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REACTOR DESIGN and SAFETY APPROACH for a
TANK-TYPE FAST REACTOR

S.M. Davies(GE), H. Yamaki(Hitachi), L. Goodman(Bechtel)

1.0 SUMMARY DESCRIPTION

Plant compactness, high reliability under seismic and thermal tran-
sients, and a conservative safety design approach balanced between
public safety and plant availability were emphasized in the conceptual
design study for a tank type fast reactor. Figure 1 shows a section
view of the reactor primary system. The reactor vessel is 18.6 meters
in diameter. The vessel wall is protected from high temperatures by a
vertical thermal barrier combining a passive and an active thermal
barrier consistent with a vessel of minimum diameter. The redan
contains stagnant sodium. Its thickness is sized to limit the heat
loss and maintain the top of the core support in the non-creep temper-
ature region under normal and upset conditions. The load of the core
support system is carried by the bottom head of the reactor vessel.

The reactor vessel contains eight Intermediate Heat Exchangers (IHXs)
and four primary pumps supported from the roofslab. The roofslab is a
shielded, multi-webbed box shell structure, incorporating two rotating
plugs over the reactor system. The Upper Internals Structure (UIS)
design approach adapts a low-baffle configuration with a cylindrical
support structure. The UIS contains shroud tubes for the control
drives and ducts and drywells for instrumentation assemblies.

An axially-heterogeneous core was selected to meet the requirements of
compactness, low reactivity depletion due to burnup, reduced fast
neutron fluence for longer fuel lifetime, low thermal striping
effects, and minimal HCDA energetics. This core configuration also
allows a greater seismic vertical deflection between the control rods
and the core.

The core is comprised of 336 fuel assemblies, 150 blanket assemblies
and 25 control assemblies. The fission gas plenums are split at the
top and bottom of each fuel element. Key core design parameters
include:
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Core Dimensions (Height/Diameter), mm 1,000/3,300

Number of Enrichment Zones 1

Average Discharge Fuel .jrnup 80,000
excluding internal blanket, MWD/T

Breeding Ratio 1.2

A combination of reactor auxiliary cooling system loops from the
intermediate system (IRACS) and from the primary system (PRACS) are
provided for shutdown heat removal.

Two of the four IRACS loops can remove shutdown heat under postulated
accident conditions within the design basis and without PRACS opera-
tion. The PRACS is sized for removing 10 MWt per loop under accident
conditions when the hot plenum temperature is at 600°C. Each PPACS
loop will be capable of removing all decay heat after about four days
following shutdown. IRACS is designed to operate with forced circu-
lation, but can operate at reduced capacity with natural circulation.
PRACS is designed for operation with forced circulation.

The reactor enclosure system forms the major portion of the primary
containment barrier consisting of the reactor vessel, the roofslab and
the rotating plugs.

2.0 TECHNICAL CHARACTERISTICS

2.1 Key Plant Specifications

The Plant key specifications are provided in references 1 and 2.

2.2 Safety Design

Introduction

Safety is the most important concern in designing a nuclear power
plant, since the accidental release to the environment of a large
quantity of the fission products and piutonium could cause a
public hazard. The LMFBR power plant will be designed, con-
structed and operated to assure that the public risk from such an
accident will be acceptably low. For this purpose, many safety
features are incorporated. A safety design balanced between
public safety, in case of an accident, and total reliability of
the plant is the desired goal.

Basic Safety Design Philosophy

Line of Assurance

Safety design of this plant is based on the philosophy of Lines
of Assurance (LOA) which is aimed at reducing both probability



and consequences of catastrophic accidents, such as hypothetical
core disruptive accidents (HCDA).

Redundancy and System Separation

System and components important to safety will be designed to
have adequate redundancy to be able to achieve safety functions
assuming a postulated single failure.

System separation, electrically and physically, will also be
considered in the design so that safety functions would not be
lost simultaneously by the effect of single cause, such as fire
and missile. System separation is important from the viewpoint
of plant maintenance as well as from the viewpoint of safety.

The reactor shutdown system is composed of two systems, a Primary
Shutdown System and a Secondary Shutdown System, which are
independent of each other including the scram signal and signal
transmission circuits. Each system is designed to be able to
shut down the reactor and to maintain the subcriticality at cold
temperature, assuming that the other system is inoperable.

Diversity between two systems shall be considered to reduce the
risk of common cause failure.

The Shutdown Heat Removal System (SHRS) is composed of two
systems, the normal decay heat reiroval system (IRACS) and
auxiliary decay heat removal system (PRACS). SHRS should have
adequate redundancy to satisfy the reliability goal. Each
cooling loop should be designed to be capable of natural
circulation to increase the reliability.

Diversity between normal decay heat removal system and auxiliary
decay heat removal system shall be considered tc reduce the risk
of common cause failure.

Hypothetical Core Disruptive Accident

It is difficult at the present time to demonstrate that the
probability of occurrence of a HCDA in a LMFBR is so low that it
need not be considered within the conservatively oriented safety
approach taken in the current licensing process.

