Reference vessel

Reference vessel

Reference vessel

Reference vessel

Reference vessel

Kbsolute tempera-
ture and pressure

Reference vessel

Reference vessel
and absolute tem-
perature and
pressure

Reference vessel

Reference vessel

Reference vessel

Reference vessel

Reference vessel

Hy

Reference vessel

Reference vessel

At 10 psig

Constant

Subsequent test at
2 psig

Subsequent tests at
5 psig

Constant test at
~7.5 psig

Continuous by ‘tempera-
ture, pressure, and
humidity measurements

Periodic

Retest at 15-20 psig

Constant

Every 2 years

Yearly

" general these rates were cbtained in construction tests alter
considersble preparatory work had been completed; once a plant has been

placed in operation,

ment with no special preparations.

N

o J
dp is deslgn pressure.

leak tests should meet the design leakage reguire-
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7.2.4.2 Indian Point

The containment shell for the Indian Point Reactor met its original
design specification upon completion of the shell but Hefore installati%n
of eguipment. After all equipment was installed, the vready to operate
plant was leakage-rate tested at 10 psig, and an extrapolation was made
to obtain the rate of leakage to be expected at deslgn pressure.

7.2.4.3 CVIR

A conerete building lined with steel plate is difficult, if not im-
possible, to check for leaks by pressurizing in the usual manner. After
the liner plate was installed in the CVIR container, the butt-welded
joints were covered with inverted channels (see Fig. 7.28, detail B) ;29
both sides of the channels were continuously fillet-welded to the liner
plateg. The space lunside the channel was pressurized through bases (see
Fig. 7.28, detail Bl) with a mixture containing Freon 12, All channel
welds were probed with a halogen leak detector. The channels were used
becausze it would be impossible to determine whether any gas escaped
through the butt-welded joints of the liner plate and then through the
exterior concrete.

7.2.4.4 Tubure Testing (See also Section 10.6)

Most of the reactors do not include ian their future operating pro-
cedures provisions for periodlic or continuous containment leak testing.
Many indicate that future leak testing will be conducted if necessary.

At HRT, howaver, it was possible to conduct continucus leakage-rate
surveillance during reactor operations. The HRT cell was maintained at
a negative pressure of 7.5 psi during operation so that meaningful leak-
age rates could be calculated using reference-vessel differential-pressure
data,

The Yankee plant has provisions for continuous monitoring of the
building leakage. The containment shell is pressurized to 1 psig, and a
bank of compressed-air bottles is maintained to keep the shell pressure
at this level. Periodic readings are made on the mass of air which has
teen admitted to the containment over a period of time. Tt is considered
that if the period over which the leakage is calculated is long (several
days), then temperature effects will cancel out and a believable leskege
rate will be obtained. Bince the container is pressurized at all times,
the reference-vessal system 1s used also to determine the leakage rate in
a continuous fashion. The CVIR has a similar system. Such systems serve
principally to detect development of major leaks during operating periods
and may eventually be consgidered as a substitute for integrated leakage-
rate tests at design pressure once the leakage rate versus pressure rela-
tionship has been egtablished for a given structure.

The HWCIR containment building is significantly different from most
high-oressure containers in that the below-grade prestressed-concrete
portion is not steel lined and depends upon the limited porosity and
cracking of this typge of concrete to maintain its vapor integrity. Al-
though still considered promising, this system has not been without




RN S
ansEeiotea

CUT AND WELD TS a0
PIE TO LINER - T
Y

SHILL aND TAP
AR A5 UnLE e
by ¥ La 05y

. SEEGETY -

LS U

} v srmzar &~

o

LOCATR 12,00 CenTLReT

CONTINIOUS WELD”
s

UK GMULAGIN B

.. o
i Lt Wsn puate unen — Y
DEips) . NoTEs 3
DETAIL A DETAILS W AND'SY TYPICAL FOR A:l
ScaLEINeQ L L. VERIICAU AHD RORIZONTAL JBINTS
<0 el
o -
DETAIL "8’ DETAIL Bl E(EAI/: .7..2
RV A-I30LR F.F.THRR FLi FULL SIZE Ful size
| TR LIRHTHNG AATOET
~ _— FRAT 138
‘ FoR nedicn Cap
SE% PETALFT
TYPICAL POR SYMROL B / A\
DETAIL "BS /
SCME Yol-G H L
TN YR Y M—NDLmr7,,..,,.,.,,,!
o }
62-0"0.0 CONCRE M.
[ 39-0°0D STEEL LINSR _
N
! sez DeTen AR
)
|
| SECTION R-R”
SCALE: -
. FLL2AT
: —is GRATE Ty AT
o 388 VS A v ee s
s Y PR ORI
6\ O e B S
i PLECTRICAL SENETANTIONS NOTES;
mE CROWPINE BLATE MATERIAL FOR DOMIE, IHRT, LINER
B4 T e [ R O PLATES, BATTIN FATES, DALKING
P PLATES, Z22 ANCIORS, TEST A0SST5,
bt ELECTRUCAL PENTTRATIONG AWULL'HG
PLATE AMDALL OTHER PLATE WiTEmAL
TO B 25T AZES AR C FRY.
AL SEAT MR MATERIAL 1O RE
=| ASTH 2106 515
5
£|
¥
™
@
i
Ed
2]
It 3 LELIBO
| T B P
SN b2
umr/ i N
< sEE PRTAIL'C

SECTION "A-A
scaLe ol

Fig. 7.28. Details of the CVIR Container. (From ref. 20)

serious difficulties. The building met its leakage requirement of <l%/day
(O.56%/hr). Then, when equipment was placed in it and the system was made
ready to operate (except for installation of pressure-sensitive instru-
ments), a retest was made. This test yielded leakage values well in ex-
cess of the allowable rate. By repairing conventional openings, such

as a ventilation valve that was not closing tightly, an air-lock gasket
that was leaking, and some others, this rate was reduced substantially.
Additional repalir work on the interior concrete at corners and under
support pillars, where several cracks had appeared, was made, and the
repalrs were coated with Fiberglas and resin. This brought the leakage
rate down to the specified range. It was felt by the plant management,
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however, that some good way must be provided to observe the leakage rate
periodically. After installation of pressuwre~sensitive process equip-

ment, 1t was not considered practical to vetest at the design pressure,
gince this would entall removal of the zensitive equipment. To circum-
vent this problem, leakage tests were made at 5 and 12 psig, and these
dats were extrapolated Lo the design pressure of 24 psig, As 1t stands
now, the leakage rate will be taken at 5 psig and multiplied by 3.8 %o
yield the leakage rate at 24 psig.

Similar work has been done by +ho & who are responsible for the NB

Savannah, where the retest schedules more demandiag than for an ordinary
rbactor container. TFor the HWCTR, retestlnb at high pressure iz con-
sidered lmpractical, so experimental work was done by EBASZO to obtaln
a family of curves by which the leakage at some higher pressure could
be predicted by leakage-rate data at scme low pressure. Subssquently,
teating of the N5 Savannah container at various pressures up to 60 psig
provided actual data on the leakage rate versus pressure More general
leakage versus pressure relabionships have b@en derived by Maccary and
sumparized in a report,24 which is now belng revised.

7.2.4.5 Leakage-Rabe Suecifications

Above g certain rate the spscification of a leskage rate ig deter-
wined more by the desire to minimize accident exposuxes than by 2 calcu-
lated need, since a nuclear plant constructed in a desclate area could
be allowed to have a much larger leakage rabe than one bullt in a more
populated arvea. It can be geen from Table 7.3, however, that most of
the plants have a similar leakage rate gpecified, 11respective of the
location.

Table 7.3 shows that with few excepticnz the specified leaksge rabe
ranges between about 0.1 and 0.25% of the contained volume per day. FEx-
cepticns are SM-1 and FEnrleco Ferml, which have leakage rabes lower than
this, and VEBWR, #RT, and NS Savannah, which have higher specificaticus.

A case in polnt might be the BEGCR. A careful analysis was made of
the potential release of fissicn-product activity from the core, the con-
tainment pressure, the worst concelvable wetezorological condition, and
the site-boundary distance, Using these parameters and the allowable
doses at the exclusion boundary, an allowable leakage rate of 2.2%/day
was calculated,?’ It was Telt by the Comuniss ion, however, that for this
type of bullding a much better leakage rate Fﬂuld be attained, and the
gpecification was thus revised to <0. 3//daJ, The stand that the Com-~
mission takes in this sort of case is Justifiable, particularly for a
new aystem. A containment system depends upon large, quick-closing
valves to ensure loautlghtness of ventilation ducts and similar penetra-
tions. When new, these may be expected to be leaktight, but after having
been used for several months, their sealing ability may be decreased.
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However, in early 1964 the attitude toward the leakage rate was
altered slightly; the design leakage is to be met at the time of con-
struction to prove that the fabricator has properly done his job, but
subsequent leakage-rate tests are to meet site criteria boundary dose
requirements, which may allow a leakage rate higher than the onec speci-
fied for design purposes.

7.2.5 Materials and Specifications

Table 7.4 lists codes, specifications, and types of material used
in the containers and the size and material of the reactor primary pres-
sure vessel. In general, the high-pressure containers have been built
in conformance with Section VIIT (including the related code cases) of
the ASME Boiler and Pressure Vessel Code. New Section IIT on Nuclear
Vessels will apply to future containment vessels.

In column 5 of Table 7.4, a nil-ductility transition (NDT) tempera-
ture for the containment vessel is listed for four reacltors. The 1lmpor-
tance of this number is sometimes questicned, since the ASME Code accep-
tability of the given steel covers this. (See Sec. 8.5 for a discussion
of the brittle fracture of steel.) The technical specifications of the
Elk River Reactor require that the temperature27 of the steel conlainer
shall not be allowed to go below 10°F. Tn column 6, the 100% x-rayed
entry is usually taken to mean that all welds are x-rayed; but, if it is
impossible to obtain a meaningful representation on x-ray, magnetic-
particle or dye-penetrant tests must be made.

In scme cases the ASME Code does not apply. In this event, the
"spirit" of the Code is adhered to. The HWCTR was faced with this situa-
tion because the lower part of the vessel was concrete and no code spe-
cifically applied.

The CVIR method of testing welds is fully described in the previous
section. This method was not according to the code, but the code could
not be followed in this case.

i

7.2.6 Penetrations

The penetration of the vapor container wall by any means gerves to
compromise the containment and requires that very careful precautionary
measures be taken to ensure closure during an accident. General detaills
of ventilation designs are presented in Chapter 9. Information concerning
the number, size, and type of penetrations 1s given in Table 7.5, and
Table 7.6 indicates the number of closing devices per line and the logic
used to close these lines in case of accident or emergency conditions.

Tt may be seen in Table 7.5 that the HRT containment structure is
peculiar in that it is penetrated a large number of times. Many things
account for this anomaly. There are more than 200 penetrations for the
primary system leak-detection lines, more than 100 for the elaborate
refrigeration sysvem in the cell, and a host of instrument penetrations
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Table 7.4. Codes and Specifications Used in the Fabrication of Containment and Peimary Pressure Vessels
Containment Vessel Reactor Primary Pressure Vessel
Reaclor Code Steet Thickness woro Weld Vessel Inside Wall Thickness Type of AT
S {fleations (in.) Temperature Tas ec**onw Code Diameter ‘in ) Metal Temperature
pec ations in. (°F) Inspecti Stamped (in. ) iin, Meta {om)
Big Rock ASME SA-201-3, SA-300  0.701-0.87 100% x-rayed Yes 106 5 1/4 (clad) A-302B steel <0
Poirnt
OVTR ASME A-285-C for Side, concrete {24) Dye penetrant No 3.53 0.191 Zircalioy-4
ACI-318 liner piate with 1/4-in. steel ané haliogen {pressure
iipner plates ileck tested +tube)
Top, 1/2-in. steel {see dis-
with concrete cussion)
(20 1/2 in.)
shielding
Dresden ASME A-201-B, A-300 1.25 (min) ~20 100% x-rayed Yes 146 51/4 (+3/8 clad)  A-302B steel 10
1.40 (max)
Elkx River ASME A-203-B, A-300 Sice, C.7 ~50 100% x-rayed Yes 84 3 A-302B steel 100
Top, 1/2
Bottom, 0.7
Enrico ALVE A-201-B, A-300 3ide, 1 100% x-rayed Yes 170 (upper) 1.5 A-240-45 gteel,
Termi Top, 5/8 111 (lower) 304 S8
Bottom, 1 1/4 .
EBR-IT A-201-3 Vominally 1 10% x-rayed No 73.75
EGCR AS A-201-B, A-300 ASME Sec. IX; 240 2 3/4 A-2128 steel
x-rayed
HWOTR ASME A-201-B, A-300 Top, 11/32 100% x-rayed Yes 86 4 1/2 (41/4 es° A-212B steel <10 after
Side, 3/4 (concrete, clad) 20 yr
18 in.)
HRT A-285-C Floor and walls, Dyc checked Ko 50 4 {+0.4 cliad) A-212 steel
Ceiling, 1/2
Indian ASME A-201-B, A-300 Upper, 0.89 -50 100% x-rayed Yes 1%7 6. 94 A-212B steel 55 (120°F after
Point Tower, 1.03 (clag: 0.109 in. irradiation)
304 g8)
Shielding Wall, 66
building Dome, 33
NS Savannah ASME A-212-B Cylinder, 2 5/8 A11 but welds No 98 61/2 A-212B <110 after
J8SG Heads, 1 1/4 x-rayed 20 yr
Pathfinder  ASME SA-212-B, A-300  side, 1 3/8 =50 Yes i3z 2 3/4 (+1/4 ss A-212B
Top, 11/16 clad)
Bottom, i 3/8
PRTR ASME A-2123 3,250 0.154 Zircaloy-2
{pressure tube)
PWR ASME A-201-8, A-300 1.25 {max) 100% x-rayed Yes 109 8 3/8 (+1/4 304L A-302B steel
0.66 (min) 5SS clad;
Saxton ASME A-201-B, A-300 Side, 3/4 58 5 (multilayer) A-2128 steel
Top, 11/32
Bottom, 11/16
aM-1 ASME A-201 Top, 1/2 100% x-rayed No 48 2.5 (+1/4 cied) A-2i2B steel
Bottom, 1/2
gide, 7/8
VBWR ASME SA-212-3, A-300 gide, 7/8 ard 1 -1 100% x-rayed Yes 84 3 3/8 A-212B steel
Feads, 7/16
Yankee ASME A-201-3B, A-300 11/4 100% x-rayed Yes 109 7 7/8 A-302B steel —10 initially

(clad:
304 88)

0,109 in.

aThese values determined by Charpy V-notch Impact tests.

bSS =

stainless steel.
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Containment Structure Penetrations

Table 7.5.
Air Locks . Other Penetrations
Access Qpenings
Reactor anc Doors
Number Description . Number Description
Big Rock 3 12 £t diam 95 Electrical and piping
Point 7 ft 7 in. dian
51/2 ft diam
CVTR o No access during 13-t 1-in. bolted and gas- 2 1 1/2-ft vent
operation keted egquipment door 1 1 1/2-ft fuel transfer
7-£% 1-in. bolted and gas- 2 Eigh-pressure steam
keted personnel and equip- 71 Piping
ment door 1C5 Jectrical
3 1/2-f% bolted and gas-
keted emergency door
Dresden 3 8 X 8-t door 16-ft-diam bolted patch 145 Piping (welded nozzles)
(equipment) 65 Blectrical
2 1/2 x 6-£t door
{personnel)
2 1/2-ft-diam door
(escape)
Elk River 2 5x 7 fc & X L0-£t bolted and ~250
2 1/2 £+ diam ga.sketed door
Enrico Fermi 2 6 ft 3 In. X 6 Tt
3 £t diam
EBR-II 2 3 x6 ft 7 % 9-ft gasketed and
5 £+ diam bolted door
EGCR 2 7 $t diam None
11 £t diam
HWCTR 2 10 £t diam (3-Tt 7 X 7-ft bolted and 2 2-t vent
6-in. X 6-ft &-in. zasketed door 1 1-ft relief
door) L 10-in. vecuum bresker
3 1/2 £t diem (2 1/2- 2 10-in, steam
ft-diam door) 1 16-in, fuel transfer
25 3/4 so 4 in.
180 Electrical
HRT 0 No access during Twe access plugs 1 16~in. vent
operation (30 in.) 2 6-in. dewatering holes
4 1- to 6-in. steam line
4 24-in. porvhole
345 1/8- %o 6-in. piping
272 Instrument

Tlectrical
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Table 7.5 (Continued)

Alr Iocks Access Openings Other Penetrations
Reactor and Doors
Number Deseription Number Description
Indian Point 1 3-7% 6-in. X 6-ft Persommel access (7 £t diam) 4 4-ft vent
8-in, door Taree l4-Tt-diam equipment 2 2-ft vent
access openings i 2 1/2-f% fuel transfer opening
Six 4-TH-diam emergency exits i52 Piping
One 4-ft-diam utility exit 316 Flectrical
Biological Iabyrinth sealed open- All above plus annular space
shield ings with locking ventilation ducts
doors ‘
NS Savannah 1 42 in. ID Four hatches 2 Vent
T4 Piping
1 Blectrical
Pathfinder 2 2 X758 11-ft-diam bolted and gas- 2 Vent
2 1/2 £t diam keted door 1 Fael transfer
16 Piping
85 Electrical
PRTR 2 4 x 8 ft 51/2 x 10 £t
3 £t diam
PWR 6 7 £t diam (2 in each Nine access openings:
cylindrical tenk) one, 18 ft diam
six, 1C ft diam
two, 6 It diam
Saxton 2 1/2 1 X 5 £t 8 in. 6-ft-dlam flarged opening
21/2 £t diam
SM-1 0 No entry during 6 1/2-f4-diam manhole at wop, Various piping and coaduit
operation double door access at lower
level
VEWR 2 31/2 x5 % 10-ft-diam bolted patch 2 2-ft vent
3 10-, 12-, 24-in. steam lines
i5 1 1/2- to 12-in. piping
6 Eiectrical
Yankee 1 7 1/2 2t {personnel) 13-ft 11 i/2-in. gasketed 2 30-in. wvents
and polted door 1 2-f% fuel transfer ovening
4 l4-in, steam line
i 3/4 to 12 in. {plus spares)
213 Electrical and expansion

Joints for colunns




Parameters Sensed to Close
Automatic Valves and
Number of Sensors
Per Parameter

Systen Logic
Jor Automatic
Valves

Possible Hmer-
gency Action
if Valve Does

Not Close

€5

Table 7.6. Containment Penetration Closures
) . & vt - Action of Autcomatic Valves
Nunrber and Type of Valves Per Line on Toss of Power
Reactor
Va.cuum Enclosure Process Lines? (Air, Loss of Loss of
Relief Ventilation Steam, Water, etc.) Hlectric Power Tnstrument Air
Big Roeck Enclosure 2 automatic I automatic, 1 manual for Normally open lines Normally open
Point ventilati (rormally open) lines open to interior carrying fluids in carrying fluids in
valves open of containment; 1 auto- or cut of the con- cr ouvt of the con-
autometi- matic, 1 manual, one for tainment close, teinment close,
cally each side of the contain- excert control rod except control rod
ment shell for lines open drive pump supply; drive pump supply;
to primary system; lines ventilation vaives ventilation valves
normally closed have close will s%ill operate
marval control plus Zock of ¥ accunulator in
or interlock event of air fail-
ure
CVTR Kone 1 menual (nor- 1 manual or 1 local or Rediation moritor- Instrument air
mally closed) both on all process ing samples bleed {open)
lines; I automatic and 1 {close); imstru-
local on radiation meni- ment a2ir bleed
toring sample inlet and (open)
return and instirument air
regulator bleed
Drescden 2 enclosure 2 automatic 1 manual and 1 check in r-operated Valves clos
ventilation (rormally open} inlet lines; 1 azutomatic valves switeh %o
valves open and 1 check in outiet station battery;
automati- lines other valves close
cally
s
Elk River 2 2 automatic or Manual Dblock valves on Ventilation valves No action, hut loss
manual {nor. each line {one wvalve on close (de) of service air;
mally open) each side of comtainment) ventilation valves
close
Enrico 2 1 automatic 1 manval (locked closed) Ciose Close
Fermi {normally open, in purge line; other
except none in lines have 1 automatic
closed-circuit norrally open valve
nitrogen cool- (Note: no water or
ing loops) steam lines in enclo-
sure)
* autom indicates a velve closed by instrumentis. Manual denotes

a valve operated remotely by an operator in the conirol room.

Local

means a valve opersted by hand at or near the valve.

bIn this tabulation it has rot been peossible to take into account
the pressure rating or speclal conditions that may apply to the system
to which these lines are connected.

Ventilation valves, all scram
parameters, 4; others: low
reactor water level, 4; high
enclosure pressure, 4; manual

operation possible

Figh enclosure »ressure

Enclosure ventilation valves,

all scram parameters, 4 or
6; other valves: high
ancliosure pressure, 4; low
reactor water level, 4;
marual operation possible

High stack immediate particu-
late monitor, 1; high stack
delayed particulate monitor,
1; high stack gas, 1; primery

zystem vressure >1210 psig,
1; containment pressure >2
»sig, 1; manual operation
possible

High gas or particulate ac-
tivity in enclosure or both,

4; high enclosure pressure,

2 out of 4

Any 1 signal
to close
valves

2-out-of-4 or
2-out-0f-6 to
close enclo-
sure ventila-
tion valves;
2-out-of-4 for
other valves;
annunciates
only upon high
radiation
level or steam
leak in enclo-
sure; irpdivid-
ual lights and
annunciator
cnly on enclo-
sure ventila-
tion valves

Any 1 signal to
close valves

Any 1L of 4 sen-
3ors to close
21l valves; 3
additional
sensors close
certain se-
lected valves

Close marvally
from control
room or
Jocally in
some cases;
close manual
backup valves
wiere sup-
plied

Close locally

lose manually
from control
room arnd, in
some cases,
locally also

Can he closed
manually from
control room

Close locally
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Tabie 7.6. {continued)

Action of Automatic Valves

Number and Type of Valves Per Line®

on Loss of Powver

Enclosure
Ventilation

Process LinesP (Air,

Steam, Water, etc.)

Loss of
Electric Power

Ioss of
Instrument Air

Parameters Sensed to Close
Automatic Valves and
Number of Sensors
Per Parameter

Possible Lmer-

System Logic
For Automatic
Valves

gency Action
if Valve Does
Not Close

Reactor
Vacuum
Relief
EBR-IT None
EGCR 1
HWCTR 2
ERT None
Indian 2
Polnt
NS Savannah MNone

2 automatic

2 ventilation
valves in
series in both
the supply aad
exhaust ducts
(normelly open)

None

2 automatic
{normally
closed) ia main
system

1 manual {nor-
mally closed)

1 or more isolation valives
ver line {automatic)

2 avtomatic {(normally
open; for contaminated
water, drain, and sani-
tary sewer, 1 automatic
(normaliy open) for
nonessential services

2 automatic {normally
open) from high-pressure
helium supply

2 automatic {normally
open) from steam, feed-
water

1 avtomatic and 1 manual
in low-pressure gas vent
to exhaust stack; 1 auto-
matic and 1 manual in
sump pump discharge line;
2 automatic and 1 manual
in high-pressure vent to
exhaust stack; 1 auto-
matic three-way butterfly
valve in gas-pressure-
reiief iine (normally
positicned to relieve to
steam discharge lines)

1 automatic and 1 menual
in main steam lines;
manual and L check in
water inlet lines; i
automatic in water outiet
lines; 1 avtometic and 1
manual in cell vacuum
line

2 automatic in lines con-

tituting possible routes
for external contamina-
siony 2 menual in vital
service Lines; 1 auto-
matic and 1 manual in
other lines

wn

i

1 check valve in inlet
lines; 1 automatic ia
outiet lines; most lines
have additional local

Close

Close

Open

Close, except
three-way butter-
fly valve posi-
tioned to relieve
gas to inside of
containment sheil

Varies with valve

Enclosure venti-
lation valves
and valves in
lines consti-
tuting possible
routes for ex-
ternal contamina-
tion close

lose

Close

Close

Open

Zlectric~motor
actuated

Clgse, except
three-way butter-
fiy valve; reserve
air tank provides
for at least 1
overation

Varies with valve

Close in lines con-
stituting possible
routes for ex-
ternal coatamina-
tion

Close

Eigh stack activity, 3; low
reactor coolant pressure, 3

Low reactor coolant pressure

Low water level in steam
generator, 3; high water
level in lower pienum of
steam generator, 3

High enclosure effiuent
tempersture, 1; high stack
activity, 1; manual operation

Sump discharge activity; in-
strument cubicle activity;
stack gas activity; steam
activity; cooiing water ac-
tivity: cell air activity;
oxygen activity; low oxyzen
pressure activity; aigh or
low fuel sysvem pressure;
high sampler pressure; high
cell pressure

High enclosure pressure, §;
manual operation possible;
high stack radioactivity
for ventilation valves, 1;
low pressurizer level for
others, 2.

High enclosure pressure, 3

2 out of 3 per
parameter

2 out of 3 per
parameter

2 out of 3 per
parameter

Any 1 to close
valves

1 of 1 for cell
vacuum; 2 of
2 For others

Any one of 4
pairs of sen-
sors close 1
zutomatic
vaive of each
pair of valves
in every non-~
vital system
penetration

2 out of 3 to
close valves

Close manuvally
from controi
TOOm

Close manually
from control
room

Close manually
from control
room

Close ventila-
tion valves
locally;
close addi-
tional local
valves in
‘process lines
where they
exist; switch
three-way
butterfly
valve to con-
tainment
shell with
local hand-
wheel

Close locally
where pro-
vision is
made

Second valive

in each pene-
tration pro-
vided with
electric power
from separate
sources where
eiecctric power
is required
Tor cliosure

Close addi-
tional local
vaive where
it exists
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Toble 7.6. (continued)

Number and Type of Valves Per Line®

Actiorn of Automatic Valves
on Loss of Power

Parameters Sensed to Close
Autcrmatic Valves and

<

Enclosure
Ventilation

Process LinesP (pir,
Steam, Water, etc.)

Loss of
lectric Power

Nunber of Sensors

Loss of
= Per Parameter

Instrument Air

System Logic
For Automatic

Valves

Possible Emer-
gency Action
i Valve Does

Not Close

Reactor
Vacuunm
Relief
thfinder 1 and all
vertilation
valves open
automati-
cally
PRTR 2
PWR
Saxtonc
sM-1¢
VEWR None
Yankee None

2 autcmatic
(normally open}

1 autcmetic
(normally open)

2 avtomatic
(normally open)

I aubtomatic; 1
local (nor-
mally open)

1 menual (nor-
mally closed)

I check in inlet lines; 1
automgtic in outlet lines

1 check valve in inlet
lines; 1 autcmatic valve
in ocutlet lines

None in hydraulic velve
lines; 1 manual in main
steam and feed-water
lines; 1 wanual or local
and 1 check valve in
other inle% lines

1 automatic snd L local
in lines constituting
posgible routes for ex-
ternal contamination; 1
local in other process
lines

1 automatic and 1 manual
in mein steam lines; 2
check valves in other
inlet lines; 1 trip valve
in other outlet lines

Motor-operated
valves switch to
station hattery;
other valves close

No electrically
operated valves
in containment

Enclosure ventila-
tion valves close
(Note: cannot
close enclosure
ventilation on
loss of hydraulic
pressure)

A1lZ wvalves close

Electrically
operated valves
close using sta-
tion battery

Close

Varies with the valves but
includes 1 or more of the
following: high reactor
building pressure, 1; loss
of condernser circulaeting

ter, 2; high alr ejection
exhaust radiation, 1; high
turbine building ventilztion
exhaust radiation, 2; high
main steam line radiatiom, 1;
high ventilaticrn stack ex-
haust racdiation, 1; high
reactor building ventilation
exhaust radiation, 1

Close High exhaust air activity, 3;
high aqueous effluent ac-
tivity, 3; manual operation

possible

High enclosure pressure, 2;
high stack activity, 1; high
enclosure air activity, 1;
manual operation possible

Does not apply

Varies with vaive but includes
2 to 10 of following: high
steam radiation, 1; loss of
power, 1l; high stack radia-
tion, 1; high condenser pres-
sure, 1; low reactor water
level, 1; low circulating
water pressure, 1; high steamn
flow, 1; high enclosure pres-
sure, 1; selsmic disturbance,
1: high enclosure radiation,

3

1; manual operation possible

Enclosure ventila-
tion valves

Close High enclosure pressure, 2

Ary 1 signal to
close valves

2 out of 3

Any 1 signal to

close enclo-
sure ventila-
tion valves
only

Any 1 signsl to

close valves

Any 1 to close

valves

Close manually
frem control
rocm; close
additional
lceal valves
where one
exists

Close manually
from control
roon except
for mecheni-
cal block-
age of
valves

Close enclo-
sure ven-
tilation
valves
locally;
would take
considerable
time

Close local
valves,
handles out-
gide enclo-
sure (also
can be
closed
menually
from control
room)

Close locally

c . 1o
Information not available.



