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Abstract

Member States have evinced interest in the continued development of small and medium
sized reactors (SMRs) as an energy source for the future. Support for this programme was recently
reaffirmed at the IAEA 1997 General Conference. Although the generation of electricity is the
predominant focus of existing SMRs, there is increasing interest in using these plants for desalination,
district heating and high temperature industrial process heat applications. Here is a review of SMR
development within selected Member States, an overview of the IAEA's SMR programme and a
discussion of selected SMR designs with emphasis on safety attributes.

1. INTRODUCTION

For the past two decades, a major focus for nuclear power was the design and
construction of generating plants of continually increasing size. This suited many
industrialized countries which could readily increase their electrical grids in 1000 MW(e)
increments. However, many developing countries are developing their energy infrastructure to
improve the standard of living for their citizens. Often, the size of the electrical grids servicing
these countries is incapable of accepting the additional capacity of a large plant, so nuclear
power has not been a viable option. Also, there is emerging interest in nuclear power for co-
generation of electricity and heat for industrial processes, such as desalination of seawater or
district heating.

2. CHARACTERISTICS OF ENERGY USE

About 33% of total primary energy is used worldwide to produce electricity. Most of
the remaining amount is either used for transportation or converted into hot water, steam and
heat. Nuclear energy now produces about 16% of the world's electricity. This includes 437
nuclear reactors, with a total capacity of 352 gigawatts-electric (GW(e)). Yet, only a few of
these plants are being used to supply hot water and steam. The total capacity of these plants is
about 5 GW thermal (th), and they operate in just a few countries, mostly in Canada, China,
Kazakhstan, Russian Federation, Slovak Republic, Switzerland and Ukraine.

Specific temperature requirements vary greatly for heat applications (Fig. 1). They
range from about room temperature, for use as hot water and steam for agro-industry, district
heating, and seawater desalination, to up to 1000°C for process steam and heat for the
chemical industry and high-pressure injection steam for enhanced oil recovery, oil shale and
oil sand processing, oil refinery processes and refinement of coal and lignite. Water splitting
for the production of hydrogen is at the upper end. Up to about 550°C, heat can be supplied by
steam; above that, requirements must be served directly by process heat, since
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FIG. 1. Production and use of heat.

steam pressures become too high above 550°. An upper limit of 1000° for nuclear-supplied
process heat is set based the long-term strength capabilities of metallic reactor materials.

Water cooled reactors offer heat up to 300°C. These include pressurized water reactors
(PWRs), boilmg water reactors (BWRs), pressurized heavy water reactors (PHWRs) and light
water cooled, graphite-moderated reactors (LWGRs). Liquid-metal cooled fast reactors
(LMFRs) produce heat up to 540°C. Gas cooled reactors reach even higher temperatures,
about 650°C for the advanced gas cooled, graphite-moderated reactor (AGR), and 950°C for
the high temperature gas cooled, graphite-moderated reactor (HTGR).

The primary conversion in a nuclear reactor is from nuclear energy into heat. This can
be used in a "dedicated" mode for direct heating, while no electricity is produced.

Another mode is co-generation of heat and electricity. Parallel co-generation is
achieved by extracting some of the steam from the secondary side of the steam generator,
before entering the turbine. Series co-generation is achieved by extracting steam at some point
during its expansion in the turbine, when it is the right temperature for the intended
application. During this cycle, the extracted steam has also been used for electricity
production. Series co-generation is ideally suited to industrial processes related to district
heating, desalination and agriculture.

More than 80% of the world's energy use is from fossil sources, namely coal, oil and
gas. Burning these fuels causes serious environmental problems from emissions of sulphur
oxides, nitrogen oxides and carbon dioxide into the atmosphere.
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One approach to contribute to solving these problems is to use nuclear energy in
integrated energy systems. A typical example for the future is application of nuclear heat to
reform natural gas. Using what is known as the HTGR-reforming process, synthesis gas,
methanol, hydrogen, heat and electricity are produced from natural gas and uranium. In the
process, natural gas is decomposed mainly into hydrogen and carbon monoxide with the main
products methanol, a liquid carbohydron, and hydrogen; side products are heat and electricity.

Another example of integration is in the oil industry. Several studies have been made
on the use of nuclear power as a heat source for heavy oil exploitation. They show that under
favorable oil market conditions, the nuclear option benefits economics and the environment,
compared to conventional methods.

