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FOREWORD

The primary purpose of this document is to set forth the current status of the 630A
Nuclear Steam Generator, under development for the U. S. Atomic Energy Commission
by the Nuclear Materials and Propulsion Operation of the General Electric Company.

While other documents, as listed at the end of this report, have discussed the need for

a maritime fleet and the technology which led to the decision to develop the 630A system,

the Introduction to this report restates the main points of that need and that technology, in

the interest of completeness.

Following a summary of design and safety features, the overall configuration and the

operating cycle for a 27, 300-SHP version of the 630A Nuclear Steam Generator are de-

scribed.

Succeeding sections of the report discuss in detail the major subsystems and components,
facilities, safety analysis, and capital and operating costs.
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INTRODUCT ION

To regain pre-eminence in the world shipping market, the U. S. Flag must overcome
the inherent disadvantages of high capital and operating costs. Only one course is open -
a greater share of the available cargo must be attracted by increased speed and greater
cargo-carrying capability.

Past experience indicates that an advantage of even only a few knots results in signifi-
cant increases in cargo; e. g., for several years after World War II, the relatively high-
speed merchant vessels of that era maintained the U. S. in a position of maritime leader-
ship.

During the past 10 years, other nations have overcome that speed advantage; this fact,
coupled with the continually rising costs of the U. S. Flag operation has resulted in con-
tinued loss of cargo to other flags. New developments are needed to offset this competitive gain.

Recent advances in nuclear technology applicable to the maritime service make possible
a nuclear-powered merchant marine within the foreseeable future. The technological ad-
vantage enjoyed by the U. S. in the nuclear field is such that early development of a mari-
time nuclear propulsion system would provide an advantage to this country that could not
be easily overcome.

In addition to the advantage of increased cargo-carrying capability, a nuclear-powered
fleet would greatly enhance the response time of the merchant marine in its auxiliary
military role.

Use of nuclear energy in a marine propulsion system reduces size and weight of the
ship's nonrevenue load and permits what has been, in the past, considered extravagant use
of power for extended periods of time.

The nuclear vessel does not have the same limitation of distance and speed as conven-
tional vessels. The limitation on conventional ships arises from the fact that the volume
and weight of fuel required increases proportionately with distance which, in turn, in-
creases the power required for a given speed. If the speed of the ship is increased, the
power required is increased by the third or fourth power of the speed ratio and, for a
conventional ship, so is the fuel load which further increases the power required. A nu-
clear ship can be powered at the maximum level consistent with its hull form, operated
continuously at top speed and for any distance without penalty in payload.

The payload and speed of ships that are limited in size and draft can be significantly in-
creased with the use of nuclear power. If payload availability is limited, the nuclear ship
can operate with a lower power level than a conventional ship at equal speeds, or at higher
speeds, for the same power level. Since nuclear power in large, high-speed ships would
eliminate thousands of tons of fuel, conventional systems can compete only by raising
their power rates even higher. Thus, nuclear power offers the ultimate in speed capa-
bility in large, high-speed ships.
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The advantages of high speed are twofold: fewer, high-speed ships can deliver an equal
quantity of cargo, and, with increased speed, more cargo should become available. Ex-
perience has shown that only minor speed advantages have attracted significant increases
in cargo and, in many cases, have justified higher rates.

A further advantage of speed is that the ability of the U. S. to deter or prosecute limited
war is a direct function of the speed of response of the entire transportation system. As
a naval auxiliary in wartime, the high speed of nuclear vessels reduces transit time, pro-
vides relative invulnerability to submarine attack, and eliminates convoy assembly time.

Perhaps the principal deterrent to the adaptation of nuclear power to the merchant marine
has been the high capital cost of nuclear systems. Recent significant developments, such as
the 630A Nuclear Steam Generator described in this report, have appreciably narrowed the
capital cost differential between conventional oil-fired systems and nuclear systems. The
advantages of nuclear power, such as those indicated above, can partially or wholly offset
the remaining capital cost differential. In addition, the fuel cost for nuclear systems
promises to be less than for conventional vessels, further tending to eliminate the cost
differential. There are other characteristics such as collision barrier weight and costs,
refueling time, safety, repair and maintenance time and costs, installation costs, and
crew size that are also highly significant in the consideration of nuclear power. In these
areas, also, the 630A power plant appears to be very promising.

CURRENT STATUS OF MARITIME NUCLEAR POWER

Nuclear technology for maritime application has been greatly advanced in recent years,
largely through the development and operation of NS SAVANNAH. With the advances that
have been made since the SAVANNAH, nuclear propulsion in commercial ships is now both
feasible and economically desirable. Capital and operating costs are currently much lower
than for the SAVANNAH. Further improvements should be achieved with additional ad-
vances in fuels technology, improvements in fabrication processes, and from the ad-
vantages of quantity production. (On the basis of past experience in nuclear power and
other technologies, the net effect of this latter feature should be substantial.) Because of
the relative simplicity of new maritime nuclear power plants, maintenance and repair
costs should not differ greatly from those of conventional ships, particularly because of
the elimination of the oil-fired boiler.

Because of double containment and multiple backup systems, the SAVANNAH reactor is
one of the safest ever built. The new class of reactors, however, is safer by orders of

magnitude as a result of SAVANNAH experience together with their inherent safety.

Operating and port entry criteria have been shown to be acceptable in many of the major
ports of the world.

The necessary refueling, maintenance, and waste disposal facilities are becoming avail-
able. For example, a Government facility in Galveston is in operation with a capacity to
service 20 or more nuclear ships per year, plus providing other necessary functions as-
sociated with nuclear ships: licensing, training, inspection, refueling, startup, mainte-
nance, and repair. Reactor manufacturers are preparing to offer about the same services
as part of the capital cost or under separate fuel management contracts at other locations.

Training of nuclear operating personnel is currently done aboard ship; this practice will
probably continue. In addition, a training program is in operation at the Maritime Academy;
this will assure a continuous flow of junior officers trained in nuclear power plant operation.
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Although international standards for third party liability have not yet been established,
the use of individual bilateral agreements and extension of the Price-Anderson Act to in-
clude nuclear merchant ships other than the SAVANNAH offer an effective interim solution
to this problem. Federal indemnification would be required since sufficient private cover-
age is not available to meet foreign requirements. If adopted, a proposed amendment to
Title X of the Merchant Marine Act would provide financial aid to the ship operator for
such private insurance as may be required.

A further amendment to Title X has been proposed which represents a powerful incentive
to the development of commercial nuclear power. Its purpose is to relieve the operator of

"first-of-a-kind" costs associated with the first or second nuclear power plants by limiting
the operator's cost for a nuclear ship to that of an equivalent conventional ship.

GAS-COOLED NUCLEAR STEAM GENERATORS

Although a ship can also be propelled by diesel engines, steam engines, gas turbines,
and other devices, the steam turbine using superheated steam has emerged as the princi-
pal modern marine propulsion unit. Improvement of other propulsion devices, notably the
gas turbine, may possibly change this situation in the future. However, the high efficien-
cy, reliability, light weight, and commercial availability of the superheated steam turbines
in a variety of sizes, in addition to the widespread familiarity of operators with such
systems, favors their continued use.

Superheated steam can be produced by several types of systems. In an oil-fired
system, the boiler is heated by hot air and the cotnbustion products of the fuel oil. The
nuclear system whose operation most closely resembles the oil-fired power plants is one
in which the gas entering the boiler has been heated by passing through the core of a
nuclear reactor. Even though the steam is to be heated to only 8000 to 1000F, gas tempera-
tures in excess of 2000 F are used in the oil-fired boiler. This is necessary to hold the
boiler to a reasonable size, because the air entering the furnace is essentially at atmos-
pheric pressure and because of the wide temperature variation within the heated gas. If a
nuclear reactor is used to heat the gas, however, the combustion process is eliminated
and the air can be heated to a relatively uniform temperature and recirculated in a closed,
pressurized loop. Acceptable boiler sizes can be achieved with lower gas temperatures in
such a system. Reactor exit gas temperatures in the range of 12000 to 14000 F, at pres-
sures of 300 to 400 psi, are quite adequate to produce superheated steam for the most
modern energy conversion system.

The advantages of the gas system are the production of superheated steam of the re-
quired conditions without the use of separate superheaters, operation at relatively low
pressure levels, and the use of readily available air as the working fluid. The gas system
avoids the very high pressures required by a pressurized water reactor to produce steam
even at 6000 F, which is well below the temperatures of modern steam turbine operation.
Such low-temperature steam could be superheated by passing the steam vapor through a

second high-temperature reactor, which becomes then, in effect, a gas-cooled reactor.

However, these power plants tend to be large, heavy, and complex.

In the event of a national emergency, the conversion of a large number of existing ships
to nuclear operation may be required. This must be accomplished with a minimum of
modifications to the ship and propulsion equipment. Therefore, the nuclear steam gener-
ator selected for this purpose should be capable of producing a wide range of steam con-
ditions, and small enough to be installed in the space formerly occupied by the oil-fired
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boilers. For peacetime application to maritime service it should meet the added require-

ments of economical fabrication and operation. Further, it should have already demon-
strated a high degree of reliability if it is to be used in early nuclear powered vessels.
Finally, and perhaps most important, it should be inherently safe under all conceivable
conditions.

At the time of termination of the ANP program, the gas-cooled reactors under develop-
ment were producing gas temperatures substantially higher than those required for the
generation of superheated steam. However, the first reactor developed by General Elec-
tric in the ANP program, Heat Transfer Reactor Experiment No. 1 (HTRE- 1), produced
gas temperatures in the range of interest for maritime applications. The HTRE- 1 reactor
was first operated in January 1956. Operation of the HTRE- 1 and subsequent reactors
using the same basic type of fuel element continued through 1960. Concurrent with the de-
velopment of improved gas-cycle power plants, metallic fuel elements were also steadily
improved for use in more advanced, higher performance power plants.

Because of relatively inefficient heat exchanger design and power distribution, most
gas-cooled reactors other than those developed during the ANP program have been large
and therefore of questionable use for maritime application. By contrast, compact size
was of even greater significance in the ANP program than it is in merchant vessels. Con-
sequently, a major development effort was undertaken to optimize the nuclear and thermo-
dynamic design of the reactors and to develop materials of high-temperature capabilities
so that the highest possible power extraction could be obtained from the reactor without
exceeding the temperature limitations of the reactor materials.

The ANP program at General Electric involved extensive theoretical calculations,
critical experiments, reactor nuclear power operation, and in-pile and bench testing
of progressively improved fuel elements. Such stringent requirements have not had to
be met in other gas-cooled reactor programs. As a result, other designs have not been
brought to the same degree of compactness and overall performance achieved by the

GE-ANP reactors.

The service life requirement for aircraft reactors was considerably shorter than that

of maritime vessels. On the other hand, the necessary temperatures in nuclear aircraft
power plants and the aerodynamic loading on the fuel elements both substantially exceeded
the requirements of a nuclear gas generator producing superheated steam. An interpreta-

tion of the extensive test experience with fuel elements of the HTRE-1 type toward the

lower stresses, lower temperatures, but longer life requirement in maritime applications
indicated that the 15, 000-hour-life capability is achievable with this type of fuel element.

The use of unpressurized water as both moderator and structural coolant, even though

the reactor exit air temperature is extremely high, is a unique feature of the HTRE-1
design that greatly simplifies the design of reactor structure. Even though later ANP
reactors used fuel elements of the HTRE-1 type, they employed an aircooled moderator

and a structure capable of operating at high temperatures. This was done because of the
difficulty of rejecting heat from a low-temperature moderator system at high aircraft
flight speeds and high ram air temperatures. This is not a problem, however, in a mari-
time system. Consequently, the reliability of the low-temperature structure and the low
cost of the HTRE-1 design can be exploited in the maritime system.

A further, highly significant advantage of the HTRE-1 design is its growth potential. By
substituting steam for air as the coolant, for example, without any other major modifi-

cations being required, the power output of the system can be doubled. A further growth

possibility, dependent primarily on the development of suitable turbomachinery, is the
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adaptation of the same basic type of reactor to a closed-gas system. This approach would
afford such potentially high-power outputs from such compact, lightweight power plants as
to have application in small, high-speed surface craft, hydrofoils, and even ground effect
machines.

The foregoing considerations indicated that there was ample justification for serious
consideration of the use of the HTRE-1 technology in maritime steam turbine propulsion
systems because of its advanced state of development, compact size, and evident simplici-
ty, safety, and reliability. As a result, General Electric's Nuclear Materials and Pro-
pulsion Operation, successor organization to the Aircraft Nuclear Propulsion Department,
has been engaged since early 1962 in the development of an air-cooled nuclear steam
generator, designated the 630A, based on HTRE- 1 technology. The 630A is being developed
for the Atomic Energy Commission and the Maritime Administration under AEC Contract
No. AT (40-1)-2847. The current status of the 630A nuclear steam generator is the subject
of this report.

A more detailed summary of the ANP power plants is contained in Appendix B of this
report.





SUMMARY

The 630A Nuclear Steam Generator (Figure 1) consists of an air-cooled, water moder-
ated reactor using metallic fuel elements, a once-through water tube boiler, two axial-flow

blowers, lead and water shielding, controls, and necessary auxiliary equipment. The
system is designed to replace the boiler of a conventional ship; no other propulsion equip-
ment need be replaced nor modified. The 630A is about 35 feet high and 18 feet in diameter;
it weighs about 400 tons. Its relatively small size and low weight make it suitable for use
in both new construction and in converting existing ships to nuclear power.

The thermodynamic cycle of the 630A is relatively simple. The main blower pumps the
coolant air through a flow passage to the reactor inlet. Passing through the reactor core at
a pressure of 400 psi, the air is heated to 12000 F. The air then passes over the boiler
where its heat is extracted to produce steam at 880 psia and 9500F in the boiler. Leaving
the boiler, the air returns to the blower, thus completing the cycle.

The core consists of 85 fuel cartridges, each of which is composed of nine concentric-
ring fuel elements; these are quite similar in design to fuel elements developed and pro-
duced in substantial quantities during the Aircraft Nuclear Propulsion program.

The shield consists of layers of water and lead. The shield water also serves as a
structural coolant, enabling the use of strong, low-temperature structural materials even
though the reactor core operates at relatively high temperatures.

The top shield plug, a vessel which also contains layers of water and lead, is connected
to the reactor. This reactor - shield-plug assembly is always handled as a single unit
which greatly expedites the installation and refueling operations. This, in turn, minimizes
in-port time, since the refueling operation is expected to require only 4 or 5 days, com-
pared to weeks or even months for other nuclear systems.

By its design, verified during HTRE testing, the reactor core is inherently safe. Fission
products are retained within the system by several levels of containment. The small size
of the system reduces the possibility of damage in the event of collision and also reduces

the weight and cost of the collision barrier.

630A DESIGN FEATURES

MODULAR CONSTRUCTION

The entire 630A assembly, including the reactor - shield-plug assembly, is designed
for in-plant prefabrication by the manufacturer. All parts are sized so that rail shipment
is possible; the maximum lift for installation is 100 tons.

The top shield plug, control rods, and reactor are assembled and checked out at the
manufacturer's facilities. Handled always as a single unit, the reactor - shield-plug

17
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assembly, in new construction, is inserted into the pressure vessel already assembled
aboard ship. At refueling time, the entire spent assembly is removed, and a replacement
unit installed. The spent assembly is returned to the manufacturer's plant for refueling
and checking out for eventual re-installation in a 630A-powered ship.

The reactor is connected to the shield plug by means of shim rod guide tubes and moder-
ator water return tubes. The unit is enclosed within and forms the top head of the pressure
vessel.

The major containment and shielding components are also prefabricated for ease of
handling and installation, requiring only bolting together at the shipyard.

REACTOR

The 630A reactor is light water moderated, beryllium reflected, and air cooled. The
85 concentric-ring fuel elements are clad with a nickel - chrome alloy and are essentially
identical to the HTRE reactor fuel elements. The neutrons are moderated in the center of
the fuel elements as well as on the circumference. Preliminary in-pile burnup and labora-
tory creep and oxidation tests indicate a life of 15, 000 hours or more at 27, 300 SHP can
be satisfactorily achieved. Critical experiment results indicate necessary reactivity will
be available.

PRIMARY LOOP

Air is planned as the primary coolant. An air compressor is provided to charge the

primary loop and to provide seal pressure; a backup unit is also provided.

Blowers

The driving force for the primary coolant, air, is a single-stage, axial-flow blower.
The design of the blower seal provides for continuous airflow into the primary loop. The
system design includes a bleedoff valve for maintenance of constant system pressure.
Bleed air passes through a filter before discharging to the atmosphere. The filter is sized
for the continuous bleed and bleeddown with 100 percent of the fission products released
to the primary air.