7.51

that allowed the HRT to be a useful research tool. 1In all, there are more
than 700 penetrations.

The piping penetrations listed in Table 7.6 usually consist of a pipe
sleeve welded to the vapor container wall through which the pipe line is
run and sealed at cne or both ends. If this plpe is to be a steam line,
vhich may be subject to thermal expansion, a convoluted (or other tyove)
expansion joint should be provided. Figures 7.29 and 7.30 (ref. 28) show
typical examples of both types.

Flectrical penetrations are treated similarly in wost plants. One
of the problems here 1s to prevent the leakage along individual leads in
the one lavge penetration. Figure 7.31 (ref. 29) shows a penebtration
*onfaining a number of electrical leads drawn through the normal pipe-

type penetration. They are separated Trom.ope qnofner by spacers, and
hc space between leads is filled with some POLblMH material. Several
pott11 " materials are unsed to prevent the leakage along the individual
leads to the outside,.

The care with Whl@ﬂ a penetration iz fabricated may be negated by

careless managem.nt of the line for which the penetration is made. Honauer

has stated-

"It is eclear that comtaimment valves are required to close
when they are needed ... . Bven a relatively small valve which
vy failing to close may provide a path directly hetween the
enclosures interior and the atmosphere will leak at a rate
very much larger bthan is specified for the conbtainment. The
case for valves in water and steam lines is not so clear. In
zome cases these lines lead to closad systems whose integrity
may exceed that of the contsinment enclosure. Under normal
condition, transport of radicactivity into these closed sys-
tems does not constitute a hazard to the general public

"[Consider the] extreme example ... [oi] a once- Throuvh

alr-ventilation system which normally exhausts through a stack.
On the occurrence of an accident, valves are to close in the
intake and exhaust ducts of the system. If the valve in the
intake duct failed to close, any excess pressure in the con-
tainment enulosure could be venbed directly to the atmosphere
through the open intaks port The contal nment would thus be
violated, with activily reWQase perhap t king place at or

near ground level ... . It is worth noting Lh&L it might be
impossible to close such a wvalve by dl” ot menual operation
because of the high radiation lewvel,

In a containment system there are a large nuber of pipes and ducts
(zee Table 7.6), which, upon occurrence of an eccident, must be blocked.
This great number of penetrations constitutes a danger, since fallure to
block any one of these could sericusly compromise the vapor conbainer.
On the other hand, the unintentional closure of valves 1n piping pene-
trations could lead to seriocus damage to the reactor and auxiliary equip-
ment, These remarks are intended to make clear that the systems depended
upon to maintain the integrity of the containment should be of extremely
high dependability.
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It may be noted from Table 7.6 that a nurber of parameters are sensed
to close various valves., 'The VBWR 1s a particularly good example, since
it indicates the greatest variety of parameters monitored. It may be
further noted that at least two of these parameters must indicate the
need for closing the given valve; this redundancy in many cases offers
the assurance that an actlon will not begin if some plece of meonitoring
equipnent is not functioning properly.

The HWCTR ventilation wvalve is closed hy either of two monitors:
high temperature in the ventilation duct downstream of the blower or high
fission-product activity in the stack. The high temperature (38°F above
normal) would indicate in this case a major steam system rupture. The
high activity (twice stack background) would obviously show that an ac-
tivity release of major proportions had taken place. Closure of this
valve is afforded by either of these systems, since even accidental clo-
sure would not result in any serious consequences.

7.2.7 Containment Protection

The container should be probected from the warious mechanisms that
could render it useless under design conditionsg. Table 7.7 shows the
measures taken to afford protection from weather conditions and internal
and externsl missilles.

7.2.7.1 TExlternsal Protection

In general, some protective covering 1z provided for reactor con-
tainers. This protection may take the form of one of several coats of
valint or some of the other commercial coverings such as Amercoat or
Bitumastic., TIn situations where thermal insulation is required, the
insulation is installed and then the protective covering is applied to
it. Several types of thermal insulation are used (foam gless, polystyrene,
ete.). The HWCTR has preshaped volystyrene blocks covered with Fiberglas
and epoxy resin and painted with a conventlonal commercisl palnt.

The Enrico Ferml containment structure has an elaborate lightning-
rod system. The reasoning behind this and the design are 2s followL:Bl

"Available lightning data indicatz that a stroke of
lightning impinging directly upon the Reactor Bullding would
remove some material and could produce a pit approximately
1/16~iuch deep by l/2~iﬂch in diameter. There is no known
lightning stroke which could burn through the 5/8~inch thick
plate which forms the top of the building. The orobabllity
of a direct stroke to the surface has heen reduced by the
placement of a 16-foot high lightning rod at the top of the
building. This provides a 45-degree umbrella to effectively
shield the building from a direct stroke to its surface.
Ground connections have been provided at 8 polnts around the
periphery of the vessel hase. Hach of thesge polats is con-
nected to a grounding network which covers the entire area
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Table 7.7. Contaimment Structure Extericr and Missile Protection
Reactor Exterior Protection Missile Protection
Big Rock Insulation (3/8 in.); cathodic Tnternal structures provide internal missile
Point protection protecticn
CVIR Concrete exterior Missile protection from fthe exterior by the con-
crete buillding, from the interior by the operating
flocr and structures below
Dresden Therinal insulation; corrosion 24 to 60 in. of concrete surrounds the nuclear
protection provided by steam supply sysiem
sprayed insulation covered
with paint; cathodic
vrotection
Elk River Foam glass (2 in.) covered by Concrete shielding (2 ft)
Bitumastic® above grade;
sandblasted and painted with
Bitwnestic belcw grade
Inrico Asvhalt paint below grade; Concrete and steel shields in and below floor;
Ferini lightning rods machinery dome above Ticor
EBR- LT Aluminum paint above grade; By wall and top and bottom closures of the reactor
Bitumastic below grade vessel: above rain floor, 14 in., of concrete wall
and ceiling
EGCR Paint By design and placement of equipment, nc missile
will be generated that would penetrate the
containment shell
ICTR Polystyrene blocks covered by HNo serious missile generation is feasible simul-
fiberglass and epoxy paint taneous with primary system rupture
HRT Totally enclosed Thermal shield above, below, and around the reactor
vessel; layers of shield blocks protect in the
upward direction
Indian Concrete extericr; sphere is 5 1/2 ft concrete around and 1 3/4 ft above reac-
Point coated with Amercoat insicde tor; nc conceivable missile would possess enough

NS Savannah

Pathfinder

PRTR

PWR

Saxteon

SM-1.

VBWR

Yankee

and out (see Fig. 17.9)

Vessel painted and tcotally en-
clesed in ship's hold

Insulated tc 5 £t below gradce;
cathodic protection

Deleow, 1/4 in. merbrane;
abcve, 3 In. insulation;
cathodic protection

Totally enclesed

Paint

Paint cn dome, cylinder 1is
concrete

Pzint

Coated with Amercoat

energy to penetrate the shell frem the inside
because of 3-It biological shield

Highly improbable that a missile of sufficient size
to cause damage could be generated; protected from
penetration by ship collision by a compesite steel
and redwocd collision rat and concrete secondary
shicld

Any conceivable missile would be stopped by the
structural and shielding concrete (2 £t minimum
thickness)

Cylindrical concrete wall 1 £t thick and 33 ft
high above the mein floor

No serious nmissile generation is feasible simmlta-
neous with rupture of the coolant system

Conecrete liner (1 1/2 ft) below grade provides
missile protection; no additional missile pro-
tection 1s considered necessary

Sufficient missile protection provided by the 2-ft
concrete liner

Steel (18 in. thick) protects from missiles driven
in the upward direction; concrete around vessel
vrotects below the main floor

No external mlssile considerced credible; the shell
is protected from internal missiles by the con-
crete biclogical shielding.

%4 coal-tar epoxy valnt.
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and extends downward to the bedrock below the building foun-
dation. "The network 1s permanently grounded at other points
by connections to bullding piles. This grounding network
causes electrical charges to be bled off from the tip of the
lightning rod and further reduces the probablility of a direct
stroke to the building or to appendages.”

Many of the buildings are provided with cathodic protection below
grade. This system is also known as the "sacrificial anode' system and
uses some materilal that would be more electrochemically active than the
containment shell itself. This material is electrically connected to the
shell so that any electrolytic action will attack the "sacrificial anode"
rather than the contaimment shell. In addition to the electrolytic pro-
tection, the shell is cleaned and coated with a coal-tar type of paint.
There are some who believe>? that the best possible protection is to sand-
blast, coat with the coal-tar paint, and then cover this with epoxy paint;
any Turther effort would be superfluocus.

7.2.7.2 Shock Protection

The possibility of the initiation of a shock wave hy some means has
not been overlooked. In fact much work has been and is being done in
this field, as is shown in Chapter 6. However, in the design of reactor
buildings (e.g., the vapor coanteiner), this has not been considered a
significant danger. The transmission of a shock wave in air is quite
inefficient, and it 1s felt that by the time the wave fronl traversed
the several feet (in most cases) of free space between the point of ini-
tiation and the container wall, the shock intensity would have decreased
to the extent that no harmful effects would be realized. From a different
point of view, it is difficult to postulate a "eredible"” set of circum-
stances which by their occurrence would initiate a shock wave.

In two cases, however, the possibility of a shock wave was consid-
ered, and shock protection was provided. Both are experimental reactors,
the HRT and EBR-TI. The EBR-IT is provided with a blast shield around
the sides (2-ft-thick alternating layers of steel and lightweight con-
crete) and under the botbom (1 £t thick). The top is protected by a
1 1/2-ft gas space (see discussiocn above), In this case, if some mecha-
nism initiates a shock wave in the reactor itself, the shock (or blast
shield) will break up and reduce the force of the shock front before it
is able to damage the vapcor container,

With the HRT the blast shield was provided as much for protection
from missiles as for anything else. It was considered a remote possi-
bility that the pressure vessel (4-in. -thick carbon steel) could suffer
brittle failure and by this create missiles and initiate a shock front.
From the beginning it was considered that the damaging effects of the
missiles that might be created would be much more severe than those caused
by the propagation of the shock wave.

More recently it has been the opinion of most experts in the field
of metallurgy that brittle fallure of a pressure vessel, which has been
constructed with the extremely riglid quality control that is applied to
nuclear vessels, would not be a credible occurrence. This is, of course,
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based on the utmost care being taken with the design and manufacture of
the vessel. For example, when the pressure vessel of the HWCTR wag manu-
factured, certain of the smaller penetrations were not annealed. This
mede the designers skeptical as to the NDT temperature of the complete
vessel. Samples were taken of the various melts of metal, and various
tegts were performed. It was the opinion of several reputable metallur-
gists that the NDI' temperature would be no less than 110°F after 20 years
of irradiation (see Table 7.4), and this allows a margin of safety.

7.2.7.3 Missile Protection

Missiles may be created by many unusual circumstances. Pipes may
break and "whip" around in a container, a thermowell may fail at the weld
and be propelled as a missile, or shield blocks could gain enough momentum
to become seriocus missiles. The pressure vessel of the SL-1 was propelled
upward by a water-hammer effect with such force that piping connections
were severed. The entire vessel moved approximately 9 ft upward before
its energy was spent and it fell back intc its cavity.

The design of the reactor container must include an analysis of items
that could become missiles that could damage the container and then pro-
vide protection against them. By sensible placement of equipment, much
can be done to preclude the effects of missiles. Missile shields in the
form of steel plates or concrete walls of varying thicknesses are some-
times interposed between the potential missile and the vapor container.

Some designers even consider the credibility of external missiles
(i.e., an airplane falling on the building or a hit by a missile genecrated
as an act of war). The external force that does seem quite credible is
that of a collision with another ship by the NS Savannah. 1In this case
the reactor compartment is protected by special collision shielding (see
Table 7.7), as well as the concrete of the radiation shield.

7.2.8 Coolant Properties

At least part of the energy that will be released in the event of a
maximum accident will be contributed by the reactor coolant. Table 7.8
gives information that pertains to this energy release in the form of mass
of coolant and the thermal properties at some set of operating conditions.
Other scurces that may contribute to the meca are rupture of the secondary
system or a chemical or nuclear reaction.

It should be noted in the case of the sodium-cooled reactor that the
potential danger does not come from the sensible heat in the fluid, as
in the case of water-cooled reactors, but from the propensity of the cool-
ant to react violently with air or water.

7.2.9 Energy Sources

This section deals with the energy sources that are made available
by some mca and their contribution to the loading of the containment shell.



Table 7.8. Reactor Coolant Properties at Assumed Accident Conditions

Coolant Properties at Assumed

Type of Acecident Conditions

Reactor . Moderator Coolant
Reactor s a - ©
Quantity Temperature Pressure
(1b) (°F) (paia
Blg Rock Boiling water H»0 Hp0 123,000 550 10001500
Polnt
CVTR Pressure tube D0 D20 14,600 530 1500
Dresden Boiling water Ha0 HaO 376,000 545 1000
Elk River Boiling water H20 Ha0 28,000 540 925-1250
Enrico Fast brecder None, graphite Sodium 400,000 550 (inlet) Not pressur-
Fermi reflectad 800 (outlet) ized (pump
head 78 psig)
WBR-TIT Fast breeder None, graphite Sedium 640,000 700 (inlet) Not pressur-
reflected S00 (outlet)  ized
EGCR Gas cooled Graphite Helium 1,350 780 315
HWCTR Presgurized water D0 Da0 41,000 464 1200
T Homogeneous solu- D0 D30 4,130 570 2000
tion fuel
Indian Pregsurized water Ha0 Ha0 163,000 500 15C0
Point
NS favannah Pressurized water
Primary Hs0 Ha0 66,000 508 1750
Secondary Ho0 8,000 463 485
Pathfinder Boiling water with Ha0 Ha0 100,000 489 (boiler) 600 (reactor)
maclear superheat 825 (super- 540 (oublet)
heater)
PRIR Pressure tube D0 D0
PUR Pressurized water  Ha0 H20 131,000 500 1800
Saxton Presgurized water  Hp0 H20 503 2000
SM-1 Fressurized water Hp0 Hz0 595 1500
VEWR Boiling water H20 Ha0 35,000 545 1000
Yankee Pressurized water  Hp0 H,0 140,000 527 2000

Table 7.9 briefly describes the accident that is considered to be maximum
from the standpoint of energy release. Table 7.10 lists the thermodynamic
conditions assumed, quantities of energy released, and mechanisms that
might lessen the severity of the accident (i.e., building and core spray
systems).

The accidents described in Table 7.9 are those that result in the
highest internal pressure. It is this pressure that iz used as the design
parameter for the containment shell.

Ta some cases the accident that results in the highest internal pres-
sure will not be the one that releases the greatest amount of fission
products to the enclosure. In cases such as this a hypotheltical aceident
or deslgn accident is postulated that takes the high peak pressure of one
accident and the activity release from another and compounds them into
one accident that results in high pressure and a large release of activity.
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Table 7.9. Basis for Containment Design

Big Rock Point Loss of coolant through a double-ended failure of the largest pipe when in
hot standby

CVTR Toss of primary ccolant followed by 35% Zr-water reaction and 10% Btu nuclear
reaction

Dresden Instantaneous lcss of all primary coolant

Flk River Instantaneous less of coolant through largest possible double-ended vipe rup-

ture (10-sec emptying time)

Enrico Fermi Sodium-air reaction; failure of main sodium piping with coincident introduc-
tion of air in the normally inert atmcsphere; burning continues until 95%
of 03 is consumed

d

EBR-T1 Ejection of 3000 1b of sodium with a high degree of dispersiovn

EGCR Loss of primary coolant and the contents of one steam generator

HWCTR Rapid loss of primary coolant through largest creditle break (10-in. pipe)

HRT Instantaneous release of ccre and hlanket solutions and the contents cf one
steam generator

Indian Point Insiantanecus release and expansion of all primary fiuid and secondary fluid
frcm one steam generator

NS Savannah Repid loss of primary coolant through break of largest pipe (12 9/16 in. ID)
plus the contents of cne steam generator; ccntinued operation at 69 Mw for
5 sec

Pathfinder Loss of coclant (assumed instantanszous) during startup at 442°F with super-
heater flcoded

PRTR Loss of primary cooclant through rupture in 1l4-in. top header; complete dis-
charge in 42 sec; metal-water reaction

PWi Loss of primary coeclant through a 15-in. pipe break; rupture of the secon-
dary steam generator

Saxton Tnstantanecus loss of primary coclant plus Tallure of core spray system
(complete meltdown)

SM-1 Loss of primary and secondary cooclant at abnormal conditions that allow
maximum stored energy release

VEWR Pressure vessel rupture not considered credibie, but for calculational
purposes the pressure vessel contents assumed to be released instantly;
remainder of coolant released in 1.5 sec

Yankee Virtually complete loss of primary ccolant through a 20-in. pipe (largest)

break; core injection prevents fission-product relezse (hypothetical
accident: same but with fission-product release)

This is, of course, unrealistic but usually gquite conservative. Activity
releases will be discussed later.

The accident that initiates the meca is usually the rupture of the
coolant system (primary or secondary or both), with subsequent release
of coolant. After the rupture, time is required Tor the contents of the
ruptured system to be discharged to the containment atwmosphere. During
this time, atteuwpering effects on the peak pressure should be experienced,
such as heat transfer to cool masses inside the containment vessel, heat
transfer to the container shell and to the outside atwmosphere, and cooling
effects of core or building sprays or of open-water pools. 1In most cases
these effects are not considered when calculating the maximum pressure to
be contained by the systemn.
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Table 7.10. Assumptions for Calculation of Containment Structure Design Pressure

— Nuclear Chemical Q, Core Spray e
Reactor TZiZﬁ;iZ?:?;C Energy inergy Coolant or Bg;iglng Corments
SeupLLoa £dded? Added® Stored®  Ianjection w8y
Big Rock Heat loss coasidered; None None 6.7 Yes Yes Core gpray {400 gom) actuated by low primary system pressure and low
Point perfect mixing reactor water level; building spray {400 gpm) starts 15 min after
high sphere pressure is obtained; both sprays can be actuated
manually
CVIR No heat loss; perfect 1 35% Zr 7.31 Yes None Core injection system assumed to fail
mixing reaction
Oresden Enough to melt 25% Zr 200 None Ves Building spray automatically actuated after 15 min
fuel reaction
Eik River ¥o heat loss; perfect  XNone None i7.1 Yes Yes Operators wouid stay in control room and take emergency action;
wixing control room 480 £t from the reactor; emergency spray starts 10 min
after contairer pressure indicates 2 psig
Enrico Negligible com- 10 None None None
Fermi pared with
chemical energy s
EBR-II 0.54 18 None None None
EGCR Heat Loss is con- None None N’orh;Q Yes External building spray cools building shell; actuated when the
sidered; reactor contairment is closed
scrams within 5 sec
HWCTR No heat loss; perfect  None None 22.1 None Yes Building spray systenm reduces pressure after mca
mixing
HRT Yo heat loss; perfect  None Norie None Yes Cell spray system must be turred on (administrative action); high
mixing cell water level sutomatically turns it off
Indian Yo heat loss; perfect 4.3 None 130.5 None Yes Automatic containment isolation at 5 psig; at 10 psig, contalnment
Point mixing external sprays turned on (administrative action); at 15 psig and
high garma, coctainment intermal sprays turned on (administrative
action)
NS Savannah  Heat loss is con- 0.47 None 37.4 None None
sidered; perfect
mixing
Pathfinder No heat loss; perfect None None 60 None None Feedweter pumps continue to operate and, in certain cases,
mixing mitigate the accident
PRTR No heat loss; perfect  None 2.6 Yes Yes
nixing
PWR 4.6 None 78 None None
Saxton No heat loss; perfect None None Yes None
rwixing
SM-1 No hest loss; perfect 1.2 None 7.3 None Yes Manually coatrolled emergeacy spray systen
mixing .
VBWR Heat loss for 1.5 None None 20 None Yes Building spray operated manually from outside vessel if needed
sec; perfect mixing
Yankee None Nore 93.3 Yes None Core injection system can supply 5400 gpm of borated water to the

core, supplied by a 125,000-gal tark; starts automatically when
pressure érops to 1000 psi; assumed to fail for hypothetical
accident

a Cia o . . o
Quantities of heat emergy given in millions of Btu.

An emergency core cooling loop is provided, see Sec. 7.9.1.



7.62

In calculating the energy balance, the assumptions most usually made
are: (1) no loss of heat to structure or eguipment, (2) no loss of heat
to the shell or transfer to the outside, (3) no loss of energy to a spray
or fog system, and (4) perfect mixing of gases and released vapors. Also,
the perfect gas law is assumed to apply. It is cobvious that since no
energy is transferred from the system, it is equivalent to an instanta-
neous release of all the stored energy of the system. Exceptions to this
are shown in the cases of the PWR, EGCR, and the N8 Savannah. In these
cages 1t is assumed that heat is transferred from the containment vessel
under some set of conservative conditions. In the near future it should
become reagonable to take even more credit for some of these attempering
effects, since research work is now being carried out in an effort to as-
sign values to these various phencmena.

With respect to water-cooled reactors, the effect of a water hammer
must also be considered. For example, the SL-1, an Army low-power boiling-
water reactor, experienced a rapid nuclear incident that initiated a water
hammer of such force that the vessel was lifted upward about 2 ft. At
the time the five boiling-water reactors represented in this discussion
were designed or built, the water-hammer effect was not included in the
accidents usually analyzed. However, Jjet forces from broken lines were
conslidered, and as a result the vessels are mounted so ag to resist these
forces. Whether or not water hammers will be considered in the future
remains to be seen.

If it were assumed that the water hammer could occur and, further,
could rupture the reactor pressure vessel, then serious revisions would
have to be made in the thinking of safety analysts. However, the SL-1
vessel did not fail, and possibly it can be shown that others would with-
stand such an accident. It appears that two mechanisms present themselves
as serious problems. First, there is the possibility of instantaneous
release of primary fluid from the ruptured.pressure vessel, but in most
cases this is assumed anyway. The second is the possibility of missile
generation (i.e., blowing off of the top flange) and shock wave genera-
tion. This would require special holddown provisions or substantial
missile and shock protection.

7.2.9.1 Boiling-Water Reactors

The five bolling-water reactors listed in Table 7.9 are examples of
reactors in which a major rupture of the largest pipe or vessel and sub-
sequent loss of coolant could occur. There are variations of this acci-
dent that depend on the reactor, reactor materials, and the one who is
postulating the event. The Elk River, VBWR, and Pathfinder reactor ana-
lysts assumed an instantaneous release of all the coolant at the time the
most energy was stored in the coolant. This is a conservative approach
because any time that elapses during the rise of the internal pressure
allows condensation of steam and therefore a reduction in peak pressure.

1. H®lk River. For the Flk River reactor, it is assumed that the
entire contents of the core and coolant loop are discharged instanta-
neously to the containment vessel. Although this is an incredible event,
it does yield a conservative result. No credit is taken for the attem-
pering effects of the spray system or any heat loss from the shell atmos-
vhere.,
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Although there is zirconium in the core, it is not used in the fuel
cladding, and the reaction of zirconium and water is not considered. Even
if it were considered, however, it weuld add insignificently to the final
pressure.

2. Pathfinder. For the Pathfinder reactor the same assumptions
with respect to time of release (instantanecus) and thermodynamic condi-
tions are used. However, this reactor contains a nuclear superheater
section, and the time when the maxlimum amount of stored energy 1s con-
tained in the reaclor is during heatup, just before draining of the super-
heater section. This occurs when the average temperature of the coolant
is 442°F.

3. VBWR. For the VBWR, 1t is assumed that the primary system fails
catastrophically and releases all the reactor vessel contents instanta-
neously, but the remainder of the loop reguires 1.5 sec to empty. During
this 1.5 sec, heat transfer takes place to the containment shell so that
the peak pressure is suppressed by about 5.5% of what it would have been
if all the coolant had been released lnstantaneously.

4. Big Rock Point. For the Big Rock Point reactor, it is assumed
that the largest line to the veactor ruptures and releases the contents
of the primary system in the shortest possible time. The containment
atmosphere conditions assumed at the time of the accident are a tempera-
ture of 100°F and 100% relative humidity. Heat transfer is assumed to
take place to the cold masses of the containment structure until an egui-
librium temperature is attained. Heat transfer coefficients of 700 and
240 Btu/hr.ft?.°F for steel and concrete, respectively, are assumed.®
The peak pressure of about 20 psig occurs approximately 16 sec after the
pipe breaks.

5. Dresden. The meca assumed for the Dresden reactor involves the
instantaneous and complete severence of one of the bottom inlet lines
while the reactor 1s in the hot standby condition and subsequent release
of all primary coclant. Approximately 1 min after the accident the peak
ressure would be reached. >

o]

7.2.9.2 Pressurized-Water Reactors

With pressurized-water reactors, as with bolling-water reactors, the
maximum accident is the rapid release of water from the cooling systems.
A complete loss of primery coolent, with an accompanying loss of part or
all of the secondary coolant, through the largest credible rupture is
postulated for most of the reactors. In some cases the release ig taken
to be instantaneocus, since it is felt that this is even more conservabive
than discharge through the largest credible rupture. Yankee, Saxton, and
HWCTR consider only release of the primary fluid in the maximum accident
(i.e., no failure of the primary hest exchanger).

In none of the pressurized-water reactors is any addition of heat
assumed because of a metal-water reaction that would add to the initial
pregsure peak. In the HWCTR it is assumed that all the uranium and zir-
conium in the fuel elements will undergo a steam-water reaction, but
this is considered to take place at a slow rate and not to contribube to
the peak pressure. For the NS Savannah the reactor is assumed to remsin
at power for a short time after the initial pipe break, thus adding a
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small amount of energy from the nuclear source. This is not, however, a
nuclear excursion.

To be as conservative as possible, for five of the reactors (SM-1,
Indian Point, Saxton, HWCTR, and HRT) it is assumed that the released
steam and water exhibit perfect mixing with the cell atmosphere and that
no heat is transferred to the containment shell or to equipment or struc-
tures inside the shell. TFurther, in each case the mitigating effect of
the building or core spray system is not considered. None of the reactors
take credit for spray systems in the reduction of the pressure peak, but
some do take into account the fact that heat would be lost to the bhuilding
shell and to equipment in the building.

1. S8M-1. A series of events before rupture of the primary system
that would alilow the reactor system to obtain the maximum amount of stored
energy was postulated for the SM-1 reactor. By miscoperation and failure
of several safety devices the SM-1 would acquire an amount of stored
energy much in excess of that contained under any normal operating con-
ditlon. For other reactors, the normal operating conditions at which
the highest energy content is available are assumed; that is, the normal
conditions under which the average coolant temperature is the greatest.

