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ABSTRACT
Y
A conceptual design of a direct Brayton-cycle marine power plant is presented. The
design is a modification of the commercial MGR-GT, as proposed by James Staudt, sized to

produce 40,000 shaft horsepower (SHP) and S MW of ship service electrical power.

The requirements of a shipboard power plant are discussed and the design changes that
must be made to the components of a commercial power plant in order to fit them into the
demanding environment of a ship at sea are detailed.

The final design consists of an 80-MWth passively-safe pebble bed reactor with an out-
let temperature of 85(*}/’"6._ ‘The\, rg%gtpr.}:g_wers two separate closed Brayton cycle power con-
version loops operating at a compressor discharge pressure of 8.2 MPa. Other features of the
system are compact highly efficient heat exchangers, an advanced integrated electric
propulsion system using solid state power converters and frequency changers, magnetic bear-
ings, and high speed generators, both helium and water cooled. These features combined to

produce system efficiencies exceeding 45%.

Results show that the use of a direct cycle electric drive power plant for ship propulsion
is an attractive alternative. The heat exchangers and rotating machinery can be made com-
pact and light, but the direct use of the commercial reactor core is not viable because of
weight and size. A small, fast spectrum core is one potentfal solution for the heat source if it
can be produced within the constraints of passive safety. Also further work needs to be done
to optimize the turbine-compressor-generator system.
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Chapter 1 Introduction and Background
1.1 Introduction.

This paper investigates the feasibility of using a modular gas-cooled closed Brayton-
cycle gas turbine reactor as a power plant for naval vessels by developing a self-consistent
prototype design. Although this concept has been studied for over twenty years, recent
advances in fuel design, materials, components, an ever increasing amount of gas reactor
experience, plus recent political and social attitude changes have shown that this system war-
rants renewed attention.

1.1.1 Previous work.

The idea of using a closed Brayton cycle with a gas cooled reactor as the heat source is
not a new idea. The closed-cycie gas turbine was first introduced in 1936 [8] and the idea of
coupling it with a gas-cooled reactor was introduced soon after. It was considered by the
navy as early as the early fifties, when the navy began design work on the USS Nautilus
(SSN-571). The Nautilus was eventually powered by a pressurized water reactor. In 1974 the
Westinghouse Astronuclear Laboratory (WANL) presented a design concept for a 140,000
SHP closed Brayton cycle plant.

Figure 1-1 shows the WANL concept. The concept used a closed Brayton cycle with
helium as the working fluid. The core is a graphite moderated, epithermal spectrum reactor,
using TRISO fuel particles in extruded graphite fuel elements. The fuel is highly enriched
U®*. The containment is shaped in an inverted "T" with two sections. The upper section
contains the reactor core, control drums and the primary shield. The lower section contains
two power conversion loops, each consisting of a turbine - compressor - heat exchanger
package coupled to a superconducting generator. It also contains helium storage bottles,

emergency cooling system, a fission product cleanup system, support structure, and second-
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Figure 1-1. Isometric view of the WANL concept 140,000 HP Closed-Brayton cycle
power plant. [4]
ary shielding.

The priority of the WANL design was compactness. The entire unit is only 32 feet
high, 18 feet wide, and 34 feet long. To achieve this compact design expensive shielding
materials, and superconducting generators were used to arrange the plant as tightly as possi-
ble. With the compact shield and the highly power dense core, the plant cannot passively
dissipate decay heat. This requires a quick reaction emergency cooling system to prevent
core damage upon loss of cooling. Since water is not compatible with core materials, this

emergency cooling system has to be gas based. Also, maintenance would be difficult

because everything is packed so tightly together. Due to the high technical risk (along with
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other factors) the WANL design was never funded, so development did not proceed.