An electric motor drives the auxiliary blower which is used for startup, aftercooling,
and "takehome" in the event of primary blower failure. An electric motor drive is also
provided as another means of driving the primary blower. This backup is primarily for
afterheat cooling purposes in the event of a malfunction while operating on the auxiliary
blower.

Blower Seals

The primary blower shaft penetrates the containment vessel. Both a dynamic and a static
seal are used at the penetration. In addition, there is a bellows between the containment
vessel and the housing of the blower steam turbine drive. This system is designed to con-

tain any release occurring as a result of the loss of the pressure vessel seal. With the

dynamic seal on pressure vessel shaft penetration, there are four seals between the pri-
mary loop and the outside atmosphere.

CONTROL RODS

There are 85 scram rods, one of which is located in the center of each fuel element.
The scram rods are connected to 34 scram actuators. The scram rods are either in or
out; there is no intermediate position. The reactor is subcritical with the scram rods out
and the shim rods in. Scram rods will make the reactor subcritical in the event of flooding.
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There are 69 rods in the interstices between the fuel elements. Six of these are connect-
ed to two dynamic actuators and are used for controlling changes in power level. The re-
mainder are shim rods, connected to 26 actuators, and control reactivity changes due to
lifetime effects.

The control rods all operate in the moderator system and must be sealed only against
the system pressure of 75 psia. The drives are all top-mounted. The scram rods are
driven in by spring action. The shim rods have a screw-type drive and have no scram
function.

CONTAINMENT VESSEL

The reactor pressure vessel is enclosed by the containment vessel. The containment
vessel is designed for 250 psi and relies on volume expansion. Part of the side shield
around the center of the reactor is within the containment vessel and the other part is

external to the containment vessel.

MODERATOR LOOP

The moderator loop is contained entirely within the containment vessel. The N1 6 in the
moderator loop will be attenuated by the containment vessel shielding; breaks in the moder-
ator system would be confined to the containment vessel.

630A SAFETY ASSESSMENT

LOSS OF AIRFLOW

In the event of loss of pressure in the primary loop, the aftercooling blower is designed
to cool the fuel even at ambient pressure. Further, heat flow from the fuel to the moder-
ator water will prevent fuel melting after scram even with no airflow through the reactor;
if there is no moderator flow, there will be an interval of at least 5 hours before the
moderator water would boil off.

If there is a total loss of airflow and no scram, partial fuel melting will shut down the

reactor in approximately 7 seconds.

RELEASE OF PRIMARY AIR

The pressure vessel (design pressure 400 psi) and containment vessel (design pressure

250 psi) provide a double barrier to the release of air from the system. The small size of

the assembly and the shielding around it reduce the likelihood of foreign objects breaching

two barriers.

In the event of a power excursion, fuel melting and redistribution will shut down the

reactor before sufficient energy is produced to cause appreciable release of air from the

pressure vessel to the containment vessel.

A rotating shaft seal, an actuated static shaft seal, and a direct coupling to the primary

blower steam turbine drive are provided to prevent the escape of primary air from the

containment vessel. If all rotating shaft seals should fail, the auxiliary blower can con-

tinue cooling the fuel since it is installed within the containment vessel.

Shielding is provided around the containment vessel in critical areas for personnel pro-

tection in the unlikely event of release of contaminated air to this vessel.

For the normal 0. 2 scfm air bleed from the primary loop, both a filter and an alternate

filter are provided. The air cleanup system is sized for complete depressurization and

purging in the event of activation and contamination of the primary air.
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ADDITIONS OF REACTIVITY

The worth of the scram system is sufficient to shut the reactor down in the event of
flooding.

The control system is capable of handling the reactivity added in the event that satu-
rated steam is used in place of air as the coolant.

LOSS OF SECONDARY COOLANT

In the event of loss of feedwater flow, the heat capacity of the boiler is sufficient to
handle aftercooling for 3 hours with a temperature increase of only 1300 F. After 3 hours,
the fuel afterheat can be dissipated to the moderator water without overheating the fueL

LOSS OF MODERATOR FLOW

At least 1 hour is required to boil away the moderator water in the event of loss of
moderator circulation without scram. The reactor would shut down before this time due to
loss of moderator.

PRESSURIZATION OF CONTAINMENT VESSEL

Analyses indicate that the design pressure of 250 psi will not be exceeded under any
reasonable occurrence. These analyses included such events as the following:

1. Boiling of moderator and release to containment
2. Rupture of boiler tubes
3. Rupture of pressure vessel
4. Failure (open) of steam pressure relief valve
5. Startup with boiler full of water and shutoff valves failed closed
6. Failure (closed) of steam lines containment vessel shutoff valves during operation.

630A PROGRAM STATUS

The 630A has been under development since early 1962, when a scoping study verified
that the adaptation of the HTRE- 1 reactor was both feasible and economically practicable.
Such a power plant, and concurrent materials and component testing, has been under de-
velopment at a relatively low rate of funding since that time. A nuclear mockup of the
proposed reactor achieved criticality late in 1962 and is still being operated to determine
and verify the nuclear, mechanical, and aerothermal characteristics of the reactor.

The remaining recommended development program for the 630A includes the design,
construction, and operation of a ground test prototype, followed closely by an operational
ship prototype. The purpose of the ground test unit is to provide the technology that will
be required by industry to initiate production and use of the power plant. The ship oper-
ational prototype experience would complement that of the ground test unit; at the same
time, the operational ship would perform a commercial service.

The design and fabrication of the shipboard installation could be essentially concurrent
with the ground test unit. Using this approach, problems encountered in actual ship oper-
ation could be duplicated in the ground test prototype for more economical solution. Simi-
larly, solutions to equipment problems found during ground test operations could be ap-
plied to the shipboard unit, thus minimizing downtime.

As presently planned, the ground test prototype design and construction phase would
begin July 1964 and would be completed by July 1966. Testing would begin at this time and
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continue for about 2 years. Construction of the ship operational prototype could be initi-
ated in the spring of 1965 with delivery for ship installation in the fall of 1966. Assuming
installation and checkout will require approximately 6 months, at least 6 months of testing
with the ground test prototype will precede the ship operations. Since any major oper-
ational problems with the assembly should be uncovered very early in the tests, this
interval should be sufficient to permit modifications, if required, to the ship unit. A
schedule of the ground test prototype development is shown in Figure 2.

Operation of the ground test prototype will demonstrate the performance capability,
maintainability, and safety of the 630A. The tests will include operations that could be
considered hazardous to demonstrate the reliability and safety of the system, thus gener-
ating data that will help to eliminate unnecessary accessory systems, excessive crew re-
quirements, and excessive operating restrictions. The SAVANNAH experience has demon-
strated the desirability of this approach.
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1. DESCRIPTION OF
THE 630A NUCLEAR STEAM GENERATOR

AND SYSTEM OPERATION

The 630A Nuclear Steam Generator consists of a reactor - shield-plug assembly, boiler,
pressure vessel, side shield, two axial-flow blowers, a containment vessel, controls, and
auxiliary equipment with the major components arranged in a vertical assembly as shown
in Figure 1. 1. The 630A Nuclear Steam Generator is designed to deliver superheated
steam (850 psig, 9500 F), for use with the most modern steam machinery; however, if
required, reduced steam conditions can be delivered for a particular installation. Instal-
lation of this 30, 000 SHP 630A in existing ships of as low as 17, 000 SHP is possible be-
cause of its small size. Installation studies of such ships as the Mariner class (see Fig-
ures 1. 2 and 1. 3), showed that the assembly requires less space than the equivalent oil-
fired boilers it would replace. These studies also showed that no major modifications
would be required in the engine room, hull, or access openings.

The existing stack uptake is sufficiently large to permit lowering the components through
it during installation.

When installed in a ship, the nuclear steam generator will be located on the ship center-
line with all of the nuclear components inboard of the side of the ship by 20 percent of the
maximum beam and oriented so the blowers are parallel to the longitudinal axis of the
ship. Approximately 1 foot of clearance beneath the lower head of the containment vessel
is required to permit lowering this head for repair of the boiler. Consequently, the flat
on which the 630A is mounted will be reinforced with girders to provide a suitable founda-
tion for the nuclear steam generator. The upper portion of the 630A will be braced to the
ship structure to add lateral restraint.

The once-through boiler is located in the lower part of the pressure vessel with the
boiler head at the bottom. The boiler head also serves as the bottom closure for the pres-
sure vessel. The reactor, shield plug, and reactor control elements are assembled as a
unit normally called the reactor - shield-plug assembly. The reactor is suspended from
the shield plug by six moderator-water exit pipes and the shim-rod guide tubes. The
reactor - shield-plug assembly is located above the boiler with only a combination shield
and diffuser between the reactor and boiler. The diffuser reduces the activation of the
boiler tubes and improves flow distribution of the reactor exit air to the boiler region. A
flange located about halfway up the shield plug closes the pressure vessel at the top. The
axial-flow blowers are located within two equally spaced nozzles that penetrate the pres-

sure vessel near the bottom.

The side shield, which surrounds the pressure vessel, is split into two annular sections
by the containment vessel so that the internal part of the side shield is located between the
pressure vessel and the containment vessel and the external part surrounds the contain-
ment vessel. This results in the midsection of the containment vessel being shielded by

25



26

HATCH

SAFETY
ACTUATOR

-
B B

SHIELD

PLUG SHIM

ACTUATOR

CONTAINMENT
VESSEL

AUXILIA RY-

SHIELD . MODER ATOR
COOLING SYSTEM

EXTERNAL SIDE SHIELD,
WATER

INTERNAL SIDE SHIELD,
NUCLEAR WATER AND LEAD

SENSOR

- - -1 NUCLEAR SENSOR

REACTOR BOILER SHIELD

VESSEL AND DIFFUSER

35'-5"' D 
D 

M ACTIVE

ELECTRIC
DRIVE AUXILIARY

BLOWERFN e ( L_

7-17 MAIN BLOWER TURBINE

INTERNAL EE PRESSURE VESSEL DRIVE

SIDE SHIELD,EE
WA TER

CON TANMENT

VE SSEL BOIL ER

BOILER HEADER

SECTION A-A

Fig. 1.1- 630A Nuclear Steam Generator (Dwg. 2193996)



18"6",

ACTUATOR

/

- 00 0

oo doo oo'

F

SECTION B-B

A

SECTION C-C

Fig. 1.1-(Cont'd) 630A Nuclear Steam Generator (Dwg. 219R996)

27

A

-

-I

17'-5"

SHIELD O.D.

- u ui l .. A'

hkr

TYPICAL

CELL



SECTION D-D

I-

FEEDWATER INLET

BLOWER

PRESSURE

CONTAINMENT
VESSEL STEAM OUTLET

SECTION F-F SECTION E-E

Fig. 1.1 -(Cont'd) 630A Nuclear Steam Generator (l)wg. 219R996)

28



29

INBOARD PROFILE Overall Length: About 560 f - 10 in.
Beam Molded: 76 ft --0 in.
Displacement Molded: 18,610 tons

MAIN DECK PLAN

Fig. 1.2-Profile and plan view of the mariner class showing the 630A
installation (Dwg. 221R112)

the part of the side shield outside the containment vessel. The upper section of the con-
tainment vessel is shielded with a layer of lead. The containment vessel is shielded to
provide acceptable radiation levels resulting from the unlikely event of the release of
fission products into the containment vessel. Two nozzles located concentrically to the
pressure vessel nozzles penetrate the containment vessel to maintain continuity of the
containment around the blower nozzles. The nozzle containing the auxiliary blower is
closed by a flanged cylinder with a hemispherical head; thus, the auxiliary blower drive,
electric motor, eddy current coupling, and gear box are completely enclosed within the
containment vessel. The main blower has dynamic and static seals at the shaft penetra-
tion through containment and, of course, a dynamic seal at the shaft penetration through
the pressure vessel. The entire moderator-water cooling system is also located within
the upper head of the containment vessel.

This configuration of the 630A Nuclear Steam Generator is 17 feet, 5 inches in diameter;
35 feet, 5 inches high; and weighs approximately 407 long tons. A summary of the com-
ponent weights is shown in Table 1. 1.

The primary-loop working fluid (air) is contained entirely within the pressure vessel
and is circulated around the closed loop by the main axial-flow blower which takes its
suction from the plenum below the boiler. Air discharged from the blower is directed to
the annular duct passage that surrounds the boiler and the reactor vessel. After reaching
the plenum formed by the lower surface of the shield plug and the upper face of the reac-
tor vessel, the air flows into the bellmouth entrances of 85 individual fuel tubes and through
the reactor. As the air flows downward through the active core, it extracts heat from the
concentric-ring fuel elements by means of turbulent forced-flow convective heat transfer.
The air is then discharged into a plenum between the reactor and the boiler shield and
diffuser. Instrumentation for measuring air temperature is provided within this plenum.
The air then passes through the boiler shield and diffuser to the boiler. Heat is trans-
ferred in cross-counter flow from the air to the steam and water in the boiler by first
passing over the steam superheating surfaces which comprise about 15 percent of the
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TABLE 1.1

SUMMARY OF 630A COMPONENT WEIGHTS

Total Weight, Total Weight,
Steel Water Lead Beryllium Polyethylene lb long tons

Reactor Shield Assembly

Control actuators 2, 450 - - - - 2, 450 1. 10
Control console 2, 050 - - - - 2, 050 0. 91
Shield plug 33,700 6,460 12,970 - - 53,130 23.72
Core 21,980 1,020 - 970 - 23,970 10.70
Steam generator 52,330 050 - - - 52, 980 23.65

Boiler diffuser 6, 220 - - - - 6, 220 2. 78
Pressure vessel 63,730 - - - - 63,730 28.45

Internal side shield 61, 990 19, 960 126, 090 - - 208, 040 92.88
External side shield 68,810 100,290 - - - 169,100 75.49
Upper shield 7,040 2,950 - - 1,920 11,910 5.32
Blowers 10,550 - - - - 10,550 4.71

Blower shield - - 18, 390 - - 18, 390 8.21

Containment

Upper shell and head 46, 210 - 36, 440 - - 82, 650 36.89
Shell 89,000 - - - - 89,000 39.73

Lower head 9,200 - - - - 9, 200 4.12
Auxiliary blower containment 7, 910 - 12, 040 - - 19, 950 8.91

Accessories

Pumps 1,210 - - - - 1,210 0.54
Heat exchanger 9,170 3,610 - - - 12,780 5.71
Expansion tank 1,500 1,420 - - - 2,920 1.30
Pipes, fittings, 71,110 1,580 - - - 72,690 32.45

miscellaneous auxiliaries

Totals 407.57

total heat transfer area. It then passes successively over the evaporating and economizer
surfaces which contain about 54 and 31 percent of the total heat transfer area, respec-
tively. Finally, the air discharges from the boiler, flows outward to the annular duct,
and returns to the blower inlet, thus completing the cycle.

During startup or aftercooling operations, the cooling air is circulated by the auxiliary
blower which is located diametrically opposite the main blower. Check valves are located
at the discharge of each blower to prevent backflow through the blower not in use.

1.1 PROPULSION SYSTEM

The propulsion equipment consists of the nuclear steam generator, propulsion turbines,
drive turbine for the main blower, auxiliary turbine generator, and other auxiliary equip-
ment such as condensers, feedwater demineralizer, condensate pumps, boiler feed pumps,
and desuperheaters. A typical arrangement is shown schematically in Figure 1. 4. The
main propulsion turbines and auxiliary equipment referred to as the secondary loop are
conventional units in all respects. The steam cycle is a regenerative, nonreheat cycle
utilizing four stages of feedwater heating.

High-pressure, high-temperature steam is delivered to the propulsion turbine throttle
from the nuclear steam generator. The propulsion turbine consists of a cross-compound,
single-flow arrangement with four steam extraction openings leading to the auxiliary
equipment. Three extractions are taken from the high-pressure unit and one from the
low-pressure unit.
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The first steam extraction is taken from the first stage shell of the propulsion turbine
and is used to operate the main blower turbine, the axuiliary turbine generator, and the
turbine-driven boiler feed pump. The second steam extraction is used to generate low-
pressure steam for ship's service and to provide heat to the high-pressure, or fourth,
closed feedwater heater. The third steam extraction opening is used to bleed steam which
is delivered to the third closed feedwater heater. The second deaerating feedwater heater
receives heat from the boiler feed-pump turbine. The fourth extraction from the main
propulsion turbine is a low-pressure extraction used by the evaporator which provides
fresh water for ship's service and make-up water for the steam power plant. Steam not
extracted from the main propulsion turbine continues its expansion to the main condenser,
condenses, and is pumped from the condenser hot well to be mixed with condensate from
the auxiliary turbine-generator unit. It is planned to divide the condenser into two parts
so that one section may be valved off for tube maintenance. The condensate next passes
through the demineralizer and then to the first, or low-pressure, feedwater heater.
Rather than using low-pressure extracted steam for its heat supply, this first heater, a
shell-and-tube-type heat exchanger, receives its heat from the reactor moderator water.
A cycle performance gain is thereby achieved because moderator heat is not lost from
the thermodynamic cycle of the power plant.