2. HWCTR. No credit is taken for the reduction of the pressure
peak by the building spray in the HWCTR, but it is postulated that the
building spray operation would reduce the containment pressure Lo atmos-
pheric in 12 hr. From the standpoint of fission-product release to the
environs, the accident lasts only 12 hr,

3, NS Savannah. The NS Savannah reactor is unique among the exist-
ing reactors in thatl the pressure vs time history of the containment
atmosphere is studied closely. Figure 7.32 (ref. 34) shows this relation.
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Fig. 7.32. NS Savannah Containment Temperature and Prescure After
Primary System Rupture. (¥From ref., 34)
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The sources of the energy added to the contaimment are (1) the energy
contained in the water of the primary system and in the water and steam
of one steam generator (secondary system) and (2) the energy of continued
full-power [69-Mw(t)] operation for a period of 5 sec after the initiation
of the accident. The primary and secondary fluids are to issue from the
largest credible rupture in the shortest reasonable time. The cell air-
conditioning system and the steam generators cease immediately to remove
heat from the system; the only available cooling is from condensation of
steam on the exposed surfaces inside the vapor container. Although this
is not the "o heat loss" (adiabatic) analysis, the above assumptions

do maximize the pressure buildup from the point of view of the mechanistic
type of analysis.

7.2.9.3 Pressure-Tube Reactors

The pressure-tube reactor is similar to the pressurized-water reactor,
with the msjor difference being the amount of water pressurized and cir-
culated. Tn the pressurized-water reactor the coolant and the moderator
are the same fluld, and this is circulated as the primary coolant. The
pressure-tube reactor cousists of fuel bundles contained in several small
tubes (3 to 4 in. ID). These tubes are immersed in a tank of water called
the moderator tank. Pressurized water isg clrculated through the tubes
to remove heat from the fuel, and the large bulk of water that is not
pressurized in the moderator tank serves to moderate the neutrons., Thus
the inventory of circulating pressurized water is greatly reduced, and
if the tubes are made of a low-cross-section material, such as an alloy
of zirconium, there 1s no great loss of neutrons. The PRTR uses Zircaloy-2
for its pressure tubes, and the CVIR uses Zircaloy-4.

Some credible rupture through which the primary coolant must dis-
charge is postulated for both these reactors, but the calculation of the
peak pressure is made assuming instantaneous release of all the coclant
plus any additional contributions. For both the reactors a large con-
trivution of energy by the chemical reaction of water with the fuel clad-
ding material is assumed. A small nuclear excursion is also assumed for
the CVIR. 1In both cases, assumption of perfect mixing, no heat transfer,
and no attempering effects of the spare systems were made,

7.2.9.4 Sodium-Cooled Reactors

The design accldent for the EBR-1IT 1s the discharge, with good dis-
persion of the molten sodium, of a part of the metal coolant. The primary
coolant system contains 640,000 1b of sodium, and the part released con-
stitutes 0.5% of that amount. The postulated accident was based on the
work done by the Argonne Netional Iaboratory regarding sodium-air resc-
tions; 1t represents reasonable and realistic assumptions,

7.2.9.5 Gas-Cooled Reactors

The most sericus accident to be experienced with the EGCR, as with
most other gas-cooled reactors, 1ls the loss-of-coolant accldent. This
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accident, often called the rapld depressurization accident, consists of
a primary coolant system rupture that allows the loss of cooling gas and
a loss of system pressure.

Since loss of coolant does not constitute a loss of moderator, the
nuclear reaction will continue until the control rods are inserted. Tt
is agsumed that the loss-of-coolant accident will in no way damage the
safety system, and the reactor will be scrammed by the accident. HEven
with the reactor shut down, temperature transients caused by decay heat
will cause fuel elements to fail and expel the contained fission products.
Calculations were made to determine the maximum number of EGCR fuel ele-
ments that would rupture and discharge fission products,35 For the EGCR
it 18 also considered that a major rupture in one of the two steam gen-
erators might occur that would release its contents to the containment
structure and thus contribute to the pressure rise.

The building spray system of the EGCR is similar to that used on the
Indian Point Reactor. Instead of spray nozzles inside the building that
would produce a fog, which would not only reduce the pressure but also
wash out some fisglon products, the EGCR has only sprays that would douse
the outside of the dome of the building. The cooling of this spherical
dome would provide heat removal by increased heat transfer through the
steel chamber.

7.2.10 Fission-Product Release and Dispersion

The effects of the release of fission products in an acecident of
major proportions are discussed below. Table 7.11 lists the fission
products that would escape to the container and the effects of direct
radiation from this source. Table 7.12 lists those released from the
containment bullding and the submersion and inhalation dcses that may be
expected. Table 7.13 gives the rate of building leakage and the metecro~
logical conditions that will cause the transport of the released fission
products. The information presented in these tables was obtained from
the hazards summary reports listed in the bibliography (Sec. 7.10) unless
otherwise specified.

7.2.10.1 Power History

The amount of fission products contained in the core at a given time
is dependent upon the power history of the reactor prior to that time.
The most conservative estimate would be infinite operation at full power,
which would yield the greatest burnup and therefore the highest fission-
product inventory. In all cases listed in Table 7.11 this assumpticn is
closely adhered to, although in the case of the NS Savannah the power
history may be varied and take into account the particular port that it
is to visit (i.e., if a given port can supply only a small exclusion
distance, the power of the ship's reactor may be altered so that upon
reaching port the fission-product inventory will be small compared with
that after full-power operation).
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Table 7.11.

FTission-Product Release in the Event of an Accident

Reactor

Operation Assumed
Before Accident

Released to Container
(%)

Releasged from the Building
(%)

Conznents

Big Rock Point

Dresden

Flk River

Enrico Fermi

EBR-IT
EGCR

Indian Point

NS Savannah

Pathiinder

PRTR

PR

Saxton

am-1?

Yankee

240 Mw(t), long term

65 Mw(t), 3 months

626 Mw(t), long term

200 Mw(%), long term

60 Mw(t), 135 days
83.4 Mwit), 520 days

70 Mu(t), 365 cays

585 Mw(t), 470 days

Dependent on port

Long-term operation

Pu: 10,000 Mwé/adjacent ton

270 Mw(t), 3000 hr

28 Mwi{t), <20C hr

Extended time at 50 Mw(t);
equilibrium concentration
of fission products

800 Mw{t), infinite

100 noble gases
100 halogens
50 volatile solids

100 nobie gases
50 khalogens
1 strontiun

100 noble gases
100 halogens
20 solids

8.62 noble gases
8.62 halogens
0.43 strontium

100 noble gases
50 halogens
5 solids

1 of all fission products

0.02 noble gases
0.013 halogens
0.008 solids
100 noble gascs
50 halogens
I stroantium
solids

=

100 nobie gases
100 halogens
10 of the rest

100 noble gases
50 haliogens
1 solids

75 noble gases
25 halogens
1 solids

100 noble gases
25 halogens
15 volatile solids
0.3 solids
2.4 novle gases and halogens
0.3492 solids

50 aoble gases
25 iodine
0.5 strontium and cesium

100 noble gases
100 halogeas
30 solids

20 gases and volatiles

100 noble gases
50 halogens
15 volatile solids

10C noble gases
50 halogens
1 strontium
100 noble gases

(see comments for halogens and
solids)

8.62 noble gases
8.62 halogens
0.43 strontium

100 noble gases
25 nalogens
5 solids

.

25 per day of all fission products

0.02 noble gases
0.013 halogens
0.008 solids

100 noble gases
50 halogens
I strontium
soiids

[y

100 noble gases
100 halogens
10 of the rest

100 anoble gases
25 halogens
0.0005 solids

75 noble gases
25 halogens
1 solids

100 noble gases
25 halogens
15 voiatile solids
0.3 solids
2.4 nobie gases and halogens
0. 3492 solids
50 noble geses
25 ilodine
0.5 strontium arnd cesium

100 noble gases
100 halogens
30 solids

20 gases and volatiles

Release to be in two steps: first 20% of the gases
when cladding perforatlon temperature is reached,
remainder when fuel meltdown temperature is
achieved; assume 10% core meltdcwn; fractional
removel rates of 1 X 107 ?/sec for haiogens and
3 x 107%/sec for solids are assumed

Instant dispersion of fission products in container;
10C% of volatiles corsidered for direct dose

A fractional removal rate of 9 X 107 7/sec for
halogens and 3 X 10'4/sec for solids is assumed
in the calculation of this release

Emergency cooling limits melting to 8. 62% of the
core; cladding begins melting at 1i.67 min; at 10
mia, pressure is down to 11 psig

Release of contents of 340 failed fuel elements;
release of 0.04% of total activity

Annular space is swept out and discharged up the
143-m stack

Reactor compartment kept at negative pressure;
swept out gases directed through filters and up
stack

Safety injection system faills; spray fails to work

Ir.stantly released to the vapor container

a, 4 . 4 .
The assumed maximum accident release is
not apply well in this work.

a

catastrophy acd does
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Table 7.12. Doses from Fissicn-Produet Release from Contaimment Structure
Reactor Direct Rediation Dose® From Cloud® Thyroida Bone® Comments
Big Rock 0.C6 rad 0.06 rad 4 rem <0.1 rem At 0.5 mile for entire accident; postincident sprey
Point works
CVIR 0.1 mrem, 2 hr 6.5 rems, 2 hr 29.4 rems, 2 hr The 29.4-rem thyroid dose is for a train stalled 300
0.4 r, 1 day, 46 rems, 2 hr £+ from vaper container {see discussion)
1/2 mile
Dresden 2 rems in first 24 hr 1C rems in first 2400 rems in first 4 hr 40 rems in first Distance, 1/2 mile
24 hr 4 hr
Elk River 0.03 r first hr, 1./4 0.2 r, 8 hr 28 r, 1 hr 0.4 v, strontium, Building spray is depended upon to reduce the
mile (skyshine) first hour building pressure
Enrice 0,051 rem, 2 hr 0.94 rem, 2 hr 88 rems, 2 hr 5,7 rems, 1 yr
Fermi 5.6 rems, 1 yr 2.0 rems, 1 yr
EBR-IT ~1 r, 1 hr st build- 3,19 r, 2 or 69 rads, 2 nhr A% = distance of 100 m
irng surface
EGCR 2.4 X 1076 r, 2 hr C.C04 rem, 2 hr C.23 rem, 2 hr 0.023 rem
HWCTR 0.1 r, 10 kx, 3300 ft 25 rems, 12 hr, 300 rems, 12 hr, 3 When the iodine removers are put into cperation,
3 miles miles this will be considered to mitigate the accident
release® (also see discussion)
HRT®
ndian ~0.02 mr/nr, 1 br, ~3400 mr garma., 32 r, 1 week 4 r
Point first week 7COC mr beta, 1

NS Szvannah

Pathfinder

PRTR

PWR

Saxton
SM-1¢
V3WR

Yankee

1.8 rems/hr, A-deck
aft of reactor
compartment

<0.1 v, L br, 1/2 mile
48 r, 10 hr, 660 ft

Container underground

9r, & hr

7rin 3 hr, 6CO0n

<6 r, 1 hr, 1400 £t

hr

<25 rems

0.1 rem, 1 hr

15 wr/hr, 1 day,
660 £t

10 r beta, C.9 r
gamma, 12 hr,
1/4 mile

0.8 rad, & hr

4 v, 3 nhr

<300 rems

2.2 rems, 1 hr

5000 reps I, 167 weeks,
1700 £t

208 r, 1 hr

100 x, 3 hr

36 rems, 8 hr, 4000 £t

Negligible

2 rems, 1 hr

0.5 reps, sr?°

&4 mr

Doses are at controlled-zone boundery; zone radius
and exposure duration depend upon particular port

1/2 mile

Limited access to a path 13,00C X 550 ft downwind

No credit from icdine plate-cut; at ar equilibrium
dose rate of 0.3 rep/week, the period over which
the dose mus®t be integrated to obtain 5C reps is
then 167 weeks

Thyroid calculstion — iodine decay is considered;
¢istarce, 60C m

a.,, . . . ]
At exclusion ferce unless ctherwise stated.

b

The HWCTR is unable to keep the rate of building lesk=age below the
required minimum, so these lodine removers sre to be installed.

It is

believed that the leakage dlfficulties are due to the type of construe-

tion, which is & departure from the normsl approach.

these prcblems can be dealt with in time, however,

It is felt that

c - . . . 5
The assumed maximum accidental relesse is a catastrophy and does
not apply well in this work.
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Table 7.313.

Dispersion Conditions Assumed for Accident Analyses

- Assumed Leakage Helght of Meteorological wind - Site Dispersion
Reactor Release ~ T Speed Boundary
Rate Conditions - Parameters
(m) (m/sec)  Distance
Big Rock Point  Furction of sphere pressure based on (.5%/day o* Inversion i 1/2 wile Not appiicable
at 27 psig Inversion 5 Not applicable
Neutral 5 Not applicable
Steble 5 ¥ot appliceble
CVTR 0.1%/dzy 0 Stabvle 3 1/2 mile o =0.55 Cy=0.05
Cy = 0.4
Dresden A Tunction of sphere pressure 10 Average 5 1/2 mile n=0.25 C=0.2 b
c? = 0.014
Inversion 1 n=20.5 C =0.05
C2 = C.004
Elk River 0.1%/day at 21 psig 0 Inversion L n=20C.5 0% = 0.002
Gy = 0.02
Enrico Fermi 0.15%/day for first 2 hr; 0.10%/day for . Tnversion 1 a=0.55 (¢, =0.08
remainder of one year
EBR-II aua=0.5 ¢, =0.08
EGCR 0.3%/day for 24 ur at 9 psig; 0.2%/day at Lapse 2.3 n=0.23 Cy=0.3
4.2 psig for an addéitional 37 hr; then zero
HRT See discussion
HWCTR 1/2%/day for 12-hr period, at which time th 0 Inversion 0.45 3 miles z = 0.5 ¢y, = 0.05
pressure is assumed to have reduced to the
point that leakage no longer occurs
Indian Point 0.1%/day; leakage rate decrezses afier the Inversion Low 0.3 miles =n = 0.2 ¢, = 0.5
first day due to pressure reduction
NS Savennah l.5%/day for 24 hr; it 1s considered thzat the 0 Inversion Completely depencent
ship can be moved in eveat of accident upcn the particular
vort
PRIR rong 1
inversion
PR leakage rate is a function of pressure; C Inversion 1.3 n=20.5 Cy = 0.05
vol %/min = 1.395 x 10-5(p)*/2
Saxton 0.2%/dzy; this rate continues for § hr, at 0 Inversion 3 n=20.5 €, =0.05
which time the pressure is assumed to
decrease
SM-1 See discussion
VBWR 1%/day except for inhalation dose when reduc- 0 Average 5 n=20.2 =012
tion of pressure is taken into account inversion n=05 C = C.06
Yankee 70 cu ft/hr assumed indefinitely Inversion 1.2 n=0.25 C .20
Cy 0.25

“Effect of building weke teaken into accouat.

Orem, s . - - o .
Tis analysis was considered obsolete by Cernera’l Hlectric,
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The VBWR hazards report specifies eguilibrium concentrations of fis-
sion products, and the Big Rock Point report specifies long-term operation
at full power. The others specify a long operating time at full power
such that the maximum expected fission-product inventory will be present
at the time of the postulated accident.

7.2.10.2 Fission-Product Release

As may be seen in Table 7.11, the assumed release of fission products
varies from one installation to another. The fission-products released,
as set forth in the example in Appendix C, Part 100, Title 10, of the Code
of Federal Regulations, are 100% of the noble gases, 50% of the halogens,
and 1% of the solids. This is the release assumed for a pressurized-water
type of reactor. Credit is given for the removal of halogens by plating
out on the container walls, which reduces the free halogens to 25% of the
total. The leakage calculations are based on this inventory of fission
products in the free volume. The direct dose, however, is (or should be)
calculated using a1l the fission products that were released fruam the core.

Notable exceptions to the above postulates of fission-product re-
lease from the fuel are those for the PWR, Elk River, Humboldt Bay, and
EGCR, for which the problem was approached from the mechanistic point of
view., In this type of analysis, tedious calculations are made concerning
the temperature and pressure transients in the core and individual fuel
elements that lead to the rupture of the fuel element cladding.?? From
such a calculation, it is found that some portion (not total core melting)
of the fuel elements will fail, and all the noble gases and halogens (50%
halogen release from EGCR) and a small portion (1 to 5%) of the solids
will be released from the failed Tuel element. This is obviously less
conservative and probably more realistic than the nonmechanistic approach
used in the example in the Code of Federal Regulations. For other reac-
tors, such as SM-1, Yankee, and Saxton, it is judged that something less
than 100% of the fission-product inventory will be released to the con-
tainer. The estimates for the release to the container for the Pathfinder
reflect the fact that some of the fission products will be trapped to form
compounds with water and water vapor (washdown) within the shell and
others, even though dispersed in the container, will be of such particle
size that leakage through the available pores will be impossible.

In Tables 7.1 through 7.13, the HRT and the SM-1 stand alone because
the assumed accldent is significantly different. These are experimental
reactors located in sparsely populated areas, and the exclusion area is
very large. In view of these facts the accident considered consisted of
a catastrophe that ruptured the container so that a large percentage of
the totsl fission-product inventory was released instantaneously as a
cloud. As far as the users of this document are concerned, this is not
a credible or even reasonable assumption to be inecluded in this treatment
of hazards.
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7.2.10.3 Direct Radiation

The gamma dose resulting from radlation directly from the Tisslon~
product source within the container is available for most reactors. Gen-
erally, the assumption is made thalt all the fisgsion products that are
released are dispersed uniformly throughout the building and the portion
that is above ground (the earth is considered to act as a shield for the
below-ground portion of the building) is taken asg the source. Concrete
structures that are part of, or adjacent to, the containment ghell are
considered as shielding; the steel shell (usually thin, 3/8 to 1 1/2 in.)
is not generally considered in the shielding for this calculation. Since
the PWR 1s below ground, no direct radiation caleculation was made.

One of the most peculiar containment structures with regard to
shielding is at Indian Point. This 1s a counventicnal steel sphere that
is housed inside a concrete building with 5 1/2-ft-thick walls and an
arched roof about 2 3/4 £t thick primerily for reduction of the direct
radiation dose. This type of shielding also has an advantage with regard
to leakage from the shell. This will be discussed in a later paragraph.

For an accumulated or integrated dose at a given point, it may be
of significance to take into account the decay of the contained isotopes.
Quite obviously, as the fission products decay, the source strength and,
consequently, the dose will be reduced. 1In some cases thils was congldered.

7.2.10.4 Ieakage from the Building

The release of activity from the container after the fission products
have been released from the fuel and distributed throughout the containment
atmogphere 1s also studied. It has been found that much of the harmful
activity will be sorbed at various points inside the contalner. This is
discussed more thoroughly in Chapter 4. The example shown 1n the Code of
Federal Regulations allows for removal of half the halogens without giving
consideration to washdown that will occur from the operation of tThe fog
system or the effects of filtering the container atmosphere., This sort
of analysis permits specifying the maximum concentration of fission prod-
ucts available for leakage from the container; the rate at which the con-
tainer leaks is taken up in the next section.

The leakage from the containment structures of the NS Savannah and
Indian Point can to some degree be controlled (see Sec. 7.9). Since there
is a bullding arcund the containment shell in each of these cases, the
containment shell would leak fission products into the bullding and then
into the atmosphere. Because this additional holdup is provided, the
concentration of fission products leaked to the environs would be lessened.

Difficulty has been experienced at the HWCTR in maintaining the
specified container leakage rate; as a result of this, efforts are being
made to reduce the seriousness of a release, It is proposed that four
iodine cleanup loops be placed in the containment system Tor the purpose
of lessening, to the greatest degree possible, the amount of harmful fis-
sion products released from the containment. This proposed system is to
be of high reliability. The four units are to be completely separate so
that there is no interdependence for effective operation.
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L)

Many assume that the Tission-product iaventory available for release
to the atmosphere is the same as that released from the fuel element,
whereas others take credit for the fact thal some of the fisgion products
may be removed by washdown or plateout. Generally speaking, credit may
be taken Tor decay cf fission products while within the containment vessel
and during the time necessary for the radicactive cloud to reach the re-
cipient. In some cases, no decay at all of the fission products is con-
sidered.

7.2.10.5 Leakage and Transport

Some value or system of values for the rate at which the building
is assumed to leak, together with an assumed "worst" set of meteorological
conditions, determines the doses to be expected by an off-site receiver.
In general, upcn the occurrence of the meca, it is assumed that the con-
tainment structure leaks its contents at some specified rate for some
specific length of time. For example, in the TGCR, a leakage of 0.3%
per day is assumed for the first 24 hr and 0.2% per day for an additional
37 hr. After this the leakage 1s considered to be zero. As may be seen
in Table 7.13, assumptions for the Enrico Fermi Reactor are similar,
except that the lower leakage rate 1s assumed tc continue for a full year.
Another example of the limited leakage rate is the NS Savannah. This
container is assumed to leak 1.5% per day; but it is also assumed that,
owing to the mobility of the ship, it may be towed out to sea or away
from the general public. For most of the reactors the leakage is initially
some specified value at some internal containment pressure. Then the
pressure may be expected Lo decrease, and so the leakage rate would also
decrease. This pressure vs leakage relation is usually taken to be con-
servative, that is, the greatest leakage for a given pressure (see also
Chap. 10).

The leakage is assumed to be a representative sample of the con-
tainer atmosphere, and since the concentration of activity in the atmos-
phere is specified by the assumed release (Table 7.11, column 4) and the
container free volume (Table 7.2), the activity that escapes from the
container is known, This activity will disperse under the influence of
the meteccrological conditions that prevail. The dispersion of the es-
caped gases and particles is assumed in most cases to follow the relation
developed by Sutton. 2% More recently, however, the relationships developed
by Gifford37:38 nave proved to yield more valid results (see Chap. 4 for
a more detailed discussion of atmospheric dispersion).

The stability parameter specified by the weather conditions will
influence the ground concentration at some distance from the reactor. For
example, the EGCR specilfies two "worst" weather conditions for the meca
(see Fig. 7.33, ref. 39); persons on public land (distance of ~1000 m)
near the site boundary would get a high dose under lapse conditions and
nearly no dose under inversion conditions. Those at a distance of 10,000 m
would get little dose under lapse conditions and a high dose under inver-
sion conditions. The reasons Tor this may be clearly seen in Fig. 7.34
(from ref. 40). Under lapse conditions the stack effluent is dispersed
quickly to the ground, whereas the inversion allows more gradual disper-
sion. Only for Indian Point and the BEGCR 1s it assumed that the activity
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Fig. 7.33. Dose factors as a Function of Distance from the EGCR.
(From ref. 39)

is released up a high stack; a ground-level release (or near ground level,
see Dresden, Table 7.13) is specified for the others. This releagse, under
inversion conditiouns, would yleld the most severe doses (i.e,, the least
dispersion of the activity).

For the Big Rock Point reactor, an interesting departure is made
from the usual assumption of the Subtton equations., The analysis is based
on inversion conditions under which the greater the distance from the
source the greater the dispersion, and so the smaller the dose. In this
case it 1s assumed that the buillding leaks. The leaked material moves
into the wake of the building and is immediately dispersed by the turbu-
lence induced by the presence of the building. This dispersioa can be
simulated by assuming that the source has been moved away so that this
point may be assigned some downwind distance, x. This may be called a
virtual source distance, and it serves to decrease the calculated down-
wind exposures for a given distance from the real source.

Calculations of submersion dose in the cloud and direct radiation
dose from the cloud are made using the aforementioned Sutton formula and
those developed by Gifford for the computation of the sources. Very
adverse weather conditions with regard to dispersion are considered for
these calculations.
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Fig. 7.34. Stack Effluent Behavior at Various Weather Conditions.
(From ref. 40)

A peculiar occurrence was considered in the analysis for the CVIH.
A railroad track is located about 300 ft from the container. It was
assumed that a train could stall at this point; and, although no direct
radiation would be suffered because of the hill that is interposed be-~
tween the reactor and the track, under rare conditions the submersion
dose might be large. Meteorological conditions that might exist in the
early morning would give rise to dispersion of fission products (if
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released) in a manner known as mechanical fumigation." This would allow
localized dispersion to occur at the site of the stalled train and would
deliver the doses shown in Table 7.12. This has been found to follow the
relation**

Q

X = 2
(2-n)/2

¢ UHx
J

where H is thickness of the cloud layer. The other terms were defined
previously (see Chap. 4).

7.3 LOW-PRESSURE CONTATNMENT

There is great simllarity between high-pressure and low-pressure
contalnment. In both the purpose is to contain all the energy and fis-
sion products that may be released during the maximum accident. The
difference iz In the magnitude of the pressure to be contained. It is
obvious that for the lower pressure, the costs and leakage difficulties
associated with the vapor container decrease. A further advantage is
that the low-pressure container offers less hazards when pressurized and
is accordingly governed by a less-strenuous code. However, the low-
pressure container has not been widely used because most reactors require
high-pressure capability if a container of reasonable size is employed;
therefore only two low-pressure examples (BONUS and Piqua) are presented
in Tables 7.14 through 7.26. Of these two, only the BONUS container
presents a concept that is different from any covered in this work. This
concept is called "complete containment," which means that the reactor,
turbine, generator, and all auxiliary equipment are housed within the
containment structure. This, of course, has both advantages and disad-
vantages, as discussed in a general way in Section 7.1 and Chapters 8
and 11.

Since the BONUS vapor container (see Fig. 7.35, ref. 42) houses the
entire plant, its physical gize is large; and with this large free volume
for expansion (1,590,000 £t3), the maximum accident will not cause the
internal pressure to exceed 5 psig (actually, 4.3 psig). Tn many other
respects the BONUS container is similar to the HWCTR container described
in the previous section. Both of these use the composite concrete and
steel type of construction, with the steel primarily above grade and the
concrete below grade. In BONUS the steel shell extends upward from the
foundation mat. Below grade the shell 1g backed up on the outside by
reinforced concrete; above grade, it consists of a short cylindrical
section surmounted by the steel hemispherical dome. The foundation mat
is reinforced concrete with individual pours joined as shown in Fig. 7.36
(vef. 42) using conventional water-stopping material. The junction be-
tween the concrete and steel is shown in Fig. 7.37 {ref., 42); it is below
grade level and requires no special stress considerations, since it will
not be subjected to thermal or other cyclic loadings.
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In contrast to BONUS, the Piqua Nuclear Power Facility (PNPF) houses
only the reactor, the fuel-handling facility, and the primary heat ex-
changer. The turbines and the remainder of the auxiliary and ancillary
equipment are located in other buildings. Since the coclant for the PNPF
is the organic material Santowax R, which has a low specific heat, the
loss of primary coolant does not result in a large energy contribution to
the containment. Accordingly, the internal pressure remains low under
accident conditions (see Sec. 7.3.8).

Information covering name, location, thermal power, reactor type,
and parties responsible for construction and operation are given in Table

7.14%.

7.3.1 Design Parameters

Parameters such as volume, size, design pressure, and temperature
and the conventional building loads are listed in Table 7.15. The BONUS
Reactor is located in Puerto Rico, which has a warm climate with a high
probebility of occurrecce of hurricanes. 'These two considerations dic-
tated that provisions be made for a high wind load and a spray cooling
system for the outside of the container dome to reduce the heat load to
be handled by the containment air-cooling system.

The PNPF, though housed in a scmewhat more conventional type of re-
actor container (an all-steel cylindrical shell with spherical top and
ellipsoidal bottom), is designed for a pressure of only 5 psig. The in-
terior above grade is lined with 18 in. of councrete in the cylindrical
portion that decreases to 3 in. at the top of the dome. This is provided
for shielding in the event of fission~product release. The reactor is
below grade and is shielded by conerete in the space below the operating
floor (see Fig. 7.38, ref. 43). The more conventional loads that had to
be considered in the design and construction of the building are specified
in the Uniform Bullding Code for the area.