During the same time frame WANL also designed a smaller (25.000 shaft horsepower)
plant concept based on the NERVA reactor core. This concept is shown in Figure 1-2. The
system is basically the same as the larger module except the containment arranged longitudi-
nally instead of vertically. The system is direct drive with a single power conversion loop
consisting of a turbine - compressor - heat exchanger package coupled to a reduction gear

and propulsion shaft. Again, funding and development did not proceed.

EMERGENCY COOLING
CONTAINMENT

CONTROL DRUM INLET END
CLEANUP SYSTEM
ORIVE ACTUATOR REFLECTIOR
{HOLD DOWN)

PRIMARY SHIELD REDUCTION GEAR

TIRCONIUM
HYDRIDE

TUNGSTEN
4
. * 4
. Ty ’ /
y ,,,y;;.m

DRIVE SHAFT

\\

TURBINE.COMPRESSOR.
HEAT EXCHANGE PACKAGE

PRESSURE
vesse —7 PLUG SHIELD
CONTROL DRUM HELIUM STORAGE

g IN REFLECTOR BOTTLES

CORE SUPPORT
PLATE CORE (FUEL)

Figure 1-2. Isometnic view of the WANL concept 25,000 HP Closed-Brayton cycle
power plant. [4]
More recently, design studies of an MGR Brayton cycle power plant for commercial
power generation have been conducted at MIT and in the United States and Germany. The

Germans have acquired a wealth of experience in large closed-cycle gas turbines, having

operated fossil fueled units since 1956. The largest, Oberhausen 2, operates at 50 MW(e)
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and is a test facility for designing a large HGTR-GT. The German nuclear power industry
has also operated large pebble bed reactors at the temperatures necessary to make the gas tur-
bine economical.

In the United States there is only one commercial gas cooled reactor in operation, the
330-MWe Fort St. Vrain power station in Colorado. It is a nuclear steam system that has
suffered many problems over its history. Many of the problems arising from water ingress
into tue helium coolant loop from the gas circulator bearings.

The General Atomic Company h-s conducted an extensive design study of a large
direct Brayton cycle plant. Their design focused on a plant with a power level ranging from
800 to 1200 MWe with from two to four power conversion loops. All plant components
were to be contained in a prestressed concrete reacior vessel. The program was ternminated
because of economic reason arising from the many technical problems which arose during
the study.

The MIT design is for a smaller, modular plant. (See sect. 1.2) It is the MIT design
that the design for this reactor will be based.

1.1.2 Marine Reactors.

Nuclear power has long been recognized as an ideal power source for naval vessels.
Although there are many advantages, the principle benefit is elimination of refueling or bat-
tery charging. In general, surface ships carry enough fuel for five to six thousand miles at
their most economical speed. Conventional submarines use a diesel engine to travel on the
surface and batteries or some other air independent propulsion system when submerged.
Non-nuclear submarines must ca.ry both fuel and batteries, a double burden. The range of

diesel submarines on the surface 1s about the same as a surface vessel, but current battery
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technology limits the submerged endurance to a few hours. In order to achieve even this

modest range, five to ten percent of total ship displacement is fuel and two to three percent of

a submarine’s weight is battery.

A nuclear power plant gives both surface ships and submarines virtually unlimited
range, and it frees a large amount of space and weight that previously had to be devoted to
fuel. Without the fuel load to consider, ships can be macs smaller, or the same size ship
could carry a larger payload.

Nuclear reactors have been used 1n marine propulsion since the USS Nautilus was
launched in 1954. Since that day almost all submarines have been nuclear powered along
with many large surface combatants. Smaller ships, such as frigates and destroyers, have not
been nuclear powerec. The pressurized water reactor is too big, too heavy, and t00 expensive
to justify installation in the smaller ships.

In this country, the pressurized water reactor coupled to a Rankine power conversion
cycle has been virtually the only nuclear power plant used to power ships. Although the
PWR has been a proven, reliable power plant at sea for over thirty years, it suffers from the
following problems which prevent nuclear power from reaching its full potential.