A third example is integration of coal and nuclear energy in the steel industry.
Technologically, this is the most ambitious integration, involving gasification of hard coal
heated by hot helium from an HTGR. The intermediate products are synthesis gas and coke,
used for iron ore reduction. The final products are methanol and pig iron [1].

3. REACTOR SIZE RANGES

It is the usual practice to take the upper limit of the SMR range as approximately half
the power of the largest reactors in operation. Accordingly, reactors up to about 700 MW(e)
are currently considered SMRs. Reactors up to 300 MW(e), or a thermal equivalent of up to
about 1000 MW(e), correspond to the small size range. Sometimes the power range of up to
150 MW(e) is designated as the "very small" size range.

The above ranges expressed in power levels (MW(e) or MW(th)), are interpreted as
orders of magnitude and not as precise numbers. Note that the large variety of reactors with
different characteristics included in each of these ranges, are intended to respond to different
requirements and uses, which need to be considered to facilitate assessment of the potential
market [2].

4. PROGRAMMES FOR SMR DEVELOPMENT IN MEMBER STATES

Nuclear energy supplies a significant portion of the world electricity demand. Supply
of heat produced in nuclear reactors is used in several parts of the world for district heating,
process heat application, and seawater desalination. It should be noted that over 50% of the
world energy demand is for either hot water or steam production. Such processes could be
more efficient and clean utilizing nuclear energy. In spite of the slow down or stoppage of
nuclear programmes in some Member States in the last decade, utilization of nuclear power is
picking up momentum in others.

Several Asian countries strongly believe nuclear power will be a principle energy
source in the future. Small and medium reactors have a major role in this regard. The People's
Republic of China has a well developed nuclear capability having designed, constructed and
operated reactors. These are SMRs and the skills needed to implement them are the same as
those needed for larger power plants. There is special interest in district heating reactors to
help ease the enormous logistical problems of distributing 11 billion tons of coal around the
country each year. In the SMR range, a 300 MW(e) PWR is in operation and two 600 MW(e)
PWR reactors are under construction. Longer term plans call for development of a 600 MW(e)
passive PWR system. A 5 MW(th) integrated water cooled reactor was built and operated for



several winter seasons for district heating. A 200 MW(th) demonstration heating reactor
project has begun. A 10 MW(th) high temperature gas cooled reactor is under construction for
process heat application. The test Module HTR is been constructed at INET and is expected to
go critical by 1999. The system is used to accumulate experience in plant design, construction,
and operation. Several applications, such as electricity generation, steam and district heat
generation are planned for the first phase; a process heat application, "methane forming", is
planned for the second. China is also constructing a 300 MW(e) PWR in Pakistan.

India has some early reactors of the CANDU type developed by Canada, but has
adopted a policy target of self reliance in nuclear power based on heavy water moderated
reactors. Four units of the 220 MW(e) PHWR type are under construction, and the first two
units of a scaled up 500 MW(e) type, planned. The main objective is maximize economical
use of uranium resources in the first phase of the Indian nuclear power programme; in the
second phase of the Indian nuclear power programme, the plan is for fast breeder reactors
fueled by plutonium generated in phase one. India also has large reserves of thorium
exceeding their uranium reserves. The heavy water reactor with good neutron economics is
well suited to the thorium/U233 cycle and a programme of R&D has been initiated for phase
three, aimed at using the U-233/Th cycle in an advanced heavy water reactor,.

Japan has a high population density and a shortage of suitable sites for nuclear reactors
due to the large fraction of the landmass existing as mountainous terrain. This has led to a
preference for large reactors on the available sites to maximize power output. In spite of this,
there is a very strong and diverse programme of reactor development supported both by the
big industrial companies, by the national laboratory and by the universities. Three large
industrial companies developed their own LWR designs in the SMR range and the Japan
Atomic Energy Research Institute (JAERI) has several innovative designs. The MONJU fast
breeder reactor (280 MW(e)), a prototype plant, is currently undergoing safety review as a
follow up of an incident in 1995. Several different designs are currently underway in the SMR
range; namely SPWR, MRX, MS 300/600, HSBWR, MDP, 4S and RAPID. SPWR and the
marine reactor MRX are integrated PWRs. The MS series are simplified PWRs. HSBWR is a
simplified BWR. MDP, 4S and RAPID are small sodium cooled fast reactors. Preliminary
investigations show a high level of safety, operability and maintenance. The economics of
these systems are promising. These systems are expected to be part of Japan's next generation
reactors.