Containment buildings are subjected to the variocus tests described
in Section 7.1 and Chapter 10. Results of these tests at BONUS and PNPF,
including requirements and measured leakage rates, are listed in Table
7.16. The test procedures and methods used by these two facilities were
nearly identical. The only significant difference was that the BONUS
container was proof tested at ~0.25 psig. Fxcept for ”NegativenPressure
Containment” (see Sec. 7.5), this is the only containment structure that
is subjected to internal pressures below atmospheric. HExcept for this
deviation the scheme used was (1) to pressurize to a low pressure (~3
psig) and look for leaks using the scap-bubble techniques, and if a leak
was found, to make the necessary repairs; (2) to pressurize further to
6.25 psig (1 1/4 times the design pressure), hold for at least 1 hr, and
look for stress in the vessel; and (3) to reduce the pressure to the
design pressure and make a leakage-rate test for a period of three days.
In both facilities the reference-vessel system (see Sec. 7.1 and Chap. 10)



Table 7.14. Low-Pressure Conitainment Vessels

64" L

Thermal . e . Nuclear
Facilit Locatior Pover Tyoe Peime Architect- Containment Eoud . o
sellity on N = Contractor  kngineer Fabricator qulpr.nen Opexator
(M} Supplier
i . ot P o 4 S i . . . -
BOKUS, Boiling Water Puasto Higuera, 50 Boiling water  PRWRA Jackson & Chicago Bridge General Nuclear PRWRA™
Nuclear Superheater  Puerto Rico with nuclear Moreland  and Iron Engineering
superaeat Corp.
Piqua, Piqua Nuclear Piqua, Ohio 45.5 Orgenic cooled Atomics In- Holmes &  Atcmics In- Atomics In- City of
Power Facility and moderated  termational  Marver ternational ternational Pigua
aPuerto Rico Water Hesources Authority.
Table 7.15. Design Parameters of Low-Pressure Containmernt Vessels
Free Design Desisn Vacuumn Wind Seismi
; T~ . c ¥ sSmLe
Facility Shape Volume Dimensions Pressure Temperature - 5
e 3 oot 7 o Breakers Load Load
(£7) (psiz) (°F)
x 103
EONUS Vertleal steel cylinder 1590 166.6 £t diam; 5 and —0.25 145 Yes (=5 150 mph 0.2 g
with hemispherical 107.3 £t high; in. Hp0)
steel dome and flat cylinder wall
bottom (concrete) 26 £t high
Piqua Vertical cyiirder with 300 73 £t diam; 123 5 and ~C.5 125 Yes {-0.5) uBCY 0.5 g vertiecally
spherical top and 2t high; 65 ft 0.165 g norizontally
dished bottem (ail apove and 58 Tt
steel) balov grade

a. .. [
Uniform Puilding Code.
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Fig. 7.38. Piqua Nuclear Power Facility Contalnment Structures.
(From ref. 43)

wag used. Both containers met the leakage-rate specification, but at
BONUS there was some difficulty with floor leaks. When the steel cylinder
and dome were completed, a leakage-rate test was conducted that indicated
a rate of leakage in excess of the specified value. Since this test was
run before the completion of the building (i.e., the {loor slab and seal
had not yet been poured), it was concluded that the leakage was taking
place by this path. To properly check the leakage of the steel portion

of the container, the building was flooded so that the water level was
above the bottom of the steel cylinder. It was feared that humidity
effects because of this open water and high ambient temperature would
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Table 7.16. Containment Vessel Proof Tests

Design leakage . Strength Test Ieakage-Rate . Measured
Facility Requirements Low—i;:isure Pressure Test Pressure Niiigd Leakage Rate
(%/day) (peig) (psig) - (%/day)
BONUS 0.2 at 5 psig Scap check 6.25 (1 hr); 5 (3 days) Reference 0.64;% 0.09
0.25 vessel
Pigqua 0.2 per psig 3-psig scap 6.25 5 (3 days) Reference 0.3
with a maximon check vessel

of 1 at 5 psig

a
The high leak rate was measured vwithout the lower seal for the foundation mat installed;
the low rate was measured with the floor flooded with water, the water to act as this seal,

be severe and dilfficult to correct for, but a satisfactory test was made
that indicated an acceptable leakage rate.

AL BONUS the integrated leakage-rate test of the entire reactor
contalnment bullding was carried out at 5 psig. The Trequency of inte-
grated leakage-rate relests of the entire reasctor containment building
will be 1 year, 3 years, 5 years, and every 5 years thereafter. IT the
allowable leakage rate 1s exceeded during any of these tests, the testing
interval sequence will revert to the beginning of the specified sequence,

7.3.3 Material Specifications

Material specifications and applicable codes for the containment
and reactor vessels are given in Table 7.17. The code used for BONUS
was APT-620, rather than the ASME Code, because the ASME Code did not
apply specifically to vessels with design pressures lower than 15 peig
(see Chap. 2). The new Section III of the ASME Code does apply, however,
to class B vessels (containment vessels) above 5-psig design pressure.
With BOWUS, part of the welds are hidden from visual inspection by the
conerete poured around the cylindrical portion of the container. All
such welds were x-rayed prior to placement of the concrete.

7.3.4 Penetrations

Information concerning type, size, and nurber of penetrations is
given in Table 7.18. The means for control and closure of these pene-
trations in the event of an accldent are described in Table 7.19.

Low-pressure bullding penetrations are treated in much the same
manner o5 those of high-pressure containers. Air locks are of the double
interlocking door type with gasketed closures. The large equipment doors
are of the bolted and gasketed type. At the BONUS plant there are no
process plping penetrations, since all primary fluids rewain within the
building. This leaves the ventilation closures as the only penetrations
that must be depended upon to isolate the containment vessel. The PNPF
is more conventional in that only the primary heat exchange system (boiler



Table 7.17. Vessel Material Specifications

Containment Vessel Material Reactor Pressure Vessel
Weld .
Facility ‘ . Insicde Wall s , n
Code Specification Thickness Inspection Diameter Thickness Ma?ifldl. NDT TeTp?rauure
(in.) (in. S Specification (°F)
BONUS  API-620,  A-201B 5ide, 13/32 in.; tow, 100% x-ray" 84 31/8° SA-2128 <200 at end
ASA-N6 5/16 in.; concrete and API-620 of lirte
bovtom, 3 1/2 f%
Piqua A-201B 3/8 (max) 100% x ray 92 11/8-2 1/4 SA-212R

aWelds that could not be visually observed after completion of the
building were 100% x-rayed.

bInclu&es 1 1i/% in. of stainless steel ciadding.

~J
Tavle 7.18, Containment Structure Penetrations 6&
WS
Reactor Air locks Doors Others
BONUS Two 1li-ft-diam locks with 5 X 8-t 12 X 14 ft, bolted and gasketed 2 {5.0%) vents
doors 4 (24-in.) water lines
i {14-in.) water iines
3 (12-in.) water lines
2 (10-in. )} vacuum relicf valves
31 {from 1 to 10 ia.) openings
11 slectrical and control penetrations
naving ~115 individual leads
Pigua Three locks; two with 2 1/2 x 6-ft 16 [t ID, poiied and gasketed steam lines

2
doors, one {emergeacy) 2 1/2 fi ID 1 relief wvalve

1 vacuum relief valve

4 organic coolant lines

2 vents

29 other openings

126 electrical penciralions
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Table 7.19.

Containment Penetration Closures

Action of Automatic Valves

- a
Number and Type of Valves Per ILine
on Loss of Power

Parameters Sensed to Close

Automatic Vaives and Systen Logic For

Possible Emergenc
2 b

Reactor N . +1 i
o o N Do . Number of Sensors Automatic Valves Ac 1on1;f Valve
Vacuum Enciosure Process Lines  (Air, Tosgs of : - o T Does Not Close
; . SN ) . . . . Loss of Instrument Alr Per Parameter
Relief Ventilation Steam, Water, etc.) electric power
BONUS 2 2 automatic 1 automatic Close Close; the instrument air  High stack activity 2 out of 3 ef- Can be manuvally closed by
(normally is backed by a service fluent activity activation of an electric
open) air system; both systems monitors switch in the control
mist fail to cause clo- room or in remote opera-
sure ting station
Picua 1 2 auvtomatic 1 automatic and 1 Zocal in Close Close All scram parameters, 3; 2 out of 3; any Close locally {would take
{(normally orgsnic coolant lines; 1 high stack activity, 3 1 to close considerable time)
open) manual and 1 local in valves

feedwater lines; 1 auto-
matic and 1 local in waste
lines; 2 local {1 inside,
1 outside enclosure) in
other lines

a e R . \

Automatic indicates a valve closed by instruments; manual denotes
a valve operated remotely by an operator in the control room; Local
means a valive operated by hand at or near the valve.

o s . . . .

In thig tabulation it has not been possible to take into account
the pressure rating or special coanditions that may apply to the system
to which these lines are connected.
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and superheater) is inside the containment structure. The superheated
steam is taken outside the container through a high-temperature penetra-
tion.

7.3.5 Building Protection

Measures taken to protect the containment structures from weather
and other natural hazards and from missiles generated by some credible
accident to the reactor are discussed below and are listed in Table 7.20.

Table 7.20. Containment Structure Exterior and Missile Protection

Reactor Exterior Protection Missile Protection
BONUS Protected by paint Turbine-generator unit is pro-
vided with a missile shield
Piqua 3 in. of foa% glass §nd resin  18-in. concrete inner lining
covered by GlasFab ' and protects shell above grade
painted with aluminum level; concrete partitions,

ete., below grade

7.3.5.1 External Protection

The exterior of the BONUS container is coated with commercial paint.
Since the weather is not expected to be cold in this area, no thermal in-
sulation was provided; however, the weather may be warm, so provision is
made for cooling the dome by use of the external spray system. The con-~
tainment shell for PNPF is fully insulated and protected, as indicated
in Fig. 7.38, details C and D. These illustrations show both above- and
below-grade protection.

7.3.5.2 Missile Protection

The BONUS building is not protected from missiles that might be
generated from the inside in the usual sense of the word. By proper
placement of equipment and by concrete shields and partitions, the hazard
from a missile is greatly reduced. The turbine-generator unit is provided
with a missile shield. Missiles from external sources were studied for
BONUS in the following manner :**

"Tt can Dbe proposed that a non-explosive missile plerces
the containment vessel and damsges the exposed equipment. In
the case of the BONUS reactor there is a possibility, during
a hurricane, that a missile of sufficient size and at a high
velocity can penetrate the containment shell. Should this
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occur there is a finite possibility that the missile may shear
one of the emergency condenser steam pipe lines which are not
protected.

"Operating procedures for this plant when hurricane condi-
tions are forecast will require that the reactor be shut dovn,
isolating valves to the emergency condenser be closed, and
depressurization of the reactor be initiated by bypassing
steam to the main condenser. The emergency condenser iso~
lating valves are located below an overhanging concrete floor
to protect them from missiles. Should an emergency condenser
line be sheared off above these valves, no loss of steam will
occur since the valves will be closed to isolate the reactor.
Other critical components of the reactor plant, such as the
control rod drives on the top of the reactor pressure vessel,
and the turbine are provided with concrete shields which serve
as radiation as well as missile shields.

"Any missile~type accident which occurs during reactor
operation and which results in a core meltdown must be con-
sidered as a catastrophic-type accident such as would result
during a war if an explosive missile penetrated the contain-
ment vessel. No provislons have been made Tor any external
catastrophic accidents of this type.

"The missile accident during a hurricane has been
presented since a remote possibility of this type accident
ocecurring does exist and because it represents a type of
accident wherein contalnment effectiveness is lost but no
fission products are released. |

The PNPF does not operate at high pressure (about 150 psia for the
primary system), and because of this, no consideration was given to missile
generation. If, however, some missile did occur, the vapor contalner
would be protected by the various concrete structures below grade and by
the 18 in., of shielding concrete above grade (see Fig. 7.38).

7.3.6 Moderator and Coolant

Table 7.21 gives the moderator and type and amount of coolant and
its thermodynamic properties under accldent conditions. The BONUS reactor
is water cooled and moderated, and the PNPF uses the organic materisl
Santowax R, which is discussed belows 42

"The organic coolant used in the PNPF is a commercially-
avallable organic hydrocarbon mixture consisting of the three
isomers of ortho-, meta-, and para-terphenyl. The chemical
formula is CigHys and the molecular weight is 230. The ortho-
terphenyl constitutes 10-15% by welght, the meta-terphenyl
55-70%, and the para-terphenyl 20-30%.

"The terphenyls are arcmatic hydrocarbons, homologous to
benzene, consisting of three aromatic rings linked together
by means of co-valent bonds. Terphenyls are normally produced
by pyrolysis of benzene at about 600°C. Terphenyl was selected



7.86

Table 7.21. MNModerater and Coclant Properties at Assumed Accident Conditicns

Coclant Prcperties at Assumed

R o cre
Reactor Accident Conditions

Reactor Typs Mcderazter Coolant
- Quantity Pressure Temperature
(1v) (psia) (°F)
BONUS Boiling water with Hp0 H20 965 545
nuclear superheat
Plqua Organic moderated Santowax R Santowax R 76,450 120 549

and cooled

as the moderator-coolant after an extensive testing program
covering many possible hydrocarbons. The terphenyls exhibit
high thermal and radiation stability, are non-corrosive, and
have a low vapor pressure alt reactor operating conditions.

"Under operating conditions in the PNPF, the coolant
undergoes some radiation damage as it is circulated through
the reactor core. This results in the formation in the
coolant of wvarious decomposition gases and higher-molecular-
weight compounds. The decomposition gases, consisting primar-
ily of hydrogen, methane, and similar materials, are removed
in the coolant degasification system by a flashing and venting
process. 'The high-molecular-welight compounds (referred to as
high boilers or HB) consist primarily of long-chained polymers
and are removed by vacuum distillation in the coolant purifi-
cation system. The reactor will be operated with about 30% HB
in the coolant."

A summary of some physical properties of Santowax R is presented in
Table 7.22.%%

7.3.7 Design Accldent

The "maximum credible accident' is defined in Section 7.1 and is
deseribed in Sections 7.2.9 and 7.2.10 for high-pressure containment.
The accident for low-pressure contalnment is similar. The conditions
and ecnergy releases assumed for the accident that dictabe the pressure
capability of the containment building are given in Table 7.23.

The BONUS accident consists of rupture of the largest coolant pipe
at the bottom of the reactor, with complete discharge of water from the
pressure vessel in 4 sec. The internal spray system is assumed to be
inoperative. No credit is taken for heat loss to the pump room moat.

The moat, as shown in Fig. 7.35, would act as a pressure-suppression
system; the vapors trapped in the pump room below the reactor would bub-
ble into the containment building through the moat. Upon doing so, steam
would be condensed, and at least some of the fission products would be
removed. For purposes of analysis it was assumed that the water and steam
would be released to the container with no heat loss (adiabatic case) and
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Table 7.22. Physical Properties of Piqua Coolant

Density at 30% HE® content

519°F 0.946 g/cm3
575°F 0.921 g/cm?
Viscosity at 30% HB
519°F 1.03 centipoises
575°F 0.79 centipolse
Thermal conductivity
519°F 0.0680 Btu/hr-ft-°F
575°F 0.0666 Btu/hr-£t-°F
Hydrogen density at 30% HB
519°F 3.40 x 1022 atoms/cn’
575°F 3.31 x 1022 atoms/cm?
Melting point at 30% HB 278°F
Water solubility at 510°F
120 psia 1.4 wt %
300 psia 3.15 wt %
Iatent heat of vaporization
519°F 127 Btu/1b
575°F 126 Btu/1b
Vapor pressure at 750°F and 30% HB 20 psia
Specific heat at 30% HB
519°F 0.495 Btu/1b: °F
575°F 0.502 Btu/1b-°F

aHigh molecular weight compounds referred to as high
boilers, or HB.

with perfect mixing in the containment building. This resulted in a
pressure of 4.3 psig, with an assumed building leakage rate of 0.2% per
day, which persists for a period of 90 days.

The PNPF staff feel that thelr system, being low pressure and having
a coolant with low stored energy, is not subject to the same type of ac-
cident that might befall a water-cooled reactor. The bullding was de-
signed to withstand an internal pressure of 5 psig. This is the pressure
(actually 4.9 psig) that might be expected if there were simultaneous
failure of the steam generator and the ventilation system. This is not
congidered to be a credible accident. Even if this did occur, it would
not in any way compromise the primary (low-pressure organic-coolant)
system, so no fission products would be released to the building.
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Table 7.22. Maximun Accident For Reactors With Iow-Pressure Coatainment Vessels

Accident
Description

Fnergy Sources Core Spray Building
— Spray Comments

Reacto Ay
Chemical Stcred Tastailed Used Tnstalled

b

BONUS Total loss of pri- Removed 15.3 Yes No Yes Core injection system fails;
mary coclant by moat x 106 the interior building spray
through largest Btu operates 3C sec after the
credible break building becomes pres-
(16-in. line a= surized and removes 95%
botton of reac- of the suspended halo-
tor); pressure gens, but the pressure
vessel cmpties rewains At 4.3 psig

in 4 sec

Piqua Stesm boiler rup-
“ures with ven-
tilation system
closed; this is
simultanecus
Tailure of beller
and verntilatiocn
systeu

7.3.8 Fission-Product Release and Transport

The foregoing section described the event that would initiate the
maximum accident and furnish the internal pressure which would cause the
building contents to leak. This seclion deals with the remaining portion
of the mea, the fission-product release and transport. Tables 7.24, 7.25,
and 7.26 1list the assumed releases, doses, and transport conditions fol-
lowing the accident.

In the safety analysis for the BONUS facility, several mechanisms
are cited that would reduce the seriousness of the pestulated accident.
However, credit is not taken for these mitigating circumstances.

Table 7.24. Fission-Product Release in the Event of an Accident

Fission-Product Release (%)

Operating

Reactor T Aveilable for Removal
& History Release to
v s Release from
Centainer .
Contairer

BONUS Long term at full 1CC noble gases; 100 noble gases; All ncnvolatiles plate out in the
pover 5C halogens; 25 halogens; building, half cf the halogens
1 other C solids (25% of total halogen invenw
tory) plate out (95% of remain-
ing halogens are washed out by
building spray)

Pigua Cold core Hone None Startup accldent with rapid with-
(startu) drawal of control rod
Fall 1life, then 100 volatiles 100 veclatiles See discussion

shutdown for &
hr
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Table 7.25. Doses from Fission-Product Release from Low-Pressure Containment Structures

NN wn Dose frem  Thyroid Site -

Reactor  Direct Dose Cloud Doce Boundary Comments

BONUS 10 reums 300 rems 0.3 mile TFor direct dose, all fission products
remain above the operating floor;
site boundary, 0.3 mile; time for
dose, 2 nr; considering no building
spray, i.e., no wasghout of halogens

Piqua <0.1l r Week at 750 £t (nearest resident)

22 rems™ 3.2 rems” 36 rems®™ 1 day at 750 ot

%From a caleulation by M. B. Biles, ref. 45.

Table 7.26. Dispersion Conditions Assumed for Accident Analysis

Height of

< e ! T4 oy
Reactor Assumed Leakage Relesse Meteoz?l?glcal Wind Speed a Sutton's Parameter
(%/3ay) (m) Conditions {m/sec)

BONUS 0.4 for eutires 0 Severe inversion 0.87 0.5 c? = 0.0064
aceident (90
days)

. A8 . .a
Piqua 0.2 0 Inversion

®From 2 caleulation by M. B. Biles, ref. 45.

After the BONUS primary system has ruptured, the core is assumed to
melt, releasing the fission products (Table 7.24). The operation of the
core injection system would have prevented this, but for purposes of this
analysis this system is considered to fail. The effect of the pump room
moat is likewise not considered. The following comments were taken from
ref. 42:

"In order for the steam-water mixture leaving the broken
pipe to escape from the pump room, it must blow out through
the flooded vent openings around the perimeter of the pump
room. The pump room has been designed to withstand a momen-
tary internal pressure of 20 psig, which would occur as a re-
sult of a large rupture in a reactor water pive with the re-
actor pressurized at 950 psig. Tt has been calculated that,
if the steam-water mixture from the reactor mixed intimately
with the cold moat water that an increase of the moat wate
temperature from 90°F to 205°F would be sufficient to absorb
all of the energy contained in the reactor water (plus heat
extracted from the vessel and internals in a 30-second in-
terval). 'Thus, with perfect mixing in the moat the building
pressure will not rise during blowdown. Perfect mixing is
not expected to occur, and therefore the vent openings will
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be temporarily unflooded as the pressure in the pump room
builds up and is relieved tarough the vent openings. After
the initial pressure surge is over (approximately 4 geconds
in the worst case), moat water which has been expelled will
flow back into the moat. Additional water will £ill the moat
when the fire sprinkler heads in the reactor pump room open
(80 gpm). When the building spray system is turned on, water
which accumilates around the vent openings will also contrib-
ute toward filling the moat. For example, 1f half of the
water stored in the moat is assumed to be blown out and this
water is assumed to be spread evenly over a flat slab the
same size as the entire basement floor, the water will flow
back into the moat at 1000 gpm. With the building spray omn,
this rate of fill would hold constant and the moat would be
resealed in about 7 minutes. With the moat vents resealed,
fission products released during subsequent meltdown of the
fuel will be trapped in the pump room except for minor leak-
ages around penetrations. Calculations have shown the melt-
ing of the hottest superheater UOp fuel will not occur in
less than 6 minutes, which will allow sufficlent time for the
moat system to escentially refill before melting can start. "

The building (internal) spray is expected to operate after 30 sec
and remove 75% of the halogens released to the containment building. Cal-
culations were made, however, that do not consider the effect of this
"washdown by the spray system. These dose calculations are given in
Table 7.25. The weather conditions were assumed to be those that would
yield the highest doses at the boundary.

The PNPF staff considered that the meca was rapid withdrawal of the
control rods and the resultant meltdown of part of the core. In this
accident, 7.5% of the core fission products44 would be released to the
coolant, but this would not be a failure of the primary system. Con-
sequently, there would be no release of fission products to the environs.
This would yield a direct radiation dose rate of 0.1 mr/hr at the time
of the accident bto the nearest resident (750 ft).

Tn order to obtain a better understanding of the hazards associated
with the PNPF as compared with other reactor installations, Biles,45 Chief
of Test and Power Reactor Safety Branch of the AEC, made the following
comments :

"Ihe hazards associated with a complete core meltdown
have been computed, though it appears highly unlikely that
such an incident would occur. Results are indicative of the
maximum possible hazard. t was assumed that complete melt-
dovn of a full 1life core occurs during full power operation,
releasing 100% of the volatile fission products (including
iodine) to the reactor building, and an internal container
pressure of 1 psig exists during the entire release. 100%
of the volatiles constitute 38% of the total fission product
inventory. It is reascnable to assume that essentially all
of the non~volatiles would be retained by the coolant, since the
coolant would not be vaporized. The following tabulation rep-
resents the probable hazard at the nearest controlled area
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boundary (750') from direct building radiation, direct radia-
tion from the cloud, and the total integrated thyroid dose, as-
suming release of the cloud Lo the atmosphere occurs only through
normal leakage from the building. Inversion conditions were as-
sumed.,

Total Integrated Dose Rates at 750 [ft] Resulting from Core
Meltdown Accident

Direct Building Direct Cloud

Exposure Time Thyroid Dose

Radiation Radiation
1 day 22 rem 3.2 rem 36 rem
1 week 44 rem 6.8 rem Not applicable

"Examination of the above results indicate[s] that this
hypothetical worst possible situation probably would not re-
sult in injuriocus dose rates, particularly in view of the
opportunity for evacuation from the nearby areas. Any cred-
ible accidents would cause substantially lower exposure pos-
sibilities.

7.4 PRESSURE-SUPPRESSION CONTAINMENT

In an effort to reduce the cost of containment, the concept of pres-
sure suppression has been employed with water-cooled reactors. In prin-
ciple, this technique is especially suited to water-cooled reachtors, since
the major portion of the energy released upon occurrence of an mca is in
the form of saturated steam, which may be removed by condensation and
thereby greatly reduce the Tinal pressure to be withstood by the contain-
ing building. ‘This scheme, shown in Fig. 7.4, uses the "dry well' and
vent plping to direct the steam that is released into the water of the
suppresslon pool, where the steam is condensed and fission products may
ve partially removed.

The Humboldt Bay reactor (Fig. 7.39, ref. 28) has used this method
of containment, and the owner-operator, Pacific Cas and Electric Company
(PG&E), has done considerable development work in the area of pressure
suppression. With Information from tests by PG&E, the Army bullt and
put into operation the SM-1A reactor (Fig. 7.40, ref. 46), which uses
the pressure-suppression concept. The Bodega Bay reactor (Fig. 7.41,
ref. 47), which has been proposed by PG&E, will also use this method of
containment. These facilities are described 1in Table 7.27.
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Fig. 7.39. Humboldt Bay Contaimment Structure. (From ref. 28)

Teble 7.27. Pressure-Suppression Contalnment Systems

. Therumal Prime Architect- Containment ﬁhu?lEhF” s
Reactcr Location Power Type - . . o wguipment Operator
Y Contractor Engineer Fabricator - .
(34w) Supplier
Humboldt Bey Burecka, 165 Boiling Bechtel Bechtel Suppressicn General Pacific
Power Plant  Calif. water Chamber, Electric  Gas and
Unit No. 3 (natural Bechtel Co. Elec-
circula- Dry Well, tric
tior) Chicago Co.
Bridge
and Iron
SM-14, Fort 20.2 Pressur- Peter Chicagn u.s
statlionary, Greely, ized Kiewet Bridge Arniy
medium Alaska water and Iron
power
Bodega Bay Bodega 1008 Boiling Pacific Pacific Cencral Pacific
Atcmic Park Bay, water Cas and Gas and Electric Gas and
Unit No. 1 Calif. Electric Eleetric Co. Zlec-
Co. Cc. tric

Co.
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7.4.1 Description and Design

The system and design philosophy for pressure-suppression containment
are discussed in this section. Table 7.28 lists information such as size,
shape, dimensions, etc., as well as design loads from temperature changes,
pressure, and conventional loadings.

One of the reasons this system may be less costly (see Chap. 11) than
others for a given reactor is that the system is physically smaller. The
dry well is only to be large enough to convenlently house the reactor
vessel and a minimum amount of auxiliary equipment. This necessarily
makes the free volume of the dry well small, and as a result the pressure
peak to be withstood therein may be large. This may be seen by entries
in Table 7.28 for both the Humboldt Bay unit and the SM-JA. It is thought
that the 'small" container with high-pressure capability may be cheaper
to build and erect than the large sphere that would be necessary for the
more generally accepted high-pressure containment. One seriocus problem
with this approach is that the primary system piping penetrates the pri~
mary accldent contalnment structure, and thus the closure of block valves
in the primary coolant lines must be depended upon to effect containment
for the accident. In the Humboldt Bay plant these valves and thelr as-
sociated piping are located in the piping tunnel leading to the turbine
and hoth are open to atmosphere.

The suppression chamber is the second portion of this scheme. This
provides a water pool into which the steam may be directed through mixing
nozzles (SM-1A) or through straight pipes into a baffled suppression pool
(Humboldt Bay). This container must 2lso have high integrity against
leakage, but its pressure capability is quite low (10 psig for Humboldt
Bay), as way be seen in Table 7.28. The effectiveness of this concept
depends on the presence of water in the suppression pool; but, even 1if the
water level fell as much as 6 in. below the ends of the vent pipes, the
condensation of steam would take place with good efficiency.z

In the previous discussion the dry-well vessel was referred to as
the primary acecident container; this implies that there is also a secondary
accident container. In the case of Humboldt Bay this is true, inasmuch as
the refueling bullding is also an independent containment scheme. This
is o negative-pressure or 'ORR' type of container (see Sec. 8.5) in which,
under accident conditions, the bullding is kept at a slightly negative
pressure so that air will leak into the building. Under normel operating
conditions the building is unlimited in a conventional manner, and upon
the occurrence of an incident the negative pressure system is put into
operation. The exhausted air is then filtered, scrubbed, and discharged
up a 250-ft stack.

Fxperiments were conducted by PG&E at thelr facility at Mess Landing,
California,28 on the suppression of pressure by water pools. The experi-
mental system consisted of a full-scale segment of the Humboldt Bay sys-
tem. IFExperiments done at this facility indicated that the dry well of the
Humboldt Bay Reactor might expect a maximum pressure peak of 36 psig,
instead of the design pressure of 72 psig. The dry-well vessel is con-
servatively designed because of the limited experimental information.

The steam temperature in the dry well of the Humboeldt Bay plant may
be expected to reach 575°F for a very short (30-sec) period subsequent



Table 7.28.

