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Abstract

Promising design options for the Encapsulated Nuclear Heat Source (ENHS) liquid-
metal cooled fast reactor were identified during the first year of the DOE NERI
program sponsored feasibility study. Many opportunities for incorporation of
innovations in design and fabrication were identified. Three of the innovations are
hereby described: a novel IHX made of a relatively small number of rectangular
channels, an ENHS module design featuring 100% natural circulation, and a novel
conceptual design of core support and fuelling. As a result of the first year study the
ENHS concept appears more practical and more promising than perceived at the
outset of this study.

Introduction

The encapsulated nuclear heat source (ENHS) is a modular reactor that was
selected by the 1999 DOE NERI program as a candidate "Generation-IV" reactor
concept. It is a fast neutron spectrum reactor cooled by Pb-Bi using natural
circulation. It is designed for passive load following, for a high level of passive safety,
and for very long refueling interval with total module replacement at end of life. One
of the unique features of the ENHS is that the fission-generated heat is transferred
from the primary coolant to the secondary coolant across the reactor vessel wall by
conduction - providing for an essentially sealed module having no onsite fuel
handling capability.

The ENHS modules are factory manufactured and transported already fueled to the
site for insertion into the secondary coolant vessel connected to the client's energy
conversion plant. The ENHS module has the function of a nuclear battery - providing
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15 years of energy at the 125 MWth level. At end of life, the module is withdrawn and
returned to the factory, and a new module is inserted into the client's energy
conversion plant.

The core is designed to maintain nearly constant keff throughout the 15 years of
operation, so that very small excess reactivity need be built into it. This feature,
along with negative temperature coefficient, large temperature margin to coolant
boiling, and passive decay heat removal makes the ENHS extremely safe. There is
no need for active control of reactivity or power level; after the reactor is brought to
full power, the compensation for reactivity changes and for power variations is done
autonomously.

Because of its dramatic simplification - natural circulation, passive load following,
passive safety, small number of components, lack of rotating components inside the
reactor vessel and no onsite fuel handling - operational and maintenance
requirements and costs are reduced. The high degree of modularity offers the cost
benefits of the economy of mass-production. Short construction time and very long
plant life also contribute to the economic viability of this relatively small capacity
power plant. More details on the ENHS reactor concept can be found in Ref. 1.

The purpose of this paper is to describe few of the promising design options for the
ENHS reactor identified during the first year of the DOE NERI program sponsored
feasibility study. Following a description of the corrugated confinement wall we
describe the preferred alternative - the rectangular channel confinement. This is
followed by a structural analysis of the two confinement systems. Next described is
an ENHS module design featuring 100% natural circulation. An alternative, much
more compact design that features a cover-gas lift pump is not described here due to
lack of space. Finally we describe approaches for ENHS core support and fuelling.
Companion papers describe thermo-hydraulic analysis of ENHS modules2 transient
analysis of a reference ENHS reactor3 and a novel concept of a steam generator that
is integrated within the intermediate heat exchanger4.

Corrugated Confinement Wall

One of the unique features of the ENHS module is that its Intermediate Heat
Exchanger (IHX) is integrated within the module vessel walls. The originally
conceived IHX, referred to as the Corrugated Confinement Wall (CCW) is illustrated
in Fig. 1. The CCW weaves the space between the inner structural wall (ISW) and
outer structural wall (OSW). The corrugated wall channels are stiffened against
buckling by vertical bends (not shown in Fig. 1). Horizontal rings that are welded to
the tips of the corrugations provide additional stiffening. The confinement wall
provides the barrier between the primary and secondary coolants. The primary
coolant flows from the riser into the downcomer channels that are formed between
the inner structural wall and the CCW and flows back into the coolant plenum
underneath the core. The secondary coolant flows from the pool into the space
between the corrugated confinement wall and the outer structural wall and flows up
in the channels located between the downcomer channels. The heated secondary
coolant flows back to the pool near its top. The coolants flow paths are similar to that
indicated in Fig. 2. Heat is conducted from the primary coolant to the secondary
coolants through the CCW. The confinement wall is corrugated in order to increase
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its surface are for heat transfer so as to keep the primary-to-secondary temperature
drop at a reasonable value - assumed in this work to be 50 °C.