Japan also has a development programme for the gas cooled reactor in the small and
medium size range. A High Temperature Engineering Test Reactor (HTTR) has been under
construction since 1991 at Oarai. The 30 MW(th) reactor will be the first of its kind to be
connected to a high temperature process heat utilization system with an outlet temperature of
850 C. The system will be a test and irradiation facility and also utilized to establish the basic
technology for advanced HTGR for nuclear process heat applications. The system is expected
to go critical in 1998. However, the main trend in power generation is still pursuit of larger
(1000-1300 MW(e)) evolutionary light water reactors. The guidelines of the programme put
user-friendliness, improvement in operability, and flexibility of core design as prime design
objectives.

The Republic of Korea has twelve nuclear power plants (10 PWRs, 2 PHWRs) in
operation and has an ambitious programme for the further deployment of nuclear power. The
country is not well blessed with indigenous sources of fossil fuel and relies on imports.
Furthermore, 80% of the countryside is mountainous encouraging the installation of large
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stations to optimize use of the available sites. Most of the existing plants are of the PWRtype,
but, since 1983, PHWRs have been added to the grid. Four large size PWRs (1000 MW(e)
each) and two medium size PHWRs (700 MW(e)) are under construction. Large size PWRs
are expected to form the main component of nuclear power installation in Korea until well
into the next century. The optimal combination of PWRs and PHWRs will help maximize the
use of uranium resources through the future utilization of spent fuel. This choice has been the
first phase of a strategy of reactor development in Korea.

The mid size PHWR would be part of the Korean power source, but the standard
nuclear power plant, KSNP, with 1000 MW(e) rating, is expected to form the main stream of
power generation in Korea. On the basis of PWR technology, an advanced integral reactor
(SMART: System Integrated Modular Advanced Reactor) is being developed. The power
output of the reactor will be in the SMR range and will be used for desalination and power
generation. It is expected that export of nuclear technology will form part of Korean trade.
Streamlining of standardization, modularization, prefabrication, and substantial reduction in
construction schedules of small and medium size reactors will make Korea a potential nuclear
power exporter in the 21st century.

In the Russian Federation there is substantial experience from the development,
design, construction and operation of several reactors in the small and medium size category.
These reactors are used for electricity, heat production and ship propulsion. Reactors used for
icebreakers are planned to be made available for other applications not only within the
Russian Federation, but also in other countries interested in their application for electricity
generation in remote locations or for non-electric application.

Currently a project is being implemented consisting of two reactors (KLT-40) mounted on a
barge. These reactors used earlier for propulsion of icebreakers, are supposed to provide
electricity to Perek in Northern Siberia. Barge mounted reactors may be a near term solution
for other countries needing energy but presently without infrastructure for the introduction of
large plants. Barge mounted reactors could be operated under the supervision of the vendor
and be returned to the vendor's location for maintenance and refueling. Besides KLT-40 (up
to about 160 MW(th)h) there are other small sized reactors under design for mounting on
barges including the NIKA 75 (75 MW(th)), UNITHERM (15 MW(th)) and RUTA-TE
(70 M(th)).

The CAREM-25 reactor is under development in Argentina by the Atomic Energy
Commission (CNEA), which has subcontracted the design and development of the reactor to
INVAP. The design and development of the fuel elements is carried out by CNEA.

The power level of CAREM is 100 MW(th), approximately 25 MW(e). The intended use of
the reactor is electricity generation, industrial steam production, seawater desalting or district
heating. The reactor is also intended to bridge the gap between a research reactor and a larger
nuclear power plant, by serving as a focal project for infrastructure development and the
transfer of technology. This will facilitate launching of a nuclear power programme in a
country without previous nuclear power experience. The main features of the reactor are light
water cooling by natural circulation, low enriched uranium fuel, integrated and self
pressurized primary system, and passive heat removal system. The achievement of high levels
of safety, simplicity and reliability are the main design criteria.
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The basic design of CAREM-25 has been completed. The detailed design of the reactor is
underway, and there is a comprehensive research and development effort. This consists of
relevant studies and testing rigs and installations, such as a critical facility, natural convection
loop, full scale hydraulic control rod drives, protection system simulator, etc. A preliminary
safety analysis report has been completed and presented to the national Regulatory Authority.
The first project is intended for construction in Argentina.