. Low Thermal Efficiency. Because of the difficulty of significantly superheating a
PWR, Thermal efficiency is limited to around 30%. This low efficiency results in a
great deal of latent heat being rejected to the sea. Besides the obvious energy waste,
the heat wake generated by the waste heat could increase the detectability of the ship.
To be fair, all thermal power plants reject most of their generated heat, but higier effi-
ciency means more usable power for the same heat loss.

. Large Component Size. Due to the relatively low energy density of saturated steam,

machinery, piping, turbines, and other steam system components are much larger than
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in conventional superheated steam plant designs. This is a weight and volume penalty
that reduces some of the benefits over fossil fueled ships gained by eliminating the
fuel load.

. Lack of Inherent Safety. The U.S. nuclear power program has an undeniably excel-
lent safety record. This is due to superb operator training, well engineered systems,
and a management system that treats safety as the most important aspect of the
operation. This is engineered safety, however, not inherent safety. The systems to
ensure the engineered safety of the naval PWR can be five to ten percent of the reactor
plant weight. An inherently safe system can possibly save some of this weight and
space. All of the safety system weight and volume cannot be recovered since
inherently safe nuclear systems generally are larger and heavier than similar systems
in a standard reactor.

. Heavy Weight Concentration. The PWR is a high density system compared to non-
nuclear ship systems. Heavy shielding, large pumps, thick pressure vessels and pip-
ing, combine to produce the heaviest single ship system besides the hull. This
generally requires that it be placed low and in the center of the ship. This increases
shielding requirements, and makes the ship more difficult to arrange.

. High Maintenance Costs. Radiological controls, safety graded systems, and inten-
sive training makes maintenance expensive and time consuming.

An inherently safe closed Brayton cycle power plant has the potential to correct all of

the above deficiencies.
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1.1.3 Marine Environiuent.

There are many design differences between a reactor for ship propulsion and commer-
cial power reactor used by utilities. Most of these differences are a result of their respective
environments. The major environmental differences and their consequences are detailed
below:

MOTION: A marine reactor is constantly subjected to the motion of the vessel it is
installed upon. It is not uncommon for a vessel to experience roll motions up to 50 degrees
from vertical at periods of 10 to 30 seconds. Pitch and heave accelerations can also become
significant depending on the location in the ship. On the other hand, except during earth-
quakes, a commercial reactor can expect to have a stable platform for its entire operating life.

This motion has several design consequences. Foundations and structural members
must be heavier and stronger to prevent lateral movement as well as provide vertical support.
Since ocean forces are cyclic more attention must be paid to structural fatigue in those sup-
port members. Rotating machinery such as turbines, generators, etc. have to be oriented so
that lateral bearing forces are reduced. This usually means that the large rotating machinery
must be oriented fore and aft to reduce the effects of ship roll. Finally, components which
require gravity for operation, such as control rods dropping by gravity in a scram, must take
the motions of the ship into account in the design.

SHOCK: Because a naval vessel has to go in harms way, shock is an important design
consideration. The shock forces and motions produced by a weapons explosion or a collision
are fundamentally different from earthquake loads. Shock forces have a higher frequency
and magnitude than earthquake forces but are of a shorter duration.

Shock has to be considered in every level of the design process. At the component

level, individual components (electronics, turbines, foundations, etc.) have to be shock hard-
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ened, while at the system level, the effects of shock induced motions and forces have to be
considered in the arrangement of components, subsystems and the interfaces between those
systems. It does not do any good to have shock hardened components if they bump into
other components or tear out their connectors during a shock. The design consequences of
shock are increased clearance between components, more and stronger support structures,
and flexible connections. A full shock analysis is beyond the scope of this paper, however;
qualitative shock considerations will be discussed where appropriate.

Power Ramp. A commercial power reactor lives in a very stable power environment.
It is taken up to full power and, baring casualties or emergencies, it stays at a constant power

' level all the time. When power changes are required, they are done gradually and slowly.
This is not the operating climate of a naval power plant. Even discounting emergencies, nor-
mal operations and maneuvering requires rapid and frequent power changes.