When conceived, it was assumed that the CCW could be made from a small number
of corrugated sheets of steel of large size. This was considered a highly attractive
attribute as it would minimize the total length of welding. The feasibility study
performed led us to discard the CCW in favor of the Rectangular Channel
Confinement (RCC) to be described in the next section. The primary reason for
discarding the CCW concept is that it was found that the CCW has to be constructed
by welding single corrugations to each other. This was judged highly undesirable. In
addition, it was found that a single piece CCW was not able to withstand the loads it
might be subjected to. Details of the structural analysis are given in the next Section.
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Fig. 1 Typical corrugated
confinement wall for an
ENHS module

Rectangular Channel Confinement

Two alternatives for the CCW have been examined: (1) Filling the annular region
between the inner and outer structural walls by vertical tubes that are welded to a top
and bottom tube-sheet. (2) Replacing the tubes by rectangular ducts the cross-
section of which is similar to the cross section of a flow channel made by the CCW.
Such a rectangular duct arrangement is incorporated in the ENHS design shown in
Fig. 2. In this arrangement, the primary coolant flows inside the rectangular ducts, so
there is a duct inlet and outlet region defined by the tube sheet at each end of the
rectangular ducts. The inner structural wall has large flow openings, near the bottom
of the module, from the duct outlet region through which the cooled primary coolant
flows from the annular region to the core inlet plenum. The inner structural wall also
has openings near the top of the module (just below the coolant level) for the heated
primary coolant to flow from the riser into the upper duct inlet region.

The novel rectangular channels IHX has a couple of advantages over the more
conventional IHX made of circular tubes: (1) Use of tubes would require the use of
tube support grids to maintain the tube spacing and prevent the tubes from vibrating.
These support grids will enhance the pressure drop and will dictate increase in the
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Fig. 2 Reference ENHS module featuring 100% natural circulation

ENHS module height in order to maintain natural circulation. The use of grids will
also result in having many small crevices between the tubes and the grid straps
where the Pb-Bi will be stagnant. These areas will be prone to high corrosion of the
tube and grid material by the liquid lead. (2) The number of tubes required for
providing the proper area for heat-transfer along with 100% natural circulation is
estimated to be an order of magnitude larger than the required number of
rectangular channels.



•2 Closed channels are welded to
the upper "tube sheet".

Secondary coolant flows inside the
closed channels

Primary coolant flows all around
the closed channels

400mm x 20mm Channel (RCC-1)

2 x 200mm x 20mm Cells (RCC-2)

Fig. 3 A schematic horizontal cuts through typical
rectangular channels having one duct per unit (RCC-
1), two ducts per unit (RCC-2) and one of many
options for a four ducts per composite unit (to the left;
RCC-8). The "M" and "V" shaped ribs are not shown.

Because of the possibility of higher pressure either on the inside or the outside of the
channel, the channels would have to have longitudinal corrugations or ribs on the
40cm wide sides, to provide stiffening. One possibility is to use an "M" shaped
corrugation on one side, with a corresponding "V" shaped corrugation on the other
side. Normally there would be space between the tip of the V and the notch in the
M, so that Pb-Bi would not stagnate. If there was outside overpressure, the M and
the V would touch, and the tip of the V would be nested in between the legs of the M.
This would minimize the pinching off of the flow area inside the channel. For
overpressure inside the channel, the M and the V would have to provide sufficient
stiffness to prevent the sides of side by side channels from touching, and to prevent
the channel sides from being permanently bowed.