The HCDA is however, not treated as a Design Basis Accident (DBA)
because the reactor shutdown system and the shutdown heat removal
system are to have adequate redundancy and diversity to reduce
the probability of HCDA to an acceptably low value. But from the
licensing viewpoint, it is important to evaluate the consequences
of HCDA and to demonstrate the safety margin of the plant.



In the axially heterogeneous core, sodium-void and fuel material
worth maps are axially flattened compared with homogeneous cores
because of an internal blanket located at core midplane. This
causes a large difference in HCDA behavior between axially
heterogeneous "and homogeneous cores. That is>, the axially
heterogeneous core is expected to yield a mitigated HCDA behavior
compared with homogeneous cores, because reactivity feedbacks
from fuel motion and sodium voiding are smaller.

After electricity cutoff to the primary pumps, coolant flow rate
gradually decreases and coolant temperature begins to increase,
which causes a reactivity increase due to coolant density change.
The reactivity, however, does not increase rapidly until sodium
begins boiling about 10 seconds after electricity cutoff. This
is because sodium-void and Doppler reactivities cancel each other
up to this time.

Soon after the sodium-boiling starts the reactor power begins to
increase rapidly, fuel slumping and Fuel Coolant Interaction
(FCI) occur one after another and power excursion initiates.

The power excursion, which is caused mainly by FCI, is terminated
by Doppler and core expansion reactivities, about 6 milliseconds
later. The release-energy accumulated in fuel vapor is estimated
to be less than 300 MJ.

Calaulational Models

A comparison of key SAS3D input choices among three typical
cases, including an earlier analysis case, is shown in Table 1.
The main differences between the present model and the previous
one are:

1) In the present study, it has been assumed that fuel slumping
initiates at a fuel pellet melt fraction greater than or
equal to 50% and that the cladding temperature is at the
melting point. This assumption was made because there
previously were some channels with the fuel over 50% melting
but the cladding still strong.

2) It has further been assumed that the criterion for FCI
initiation is the cladding burst strength rather than a 50?
melt fraction. This criterion is based upon a reasonable
mechanistic model which correlates the major parameters of
.gas concentration, fuel melt fraction and cladding strength
as a function of temperature.

3) In the present study, the channel selection was weighted to
emphasize the power-to-flow ratio while essentially neglect-
ing burnup differences. This is based upon the observation
that, in the present core, sodium-void worth is the dominant
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driving reactivity, and that the power-to-flow ratic
strongly controls the timing of void generation and the
choice between slumping and FCI type fuel disruption
processes.

The work-energy determined in a previous analysis was about 200
MJ. In the current conservative case, prompt criticality was
attained by about 12 sec and was sustained for about 10 msec.
However, the driving ramp rate (coolant plus fuel motion reac-
tivity feedback), which principally determines the amount of
work-energy, was a considerably smaller value than that of the
previous analysis case as shown in Figure 2. Hence, the work-
energy in the present conservative case is considered to be less
than 300 MJ.

In the best estimate case, prompt criticality was attained by
about 14.6 sec. However, it lasted for no more than 0.5 msec,
and the driving ramp rate became a much smaller value (about 25
$/sec). The work-energy in this case was judged to be neglig-
ible, with the core considered to enter a transition phase.
Figure 2a shows a flow chart for both the conservative and best
estimate work energy calculations.

The best estimate phenomenological characteristics of the loss-
of-flow initiating phase of the present core are the following:

1) Fuel motion reactivity by pellet disruption and FCI is a few
times smaller than that for homogeneous cores, primarily
because fuel worth distribution is axially flattened.

2) As for FCI behavior, the cladding failure locations are far
above the core midplane where the sodium-void worth is
highest. This makes the sodium-void reactivity insertion
rate due to an FCI milder than that in pessimistic cases.

3) The dominant FCI events take place in the outer channels
having no internal blanket region (i.e., homogeneous type
fuel pins) because power-to-flow ratio is lower there.

4) Because of the axial temperature profile, fuel slumping is
likely to occur only above the internal blanket.

Sodium Fire

In this plant, the design is aimed at preventing severe sodium
fire in the containment. If a sodium spill from the tank occurs,
all spilled sodium is confined in the nitrogen filled Guard
Vessel.

In case of Na or NaK spills from the piping and equipment on the
reactor deck, spilled Na or NaK will be confined in the Nitrogen
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filled enclosures. The relatively low pressures inherent in
liquid Na or NaK systems eliminate the need for pipe-whip re-
straints.

The amount of sodium that may be ejected from the Roof Slab in
case of HCDA, which is not a DBA, will be small. On the other
hand, a Na or NaK leak outside of containment will require some
combustion mitigating mechanism.

Design Philosophy and Sizing of the Shutdown Heat Removal System

The following rules have been established to decide the system
configuration and cooling capacity of SHRS.

SHRS has two systems independent of each other, normal decay heat
removal system and an auxiliary decay heat removal system, to
obtain sufficient reliability and diversity.