This necessity to change power level rapidly and safely impacts the design in several
ways. The reactor control system has to be more extensive than a civilian design in order to
control power peaking and allow rapid power level changes. This means more control rods
and/or a large negative temperature coefficient. On the non-nuclear side of the plant, tur-
bines and other equipment must be able to respond rapidly to power changes, meaning again,
more and faster control systems (higher capacity throttle valves, or a larger inventory control
system.) An energy storage system (such as a large steam drum) can be used to make power
increase transients smoother at the reactor. The storage system supplies power to the ship
until the reactor can catch up. Likewise, for a rapid decrease in power, energy has to be
dumped until the reactor can be powered down.

Corrosion. Corrosion is a major concern in all power plant designs, commercial or

marine. A marine reactor operates in the very corrosive environment of the sea. The power
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plant itself is isolated from the sea and salt spray by the containment system so the corrosive
effects of the surrounding environment on the design is minimal. Where the environment
makes a difference is in the interface systems (heat exchangers and ventilation for example.)
The corrosive environment affects the design in material selection for interface systems, and
could require additional heat exchangers.

1.2 MGR-GT.

The marine power plant design is based on the design of the Modular (Gas Reactor -
Gas Turbine (MGR-GT) as proposed by Lidsky and Staudt of the MIT Reactor Innovation
Program. [8] The MGR-GT is a system intended for commercial electricity production. The
focus of this paper is to take the commercial MGR-GT, size it to meet shipboard require-
ments, and make any other changes necessary to adapt it to the harsh environment of a ship at
sea. This section gives a brief description of the MGR-GT as a system. A more detailed
description of individual parts will be in the chapters on that particular component. In the
chapters that follow the components used in the MGR-GT will be used as the baseline for the
marine version.

The following is a list of the design objectives of the MGR-GT design. [8]

. System placed in a below-grade silo.

. Flowpath permitting sweeping the reactor vessel with cool helium.

. Minimum machinery-module vessel size, and no larger than the reactor vessel.

. Flowpath maintaining low pressure difference across inner tube of concentric ducts.

. Flowpath that minimizes system pressure losses.

. Vertical turbomachine configuration, allowing easy access for machine removal from
silo.
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. Net turbomachine thrust in a direction opposite machine weight to minimize thrust-
bearing load.

. All bearings in a low-temperature environment.

. Generator submerged in high-pressure, low-temperature helium.

. Plate-fin recuperator fins loaded in tension only.

. Easy access to heat exchangers, especially the precooler, for inspection and mainte-
nance.

Figure 1-3 shows the layout of the MGR-GT in a below grade silo. The plant is in two
steel pressure vessels connected by concentric cross-flow ducts. All power system compo-
nents except electrical power conversion and distribution equipment are contained in the
silos. Shown in the drawing are the core, pressure vessels, ducting, generators, turbine,
compressor, regenerators, precooler, and the inventory control vessels.

The reactor heat source is a 200 MW pebble bed design using helium as a coolant.
Table 1-1 lists the reactor characteristics:

The MGR-GT is passively safe. It is designed so that the combination of a large nega-
tive temperature coefficient and the TRISO ceramic fuel enables the core to survive a total
loss of coolant accident with failure to scram without damage to the core or release of fission
products. The temperature coefficient rapidly shuts down the reactor while the small size
allows generated heat to dissipate into the surrounding environment. [8]

The rest of the plant is a closed cycle gas turbine and associated equipment for control,
start up, and electric power generation. The following gives a thumbnail sketch of the

MGR-GT showing the major features
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Table 1-1. Characteristics of the MGR-GT Reactor Heat Source.