Structural Analysis - Methodology and Assumptions

For the purpose of evaluating the structural integrity of the ENHS module, it was
assumed that the confinement wall and the inner and outer structural walls would be
made of austenitic stainless steel having ultimate strength of 82,000 psi and yield
strength of 39,000 psi. A low nickel, high chromium ferritic martensitic steel like HT-9
is more likely to be used for these components. Four types of loads were considered:
1. Normal dead loads and pressure loads.
2. Seismic loads. The ENHS reactor module in the reactor pool would be
supported from the top as shown in Fig. 2. Depending on the site seismicity and soil
conditions, the reactor system may be seismically isolated. However, for the present
purpose of evaluating structural integrity it has been decided that the ENHS module
design should be able to accommodate the loads without seismic isolation. It was
further assumed that the design basis static equivalent horizontal and vertical
seismic loads would be those corresponding to 0.5g horizontal and 0.34g vertical
acceleration. This level of seismic motion was the design basis for many generic
nuclear power plants such as Westinghouse's AP-600, General Electric's ABWR,
and ABB-Combustion Engineering's CE 80+ plants. Assuming that the reactor cavity
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would be below ground level and that the facility will be built on competent
foundation material, it is further assumed that the non-isolated ENHS reactor would
be subjected to a horizontal motion similar to that characterized by the US NRC
Regulatory Guide 1.60 response spectrum, scaled to 0.5g Zero Period Acceleration
(ZPA). The vertical motion will be assumed to be two-thirds the horizontal motion for
the entire range of structural frequencies.
3. Loads resulting from differential pressure head between the primary and
secondary coolant sides. During various operational and accident conditions, there
can be fluid head differential between the "hot side" and the "cold side" of the
confinement wall. For the present evaluation, this differential pressure head was
assumed to be up to 36 inches.
4. Transportation loads. Transportation loads were based on the applicable
requirements given in the United States Code of Federal Regulations. From safety
and structural integrity considerations, 10CFR71 requires shipping packages for
nuclear materials to withstand, during transportation, a vertical acceleration of 2g, a
longitudinal (in the direction of travel) acceleration of 10g, and a transverse
acceleration of 5g. However, it was assumed that the ENHS reactor module, during
shipping, will be crated for shock and vibration absorption such that, even if the crate
structure is subjected to above-mentioned inertial loads, the three reactor
components being evaluated will be subjected to no more than half the above inertial
loads, i.e., 1g in the vertical direction, 5g in the longitudinal direction, and 2.5g in the
lateral direction.

Corrugated Confinement Wall Structural Analysis

Assumptions The CCW dimensions and configuration for the purpose of
structural feasibility evaluation have been assumed as follows (except for the wall
thickness, small variation in other dimensions shown below are unlikely to have any
significant impact on the conclusions of the feasibility study):

Wall thickness 4mm
Corrugation dimensions 400mm in radial direction

20mm in circumferential direction
Inside diameter 1600mm (63 in)
Outside diameter 2620mm (103.1 in)
Approx. length 13,540mm (533.1 in)
Ultimate strength 82 ksi
Yield strength 39 ksi

Two spacer rings are welded to the CCW at the top, one on the inner and the other
on the outer perimeter. These rings are 9mm thick and approximately 20mm deep.
While the outer spacer ring is also welded to the OSW, there is a 5mm gap between
the inner spacer ring and the ISW. The top edge of the CCW (in the vertical
direction) is free, but at the bottom edge it is welded to a plate (the lower corrugation
plate) that is supported from 8 radially spaced brackets welded to the OSW.

Differential Pressure Loading This scenario was evaluated by analyzing a strip of
the CCW at its middle height. Since this strip would be far away from the top and the
bottom the CCW, the effects of the top and the bottom supports in the radial direction
are assumed negligible.



oooo
From the horizontal and vertical equilibrium of the differential pressure loading on the
CCW strip, the hoop force in the outer perimeter was computed in terms of
differential fluid pressure head. Once the hoop force was determined, the localized
bending in the wall due to deep corrugation was determined using, at first by using
an approximate and simplified method, and then by applying Castigliano's Theorem
that permits a closed form solution. In both cases, the localized bending was found
to be very critical, and the evaluation results show that, if the 4 mm thick CCW is
designed to have an adequate margin against material yielding (i.e., stress less than
yield strength) the differential head would be less than an inch (about 0.68 in). For
withstanding a minimum differential head of 36 in, the CCW thickness would have to
be about 29mm, a thickness that is unacceptable from heat-transfer considerations.
An alternative design approach and an alternative mode of operation of the CCW
was next considered.

The alternative design involves addition of spacer rings along the height of the CCW,
so as to reduce the hoop force. Determination of the required spacing of the rings to
reduce the contribution of hoop force to local bending would require detailed finite
element analyses. Instead, it was decided to determine the required CCW thickness
assuming that sufficient number of intermediate spacer rings would be provided so
that the effect of hoop force on the local bending in the CCW is negligible. It was
estimated that in order to minimize the effect of hoop force on the local bending, the
spacer rings need to be no further apart than half the CCW diameter, or about 4 ft.
However, to keep the bending stress in the CCW within the permissible stress limit of
23.4 ksi, the required CCW thickness is 13.9mm. This value was judged impractical
and the option of providing closely located spacer rings was not pursued further.