5. SMR ACTIVITIES OF THE IAEA

The IAEA, has a dedicated SMR project. The Division of Nuclear Power is
coordinating this activity and its basic objective is to provide the venue for the international
exchange of information on development of technology and designs of SMRs, to enhance
their performance, safety and economics.

This project includes development of an educational simulator operating on a personal
computer and simulating the responses of a number of reactor types to operating and accident
conditions. The purpose of this simulator is to provide students and young engineers,
particularly from developing countries, with a visual aid to compare the operational
characteristics of different reactor types. This simulator is not meant to be a detailed operator
training tool nor is to be used in licensing. This computer simulator is being expanded, but
presently includes a number of light and heavy water power reactor types in the SMR range. A
series of technical committee meetings/workshops and expert missions are underway to
provide input to Member States on this simulator.

The IAEA is also coordinating development of a users guide aimed specifically at the
introduction of SMRs, in developing countries. A document containing guidance for the
preparation of users requirements by developing countries, is soon to be published. This work
is being closely coordinated with the IAEA's nuclear power desalination programmeme due to
the significant co-generation potential for these plants.

Corresponding operating costs and the technical infrastructure required to support the
programme are of significant concern to a Member State initiating an SMR project. In this
regard, Advisory Group and Consultancy meetings are ongoing to collect SMR operating
experiences, including O&M costs and to secure information on staffing requirements from
existing SMRs and from vendors to guide members on numbers, disciplines and qualifications
of staff required.

Member States are giving greater attention to the need for the IAEA to place priority
and to strengthen SMR activities. An example of this increased interest was the incorporation
of the SMR programme in General Resolution GC(41)RES/14 of the 1997 General
Conference, which coupled application of SMRs with the desalination of water. The SMR
programme is being closely coordinated with the IAEA's desalination programme. It is also
evaluating the possibilities of a broader choice of nuclear power options to meet the needs and
applications of individual Member States. Included in this evaluation are power reactors
originally designed for ship propulsion, for possible co-generation of electricity generation
and desalination; the introduction of reactors which can be periodically returned to the vendor
for off-site refueling, to control non-proliferation of nuclear materials; and the development of
small gas cooled reactors coupled directly to gas turbines. Also under consideration is the
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development of a comprehensive report on the status and emerging prospects for the
international development and application of SMRs.

6. CONCLUSIONS

The IAEA has witnessed renewal of interest by Member States in the development of
SMRs. This is particularly evident in the developing countries where large power plants are
not a viable consideration due to the size of the existing electrical grid. This interest was
strongly expressed in the 1997 IAEA General Conference and subsequently reaffirmed at the
March 1998 Board of Governors meeting.

Many Member States have active programs associated with nuclear power
development in the SMR size range. These programmes involve a wide variety of reactor
designs and include plants whose status ranges from being in long term operation to
undergoing initial conceptual design. The majority of these plants are intended for the
production of electricity.

Although nuclear power seems to be focused predominantly on the generation of
electricity, the wide range of plant types provides the possibility for nuclear power as an
energy source for other applications such as desalination, district heating, and industrial
processes such as hydrogen production through the reforming of methane.

The IAEA has an extensive programme to help support Member States in their
national SMR efforts. This programme has, as its basic objective, the requirement to provide a
venue for international exchange of information on the development of technology and
designs of SMRs in order to enhance their performance, safety and economics.
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Annex 1

EXAMPLES OF SMR DESIGNS

AP-600

The Westinghouse Advanced Passive PWR AP-600 is a 600 MW(e) design
conservatively based on proven technology, but with an emphasis on passive safety features. It
was designed by Westinghouse under sponsorship of the US Department of Energy (DOE)
and the Electric Power Research Institute (EPRI). The design team includes a number of US
and foreign companies and organizations. The AP-600 passive safety-related systems include
the passive core cooling system (PXS), the passive containment cooling system (PCS), and
the main control room habitability system (VES).

The passive core cooling system (PXS) (Fig. 2) protects the plant against reactor
coolant system (RCS) breaks, providing the safety functions of core residual heat removal,
safety injection, and depressurization.

The PXS uses three passive sources of water for safety injection: the core makeup
tanks (CMTs), the accumulators, and the in-containment refueling water storage tank
(IRWST). These injection sources are directly connected to nozzles on the reactor vessel.
Long-term injection water is provided by gravity from the IRWST, which is normally isolated
from the RCS by check valves.