The normal decay heat removal system will have enough cooling
capacity to maintain the integrity of core fuel and important
structures without taking the operation of the auxiliary decay
heat removal system into account.

In the design of the normal decay heat removal system, a single
failure, following an initial event, is considered.

Four IRACS capable of cooling the core individually by natural
circulation and two PRACS are necessary to satisfy the
reliability goal during long term cooling after reactor shutdown.

Multiple failures of the decay heat removal system are assumed,
but multiple failures are not considered in the DBA. For this
assessment,damage of core fuel or structure is permissible up to
the degree which is the limit preventing core melt.

Establishing the Cooling Capacity of SHRS

Four IRACS plus two PRACS is selected as the SHRS after comparing
many kinds of designs which satisfy the rules mentioned above.

IRACS is the normal decay heat removal system. It is based upon
forced circulation but is capable of netural circulation.

PRACS is the auxiliary decay heat removal system. PRACS is based
upon -forced circulation because of the advantages of compactness
and flow controlability independent of coolant temperature.

From the standpoint of SHRS reliability, the four loops of the
IRACS, comprising a heat removal capability of 80 MW, would be
available following loss of normal heat removal capability
through the main loops. After 100 minutes, only two of the four



loops, comprising a heat removal capacity of 40 Ml, would be
sufficient by themselves to remove all the decay heat. During
this period, the two loops of PRACS, comprising a heat removal
capacity of 20 MW, would also be available. After four days, a
single set of PRACS by itself, comprising a heat removal capacity
of 10 MW, would be sufficient to remove the decay heat, ever,
though a total decay heat removal capacity of 100 MW would nor-
mally be available with both IRACS and PRACS in operation.

2.3 Core Configuration

Selection of Core Concept

An axially heterogeneous core concept, see Figures 3 and 4, was
selected based on a design study in which the following
characteristics were compared to homogeneous and radially
heterogeneous core concepts.

a) Allowable vertical displacement,under earthquake conditions,
is greater than for other concepts.

b) Power swing due to burnup is smaller than for the radially
heterogeneous concept and is almost the same as the homogen-
eous concept.

c) The change of radial power distribution with control rod
operation is smaller than for the radially heterogeneous
concept.

d) Thermal striping potential for the UIS is lower than for the
radially heterogeneous concept and is similar to the homo-
geneous concept.

e) Maximum fast neutron fluence is lower than for the homo-
geneous concept.

f) Under certain conservative scenarios, the HCDA work energy
is smaller than for the homogeneous concepts.

g) Breeding performance is better than for the homogeneous
concept.

The layout of the internal blanket was established to minimize
the power peaking factor for the three year (3 x 292 Equivalent
Full Power Days) fuel-life-time core. The layout of the control
rods satisfies the following different design criteria,
simultaneously:

o Reactivity balance (reactor shutdown margin should be
maintained for each of the two independent systems)

o Power flattening (the maximum linear heat rate should be no
greater than 430 w/cm)

o Vertical displacement between core and control rods during
earthquakes (the tolerable displacement should be less than
30 mm)
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Core Fuel Performance

Reducing the axial differential control rod worth is important
for satisfying the last criterion. Only 13 control rods out of
19 primary rods have been used fjr power flattening and the rest
are fully withdrawn at rated power.

In an initial core, less fissile material buildup in the internal
blanket might lead tc the larger depression around the core
central region relative to an equilibrium core. To prevent this,
the thickness of the internal blanket may be reduced for an
initial core.

2
The maximum bundle pressure drop is about 3.6 kg/cm , and the
core pressure drop is expected to be about 4.6 kg/cm .

The peak cladding temperatures of driver fuel and radial blanket
are about 670°C and 695°C, respectively under hot spot conditions
and satisfy the criteria (675°C and 700°C).

The power melt ratio is 430 Watts per centimeter at nominally
rated conditions which is acceptable based on a validated model.
There is a minimum margin of 60°C which includes fabrication
tolerances and hot spot factors.

The maximum bundle-duct-interaction is less than or equal to 2
wire wrap diameters under maximum swelling and creep of the
bundle and minimum swelling and creep of the duct. Swelling and
creep correlations include uncertainties based on the use of D9
material.

Design basis transient performance, including transient over
power (TOP) and loss of flow events JlOF), lead to a cumulative
damage factor (CDF) of less than 10" , a cladding creep strain
of less than 10" % and no fuel melting. The CDF correlation is
based on data from the Fuel Clad Transient Test Facility (FCTT),
and the LIFE MODEL is based on selected test data from the TREAT
reactor.

Irradiation tests are required to verify the analytical evalua-
tion.

Core Seismic Charactsristics

The cere seismic characteristics have been examined to provide an
initial evaluation of the HTFR core seismic feasibility. This
was a parametric analysis using "SCRAP", a program developed at
ANL.

The SCRAP code can include core component interaction effects as
well as other effects like the fluid coupling for closely packed
arrays of hexagons and impact damping.