As the CCW sole function is to act as a barrier between the primary and the
secondary coolants, it may be permissible for the CCW to be stressed beyond the
elastic limit as long as it provides reliable separation between the coolants.
Assuming that this mode of operation is acceptable, the strain level at which the
CCW will be stretched to touch the OSW is calculated. The high bending stresses at
the comers of the corrugations, being localized, do not contribute significantly to
CCW deformation in the radial direction. The overall hoop pressure primarily causes
the CCW to expand. Hence, to evaluate the scenario of the CCW touches the OSW,
the overall hoop-strain, et, was calculated and compared to the strain, ey,
corresponding to the yield stress. Assuming elasto-plastic material property it was
found that et / ey = 5.3. That is, the strain level at which the CCW will be stretched to
touch the OSW is 5.3 times the elastic strain limit. When stretched beyond this limit,
additional pressure load will mostly be resisted by the OSW. If the CCW material is
selected to be very ductile and fracture resistant, no crack may develop even at such
high strain level. However, a detailed fracture study will be needed to draw such a
conclusion.

Seismic Loading To assess the adequacy of the CCW when it is subjected
to seismic loading, a simplified response spectrum analysis of the CCW was
performed. The ENHS module was assumed to be in the vertical position as shown
in Fig. 2, full of molten Pb-Bi and not seismically isolated. The CCW was idealized as
a cylindrical structure with corrugated wall and supported by the OSW in the
horizontal direction at the two ends. For computing the overall lateral stiffness and
frequency of vibration, the possibility of localized buckling was ignored and only two
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45-degree segments of the CCW were assumed to contribute significantly. (The
evaluation results are not sensitive to this assumption, because localized buckling
controlled the design, see below.) US NRC RG 1.60 seismic spectra, scaled to 0.5g
peak ground acceleration, was used as seismic input. 10% damping was assumed.
Assuming that the CCW in the reactor pool would globally vibrate like a beam
structure, the fundamental frequency of vibration was found to be about 9hz. The
compressive stress due to bending, resulting from the design basis seismic ground
motion was found to be about 7000psi. Permissible bending stress due to seismic
loads, when buckling is prevented, is 0.9 times the yield stress (= 35,100psi). But for
the 4mm thick CCW, the section is open and not stiffened and the width-to-thickness
ratio is very high (=100), for which the permissible compressive bending stress is
only 1400 psi. Thus, the 4mm thick CCW is capable of withstanding only about 0.1 g
peak ground acceleration. Even if seismic isolation is used, a permissible peak
ground acceleration of only 0.1g for the CCW can be a severe limitation.

Transportation Loading To assess the adequacy of the CCW when it is subjected
to transportation loading, a simplified static equivalent analysis of the CCW was
performed. The ENHS module was assumed to be in the horizontal position. Since
only the core part of the module would be full of frozen Pb-Bi during transportation
and shipping, no Pb-Bi was assumed to be present on either side of the CCW. The
CCW was idealized as a cylindrical structure similar to that assumed for seismic
evaluation above. The lateral stiffness was also assumed to be the same as that
used for seismic evaluation. It was also assumed that the ENHS module will be
crated during transportation such that even if the crate structure is subjected to the
inertial loads specified in 10CFR71 (i.e., a vertical acceleration of 2g, a longitudinal
acceleration of 10g, and a transverse acceleration of 5g) the reactor components will
be subjected to no more than half the magnitude of these loads.

It was found that the compressive stresses in CCW for these inertial loads are about
800psi for long direction vibration, 3000psi for transverse direction vibration, and
1200psi for vertical vibration. Because of the high width-to-thickness ratio, and
because the CCW is not stiffened, it has very low buckling resistance, and the
permissible compressive stress is only 1400psi. Thus, for safe transportation of the
ENHS module with 4mm thick CCW, the packaging crate must be capable of
reducing transportation related inertial loads by a factor of about 4. Otherwise, the
CCW may buckle. This requirement may be a limitation.