The temperature of the feedwater is elevated further as it is pumped through the re-
maining three feedwater heaters of this regenerative cycle. The steam-turbine-driven
boiler feed pump elevates feedwater pressure and returns the feedwater to the economizer
section of the steam generator. A motor-driven boiler feed pump is available for startup
and emergency operations.

The boiler is of once-through design, i. e., neither a water drum nor recirculating
pump are required because feedwater flows continuously from the economizer to the
evaporator and then to the superheater where it emerges as superheated steam.

A steam desuperheater is utilized to provide steam of reduced pressure and tempera-
ture directly to the auxiliary turbines during astern and reduced-load operations. During
normal load operation, the desuperheater provides steam to the steam-jet air ejectors. A
second desuperheater is used in the main steam bypass line to the main condenser for use
during startup and also in the event of a required steam dump to the condenser if the load
is suddenly dropped.

1.2 OPERATING PROCEDURES - SHIPBOARD

1.2.1 STARTUP

During startup, the power plant is operated by the auxiliary and standby equipment -
the auxiliary blower, the motor-driven boiler feed pump, and standby power generating
units. The steam discharge is connected to the main condenser through a pressure regu-
lating valve and desuperheater. All steam turbine throttle valves are closed. The boiler
is filled with water to a predetermined level and then the feedwater supply is shut off.
The system is charged with air and pressurized for the proper operating pressure at the
desired loop temperatures. The cooling air is circulated by the motor-driven auxiliary
blower. The moderator water is circulated through the reactor and the reactor is gradu-
ally brought to about 10 percent of scheduled power. As steam is generated in the boiler,
the steam pressure increases to a controlled level and steam is bled through the pressure
regulating valve and desuperheated to the main condenser. As the boiler water level de-
creases, and as steam temperature increases to a scheduled value, the feedwater con-
trols gradually supply feedWater at a scheduled flow rate which is automatically trimmed
to maintain the desired steam superheat temperature.



34

At this point, the steam flow is delivered directly to the main blower turbine, the aux-
iliary turbine-generator, and the boiler feedwater-pump turbine. Standby motor-driven
pumps and generators are shut down and the auxiliary air blower speed is reduced to idle
and its motor drive continues to operate at very light load.

1.2.2 OPERATION

With increased reactor power, steam is admitted to the propulsion turbines and the
power plant is operating in the reduced power operating mode. Propulsion power changes
are obtained by operation of a power demand lever which provides scheduled demands for
airflow and feedwater flow. Corresponding manual adjustment of the propulsion turbine
throttle valves is required to regulate the vessel's speed. Up to about 70-percent load,
the auxiliary steam turbines continue to operate on desuperheated steam. To improve
efficiency at greater loads, the desuperheated steam supply to these turbines is auto-
matically cut off, and steam extracted from the main propulsion turbine is used to drive
the auxiliaries. Thus, during normal operation, except for a small amount of desuper-
heated steam supplied to the steam-jet air ejectors, all steam generated is supplied to
the propulsion turbine throttle. During maneuvering operations, a maximum time of 40
seconds is required for propulsion load changes of 20 to 60, 60 to 80, 80 to 40, or 40 to
20 percent load.

Astern operation is accomplished in a conventional manner, i. e., the main propulsion
turbine throttle is closed, desuperheated steam is automatically admitted to the auxiliary
turbines, and excess steam (desuperheated and reduced in pressure) is delivered to the
main condenser. A guardian valve and an astern turbine throttle valve are then opened to
admit steam to the astern turbine rather than to the condenser. Eighty percent normal
ahead torque at 50 percent normal ahead rpm is obtained with design steam pressure and
temperature.

1.2.3 SHUTDOWN

The shutdown procedure is initiated by reducing the power level to about 10 percent of
full power; the auxiliary turbines are then automatically converted to operation on de-
superheated steam. The auxiliary blower is brought up to speed and the motor-driven
boiler feed pump is cut in after the standby power generators are placed in operation.
Steam generated in the boiler is then diverted to the main condenser through the bypass
desuperheater and the reactor is shut down.

A variety of control signals, as shown in the section on controls, will initiate reactor
scram. The power-plant operations that occur during and subsequent to a reactor shut-
down (emergency or normal) are accomplished in the following sequence:

1. The auxiliary blower and auxiliary boiler feed pump are put on the line, loading the
standby diesel-driven auxiliary generator. Circulation of aftercooling air is estab-
lished, and circulation of feedwater through the steam generator is maintained.

2. Simultaneously, the throttle steam is bypassed around the main and auxiliary tur-
bines to the condenser to cut off the low-pressure, low-temperature steam to the
turbines.

3. Moderator and shield circulating water pumps, receiving power from the standby
electrical system, continue to operate. Moderator heat is transferred to the feed-
water system, as it is during normal operation.

4. The steam propulsion plant and steam-driven auxiliaries are secured in conventional
fashion.

5. The auxiliary blower continues to circulate air around the primary loop to remove
the afterheat from the active core. Feedwater circulation through the boiler is
maintained so that afterheat is eventually dumped to the condenser circulating water.
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The blower is driven by a 150 horsepower electric motor and is sized to circulate
air around the primary loop at the minimum rate of 10 pounds per second as required
for adequate afterheat removal from the reactor. This flow rate is attainable if the
primary-loop pressure has decreased to atmospheric pressure.

In the event the main blower fails, the power plant can be operated at a significant
power level by using the auxiliary blower and maintaining 400 psia pressure in the pri-
mary loop. The power level thus achieved is adequate to provide steam for the steam-
driven auxiliaries and also about 25 percent of maximum rating, about 7500 SHP. At a
primary-loop air pressure of 14. 7 psia, the steam generation under auxiliary blower
operation would be adequate for normal auxiliary turbine-generator power production.

1.3 NUCLEAR STEAM GENERATOR CONTROLS

Control of the 630A is effected through the use of three systems: (1) a reactor startup
system, (2) a power range system, and (3) a safety system. The reactor startup system
monitors reactor power between source level and 10 percent of full power and displays
the power level and the rate of change of power to the operator. The power range system
automatically regulates reactor power, boiler feedwater flow rate and primary-loop air-
flow rate to maintain demanded steam conditions. The safety system monitors nuclear
steam generator parameters and, if any exceed set limits, either provides a warning to
the operator or acts directly to bring parameters within limits.

1.3.1 REACTOR STARTUP RANGE SYSTEM

Reactor power in the range between source level and approximately 10 percent of full
power will be controlled manually by the operator as he remotely adjusts the positions of
the shim rod drives. The condition of the reactor during the complete startup will be
monitored and displayed for the operator by two different sets of instrumentation. Source
range instrumentation will cover the range between source level and 5 x 10-6 percent full
power, and intermediate range instrumentation will cover the range between 10-6 and 10
percent full power.
Source Range System

The source range system, shown in Figure 1. 5, contains two identical channels each
consisting of a fission chamber located in the shield near the reactor core, a pulse ampli-
fier, a discriminator, a log count rate circuit, a log count rate amplifier, a log count
rate meter, a period amplifier, a period meter, and a period trip circuit. Log count
rate and period will be displayed for each channel for comparison by the operator. The
operator manipulates the remotely controlled rod actuators to obtain the desired log
count rate level or rate of change. There will be a period warning if the measured period
becomes less than a predetermined level (approximately 30 seconds). No other active
safeties will be employed in the source range.

Intermediate Range System

The intermediate range system, shown in Figure 1. 6, consists of two identical channels
each made up of a compensated ion chamber, a log amplifier, a period computer, a log
flux meter, a period meter, and safety trip circuits. Log flux and period will be displayed
for each channel for comparison by the operator. As in the source range, the operator
manipulates the remotely controlled shim rod actuators to obtain desired log flux or rate
of change.

An automatic period safety and a level safety are included in this range. A warning
light will alert the operator if the reactor period becomes shorter than a set level. If the
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period is allowed to reach the next level of safety, a signal will call for automatic inser-
tion of all shim rods. Another function of the period safety is to serve as an active safety
for the source range.

The level safety will also insert all shim rods if the power measured by the intermedi-
ate range reaches a preset level with the power range demand still calling for minimum
power (approximately 10% of full power). This safety will be disarmed when the operator
moves the power demand lever to demand a power greater than the minimum demand.

The intermediate range will overlap the source range by about one-half a decade so that
the operator can be sure that the intermediate range log flux meters are operating before
using them for control.

1.3.2 POWER-RANGE SYSTEM

When operating in the range between 10 and 100 percent of full power, the reactor
power is regulated to maintain a constant reactor discharge-air temperature. This has
the advantages of maintaining relatively constant temperatures within the core, thus re-
ducing thermal stresses, and of providing good transient response because the temperature
of the material within the core does not have to be changed during a power transient.

Feedwater flow rate and primary-loop airflow rate are regulated to maintain desired
steam conditions of temperature, pressure, and flow. For any load condition, the approx-
imate steady state feedwater flow rate and primary-loop airflow rate are scheduled as a
function of power-demand lever position. These schedules are automatically adjusted
about the desired operating point to maintain steam temperature and pressure at constant
values, 950 0F and 850 psi. Therefore, opening or closing the throttle varies the schedule

of feedwater flow and reactor airflow which sets the approximately desired steam temper-
ature and pressure. These conditions are then trimmed automatically in the event the

scheduled adjustments are in error from causes such as differences in auxiliary power
extractions.

The power-range control system may be used in combination with either a propulsion
turbine having only manually operated throttle valves, or one having valves which are re-
motely operated. When used with a turbine which has only manual throttle valves, small
changes in load can be made without changing the power-demand lever position since the
control will adjust the scheduled demands by approximately 10 percent; however, large
changes in load require a coordinated change in power-demand lever position. If a large
reduction in load is made without changing the power-demand lever position, the excess
steam generated is bypassed through a desuperheater to the main condenser. When the
control is used with a turbine which has remotely controllable throttle valves, the load
demand may be integrated as a part of the power-demand lever thus coordinating in a
single lever the demands for feedwater flow, primary-loop airflow, and steam flow. A
separate lever is used for accomplishing transfer between ahead and astern operation.

A steam bypass loop is provided to direct excess steam through a desuperheater to the
main condenser during conditions such as transition between ahead and astern operation
and turbine trip-out.

Reactor Power-Range Control

A block diagram of the reactor power-range control system, which is very similar from
a systems standpoint to those designed and built by General Electric during the ANP pro-
gram, is shown in Figure 1. 7. The system's function is to regulate reactor power to
maintain the temperature of the air discharged from the reactor at the demanded level.
This demanded level is changed very slowly during startup to prevent exceeding thermal
stress limits in structural components and is held at a constant 12000F during normal
power operation.
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The system is basically a nuclear flux loop w ithin a temperature loop. When there is a
difference between the demanded temperature and the measured temperature, the resulting
error signal is fed to an integrator and the output of the integrator is compared with the
measured power (neutron flux) signal. The difference is used to position poison control
rods within the core to reduce the temperature error to zero. The rods are positioned
within the core by two dynamic (proportional) and 26 shim (on - off) actuators. The dy-
namic actuators are used to provide improved accuracy and response over that attainable
with shim actuators alone, although the reactor may be operated safely on shims alone.
The dynamic actuators will be operated, within the velocity limits of the actuators, at a
velocity proportional to flux error. Whenever the dynamic actuators move a predeter-
mined distance from null position (one-half withdrawn), shim actuators will be actuated
to return the dynamic actuators to null position. These shim actuators will be in either
of three states of operation; full insert rate, off, or full withdraw rate. They will be
driven by synchronous motors, thus making their velocity proportional to line frequency
and providing a method of "fixing" their reactivity rate.

The air temperature used for control is sensed by multiple thermocouples arranged in
parallel and located directly below the reactor core. Reactor power, used as feedback in
the flux loop, is sensed by an ion chamber located in the shield plug.

Feedwater Control System

In the once-through boiler used in the 630A, feedwater enters one end of the tubes and
leaves the other end as superheated steam. Likewise, all of the air which transfers heat
from the reactor to the steam generator passes over the series arrangement of super-
heater, boiler, and economizer sections. Since the temperature@ at the air discharged
from the reactor is held approximately constant, the steam conditions of pressure, tem-
perature, and flow must be controlled by some combination of feedwater flow and primary-
loop airflow regulation. The approximate feedwater flow and airflow can be scheduled as
a function of load demand but accurate control of steam pressure and temperature requires
some method of automatically adjusting these schedules.

The feedwater control system, shown schematically in Figure 1. 8, schedules feedwater
flow as a function of power lever position, compares this with a measured flow signal, and
any difference or -error is amplified and applied to the feedwater-flow control valve to
regulate flow, thus forcing the measured flow to equal the demanded flow. The steam
temperature demand is compared with the measured temperature and the difference or
error is used to adjust the feedwater schedule until a water level in the boiler is reached
which results in a combination of steam flow, steam pressure, and superheater area that
produces steam at the demanded temperature. This method of control is being evaluated
with a once-through test boiler; the test results are presented in section 10, Development
Programs. The alternative of controlling steam pressure by controlling feedwater flow
will also be evaluated.

Primary-Loop Airflow Control

Since the reactor control regulates power to maintain the temperature of the air dis-
charged from the reactor at a constant level, the rate at which power is transferred from
the reactor to the boiler is governed by the mass flow rate of air circulating through the
primary loop and the drop in air temperature across the boiler. The airflow rate is con-
trolled by regulating the rotor speed of the main blower-drive turbine which is directly
connected to the blower.

The airflow control system, shown in block diagram form in Figure 1,9, schedules
turbine speed as a function of power lever position and the turbine control regulates speed
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to satisfy this demand. The steam pressure demand is compared with the measured pres-
sure and the difference or error is used to adjust the scheduled speed of the turbine until
the steam pressure error is reduced to zero. This method of control is also being evalu-
ated with the once-through test boiler in conjunction with the feedwater control described
above. The alternative of controlling steam temperature by controlling airflow will also
be evaluated.

1.3.3 SAFETY SYSTEM

The safety system is designed to prevent damage resulting from a failure in the control
system, operator negligence, and all forseeable external perturbations. Five types of
safety actions are provided:

1. Warning - To alert the operator to possible unsafe conditions.
2. Insert-all-shims - To insert automatically all shim negative reactivity at shim rate.
3. Scram - To insert automatically all safety negative reactivity at maximum rate with

automatic followup insertion of all shim rods.
4. Interlock - To enforce a specified sequence of events.
5. Override - To permit the operator to override the automatic control with the excep-

tion of safety responses.

Warning - Warning lights will indicate when certain power plant parameters exceed their
normal maximum levels. This will warn the operator to be alert to the possibility of equip-
ment malfunction. Depending on the circumstances, the operator may elect to reduce power
or continue the operation. The lights will be automatically extinguished when the parame-
ters return to their normal operating level. If they exceed still higher preset limits, how-
ever, the reactor will be automatically scrammed.

Insert-all-shims - Used in the intermediate range, the insert-all-shims action causes
the opening of the shim withdraw bus and closing of the shim insert bus. This action, once
initiated, cannot be reversed until the parameter that caused it has returned to limits.
To withdraw the shim rods again, the operator must manually close the shim withdraw
bus switches, which are of the spring-return type with a normally open position.

Scram - Scram will be initiated by removing power from the safety actuator latching
solenoids which vents the pneumatic latch and permits mechanical springs to drive the
poison into the core. Once initiated, scram must be completed. A reactor startup is re-
quired to bring the power plant back to operating power.

The warning, insert-all-shims, and scram parameters are listed in Appendix A.