SCRAP performs a time history solution of an assumed mode model
subject to a specified core support plate motion. The important
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factors are the assumed modes of deformation taken in the model,
the various physical phenomena, and the impact support motions.

The conclusions obtained are as follows:

o The damping effects are relatively small.

o Increasing the gaps between clusters, at both Top Load Pad
and Above Core Load Pad elevation, results in larger impact
forces.

o Increasing the gaps between clusters at only the intermed-
iate elevation seems to be effective.

Shielding

A major conclusion of the HTFR shielding analysis is that the
dose rate limit at one meter from the surface of a large
undrained secondary sodium pipe (32" OD) can be met if a 32-inch
thick fixed radial shield of stainless steel is placed outside
the core barrel. A very attractive alternative to the fixed
radial shield consists of using local shadow shielding around
IHXs and deleting the fixed radial shield. It is estimated that
a 1-inch thick B-C shield or a 9-inch thick steel shield would
satisfy the dose rate requirements for the secondary coolant
piping. This local shield approach would avoid problems associ-
ated with penetrations in the fixed radial shield (e.g., due to
the fuel transfer box). The local shielding could be attached to
the steel shrouds which surround the IHXs and pumps in the
reference design.

2.4 Structural

Primary Vessel

The primary vessel is a cylindrical shell with a hemielliptical
bottom head and no penetrations.

There is one attachment to the vessel surface. It occurs in the
cylinder interface structure to which the core support platform
interface pieces are welded. The primary vessel is attached to
the roof slab which is maintained at temperatures not exceeding
60°C by the roof slab cooling system. The temperature of the
vesse.l at the sodium level is about 380°C at normal operating
conditions. This temperature difference has the potential of
producing significant thermal stresses in the vessel.

However, these stresses have been minimized by careful design of
the vessel thermal insulation (inside and outside) and by pro-
perly selecting the vessel length between the support point at
the deck and the sodium level.
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Because the roof slab structure is made of carbon steel and the
reactor vessel is made of stainless steel, there must be a
bimetal joint attaching the two parts. This joint is located in
the primary vessel 300 mm below the horizontal bottom skin of the
roof slab. The temperature in this area is about 100°C.

There are several kinds of bimetallic joint concepts that are
applicable to the reactor vessel support. Selection of the
concept is dependent on the design conditions to which bimetallic
joints will be exposed. The bimetal weld joint under the moder-
ate temperature conditions, is a well established technique which
has been utilized by the French pool type reactors. Inservice
inspection is an important consideration which probably can be
satisfied by volumetric inspection of the carbon steel portion
and visual inspection of the stainless steel portion.

Core Berrel

The core barrel is a key component of the Lower Internal Struc-
tures ( U S ) . It is the boundary for core coolant flow and the
foundation structure for the U S components which position the
core assemblies (that is, the inlet plenum, inlet modules, bypass
module, and core restraint hardware). The upper end of the core
barrel has seismic load applied to it by the core. Core loads
are transmitted through the core restraint. These loads must
then be transferred to the core support structure through an
integral connection.

The core barrel must withstand a bottom-to-top temperature
difference of 150°C, must have a 40-year service life, and must
have a residual ductility of 10% total elongation at the end of
that life. Type 316 stainless steel plate and ring forgings are
the tentatively selected design materials for the core barrel.

The functional interfaces of the core barrel make its physical
interfaces critical. Its dimensional tolerances will be tight,
particularly at the machined surfaces that fit with other parts
of the U S .

Core Restraint

The core restraint hardware provides a passive system for main-
taining the geometry of the core; that is, for holding the core
assemblies in position during operation and shutdown, and during
refueling. The principal elements for restraining the core are
the core former plate segments and the core former ring. The
plate segments fit into a rectangular recess in the inside
surface of the rings. When all segments are in place side-by-
side, their inner surface contour matches that of the outermost
row of core shield assemblies. The segments are held in the ring
by pins, which are captured by plugs welded to the ring.

14



The core former rings are supported horizontally and vertically
by the core barrel. All dimensions of the core restraint hard-
ware are critical because of the hardware's function and because
of the close fits of its parts with each other, and with the core
assemblies, and the core barrel. The parts of the core restraint
hardware will be precision machined. The principal parts are
expected to be made from Type 304 stainless steel forgincs and
plate. Stellite 6 or chromium carbide and Inconel 718 will be
used on wear surfaces and pins as required.

Upper Internal Structure

The Upper Internal Structure (UIS), located directly above the
reactor core, is supported from the small rotating plug. The
principal functions of the UIS are to support the above-core
instrumentation, to channel the core effluent to the hot pool to
promote mixing, to provide backup holddcwn of specified reactor
assemblies, and to provide features necessary for the proper
operation of the control rod drivelines.