In summary, because of its "open weave" type configuration, the CCW does not
have the stiffness necessary to resist the required differential pressure head. Also,
such open (i.e., U-shaped) cross section made of a thin plate is vulnerable to
buckling at a very low flexural compressive stress. As a result, its seismic capacity is
low; it can withstand a seismic load equivalent to only about 0.1 g peak ground
acceleration, a value that is too small for a generic design. The CCW is also weak in
withstanding transverse direction loads resulting from transportation and shipping.
For the transportation load related stresses in the CCW to be within permissible
limits, the ENHS reactor module (with the CCW inside) must be crated on the truck
or rail car bed such that the crate reduces the vibrational acceleration by 75%. This
would be difficult to achieve.
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Rectangular Channel Confinement Structural Analysis

Three RCC module configurations were evaluated, all made of 4mm thick austenitic
stainless steel: (1) RCC-1 having 400mm x 20mm single cell. (2) RCC-2 having two
200mm x 20mm single cells. This corresponds to RCC-1 like channel with a vertical
rib at the center. (3) RCC-8 having eight 200mm x 20mm single cells.

Differential Pressure Loading The maximum differential pressure head that can
be resisted by the 4mm thick RCC wall was calculated to be about 12 inches for
RCC-1 and 39 inches for RCC-2, and for RCC-8. For RCC-1, the differential
pressure head causes the 400mm long 4mm thick wall to bend excessively limiting
the permissible pressure head differential. The presence of an integral middle wall
for RCC-2 and RCC-8 configurations increases lateral bending resistance of the long
side of the RCC wall and the permissible pressure head differential significantly.

Seismic Loading The RCC module was idealized as a rectangular tube structure
with thin wall and supported horizontally at the two ends from the OSW. US NRC RG
1.60 seismic spectra, scaled to 0.5g peak ground acceleration, was applied. 10%
damping was assumed. Considering the added mass of the molten lead, and
assuming that the RCC in the reactor pool would globally vibrate like a beam
structure, the fundamental frequency of vibration was found to be about 0.4Hz for
RCC-1 and RCC-2 configuration, and 0.8Hz for RCC-8 configuration. The
compressive stress due to bending, resulting from the design basis seismic ground
motion was found to be about (after stresses have been increased from buckling
considerations of thin and wide sections) 135,553 psi for RCC-1, 61,636 psi for
RCC-2 and 26,041 psi for RCC-8. Comparing these values with the allowable stress
value of 35,100 psi, it is observed that only RCC-8 configuration meets the design
criteria.

Transportation Loading It is found that the compressive stresses in RCC for the
critical transverse inertial loads (2.5g or half the 10CFR71 loads) are about 154,770
psi, for RCC-1, 58,774 psi for RCC-2, and 27,813 psi for RCC-8. Comparing these
values with the allowable value of 35,100 psi, it is observed that only RCC-8
configuration meets the design criteria.

In summary, the RCC concept is feasible, provided a four-channel eight-cell modules
can be fabricated reliably and economically. Other fabrication approaches of IHX
made of RCC need be explored.

Full Natural Circulation ENHS Module Description

Figure 2 illustrates the layout of the ENHS module that operates with only natural
circulation. The ENHS reactor module simply consists of two concentric closed
cylinders closed at the top and bottom. The natural circulation flow path for the
primary coolant is upward from the reactor core in the inner cylinder "riser" section,
radially out to the annular region between the inner and outer cylinders, downward
through the rectangular duct IHX and radially inward to the core inlet plenum region
at the bottom of the inner cylinder. The region below the reactor core forms an inlet
plenum for the primary coolant, and the region above the core is the riser section for
the heated primary coolant to the top of the module. This reactor module has an
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overall length of 19.625 meters (64 ft., 5 in.) and a diameter of 3.238 meters (10 ft.,
7-1/2 in.). The module length includes 0.5 meters for the upper supporting structure
that is located above the pool that also supports the steam generators.