Core Type

Power Level

Active Core Length

Core Diameter

Pressure Vessel Length
Pressure Vessel Diameter
Fuel Type

Enrichment
Coolant
Reactor Exit Temperature

Moderator
Refueling

Pebble Bed cylindrical, graphite reflected on all
sides

200 MW(th)
10 meters

3 meters

27 meters

6 meters

TRISO Coated Fuel Particles formed into 6 cm
diameter spheres.

7%
Helium
850°C
Graphite

Continuous

The compressor, turbine, and generator are on a single shaft supported by active mag-

netic bearings. There are also auxiliary mechanical bearings used for start-ups and

emergency landings.

A highly effective plate-fin regenerator is used to increase cycle efficiency.

A shell and tube precooler using fresh water on the cold side. The water will either be

cooled in a cooling tower or by another water source such as a river or pool.

The generator operates at a high rotational speed to reduce size and weight and is

cooled by high pressure helium.

A load commutated inverter system is used for electrical frequency conversion.

Inventory control is used for normal power level changes with turbine bypass to the

precooler available for emergencies and shutdown cooling.
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. System pressure (compressor outlet) approximately 8 MPa.
Again, for a more detailed description of the individual systems see the chapter asso-

ciated with the component.
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The MGR-GT in a below-grade silo [8]

Figure 1-3.
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1.3 Platforms.

This is to be a modular design that should find use in almost any naval vessel with

little or no modification to the basic characteristics of the ship. This will set the desired

power level and will determine the optimum size for the system. Table 1-2 lists various

naval platforms and their requirements.

Table 1-2. Possible Platforms

Platform SHP Shafts SHP/Shaft Power Level
n =.3 n=.5

Aircraft Carrier (CV) 260000 4 65000 680 408
Battleship (BB) 212000 4 53000 555 333
Cruiser (CG) 80000 2 40000 209 125
Destroyer (DDG) 80000 2 40000 209 125
Submarine (SS) 30000 1 30000 79 48
Frigate (FFG) 40000 1 40000 105 63
Auxiliary 20000 1 20000 52 31

" Power level is the required plant power level (in MW) of a thernmal power plant at the ther-
mal efficiencies shown. Note: This total does not include electrical power generation or
power needed for aircraft operations.
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In Table 1-2 SHP is shaft horsepower, Shafts is the number of propulsion shafts, and
power level is the thermal power level required to produce the required SHP if the ship were
nuclear powered. Of the above platfonms only the carriers, cruisers, and submarines have
nuclear powered variants. The power level is calculated from the SHP data from the

following formula:

SHP(7.457 x 107
nm ’ TL

Power level (MWth) =

1. ® Mechanical efficiency, accounts for the losses in the power transmission. It is
also the ratio of power provided at the shaft to the power at the engine. 1,, =.95
is used for the above analysis.

1, = Thermal efficiency. Ratio of thermal power supplied by reactor to net work out.
ForPWR's 1, =.30

Based on the data in Table 1-2 a module size of 40000 SHP will be chosen. Using this
size one module would be installed on frigates and submarines. Cruisers and destroyers will
have two modules (one per shaft), while carriers and battleships would require 8 modules
(two per shaft). The above result of one propulsion module per shaft for the smaller ships
and two modules per shaft for the larger ships is the same as conventional designs. This is a
convenient result since it means that if the reactor/engine room combination can be fit into
the existing engine room volume of the smallest of the above ship types then the module
vesign would fit into any ship. It would then simply be a matter of how many. In general,
frigates and submarines have the smallest engine rooms for the installed shaft horsepower

therefore the module design will be based on those ship types.
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Chapter 2 Requirements and Design Philosophy.

This chapter covers the design boundaries and the priorities used to optimize the plant
and make decisions in the face of conflicting requirements. The first section details the
design philosophy and priorities while the second section details the bounds of the design.
By bounds 1 mean the performance requirements and engineering details that must be met in
order for the power system to be considered a successful design.