The UIS design approach that best satisfies these functions for
HTFR is an adaptation of a low baffle configuration utilized in
conjunction with a structural support cylinder. In a low baffle
design, the core effluent is deflected radially outwards into the
hot pool at a low elevation by a flow baffle. This creates a
highly turbulent region directly above the core subassemblies
which may improve (minimize) the degree of temperature fluctua-
tions experienced by the structural materials of the UIS and of
down stream components. The degree of improvement needs to be
established by thermal-hydraulic flow modeling. The high veloc-
ity radial outflow from the lower part of the structure creates
substantial mixing in the inner pool, which in conjunction with
the large bulk of sodium mitigates the thermal transients
experienced by other primary circuit components, notably the IHX
inlet ducts. Inconel alloy 1-718 is used in regions where high
steady state temperature fluctuations may lead to thermal cycling
of structures. The superior fatigue properties of 1-718 are
considered adequate to sustain the level of thermal striping
anticipated in the HTFR.

The main structural components of the UIS are the support cylin-
der, support plate, and grid plate. The support cylinder is a
3700 mm diameter SS-304 cylinder that is bolted to the IRP at its
top end. The bolting flange is tailored to interface with the
IRP and the SRP. Thermal liners are provided to protect the
support cylinder from thermal transients arising within the hot
plenum sodium during duty cycle events. Flow holes may be
required in the UIS support cylinder to allow communication
between the trapped sodium within the cylinder and the hot plenum
during transients to help minimize through the wall temperature
differences.
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Core Support Structure

The core support structure (CSS), see Figures 5 and 6, is com-
prised of 14 radial beam members that are essentially flat
stainless steel plates. Each plate is attached to the shield
barrel at its inside diameter and to the reactor vessel knuckle
through a short skirt at its outside diameter. Additional webs
at each beam location are provided between the core barrel and
the shield barrel to couple these two structures and to increase
the stiffness of the composite structure. The beams are provided
with flanges on their top and bottom surfaces and on the cutout
portion where the toroidal flow distributor passes through.

The radial beam design allows the bottom plenum to be hydrau-
lically open and unrestrictive to the flow of sodium. There are
no regions to trap sodium.

The proposed radial beam core support structure has been reviewed
for fabricability and no major problem areas were found. Both
shop fabrication and field assembly of the structure are feas-
ible. There are no operations which exceed the capabilities of
existing machine tools or fabrication and N.D.E. techniques.

The recommendation is to completely fabricate and heat treat the
core support in a shop that is equipped to build large, nuclear
grade, stainless steel components. This will assure the best
quality and efficiency, decrease the possibility of handling
damage and contamination, and permit better control over post-
weld stress relief. However, in the event that there are no
feasible transportation routes for a 15 meter diameter CSS, from
the selected shop to the HTFR construction site, the core support
can be shipped as smaller subassemblies.

Assembly of the CSS in-place in the reactor vessel is not recom-
mended. Such an operation would involve too many difficult
fitups where the combination of limited access for handling and
the need for small precise shifts in the position of massive
parts could lead to personnel injury or reactor vessel damage.
In-place fabrication would also involve out-of-position welds
between thick plates, and local stress relief operations close to
the reactor vessel. Both of these activities are more difficult
to accomplish correctly than are equivalent operations performed
in a shop with the benefit of weld positioners and large fur-
naces. In-place fabrication must also deal with problems of low
efficiency, uncertain cleanliness and product quality, hazardous
working conditions, and less than optimum NDE.

Field assembly of the CSS would be better accomplished in a
"field shop", or protected assembly area equipped to overturn and
position the structure during various stages of its construction.
The amount and complexity of welding, NDE, and local post-weld
heat treatment done at the site should probably be minimized by
factory-fabricating and heat treating the major subassemblies in
advance.
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Roof Slab

The roof slab, supports its own weight, the rotating plugs, the
primary vessel, 8 IHXs, 4 pumps, the reactor internals, and the
core and shielding. The load carrying section of the roof slab
is a built-up, all-welded system of intersecting radial end
circumferential web plates between top and bottom cover plates
(box-shell design). The steel structure is a circular box-shell
with radial webs that separate the structure into fan-shaped
regions. The major penetrations are centered at the center of
the fan-shaped regions. A box type structure was chosen for its
superior stiffness characteristics and design flexibility.

The structural material is 75 mm thick, carbon steel. Carbon
steel is selected mainly based on the cost of material and
manufacturing experience of thick plate welds. A heavily flanged
cylinder forms a center opening for the rotating plug. At the
periphery of the roof slab, the radial webs are over the reactor
cavity walls.

Adopting the carbon steel forces the selection of a bimetal joint
as the support structure of the primary vessel since the primary
vessel is made of stainless steel.

Another significant consideration in the selection of materiel is
the applicability of in-service inspection. The regulations or
in-service inspection have not been established yet in Japan.
However, US ASME Sec. XI may be considered useful information as
the guideline for HTFR. According to the ASME Sec. XI, all weld
seam lines of the roof slab structural members made of carbon
steel are required to be volumetrically inspected. However, the
accommodation of this requirement into the roof slab design is
feasible since the HTFR roof slab structure can provide a rela-
tively large space for ISI.