ADS
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FIG. 2. AP-600 passive core cooling system.
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The PXS includes a 100% capacity passive residual heat removal heat exchanger
(PRHR HX), (Fig. 3) which is connected through inlet and outlet lines to one RCS loop. The
IRWST provides the heat sink for the PRHR HX. Once boiling starts in the IRWST, steam
passes to the containment. This steam condenses on the steel containment vessel and after
collection, drains by gravity back into the IRWST. The PRHR HX and the passive
containment cooling system provide indefinite decay heat removal capability.

The passive containment cooling system (PCS), shown in Figure 4, provides the
ultimate heat sink for the plant. The steel containment vessel provides the heat transfer surface
that removes heat from inside the containment and rejects it to the atmosphere. Heat is
removed from the outer surface of the containment vessel by natural circulation of air. During
an accident, air cooling is supplemented by evaporation of water which drains by gravity from
a tank located on top of the containment shield building.

To contain core damage, the AP-600 design provides the operators the ability to drain
the in-containment refueling water storage tank (IRWST) water into the reactor cavity, in the
event that the core has uncovered and is melting. The objective is to prevent reactor vessel
failure and relocation of the molten core debris into the containment.

PRESSURIZER
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FIG. 3. AP-600 Passive residual heat removal system.
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FIG. 4. AP-600 Passive containment cooling system.

WWER-640

The organizations involved in the design of the WWER-640 (V-407), shown in Figure
5, are: OKB "Gidropress", the Russian National Research Centre "Kurchatov Institute" and
LIAEP.

The WWER emergency core cooling system (ECCS) includes the following automatic
subsystems:

- subsystem of hydrotanks with nitrogen under pressure,
- subsystem of hydrotanks under atmospheric pressure,
- subsystem of deliberate emergency depressurization.

The passive emergency core cooling system provides long-term residual heat removal
in LOCA accidents accompanied by a station blackout. In the first stage, the nitrogen-
pressurised hydrotanks will be actuated. When these are empty, the tanks holding cooling
water under atmospheric pressure begin to operate. Active elements of the system needed for
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the function of emergency heat removal are provided with electric power from storage
batteries.

The design basis for the passive residual heat removal system (PHRS) is also for a
station blackout situation, including loss of emergency power. The PHRS consists of four
independent trains, each comprising: a steam water heat exchanger, piping for steam supply
and condensate return, and battery-operated valves. The heat exchangers are installed in a tank
of demineralized water. They are connected to the secondary side of the steam generators in
such a way that the steam from the steam generator will flow to the heat exchanger where it
condenses, transferring its heat to the water. The condensate will flow back to the steam
generator. Coolant motion occurs by natural circulation.

The system for passive heat removal from the containment includes coolers, storage
tanks of cooling water and connecting pipelines. Steam released to the containment condenses
on the heat exchange surface of the cooler giving heat to the water of a storage tank via
natural circulation.

Construction of a first pilot plant at the Sosnovy Bor site, the Leningrad nuclear power
. station site, outside St. Petersburg is under consideration.

Concrete protective
envelope ft-64.200

ECCS hydraulic
accumulator

Reactor coolant pump Steam generator

_L

FIG. 5. WWER-640 reactor building.
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Indian AHWR

A 220 MW(e) Advanced Heavy Water Reactor (AHWR) is being developed at the
Bhabha Atomic Research Centre in India. The AHWR (Fig. 6) utilizes a heavy water
moderator and light water coolant with a fuel cycle based on thorium, and a safety approach
based on passive safety systems.

Boiling light water in vertical tubes in the reactor core permits heat removal through
natural circulation so primary circuit pumps are unnecessary. The required flow rate is
achieved by locating the steam drums about 32 m above the center of the core. An
experimental programme is underway to confirm the analysis leading to the loop height and to
study the thermal-hydraulic stability of the primary heat transport system (PHT).

The top of the primary containment shell contains the Gravity-Driven Water Pool
(GDWP). The inventory in the GDWP is sufficient to cool the reactor for three days following
an accident. The GDWP inventory is connected to the core through a series of rupture discs
and does not involve the use of external power, moving parts or instrumentation.