2.1 Design Philosophy.

All large system designs are study in compromise. It would be nice if all one had to do
to design the "best” system would be to pick the best components and put them together.
This is not the case however, and a good system design often requires a loss of capability in
one area in order to unprove the whole. Priorities must be set in order to make intelligent

decisions about design choices. The following lists the design priorities in their order of

importance.
1. Safery.
2. Size.
3. Weight.

4.  System Efficiency.

W

Technical Risk.
6. Cost.
7.  Modularity.
In the design process the above priorities allow trade-offs to be made in a consistent

and systematic manner.




Requirements and Design Philosophy. 24

2.2 Design Requirements.

Based on the requirements of the ocean environment, principles of naval architecture,
and existing ship designs, the marine variant of the MGR power plant will be subject to the
following design constiaints:

Design Standards. U.S. Navy design standards will be adhered to for all components
and systems. These specifications are spelled out in General Specifications for Ships (GEN-
SPECS). GENSPECS includes Navy design standards for shock, roll, pitch, stability, and
material quality among other things.

Electric Drive. Because of the dif{iculty in producing effective rotating shaft seals for
high pressure helium systems, the system must be sealed. To accomplish this, the only prod-
uct of the power system will be electricity. The ship use electric propulsion and auxiliary
systems.

Risk. Where possible, "off the shelf”’ components will be used to reduce technical risk.
Previous design work on high-temperature gas turbine reactors was never funded, partly
because the design required significant research and development work on either components
or materials in order to be viable. Using known technology will increase the chance that pro-
gram development and deployment could be funded at a later date.

Size. The reactor and all associated support equipment must fit into the volume avail-
able in existing ships. In general this consists of the reactor compartment and engine rooms
of existing PWR powered ships. Based on the machinery box sizes of the platforms in
section 1.3 the volume envelope for a submarine will be a cylinder 10 m in diameter by 20 m
long. A frigate module will be used to set the size of the surface ship module. A reasonable
average for the machinery box of a frigate size ship would be 10 m high by 10 m wide by

20 m fong.
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Safety. The goal is passive safety, including safety during a core flooding accident. If
passive safety should be unobtainable for all accidents then the plant should be passively safe
for the majority of accidents, and additional safety systems as needed are to be included in
the design to ensure safety in the other accidents.

Modularity. This is to be a modular design that will allow it to be included in almost
any new construction naval vessel. ldeally the entire power generating plant (unfueled)
would be able 10 be built off-site and transported to the shipbuilding site and installed within
the vessel. The only difference between different ships would be the number of units
installed. If the ubove is not feasible the module could be built into the ship using common
components.

Motion. Table 2-1 gives the GENSPECS equipment motion qualifications. At the
ship angles listed power plant equipment must remain fully operational. The requi- 2ments
are different for surface ships and submarines.”

Table 2-1. Ship angles at which equipment must remain operational. All angles in
degrees. [9]

Condition Submarines Surface Ships
Submerged Surfaced

Trim 30 7 5
List 15 15 15
Pitch 10 10 10
Roll 60 30 45

The requirements for aircraft carriers are less stringent than either submarines or other sur-
face vessels, therefore plants which meet the above requirements will automatically be quali-
fied for CVs.
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In addition to the above, the plant must be able to survive a roll of 90 degrees. (ie. the
equipment should be mounted so that 1t does not fall off its foundations If turned on its side
momentarily.

Containment. The containment system must fully enclose all primary plant compo-
nents. The main design goal is for the reactor compartment/engine room to be able to with-
stand the pressure of a primary loop rupture without venting to atmosphere or other ship's
compariments.

Refueling. The degree of difficulty of refueling will determine the refueling cycle. It
will be assumed that the core will not be continuously refueled for reasons listed elsewhere.
If refueling is "difficult”, i.e. requiring disassembly or cutting, the refueling cycle should be
as long as possible, ten to twelve years with a minimum acceptable refueling cycle of four
vears’ . This would allow refueling to coincide with overhaul cycles. On the other hand if
refueling is "easy", the refueling cycle can be reduced to one or two years.