Design Parameters

for Pressure-Suppression Containment

Deslgn

Vegative

¥ me Di i ralu Wi Seismic
Reactor Srape Tree Vglume DLHEHE_OHS Pressure Tempf ?Lure Pregsure _1nd Snow Seismic
() (£1) R (°m e Load Load Ioad
(psig) Protection
x 103
Lbolds TDry well: vertival steel 12.5 17.5 diameter 72 and -C.5 290 Yes {a) (a) 0.25 g
By cyiinder 7.5 hign
Suppression chamber: ver- 33.4 (above 26.5 1D 10 Yes (a) (a) 0.25 g
tical cyiinderical annulus; water) 51.%5 0D
concrete iined with steel 49 high
(18 of water)
Refucling building: reciall- 192 103 ilong =7 in. H20 DNA Yes According to California 0.25 g
gular parallelepived; re- 43 wide Administrative Code
inforced concrete 34 high and Uniform Building
Code
SM-1A Pry weli: verticel cylin- 25,5 28 diamecter 120 Yes 0.5 g
der; concrete lined with 41 high (ver.);
steel 0.165 g -3
(nhor.); 5
Suppression chanber: ver- 26.5 (apove 43 dizmeter 15 Between 0.5 g o
iical steel cylinder with weler) 79 high dry well (ver.);
avherical top ané eliin- and sup- 0.165 g
soidsl bobttom pression (hor.)
chamber
Bodega Try well: sphare surmounted 115 60.0 diamever 62 280 (a) (a)
Bay by a vertical cylinder (a sphere
peaY shepe) of steel packed 26.0 diameter
up by reinforced concrete for cylinGer
10C.0 overzll
height
Suppressior chamber 80.2 (above 93 major 35 150 (a) (a)

Steel torus

Refueiing building: rectan-
galar reinforced conecrete

water)

(62,400 of
ilgO)

dizmeter

26 cross-
gection
dlameter

%Poes not apply.
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to the mea (called meoa, maximum credible operating accident). The steel
of the vessel would not show any changes in properties at this temperature,
and the concrete surrounding the container is reported®8 to exhibit good
structural properties up to 600°F, so no difficulties are expected as a
result of the 575°F temperature translent. Other design consideratlions
are listed in Table 7.28.

7.4.2 Tests

The static leak and pressure tests performed on the dry-well and
suppression chambers are similar to the tests on the high- and low-pressure
containers (Table 7.29), These tests have been adequately deseribed in
the appropriate sections. It is worth anoting that the Humboldt Bay starlf
is studying the design of a system that will allow continucus monitoring
for containment leakage,

Table 7,29. Containment Structure Prool Tests

Stre ¥
Design Leakage Low- élzftn Leakage~Rate Measured
Reactor Requirement Pressure R 25t Pressure Leakage
(%/aay) Test Fressure (psig) (4/any)
7 ¥ 8 (psig) pslg r/aR8y
Humboldt Dry well: 0.1 at 5-psig soap 90 72 (24 hr) Reference <0.1 at 72
Pay 72 psig check vessel psig
Suppression S5-psig soap 20.3 10 Reference <1.0 a2t 10
charber: 1.0 at check vessel psig
10 psig
Refueling build- At ~1/4 in. HpO the 100 at -1/4
ing: 2100 at system should ex- in. H0
~1/4 in, Hy0 haust 134 cfm to
yield 100% of
building volume
per day
SM-1A Suppression 2-psig soap 18.75 4 1/2 check of all Pressurized
chanber: 0.016 check welds and pene- with helium
at 5 psig trations (no leak and probed
detected) with leak
detector
Bodega Dry well: 0.5 5-peig soar 71.25 62 Reference
Bay at 62 psig check vessel
Suppression S5.psig soap 40.25 35 Reference
chamber: 0.5 check vessel
at 35 psig
Refueling

building:

100 inleakage
at —1/4 in.
H20
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7.4.3 Codes

Table 7.30 lists materials of construction and the code that governs
the construction, as well as information on the reactor-vessel material.

7.4.4 Penetrations

The type and number of penetrations are listed in Table 7.31, and
the penetration closures are described in Table 7.32. With few exceptions,
the penetrations of the high-integrity vapor barrier are similar to those
discussed in Section 7.2.4 for high-pressure containers. The penetrations
for the Humboldt Bay refueling building are included and are discussed in
Section 7.5, since this portion of the Humboldt Bay contaeinment system
falls under the negative-pressure group.

One notable variation from the norm in Humboldt Bay dry-well pene-
trations 1s shown in Fig. 7.30, which is a diagram of the main steam
penetration; it may be seen that the steam line itself is enclosed by a
guard pipe welded to the body of the block valve. This affords protection
in the event of a break in the steam line between the containment wall
and the isolation valves. I this were to occur, the released steam would
be directed into the dry well and subsequently to the suppression chamber.
If, however, the break occurred on the turbine side of the block valves
(there are two in series), these valves would be depended upon to limit
the amcunt of steam released to the piping tunnel between the vapor con-
tainer and the turbine. Both the piping tunnel and the turbine are di-
rectly open to the atmosphere.

A proposal was made to use the pressure~suppression system in con-
Junction with a boilling-water reactor for the City of Los Angeles reactor,
but this was withdrawn when the ACRS indicated that further modifications
were needed to render the plant suitable for the site. The seven suggested
medifications were stated in a letter issued by the ACRS dated November 14,
1962, as follows:

1. A vapor suppression system that includes separation of primary

and secondary containment,

2. A secondary containment building to withstand a pressure of 5

psig and having a leakage rate of 0.5% per day or less,

3. A method for rapid detection of fission-product release from
fuel element failures,

A steam-line tunnel integral with the secondary containment,

Double isclation valves of proven type, at least one to be a

turbine stop valve protected by steam strainers,

6. Holdup or detention capability for the anticipated noble gas
releases to ensure that no significant environmental exposures
result,

7. Turbine housing provided with controlled ventilation to filter
and stack.

w4~



Table 7.30.

Vessel Material Specificaticas

Containmert Vessel Material

Reactor Pressure Vessel

Facility weld Inside we
rachT Specifi- mepectior Sta - Wall Thic: -
Code pe?% - Thickness Aagpection tamp Diameter Wali Thiciness Temperature
cation .
(4n.) (°F)
Fumboldt Bay
Dry weil ASME SA-201-B, 5/8 in., (min) 100% x-rayed 120 4 5/16 {+1/4 85 ciad) 10 in high flux
SA-300 region; 30 in
rest
ACT Concrete 4 to 7 Tt (&}
Suppression i 2/16 ir. (liner) 10% x-raved
chamber e e o Y
ACT Conerete  ~4 £4 =Y
Refueling ACT Concrete 1 £t minimum (for -3
building shielding con- N
siderations ) ég
SM-1A
Dry well ACI-316-56 Conmcrete 3 1/2 £t (1/8 in.  {a} 45 1/2 2 5/8 (+1/4 304 S8 370 after 20-yr
steel outside) clad) lifetime
Suppression API-620 A-201-B, 172 in. 100% x-rayed
chanber A-300
Bodega Bay
Dry well ASME Code, A-200-B, 1 5/16 in. (mex) 100% x-rayed 181 ~6 {41/4 304 88
Sec. VIII  A-30C ciad)
Suppression ASME Code, A-201-B, 1 inm. {mex) 100% x-rayed
chamber Sec, VIII A-300
Refueling (o) (b} (v) (a)

tuilding

2
“Does not

b

8pply

Deta not available
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Table 7.31. Conbainment Structure Penctrations

Facility Air Locks Access Openings Others
Humboldt Bay Twce flanged openings: 6 (40 in.) dry-well vents™
Dry well 14 £t at top, 6 ft 1 (24 in.) steam line
at bottom 4 (24 in.) hydraulic lines
1 (20 in.) feedwater line
1 (20 in.) vacuum relief
valve
2 (18 in.) shutdown cocl-
ing lines
49 (1 to 16 in.) others
5 electrical lines
Suppression Two 30-in. wanhcles 2 (20 in.) vacuum relie?
chamber valves
4 (10 in.) discharge lines
12 (1 to 6 in.) others
Refueling Two with 2-ft X 1 1/2-in. X Railway door Many
building 5 1/2-ft merine-type doors
SM-1A Various pipes and conduits
Dry well From outside (see Fig.

7.40) to dry well through
the space between dams, to
be water-filled when
cperating

Suppression 30-in. manhole
chamber

SPart of containment system.

7.4.5 Contaimment Protection

The protection measures provided for these containers are listed in
Table 7.33. The Hunboldt Bay primary container is housed in a concrete
building and needs no further external protecticn. The dry-well vessel
is designed to handle the missile and jet forces to which it might be
subjected.

The SM-1A steel container is protected in the cylindrical portion
by an external concrete wall (Fig. 7.40) and on the top by insulation and
conventional roofing materials. The SM-1A is protected from missiles by
the dry-well container walls, which are of reinforced concrete at least
4 Tt thick. Tt is thought that no conceivable missile could damage this
barrier to the extent of voiding the container.

The Bodega Bay dry-well vessel is backed up by reinforced concrete
that has adequate strength to withstand any jet or shock loadings that
might accompany the mca.

7.4.6 Coclant Properties

Table 7.34 lists the type of reactor and amount of coclant and the
thermodynamic conditions of the coolant under normal operating conditions.
Coolant and moderator for the SM-1A and Humboldt Bay are the same mate-
rial, water.



Table 7.32.

Containment Penetration Closures

_— " . a
Nunber and Type of Valves Per Line

Action of Automatic
Vaives on Ioss of Power Parameters Sensed to Close

Automatic Valves And
Funiber of Sensors Per
Paranmeter

System .
J: - Possible Emergency
Iogic ior - o xpo
N . Action If Valve
Automatic oy
Does Not Cliose
Valves

beactor s - .b , Loss of Loss of
feilef Fnciosure  Process Lines (4ir, : R o
Vacutm Venbilation Stean, Water, ete.) Electrie InST?Uanu
Power Alr
t Bay
Tressure 1 2 {normally 2 vzlves at primery If loss is Close
suppression closed) cortainment (both greater
motor operated 1T than 3 sec
outlet lines; 1 duration,
notor operated and vaives
1 check if intet c¢lose
line)
Refueling 0 2 (normaily (c) Close {c}
building open)
automztic
ciosure

sM-14%

Bodega Bayd

Feactor low water level, 4;
dry-well high pressure, 4;
main steam line break, 4;
auxiliary power 1low vol-
tage, 1; high pressure in
the refueling puilding, 2;
high vuilding activity, 2

Reactor low water level, 4;
dry-well high pressure, 4;
main steam line break, 4;
auxiliary power low vol-
tage, 1; high pressure in
the refueling puildirg, 2;
high building activity, 2

2 out of 4 Close by remote
to close manual operation
all velves

1 out of 2 C(Close by remote
manual operation

“putomatic indicates a valve closed by instruments. Manuval denotes
a valve overated remotely by an operator in the controi room.

b . N s o . s 5
In this fabulation it hes not been possible to take the pressure
rating or special conditions that may apply to which these lines are
connected.

cDoes not apoly.

a o
Data not available.

TOT L
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lable 7.33. Containment Structure Zxterior and Missile Protection

Extericr Protection Missile Protection

Hanboldt Bay

Dry well (a) No credible missile will penetrate
the dry-well liner; piping runs
are placed sc that they cannot
become missiles dangerous to
the liner plate

Suppression chamber  {(a) (a)

Refueling building Concrete building (a)

SM-1A

Dry well Missile protection is provided by

at least 4 ft of reinforced con-
crete; access has a 2 1/2-in.
steel door

Suppression chamber Steel building is enclosed (a)
in conerete up to the
bend line; from there it
is covered by insulation
and paint

fDoes not apply.

Table 7.34. Moderator and Coolant Properties at Assumed Accident Conditions

Coolant Properties at Assumed
Accident Conditions

Reactor Iype of Moderator Coolant
Reactor N B
Quantit Temperature Pressure
peRLL Ry (°F) (psia)
Humboldt Bay BWR H,0 H,0 83,000 575 1265
EM-1A PWR H,0 1,0% 7,870 443 1215
Bodega Bay BWR H,0 1,0 294,000 575 1265

a. .
Primary and secondary.

7.4.7 Accidents

The accidents that determine the design pressure and the temperature
conditions within the containment structures are described in 'Table 7.35.
For the Humboldt Bay plant, a rupture of the main steam line and
discharge of all reactor water through this line are postulated, and it

is assumed that the reactor will have been operating at 230 Mw(t) and
1250 psig prior to the accident. The core spray system would preclude
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Table 7.35. Design Accident

Fnergy Release (Btu) Core
Reactor Description of Accident N Comment

Cerynos ~
Nuclear Chemical Stored Spray
oy I x 106
famooldt ss of priuery coolant through 0 0 45 Yes  Core spray activates

Bay the largest credible rupture
within the dry well (12 in.
Sched. -80 pipe, single-ended

at a primary system
pressure of 150
psig; core spray is

systemn) partially ineffec-
tive and allows 50%
of the core to melt

SM-1A Seme as SM-1 [two cases ana- 0 0 4,9  No

lyzed: case 1 results in the

highest pressure in the dry

well; case 2 results in high-

est pressure in suppression

chamber (building); the worst

of both accidents was taken as

the design regquirement ]

Bodega Loss of ccolant from an instan- 0 0 150 Yes Core spray activates
Pay taneous rupture of any pipe at a primary system
connected to the reactor ves- pressure of 150
sel (area of break, 6.4 ftag psig; core spray is
loss of coclant in 8 sec; partially ineffec-
double-ended break) tive and allows 50%

of the core to melt

fuel melting, but for the sake of analysis this system was assumed to
fail. (The fuel-handling accident was also analyzed for Humboldt Bay,
see Sec. 7.5).

The reactor system for the SM-1A is similar to that for the SM-1
(see Sec. 7.2), the major difference in the two installations being the
containment scheme. The sequence of evenbts leading to the meca is the
same as for the SM-1, as shown graphically in Fig. 7.42 (ref. 46). Since
there are two parts (the dry well and suppression chamber) to the SM-1A
contalnment scheme, both were analyzed for the highest possible pressure,
A postulated accident identical to that for the SM-1 (i.e., the secondary
relielf valve fails to open and allows the system pressure to increase to
1500 psig) was found to result in the highest pressure in the dry well.
In a second case, it was assumed that the secondary relief valve opened
as it should and allowed the pressure in the outer container, the sup-
pression chamber, to reach its maximum value., The two parts of the con-
tainment system were designed to contain the highest pressure from either
maximum accldent.,

7.4.8 Activity Release

Data pertinent to the release of radiocactivity after the occurrence
of the maximum accident are given in Tebles 7.36 through 7.40. For
Humboldt Bay, two accidents were analyzed: the mecca and the fuel-handling
accident. Since the fuel-handling accident would take place in the
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Table 7.36. HFission-Product Release in the Event of an Accident
Operatin Fission-Froduct Fission-Product
Reactor Histor g Release to Container Release from Comment
Y (%) Container
Hunboldt Long-term 100 noble gases
Bay operation 25 halogens
at 230 15 volatile solids | —o &7¥ well
M) 0.3 other
100 noble gases o
12 1/2 halogens .
7 1/2 volatile Suppresslon
sSTids i chamber
0.15 other pool
100 noble gases To suppres- See Table 7.37 These figures are for
0.0l halogens sion chanber the maximum credible
0.01 other vapor space operating accident
(mcca), which would
result in very small
doses, so the fuel
handling accident is
also analyzed (see
Tables 7.49 and 7.51)
SM-1A 1.5 yr at 1% of all fission products 1.2 x 10~ %/nr
20 Mw(t)
Bodega Long-term See discussion and
Bay operation Fig. 7.43; see also
at 1008 Tables 7.49 and 7.51
Mw(t) for fuel-bandling
acecldent
Table 7.37. Huboldt Bay Release Rates frowm Stack Following Maximum
Credible COperating Accident
Time Release Rates (uc/sec)

After Lvent

Noble Gases Halogens Volatile Solids Other Solids
1 hr 7,900 15 5 1
3 hr 60, 000 &0 21 4
10 hr 240,000 160 50 11
1 day 380,000 230 90 18
3 days 340,000 170 80 19
10 days 1,400 1 1 0.1

refueling building, where the alr is controlled by negative pressure, this
falls in the category of a negative-pressure system (see Sec. 7.5).

The mcoa of the Humboldt Bay reactor is based on release of fission
products to the dry well, as indicated in Table 7.36. Then, in the dry
well, half of the halogens and solids are assumed to plate out. When the
dry-well contents are bubbled through the suppression pool, 99.99% of
the solids and halogens are scrubbed out and retained. No credit is taken
for the removal of the noble gases.28 It is clearly seen here that the



Tabie 7.38. Doses from Fission-Product Release from Containment

Lructure

Direct Dose Whele Body Thyroid Bone Commments
Hurboldt Bay  Table 7.39 Mecoa The mcoa assumes that most of the iodine and
Unstable condition,® 0.5 miilirem/hr solids were scrubbed cut by the refueling-
at 0.6 mile ouilding cleanup equipment; alsc see Tables
' a 7.49 and 7.5%1 for fuel-handling accident
table condition, 5 millirems/hr
at 5 miles {elevated ground)
SM-1A 220 mr, & 0.043 rem in 1 day 0.086 rem  0.08 rem
hr at 40 m in 1 day in 1 day
Bodega Bay Unstable condition,a C.024 rem 0.019 Integrated dose at 0.6 mile (point of maximum
rem dose)
Stable condition,a 0.11 rem .09 rem

Integrated dose at 3.0 miles (point of maxi-
mum dose)

®See Table 7.40 for wind speeds.

0T 4
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Table 7.39. Direct Radiation from the Humboldt Bsy Building
Following the Moximum Credible Operating Accident

> Ra 1/4 Mile
Time After Event Curies in puilding Dose Fate at 1[4 MNile

(mrem/hr)
1 hr 720 0.02
3 hr 5,400 0.1
10 hr 21,000 0.5
1. dsy 33,000 0.8
3 days 30,000 0.7
10 days 120 0.003

Table 7.40. Dispersion Conditions Assumed for Accident Analyses

Height of . .

. Assumed ' Wind Speed Weather . . R
Reactor Tezkage R?i_’ie)as (mph) Condition Dispersion Parameters
Huniboldt  Table 7.37 250 4 Unstable
Bay 3 Stable
SM-1A 0.1%/day 0 6.5 Inversion n =0.55 €, = 0.05
Podegr i, g.48 300 10 Unstable n = 0.22 Cg=0.6 C_=0.2

4 200 5 Stable u=0.3 Cy=0.21 ¢ =0.09

major conbribution to the doses from this accident would be the noble
gases (see Table 7.37). Table 7.38 indicates the doses that might re-
sult from the mcoa.

For the SM-1A the postulated catastrophe forfeits the effect of the
entire containment scheme. The core melts and allows 10% of the fission-
product inventory to escape from the building to the environs over a 2-hr
pericd. Even when consildering this severe accident, the arbitrary limits
(i.e., 25 rems direct radiation and 300 rems inhalation) are not exceeded
outside the limiting distances shown in Table 7.38.

Table 7.40 indicates leakage, height of release, and weather condi-
tions influencing the downwind doses calculated. The Humboldt Bay leak-
age is not quoted 1n the usual manner. Instead of a percent per day speci-
fication, the discharge to the atmosphere is given as indicated by Table
7.37. This discharge is made through the filter-scrubber unit and up the
250-ft stack.

For Bodega Bay, it was assumed that the fission products would be
released in the quantities shown in Fig. 7.43 (ref. 47). Credit was taken
for the efficiency of the ventilation cleanup eguipment, which would be
brought into operation in the event of a major accident. The ventilation
cleanup equipment was specified to retain not less than 95% of the halogen
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and solid fission products. Figure 7.43 shows the calculated rates of
release of fission products from the stack as a function of time after
the accident.

7.5 PRESSURE-VENTING CONTATNMENT

The system described in this section is more aptly described as a
confinement system (see also Sect. 1.4.3). 1In this system the building
atmosphere, which may contain fission products in case of an lincident,
is filtered and released at a controlled rate. The gases and fine par-~
ticulates that do not fall out or plate out in the building are exhausted
through cleanup equipment, and the effluent is finally discharged to the
environs, generally from a stack.

7.5.1 Building Concept

In systems previously discussed, the most important single considera-
tion was leaktightness of the containment shell, whether it he of con-
crete or steel. In this system, however, proper functioning depends
upon the building leaking air inward in a controlled fashion under the
influence of a negative building pressure, which is produced by a system
of blowers. Since the building is required to leak, more conventional
construction materials and methods may be utilized (see Table 7.41).

The buildings that house the four examples, i.e., the Hallam reéefuel-
ing building (Fig. 7.44, ref. 49), the Oak Ridge Research Reactor (Fig.
7.45, ref. 50), and the Humboldt Bay (Fig. 7.46, ref. 28) and Bodega Bay
refueling buildings, are rectangular in shape and are subject to the
local building codes for their construction criteria (see Table 7.42).
The main departure from the conventiocnal is the requirement with regard
to pressure. Since the buildings are expected to leak in the inward
direction only, they must be held at some specific negative pressure.
This requirement specifies two related conditions: (1) the building
must be sufficiently leaktight to produce the desired vacuum with the
blower equipment that is instelled, and (2) it must have strength to
resist collapsing because of extermnal pressures when the specifications
of In-leakage and negative pressure are met.

7.5.2 Pressure and Ieakage BReguirements

The requirements of the bullding with regard to leakage are listed
in Table 7.43. It can be seen by comparing the leakages in this table
that there is a wide range of leaktightness requirements. The Humbcldt
Bay refueling building is designed for the least absolute leakage. The
reguirement for the ORR is at the other end of the scale. The philosophy
concerning the ORR, and it is generally true for any system of this type,



Tabie 7.41.

Pressure-Venting Containment Bulldings

refueling
building

Thermat ) . Nuclear
R s - Prime Architect- Containment I
Facility Name Location Power Type Contractor Tngineer Construction E%ulp@ent Operator
() Supplier
Eallam Halliam DNuciear Eallam, 256 Sodium AEC Bechtel Peter Kiewit AT Consumers Public
refucling Power Facility Neb. cooled Power District
building
OFR Oak Ridge Re- Oak Ridge, 30 Pool ORNL
search Reactor Tent,
Humboldt Bay  See Table 7.27
rcfueling
building
Bodega bay See Table 7.27
relfueling
building
Table 7.42. Design Parameters of Pressure-Venting Containment Systems
R—— Hree Volume Dimensions Design Pressure R
Facllity Shape (ft3) (ft) (in. 9,0) Loads
x 103
Hallam refueling  Rectangular, mill-type 1420 278 Long -1/4 Constructed according to locai codes with
ouiiding building 80 wide regards to winds, earthquakes, etec.
75 high
ORR Rectangular, miil-type 800 Constructed according to local codes with
tuilding regards to winds, carthqguakes, etec.
Humboldt Bay Rectanguiar, concrete 192 103 long 17 Constructed according to local codes with
refueling 43 wide regard to wiands, earthquakes, etec.
building 34 high
Bodega hay Rectangular, concrete

OTtT /4
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Table 7.43. Containment System Procf Tests

o Inleakage e
Facility Requirement Tests
Hallam 3120 cfm at A means of measuring leakage 1s provided;
refueling —l/8 in. Ha0 all building air supplies are shut off;
building the internal pressure is maintained at
~1/8 in. Hy0; the discharge airflow is
measured with a flowmeter
ORR 6000 cfm at When all openings are closed, the avail-
—0.3 in. H0 able building draft should result in a

vacuum of 0.3 in. HsO

Humboldt Bay lOO%Vday (134  The leakage is measured with an alr-flow

refueling cfm) at ~1/4 meter and a vacuum gage

building in. M0

Bodega Bay lOO%Vday at The leakage is measured with an air-flow
refueling ~1/4 in. Hz0 meter and a vacuum gage

building

is that’®

“Complete closure of all the building ovenings is desir-
able but not absolutely necessary. In Tact it is absolubely
necessary for sufficient air {to leak into the building to re-
place that removed by the blowers. One of the advantages of
controlled containment is that it can be made to work even
though there 1s a hole in the building. There is qualitative
evidence to indicate that contaimment is achieved even with
one of the large truck doors open.”

The qualitative evidence above refers to an experiment which was
performed at the ORR site. With the blowers removing 6000 cfm of air
from the building, the truck doors were opened, and at a distance of about
50 ft, a smoke generator was ignited. The swmoke moved unquestionably and
rapidly toward the open door. The experiment was carried out under ideal
conditions (i.e., no wind), but it served to illustrate the effectiveness
of this concept to maintain air movement into the building.51

Experiments are planned for the ORR to demonstrate the effectivenes:s
of the containment system under a variety of weather conditions. Small
ports, of the order of 1 in. in diameter, are to be installed at several
locaticons in the building walls. These ports are to be equipped with
anemometers so that the air wvelocity through the port may be measured at
any time.
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7.5.3 Building Construction

The ORR and Hallam buildings are similarly constructed (Table 7.44).
A steel building frame is erected, and building panels are attached to
the frames. The ORR building is of conventional aluminuw sides and roof
panels, and particular care was given to the sealing of joints. The
Hallam building uses steel panels with all joints sealed, and over this
there 1s another layer of steel panels that are thermally insulated. Tt
has not been difficult to maintain the desired vacuum in these buildings
with the specified movement of air.

Table 7.44. Containment Material Specifications

Reactor Vessel

Type of

Facility Code Construction ?“S??eq Wall
Diameter R Metal
. Thickness
(in.)
Hallam UBC Steel panels over steel 226 A-204
refueling framing, insulated
building steel panels outside
ORR UBC  Aluminum siding panels
over steel frame
Humboldt Bay URC Conerete building; See Table
refueling walls, 1 ft thick 7.30
building
Bodega Bay URC See Table
refueling 7.30
building

The Humboldt Bay refueling building is concrete with walls of 1 £t
in minimum thickness. The building has been in use for more than a year,
and no difficulty has been encountered in maintaining the desired tight-
ness.

7.5.4 DPenetrations

The pressure-venting systems are completely different from the con-
tainment schemes discussed in preceding sections, and the penetrations
are likewise different. In particular, the requirements are less stringent
(see Table 7.45) when the pressure in the containment volume is subatbmo-
spheric. Equipment and personnel doors offer potential "gross" leakage
paths and are provided with closure surfaces that will seal securely.
Doors are provided with closing devices, either of the conventional type,
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Table 7.45. Containment Building Penetrations

Facility Alr Tocks Doors Penetrations
Hallam refueling For personnel Railway door Many penetrations; electrical,
building process, and steam are seszled
by conventional methcods
ORR 12 persvnnel doors 12 exhaust operings from 1 to
45 2
2 truck doors
(12 x 16 ft)
Humboldt Bay For personnel Railway door Electrical and process
refueling
building
Bodega Bay
refueling

puilding®

aData not avallable.

such as used on the ORR personnel doors, or motor-driven closers, such
as are used with the ORR truck doors. The Hallam building has alr locks
for personnel entry, and the large railway door is not to be opened when
the reactor is in operation. The Humboldt Bay refueling building also
uses alr locks with marine-type doors for personnel entry.

7.5.5 Building Protection

The credibility of damage by a missile from some external source is
considered to be nil. Protection of the buildings from any internal
missiles is provided by appropriate misgile shields or by Jjudicious place-
ment of equipment (Table 7.46).

ese ave conventional buildings and rely on conventional means for
corrosion protection. The ORR building is of aluminum and needs no further

Table 7.46. Containment Building External and Missile Protection

e Exterior s .
Facility Protection Missile Protecticn

Hallam refusling Paint It is felt that no missile originating from any

building credible accident can violate the containment

ORR Paint It is felt that no missile originating from any
credible acecident can violate the contalnment

Humboldt Bay None needed, It is felt that no missile originating from any

refueling concrete credible accident can violate the containment

building

Bodega DBay None needed, It 1s felt that nc nissile originating from any

refueling concrete credible accident can violate The contaimment

building




7,117

protection from weathering. The Hallam building is steel and is painted.
The Humboldt Bay refueling building is of concrete and needs no further
protection.