Interlock - Three interlock safeties, which give added protection and backup to the re-
actor instrumentation, are the "all safeties latched," power demand, and a high-flux
interlock. If all safety rods are not withdrawn and latched and insert-all-shims safety
will be initiated which will prevent any shim rods from being withdrawn. The power de-
mand safety insures that the automatic control system is available to "level-off" power
at the bottom of the power range and thus reduce the possibility of a startup accident.
Unless the power demand control is placed in its minimum position, the reactor control
will receive an insert-all-shims safety; thus preventing reactor startup. Only after the
measured power reaches approximately 5 percent full power can the demand be increased
above minimum. The high-flux interlock is employed to prevent a startup accident by in-
serting all shims when measured power exceeds some low-power level, approximately 10
megawatts, with the power demand calling for minimum power.
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1.4 DESIGN POINT SELECTION

Performance calculations have been made for a variety of pressure and temperature
conditions of air as the primary coolant as well as for several other working fluids. The
recommended operating conditions for the 630A are shown in Table 1. 2. The reactor exit
air temperature of 12009F was selected to ease design problems connected with boiler
support, fuel element life, and structural and boiler tube material requirements. The
high level of plant efficiency, 30. 2 percent, is achieved by maintaining low blower power
requirements with the use of 400 psia primary loop working pressure. The design point
for the 630A is at the normal shaft horsepower condition, 27, 300 SHP. As discussed in
the section on cycle optimization the above efficiencies do not represent the maximum
achievable. This cycle was selected early in the program and maintained to provide a
consistent base for the various component studies.

TABLE 1.2

DESIGN POINT CONDITIONS

Reactor airflow, lb/sec 352
Reactor inlet temperature, oF 571
Reactor exit temperature, oF 1200
Blower discharge pressure, psia 400
Reactor exit pressure, psia 384
Boiler exit pressure, psia 375. 5
Steam temperature, oF 950
Steam pressure, psig 850
Normal rating, SHP 27, 300

1.4.1 CYCLE PERFORMANCE

Preliminary overall power plant performance estimates are based on assumptions of
power plant size, auxiliary power, ship's heating load requirements, primary loop con-
ditions, and operating conditions of the working fluid in the secondary loop, as detailed
in the following paragraphs.

The reactor is rated at 67. 4 megawatts for operation requiring 27, 300 normal SHP and
normal auxiliary power and heating requirements. The reactor is capable of generating
75 megawatts as required for producing 30, 000 maximum SHP with normal ship's service
auxiliary loads.

During operation under normal sea conditions at 27, 300 SHP, the 630A is capable of
providing heat for a normal Butterworth heating load of 35 x 106 Btu/hr. The primary-
loop air temperature at the reactor exit is 12000F, and the main blower discharge pres-
sure is 400 psia. Other values of primary-loop temperatures and pressures are entirely
feasible. Although a wide variety of both steam conditions and feedwater heating cycle
arrangements is practical, the throttle steam conditions selected are 850 psig pressure,
and 9500 F temperature with a back pressure of 1. 5 inches of Hg, absolute. These pres-
sure and temperature conditions are believed to be the maximum desirable for use in
current maritime vessels.

The arrangement of feedwater heaters and the estimates of steam cycle performance
were based on the recommendations and procedures outlined by Giblon and Stott.*

*Ilobert . (;iblon and Chester W. Stott, effect t of Steam Conditions and Cycle Arrangement on Marine Power Plant

Performance as I)etermined by the E'lectronic Computer," The Society of Naval Architects and Marine Engineers,

\pr 0-il, 1961.
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Optimization studies involving several power plant heat balances indicate that the opti-
mum final feedwater temperature is about 4000 F and that variations of 500 F from this
value do not significantly affect thermodynamic cycle efficiency.'

Detailed performance estimates made for the 27, 300 SHP plant are shown in Figure 1. 4.
Air enters the reactor at 394. 5 psia pressure and 571 0 F temperature. It is heated to an
average temperature of 12000F at the reactor exit. The pressure drop across the reactor
is 2. 7 percent or 10. 5 psi. The airflow rate is 352 lb/sec. Air enters the superheat sec-
tion of the boiler at 12000 F and 384 psia. Heat is transferred to the steam and water at
the rate of 2. 13 x 108 Btu/hr. The air is discharged from the steam generator at 5500F
and 375. 5 psia. The pressure loss through the boiler is about 2. 2 percent of inlet total
pressure or 8. 5 psi. The axial-flow blower with an operating pressure ratio of 1. 07 in-
creases the air pressure to 400 psia and 571 0 F temperature. The blower is driven by a
steam turbine which delivers 2600 brake-horsepower at this operating point. Primary-
loop duct pressure losses are about 1. 75 percent, or 7 psi. The total estimated primary
coolant pressure loss is 26. 0 psi.

The most significant thermodynamic performance predictions for the 630A are given in
Table 1. 3, and those of the secondary loop steam cycle are given in Table 1. 4.

TABLE 1.3

THERMODYNAMIC PERFORMANCE OF THE
27, 300 SHP 630A

Reactor power, mw 67. 4
Airflow, lb/sec 352
Reactor discharge air temperature, OF 1200
Blower discharge pressure, psia 400
Primary-loop air pressure loss, psi 26

TABLE 1.4

THERMODYNAMIC PERFORMANCE OF THE
SECONDARY LOOP STEAM CYCLE OF THE 27, 300 SHP 630A

Overall thermal efficiency, % 30. 2
Rating, SHP 27, 300
Steam flow rate, lb/hr 193, 878
Throttle pressure, psig 850
Throttle temperature, OF 950

Condenser pressure, in. Hg absolute 1.5
Auxiliary power, kw 537
Blower power, bhp 2600
Boiler feed pump power, bhp 387

1.4.2 CYCLE OPTIMIZATION

The thermal efficiency of 30. 2 percent indicated on Figure 1. 4 compares favorably with
conventional maritime steam plant performance; however, it does not represent the maxi-
mum achievable efficiency. Several methods of increasing the performance level are avail-
able: (1) higher primary-loop operating pressure, (2) higher primary coolant temperature
at reactor exit, (3) use of higher throttle steam pressure and temperature, and (4) selec-
tion of a steam reheat cycle rather than a nonreheat cycle.

1. Performance is improved by increasing the primary-loop air pressure because pres-
sure losses are lower, thereby reducing the blower power requirements. For exam-
ple, increasing the pressure from 400 to 500 psia produces an overall efficiency of
about 30. 6 percent, a gain of 0. 4 point from the 30. 2 percent level.
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2. Increased reactor exit air temperature also increases overall performance by reduc-
ing pumping power requirements at the lower required flow rate. A 500 F higher
temperature results directly in about 0. 5 point increase in efficiency (30. 2% to
30. 7%). If 500 F higher throttle steam temperature is also used, to maintain about
the same mean temperature difference from air to steam, another 0. 5 point gain
is made, thereby providing a total gain of 1 point.

3. Improved performance can also be achieved by using higher throttle steam tempera-
ture and pressures with the 12000 F air temperature. For example, if the steam
temperature is increased from 9500 to 1000 0 F, the efficiency increases from 30. 2
percent to about 30. 7 percent. Raising the operating pressure from 850 to 950 psi
would produce a gain in efficiency of about 0. 3 point.

4. Better performance can also be realized by using a steam reheat cycle, instead of a
nonreheat cycle, utilizing heat additon to the steam as it passes from the high-
pressure propulsion turbine to the low-pressure turbine. This could probably be
accomplished most easily with a steam-to-steam reheater. The performance gain
would be about 1. 2 points, increasing efficiency from 30. 2 percent to 31. 4 percent.

The practicality of incorporating one or more of these means is being studied. Since the
present conditions are believed to be conservative, gains in efficiency are expected with
further study and experiments.

In addition to the above, performance gains are available by use of working fluids other
than air and by application of various other turbine drive arrangements for the blower.
These are discussed in section 11, Alternate Configurations.

The selected feedwater heating cycle consists of four feedwater heaters arranged as
shown in Figure 1. 4. In order to predict the effects of varying the number of feedwater
heaters, several heat balance computations were made by means of digital computer pro-
grams. For the purpose of this study, heaters were removed from the cycle in succession,
starting with the high-pressure heater. Extraction stage shell pressures were maintained
constant and the power was maintained at approximately the normal value of 27, 300 SHP.
The final feedwater temperature decreased as heaters were eliminated and the primary
loop blower inlet air temperature was diminished to maintain, for all cases, approximately
the same mean temperature difference in the economizer. The results of this study are
tabulated in Table 1. 5. It may be seen that although blower power requirements are di-
minished as heaters are eliminated, the overall cycle efficiency decreases from 30. 2
percent to 29. 6 percent because of the less efficient regenerative feedwater heating cycle.
Of possible greater significance is an increased boiler heat-transfer area requirement as
the number of feedwater heaters is reduced from four to one.

Considerable effort has been expended in the attempt to optimize the trade-off between
increased duct and annular flow area in the primary loop and the increase in pressure
vessel diameter necessary to accommodate this flow area.

TABLE 1.5

EFFECT OF VARYING THE NUMBER OF FEEDWATER HEATERS

Feedwater Blower Inlet Total Reactor Blower
No. Of Flow, Airflow, Air Temperature, Power, Power, Shaft Overall Change In

Heaters 1000 lb/hr lb/sec OF mw bhp Horsepower Efficiency, % Boiler Area, %

4 194 352 550 67.4 2600 27,300 30.2 Base

3 184.3 335 505 68.5 2210 27,700 30.2 +7.8

2 178.5 324 471 69.6 1920 28,000 30.0 -11.5

1 173.6 315 435 70.9 1770 28,100 29.6 +17
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The effects upon pressure loss of varying blower inlet and exit flow areas have been
evaluated and are shown in Figure 1. 10. The curves show that pressure loss decreases
would be negligible if areas larger than 650 square inches were selected.
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Fig. 1.10- Effects of varying blower inlet and exit areas on pressure loss

Preliminary design studies of the blower ducting, which includes two diffusers and two
90-degree turns, indicate that pressure losses will be about 4. 0 psi at the normal operating
point. These losses are based on a Mach number of 0. 05 at the exit to the annular duct
around the boiler. An allowance of 3. 0 psi has been assigned to the pressure losses asso-
ciated with the remainder of the ducting, which forms the flow path from the boiler exit to
blower inlet, and from the last diffuser following the blower to the fuel element inlet.
Scale- model testing is planned to verify pressure loss estimates and predict flow distribu-
tion at the blower entrance.

Figure 1. 11 shows the effect on overall thermal efficiency of primary-loop pressure
drop changes. A 1. 0 psi increase in pressure loss causes about 0. 08 point decrease in
efficiency (30. 2 to 30. 12%).

In summary, the proposed 630A power plant is adaptable for use with either new or
existing high-performance marine steam power plants. It is fully suitable over a broad
range of capacities and operating conditions. The significant parameters have been es-
tablished, but operating conditions are flexible and may be adjusted to suit various ap-
plications.

0
Notes:

- - - - Annulus areas around the boiler are
assumed to be 700 inch

2

Radius ratios are assumed to be in
the range of 2 to 5.

Area before the exit turn, Adftt

0 turn, is assumed to be 650 inch 2

-0--- - Area before the exit turn, A

is equal to the area at the outlet of
the exit turn, A
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Fig. 1.11- Effect of primary loop pressure loss on over-all thermal efficiency

1.5 DESIGN SPECIFICATIONS AND STANDARDS

1. 5. 1 APPLICABLE CODES AND REQUIREMENTS

The 630A is being designed to comply with all the codes and regulations of the cognizant
regulatory bodies including:

1. Atomic Energy Commission.
2. United States Coast Guard, including CG-115, "Maritime Engineering Regulations

and Material Specifications" and CG-259, "Electrical Engineering Regulations."
3. American Bureau of Shipping, including "Rules for Building and Classing Steel

Vessels - 1962" and "Guide for the Classification of Nuclear Ships."
4. United States Public Health Service.
5. American Institute of Electrical Engineers Standard No. 45.
6. International Convention for Safety of Life at Sea, 1948.

1. 5. 2 PRESSURE VESSEL APPLICATIONS

In addition to the requirements of the above codes and regulations, all components
falling within the scope of the ASME Boiler and Pressure Vessel Code will be designed,
fabricated, inspected, tested and certified in accordance with the latest edition of the
Code, including revisions, addenda, and applicable cases such as the nuclear cases
1270N through 1276N. As required by the nuclear cases of this code, calculations will
be made of the primary stresses and of the thermal stresses caused by temperature
distributions at any level of steady state power operation. The calculations will be made
assuming elastic behavior. These stresses, individually and in the required combinations,
will be limited to the specified maximum allowable stress values for the design tempera-
tures. The design procedures outlined in the U. S. Department of Commerce Report PB
151987, "Tentative Structural Design Basis for Reactor Pressure Vessels and Directly
Associated Components (Pressurized, Water-Cooled Systems)," will be used as a guide
to evaluate the secondary and thermal stresses.

The rules of the Code are intended to provide minimum safety requirements for new
construction and do not cover all the details for provision against deterioration which
may occur in service as a result of factors such as corrosion, erosion, radiation effects,
and instability of materials, and of operating conditions such as transient thermal stress,

_ III __ __ __ __ __ -



47

mechanical shock, and vibratory loading. The materials, methods of construction, and
inspection requirements will be carefully selected to minimize such effects. The specifica-
tions for each component including the materials and design conditions are given in Appen-
dix A. Requirements with respect to these effects will be established and incorporated
into the design criteria to insure integrity throughout the 20-year design life of the vessel
and structure. The design procedures outlined in PB 151987 will also be used as a guide
to evaluate transient thermal stresses.

1.5.3 SHIP MOTIONS

The 630A is designed to operate satisfactorily when subjected to the following ship mo-
tions specified by the American Bureau of Shipping, "Guide for the Classification of Nu-
clear Ships," 1962:

1. Roll - 30 degrees single amplitude
2. Pitch - 10 degrees single amplitude
3. List - 15 degrees
4. Trim - 5 degrees

Emergency devices and safety systems associated with the reactor are designed to
operate satisfactorily when subjected to the following ship motions:

1. Roll - 45 degrees single amplitude
2. Pitch - 12 degrees single amplitude
3. List - 45 degrees
4. Trim - 10 degrees

Maximum angles of roll and pitch will not be considered simultaneously with maximum
angles of list and trim.

The containment vessel is designed to remain intact in any attitude assumed by the ship
in the event of a collision or sinking. Provision will be made for flooding the containment
vessel to equalize pressures and prevent collapse of the vessel if the ship should sink in
deep water. The major components of the 630A will be designed to remain in place after a
collision or sinking.

Forces Caused by Ship Motions

In the absence of a specific ship application, the 630A is designed to operate satis-
factorily when subjected to acceleration forces of 1. 5 G. For a specific ship application,
the 630A will be designed to operate satisfactorily when subjected to the following forces
caused by acceleration of the ship:

1. Vertical acceleration - The vertical acceleration is the vector sum of maximum ac-
celerations caused by:

a. Heave and pitch.

0. 3 + distance to amidship G

length on LWL

b. Roll. The maximum accelerations due to roll will be calculated on the basis of
simple harmonic motion and the ship's natural period with roll angles between
0 and 30 degrees single amplitude. The natural period should be the shortest that
can occur in any condition of ship's loading.
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2. Athwartship accelerations - The athwartship acceleration is the vector sum of maxi-
mum accelerations caused by:

a. Sway and yaw.

0. 1 + 0.4 distance to amidship G

length on LWL

b. Roll. Same as 1(b) but not less than 1. OG.

3. Fore and aft accelerations - The fore and aft acceleration should be not less than
1.O G.

Should the acceleration forces for a specific ship application prove more severe than the
1. 5 G presently used in the design, they can be met without undue difficulty.

1. 5. 4 RADIATION PROTECTION STANDARDS

The shielding and radioactive-contamination control will be designed to satisfy the re-
quirements set forth in the "Code of Federal Regulations, Title 10 - Atomic Energy,
Chapter 1 - Atomic Energy Commission, Part 20 - Standards for Protection Against Radia-
tion" as required by the Atomic Energy Commission and the U. S. Coast Guard. The criteria
set forth in the following documents will be used as guides in establishing the requirements
for the overall design:

1. "Design Criteria and Guide for Design of Nuclear Powered Merchant Ships, " U. S. De-
partment of Commerce, Maritime Commission, Nuclear Project Office, January 1960.

2. "Background Material for the Development of Radiation Protection Standards - Staff
Report No. 1, " Federal Radiation Council, May 1960.

3. "Background Material for the Development of Radiation Protection Standards - Staff
Report No. 2," Federal Radiation Council, September 1961.

4. "Licensing of Production and Utilization Facilities," Code of Federal Regulations,
Title 10, Part 50.

5. "Reactor Site Criteria," Code of Federal Regulations, Title 10, Part 100.
6. "Port Operation in the Matter of the N. S. Savannah," AEC/MA Joint Group Revision

of August 1, 1962.
7. "N. S. Savannah Technical Specifications," Todd/SML-NSS 15, May 1963.

The Code of Federal Regulations is not directly applicable to shipboard reactors and
references 6 and 7 have been prepared to provide interim regulatory standards of nuclear
safety for a particular application. All of these references will be used in the formulation
of the necessary design standards, safety procedures, and operating limits to govern the
nuclear safety aspects of the 630A.