The inner cylinder of the reactor module is the main supporting structure for the
entire module. This main structural wall (MSW ) is a right cylinder with 45mm (1-3/4
in.) thick walls. The upper portion of the cylinder has 500mm high by 50mm wide
flow slots equally spaced around its perimeter for the primary coolant to flow from the
riser section to the annular space above the upper duct tube sheet. The upper
portion of this PSW from the upper closure structure to the upper tube sheet has
60mm (2-3/8 in.) thick walls. This thicker wall is provided to maintain the structural
strength at the flow slot region. The lower portion of the cylinder has large openings
equally spaced around its perimeter for the primary coolant to flow radially inward
from the annular space below the lower duct tube sheet to the core inlet plenum. The
MSW supports and contains the reactor core, the core lower and upper support
plates and orifice plate, the reflector and reflector guide wall, and a single central
control assembly.

The outer cylinder is comprised of three separate sections. The upper and lower
sections supporting the rectangular duct tube sheets are 45mm thick, while the
center section, containing the rectangular ducts, is a non-supporting flow shroud that
ensures that the secondary coolant flows upward along the outside of the ducts.
This flow shroud will be locally reinforced with "hard points" where the module will be
supported during transportation to/from the site in the horizontal position.

As shown in Section B-B and Detail C of Fig. 2, the heat transfer surface utilized
here is made up of 135 rectangular metal ducts. These ducts are 400mm X 25mm
ID, 13 meters long and have a wall thickness of 4mm. Each 408mm X 33mm OD
duct is attached at the upper and lower ends to a tube sheet. The spacing between
the ducts is 25mm at their inner edge and 33.45mm at their outer edge. The ducts
are attached using the same technique used to attach tubes to a tube sheet; namely
each duct is fully inserted into the tube sheet, the duct within the tube sheet is
expanded, and the ends of the duct are seal welded to the tube sheet.

A lateral support/centering lug is provided in the bottom of the ENHS pool structure.
This lug prevents lateral movement of the reactor module in the pool in the event of a
seismic event.

ENHS Core Support and Fuelling

The fuel and the shutdown control assembly will be loaded into the module at the
factory and will be shipped - inside the module and imbedded in frozen Pb-Bi
coolant - to the client's site. At the end of the 15 years refueling interval, the entire
module, containing the used fuel, will be shipped back to the supplier's central facility
for disassembly and fuel treatment. In a sense, the frozen coolant and sealed ENHS
module function as the fuel shipping cask.

Factory fabrication and assembly and subsequent disassembly of the entire ENHS
module provide the opportunity to consider non-conventional core support and fuel
loading options. Three interlinking facets of design are discussed here: (1) Access
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options for loading and unloading the fuel - from the top or from the bottom of the
module. (2) Fuel assembly vertical support options - from the top or from the bottom
- given that the coolant is more dense than the fuel. (3) Core radial support options -
for achieving the favorable thermo/structural reactivity feedback effects which are
essential for semi-autonomous load following and passive safety performance.

First, we note that the fuel pin pitch to diameter ratio is large, the pin linear heat rate
is low and the cooling is by natural circulation of Pb-Bi. This suggests a ductless fuel
pin lattice, opportunity for coolant cross flow and no requirement for orificing
structures below the fuel pins - eliminating the need for fuel assembly ducts.

However, in conventional liquid metal cooled reactor designs, the ducts serve not
only to orifice flow but also to facilitate fuel handling and to provide for enhanced
radial core dilation to provide favorable thermo/structural reactivity feedbacks. The
first two functions are not needed for the ENHS. But the thermo/structural feedback
is likely to be important for safety reasons.

Reference 5 discusses the design requirements for achieving passive safety through
thermo/structural feedbacks in fast spectrum reactors. It is shown that the negative
reactivity vested in the fuel temperature rise above the average coolant temperature
should be small in amplitude relative to the negative reactivity vested in the coolant
temperature rise above the coolant inlet temperature. For high power density fuel
pins, the fuel temperature rise is large and when multiplied by the Doppler coefficient
of reactivity, it produces a reactivity effect varying from several dollars (oxide fuel) to
300 (metal fuel). However, for low power density ENHS pins, this number may not
exceed 5-100, and in that case, the requirement for a significant radial core
expansion feedback associated with coolant temperature rise is mitigated relative to
conventional fast reactors. The radial core expansion design can, therefore, rely on
a free flowering approach driven by fuel pin cladding azimuthal temperature
asymmetry and linear thermal expansion of the upper spacer grid relative to the
lower one - owing to coolant temperature rise above inlet coolant temperature.