Power Requirements. The power plant must be able to provide all power require-
ments of the ship. The power requirements of all U.S. naval vessels are as follows: 1) Pro-
pulsion; 2) Ships service electrical (60 Hz 3-phase); 3) 400 Hz ships service electrical.

Enrichment. There are no restrictions on enrichment except those dictated by other
design constraints such as passive safety.

Redundancy. A high level of reliability is required for all vital components. Where
possible, redundant components will be used to ensure adequate reliability. If redundancy is

not possible (such as the reactor itself) the component must be made as reliable as possible

The minimum refueling interval is set by the four year minimum allowable time period
between overhauls as specified hy GENSPECS. Current maintenance philosophy is to per-
form major overhauls only when major equipment and system upgrades and conversions are
needed.
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and a backup system should be provided. Along with multiple redundant components the
plant should be flexible enough so that the various components can be cross-connected to
provide power in several configurations.

Working Fluid. Helium will be the working fluid of choice. In large commercial
high-temperature reactors helium has proven to be the best working fluid. There are other
possible working fluids, such as the other noble gasses, and their use will be discussed.

Materials. Material selection will be the same as the MGR-GT, unless investigation
shows that a particular material is incompatible with the marine environment.

Fuel. TRISO ceramic fuel will be used. The final form (prismatic, pebble bed, particle
bed, etc.), and enrichment is discussed later in the paper. This design decision effectively
rules out using a fast spectrum core. Although a fast core has many attractive features (com-
pact, high power density, long life, no reactivity increase with water ingress) the focus of this
work will be the MGR-GT core. (See Chapter 4.)

Temperatures & Pressures. Temperatures and pressures at the controlling points in
the cycle will be the same as in the MGR-GT. These are:

Turbine Inlet Temperature 850°C

Compressor Inlet Temperature 30°C
Compressor Discharge Pressure 8 MPa
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Chapter 3 Brayton Cycle Analysis.

This chapter details the methods and assumptions used to analyze the closed Brayton
cycle portion of the power plant. The object of this analysis is to estimate the cycle parame-
ters including temperature, pressure, mass flow rate, and overall cycle efficiency. Symbols
used are listed in the nomenclature section at the end of this chapter.

3.1 Method of analysis.
3.1.1 Cycle Selection.

There are many possible machinery arrangements possible for a closed Brayton cycle
power plant. These range from simple, single shaft systems, to intercooled, regenerated,
multiple shaft systems with several turbine-compressor pairs and separate power turbines. In
general, all of these systems can be analyzed to a good level of accuracy by only three differ-
ent variations of the simple cycle; regenerated, intercooled, or reheated. Each variation adds
to the efficiency of the basic cycle in different ways.

The cycle chosen for this plant design is a regenerated cycle. This cycle combines
good efficiency with the least complexity. This is shown graphically in Figure 3-1. The
other cycles were rejected for various reasons. The reactor flow path for a cycle with reheat
is complicated and difficult to achieve; therefore, it is not considered a viable alternative.
The basic cycle is the simplest, requiring, the least equipment and cost. It is used extensively
in aircraft and in open-cycle marine gas turbines, however; at the temperatures and pressures
of this design the simple cycle has no significant efficiency advantage over cuirent reactor
designs. Intercooling alone does not increase effectiveness significantly over the basic cycle.
In fact, at low pressure ratios, intercooling reduces cycle efficiency. The combination of
intercooling and regeneration (ICR Cycle) does produce better efficiency than regeneration

alone.
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Figure 3-1. Effect of intercooling and regeneration on the thermal efficiency of closed

Brayton cycles as a function of pressure ratio. [22]

In a sensitivity analysis performed by Staudt, he found that the ICR cycle was about
3% more efficient than a non-intercooled cycle at the pressure ratio for maximum efficiency
(which for a regenerative cycle is about 2) and the pressures and temperatures of interest.
This 3% increase in efficiency is bought at the cost of at least one more turbomachine and
heat exchanger along with more ducting for each power conversion loop. As in the

MGR-GT this modest improvement is not considered worth the additional complexity.
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3.1.2 Cycle analysis.