1.6 DESIGN PHILOSOPHY

The 630A is designed to deliver superheated steam throughout its 20-year design life.
Although the particular design under consideration is for 850 psi, 9500F steam, the power
plant is easily adaptable to throttle inlet conditions for other modern marine propulsion
turbines. The size is not to exceed 18 feet in diameter and 36 feet in height. The weight
is targeted at 410 long tons including shielding, containment vessel, and accessory
equipment.

A modular design concept is employed to facilitate installation and maintenance. The
size and weight of the modules will be limited to that which can be shipped by commercial
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land transportation. This concept minimizes the cost of fabrication and installation and
reduces the ship fabrication schedule as the power plant is being fabricated in parallel.
The reliability and maintainability are also enhanced as the individual modules will be
inspected and checked out prior to their installation on a ship.

There are three barriers in the 630A to prevent the release of fission products from
the assembly: the cladding over the fuel matrix, the pressure vessel which is fully
shielded by the side shield and the shield plug, and the shielded containment vessel. A
fourth level of containment is possible with a reactor compartment in the ship.

Reliability of components will be stressed; the objective is a nuclear steam generator
that has a reliability consistent with the high reliability of modern marine steam turbine
power plants.

The power plant is designed so that major maintenance operations such as refueling
will normally be required only at intervals of two or more years. The refueling will be

accomplished by removing the reactor - shield-plug unit complete with control rod actu-

ators, control rods, and nuclear chambers and replacing it with a previously refueled
and checked-out unit. Other modular units requiring major maintenance may be exchanged
in a similar manner, thus minimizing the time required for such operations.

Independent, multiple failures would be necessary to result in an unsafe condition in the

power plant operation. The human factor will be given the same consideration as me-

chanical components in that multiple human actions, either intentional or unintentional,

will be required to produce an unsafe condition for the power plant. That is, the design
will be such that the radiation exposure required to operate and maintain the 630A will

be kept below the maximum allowable, insofar as cost and safety considerations will
allow.

Conventional materials and proved commercial components will be incorporated into

the design to minimize costs and increase reliability, even at a minor penalty in weight

and efficiency.





2. REACTOR - SHIELD-PLUG ASSEMBLY

2.1 DESCRIPTION AND FUNCTION

The reactor, shield plug, reactor control elements, and reactor instrumentation are
assembled into an integral unit called the reactor - shield-plug assembly. The weight of
this assembly is approximately 36 long tons. Figure 1. 1 shows the reactor - shield-plug
assembly positioned within the 630A Nuclear Steam Generator. The reactor is suspended
from the shield plug by 6 moderator water exit pipes and 69 control rod guide tubes. The
reactor is controlled by 6 dynamic control rods, 63 shim control rods, and 85 safety
control rods.

There are seven nuclear sensors to measure the reactor flux, one in each of five of
the moderator-water exit pipes, and the other two in the side shield. The exit air thermo-
couples, located in the instrumentation harness which is directly below the reactor, mea-
sure exit air temperatures at typical cell locations. The harness consists of a framework
that supports the thermocouples and three ducts which house the thermocouple leads and
the electrical connectors. The three ducts pass through penetrations in the shield plug.
The harness is supported from flanges at the top of the shield plug. Since the mechanical
connections are located outside the shield plug, remote handling is required only for in-
serting and withdrawing the harness into and from the reactor - shield-plug assembly.

The control rod actuators are affixed to the top plate of the shield plug.

The design concept is to remove the entire assembly as an integral unit for the 15, 000-
hour refueling operation and install a spare unit. The spare assembly can be loaded with
fuel and thoroughly checked out at the dockside facility prior to installation. This refuel-
ing concept minimizes the refueling time and cost.

The reactor is air-cooled, light-water-moderated, and utilizes concentric ring metal-
lic fuel elements. The fuel is highly enriched U0 2 dispersed in an 80Ni - 20Cr matrix.
The normal design power is 67. 4 thermal megawatts, with a maximum rated power of
75 thermal megawatts.

The present concept of the 630A reactor design is shown in Figure 2. 1. The reactor
vessel is a 2.75-inch-thick Type 304 stainless steel cylindrical tank closed at each end
by 2.75-inch-thick tube sheets. The vessel is 68. 8 inches in diameter and 43 inches
long. Eighty-five variably spaced holes are drilled in each tube sheet for the moderator
support tubes. These tubes are passed through the tank, rolled, and welded to the tube
sheets.

In the active core region, the moderator support tube wall is 0. 0625 inch thick and
0. 125 inch thick at the forward and rear tube sheet junctions.

The active core consists of an array of 85 fuel cartridges arranged in a hexagonal
pattern with radially increasing centerline spacing. The cell pitch varies from 4. 655
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inches at the center to 5. 274 inches at the periphery. The fuel cartridges are positioned
inside the moderator support tubes. These tubes form the airflow passages through the
reactor vessel and maintain the moderator water circuit separate from the primary air

coolant. The equivalent active core diameter is 47.8 inches and the active core length
is 27. 5 inches.

Two concentrically arranged tubes in the center of each cell contain light water which
acts as a center moderator. The inner tube, which varies in outside diameter from
1. 3.80 to 1. 855 inches, serves as an inlet passage for the water. The outer tube, which
varies in outside diameter from 1. 638 to 2. 151 inches, provides an outlet passage for
the water. Both tubes are supported from the shield plug.

A beryllium reflector of 3. 4-inch average and 2. 8-inch minimum thickness surrounds
the active core. The function of the reflector is to reduce the neutron leakage from the
reactor. The beryllium is irregularly contoured to conform to the outer row of fuel cells
in the hexagonal array. The inside surface is uniformly spaced 0. 402 inch from the out-
side of the moderator support tubes.

Three thermal shields are arranged concentrically with the beryllium reflector. The

inner shield is Type 304 stainless steel, with an irregular inside surface to conform to the
beryllium contour and a cylindrical outside surface. The average thickness is 1. 23 inches.
The other two thermal shields are borated Type 304 stainless steel cylinders 1. 0 and 1. 38
inches thick, respectively. The thermal shields provide gamma shielding between the
active core and the reactor vessel to reduce the gamma heating and, thus, the thermal
stress in the reactor vessel. The outer two cylinders are borated to reduce the secondary
gammas produced within the thermal shields. The cylinders comprising the reflector and
thermal shields are spaced 0. 188 inch apart to allow for the flow of moderator water for
cooling purposes.

The reactor is controlled by poison rods actuated from the top of the shield plug. Three
types of control rods are employed: shim rods, dynamic rods, and safety rods. The ma-
trix of all rods is a mixture of 50 percent B4 C and 50 percent stainless steel, by weight.
The shim and dynamic rods are identical: a 0. 450-inch-diameter cylinder clad with 0. 025-
inch-thick Type 304 stainless steel. The shim and dynamic rods are located in the inter-
stices between the cells. The safety rods are located in the center of each cell and are
either completely inserted into the reactor or completely withdrawn. The diameter of
the safety rod matrices varies between 1. 625 and 1. 150 inches, with a 0. 035-inch-thick
Type 304 stainless steel cladding. The safety rods are designed to shut down the reactor
under all conditions including flooded core.

The reactor vessel is connected to the shield plug by 6 moderator water return tubes
and 69 control rod guide tubes. The control rod guide tubes serve as both water inlet
pipes and a passage for the control rod. Each tube is 0.780 inch in outside diameter with
a 0.040-inch-thick wall. The guide tubes extend to the bottom of the reactor vessel and
are welded to the top tube sheet of the reactor vessel at the interstices of the fuel cells.
They are located at the bottom by small spacer plugs welded to the top face of the bottom
tube sheet. The water flows into the reactor through the control rod guide tubes and re-
turns by two routes: (1) flowing upward through the active core past the outside of the
moderator support tubes and (2) flowing upward through annular passages between the
beryllium reflector, thermal shields, and reactor vessel wall. The water flow passages
are combined at the top of the reactor vessel and the water leaves the reactor through the
six water exit pipes into the shield plug.

The present configuration of the 630A shield plug is shown in Figure 2.2. The shield
plug provides shielding for the area directly above the reactor. It also serves as a
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moderator water inlet and outlet plenum, provides a mounting surface for the control rod
actuators, and serves as the top head of the pressure vessel to which it is gasketed and
bolted. The shield plug is divided into an upper plenum and a lower plenum. The lower

section acts as the outlet water plenum and also contains a lead slab clad with stainless
steel. The upper section serves as the water inlet plenum. The moderator water is the
neutron shield and the 7-inch-thick lead slab is the primary gamma shield. The plate

which divides the shield plug into two plenums is also the flange that mates with the top
flange of the pressure vessel. When installed, therefore, the lower portion of the shield
plug fits inside the pressure vessel while the upper section extends above it.

In addition to serving as an inlet water plenum, the upper section of the shield plug
also provides space for movement of the control rod actuator plates. This section is
formed by a 2-inch-thick cylindrical shell, 63 inches in diameter and 49. 5 inches high.

The bottom closure is formed by a 6-inch-thick flange plate and the top is closed by a
5-inch-thick flat cover plate. The top cover plate is gasketed and bolted to the cylinder
while the bottom flange plate is welded to the cylinder. The 69 control rod guide tubes
and the 85 safety rod guide tubes penetrate and are welded to the flange plate, thus pro-

viding inlets for the moderator water. The control rod actuators are mounted on the top
cover plate and the extension rods pass through the cover plate and are connected to
actuator plates which drive either two or three control rods. The control rods in turn

extend down and through the shim rod guide tubes and center moderator tubes.

The lower chamber of the shield plug serves as a plenum for the reactor exit water
and contains a 7-inch-thick lead slab clad enclosed within and bonded to a 1-inch-thick
Type 304 stainless steel plate on the periphery and on the ends. Passages for the control
rods are supplied by thin-wall Type 304 stainless steel tubes which go through the lead
and are welded to the plates. The slab assembly is simply supported around the entire
outside circumference. Radial alignment of the slab is provided by four keys which also
allow for differential thermal expansion in the radial direction. Four bolts at the key
location limit the vertical motion of the assembly. The lower chamber is formed by a
2-inch-thick cylindrical shell and a 2.75-inch-thick ellipsoidal head. The cylindrical
shell and head assembly are 36 inches high with an outside diameter of 77 inches. The
shell and head serve as the top cap of the pressure vessel and as a header for the six
5-inch-core water exit pipes and the 85 center moderator water return tubes.

The reactor is suspended from these pipes a minimum of 6 inches below the elliptical
dished head, to form a plenum for the reactor inlet air.

The water in the shield plug is in series with the reactor moderator water. From the
upper plenum of the shield plug, the moderator water splits into two flow paths. In the
first path, the water flows down through the center moderator water inlet tube into the
core region and returns to the lower plenum of the shield through the center moderator
water return tube. In the second path, the water flows down through the shim control rod
guide tube and discharges into the plenum at the aft region of the reactor vessel. The
water flows upward through the active core and reflector region toward the top of the
reactor vessel. It then passes from the core region into the lower plenum of the shield
plug through the water exit pipes which join the reactor vessel to the shield plug. Here,
the two moderator water circuits rejoin in the lower plenum of the shield plug. The
heated moderator water is discharged from the lower plenum by two pipes leading to the
moderator heat exchanger. The moderator water is cooled in the heat exchanger by the
boiler feedwater. The cooled moderator water then flows back toward the expansion tank

Water leaving the expansion tank enters one of the circulating pumps (the other is on
standby) where it is pumped into the upper plenum of the shield plug. A pipe extending
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through the shield plug into the bottom of the reactor vessel through the sixth moderator

water return pipe is provided to assure a positive means to pump the water from the
reactor - shield-plug assembly.

2. 1. 1 DESIGN REQUIREMENTS

The reactor vessel and shield plug are designed for an external pressure of 430 psig
and an internal pressure of 66 psig at a maximum operating temperature of 3000 F. Both
are designed to meet the requirements of the ASME Boiler and Pressure Vessel Code,
the American Bureau of Shipping, "Rules for Building and Classing Steel Vessels - 1962,"
and "Guide for Classification of Nuclear Ships," and the U. S. Coast Guard, "Maritime

Engineering Regulations and Material Specifications." In addition, the primary stresses
(e. g., general and local membrane), the secondary stresses (e. g., discontinuity stresses),
and the thermal stresses due to temperature distributions at any level of steady state
power operation will be determined on the assumption of elastic behavior. Individually
and in the required combinations, these stresses will be limited to the appropriate maxi-
mum allowable values for the design temperatures. The design procedures outlined in
the U. S. Department of Commerce Report PB 151987, "Tentative Structural Design

Basis for Reactor Pressure Vessels and Directly Associated Components (Pressurized
Water-Cooled Systems)" will be used as a guide to evaluate the secondary and thermal
stresses since detailed procedures are not given in the Boiler Code.

Requirements with respect to corrosion, erosion, radiation effects, instability of
materials, and of operating conditions such as transient thermal stress, mechanical
shock, and vibratory loading, will be established and incorporated into the design criteria
to insure integrity throughout the 20-year design life of the vessels and structure. The
materials, methods of construction, and inspection requirements will be carefully se-
lected to minimize these effects.

2. 1. 2 MATERIALS AND FABRICATION

All the metallic components of the reactor are Type 304 stainless steel with the ex-
ception of the reflector, thermal shields, fuel cartridges, and control rod poison. Type
304 stainless steel was selected due to its high resistance to radiation damage and cor-
rosion. The reflector material is beryllium, selected because of its desirable nuclear
characteristics. Two of the three Type 304 stainless steel thermal shields have 1 per-

cent boron added. The control rod poison matrix consists of a 50 percent mixture of
B4 C and Type 304 stainless steel. All the control rods are clad with stainless steel.

The reactor pressure vessel and shield plug will be welded, fabricated, and tested to
the ASME Boiler and Pressure Vessel Code, Section VIII, "Unfired Pressure Vessels,"
in accordance with the requirements of the U. S. Coast Guard and the American Bureau
of Shipping. Where these codes do not adequately cover nuclear service, the applicable

nuclear cases of the ASME Boiler and Pressure Vessel Code will be used as a guide.

2.2 FUEL ELEMENTS

2. 2. 1 GENERAL DESCRIPTION

The 630A fuel cartridge is composed of nine 3-inch-long fuel element assemblies
(generally referred to as stages), a nose section, and a tail piece. Figure 2. 3 shows the
configuration of the 630A fuel cartridge. There are 85 fuel cartridges with a total U 2 3 5

fuel inventory of 427 pounds in the reactor. The fuel loading is varied in four radial zones
as shown in Figure 2. 4 to achieve gross radial power flattening. This variation is accom-
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plashed by varying the number of fuel rings in a fuel element assembly; presently, there
are 10-, 11-, 12-, and 13-ring fuel element assemblies in the reactor. An average stage
is represented by a 12-ring fuel element assembly (Figure 2. 5).

The diameters of the outer 10 fuel rings are the same in all fuel element assemblies.
Fuel rings 11, 12, and 13 are added to the center of the fuel element, effecting a corre-
sponding reduction in the size of the center moderator. Figure 2. 6 illustrates the cell
component sizes for each of the four types of fuel element assemblies. The average gap
between fueled rings is 0.060 inch while the gap between the inner structural shell and
last fuel ring and the outer structural shell and the first fuel ring is 0.045 inch.

The matrix of the fuel rings consists of 38. 2 weight percent uranium dioxide (93. 2%
enrichment) and 61.8 weight percent 8ONi - 20Cr alloy. The rings are clad with 0. 004-
inch-thick niobium-stabilized 80Ni - 20Cr sheet. The edges of the fuel sandwich are
completely sealed by a picture frame of 80Ni - 20Cr alloy. The thickness of the matrix

varies, i. e., the ring thickness varies, in order to achieve an equal heat flux from each
ring. The average ring thickness, including cladding, is 0. 0255 inch. The fuel sheet is
rolled to the required diameter and joined by a 0. 010-inch-thick joint strap of 8ONi -20Cr
brazed to each side of the fuel ring to form a continuous cylinder. The leading edges of
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Fig. 2.6-Fuel cell component dimensions (Dwg. 848D693)
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the fuel rings are brazed into the slots of 24 equally spaced comb ribs that position and
support the rings. Six of these comb ribs are brazed into the inner and outer structural
shells, thus acting as three beams across the forward edge of the fuel rings to carry the
drag load imposed by the air flowing over the rings. The inner structural shell bridges
the gap in the comb ribs, thus maintaining the continuity of the beam. The 0. 020-inch-
thick outer structural shell provides the reaction for the drag load. A reinforcing pad is
located at the point where the comb rib and the outer structural shell are attached to dis-
tribute the load at these points.