The roof slab is supported by a 2 m long cylindrical skirt which
is mounted on the building structure within the reactor cavity.
The cylindrical support skirt ha. the flexibility to accept
off-design temperature conditions and is satisfactory from the
standpoint of vertical and horizontal seismic forces because of
the very large tension and shear area of the support.

The upper part of the roof slab contains removable steel balls
for shielding to reduce the radiation dose levels above the
reactor assembly during operation. The lower 1.0 m of the roof
slab is thermal shielding and gas cooling. The gas cooling is
provided by a matrix of gas jets which project downward to the
upper surface of the roof slab bottom skin. Nitrogen is blown
through these jets and cools the bottom skin by convection. The
roof slab thermal insulation is provided by spaced stainless
steel plates. The insulation is specifically designed to perform
in a gas phase containing condensing sodium vapor and aerosols.
This insulation consists of two 100 mm thick fan-shaped shielding
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boxes and 21 stainless steel plates 2 mm thick. The plates are
spaced 20 mm apart to inhibit convection currents and are perfor-
ated for sodium drainage.

Guard Vessel

The ferritic steel guard vessel is suspended from the roof slab.
It ensures capability for continued core cooling if the primary
vessel should leak, by maintaining a sodium level which covers
both the core and heat exchanger inlets. The guard vessel will
be insulated on the outside, and will therefore operate at the
same temperature as the primary vessel. Normally, the guard
vessel is unloaded except by its own weight and the weight of the
attached insulation.

2.5 Thermal Hydraulics

Hot and Cold Plenums

Thermal hydraulic properties of the hot and cold plenums have
been evaluated for providing thermal transient conditions for
component designs. A newly developed and validated computer
program THERVIS, which has two- and three-dimensional versions,
has been used in the evaluation.

Analyses of the hot plenum thermal hydraulics involved a survey
of the effect of:

o the correlation between the type of UIS and the level
of IHX inlet

o The shape of the bottom of UIS
o The redan configuration, stepped or flat.

A relatively good mixing property has been obtained by the
selected arrangement of the hot plenum, but the analyses
indicate:

o the stepped redan can mitigate, depending upon its
configuration, the initial thermal transients after a
reactor trip,

o for low stepped or flat redan configurations, the
increased plenum heat capacity can be effective in
mitigating thermal transients after pump coastdown.

Figure 7 shows the results of an analysis simulating the hot
plenum with a typical cold shock transient after a reactor trip.

Analyses for the cold plenum with the selected CSS configuration
were also performed for providing thermal transient conditions.
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Thermal Barrier System

Structural design under elevated temperatures is one cf the most
difficult areas in tank type reactor system design.

Two important areas are the reactor wall protection system around
the hot plenum and the thermal separation between the hot and
cold plenums. A vertical thermal barrier is designed to protect
the reactor wall and a horizontal thermal barrier is designed to
reduce heat losses from the hot plenum to the cold plenum and to
protect the core support structure.

The major function of a thermal barrier system is to protect the
primary vessel and core support structure from the elevated
temperature of the core outlet sodium. The barrier must also
protect these major components from reactor thermal transients,
and the barrier must remain operational without degradation for
the forty year life of the plant. As a minimum, in addition to
being capable of achieving temperature control of the major
components, the barrier system should be designed within the
stress limits of the ASME Code Section III or the equivalent. To
meet this requirement the temperature difference across any one
wall must be less than 150°F.

The barrier system also has an impact on reactor system effi-
ciency. Heat transfer from the hot outlet plenum to either the
cold pool or to some cooling system outside the primary vessel
will degrade the hot pool temperature, therefore this heat
transfer must be kept to a minimum. Also, if forced cooling is
to be used, the amount of coolant flow necessary for the barrier
will effect the total pumping power required.

Additionally, the barrier system must not impose stresses on
other reactor components. In particular, the design of the
discharge from an actively cooled barrier must receive special
attention to insure that thermal striping does not occur.

Among the options of thermal barrier system concepts, a combined
structure of a passive (the Ar gas annulus) plus an active
(forced sodium flow) type vertical thermal barrier is selected to
achieve the basic needs of a minimum diameter primary vessel.

Redan

The separation of hot and cold zones is one of the more critical
problems in the design of LMFBRs regardless of type. No com-
pletely satisfactory material has been developed that can be
reliably used as a thermal insulation exposed to sodium. Design-
ing around the problem leads to sophisticated hydraulic arrange-
ments. Concepts that utilize stratified sodium to provide the
separation of the hot and cold zones are referred to by the
French term "redan".
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In the pool concept, the members separating the main hot and cold
sodium streams (core outlet from core inlet) are more complex in
that they are penetrated by the IHX's and the pumps. In addi-
tion, they have a larger surface area for bypass heat loss.