Figures 3-2a and b show a recuperated Brayton cycle and defines the cycle points for
this analysis. Each point in the cycle is defined uniquely by the pressure, temperature and
mass flow rate, iz, at that point’. The cycle analysis is performed by first defining known
conditions at several points, along with the net power required and the performance efficien-
cies of the various components. This becomes an iterative process since the performance of
components is often a function of the mass tlow rate, temperature, and pressure.

Table 3-1 lists the set cyvcle parameters. They were chosen so that the cycle would
resemble the MGR-GT as much as possible. The differences between the cycles are due to
the lower power requirement of the marine version, plus the marine power plant has two

power conversion loops per reactor while the MGR-GT has only one.

Table 3-1. Initial Brayton cycle parameters and set points.
Net Power Output per loop (W) 18.6 MW
Compressor Discharge pressure (P2) 8.2 MPa
Compressor Inlet temperature (P1) 30°C
Turbine Inlet Temperature (T4) 850 °C
Compressor pressure ratio (r) 2.05
Recuperator effectiveness (£) 0.95
Turbine polytropic efficiency (n,,) 0.90
Compressor polytropic efficiency (,.)  0.90
Generator efficiency (n,) 0.98
Motor efficiency (1,,) 0.95

* Since helium can be treated as an ideal gas with constant specific heat, C,. enthalpy (h) is
directly proportional to absolute temperature (T) and is given by h=C_T.
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The reactor heat source will supply two identical CBC power generating loops. Each
loop will provide half of total ship power requirements. Therefore each loop must provide
20,000 HP {or propuision and 2500 MW of ships service electrical load. Net Power (W) is
the power at the turbine shaft for each loop. Converting to watts, and accounting for the effi-
ciency of the power transmission train gives W_,.

The pressures and temperatures in Table 3-1 were based on the MGR-GT. The pres-
sure ratio (r) and regenerator effectiveness were picked from Figure 3-3 which shows the
pressure ratio for maximum efficiency based on relative pressure drop and recuperator
effectiveness. The efficiencies, 11, and 1., are somewhat lower than the efficiencies of well
designed commercial turbomachines. The values chosen were conservative estimates of tur-
bine and compressor efficiencies. [3]

Once the above set points are chosen, the cycle is analyzed point by point until the
temperature and pressure at each point is known. Each cycle point can be related to other
points in the system by a series of well known thermodynamic principles and equations. The
equations that follow are based on the assumption that helium behaves as an ideal gas and all
losses in the system are included in the component efficiencies and pressure drops.

Point 1-2. Adiabatic compression by the compressor. Points 1 and 2 are related by the

work required by the compressor to produce the proper pressure ratio r.
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Figure 3-2, A recuperated Brayton cycle.
(a) Cycle diagram
(b) H-S diagram
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P, 3-1
r=—
1
T, %~ 3-2.
L=y
T,
W.=C(T,-T,) 3.3,
C=mC,

Point 2-3. Heat addition in the Recuperator. Energy from the turbine exhaust is used
to preheat the compressor discharge helium. The amount of heat transferred depends on the
effectiveness of the heat exchanger used. The relative pressure drop between 2 and 3 (8P,,)is
also determined by the regenerator characteristics. Note that this particular cycle is highly
regencrated. There is more heat added to the working fluid in the regenerator than in the
reactor.

T,-T, T.-T, 3-4.
£ = =
T5-T2 T5_T2

P,=P,(1-5P,) 3.5,

Point 3-4. Heat addition in the Reactor core. All energy input to the system occurs at
this point. There is also a pressure drop which is given by equation 3-7 below. [8] This
equation uses a correlation for the core friction coefficient (W) which is dependent on the
Reynolds 