Nine fuel stages are stacked and joined by girth welding the junctions of the outer
structural shell, thus forming the active section of the fuel cartridge.

The nose section of the fuel cartridge consists of a latching mechanism, an air seal,
and a six-ring unfueled stage (one-half the active stage length) welded to the forward end
of the fuel stage assembly. The design of the latching mechanism is shown in Figure 2.7.
The latch is designed to allow the fuel cartridge to be remotely removed and inserted
from the aft end of the core during the refueling operation. Since the latch housing is
part of the fuel cartridge assembly, the spring is automatically replaced during a refuel-
ing operation and is limited to one fuel cycle in a radiation environment. The latch car-
ries the drag load caused by the air pressure drop through the reactor and also serves
to position the fuel cartridge in the active core. The forward unfueled stage (one-half the
active stage length) containing six 0. 035-inch-thick 8ONi - 20Cr rings, serves as an end
reflector, shielding, and inlet screen. The seal in the nose piece prevents inlet air from
leaking around the outside of the cartridge, thus prohibiting an external pressure differ-
ential on the outer structural shell of the fuel cartridge. A tail section, consisting of a
tube extension which accommodates the remote handling equipment used to remove and
insert the fuel cartridge, is welded to the aft end of the fuel assembly. A 0. 005-inch-
thick borated Type 304 stainless steel foil is wrapped around each of the active stages
and fastened to the leading edge of the stage. The borated foil serves as a burnable ,
poison that reduces the required control rod worth that needs to be held in the shim rods.

2.2.2 DESIGN REQUIREMENTS AND CONDITIONS

The fuel cartridge is designed to withstand a dynamic head greater than 2. 0 psi while
producing air at a temperature of 1200 0 F (average). The lifetime design objective is at
least 15, 000 hours of operation at a power level of 75 megawatts. Under these conditions,
the maximum average fuel ring surface temperature (maximum temperature in the aver-
age fuel ring) is 13350F.

The fuel latch is designed to withstand a 1. 5 G maximum load in any direction without
allowing any movement to occur in the fuel cartridge. In addition, the fuel cartridge is
designed to stay in position in any attitude assumed by the ship as a result of collision
or sinking.

2.2.3 CARTRIDGE FABRICATION METHODS

Three types of concentric-ring fuel-cartridge designs were manufactured and exten-
sively tested under the Aircraft Nuclear Propulsion (ANP) program. These were the
HTRE-1 (Heat Transfer Reactor Experiment), HTRE-3, and XMA-1A fuel element de-
signs. Experience in the design, analysis, and fabrication of concentric-ring metallic
fuel elements was gained with each design; this accumulated experience has been utilized
in designing the 630A fuel element.

The HTRE-1 design, shown in Figure 2. 8, was the first concentric-ring cartridge
produced by GE-ANPD. The fuel element assembly, Figure 2. 9, was held together by
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Fig. 2.8--HTR E-1 fuel cartridge

I'ig. 2.9 - I EI'liW-l fuel element assembly

channels between each ring which were brazed to each ring. The "hat" section in the
rear of the stage was merely a spacer as it was brazed to one ring only. Each fuel ele-
ment assembly was 1. 5 inches long, and 18 were assembled to form a fuel cartridge.

The stages were welded to four rails which resisted the drag load of each stage. This
design operated satisfactorily at dynamic heads up to 1 psi and plate temperatures up to

18500 F for over 100 hours, their design requirement. However, at higher dynamic heads,
the stage support structure (brazed channels) did not possess sufficient strength to pre-

vent the inner rings from sagging. In addition, the rear spacers contributed to the pressure

drop of this type of stage.

The HTRE-3 design (Figure 2. 10) was developed from the experience gained with the
HTRE-1. Comb ribs were used to support the fuel rings instead of brazed channels. The
HTRE-3 fuel element assembly is shown in Figure 2. 11. This improved design permitted
operation with up to 6 psi dynamic head. The rear spacers were eliminated to reduce the
pressure drop. With the additional support from the comb ribs at the leading edge, the
rear spacers were no longer necessary. The HTRE-3 cartridge consisted of nineteen

A! o

k y

4; '" 
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Fig. 2.10 - HTRE-3 fuel cartridge (Neg. C-2097)

Fig. 2.11- 1 ITHE-3 fuel element assembly (Neg. C-2314')
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1. 5-inch-long fuel element assemblies held together by four rails. The large (major)
comb ribs of each stage extended beyond the outer ring into a slot in each rail. A tab,
brazed to the outer ring and comb, was spot welded to the rail for support.

The XMA-1A design evolved from the experience gained with HTRE-3. Figures 2. 12
and 2. 13 show the final fuel element design proposed for the XMA-1A reactor. The four
rails of the previous designs were replaced with an unfueled nichrome structural shell

to increase the strength and stability of each assembly. Each stage was 3 inches long
and had rounded leading edges on the fuel rings and comb ribs to further reduce the pres-
sure drop. The number of comb ribs was increased from 16 to 24 and their depth was
increased. It was found that this change also improved the stability of the fuel rings. The
cartridge assembly was made up of nine fuel element assemblies joined together by girth

welds of the unfueled structural shells. This design was also extensively tested in an

operating reactor, the Engineering Test Reactor (ETR) and by a series of burner-rig
tests at GE-ANPD.

Fig. 2.12- XMA-1A partial fuel cartridge (Neg. C-21123)

A vast background of test data exists to support the 630A fuel cartridge design and pro-
vide confidence in the predicted 15, 000-hour life capability. Metallic fuel elements of

this design have demonstrated adequate strength to withstand aerodynamic loads of 5 psi
and temperatures exceeding 20000 F; conditions far more severe than those expected in
the 630A. The XMA-1A cartridge tested in the ETR produced an average exit air temper-
ature of 16000F for over 200 hours at a dynamic head of 5 psi. The indicated fuel element
temperature was over 1900 0 F. There was no fission product release during this opera-
tion, indicating that cladding integrity was maintained.
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Fig. 2.13-- XMA-1A fuel element assembly (Neg. C-22689)

Two cartridges were operated in the HTRE-2 core for 997 hours at temperatures
ranging from 11500 to 15000 F. The maximum fission burnup was approximately 0. 5
total atom percent of the matrix. At the conclusion of the HTRE-2 testing, metallo-

graphic examinations of the fuel sheet showed that all samples were in excellent condi-
tion. This was also true of core structures, cladding, edge seals, and brazed joints.

A photomicrograph of a sample of this cold-finished sheet is shown in Figure 2. 14. This
section is from ring No. 11 of stage 17, one of the areas of higher temperature. The
location of the fuel sheet in the fuel elements had no apparent effect on the cladding and
core integrity.

A HTRE-3 fuel cartridge that was operated in the HTRE-3 reactor for 126 hours at
indicated temperatures up to 1950 0 F is shown in Figure 2. 15. Close inspection of this

fuel element and two others that were operated in the HTRE-3 reactor for 126 hours at
19500F and an additional 25 hours at indicated temperatures up to 20500F, revealed no
evidence that the life limit of the fuel elements had been approached.

The fuel sheet used subsequent to HTRE-3 was hot-finished. The fuel particle distri-

bution obtained by the hot finishing process is shown in Figure 2. 16. Cold-finished sheet
is shown in Figure 2. 14 for comparison. The hot finishing process is expected to in-
crease the fuel life capability because of the improved particle distribution and better
ductility.

A summary of the fuel cartridge testing performed during the ANP program is pre-
sented in Table 2. 1.

2.2.4 MATERIALS

The choice of 80Ni - 20Cr fuel sheet for the 630A is based principally on its extensive
development and successful use in the Direct-Cycle ANP program. Although alternative
materials have been and will be considered, no good reason to change appears to exist at
this time. For example, although stainless steels offer a nuclear advantage because of

1-11'R " _
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Fig. 2.14 Photomicrograph of a > TIW 2 Laitridg( iftur 9i7 hoirs of operation
(Neg. 74222-2)

lower thermal neutron cross sections, most of them are inferior in both strength and
oxidation resistance to niobium-modified 80Ni - 20Cr. This was established in the case
of Type 310 stainless steel, at least, during the ANP program.* In addition, the possible

use of steam as the coolant in the 630A would make the use of the stainless steels less
desirable in view of their generally lower resistance to stress corrosion.

The possible use of a nickel-base alloy, such as Hastelloy X, that has greater strength
than niobium-modified 8ONi - 20Cr and comparable oxidation resistance in the operating
temperature range, is of considerable interest. On the other hand, as will be shown, the
80Ni - 20Cr fuel sheet has given every indication of meeting 630A strength requirements.
In addition, it is a less complex alloy than Hastelloy X and, unlike the latter, is not sub-
ject to extensive precipitation of secondary phases at 630A operating temperatures which
results in reduced room temperature ductility and impact strength.

*"Engineering Progress Report No. 10," GE-ANPD, APEX-10, December 1953.
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Fig. 2.15- HTRE-3 fuel cartridge after 126 hours of operation (Neg. C 16281)
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Fig. 2.16- Photomicrograph of hot finished fuel sheet, -400 mesh particle size
(Neg. 13232)
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TABLE 2.1

METALLIC FUEL ELEMENT TESTING SUMMARY

Fuel Testing

In-Pile Test, Burner Rig,
Year hra hrb

1953 300
1954 2986 50
1955 2111 143
1956 3204 1677
1957 3036 3038
1958 2400 3000
1959 3713 3740
1960 3309 663
1961 370 -

21, 429c12,31

Reactor Testing

Number Of Reactor Cartridge Fuel
Reactor Cartridges Hours Hours Temperature, OF
HTRE-1 37 234 8658 1850

HTRE-2 30 1299 38, 970 1250 - 1750

HTRE-3 151 155 23, 405 1900 - 2050

Total 1688 71,033

aTemperatures, 16000 to 22000F; dynamic heads, 1 to 5 psi.
bTemperatures, 18000 to 21000F; dynamic heads, 1 to 6 psi.
cHours accumulated in LITR (5807), MTR (14, 896), and ETR
(726).

Burnup resistance, creep strength, and oxidation resistance of the 80Ni - 20Cr fuel
sheet have been studied extensively. The 630A requirements involve a mechanical stress
of approximately 300 psi, maximum average temperature in the range of 13000 to 14500F,
and a life of 15, 000 hours. All data thus far available indicate that the 80Ni - 20Cr fuel
sheet will meet or exceed 630A requirements.

2.2.5 FUEL TEST PROGRAM AND RESULTS

The fuel sheet used in the burnup testing and much of the creep testing was made dur-
ing the ANP program. While the fuel sheet selected for testing was of good quality, ad-
vances in technology which have occurred since this sheet was made make it possible to
prepare 80Ni - 20Cr fuel sheet of improved quality, particularly with respect to its burn-
up resistance. For example, the use of relatively heavy rolling equipment capable of
large reductions per pass can minimize the "stringering" of fuel which occurs when many
passes of smaller reductions are employed. Similarly, the selection and controlof fuel
particles of improved sphericity and size distribution can reduce stringering and its ad-
verse effect on burnup resistance, and also improve the fuel distribution within the core
matrix.

Such considerations suggest that the data presented below can be regarded as conserva-
tive. After determination of a life limit with this material, improvements in ductility,
transverse tensile strength, and oxidation resistance can be evaluated in the laboratory.

A summary of 8ONi - 20Cr fuel burnup tests is presented in Figure 2. 17. No occur-
rences that would indicate a life limit have been experienced in any test performed to
date. A predicted 15, 000-hour temperature-burnup envelope for the 630A fuel elements
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Fig. 2.17- Long term burnup data on 80Ni - 20Cr fuel sheet

is included in this figure. Also shown are curves established by Battelle Memorial Insti-
tue* showing allowable burnup versus temperature for stainless steel fuel sheet at two
loadings.

Since the fuel loading in the 80Ni - 20Cr tested to date was 37 to 42 weight percent,
compared to the 20 and 30 weight percent in the stainless steel shown in Figure 2. 17,
these successful tests vividly show the superiority in burnup capability of the 80Ni -
20Cr fuel sheet over that of stainless steel. If it is assumed that the slope of the fail-
ure curve for 80Ni - 20Cr is similar to that for the stainless steel fuel elements, a
life in excess of 15, 000 hours is indicated. The present tests and those planned for
the future will determine a reasonable life expectancy for the 630A fuel.

A summary of the fuel burnup tests and test conditions is presented in Table 2. 2.
Included with the GE-NMPO data is the highest burnup test result available from the
ANP program (Test No. 1T). This test was conducted in the MTR and involved a six-
stage concentric-ring fuel element made from fuel sheet containing approximately 42
weight percent U02-

Two of the tests, ORF-1 and 3-F-2, were for shakedown purposes since each involved
a new test cartridge configuration with which no prior experience had been obtained. Both
cartridge types were found to perform satisfactorily.

Test ORF-2 was mechanically damaged during a reactor refueling and had to be termi-
nated. Another test, 3-F-2, was terminated because of oil deposition from the cooling
air supply. However, both of these tests, as well as the shakedown tests, provide useful
performance information of 80Ni - 20Cr fuel sheet.

* D. L. Keeler, I,. E. Hulbert, and B. W. Dunnington, "Method of Correlating Irradiation Effects in Dispersion Fuels,"
Battelle Memorial Institute, BMI-1408, January 20, 1960.
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TABLE 2.2

SUMMARY OF IN-PILE TESTS ON 8ONi - 20Cr FUEL SHEET SPECIMENS

Approximate Equivalent
Test Test Time, Percent Burnup Full Power 630A

Test No. Purpose Temperature, OF hr Of U235 Atoms Operation, hr Remarks

ORR Series

ORF-1 Shakedown 1600 100 1. 02a 700 Specimen-capsule design
satisfactory.

ORF-2 High burnup 1500 876. 5 9.74a 6,400 Terminated due to test assembly
damage, in-pile - specimen con-
dition excellent.

ORF-3 High burnup 1450 2758. 4 30b > 20, 000 Small blister formed on sheet
surface; condition satisfactory
for 630A operation.

ORF-4 High burnup 1300 2000 20 7, 500 Test continuing - objective 40%
burnup.

MTR Series

3-F-1 Shakedown 1450 591 3b 1,700 Specimen-capsule design
satisfactory.

3-F-2 High burnup 1420 -1500 1415.4 7 b 5,000 Terminated due to heavy oil
deposition - specimen condition
excellent.

IT High burnup 1850 400 5. 6b 15, 000 Six-stage cartridge - excellent
condition.

aMeasured.
bEstimated.

Fuel burnup tests in the ORR reactor are proving to be an economical, satisfactory
demonstration of the life capability of the 630A fuel material. While operating conditions
in these tests, in general, are more severe than those expected in the 630A, neverthe-
less the fuel sheet has demonstrated a capability of a much longer operating life than the
original objective, 15, 000 hours.

The above conclusion was drawn primarily from the high burnup of the fuel sheet in
the ORF-3 test. This sample experienced a 30 percent fission burnup of the U2 3 5 while
operating at a temperature of 14500 F for 2758 hours. Although these conditions are
equivalent to approximately 20, 000 hours of 630A operation, this test did not indicate
the end of useful life of the fuel sheet. The sample retained essentially all the fission
products during the test. After the equivalent of 17, 000 hours of 630A operation, a
small release of short-lived fission products was noted in the charcoal traps. At no
time during the operation, however, did the effluent line monitors read above back-
ground level. After an initial measured release of Xe 1 3 5 , the release rate decreased
from its original value of 0.6 percent (of formation, not of inventory contained) to
about 0.01 percent, thus indicating some healing of the apparent clad fissure. Post-
test examination of the sample revealed a small surface blister had formed, probably
at the same time the fission products were released. The blister was approximately
0. 1 inch in diameter and 0. 015 inch high. The rest of the sample was in excellent
condition.

Analysis revealed that, if a blister of this type were to occur in the 630A, the fission
product release would be well within the allowable limits even if the release occurred
from all the fuel. With the presently planned waste air filter system, 100 percent of
the fission products could be released to the primary coolant in the 630A without causing
the exhaust from the stack to exceed the allowable maximum permissible concentration.