Analyses have shown that acceptable values for bypass heat loss
(less than 5% of reactor power) are not difficult to achieve.
The temperature gradient problem car be simply defined: the full
core AT (about 300cF in most LMFBR's) cannot be taken across
single walled, restrained members without producing stresses that
are higher than the allowables for all materials currently
covered by Section III of the ASME Code.

The effects of two large volumes of sodium in a reactor vessel at
substantially different temperatures create a number of important
design considerations, as listed below:

o Need for an insulated inner zone or barrier to separate the
hot and cold sodium.

o Structural support, vibration, and insulation requirements
of the inner barrier.

c Penetration of the inner barrier by pumps, IHX's, refueling
equipment, etc.

o Sodium flow patterns and free-surface effects in the hot
region.

o Free convection and thermal-gradient considerations in a
cold-sodium region.

Various approaches have been taken in the configuration of the
vessels as manifested by the PFR, CDFR, Phenix, Super Phenix,
CRBRP, and LSPB designs.

The selected approach in this study is a stagnant sodium plenum
type horizontal thermal barrier combined with the core support
structure attached to the reactor vessel bottom head. The
dimensions of the stagnant sodium cavity are chosen to maintain
the temperature of the top of the core support at less than 425°C
under normal and upset conditions.

Roof Slab Cooling

The main deck coolants that have been considered in various
LMFBR's are: water, hydro-carbon liquids, air, nitrogen, argon,
helium and NaK. Concerns with using sodium reactive coolants
eliminates water, hydro-carbon liquids and air. This leaves
three gases and NaK. Because NaK is difficult to use since it
reacts with concrete and air, it was decided to limit the refer-
ence deck coolants to the three gases. Each of these three gases
was investigated and found to be acceptable for use. Nitrogen
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was selected as the reference because it appears to offer the
fewest problems.

The main reason for not using argon is that it has a low heat
capacity, therefore, it takes roughly twice as much argon flow to
remove the same amount of heat as nitrogen for equivalent temper-
ature rises. Argon is also more expensive than nitrogen.

Helium was not selected even though it has an advantage in its
heat transfer properties. Helium is more expensive and is also
much more likely to leak out of the system. Helium is normally
used as a tracer gas in leak detection equipment. If heliurr is
also used as the deck coolant, the potential is high that back-
around levels of helium will make normal leak testing methods
difficult.

Even though nitrogen was selected, it also has its drawbacks.
One concern with nitrogen is tret if small quantities of water
vapor are present in the nitrogen when it passes through a high
radiation field some nitric acid can form which can increase
corrosion concerns. This is not viewed as a major concern
because dry nitrogen is planned for use and the deck radiation
field is relatively low.

2.6 Components

Intermediate Heat Exchanger (IHX)

A major design objective is to provide a relatively small primary
side pressure drop with uniform distribution and small diametral
size. Other key features studied in selecting a reference IHX
concept include:

o Primary inlet flow skirt requirements
o Redan seal types
o Shutoff valve types

The primary sodium has been located on the tube side for the
following reasons:

o The seal structure separating hot and cold plenums can be
located at the constricted bottom of the IHX, which permits
making the diametral size smaller.

o Smaller primary-side pressure drop.
o Good compatibility with the integrated PRACS coils.
o the heat transfer area can be reduced by the improved

effective heat transfer coefficient due to the secondary
sodium shell side cross flow, because a larger pressure drop
is allowed for the IHTS.

A bellows in the shell is recommended as the means for accommo-
dating differential expansion. The bellows is placed at the
lower end to reduce its diametral size and provide a cooler
environment.
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Primary Heat Transport System (PHTS) Pumps

Three different types of pool PHTS pumps have been compared for
possible HTFR application:

o A single stage, double suction mechanical pump.

o An inducer type pump.

o A two-stage, single-suction centrifugal pump

All three pump types have the potential for meeting currently
defined HTFR requirements. However, from among the possible
types, a single stage double-suction centrifugal mechanical pump
has been selected based upon considerations of operation experi-
ences in JOYO, minimum diametral size for removal, and fewer
development risks.

Invessel Fuel Transfer System

A number of design approaches were studied to define an attrac-
tive under-the-head fuel handling system for the HTFR. The
Inclined Ramp System was chosen as having the best features for
the HTFR.

This study of alternative under-the-head fuel handling systems
was concerned primarily with fuel transfer operations within the
reactor vessel and between the reactor and the ex-vessel fuel
storage tank (EVST).

In arriving at an optimized under-the-head fuel handling system,
it quickly becomes apparent that the fuel handling system cannot
be considered in isolation. It must be carefully coordinated and
integrated with the interfacing systems and structures. The
principal interfaces are those with the reactor vessel assembly
and the reactor building arrangement and size. Certain refueling
approaches are viable candidates only whe?, considered in combina-
tion with certain reactor assembly features.

The most straightforward and effective means of transferring fuel
into and out of the reactor vessel is by the use of fixed ports
in a stationary portion of the reactor closure. In addition to
providing a continuous inert gas path for fuel transfer during
refueling, the duration of the refueling cycle is reduced by a
factor of 2.0 to 2.5, compared to refueling that uses, rotary
ports and an interrupted gas path.