Isolation Condensers (IC) positioned in the GDWP will transfer decay heat to the
GDWP during short, planned reactor shutdowns or following a reactor trip. This is achieved
by diversion of the steam flow between the steam drums and the turbine to the IC condensers.
Another set of condensers in the GDWP will cool the primary containment following a Loss
of Coolant Accident (LOCA). Simple experiments have demonstrated the feasibility of the
passive containment cooling system and more detailed experiments are in progress.

GRAVITY DRIVEN
WATER POOL

PASSIVE CONTAINMENT
ISOLATION DUCT

VENT
SHAFT

ONE WAY
DRAIN PIPE
REACTOR
CAVITY

PASSIVE CONTAINMENT

COOLER ISOLATION
CONDENSER

ACCUMULATOR

PHT LOOP

CALANDRIA

FIG. 6. Advanced HWR.
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Emergency core cooling is provided by accumulators pressurized with nitrogen, with
separation from the PHT system achieved with discs that rupture when post LOCA
depressurization of the PHT reaches a pre-set level.

Passive containment isolation following a LOCA is achieved by U-bends in the reactor
building air supply and exhaust ducts. In the event of a LOCA, pressure acts on the GDWP
inventory and pours water, by establishment of a siphon, into the ventilation duct U-bends,
thus providing seals. Experiments have confirmed the effectiveness of this innovation.

South African PBMR

Eskom, the state electric utility of South Africa, initiated a detailed economic and
technical evaluation of the Pebble Bed Modular Reactor (PBMR) as a potential candidate for
additions to its electric generation system. The requirements set by Eskom for the installation
of new generation capacity include a capital and operation cost matching (or improving upon)
that being achieved by their large coal stations. This currently represents a retail power cost to
the customer of approximately two US cents per KWh. Other requirements for the plant
include availability approaching 90%, location and plant size to match the load, public
acceptance and environmental cleanliness.

High temperature gas cooled reactors (HTGRs) feature a high degree of safety through
passive safety features. All HTGRs incorporate ceramic coated fuel capable of handling
temperatures exceeding 1600°C with core helium outlet temperatures approaching 950°C
under normal operating conditions. Consequently, the primary focus for this reactor type is to
investigate the generation of electricity via direct coupling of a gas turbine to the HTGR
(resulting in a net plant efficiency approaching 47%), and to evaluate the application of this
high temperature primary coolant for industrial applications such as steam and CO2-reforming
of methane for the production of hydrogen and synthesis to other fuels such as methanol.

The conceptual design of the South African PBMR features a helium cooled pebble
bed reactor with a power output of 103 MW(e)(228MW(th)) coupled to a closed cycle gas
turbine power conversion system consisting of two turbo-compressors, a turbo-generator, a
recuperator, precooler and an intercooler all located within three steel pressure vessels. The
three turbomachines are equipped with magnetic bearings and the recuperator has a fin-plate
design for compactness. The net efficiency of this Brayton cycle system is expected to be
-45% based on a reactor outlet helium temperature of 900°C and a maximum system pressure
of 70 bars (Figure 7).

The PBMR reactor basically builds on German reactor designs utilizing the experience
from the Thorium High Temperature Reactor and the AVR. These plants utilize a steam cycle
in contrast to the Eskom design for a direct cycle helium turbine. The choice for a core design
limited to 228 MW(th) with a diameter of 3.5 meters and the use of graphite constrictions for
nuclear control and shutdown outside of the pebble bed provides conservatism in maintaining
the maximum accident fuel temperature to 1600°C. Also, the PBMR is to use a multiple pass
regime for on-line constant fueling of the reactor.
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FIG. 7. Pebble bed modular high temperature gas cooled reactor.

Other design considerations for the PBMR include components for the power
conversion unit (PCU). The Atomic Energy Corporation (AEC) of South Africa, in
conjunction with 1ST, is developing the initial design for the two turbo-compressors and the
power turbine. GEC Alsthom of France is providing the preliminary design of the electric
generator and the associated exciter. The three rotating shafts of the PCU are to be supported
by magnetic bearings. The recuperator is of the compact perforated fin-plate type with the
precooler and intercooler of conventional finned tube design. The thermodynamic loadings of
the precooler and intercooler are anticipated to be nearly identical, which may allow
interchangability of components. The electrical generator will basically be of standard design
with the additional requirements of operating in a vertical configuration on magnetic bearings
and in a high pressure helium atmosphere. However, these requirements are not considered to
represent significant design concerns.
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