7.5.6 Bullding Design Basis

It is interesting to note the types of facilities that use the pres-
sure-venting concept. The ORR is a pool-type reactor that uses ordinary
water as a coolant. This water circulates at a relatively low temperature
(~125°F), so there is very little stored energy in it. Even if the entire
coolant inventory were discharged to the building, a negligible pressure
rise would occur (Table 7.47). This being true, an accident would be less
severe than those previously analyzed, so less-stringent containment re-
gulrements are imposed. Since there is virtually no pressure rise, the
fission products can be handled directly. It is assumed that the fission
products would be released and dispersed through the bullding. Then,
since the buillding is kept at a negative pressure, the building contents
would move through a cleanup system and up the stack.

The system did have some weak points, but these have been modified.
For instance, early in the operation of the ORR the building was not kept
at negative pressure constantly, but the negative pressure was to be
supplied by opening a damper to the stack blower system. IHowever, the
building is now constantly conaected to the 6000-cfm vent duct, which
keeps the building at a negative pressure, If this draft is lost, the
reactor 1s shut down.

A second example of Improvement is the scrubber in the cleanup sys-
tem.  Initially, the recirculation pump in the scrubber had to start if
an accident occurred. The pump was tested periodically and found to start
on demand each time 1t was tested. Tt wasg felt that the pressure drop of

Table 7.47. Moderator and Coolant Properties

Coolant Properties

Operating Conditions

Reactor Mcderator Coolant
Qu?igity Pressure Temperature
(psig) (°F)
Hallam Graphite Sodium 58 (pump head) 945
ORR Water Water 584,000 Atmospheric 125 (av)
Huniboldt See Table 7.34
Bay
Bodega See Table 7.34

Bay
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the entire system needed to be reduced, so the scrubbers (which were re-
quired to start on demand) were replaced by charcoal filters. The in-
gtallation of these charcoal filters also enhanced the iodine-removal
efficiency of the cleanup system. IFurthermore, the system will not depend
upon anything ”starting" for its proper operation, and this is an improve-
ment,

The Hallam building was provided primarily to contain the refueling
operation. The reactor is sodium cooled and graphite moderated. At opera-
ting conditions the temperature is high (reactor outlet 945°F), but the
pressure is quite low. The reactor system is contained in interconnected
rectangular cells underground with concrete walls lined with steel. These
cells are nominally leaktight and have sufficient strength to withstand
the greatest operating accident. The maximum operating accident is com-
plete and instantaneous loss of primary coolant (160,000 1b of sodium) at
a temperature of 945°F. The cells are filled with a nitrogen atmosphere,
go no sodium fire is considered credible. The addition of heat to the
system will increase the pressure in the cells to 3.9 psig, and the tem-
perature will rise to 285°F. The cells are designed for a pressure of
6.0 psig. Since the likelihood of a severe fission-product release during
operation of this type of reactor is small, the important thing to contain
is the accident that might occur during refueling (see also Table 3.2).

The Humboldt Bay refueling building provides containment during the
refueling operation, but it also provides control of leakage from the
reactor contaimment structure in the event the pressure-~suppression system
is called upon to operate. As was discussed in Section 7.4, the reactor
is contained by the pressure-suppression system, but the refueling opers.-
tion cannot be carried out within that system because of space limitations
and because the reactor must be shut down and the system open for refuel-~
ing. TIn view of these considerations, a negative-pressure building con-
tainment was provided. The design bases for the various negative-pressure
buildings are given in Table 7.48.

Table 7.48. Bases for Building Ventilation Design

Facility Design nases™
Hallam refueling —1/8 in. Hp0 average building pressure; this requires a fan
building capacity of 3120 cfm for inleakage cf 450% of the contained

volume per day

ORR ~0.3 in. Hp0 average buillding pressure; this requires a fan
capacity of 6000 cfm for inleakage of 1000% of the contained
volume per day

Humboldt Bay refueling 1/4 in. HpO average building pressure; inleakage of 100% of the

building contained volume per day is assumed
Bodega 3ay refueling 1/4 in. HpO average building pressure; inleakage of 100% of the
building contained veolume per day 1s assumed

aIn the event of a very strong wind the external pressure on the downwind side cf the
building may be lower than the building pressure and thus cause exfiltration of the build-
ing contents. It is presumed that these conditions would result in dispersion of fissicn
products but that the site boundary dose would not be exceeded.
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7.5.7 The Maximum Accident

For both the Hallam and the Humboldt Bay refueling operations, the
maximum accident is a dropped fuel element (see Table 7.49). The fuel-
handling device 1g capable of carrying only one Tuel element at a time,
so 1t is not credible that more than one element would be involved in an
accident. The release of fission products from the element depends upon
heating and melting of the element cladding by the heat source within the
irradiated element. It is reasonable to assume that something less than
all the fission products contained in the hottest fuel element would be
released to the building. t Humboldt Bay ancther possibility is con-
sidered, that of the Tuel transfer cask falling into the pressure vessel
and doing damage to the core.?? TIf this occurred, about 25% of the core
would be damaged, but the temperature in the elements would remain low;
therefore only gaseous activity would he released. The possible releases
from the stack are listed in Teble 7.50. After cleanup by the filter sys-
tem and the enhancement of dispersion by exhaushting up the high stack,
the doses calculated for the worst cases would be those listed in Tables
7.51 and 7.52.

In a condition of high wiand velocity, a low pressure might e pro-
duced on the leeward side of the building that might be sufficient to
cause leakage from the building at or near grouund level; i.e., the low
pressure on the lee side might e lower than the building pressure, and
air leakage would occur. This occurrence was foreseen for the Hunboldt
Bay refueling building,28 as indicated in Table 7.48.

In the unlikely event of the fuel-handling accident occurring coin-
cident with & high wind velocity condition, the maximum lifetime thyroid
dose calculated assuming 100% volume per day exfiltration from the re-
fueling building at ground level (40-wph unstable wind) is approximately

Table 7.49. Fissiocn-Product Relesse in the Bvent of an Accident

Facility Nature of Operating Release to Releasze to
h s Acecident History Container Atmosphere
Hallan Cne dropped fuel 1 yr at 1.5 Ma(s) 1.632 x 10° curies noble
refueling element and sub- with 10-hr cool- gases after 1 hr
building sequent oxidation  down befers 1.85 X 10° curies io-
of that element accident dine after 1 hr
ORR Core meltdown 39 days at 100% noble gases Wo significant re-~
20 Mw(t) 100% halogens lease from building
Humboldt One dropped fuel Tong term at 10% noble gases See Table 7.50
Bay re- rod 230 Mw(t) with 2.5% halogens
fueling shutdovn of 8 hr  1.5% volatile solids
building prior to accident 0.03% other solids
(of the single rod
inventory)
Bodegn Bay Insertion of Tong~term Tission See Fig. 7.43
refueling reactivity such products
bullding that fuel melt-

ing occurs
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Fission-Product-Release Rate from Humboldt Bay
tack Following Postulated Fuel-Handling Accident

Time
After Event

Release Rate (uc/sec)

Noble Gases Halogens Volatile Solids Other Solids
20 min 0 0 0 0
1 hr 180,000 2500 1500 200
3 hr 160,000 2100 200 170
10 hr 106G, 000 1300 600 120
1 day 50,000 600 300 &0
2 days 13,000 130 80 20
3 days 4,000 40 30 6
Table 7.51. Doses After Accident
Facility Direct Submersion Thyroid Bone Conmments
Hallam See Table 2.2
refueling
building
ORR See discussion
Humboldt See Table .05 rem at These releases con-
Bay 7.52 0.6 mile sider discharge at
refueling under un-~ 250 £t above ground
building stable level and exposure
weather time of 10 hr
conditions
0.5 rem at
5 miles
under
stable
conditions
Bodega Bay 0.034 rem under 0.04 millirem
refueling unstable
building wezther con-

aitions

0.16 rem under

stable con-
ditions

0.2 millirem
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Table 7.52. Direct Radiation from
Humboldt Bay Building Following
Fuel~Handling Accident

Time Curies Dose Rate
After in at 1/4 Mile
Event Building (mrem/hr)
1 hr 22,000 0.5
3 hr 19,000 0.4
10 hr 12,000 0.3
1 day 5,800 0.1
2 days 1,500 0.04
3 days 500 0.01

25 rems at the nearest site boundary for exposure during the firet 10 hr.
Wind variation and direction diversity would be expected to reduce this
dose by a factor of 10.

The OKR Reactor and its conteinment building "paved“ the way for the
negative-pressure concept, and because of this, it has been in a continual
state of reevaluation. It may be noted that few entries have been made in
Tables 7.492 and 7.51 for the CRR, whose mca is discussed below.

In the ORR analysis, the dose to the thyroid as a Tunction of distance
was calculated based on the weather condition that would give the highest
dose for a given distance. These values were plotted, as shown in Fig,
7.47. It should be pointed out that this curve gilves the worst possible
dose at any given point for a variety of weather conditions. Also, for
this plot it was considered that all the iodine in the fuel escaped from
the stack (250 ft) 2t a rate and concentration determined by the building
volume, the fission-product concentration in the building, and the stack
flow rate. Further, this plot was normalized to l-kw operation.

In the worst possible case, the receiver would be 700 m from the
reactor, and the reactor would have been operating for a long time at
30 Mw. This would result in an integrated dose (over the entire accident
period) of 39,000 rems, if no credit were taken for any iodine removal.
However, if it is conservatively assumed that 50% of the iodine escaped
Trom the core and that the decontamination factor of the vent fillter was
100 (it has been measured at greater than 100), the total integrated dose
(TID) would be 195 rems for the entire accident.

For Bodega Bay, an accident is postulated that occurs during refuel-
ing operations. Tt consists of s number of coincident, independent re~
fueling errors, including the dropping of a fuel assembly of maximum
reactivity worth into a near-critical zone. 'This initiates an incident
that releases FTission products (see Table 7.49 and Fig. 7.43).
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There is the possibility of exfiltration of the Bodega Bay refueling
building by a high wind:*’

”Assuming 100% volume per day exfiltration at ground
level during a 40 mph unstable wind and assuming a 50% plate
out factor in the leakage path for fission products other
than noble gases, maximum halogen release rate to the atmos-
phere for the MCOA would be approximately 0.0l curies per
second which could cause a maximum dose rate of approximately
0.01 rem to the thyrold per hour of exposure at one-half
mile, the nearest point off-site which might be continuously
occupied.

"The direct radiation from the refueling building has
been estimated based on preliminary design. For a refueling
building inventory of 400,000 curies the estimated dose rate
is 0.0004 rem/hr at 1/2 mile. The maximum continuous occu-
pancy dose due to direct radiation would be approximately
0.01 rem at 1/2 mile.
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At the EGCR, a type of pressure-venting conbainment may be used to
minimize the effect of the postulated mca for that reactor, but the pro-
posed scheme hag not yet been approved by the Commission's regulatory
staff. Upon occurrence of the mca the container would be isolated and
the pressure caused by the accident energy would be withstood by the con-
tainer. The peak pressure would rapidly abste because of condensation
of vapor and conduction of heat through the container wall. Within the
first hour, a nitrogen purge of 1000 scfm would be initiated to reduce
the hazard of graphite oxidation. This purge would continue for 1 1/2
hr, at which time the rate would be reduced to 200 scfm; purging at this
rate would continue for approximately 72 hr. Siace the purge gas would
be added to the isolated container, the conbainer pressure would be in-
creased. About 24 hr after the accident, the pregsure would rise to 7.6
psig; at which time the contents of the container would be vented through
a filter system and up the stack to the atmosphere. The capacity of this
system is 750 scfmm when the driving pressure is 7.6 psig, and the flow
capacity decreagses with a decreasing internal pressure. After 81 hr the
container pressure would be O psig, and no further venting would be nec-
essary.

7.6 PRESSURE-RELIEF CONTATNMENT

The pressure-relief containment system consists of two parts: (1) a
system of venting ducts and (2) a building of low leakage. The venting
ducts are large and can allow rapid transport of a large mass of gas with
a small differential pressure. The bullding is similar to the high~ or
low-pressure containers (see Sees. 7.2 and 7.32) in that it is built to
retain leaktightness up to posaibly 10 psig. The maximum accldent might
release enough energy to cause a very high pressure, if the entire effect
were to be contalined, but the object of this system is to safely reduce
the peak accident oressure. This is done by releasing the initial pres~
sure peak to the atmosphere. The building is then isolated so that the
remaining portion of the effects of the accident are contained in the
more usuwal fashion. This system can be employed only when the pressure
peak and major activity release are gseparated in time. This is, of
course, nobt true for all reactor systems, and accordingly this contain-
ment concept cannot be used for all reactor types.

In analyzing the accident that dictates the use of a containment
systenm, the following sequence of events must be considered. First, there
would e a rupture of a primary coolant line that would allow rapid emp-
tying of the coolant (water, in this case) and steam from the thermally
hot reactor. Second, upon loss of the coolant, the fuel elements might
melt due to their own decay and sensible heat. This would take a finite
length of time. Third, the fission products would be released from The
melted fuel elements, and they would escape from the primary system and
diffuse through the bullding. This also would take a finite period of
time. The principle involved in this contalrment system is to take
credit for and make use of these finite periods of time Lo release the
pressure before large amounbts of fission products are made available
for leakage from the building.
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The steam to be vented may be contaminated by fission products that
leaked from failed fuel elements or by activity from neutron activation,
but this would represent a negligible hazard. If a serious amount of
activity had built up in the coolant, the reactor would have been shut
down. Since this con#mpt allows release of the energy to the atmosphere,
by the time the fission products escape from the core, the accompanying
pressure would be reduced significantly. After this venting, but before
the fission products escaped, the building would be closed by closing the
vent pipes. In general, these systems are designed for about 5 psig in
the isolated condition. To eliminate long-term pressure bulldup by the
decay heat source and possibly other sources, a spray system is available.
This may be activated by pressure-control systems designed to maintain
the building pressure between some limits; for example, the control sys-
tem might activate the spray at 3 psig and turn it off when the pressure
fell below 1 psig. This would tend to protect the building from over-
pressure, as well as pressure below atmospheric.

In macy instances there are specific tasks that must be accomplished
by an operatcr from the control room after an accident. Therefore the
control room must be designed to remain tenable after the accident.

7.6.1 Bullding

The building to house the reactor and to afford this type of con-
talnment must meet specifications similar to those for low-pressure con-
tainment, that is, the building and penctrations should be capable of
withstanding an internal pressure. A typical example is shown in Iig.
7.48 (ref. 53). Other design criteria such as wind load, seismic loads,
etec., are dictated by local building codes.

The vent ducts are among the most important features of the system.
These ducts must be depended upon to vent a large amount of gas Trom the
building in a short time at some low pressure drop. The New Production
Reactor at Hanford. Washington, depends upon several vent ports (see
Chap. 9) to relieve the initial pressure surge. The NPD reactor (Fig.
7.49, ref. 54) at Chalk River in Canada has one very large vent duct, 9
by 12 by 130 £t long, that is designed to keep the building pressure
below the design pressure of 4 psig at maximum flow conditions.?® Much
research work was done on this system using scaled-down modelgs9s 56
(see also Sec. 9.6.7).

7.6.2 'Tests

leakage requirements and testing should follow the same criteria as
those set forth for the high-integrity building, that is, high- and low-
pressure containment and dynamic tests of the ducts and vent system.
Although the system is to vent initially, it is expected to be vapcrtight
when isolated. After isolation, this system may be thought of as Just
another application of the low-leakage container.
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7.6.3 Penetrations

Air locks, doors, and other penetraticns are similar to those dis-
cussed in Sections 7.3 and 7.4. Piping penetrations for the NPD will be
bellows-sealed and electrical penetrations will be sealed in the conven-
tional manner described in Chapter 9.

7.6.4 Accident Analysis

Since this is nol an often used concept, little information is avail-
able at this time. The assumptions concerning the accident, which are
generally made to determine design pressures, are similar to those made in
previous sections, with the major difference heing that the initial pres-
sure peak for which high-pressure contalners are designed will be vented.
After venting and then resealing, the system will be expected to behave pre-
dictably with respect to leskage under the influence of the reduced pressure.

Under some unlique conditions the vent ducts are cpened to the atmos-
phere (see Sec. 9.6.7 for details), and the pressurized gases are released.
Then the duct will be closed to effect isolation of the contalner sc that
the fission products that may be released later will be contained.

The closing of the valve may be initiated by one of possibly three
signals. First, a calculati%n of Ehe amount of time before fuel melting
oceurs may be made and this delay time used to cloge the valve. Second,

a radiation monitor in the relierl duct maey cause vent closure, Third,
the building pressure may be monitored, and when the pressure falls below
some preset value, the vent will close. These signals, or a combination
of them, could be depended upon for the desired action. In presently op-
erating systems this action is not necessarily automatically initiated,
and some emergency measures must be taken by the operators.

After closure of the ducts (i.e., building isolation is effected) and
in case of core cooling system fallure, the fuel may undergo the maximum
melting and consequently release Tlssion products to the bullding. The
building spray system that would control the building pressure would, in the
event of fission-product release, remove much of this activity from the
building atmosphere by washdown., In any case the amount of activity avail-
able for releage would be calculated using the usual conservative estimates
for release, plateout, and wazhdown, and then this would be assumed to leak
from the building. For the calculation of the site boundary doses, the
ground-level release and the worst weather condition would be assumed.

7.7 UNDERGROUND CONTATNMENT

Underground contalnment per se is not necessarily a different con-
tainment type, since a reactor and its containment system could be located
underground and still employ one of the three major containment types
previously discussed. However, underground conbainment is discussed sepa-~
rately here because of the unique problems and features of such a location.

There are several considerations that make the placing of reactors
underground appear attractive. The first is economics. In many Buropean
countries, where labor is relatively cheap and the cost of steel and
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building materials is high, it is now often economical to excavalte a tun-
nel and place the reactor underground. In the United States it is pres-
ently more expensive to do this; but, as reactors are moved nearer to
population centers, the costs of the site and necessary exclusion area
will become quite high. This will offset some of the added cost of the
underground container. Another factor is the relative invulnerability of
underground plants to destruction by enemy attack. From the aesthetic
point of view, the below-ground container would have a further advantage
in that it would not appreciably change the appearance of the landscape.

7.7.1 Building Concept

This concept depends upon the geologic structure for strength to
contain the maximum accident and to provide holdup time and partial cleanup
of the fission-product vapors and gases. A suitable rock formation must
be present.

The Halden boiling-water reactor in Nbrway,57;58 the Tucens power
plant in Switzerland,”? and the Avesta reactor in Sweden are contained in
rock caverns. In this country, a study6o'was made of the placement of
the EBWR in an underground container.

The Halden container was excavated by conventional methods to the
size and shape necessary for the installation. After this, repairs were
made on the walls and celling. Weak rocks and cracks were tied to sturdier
ones by means of anchor bolts and steel straps, voids were filled with
grout, and other work such as this was carried out. Upon completion of
this work, a concrete liner was poured; this added strength to the system
and provided a smooth surface for application of paint or other lining
material.

The shape of the cavern depends greatly upon the strength of the
rock being excavated. For example, the Halden Reactor is located in rock
with limited strength in the horizontal plane, so wide unsupported spans
could not be used. This consideration dictated the shape, a long, rather
narrvow hall (Fig. 7.50, ref. 58).

7.7.2 Tests

Leakage~-rate tests were performed at the Halden Reactor, mainly for
the purposes of evaluating the permeability of the containment rock. This
experiment was carried cut at several pressures, and makeup air was in-
Jected through a calibrated nozzle to keep the pressure at the desired
level. The volume of air added was calculated, and this was taken to be
the leakage. Al approximately 5 psig, a volumetric leakage rate of about
29% per day was indicated. However, most subterrainean caverns would
require metal linings to meet U. S. leakage requirements.
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Main road ——

Fig. 7.50. Underground Reactor Building, (From ref. 58)
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A study61 was made of the leakage rates that might be expected from

cavern containers in general. The conclusions of that study are:

nel,

"...the efficacy of an underground enclosure of confinement
rests on the following properties:

-Tts tightness is weak but adequate for ensuring that
the leakages are slowed down over several hours;

-The leakage of gases which flow through the concrete
are stored in the pores of the rock over a very low thick-
ness;

~The progression of leakage gases follows a process of
diffusion which is very slow;

~-The walls and the rock behave as a filter which only
admits the passage of gases of fission and halogen vapors;

-The gases of fission whose disintegration products
could lead to a contamination of long duration are them-
selves short-lived;

~The duration of storage of gases of fission and of
halogen vapors in the rock is such that their radicactivity
becomes negligible before they reach the external atmos-
phere,

"Lastly, the underground placement of a nuclear power
plant in a Jjudiciously chosen mass of rock permits the con-
finement of the gravest accident by the utilization, solely,
of procedures current in civil-engineering practice.”

7.7.3 Penetrations

The only penetration into the reactor building is the entrance tun-
This tunnel contains an air lock that is conventional in concept

(i.e., double interlocking doors). Piping, electrical, and instrument
penetrations are brought through the end walls of the air lock.

Speclal attention must be given to the installation of the bulkheads

in the tunnel to form the opposite ends of the air lock. But since these
bulkheads are steel, the piping and electrical penetrations are similar
to those used for high-pressure containers (see Sec. 7.2).

T Protection

The underground system is inherently safe from damage (to a cata-

strophic extent) by shock waves and internal missiles. One of the advan-
tages of this concept is its almost complete invulnerability to damage by
external missiles or explosions, such as one might expect during wartime,

7.7.5 Basis for Design

The accident that dictates the capabilities of the system is not

affected by the type of container. The design accident for Halden is
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complete loss of coolant followed by adiabatic expansion of the cool-
ant,

7.7.6 Doses

Doses have not been calculated for underground installations. It
is clear that the direct dose would be insignificant because of the great
amount of shielding afforded by the overburden. ILeakage of gases from
the system should not present a problem, since the escaping activity would
be required to travel a tortuous path to reach the atmosphere, the holdup
time would be great, and the probability for absorption and deposition
would also be great.

Studies concerning the absorptivity of various types of earth62,63
have been made using strontium and iodine as the products sorbed. Tigures
7.51 and 7.52 (ref. 63) show the results of these tests for containment
concentrations up to 900 mg/liter.
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7.8 MULTIPLE CONTATNMENT

Multiple containment denotes any one of a number of methods of pro-
viding two or more complete containment barriers around the primary reac-
tor system. Tt may in the future be of significant economic advantage to
bulld reactor-powered electrical generating units near population centers,
and if this is to be done, a high degree of plant safety must be provided.
In early 1963, such a plant was proposed that was to be built in the
Borough of Queens in New York City, but the proposal has since been with-
drawn because a cheaper power source became available. This plant, the
Ravenswood Plant of Consolidated Edison, is described in Section 7.8.3.
Plants that have provided a background of experience in the application
of multiple contaimment are the NS Savannsh and Indian Point (see Table
7.53). These plants were described in Section 7.2 because in both cases
the inner container is of the high-pressure type. More recent proposals
involving some forms of multiple containment include the Connecticut Yankee
Reactor®* and the City of Los Angeles Reactor.®?

7.8.1 Indian Point

One of the first applications of the multiple containment concept
was the Indian Point plant of the Consolidated Edison Company. 'This plant
has a conventional high-pressure container (see Sec. 7.2), which is sur-
rounded, or contained, by a concrete bullding. The primary purpose of
the concrete building is to provide shielding, but it also provides a
means of controlling the atmosphere in the space outside the inner con-
tainer at a negative pressure. The atmosphere of this annular space can
be exhausted up the stack. In the case of an accident the inner container



Table 7.53, Plants with Multiple Containment

Thermal Prime Architect- Containment 1 UCIe8T
Reactor Tocation Power Type . T . Equipment Operator
Contractor Engineer Fabricator R
(M) Supplier
NS Sevannah Mobile 69 PWR  Babcock & (a) N.Y. Ship-  Babcock &
Wilcox building Wilcox
Tndian Buchenan, 585 R (&) (a) Chicago Westinghouse Comsolidated
Point N. Y. Bridge Edison
and Iron
Ravenswood  Queens, 2030 PWR  Westinghouse (a) (a) Westinghouse Consoclidated
N.Y. Edison

aInformation not available.

geTt 4
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may, within the specifications of the plant, leak fission products to the
annular space. Some of the fission products will be deposited in the an-
nular space, some particulates will be removed by the filter, and the re-
mainder will be discharged at the height of the stack. These three mecha-
nisms tend to lessen the dose to any given receiver. However, in the
analysis of the meca for this facility, credit is taken only for holdup
times provided by the annular space.

7.8.2 NS Savannsh

The NS Savannah has the same sort of system, that is, a high-pressure
container (see Sec. 7.2) which is located in a hold of the ship that is
kept at a2 negative pressure. The primary advancement from the Indian
Point system is in the cleanup of the alr exhausted from the annular space.
In addition to the absolute Tilters (as for Indian Point), charcoal fil-
ters for the removal of radiolodine are provided, as well as a more sophls-
ticated system of blowers and ducts.

7.8.3 Ravenswood

The Ravenswood containment system goes a step further in the develop-
ment of the multiple containment concept. The essential parts of the
scheme are shown in Fig. 7.53 (ref. 60). The containment system consists
of two welded-steel, low-leakage membranes separated by porous concrete,

a "pump~back” system, and a system of fans, filters, and a stack, The
pump-back system keeps the space between the Two membranes at a negative
pressure. Any leakage into this space is pumped back into the container.
In this way, any fission products that leaked through the inner wembrane
would be returned to the container. TIf it were necessary to vent the
container, this could be done by filtering, monitoring, and exhausting
up the stack. However, the container would be exhausted to the atmosphere
only if the concentration of fission products was below that permissible
for release to unrestricted areas. Otherwise the container atmosphere
would be transferred into special mobile containers so that it could be
transported for disposal at a remote location.®® TIHowever, the City of
TLos Angeles Plant [~1400 Mw(t)] is identical in concept and is now under
consideration by the AKC for construction at a site within 30 miles of
Los Angeles.

7.8.4 TDesign Parameters

7.8.4.1 Building Design

The criteria of construction of the NS Savannah and Indian Point
containers were discussed in Section 7.2. 'The Ravenswood plant is de-
signed for a 40-psig internal pressure in the event of the maximum acei-
dent. The entire force of this internal pressure is to be resisted by
the 5 1/2 ft of reinforced concrete that completely surrounds the two
steel membranes and the porous concrete. The two membranes provide
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leaktightness, and the reinforced concrete provides strength (see Fig.
7.54, ref. 63). The free volume and therefore the physical size of the
containment structure were determined by assuming the accidental and in-
stantaneous release of all the primary coolant into the container and
allowing the pressure not to exceed 40 psig. Physical loads from other
sources (i.e., wind load, seismic load, etc.) would be small by comparison
but were also considered. This information is presented in Table 7. 54,

7.8.4.2 Vacuum System

The Indian Point and NS Savannah plants are provided with exhausting
fans Tor the spaces surrounding the container. The NS Savannah recently
tested the fan system and found that a 3-in. -Hz0 vacuum could be main-
tained with both fans operating.

The pump-back system of the Ravenswood plant was designed so that any
one of three vacuum pumps could deliver the desired 10-in.-Hg vacuum with
a flow rate of & cfm. Tt must be noted that pump-back systems such as
these pump back not only leakage from the inner container but also that
from the atmosphere into the outer annulus. The latter volume, however,
is limited by the pressure differential. The containment purge system
would be used to purge the containment atmosphere after operation and be-
fore entry by personnel. It could also be used to clean up the contain-
ment atmosphere in the event of a minor release. The system consists of
ducts, filters, and two 40,000-scfm fans.

7.8.5 Proof Tests

The tests performed on the Indian Point and NS Savannah containers
were discussed in Section 7.2. An integrated leakage-rate test at 15
psig was planned for on the finished container of Ravenswood. Tests of
individual penetrations would also be performed periodically. These tests
are described in Table 7.55.

7.8.6 Material Specifications

Specifications and the materials of construction are given in Table
7.56 for Indian Point, NS Savannah, and Ravenswood. The reinforced con-
crete of the pressure-restraining portion of the Ravenswood container
would be prepared and installed according tc the standards of the American
Concrete Institute (see Chap. 2).