Recommended Features

The following features are of primary importance to the success
of the refueling system and are recommended for the HTFR Under-
the-Head Refueling concept.

1. Utilize a bucket track system where tracks are used for
supporting and g^-ding the bucket inside the reactor vessel.
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2. Utilize the following equipment to transfer core assemblies
between the reactor vessel and the core assembly storage
facility located just outside the RCB.

a. A fixed fuel transfer cell will be used to transfer
core assemblies between the reactor vessel and the
EVST.

b. The transfer cell shall provide the means of attachment
and sealing to the reactor port and the EVST port.

c. The transfer cell fuel transfer port shall be located
in the fixed deck of the reactor cover.

d. The cell ports leading to the reactor vessel and EVST
shall be enclosed and sealed during reactor operation
as part of the reactor enclosure and containment,

e. The cell atmosphere shall be argon.

3. Utilize a continuous inert gas path for the transfer of fuel
assemblies from the reactor vessel into the EVST cell.

4. Maximize reliability of the fuel handling system by seipc-
tion of simple work-proven handling devices.

5. Whenever possible, eliminate dynamic components, such as
valves on rotating plugs.

6. Have a manipulator with TV which can reach all the equipment
in the transfer and storage cells for recovery and mainte-
nance purposes.

7. Have dual transport paths and handling devices for redun-
dancy of equipment and the shortest refueling cycle.

8. Maintain the smallest transfer/storage cell possible but
provide sufficient room for all equipment. Size and
arrangement of the cell(s) must be compatible with the rest
of the RCB.

9. Have adequate windows for viewing.

Conclusions

The most appropriate choice of a fuel transfer system for HTFR
incorporates features that include an inclined ramp and a fuel
transfer cell. The inclined ramp or bucket track system is used
for supporting and guiding the core assembly bucket inside the
reactor vessel. The fuel transfer cell is used to transfer core
assemblies between the reactor vessel and the EVST.
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Rotatabie Plug System

The larger size rotating plugs are costly end can present fabri-
cation problems which may limit the number of potential
suppliers. Because of these concerns, a study was undertaken to
evaluate the various rotating plug approaches.

Three basic types of rotating plug arrangements were reviewed
during this study. The concepts included the three rotating
plugs, two rotating plugs, and a single rotating plug. Varia-
tions of each scheme were also considered which basically
included some type of additional transfer mechanism.

The objective for each arrangement was to develop the smallest
possible rotating plug scheme. For each case, the rotating plug
arrangement must be capable of being positioned over every core
element (including the last row of shield assemblies), and
transfer each element to and from the core component pot (CCP)
position.

Seal System

The reactor closure must have the capability of rotating during
the refueling outage mode; therefore, a seal arrangement is
included in each of the plugs. The seal arrangement must include
both static and dynamic seals that are used to confine the
radioactive gas within the enclosure as well as prevent air from
the head access area from entering and contacting the reactor
sodium coolant.

Three types of seals were reviewed for the use on the rotating
plugs; the inflatable elastomer seals, the freeze seals, and the
sodium dip seals.

Conclusion

The two rotating plug arrangement with an offset fixed arm is
considered the best arrangement for having the potential of
minimizing the reactor vessel diameter.

The additional transfer arm takes the place of a third rotating
plug. The transfer arm adds complexity to the refueling opera-
tion but Monju experience should reduce the importance of this
concern.

The inflatable elastomer seals, the freeze seals and the sodium
dip seals can all be implemented into the reactor closure design.
The elastomer design is the recommended design with the freeze
seal as an acceptable alternative.
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3.0 CONCLUSIONS

A tank type plant has been designed that offers compactness, high
reliability under seismic and thermal transients, and a safety design
approach that provides a balance between public safety and plant
availability. The major conclusions are:

o An axially heterogeneous core concept is selected based on
its overall better neutronic and seismic characteristics.

o The most appropriate choice of IHX type is a concept that
incorporates primary sodium on the tube side with a straight
tube configuration.

o A two-stage type pump with top suction and bottom discharge
has the best potential for satisfying HTFR requirements.

c The most appropriate choice of a fuel transfer system
incorporates features that include an inclined ramp and a
fuel transfer cell. A two rotating plug plus offset-fixed-
arm arrangement, with elastomer seals best satisfies the
HTFR requirements for compactness.

o Structurally, the favored features are: a box beam type roof
slab supported by a cylindrical skirt, a primary vessel
attached to the roof by a bimetal weld, a low baffle UIS
with a structural support cylinder, and a radial beam type
core support structure.

o Thermal barriers are provided to protect key structures. An
active plus passive barrier protects the reactor vessel, and
a Redan separates the hot and cold pools.

o Safety is assured by diversity and redundancy. Reactor
Shutdown is composed of diverse Primary and Secondary
systems. Shutdown heat removal utilizes IRACS and PRACS
systems.
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