In light of all the above, a whole-core macro pin bundle having no ducts, positioned
at the bottom on grid plate pedestals, and with a pin spacer grid near the middle
elevation of the pins is proposed - allowing for free flowering core radial expansion
(see Fig. 4). The core would be supported vertically within the module from the
bottom by the lower grid spacer plate. The pins would be held down against upward
hydraulic flow and buoyancy forces by tying each pin to its pedestal on the lower grid
plate in a way that allows for 2rc steradian degree of freedom (see the insert in Fig.
4). The pins float in the coolant like an array of buoys, but are pinned in position at
the bottom, and are positioned radially and azimuthally near the mid elevation by the
upper grid spacer. The bottom pinning is done in a diverse/redundant fashion so that
a single failure will not release a pin.

The use of pin pedestals allows to eliminate a bottom grid spacer and to thereby
avoid its pressure drop - an important consideration for the natural circulation
cooling, coolant enters the lower plenum from the downcomer via large holes in the
sides of the core barrel (see Fig. 4). Then it distributes itself across the core radius,
flowing radially between the pedestals, and turns and flows upward through the
macro pin lattice. The large pitch to diameter spacing of the lattice - and of the
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pedestal placement - facilitates the radial distribution both in the plenum and
throughout the pin lattice.
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Fig. 4 Schematic illustration of option for fuel and core support in the ENHS

The grid spacer shown in Fig. 4 is illustrative only. Its design will be informed by the
experience base in the LWR industry and by the approaches used for fast reactor
designs in Germany, Russia, and England where fast reactor grid spacers have
been used in place of wire wrap. Its two functions are to position the fuel pins to
retain coolability and to dilate the pins radially as the power/flow ratio increases -
see Fig. 4. Pin fretting, coolant pressure loss, and grid spacer integrity in the face of
flow induced vibrations and radiation damage are the design issues to be addressed.

The core loading could be assembled (remotely within a hot cell) on a bench and
would remain highly subcritical owing to the following: (1) The absence of the Pb-Bi
reflector. (2) The central shutdown control assembly will be inserted at the core
center. The assembly of the pins into a full core loading would be conducted using a
standard "approach to critical" based on 1/M control procedures.

Once the module bottom head was welded in place, the fuel pins would be
inaccessible until (15 years later) the expended module was returned to the factory
and the bottom head was cut off for core dismantling. Disassembly and fuel
treatment would be done remotely in the same or a similar hot cell as had been used
for assembly.
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The above proposed fuel loading and core support also enable to maximize the
number of fuel rods of a given diameter that can be loaded, in a given pitch, within
the volume available for the core. In other words, it is possible to make a core that is
very closely circular in cross section area. The benefits are reduced reactor vessel
diameter for a given core power and practically elimination of primary coolant flow
that by-passes the core. Alternative fuel and core support schemes conceived are
not described here due to space limitations.

Discussion

A number of novel design approaches have been conceived during the first year of
ENHS feasibility study. The following were described or mentioned in this paper: (1)
integrated IHX made of a relatively small number of rectangular channels. (2)
Several approaches for the core mechanical design that feature small pressure drop,
reduced coolant flow by-passing the core and enhanced negative reactivity feedback
to temperature increase. (3) Use of a coolant lift pump to reduce module size and
weight. The other novel design approaches include the following: (4) Tungsten-
based reactivity control radial reflector for enhanced safety and reduced ENHS
module volume. (5) Elimination of a special radiation shield for the reactor vessel. (6)
Compact simple and safe tube-in-tube type steam generators. (7) Steam generators
based on natural convection that are integrated within the IHX, thus potentially
significantly reducing the volume of the secondary coolant system. The feasibility of
these SG is yet to be assessed. (8) Use of a secondary coolant cover-gas lift-pump
that is integrated within the ENHS module walls.

Although Pb-Bi is our presently preferred material for the primary and secondary
coolants, Pb could be used as well.

Concluding Remark

The first year's feasibility study has identified many opportunities for incorporation of
innovations in the design and fabrication of the ENHS. As a result of this study the
ENHS concept appears more practical and more promising than perceived at the
outset of this study. The second year of the project will address additional feasibility
issues and will further refine the ENHS reactor concept.
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