7.8.7 Penetrations

Information concerning the number and type of penetratiocns is not
available for the Ravenswood plant. This information for the NS Savannah
and Indian Point reactors may be found in Section 7.2.6. Penetrations
for the Ravenswood plant differ from most high-pressure penetrations only
in that two leaktight membranes are penetrated. Figure 7.55 (ref. 66)
shows typical penetratiocns. It may be scen from this figure that the
penetration is vented to the low-pressure space between the two membranes.
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Table 7.54.

Design Parameters for Muitiple Containment

N E??? . . Des;gF Tempers-  vocuum  Wind Seismic
Reactor Shape Volume Dimensions Pressure Ture .
s o /o Breakers ILoad Toad
(££7) (psig) {°F)
x 103
NS Savannal Reactor vessel: horizontal 32.3 35 ft in 186 360 {a) (a)
cylinder diameter,  {-100
50 £t ft of
long sea
water)
Outer container: & ship's
hold that is rectanguiar
in shape and of usual
ship-type construction
Indian Reactor vessel: a steel 2140 160 ££ in  27.5 220 Yes (a)
Point sphere partially below diameter
grade
Quter coantainer: a con-
crete cylinder with an
arched concrete roof
Ravenswood  Bothk inner and outer con- 2580 ~150 ft 40 280 Hurricane
tainers are welded steel D, ~167 wind
of low leakage; con- £t high velocities

tainers separated by ~2
ft of porous concrete

aDoes not apply.
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Table 7.55. Container lLeskage Tests

Reactor Container Tested Leakage Test

NS Savannah  Outer With the installed Tans, the maximum vacuuam obtained in the
reactor compartment was =2 in. Hp0 with two fans and
~0.7 in. Hp0 with one fan operating
Tnner, see Table 7.3

Indian Outer Binece the outer contalner would be used only ag a holdup
Pcint volume, no leakage data are available and ro lenkage
rate is specified
Inner, see Table 7.3

Ravenswood Outer and inner Both steel membranes will be leak tested at 15 psig;
the permissible leakage rate is <0,1% of the contained
volumes in 24 hy

Table 7.56. Vessel Materlal Specifications

Container Material Reactor Pressure Vegsel
Reactor Insweli. Inside Wall
Code Specification Thickness POCTION  piameter Thickness Material
(in.) (in.)
N8 Sevannah Inner: ASME 98 61/2 A-212-B
Cuter: ordinary
ship construc-
tlon
Indian Inner: ASME A_201 A300 0.89 in. 100% 117 6.9 A-2128B
Point (upper) x-rayed
1.03 in.
(Lower)
Ravenswood — ACTI-318 51/2 £t (a)

"Does not apply.

This means that any leakage of that penetration either from the container
atmosphere or from the outside would be pumped bhack to the container.
Provigions will be made to test these penetrations individually.

7.8.8 Building Protection

The measures taken to protect the building from various damaging
mechanisms are listed in Table 7.57. The protection technigues used for
the NS Savannah and Indian Point are discussed in Section 7.2.7. The
Ravenswood plant is protected from exterior damage by the 5 l/2~ft—thick
reinforced-concrete shell,

The possibility of a missile's being generated from some internal
source is extremely remote. Potential missiles are, however, anchored
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Table 7.57. Containment Structure External and
Missile Protection

Reactor External Protection Missile Protection

NS Savannah  Housed in a ship's

hold
Indian Exterior is concrete
Point
Ravenswood Exterior is concrete Internal: by tying down or supply-
and needs no added ing shields for potential missiles
protection and by concrete partitions, etec.

External: the 5 1/2 £t of rein-
forced concrete will protect the
menbrane from any credible missile

in some memner or suitable missile shields are provided. The possibility
of a missile of external origin has, likewise, been considered.®©

"The possibillity of aircraft collision with the reactor
containment has been considered. No direct hit by any pres-
ently known civilian or military aircraft can penstrate the
outer 66 in, thick reinforced concrete shell.

"Calculations have been verformed to show that a 1500 1b
turbojet rotor from an aircraft traveling at 150 per cent of
the speed of sound will penetrate only to the depth of be-
tween 30 and 56 inches. This is based on the assumption that
the rotor remains intact, a condition not considered credible.
The calculations are based on formulas developed by the U.S.
Navy and the Ballistics Research Ilaboratory, Aberdeen, Maryland."

7.8.9 Moderator and Coolant

The average thermodynamic properties of the primary coolant, which
is assumed to be lost at the time of the accident, are listed in Table
7.58.

7.8.10 Design Accident

The design accildent for the Ravenswood plant is similar to that of
other pressurized-water reactors (see Table 7.59). t congists of instan-
taneous and sdlabatic release of the primary coolant to the Ffree volume
of the container. This would produce a pressure peak of 40 psig. The
core-injection system is assumed not to operate, so core meltdown would
occur. The peak pressure would be reduced by the internal spray system.



Table 7.58. Moderator and Coolant at Assumed Accident Conditions

Cooclant Properties at Assumed
Accident Conditionas

Reactor Type Moderator Coolant
Quantity Pressure Temperature
(1v) (psia) (°7)

NS Savannah PWR

Primary 120 H50 66,000 1750 508

Secondary 20 g,000 485 463
Indian Point PWR H20 Ep0 163,000 1500 500
Ravenswood PWR 1,0 11,0 56.6 x 10% 2035 570 (av)

Tabie 7.59. Maximum Accident

Energy Sourcecs (Btu) Core iInjection  Building Spray
Reactor Descripcion Comments
Chemical Nuclear Stored Instalied Uscd Installed Used

x 106  x 106

NS Savsnnah  Release of primary coolant 0 0 37.9 it No The net resuit of release of
through largest pipe primary and secondary con-
{12 9/16 in. ID) plus the tents is shown in Fig. 7.32

contents of one steam
generator

Indian Point Instantaneous release of all 0 43 130.5 No Yes No  The puilding spray system is
primary fluid and sccondary assumed not to operate in
fluild from one boiler the postuiated accident

Raveanswood Entirc contents of primary 0] 0 325 Yes No Yes Yes The core injection system
system escapes instanta-~ fails and the core melits
neously to the containment compietely; the building

spray operates to remove
fission products by scrub-
bing

[ dN?
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This system consists of a sump in the flcor of the containment building,
a heat exchanger to cool the spray water, a pump to supply sufficient
head, and associated piping. The spilled primary coclant and any emergency-
injection-system water that found its way into the container would be col-
lected in the sump. This water would be cooled and pumped to the spray
system and subsequently recycled until the spray system was shut down. By
operation of the spray system, the effects of the maximum accident would
be greatly reduced, but the double membrane and the pump-back system are
designed to be sufficient to cope with the maximum accident without the
aid of the spray system.

The description and discussion of the design accident for the NS
Savannah and Indian Point reactors are given in Tebles 7.9 and 7.59 and
in Section 7.2.9.

7.8.11 Fission-Product Release

It was stated in the previous paragraph that the core injection did
not operate after the loss of coolant, so the entire core was assumed to
melt., The fission products that escaped from the melted core were taken
to be 100% of the noble gases, 50% of the halogens, and 1% of the solid
fission products (see Table 7.60; also example given in Part 100 of Title
10 of the Code of Federal Regulations). The Ravenswood containment system,
on the other hand, was considered to function properly, and therefore no
fission products would escape to the environs. Assuming this to ve true,
the only source of exposure would be direct radiation, and the 7 1/2 ft of
concerete of the contalmment building walls would provide enocugh shielding
to render this dose negligible (see Table 7.61).

7.8.11.1 Indian Point

The leakage from the Indian Point container would be held up by
the concrete shielding building which surrounds the containment sphere,
From this point the contents of the shielding building would be exhausted
up the stack. By this holdup of the leakage from the container, the
fission-product release to the environs would be greatly reduced., Fur-
thermore, by releasing the effluent at the level of the high stack, the
dispersion of released material would be greatly enhanced and the dose
at the site boundary would be further reduced.

7.8,11.2 NS Savannah

The NS Savannah system i1s similar to that of Indian Point, but in
addition to the mechanisms stated above (i.e., filtering and discharging
up a stack), the Savannah also has charcoal filters to remove radioiodine
from the effluent gases. A further advantage of the Savannah containment,
which is unique to mobile plants, is that being aboard a ship, it can be
moved to a remote location in case of an accident.



Tablie 7.60. Fission-Product Release in the Event of an Accident

Fission Products

Fission-Product . Lo
Aveileple for

Operating 5 as i
Reactor fq . ° Eelgc.e FO Release from Remarks
History Containcr D
(%) Contafner
’ (%)
NS Savannah Dictated by 100 noble gases 100 noble geses The assumed removal is by plateout; filter removal of
port to be 50 halogens 25 halogens 99% of the remaining iodine is also assumed
entered 1 solids 0.0005 solids
indian Point 600 days at 100 noble gases 100 znoble gases By use of fans tc evacuate the annuiar space (between
585 Mw(t) 100 halogens 100 halogens the conteiner and shielding building), the icaked
10 others 10 otrers fission productls could be filtered and discharged up
the stack
Ravenswood 21 months at 10C noble gases 100 noblie gases 50% of the relezsed halogens and others assumed to
2020 Mw(L) 50 halogens 25 nalogens piateout or washout as in the example given in
1 others 0.5 others USAEC report TID-i4844
Tabic 7.61. Doses from Fission-Product Release from Contailament Structure
Reactor Direct Submersion Thyroid Comments
S Sevannah 1.8 rvems/hr on the ship's
deck (highest)
ndian Point 3.4 v gamma 32 r
7.0 r beta at L hre
Ravenswood Total Integrated dose is 0 C No fission products allowed to escape Trom the

15 mr in 1 month at containmernt system; weather conditions would
50 £t have no effect on the severity of the doses

ean?
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7.9 ENGINEERED SAFEGUARDS

In the event of a major reactor accident, core overheating might
occur and result in the release of Tission products to the reactor con-
tainment system. These fission products might then be distributed through-
out the container and become availlable for leakage to the environment
through the various leakage paths thet may be present in the containment
shell. Efforts toward greater reactor safety by improved mechanical de-
vices or other engineered safeguards for preventing the release of fission
products are encouraged by the AEC (see Part 100 of Title 10 of the Code
of Federal Regulations). Some of the techniques are described in this
section.

The prevention or reduction of fission-product release to the environ-
ment may be accomplished by three general methods: (1) preventing or
minimizing, by emergency cooling or otherwise, the overheating of the
fuel materials, (2) removing the fission products from the containment
atmosphere by filtering, scrubbing, etc., and (3) constructing two or
more barriers arcund the primary system so that the probability that a
large quantity of fission-product activity may leak out is negligible
or, at least, greatly reduced. The latter method was reviewed in Section
7.8. (A fourth method, that of scavenging radiocactivity from the atmos-
phere after its releage, has received some consideration,67 but it has not
proven practicable and therefore is not considered further here.)

Other engineered safeguards that may come to prominence in the future
include means for limiting the size or seriousness of a ruoture of the
primary coolant system. These may take the form of minimized pipe size
or ultraconservative design with respect to plping stresses and piping
supports. An example of the former may be the pressure-tube type of
reactor in which the primary coolant is introduced to the core through
several small-diameter pipes. The rupture of one of these pipes would
not allow a sudden and serious loss of coolant, and the rupture of wany
of these pipes is not considered to be credible.

The necessity of a high level of dependability in engineered safe-
guard systems caunot be overemphasized. ¢ If credit is to be taken in
the event of an meca, the dependability and durability of a given system
must be demonstrated beforehand and be expected to be retained throughout
its lifetime. Tests should be performed on a system to demonstrate con-
formance to specifications in the Tinal installed condition and, as nearly
as possible, under the accident conditions epecified. Furthermore, the
safeguards system must be applied to the whole reactor system, both under
normal operating conditions and under accident conditions. This means
that no mechanism, under any credible asccident condition, should be able
to bypass the safeguard system or reduce or eliminate its usefulness.
After proper design, installation, and testing of the safeguard system are
completed, continued surveillance, including monitoring, where applicable,
must be exercised to assure the constant availability of the system.
Finally, there must be assurance that some consequence of the maximum
accident will not set in motion mechanisms that will destroy the safe-
guards system (e.g., a fire in a filter caused by decay heat from fission
products it was designed to retain). These important points of safeguard
dependability are outlined below:
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I. Performance must be demonstrated
a. Specifications must be met
Performance of installed systems must be demonstrated

¢. Performance under simulated accident conditions must
be demonstrated

If. BSystems must be periodically shown to perform the desired
function under any credible accident condition

No “gaps’ or weak points in the system coverage

Must be protected from damage from all accidents,
including the mca

c. Must be designed to operate for the duration of the
accident

ITT. Vigilance against deterioration and demonstration of
continued availability must be provided

7.9.1 Core Cooling Systems

If a leoss-of-coolant accident occurred, there would be depressuriza-
tion of the reactor primary system, as well as severe reduction of heat
transfer from the core. Heatl generation due to fission~product decay
would continue within the fuel elements, and the temperature in a high-
power density reactor would rise., This temperature increase might be suf-
ficient to melt the cladding of a number of fuel elements and make fission
products availeable for release to the containmment. In some cases it might
be possible for the heat generation to cause volumetric expansion of en-
capsulated fission gases that would create an unusually high pressure in-
side the fuel elements. This could cause the fuel element to burst (see
also Chap. 4). Regardless of the mechanism of failure, whether by melt-
ing or bursting, the chief infterest is in limiting the temperature rise
in the uncovered or uncooled core.

In order to eliminate or reduce the chance that a fuel element would
fail, a system that will supply emergency cooling for the core is included
in most reactors. The approach taken to this problem by several reactor
plants 1s discussed in Table 7.62.

The emergency cooling system must be designed so that maximum reli-
ability is attained in order for its function to be performed properly,
since the only time that the system is called upon to operate is in the
event of an accident that could result in a serious release of activity.
IT the initiating accident is able to void the emergency system, then it
cannot be relied upon to mitigate the accident effects. TFor example, 68262
the SL-1 accident included such severe core tank movement that all nozzles
to the tank were severed, including those serving the core cooling system.
IT, in this case, the core cooling system had been needed to prevent core
melting, it would not have been available,

The emergency core cooling system must be designed so that it and its
assoclated instrumentation will operate reliably regardless of the credible



Table 7.62.

Core Spray or Injection System

Reactor

Addition oxr
Circulation Rate

Spray or Injection
Arrangement

Source of Coolant

Comments

Big Rock Point

CVTR

Blk River

PRTR

Saxton

Yarkee

BONUS

Aumboldt Bay

NED

1000 gom maximuz addition
rate
400 gpm recirculation

rate

1500 gpm at 2185 £t of
D50

12 gpm minimem for 500
ain

8000 1b of nitroge:
yer hr

Two systems:
700 gom at 400 psi

500 gpm at 100 psi

375 gom at 1450 psi
{maximum)

1800 gpm

1C0 gpm (mexizum)

350 gpm at 140 psi

30C Igom

2000 Igpm (max)

Spray ring in reactor vessel

Injection into inlet headers
(secondary injectlon into
primary pump suction)

Spray ring in reactor vessel

Iniet and outlet nozzles in
core vessel

Equal division of fiow to
ypper and lower ring
headers and thence to
reactor Tubes

fgual division of flow to
upper and lower ring
headers and thence to
reactor tubes

nject through inlet and
outlet nozzles

Injection into each of the
four main coolaent loops

20 nozzles direct spray,
60% to fuel arnd 40% to
superheater elements

Soray ring rear the top of
the pressure vessel (see
Fig. 7.56)

Injection of meakeup heavy
water To primary system

Injection of 1light water to
the headers of the primary
system

Additionzal water is from lake Michigan; supplied by elec-
tric or diesel fire pumps, eachk rated at 1000 gpm; after
water reaches a certain level in the sphere, one of two
400-gpm recirculation pumps may be placed in service;
these pumps take their sucticn from several locetione
throughout the bottom portion of the sphere

System recirculates water from the moderator tank and a
sump in the bottom of the containment vessel

30,00C~gak demineralized water storage tank

Arn emergency cooling lopp recirculates Np at a rate of
8000 lb/hr through the core; makeup provided by =
purging system having a supply of 1 1/2 X 108 scf of
Ny available; purge addition will normally be 200 scfm

Reactor process water backed up by sarviteary water
supply, both from Columbia River; normal power supply

Emergency water from well; diesel-driven pump

From 80,000-gal storage tank

117,000 gal of borated water is available, but it is con-
sidered the supply is unlimited as makeup is avaiisble

Gravity fed (100 £t Hp0) from 100,000-gal storage which
is shared by (1) core spray, (2) external building
spray, {(3) internal building spray, and {4) fire pro-
tection; additionel makeup can be supplied from wells
and pipeline

-

Spray water is taken from the suppression pool; there is
more than enough water available to fill the reacior
dry well to the vent openings, at which time the water
wiil spili oack irnto the suppresgsion pool

Supplied by pumps from dump tanks to coolant inlet
headers or pumped from the recovery well at the bottom
of the boiler room

Supplied from 250,000 imperial gallons storage tank
under gravity (350,000 gal for light-water injection;
100,000 gal for dousing)

Cooling limits core melting

No credit taken in mca
analysis

Core spray is depended upon
to limit the extent of
core melting

Prevents fuel elemert fail-
ures and "runaway” air
oxidation of graphite

Hazards analysis based on
this supply

No credit taken in meca
analysis
No credit taken in meca
analysis

No credit taken in mea
analysis

No credit taken in mca
analysis

Credit taken for pressure
reduction
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accidents that may befall the reactor. Furthermore, reliability of opera-
tion should extend over the period of time that melting may occur.?0 Tn
a water-moderated reactor in which the power density is large and the heat
capacity of structure and moderation is not great, a large amount of cool-
ing is necessary very quickly. The gas-cooled graphite~moderated system
has different characteristics. The cooling is not needed immediately, but
the cooling capability must be present over a much longer period of time
for protection of the graphite. Thus, the reactor system demands specify
the speed with which the cooling must be initiated and the length of time
the system must operate reliably. The emergency core cooling system must
initiate cooling within a given time and continue this cooling at least
until any danger of meltdown or fuel element bursting has passed.

7.9.1.1 Water Reactor Systems

Emergency core cooling systems are used with the various water-cocoled
reactors. Water is sprayed or deluged into the core and allowed to flow
downward past the hot fuel elements to cool their surfaces

At the CVIR, water can be pumped into the reactor at two locations,
the suction side of the primary circulation pump and the distribution
header to the various pressure tubes. The water would flow down the pres-
sure tubes and cool the fuel elements. It could then spill back to the
container (through the break in the piping that caused the loss of cool-
ant), where it would be collected in a sump for recirculation, or it could
spill into the moderator tank, where a seccond recirculation system takes
its suction.

The Humboldt Bay core spray system is arranged so that water would
be injected directly onto the fuel elements by nozzles attached to a cir-
cular header near the top of the pressure vessel (see Fig. 7.56, ref. 28).
The water would be gsupplied from the suppression pool, which is part of
the accident containment system (see Sec. 7.4). When the reactor cavity
wags eventually Tilled up to the vent pipe entrances by the continued opera-
tion of the spray system, the water would spill back into the suppression
pool through the dry-well vent pipes. There is sufficient water in the
suppression pool to fill the reactor dry well up to the vent pipe entrances
without uncovering the discharge ends of the vent pipes.

The BONUS core spray sysbtem consists of headers and nozzles (see
Fig. 7.57, ref. 42) that would distribute the water flow to the various
parts of the core. The superheater elements would recelve 40% of the
total, and the active core elements would receive the remainder.

7.9.1.2 Gas-Cooled Systems

Upon depressurization of the primary loop, with possible loss of
coolant, there would be a severe reduction in core cooling that would cause
the fuel elements and moderator of a gas-cooled reactor to heat up as the
reactor afterheat began to build up. Fmergency cooling might be required
to ensure that abnormal fission product release was eliminated or reduced.
In many cases, thermal convection through the core would afford sufficient
cooling; but if this would not yield the desired results, an auxiliary
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forced-circulation loop would be required. It seems reasonable to design
an emergency cooling loop for low-pressure operation to relieve this prob-
lem. This emergency system might use as its coclant the container atmos-
phere, if this were compatible with the materials in the core and modera-
tor. If this was not satisfactory, a coolant would have to be supplied
to suppress the effects of the incompatible gas. TFor example, the oxida-
tion of graphite by air is a reaction which generates heat, but if enough
cooling can be supplied by the air flow to offset this contribution of
heat, then air is a reasonable cholce for a coolant; if the converse is
true, some inert diluent gas must be supplied to eliminate graphite oxida-
tion.

The EGCR has an emergency cooling loop that employs nitrogen as a
coolant. 7t (Nitrogen is employed to minimize the extent of graphite oxida-
tion.) The loop and blowers are designed with minimum complexity and
maximum reliability. The system is designed to remove all the decay heat
that would be available under the worst accident conditions and to maintain
an average outlet temperature of less than 1350°F. Included with this
system is a filtering and release scheme, which is discussed in Section
7.9.3.

The Peach Bottom high-temperature gas-cooled reactor (HIGR) container
is sealed (during operation) and filled with an inert, reduced oxygen
atmosphere consisting primarily of nitrogen, with less than' 5% oxygen and
approximately 12% carbon dioxide by volume. Thus explosions or combustion
of CO and Hy (formed during a steam-graphite reaction) cannot occur. Com-
bustion of the core graphite in the event of a primsry system rupture is
also effectively retarded or prevented by the reduced oxygen atmosphere.
There is also a rather unique way for removing heat from the core in the
case of emergency. Water is circulsted through steel tubes in the emer-
gency cooling Jacket surrounding the reactor vessel. Heat is conducted
and radisted from the core to the reactor vessel and then radiated and
convected to the emergency cooling jackedt.

7.9.2 Building Spray Systems

If all efforts to prevent the reactor core from melting fail, fission
products may escape to the container. The released fission products will
have a tendency to distribute themselves throughout the comtainer and to
follow the same paths of leakage as does the container atmosphere. The
container contents will leak at a rate that is some function of the in-
ternal pressure, which is the driving force. FEnergy will be lost from
the system by heat transfer to the ambient atmosphere, and the internal
pressure will be reduced. But this may take considerable time if natural
phenomens, are relied upon entirely. Accordingly, internal spray and
dousing systems and external spray systems would vsually be employed to
remove energy in the form of heat from a container after an accident. By
supplying this heat sink, the internal pressure could be reduced quite
rapidly. The internal spray and dousing system could also provide the
additional benefit of removal of some soluble and particulate fission
products. Building spray systems for several reactors are described in
Table 7.63.
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Building Spray Systems

Reactor

Addition or Circulation Rate

Spray Arrangement

Source and Capacity Informstion

Conments

Big Rock Point

Elk River

EGCR, external

HWCTR

Indian Point

100C gpm waximum addition
rate
400 gpm reclrculation rate

1000 zpm

2500 gpm

1000 gpm for 15 min; then
120 gpm

There are two sebts of spray nozzles available;
one set is avtomatically put into service
when the sphere pressure reaches 2 psig, and
the other set is put into service manually
from a Location outside the sphere

Spray headers located above main and basement
floors

Ring headers with spray nozzles; most con-
centrated near the top of the dome

Sprinkler heads in the dome of the container
and at ail levels in ‘the contairment building

100% coverage of the building with water
supplied from Ilake Michigan via the
electric or diesel fire pumps until

" water level reaches a certain level in

the sphere, at which time one of two
recircuvlation pumps may be placed in
service

100% coverage; 30,000-gal water storage
tank

32 x 108 Btu/hr heat removsl capacity;
supplied from Melton Hill Iske

Initially from storage tarks in top of
contairer, then bty pumps from wells
(pressure reductior from 23 4o 10 psig
in 15 min)

Spray systems furnish pressure reduction

after the accident; can be operated
from a remote, shielded location

Soray reduces the pressure after the
sceident

This is the primary method of energy
removal ard must operate after the
accident

This furrishes pressure reduction

after accident; can be operated from
& remote Location

Internal 1000 gpm Eight spray headers in top hemisphere Installed in such a manner as to wash No credit taken for internal spray
down surfaces cooling in meca analysis
Bxternal 3000 gpm Eight spray headers in top hemisphere Recirculating type; the water is col-
lected ir s sump and pumpecd bvack to
spray header
PRTR 53C gpm TFog nozzlies in two ring headers above main Cooling power of 37.C X 106 bu/hr; Can be operated from remote location
Loor 100% coversge of main floor (1/4 mile)
BONUS
Internsl 1000 gpm Headers and nozzles over wain floor and in Water supplied as in Table 7.62 (pres- No credit taken in meca analysis for
basement sure reductbion from 4.3 to 2.4 psig in either system; both can he operated
, 50 min) from remote location
External 450 gopm Two circuler perforated ring headers around To be used to keep pressure down after
the upper dome initiel pressure reduction by intermal
system; water supplied as in Table 7.62
NFD Reactor vault:
1500 Igpm Fog nozzles suspended at two ends of reactor Heavy water from moderator system
vault; ectuated at 0.72 psig
1500 Igpn Fog nozzles (same as above) Supplied from standby water system
8700 Igpm Two perforated tanks suspended at Lwe ends Suppiied from 250,000 imperial gallon
of reactor vault; asctuated at 3.7 psig storage hank®
Boiler room (large ieaks):
C to 10 sec, 97,000 Igpm  Seven perforated tanks suspended in the boiler  25C,000 imperial gallons storage tankb
1C to 20 sec, 75,000 Igpm containment vessel; actuvated at 1.5 psig
2C to 30 seec, 55,000 Igpm
30 %o 40 sec, 36,000 Igpm
40 to 60 sec, 15,500 Igpm
a

b

Initial 102,000 imperial gallons for

3%,000 imperial gallions unavailable because of internal
mert of the tank.

gallons for iight-weter injection.

rrenge-

dousing; 150,CC0 imperial
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7.9.2.1 Spray and Dousing Systems

Spray and dousing systems are provided in some reactors where there
1s no fear of a metal-water or graphite-water reaction occurring after
the meca. They are primarily for the purpose of reducing the pressure
within the containment building after the accident; consequently, the
containment atmosphere after the accident will have a high water-vapor
content. Therefore all electrical equipment expected to operate under
postaccident conditions must be provided with proper insulation to ensure
such operation; this iz an added expense and may be considered a serious
drawback for this type of system.

Internal sprays may also serve to scrub some fission products out of
the contaloment atmosphere. Two important mechanisms are responsible for
this action: (1) the solubility of some fission products in water (e.g.,
iodine, bromine) and (2) the flocculation and occlusion of particulates by
the water droplet. By these actions a significant fractlion of the fission
products may be removed from the atmosphere and "fixed" inside the container.

As was previously mentioned, the primary purpose of introducing a
water spray would be to reduce the pressure in the container. If the pri-
mary coolant system of a water reactor ruptured, a large amount of stored
energy would be released to the container in the form of heat. It has
been shown that the presence of water in stagnant pools reduces the con-
tainment pressure far below the calculated (adiabatic) value.’? If a Tog
spray displaying many times the heat-transfer surface of an open pool were
introduced, the pressure-reducing effect would be even greater.

The BONUS Reactor building is equipped with an internal spray system
(also an external one), as shown in Fig. 7.35. A system of headers and
nozzles located in the upper dome of the container can distribute, in a
fairly vniform manner, 1000 gpm of spray water. Using this as the only
heat loss mechanism, the pressure could be reduced from 4.3 to 2.3 psig in
50 win.

The NFD, a Canadian reactor, depends greatly upon this sort of ”spray-
suppression" system for its contalnment; and, as can be seen from Table
7.63, a large amount of water could be deluged into the containment struc-
ture in a very short time (92,700 imperial gallons in 3 min).

Some of the reactors have remote operating bunkers so that spray sys-
tems can be continuously operated long after the accident is over. Tigure
7.58 (ref. 14) shows the location of such a bunker at the HWCTR site.