The ORF-3 fuel test also demonstrated that blisters have an insignificant effect on hot
spots. An increase in temperature was not observed even though the heat flux from the
sample was 14 times and the power density was 7 times that of the 630A.
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The ruggedness and reliability of the nickel-chromium fuel cartridge has been demon-
strated previously in very high temperature tests. Fuel cartridge tests at average plate
temperatures between 19000 and 2000F and dynamic heads up to 5 psi have been per-
formed in the ETR. After about 200 hours of operation at these conditions, the fuel
rings at local points have yielded and very nearly closed the air gap between as many as
four adjacent plates. Even under these high loading and temperature conditions, a pro-
gressive failure of the fuel material was not initiated nor did the fuel sheet melt. It can
easily be shown that if the gap between two fuel plates in the 630A were to be closed
completely, the maximum temperature of the fuel would be appreciably below 16000 F.
A blister formation, even if it were 0. 060 inch high (the fuel ring spacing), would result
in a much lower maximum temperature. A blister of the size observed in the ORF-3 test
should cause no increase in 630A fuel ring temperature.

In summary, therefore, the ORF-3 test has shown that the 630A fuel material has a
life capability of at least 20, 000 hours. This should be the minimum, since the end of
useful life was not indicated by the test and the operating conditions in the F-2 facility
of the ORR are appreciably more severe than those of the 630A, as shown in Table 2.3.

TABLE 2.3

COMPARISON OF ORR AND 630A CONDITIONS

F-2 Facility 630A Remarks

Fuel power density, kw/cc 7 1 Greater fission gas pressure
in sample.

Heat flux, Btu/hr-ft2  850,000 61, 000 Higher thermal stress and
magnified flow perturbation
effect in sample.

Air pressure on cladding, psi 30 4Q0 Higher differential pressure
across cladding in sample.

Mach number 0. 6 0. 08 Possible vibration problems
in sample.

Operating lifetimes much in excess of this capability are probably not practical for
other reasons, such as the fuel inventory required to obtain reactivity for an excess of

20, 000 full power hours. Therefore, tests in this facility are believed to be an economi-
cal and practical means of demonstrating the minimum burnup capability of the 8ONi -
20Cr fuel. Large burnups can be obtained in relatively short times; thus demonstration
of repeatability is permitted. By varying the properties of the material, comparisons in
burnup capability can be made with a nominal expenditure.

Creep and Oxidation Resistance

Three groups of creep tests are being conducted on 8ONi - 20Cr fuel sheet and cladding
stock under conditions of equivalent or greater severity than those anticipated in the 630A
to establish:

1. Creep strength of basic warm-finished 80Ni - 20Cr fuel sheet under isothermal and
cyclic conditions at stresses and temperatures consistent with 630A requirements.

2. Creep rupture strength at relatively high stresses of warm-finished 80Ni - 20Cr
fuel sheet and comparative data on cold-finished sheet.

3. Creep strength of 80Ni - 20Cr cladding stock at stresses and temperatures consis-
tent with 630A requirements.
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Details concerning specimen preparation and testing procedures have appeared in the
bimonthly and quarterly progress reports.

Most of the tests on the basic warm-finished fuel sheet are continuing and the results
to date are presented in Table 2. 4. As can be observed, some of the specimens have
been on test for more than 9000 hours and plastic creep is still well below 1 percent.
Although creep is low in both isothermal and thermal cycle tests, some indication exists
that creep is slightly greater in the cycled specimens on test at 1450 0 F and 1600 0 F. The
cycled specimens have been cooled by air blast to an indicated temperature of 4000F
approximately every 50 hours since testing began. It is planned to continue these tests
through 15, 000 hours.

TABLE 2.4

CREEP TEST DATA ON WARM-FINISHED 8ONi - 20Cr FUEL SHEETa

Test Average
Specimen Temperature, Stress, Time, No. Of Plastic Creep, %

No. OF psi hr Cycles In 2 Inches In 6 Inches Remarks

Isothermal Tests

C-1 1600 300 9012 - 0.40 0. 40 Continuing
C-2 1450 300 9099 - 0.30 0.20 Continuing
C-8 1450 600 8575 - 0.25 0.25 Continuing
W-2 1450 600 6494 - - 0. 10 Continuing
C-4 1300 300 8580 - 0.20 nil Continuing
B-2 1300 300 7576 - - nil Continuing

Thermal Cycle Tests

C-3 1600 300 8555 149 0.50 0.50 Continuing
C-7 1450 300 8572 148 0. 40 nil Continuing
C-6 1450 600 7926 141 0. 35 0. 20 Continuing
W-1 1450 600 4898 88 0. 15 Discontinued,

hanger strap-
broke, repair
not feasible.

C-5 1300 300 8587 149 nil nil Continuing
B-1 1300 300 7862 138 - nil Continuing

'Sheet thickness - 0.022 inch
Clad thickness - 0. 0045 inch
UO2 wt % - 37.

Results of the relatively high-stress creep-rupture tests on warm- and cold-finished
fuel sheet are presented in Figures 2. 18 through 2. 20. The warm-finished fuel sheet
used in these tests was made within the past year. Assuming that 1 percent creep repre-
sents an acceptable level, it appears that the warm-finished fuel sheet will accommodate
substantial overstress or overtemperature for short periods of time without objectionable
creep. Furthermore, the superior creep resistance of the warm-finished fuel sheet
appears to be amply demonstrated. A typical example can be seen in Figure 2. 18 where
the cold-finished sheet failed in about 400 hours at a stress level of 4000 psi and temper-

ature of 14500F, while the warm-finished sheet is still satisfactory after 1000 hours at

these conditions.

Three of the cladding stock tests have now exceeded 10, 000 hours and are continuing;
one of these has reached 13, 000 hours. The data are illustrated in Figure 2. 21. It can
be noted that, in some cases, higher temperatures were used than in the tests on fuel
sheet. These tests were started when the 630A concept was first established and before
operating temperatures had been more than tentatively defined. More recent tests were
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Fig. 2.19-- Results of high-stress creep-rupture tests on experimental warm- and cold-
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Fig. 2.21 -- Low stress creep data of 80Ni - 20Cr cladding stock

initiated under conditions which are more applicable to the 630A. In any case, the data
provide further indication that the 80Ni - 20Cr alloy possesses suitable strength - tem-
perature properties for the 630A application.

Three types of oxidation resistance evaluations are being performed. The primary
evaluation thus far has consisted of visual observation of the warm-finished fuel speci-
mens being used for low stress-creep determinations. None of these shows excessive
oxidation. Furthermore, these specimens contain enriched fuel and the alpha count levels
of their surfaces remain at insignificant levels. This would not be the case if extensive
oxidation had occurred. Metallographic examination of these specimens will be under-
taken to establish the extent of general oxidation and any grain boundary oxidation which
has occurred when the specimens are removed from test.

The second type of oxidation resistance evaluation is based on the desire to obtain infor-
mation without waiting for creep test termination and to evaluate stress-free oxidation

behavior. This entails suspending small 0. 022-inch-thick by 3/4-inch-diameter discs of
the cladding alloy in each furnace near the specimen hot zone. Periodically, one of these
discs is removed and examined metallographically. Figure 2. 22 illustrates a cross sec-

tion of a disc which was heated for 5118 hours at 14500 F. Maximum depth of oxidation
was approximately 0. 0005 inch.

The third type of oxidation resistance evaluation of the fuel sheet is a bench test which

is made to establish the structural integrity of enriched fuel specimens. To date, two

bench tests have been made. One of these was on a duplicate of the ORR series plate-type

in-pile specimen and the other was a ring specimen identical to those used in the MTR

series. The plate specimen was heated to 16000F by passing an electric current through
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it and, except for periodic examinations, was maintained at this temperature for 7055

hours, during which it received 50 rapid thermal cycles to room temperature. Post-test

inspection showed it to be scund in appearance with insignificant alpha activity on its sur-
face. This specimen is being prepared for metallographic examination.

The ring specimen was inductively heated to 14500F for 2000 hours, including 13 rapid

thermal cycles to room temperature. Following test, it appeared to be quite sound and
possessed a negligible alpha count. This specimen is also being prepared for metallo-
graphic examination.

2.3 THERMODYNAMIC DESIGN

2.3.1 OPERATING CONDITIONS

The 630A reactor is sized to produce 30, 000 SHP plus power for auxiliary ship loads.
The reactor preliminary design is based on a total power of 75 megawatts. About 91 per-
cent of this power is transferred to the primary coolant. The balance is transferred by
thermal and/or nuclear heating to the moderator water, the biological shield, and various
parts of the nuclear steam generator structure.

As previously discussed, 630A operations will involve a reactor exit-air temperature
of 1200 0 F. Table 2. 5 presents a summary for 1200 0 F temperature operation for the normal
power condition of 27, 300 SHP and for maximum power of 30, 000 SHP.

TABLE 2.5

630A OPERATING CONDITIONS WITH AN EXIT-AIR
TEMPERATURE OF 12000F

Power, SHP

27,300 30,000

Airflow, lb/sec 352 400
Reactor inlet temperature, OF 571 578
Maximum average fuel temperature, OF 1335 1337
Reactor inlet pressure, psi 394. 5 392.3
Reactor exit pressure, psi 384. 0 378.9
Maximum dynamic head, psi 1.27 1.65
Maximum Mach number 0.07 0.08
Reactor power, mw 67.4 75

At full power, air enters the active core at a dynamic head of 1.0 psi and a Mach number
of 0.054. As the air is heated while passing through the core, the dynamic head and Mach
number increase to 1.65 psi and 0.08, respectively. On the average, the forced convection
heat-transfer coefficient is about 270 Btu/hr-ft 2 -OR. The pressure loss of about 3. 4 per-
cent is calculated using the conventional compressible flow relationships described below.

Fuel element average surface temperatures vary from 7200 F at the inlet to a maximum
value of 1337 0 F at the seventh stage. A plot of the average fuel element temperature and
the bulk air temperature as a function of active core fractional length is given in Figure
2. 23. The maximum average temperature (1337 0 F) is defined as that temperature that
would exist at the longitudinal position of maximum temperature if the longitudinal power
distribution, all local heat fluxes, and quantity of flow are equal to an average value.
While the 630A reactor is designed to approach these conditions, certain perturbations
will exist. To obtain the hot-spot temperature, these perturbations must be added to the
average-maximum temperature,
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Fig. 2.23- Reactor performance, 75 mw total power

The moderator circuit will be designed to prevent boiling of the moderator water. The
pressure and flow will be maintained at 75 psia and 955 gpm, respectively. At these con-
ditions, the water temperature will be 1900 F at the inlet and 2400 F at the exit. Since the
saturation temperature is 308 0 F, bulk boiling will be prevented.

&ince recet studies indicated that local boiling could possibly occur with the previously
planned three parallel flow paths (center moderator, calandria and reflector), other flow

arrangements are being investigated. One such moderator circuit analysis has been made
with the assumption that part of the moderator water, about 855 gpm, will flow through
the calandria in several axial-flow, series passes and then upward through the reflector

to the shield plug. The remainder, about 100 gpm, will flow through the center moderator
tubes, return to the shield-plug, and mix with the calandria moderator water. With this
arrangement, the calandria moderator would have about a 500 F temperature rise, from
1900 to 2400 F. Further lowering of this upper temperature is not feasible if heat is to be
rejected to the feedwater system. Pressure within the calandria is assumed to be 75 psia
with a corresponding saturation temperature of 308 0F. The maximum heat flux occurs at
full load and beginning of life and is estimated to be 27, 500 Btu/hr-ft2 . Velocity is about
1. 1 ft/sec. Maximum outside wall temperature is about 275 0 F (2900 F inside temperature),

33 0f*bel w -aturation temperature and 55 0F below the wall temperature required to main-
tain eate boiling with the extant subcooling. The pressure drop associated with series

ear M~aiicant.

e r co migration, a flow of about 1@Ogpm is rei r to ool t e r

th a 500F coolant temperature rise. Velocity is 1.2 ft/sec t ewd
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annulus and pressure losses are negligible, Maximum heat flux is expected to be 37, 500
Btu/hr-ft2 , tube outer surface temperature, 260 0 F, and tube inside surface temperature,
285 0 F.

With total outer moderator flow of 855 gpm passing through the four reflector channels
of 0. 1875 inch hydraulic diameter, the velocity is about 2 ft/sec. Pressure loss is negli-
gible and with the preliminary assumption of equal heat generation in the slab, maximum
surface temperature is below 265 0 F.

2.3.2 ANALYTICAL EXPRESSIONS

Reactor air pressure loss is predicted by integration of the expression

kM2P0 (dT0 dx~dP -_ 2 +4fd-
2 (To 0 D

where

Po = initial total pressure, psia
k = specific heat ratio
M= average Mach number

To = initial total temperature, OR
f = friction factor

dx = length in flow direction
D = hydraulic diameter

The friction factor is equal to (1. 66)(0. 046) Re-0. 211 where Re is Reynolds Number
and 1.66 is a friction factor multiplier applied for surface effects and discontiu ities in
the flow path. The validity of the above expressions has been demonstrated through use
and by comparison with test results.
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where

Tb = average local air temperature, OR
h = heat transfer coefficient, Btu/hr-ft 2 .OF
G = mass velocity, lb/sec-in.2

Dh = hydraulic diameter
Tf = film temperature [(Tb + Tp)/2 OR}

Q/A = awerage heat flux, Bta/hr-ft2

PFJPavs = ratio of the losal power to the average pow
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For heat transfer to water in turbulent flow, as in the moderator loop, the following
expression* is used to determine the heat transfer coefficient:

[ 0.7
_ Cp G (0.027) 1+Ll

0.667 ( 0.14 (\)0.2
yCp ywDG

( pk b b y b

where

h = heat transfer coefficient, Btu/hr-ft 2 -OF
Cp = specific heat, Btu/lb

G = mass velocity, lb/hr-ft2

D = equivalent diameter, ft
L = length, ft

= dynamic viscosity, lb/hr-ft
k = thermal conductivity, Btu/hr-ft- 0 F
b = subscript indicating property values evaluated at bulk temperature
w = subscript indicating property values evaluated at wall temperature

2.3.3 TEMPERATURE PERTURBATIONS

The fuel element surface temperature will deviate from the maximum average value of
1337 0 F because of variations in gross radial, fine radial, and circumferential power. For
an outer fuel ring, for example, the estimated power perturbations at the beginning of core
life may be: gross radial, + 4 percent, and combined fine radial and circumferential scallop,
+13.5 percent. This total of about 18 percent power perturbation (by product) causes about
a 21 percent deviation in the temperature rise for bulk and film temperatures, which re-
sults in a maximum surface temperature during initial operation of 1495 0 F. For operation
near the end of core life, an outer ring will experience a reduction in heat flux relative
to its initial value of as much as 20 percent. The effect of fuel burnup in the outer ring is
to reduce the maximum surface temperature from a high of 1495 0F to 1315 0 F.

At the end of core life, central rings, such as ring number 6, experience temperatures
higher than those at the beginning of core life; however, there is no appreciable circum-
ferential power scallop. For this reason, the power perturbation may be only about 11.3
percent as a result of +4 percent gross radial and +7 percent fine radial power perturba-
tions. This results in a maximum surface temperature at the end of life of 1440 0F.

This shifting of the location of the hot spot with core life is significant because it means
that the fuel elements experience their maximum temperatures during only a portion of
their life.' Further, the maximum fuel temperature shifts to rings with the minimum ac-
cumulation of fission products which are better able to contain fission products.

Computations were made to predict the effects of hypothetical power perturbations on
fuel element surface temperature, fuel channel exit air temperature, and fuel channel
mass flow rate. This general study was prepared to facilitate design studies and for
making predictions as power profiles become available from critical experiment data.

Power perturbations were assumed to exist along a given fuel channel, resulting in in-
creases in air and surface temperatures in the channel. With constant total mass flow
through, and constant pressure drop across the reactor, a reduction in mass flow occurs
through the channel having a power perturbation.

*W. II. McAdams, //eat Transmission, 3rd IKdition, McGraw-IIiII, 1954.
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The results are shown in Figure 2.24. Plate temperature increases about 9F for each
1 percent increase in channel power. Flow decreases about 1 percent for each 5 percent
increase in cower in the channel.
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Analyses of critical experiment data are continuing in order to establish current esti-
mates of gross radial, fine radial, and circumferential power perturbations. Final
estimates of total perturbations will include the effects of fabrication tolerances and
flow uncertainties. Direct combination of all factors contributing to hot-spot tempera-
tures is not valid because they do not all occur at the same time or place. A root mean
square statistical combination will be made. Until these final data are available, the hot-

spot temperature will continue to be identified as 1495 0 F at the beginning of life and 1440 0F
at the end.