7.9.2.2 GExternal Spray Systems

External spray systems are used to remove heat from the containment
vessel and thus limit the internal pressure. In a liquid-metal-cooled or
a high~temperature graphite-moderated reactor, the introduction of water
into the containment vessel where it could intimately associate with the
coolant or moderator could be catastrophic; thersefore an external means
of cooling without introcducing water or its vapor to the containment atmos-
phere must be provided. External spray cooling is also provided when i1t
would be prohibitively expensive to have complete spray coverage in all
the compartments of a complex container. If the amount of heat that must
be removed from the container to limit the internal pressure can be removed
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Station. (From ref. 14)

by either an internal water fog or by heat transfer to a cold surface,
the designer may choose between the two. However, if the cooling of a
surface by an external spray is cheaper and satisfactory, the external
spray should be used. Furthermore, if an internal spray were used, the
electrical equipment within the containment vessel would have to be pro-
vided with the proper insulation to operate in an abmosphere with a high
water-vapor content, and this would be reflected in increased plant costs.
The selection of the EGCR external spray was based on the preceding argu-
ments,

The BONUS and Indian Point, as well as EGCR, plants have external
spray schemes in effect. The BONUS and Indian Point external sprays would
be used in conjunction with internal spray systems; but the EGCR would
depend on the external system for all its induced cooling of the contain-
ment building. t the EGCR, water would be introduced by ring headers
near the top of the containment dome and then allowed to run down the
sides of the container to cool its surface.

7.9.3 Filter Systems

Filters for the removal of iodine and particulates are provided for
cleaning the containment atmosphere before a substantial amount of
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radioactivity leaks out or before treated air is released to the environ-
ment. Since the most severe effect of an accident is the dispersion of
dangerous fission products, this scheme of fission-product removel may bhe-
come the most important ”engineered safeguard.” Much develcpment work has
been done in this area, and even more is needed. The potential Importance
of filter systems has been demonstrated by several nuclear power companies
by the fact that these systems have been installed in the newer plants,
even though no credit has been taken in reducing the effect of the maximum
accident. Table 7.64 describes the filter systems installed in several
typical containment structures.

Some plants take credit for the mitigating effect of filter systems.
In order for these plants to claim any benefit from the Tilters, the reli-
ability of the overall system must be demonstrated, as well as the effi-
ciency of the filtering system under the expected accident atmosphere.
Provision must be made for the unexpected, such as fires in charcoal fil-
ters initiated by decay heat of fission products, attrition of the charcoal
beds, commonly called 'dusting,” and blanketing of charcoal filters or
metallic absorbers with water vapor, which may reduce the efficiency. The
efficiency of any iodine removal system depends strongly upon the chemical
form of the iodine to be removed.

Two important considerations are the general reliability of the blow-
ers, filters, filter housings, seals, etc., and the relative invulner-
ability of the system to damage from particles, missiles, chemical reagents,
vapors, shock waves, etc. Furthermore, adeguate cooling must be provided
for filters, as well as other absorbers, to remove decay heat from fission
products that are collected. Tt may also be necessary to shield the fil-
ters (or absorbers) if a significant amount of fission-product activity
is expected to be collected.

There are, in general, two types of filtering systems in use at the
present time: +the recirculating system and the once-through system. The
only difference in these two systems is what is done with the filtered =air.
In the recirculating system, it is discharged back to the contalument ves-
sel, thus reducing the concentration of the activity in the containment
vessel by an amount that is a function of the filter system performance.
The once-through system discharges the filtered air directly to the en-
viromment, usvally through s stack. This discharged air is closely monl.-
tored for fission-product concentration.

The system is usually installed within the containment shell, where
blowers induce air movement through the filter system. As may be seen in
Table 7.64, the filter units usually consist of a prefilter followed by an
absolute particulate filter that is followed by an iodine-removal section
consisting of activated charcoal or silver-plated wire mesh. The HWCIR,
for example, uses four separate systems, each with its own independent
blowers, motors, and filters. When all are operating, they can filter
4000 cfm, which provides for the filtering of one contalimment volume every
1.3 hr.

A different approach to the use of filters is demonstrated by the
Indian Point and NS Savannsh systems. In these cases, the containment
shell is housed in a compartment or building, and thus any leakage from
the containment vessel is held up in the second compartment. It is the
atmosphere of this second compartment that is filtered and fed to the
stack. This concept is shown schematically in Fig. 7.59.



Table 7.64. Filter Systems
i +1 Require
moilis g?rcﬁli'loﬁ or Filter Filter P“i%“rrpd
= R4 1sc;a~g$ ane Function Description er=ormance
{cfm) at mea
CVTR 1000 Recirculation for psrticulate Prefilter, absolute filter (99.97% removal of 0.3-u particles), No credit teken in meca analysis
and iodine removel and iodine-removal section of activated chercoal {1 in. deep,
90% iodine removal); two such units, one in standby
EGCR (1) 750 {rax) Once through; discharge to atmosphere  Prefilter {95% remcval of 5-u particles), absolute filter {99% 95% removal of halogens and 9%%
removal of C.3-pu particles), charcoal trap (95% iodine of pariiculates
removal), ané sbsclute filters (99% remcvel of 0.3-u
perticles)
EGCR (2) 41,660 Recirculation system Atsolute (99.97% removal of C.3-y particles}; siiver-plated No credit taken in mca analysis
copper mesh for iodine removal
BEWCTR Four units of 1000 Recilrculation for particulate and A unit contains = moisture separator and a bed of activated Credit is taken for one of the

Inédian Point

NS Savanxabl

Yankee

NPD (1)
NED (2)

Humboidt RBay
{refueling
building)

BONUS

®lk River

Peach Bottom

each

10,000

Two units {1000 each),
one in standby

12,008, three units
each of 4000 capacity

32,000
1000

134

50,000 (building
ventilation)
3500 {max)

Two uvrits; 20CC cim
each; one in standby

iodine removal

Crce through for particulate removal

Once through discharge to atmosphere;
system for particuiate and iodine
removal

Recirculstes container air to remove
particulates .

Recircuiaticn through reactor vault

Recirculation from boiler room %o
remove particulates

Once through; for psrticvlates and
iodine removal

Once through for particulate removal

Occe through for marticulate removal

Recirculastion for strontium removel

(coconut shell) charcoal (56 1b) shown to remove iodine with
an efficiency of >99,9%

Prefilters; airborne activity filters (99.97% removal of 0.3-y
particles)

Prefilter, absclute filter (99.95% removel of O.3-y particles},
and iodine-remcoval section consisting of silver-plated copper
mesh {6 in. thick), activated charcoal {1 in. effective
thickness), silver-plated copper mesh (6 in. thick)

Prefilters, airborne activity filters {99.95% removal of 0.3-p
particles)

. 5 a
D,0 sprays, filters, and lon exchange

Filter (99.97% removal of 0.3-u parbicles)®

Ceustic serubber znd "sbsolute Tilters” (95% minimur removal
of halogens and particulates)

0il-treated prefilter and glass fiber filter

Prefilter, absolute filter (99.95% removal of 0.3-; particles)

Absolute (99.97% removal of 0.3-p particles)

four units operating at stated
efficiency {(primerily for
iodine removal)

Ko credit taken in meca analysis

99% removal of iodine with
infinite cloud release is
assumed

No credit taken in meca analysis

50% removal of strontium

a ‘ . o -
In emergency, vented tc stack through activated charcoal and
absolute filters.
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7.9.4 Multiple Containment

The concept of the double containment barrier was brought into focus
recently by the proposed Ravenswood Plant of the Consolidated Edison Co.
(see Sec. 7.8). This constitutes an engineered safeguard and would,
alone, serve as added protecticn for the public from an accident within
the container. The basic idea 1s that of a contaliner which is contained.
The second volume, the annular space formed around the first container
(see Fig. 7.53), serves as a holdup and dilution volume for fission prod-
ucts that leak from the inner container (see Sec. 4.4.4). Aside from the
cost, there is no reason that a third container could not be constriucted
that would thus provide more holdup and more dilution of the fission
products. This could, of course, be extended to many containers, but it
is more reasonable to use the "two-conbainer" concepts in conjunction
with other engineered szafeguards (see Sec. 7.9.5).

As an example of this concept in action, the Indian Point plant of
Consolidated Edlson is housed in a conventional steel sphere that is in
turn housed in a concrete building (sece Fig. 7.9). If the concrete build-
ing were not there, the doses from T3t activity would be greater than
those set forth in the AEC Site Criteris, but the buillding provides sufl-
ficient holdup and dilution to bring the doses well within the AEC guide
lines.

7.9.5 Cormbination of Engineered Safeguards

As was mentioned in the previous section, multiple contalrnment alone
is a concept that yilelds significant advantages, but when used in connection
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with other safeguards, the effectiveness and reliability wmay be increased,
with a reduction in capitol cost. Most, if not all, reactors (with the
possible exception of liguid-metal or molten-salt reactors) have some pro-
vision for emergency core cooling; therefore any other engineered safeguard
makes that a combination system. For example, the EGCR has emergency core
cooling, container cooling for pressure reduction, and filtering to remove
fission products.

control.

Proposals have heen made for containers with spray cool-
ing for pressure reduction and the multiple barrier for fission-product

For the Ravenswood plant, multiple containment with filtering of

the air drawn from the annular space (Fig. 7.53) is proposed.
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8. STRUCTURAL DESIGN CONSIDERATIONS

A. M. Appleford* J. R. Hawbhorne¥*
G. H. Dyer¥ H. B. Piper¥x*
R. F. Griffin* L. E. Steele¥*

The preceding chapters of this report discuss the need for reactor
containment and present the theoretical considerations and analytical
techniques from which the basic containment regquirements of design pres-
sure and maximum allowable leakage rate are egtsblished. Various types
of containment are described and information is presented on many specific
contaiment systems. Thig chapter serves to bridge the gap between the
basic contaimnment requirements and the completed containment system by
presenting some major practical congiderations involved in translating the
regquirements into an efficient, economic and reliable containment system
guitable for a specific situation.

Some of the factors considered in determining the optimum containment
type, size, shape, and material to meet the basic containment reguirements
are discussed, and attempts are made Lo indicate why some containment de~
signs are suiltable for some situations and not for others. Alternate tech-
nigques of contalinment construction are also discussed, and the most impor-
tant steps of each are outlined.

Throughout this chapbter, the detalils and the problem areas unigue or
most significant to containment structures are emphasized. There is only
limited discussion of those areas which, although they msy be of major im-
portance, are common to the englneering and construction of conventional
structures.

8.1 GENERAL DESIGN CONSIDERATIONS

1 e,

Design pressure and maximum allowable leskage rate are the basic de-
sign requirements specified for most contaimment structures. However,
particular containment designs may reguire that other special design re-
gquirements be aspecified, such as the venting rates for pressure-reliefl
and pressure-suppression containment. The bases on which these require-
ments are established are discussed in Chaplters 4 and 6. In determining
how to best meet these reguirements, the containment designer nust con-
sider many factors in arriving at an optimum contalinment design for a spe-
¢ific situation. Many of these factors and the effect they may have on
the selection of containment type and on contaimment design are discussed
in this section. Underlying all these considerations 1s the objective of
providing an effective contalmment structure as economically as possible.
The economics of containment are discussed more sgpecifically in Chapter 11.

*Bechtel Corporation, San Francisco, Calif. These auvthors prepared
all pbut Section 8.5 of this chapter.

*¥%¥J.8. Naval Research Leboratory.

*¥%0ak Ridge National Lsboratory.
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8.1.1 Site Conditions

The location of a reactor plant with respect to populated arecas and
load centers will have a considerable influence on the degree of contain-
ment required, as discussed in Chapter 1, and on overall plant econcmics.
In addition, local site conditions will influence the type of containment
selected and may dictate against the use of an otherwise favorably located
site.

8.1.1.1 Topography and Soil Conditions

The soil conditions at the plant site are important factors in de-
termining the type of foundation to be used and in deciding whether to use
an aboveground or an underground design. For example, rock and densely
compacted soil favor aboveground containment designs because of high ex-
cavation costs. Dense, uncompacted soil with no rock and a ground-water
table lower than the lowest excavation are suitable for some forms of
underground construction. Where a higher ground-water table exists, to-
gether with graanular soill containing no hard materials or underground ob-
structions, caisson construction techniques may be suitable, as discussed
below. If underground obstructions, hard materials, and a suitable sub-
surface stratum are present with a high ground-water table, a containment
design compatible with the use of pilings in the foundations should be se-
lected.

Rock and dense soil have good load-carrying capability. The unrein-
forced saucer-shaped foundation normally used under spherical and cylindri-
cal containment structures is readily adapted to such site conditiomns.
Other aboveground containment structures that do not reguire much excava-
tion are also suited to these ground conditions. Sites with dense soil
containing little or no rock and a low ground-water table are the most
suitable for underground contaimment structures requiring dry conditions
for erection, since excavation costs are minimized with these conditions.

Granular soil and a high ground-water table may favor an underground
containment structure built using caisson construction techniques, as il-
lustrated in Figs. 8.1 through 8.5, A caisson is sunk into the ground in
such g0il by using a clamshell or similar excavating eguipment €0 remove
ground material through the caisson. The watery, granular soil conditions,
assisted by water jets, create a flow of material intc the excavated region
from around the caisson periphery. As thils material flows toward the ex-
cavation from under the caisson walls, the caisson sinks Iinto the ground.
If hard materials or underground obstructions are present, they will in-
crease the cost and may even prevent the sinking of caissons, so other
designs should be congidered.

Soft soil with a high ground~water table and subsurface hard strata
or obstructions are conditions for which pile foundationg should be con-
sidered. Flat-bottomed containment structures are most easily built on
pile foundations (Fig. 8.6). A sphere or a cylinder with an ellipsoidal
bottom head can be adapted to pile foundations either by varying the cut-
off elevations of the pile to conform to the containment contour (Fig.
8.7) or by building a substructure on top of the pilings (Fig. 8.8).
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Fig. 8.2. Liners snd Reinforcing Steel for Lower Lift at Humboldt
Bay Site.
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Fig. 8.3. TInitial Sinking of First Lift at Humboldt Bay Site.

Fig. 8.4. Final Sinking of First of Six Lifts at Humboldt Bay Site.
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Fig. 8.5. Bottom Tremie Concrete Placed and Vessel Dewatered at
Humboldt Bay Site.

To2 N

Fig. 8.6. Flat-Bottom Containment Structure on a Pile Foundation.
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Fig. 8.7. Curved-Bottom Containment Structure with Varying Pile
Cutoff Elevations.

Fig. 8.8. Curved-Bottom Contaimment Structure with Substructure on
Top of Evenly Cut Piles.
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If the site has soft or granular soil and a suitable subsurface stra-
tum, a partially underground contaimment structure founded on the subsur-
face stratum may be the most economical choice (Fig. 8.9). BEither the
bottom of the containment structure or the foundatlon may have a ring ex-
tending horizontally outside the containment walls. Tois ring is covered
with backfill, the weight of which bears on the ring and counteracts buoy-
ant forces on the containment structure. A high ground-water table or
artesian agquifer creates a large buoyant force while decreasing the effec-
tive weight of the backfill. Under such ground-water conditions a large
ring is required to prevent the contalinment vessel from buoyantly rising
in the ground.
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Fig. 8.9. Partially Underground Containment Structure.

8.1.1.2 Meteorology and Hydrology

The design studies of aboveground containment structures must include
consideration of the meteorclogical phencmena that will affect both the
dispersion of uncontained radioactive materials and the structural design,
the latter in a manner similar to more conventional structural design con-
giderations. The containment system muist meet the design leakage rate re-
guirement, which is partially dependent on site meteorological conditions,
and it must be designed for and protected from weather phenomena such asg
rain, snow, wind, and thermal conditions that might be expected to occur
during the life of the system. In some cases, the structural design re-
guirements imposed by these naturally occurring conditions may be more
significant than those imposed by the pressure and temperature conditions
postulated under the maximum credible accident conditionsg.
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Although the specific local codes legally in force should be con-
sulted, the probable local requirements may be estimated by the use of
the following information extracted from the Uniform Building Code,l which
has been adopted as the legal code of many local jurisdictions:

Sec. 2303 (in part)

"Wind and earthquake loads need not be assumed to act simul-
taneously."

Sec. 2305 (in part)

"Where snow loads occur, the roof structure shall be designed
for such loads as determined by the Building Official.”

Sec. 2307 (in part)

"(a) General. Buildings or other structures shall e designed
to withstand the minimum horizontal pressures set forth in
Table Wo. 23-C [Table 8.1], allowing for wind from any direc-
tion. The wind pressures set forth in Table No. 23-C are mini-
mum values and shall be adjusted by the Building Official for
areas subjected to higher wind pressures. When the form fac-
tor, as determined by wind tumnel tests or other recoguized
methods, indicates vertical or horizontal lcads of lesser or
greater severity than those produced by the loads herein speci-
fied, the roof structure may be designed accordingly.

Table &.]1. Recommended Minimum Allowable Wind Pressures
for Various Height Zones Above Ground?

Minimum Allowable Regultant Wind Pressure (psf)

Allowable Resultant
Lowab esultant at Indicated Height®

Wind Pressure at 30
£t Above GroundbP

30 to 50 to 100 to 500 to 1200 1%

(psf) <FOTC L9 pL 99 £ 499 £ 1199 £t and over
20 15 20 25 30 35 40
25 20 25 20 40 45 50
30 25 30 40 45 55 60
35 25 35 45 55 60 70
40 30 40 50 60 70 20
45 35 45 55 70 80 90
50 40 50 60 75 90 100

8Baged on Table 23-C of ref. 1, p. 102.

7

bsee Fig. 8.10. Row in table should be selected that corre-
sponds to the allowable regultant wind pressure indicated for the
particular locality being considered.

CThese requirements do not provide for tornadoes.
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"(b) Wind Pressures. Roofs of all buildings or other struc-
tures shall be designed and constructed to withstand pres-
sures, acting upward normal to the surface, equal to one and
one fourth times those specified for the corresponding height
zone in which the roof is located. The height is to be taken
as the mean helight of the roof structure above the average
level of the ground adjacent to the building or other struc-
ture and the pressure assumed on the entire roof area.
"(c) Roofs with Slopes Greater than 30 Degrees. Roofs or sec-
tions of roofs with slopes greater than 30 degrees shall be
designed and constructed to withstand pressures, acting inward
normal to the surface, equal to those gpecified for the height
zone in which the roof is located, and applied to the windward
slope only.
"(e) Anchorage Requirements. Adequate anchorage of the roof
to walls and columnsg, and of walls and columns to the founda~
tions to resist overturning, uplift, and sliding, shall be pro-
vided in all cases.
"(f) Solid Towers. Chimneys, tanks, and solid towers shall be
designed and counstructed to withstand the pressures as speci-
fied by this section, multiplied by the factors set forth in
Table No. 23-D [Table 8.2].
"(i) Moment of Stability (Design). The overturning moment cal-
culated from the wind pressure shall in no casgse exceed two-
thirds of the dead load resisting moment.

The weight of earth superimposed over footings may dbe
used to calculabe the dead load resisting moment.
"(j) Combined Wind and Live Toads. For the purpose of de~
termining stresses all vertical design loads except the
roof live load and crane lcads shall be considered as act-
ing simulteneously with the wind pressure.”

In tornado areas, or in other areas of abnormal or especlally severe wind
conditions, additional special provisions may be required. Figure 1 and

Table 8.2. Multiplying Factors for Obtaining
Allowable Wind Pressures on Chimneys,
Tanks, and Solid Towers®

Horizontal Cross Section Malbiplying

Factor
Square or rectangular 1.00
Hexagonal or octagonal 0.80
Round or elliptical 0.60

8From ref. 1, p. 103, Table 23-D.
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Tables 23-C and 23-D from The Uniform Building Code are reproduced here
as Fig. 8.10 and Tables 8.1 and 8.2.

Underground containment systems must also have a maxiwmum allowable
leakage rate commensurate with the permeability of the soil, the ground-
water velocity and direction, and the proximity of the containment system
to facilities ultimately involved with human activity. Underground systems
must be designed to withstand the ground-water, soil pressure, and subsur-
face corrosion conditions. Again, the normal structural reduirements of
underground containment systems may exceed those imposed by the pressure
and temperature conditions postulated under the maximum credible accident.

or n*”
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Fig. 8.10. Allowable Resultant Wind Pressures in the United States.
(From Uniform Building Code, ref. 1, Section 2307, p. 102, Fig. 1)

8.1.1.3 Seismology

The degree of seismic activity is a site characteristic of particular
concern in the degign of contaimment structures. During an earthquake,
intense lateral loads can be imposed on a containment structure at the
same bime that there is also an increased possibility of damage to the
reactor system, so the integrity of the containment system is particu~
larly important. In areas of high seismic activity, it is essential that
the possible effects of earthquakes on the containment structure be as-
sessed and that suitable design factors be used that will assure a very
low probability of damage from earthquakes. FEven in areas of relative
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seismic stability, consideration should be given to possible lateral earth-
quake loads on contaimment structures. In some instances, selection of
the site may be dependent on the earthguake hazard. Section 100.10.C.1

of Part 100, Reactor Site Criteria, Title 10, Code of Federal Regulations,
states that a reactor should not be located within 1/4 mile of a known
active fault line.

The nature of earthquakes, their causes, and their probable occur-
rences are matters that are beyond the scope of this report. It is there-
fore important that a seismologist who is thoroughly familiar with the
characteristics of the site being considered be employed to provide a seis-
mic analysis, including determination of the expected probable maximum
lateral earthquake load intensity.

During an earthquske, the base of a structure is moved by the ground
both horizontally and vertically. The horizontal movement is usually the
more intense component, and it generally causes more severe structural re-
gponses than doeg the vertical ground motion. The vertical component
usually can excite only incomsequential oscillations in very tall struc-~
tures. Only in special circumstances is consideration of this vertical
motion required for contaimment systems.

The base of a structure built on firm ground will move with the ground
during an earthquake. The principal design consideration is to assure
that the structure can safely withstand this lateral acceleration, or ap-
parent force, which is commonly expressed as a fraction of the gravita-
tional acceleration, g. The overall response of a structure to an ecarth-
gquake motion of a given intensity depends upon the impedence matching of
layers of earth, the structure's vibrational characteristics, and its in-
herent damping qualities. Rigid structures essentially move with the ex-
citing ground motion, experiencing the same lateral acceleration. Contain-
ment structures are typically rigid, having undamped natural vibrational
periods less than 0.5 sec, and should be designed to safely withstand the
probable maximum seismic ground acceleration. The aseismic design of con-
tainment structures should jinclude (1) determination of the maximum prob-
able latersl earthquake force, (2) effects of actual earth movements,

(3) calculations of the undamped natural Crequency of the structure, its
internals, and adjacent structures, (4) spatial arrangement or bracing of
the contaimment structure and other structures to prevent undegirable in-
teraction during earthquakes, (5) determination of the required strength
of the containment vessel to safely withstand base shear and moment forces
resulting from seismic loads, (6) investigation of the restoring moment of
the containment structure and its foundation to resist overturning effects,
and (7) design of the conbaimnment shell to resist possible horizontal tor-
sional moments.

Paragraph N-1111 of Section IIT of the ASME Boiler and Pressure Vessel
Code? incorporates paragraph UG 22 of Section VITII (ref. 3) which defines
the loadings, including seismic loadings, that must be considered in the
dezign of a containment vessel. However, rules for design are not covered
specifically within the ABME Code. The aseismic design must be checked
against the provisions of applicable local building codes. Local codes
establish legal minimums that must be provided for in designs. The Uniform
Building Code is a widely accepted, typilcal example of such s document.

In general, it requires that structures be designed to safely withstand
geismically induced base shear and moment forces that depend primarily
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on the total mass and undamped natural frequency of the structure. Seis-
mic forces may be modified, according to the Uniform Building Code, in
recognition of a structure's intended usage and the seismicity of the lo-
cation under consideration.

The ITumboldt Bay plant was built in an area of relatively high seis-
mic activity. Over the last 275 years, nine shocks occurred that resulted
in maximum ground accelerations of 0.25 g at the plant site. Consequently,
the containment system was constructed to safely withstand a 0.25-g lateral
acceleration. The Uniform Building Code would require ability to withstand
a maximum lateral design acceleration of 0.15 g in this instance.

For conceptual studies of containment structures, the earthquake
hazard for a particular location can be estimated from information pre-
sented in the Uniform Building Code and from an estimate of the probable
maxinum lateral acceleration. Figure 8.11, taken from the Uniform Build-
ing Code, indicates zones in the United States of approximately equal
seismic probability, and the following tabulation presents coefficients,

7, for modifying the probable maximum lateral acceleration in each zone
in consideration of the frequency of earthquakes of engineering signifl-
cance:

Z, Zone
Zone Factor
0 0.25
1 0.25
2 0.5
3 i.

In the absence of more exact information, the probable maximum lateral
acceleration may be assumed to be 0.33 g. This represents the strongest
ground acceleration yet recorded in the United States (£l Centro, Cali-
fornia, May 18, 1940) and is usually considered to be the probable maxi-
mum lateral earthquake force in highly seismic areas. Thus the maximum
base shear force in a containment vessel due to earthqguake loading is
the product of the zone factor given above, the acceleration of 0.33 g,
and the mass of the structure. Maximum bending moments can be computed
in accordance with the Uniform Building Code. While this procedure may
not provide an accurate indication of tThe maximum carthguake forces on
a structure in a particular area, in mogt cases it will provide a2 con-
ervative estimate and is considered adequate for conceptual design.

An AEC reporb, "Nuclear Reactors and Farthguakes,"* presents a more
thorough discussion of the effects of earthquakes on nuclear power plants.
This reference should be consulted for additional information on seis-
mology and for more exact earthquake design procedures. Housner's paper,
"Design of Iuclear Power Reactors Againgl Rarthquakes,"’ presents similar
information. There is, at present, no generally applicable code for speci-
fying the earthquake resistance of nuclear reactor containment systems,
but work is proceeding in the American NWuclear Society, under task number
ANS-7.72, Earthquake Degign Criteria, of subcommittee ANS-7, Nuclear Re-
actor Components, to define this area more accurately and possibly, in
the future, to issue a standard covering seigmic design of containment
structures.
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Fig. 8.11.
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8.1.2 Containment Envelope Boundaries

for solid fuel reactors, the relative quantities and concentratlions
of radiocactive materials that must be contained are largest within the
envelopes formed by the fuel cladding and decrease with the successive
surrounding coclant fluid and containment envelope boundaries. The sources
of these radicactive materials consist both of materials generated or
originally placed within that particular envelope boundary and those that
may have escaped from a preceding envelope containing a higher concentra-
tion of radiocactivity. Failure of any boundary to contain these materials
will result in their release to a subsequent envelope or Lo the environ-
ment. Therefore, a containment system must encompass all areas in which
a significant quantity of radicactive material is placed or generated,
including sll preceding higher concentration envelopes that may be sub-
ject to failure. By definition, "significant" means that amount which,
if released to the atmosphere, could cause radiocactive material concen-
trations higher than those allowed by existing regulations.

The probability of failure of any particular component or barrier is
normally much larger for stressed or working components than it is for un-~
stressed or static components. Since the containment system is the Jlast
barrier to the uncontrolled release of significant guantities of radio-
active materials, its boundariecs are preferably placed outside the influ-
ence of process-induced stresses where, except for accident loadings, it
is subJject only to normal structural and environmental stresses.

The considerations discussed above tend to define the boundaries of
the containment system and the specific items of equipment which must be
enclosed. This equipment always includes the reactor core, reactor ves-
sel, and primary shielding. It may or may not include the entire primary
cooling fluid circuit, additional shielding, numerous auxiliary facili-
ties, electric power generation equipment, and spent fuel harndling and
storage facilities.

The extent to which the primary system is contained will depend on
the type of reactor, the economics of including various components, the
degree of radiocactive material contaminant allowed in the fluid during
normal operation, and the degree of radiocactive material release allow-
able for the site under consideration. Thus, the containment system for
an indirect-cycle pressurized-water reactor usually encloses the entire
primary coolant loop and related equipment, but the containment system
for a direct-cycle boiling-water reactor does not usually enclose the
main turbine-generator equipment, which is an integral part of the pri-
mary coolant loop. However, such a system must include two additional
regtraints: the system must be provided with valves capable of closing
the primary coolant penetrations of the containment system, and the
radioactive material content of the primary coolant must be maintained
at sufficiently low levels that it would not