2.3.4 REACTOR CORE AFTERCOOLING

In the case of a normal reactor scram at full power and 400 psia pressure, coastdown
of the main blower and operation of the auxiliary blower will provide more than enough
cooling air, about 125 lb/sec, to prevent any temperature increase in the reactor.
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A study was made to establish aftercooling conditions within the fuel elements for the
case of reactor scram and loss of airflow during full-power operation. Instantaneous loss
of main blower airflow and depressurization of the pressure vessel were assumed so that
the maximum requirements for the auxiliary blower could be established. Aftercooling con-
ditions were predicted for three different airflow rates, 5, 7. 5, and 10 lb/sec. The assumed
scram delay time was 0.1 second, and a ramp increase in airflow from 0 to the stated value
in 5 seconds was assumed, starting at 1 second after loss of flow. The results are shown
in Table 2.6 and Figure 2.25.

TABLE 2.6

AFTERCOOLING CONDITIONS FOR VARIOUS AIRFLOW RATES

Axial Locatiorn
Peak Fuel Of Peak Peak Core Air
Element Temperature Time To Peak Discharge

Airflow, Temperature, From Inlet Temperature, Temperature,
lb/sec OF (X/L) seconds OF

10.0 1635 0.863 60 1515

7.5 1760 0.900 100 1655

5.0 2010 0.945 180 1920

These computations indicated that a 10 lb/sec flow rate is adequate to limit the average
maximum fuel element temperature to 1635 0 F. The peak air discharge temperature for this
flow is 1515 0 F. These results represent maximum limiting temperatures for the assumed
conditions since no thermal heat transfer to the moderator was assumed. In addition, in-
stantaneous loss of all airflow and depressurization are unlikely occurrences; therefore,
this is a conservative method of sizing the auxiliary blower. A 150-BHP blower will be
pvidtd to circulate 10 lb/sec of aftercooling air at ambtent prssre.

S ;USt. CART E$ STEAmY-STATE ANALYSE.
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ich i used a. program input, is describe I&Tabe 1.

TABLE 2.7

REACTOR HEAT DISTRIBUTION

Heat Distribution
Btu/sec Percent Of Total

Primary coolant 64, 870.0 91. 2400
Support rings 440.3 0.6192
Borated foil 65.0 0.0914
Moderator tubes 1,215.4 1.7094
Moderator water 2, 206.1 3.1040
Shim rods 173.5 0.2440
Other water-cooled structure 2, 126.5 2.9920

Total 71,096.8 100.0

wb.*.iIs ' of the pmvgram indicate that 91.04 percent o total reactor heat istrana-
-'setaedby the primary coolant. The core heat flow from tbheAwl wtrikg

o tern moderator is 1256 Btu/see and to the calandria mxtdeator is
gene[a a within the moderator water ardother water-cooleutractut

:
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amounts to 4506 Btu/sec. The nuclear and thermal heating of the moderator water amounts
to 6367 Btu/sec, or 8.96 percent of reactor power.

The results of the calculations are presented in Figure 2. 26. Component temperatures
for center moderator tubes, fuel rings and fuel tubes are shown in stages 1, 2, 5, and 9.
Core exit air temperatures are shown for each channel of the-12-ring cartridge. Hot
assembly clearances were incorporated in the calculations.
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SUPPORT RING FUEL RINGS
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SUPPORT RING

Fig. 2.26- 630A fuel cartridge temperatures

The peak fuel element temperature is 1466 0F, and the core exit air temperature ranges
from 11300 to 1295 0 F. These somewhat elevated temperatures, relative to design values
of 1337 0 F for average maximum fuel element temperature and 12000 F for core exit air
temperature, will be reduced by adjusting the hydraulic diameters of the innermost and
outermost air channels.

2.3.6 FUEL CARTRIDGE TRANSIENT ANALYSIS

Program THTC was also applied to.determine the transient heating involved in multiple
component failures. Specifically, complete and sudden loss of primary coolant was assumed
to occur during full-power operation. A scram delay time of 0. 1 second and auxiliary
blower failure were also assumed. The current fuel cartridge geometry and flat radial
power profiles were used in predicting the resulting operating conditions for stage 5, the
hottest of the nine stages.

The calculations showed that melting will not occur. The fuel element and structural
component temperatures that would result are shown in Figure 2. 27 at various times after
the loss of airflow. The temperatures of support rings, outer and inner fuel rings (Nos. 1
and 12, respectively), and the hottest fuel ring (No. 7) are shown as a function of time in
Figure 2. 28. The predicted maximum fuel element temperature, which occurs about 315
seconds after the failure incident, is approximately 2270 0F.

12 11 10 9 8 7 3 2 1
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2.3.7 FUEL CARTRIDGE FLOW TESTS

Cold flow tests of ETR cartridges 66F59 and 66F60 have been completed to obtain friction
factor data. The average friction factors of the cartridges were determined from the test
data for estimating the auxiliary blower requirements. Test data points were selected so
that coverage of the Reynolds number range from 200 to 15, 000 was obtained. The results
were the same for the two cartridges and are shown for the 66F60 cartridge in Figure 2. 29.
Reynolds number and friction factors shown are average values. Points falling along the
dashed line, indicated by inverted triangles, are based on corrected, indicated mass flow.
The effects of flow measurement uncertainty are illustrated by points for 5-percent varia-
tions in the indicated flow.
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For reference purposes, the smooth tube friction factor curve

f= 0.046 Re 0. 2 11

and the friction factor curve for an annulus,

24
Re

are also shown in Figure 2.29. these equations are for turbulent and laminar flow,
respectively.

In the Reynolds number range of about 1400, expected during aftercooling operation at
atmospheric pressure, the friction factor is about 0. 023. These test data have been used
to aid in estimating reactor pressure loss during aftercooling at atmospheric pressure.
Including pressure loss estimates for ducting and boiler, the blower drive size require-
ment for 10 lb/sec flow is 150 BHP.

2.4 REACTOR PHYSICS

Experience at GE-NMPO and its predecessor organization, the Aircraft Nuclear
Propulsion Department, has shown that basic nuclear data and the available economical
computational methods do not provide the required level of confidence or accuracy for
final specification of high-performance reactor designs. Continued iteration of analytical
approaches plus experimental data are necessary to establish the design requirements,
for such parameters as power distribution and temperature perturbations, in sufficient
detail to assure achieving the required performance.

The 630A critical experiment, now in operation, has already verified that the desired
power distribution, control, and reactivity requirements can be achieved. Operation of
the critical experiment has indicated a number of improvements, not all of which have yet
been made and checked in the critical experiment. Partial mockups of some improvements
have been made and evaluated. While this gives an indication of what can be expected, all
improvements should be incorporated and evaluated in the critical experiment for veri-
fication. This work is currently scheduled for completion about the end of FY 1964.

2.4.1 REACTIVITY

The 630A reactor will be controlled by 85 scram rods, 63 shim rods, and 6 dynamic
rods. The rods will be ganged for operation by 34 scram actuators, 26 shim actuators,
and two dynamic actuators.

The rate of reactivity addition by the shim rods will be about 1 percent Ak/k per minute
with all shim rods moving simultaneously. The dynamic rods will be capable of reactivity
changes of about 4 percent Ak/k per minute for power changes on automatic control. The
worth of the scram rods has been established so as to make the reactor subcritical in the
event of flooding. A burnable poison, borated stainless steel, is located on the outer dead
ring of each fuel stage. About 95 percent of the poison worth is burned out by the end of
operation. The use of burnable poison reduces the required number of shim rods, actu-
ators, and shim rod guide tubes by reducing the amount of control required in the shim
system.

There are two coefficients of reactivity of importance in the 630A reactor - the fuel tem-
perature coefficient and the moderator temperature coefficient. The fuel temperature coeffi-
cient is largely due to Doppler broadening of the resonances in U23 5 and should be about the
same order of magnitude as that of the HTRE-3 since the neutron energy distribution is
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similar and the surface-to-mass ratio of the fuel is only slightly greater in the 630A. The
experimentally observed value of the fuel temperature coefficient-in the HTRE-3 was 2.7 x
10-4 percent Ak/k per OF and is based on the average fuel temperature. This coefficient
is estimated to cause a loss in reactivity from cold to hot operation in the 630A of about
0. 3 percent Ak/k. This coefficient enhances stability and limits the rate of power increases
for reactivity additions of less than $1. 00.

The moderator temperature coefficient, on the other hand, is positive, but is very much
delayed because of the low heat input rate to the moderator and the large heat capacity.
Calculations indicate that this coefficient will be about +7 x 10-3 percent Ak/k per OF.
This will cause an increase in reactivity from cold to hot operation of about 1 percent
Ak/k. This coefficient is almost completely negligible in hazards studies because of the
very slow rate of moderator temperature increase with power increase.

Reactivity effects of other parameters such as air pressure, moderator pressure, hu-
midity, etc., may exist, but they should be very small. In fact, the increase in reactivity
by using superheated steam rather than air as the primary coolant is estimated to be less
than 0.2 percent Ak/k.

During operation there are several effects that, combined, produce the overall change
in reactivity with operating life. After the reactor has reached operating temperature,
the buildup of Xe13 5 causes a reduction in reactivity of about 1.6 percent Ak/k within 50
or 60 hours. In the next few thousand hours, most of the saturating fission products, such
as Sm' 4 9 , Sm151, and E15 5 will reach near-equilibrium values. At the same time, the
fuel inventory is slightly reduced, U2 3 6 and low cross-section fission products build up,
and part of the burnable poison is burned out. The burnable poison reduction compensates
for the accumulation of the saturating fission products for the first half of operation.

The change in reactivity due to fission product accumulation and fuel inventory reduction,
based on a design life of 15, 000 hours at 67.4 megawatts with an initial fuel inventory of
427 pounds of U2 3 5 , is - 14.5 percent Ak/k. The approximate magnitude of the various con-
tributors to the overall reactivity change is shown in Table 2.8.

TABLE 2.8

EFFECTS ON REACTIVITY THROUGHOUT
OPERATING LIFETIME

Reactivity Change,
% Ak/k

Fuel burnup (depletion) - 6. 0
U2 3 6 absorptions - 1. 5
Xe1 3 5  

- 1.9
Sm1 4 9  

- 0.75
Other fission products - 4. 35

Total -14.5

Although U2 3 6 is not normally considered a significant poison in a thermal reactor, its

absorption resonances causes it to be a significant poison in the 630A because this reactor
is somewhat in the epithermal range. Xenon becomes more important as a poison as the
boron burns out, because the spectrum causing fission becomes more thermal. At equi-

librium after startup, xenon worth is about - 1. 6 percent Ak/k. At the end of life, it is
worth about -1.9 percent. Xenon does not show any appreciable peaking after shutdown;
override is less than 110 percent of the operating equilibrium value.

The approximate amount of negative reactivity held .in the rods to maintain an effective
multiplication of 1.0 as a function of operating time is shown in Table 2.9.
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TABLE 2.9

EFFECTS ON WORTH HELD IN SHIMS THROUGHOUT OPERATING LIFETIME

Condition Reactivity Held In
Shims, % Ak/k

Colda startup 5. 0
Hota startup 6. 0
Hot, 50 hours, Xe 135 at equilibrium 4. 4
Hot, 3, 750 hours, Xe1 35 at equilibrium 6. 26
Hot, 5, 800 hours 6.38
Hot, 5, 800 hours, restart after long shutdown,

xenon decayed out 8. 00
Hot, 7, 500 hours, Xe1 3 5 at equilibrium 6. 05
Hot, 11, 250 hours, Xe1 35 at equilibrium 4. 38
Hot, 15, 000 hours, Xel35 at equilibrium 1. 90
Cold, 15, 000 hours, Xe135 at equilibrium 0. 90

aCold and hot refer to moderator temperature.

It can be seen in Table 2.9 that the minimum worth of the shims must be at least - 8
percent Ak/k. If burnable poison were not utilized, the required shim worth would have to
be at least 15.5 percent Ak/k.

In addition to the required reactivity values shown in the tables, there are three addi-
tional items that must be considered. First, the analysis procedure assumes equal dis-
tribution of the fission products. Since this undoubtedly will not be the case, a correction
should be applied for a non-uniform distribution. A preliminary estimate for this factor
is -0.9 percent Ak/k. Secondly, some of the burnable poison will still be in the core after
15, 000 hours. With initially equal longitudinal distribution of the borated steel on a fuel
cartridge, this would amount to about -0.7 percent Ak/k. The remaining poison would pri-
marily be located at the low flux ends of the fuel cartridge. Studies in progress indicate
this effect can be reduced by eliminating the borated steel from the end stages of the car-
tridge. This is quite satisfactory for the inlet of the reactor where the fuel ring will be
relatively cool; however, the advantages are not as obvious for the exit (hot) end of the
cartridge. The conservative reactivity requirement with equal distribution is currently
assumed. The third item is the excess reactivity necessarily maintained in the dynamic

rods for rapid power increases at the end of life. This is now conservatively assumed at
0. 3 percent Ak/k or an amount sufficient to produce a 9-second period. Adding the above
requirements to the values listed in Table 2. 8 produces a total required excess reactivity
at the start of life of 16. 4 percent Ak/k.

Critical experiment data indicate that at least the required excess reactivity, and
probably 'more, will be available with the present fuel loading.

The desirability of some changes in the original reactor configuration mocked up by the

critical experiment have been demonstrated in tests with this assembly. The initial critical
experiment with burnable poison installed had an excess reactivity of 0. 79 percent Ak/k.

Initial measurements of the burnable poison worth was 10.7 percent Ak/k. This value,
however, is believed to be slightly conservative as it was obtained by adding a fifth layer

of borated steel to the measurement cartridge and the six adjacent surrounding cartridges,
thus causing a local flux depression around the measurement cartridge. It is now believed
an unshadowed measurement would be more representative of the actual burnable poison

worth. These measurements will be made in the near future but, in lieu of such data, the
shadowed worths are conservatively assumed. Measured values for the shadowed burnable
poison liners are shown in Table 2.10.
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TABLE 2.10

MEASURED WORTH OF FIFTH LAYER
OF BORATED STEEL

Fuel Cartridge Worth Of Added Boron Steel,
No. % Ak/k

00 0.039
410 0.037
420 0.036
430 0.031
440 0.021
442 0.030
451 0.012

Figure 2.30 presents these values graphically. Cell locations are presented in Figure
2.31.

A multiplication factor of 4.7 was calculated to convert the worth of the fifth layer of
boron steel to the worth of the normal four layers. By using the values from the curve and
the conversion factor, the boron steel is worth 10.7 percent ak/k.

Recent measurements in the critical experiment showed that the power assembly would
have a higher reactivity than the initial critical experiment because the fuel in the power
fuel elements would be more evenly divided across the cartridge. In the critical experi-
ment, fuel sheets and nickel-chromium sheets are wrapped on three cylinders, the assem-
bly shown in Figure 2.32, to facilitate changes. As a result, the cartridge diameter is

0.040

0.035

0.030

> 0.025

a

0.020

0.015

0.010,
0 4 8 1 16 20 2

DISTANCE FROM CENTER OF REACTOR, inches

24

Fig. 2.30 - Measured worth of added layer of boron steel with each
position surrounded by fuel cartridges with same modi-

fication
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appreciably smaller than the fuel tube. Measurements with proper spatial distribution of
fuel indicate the neutron streaming across the gap in the critical experiment cartridges
is worth 2.0 percent Ak/k in reactivity.

Several design changes which will change the reactivity of the assembly have been found
to be desirable. Thermal and safety studies show it is desirable to remove the insulation
between the fuel cartridges and the water moderator. This increases the amount of water
at the center of the core, reduces the amount of steel, and reduces the distance between
the moderator and the fuel. This change was made in one sector (19 cartridges) of the
critical experiment. The total steel inventory in these cells was corrected to account for
the removal of insulation liners, and a modification to the safety rod guide tube. The net
change was an increase in reactivity of 0.13 percent Ak/k which extrapolates to about 0.55
percent Ak/k for the whole reactor.

Two changes were made to the beryllium of the side reflector. The minimum thickness
on the side is now 2.8 inches, rather than 2.0 inches, and the large water gap in the original
configuration between (typically) tube 440 and the reflector has been narrowed by adding
0.5 inch of beryllium to the reflector face at that point. These two changes were made on
one 60-degree sector of the core. The extrapolated increases in reactivity for these changes
are 0.60 and 0.25 percent Ak/k, respectively.

An investigation is underway on the effect of increasing the size of the center moderator
rods and reducing the number of rings in a fuel cartridge. Eleven-, 12-, and 13-ring car-
tridges were assumed in the original assembly. Data with 8-, 9-, 10-, and 11-ring car-
tridges indicate the start-of-life assembly reactivity will be increased 1.5 percent Ak/k.
Part of this reactivity gain, approximately 0. 5 percent Ak/k, is due to the reduced nickel-
chromium in the fuel, and part, approximately 1. 0 percent Ak/k, is due to the increased moder-
ator fraction at the center of the cell. The present measurements were made with the burn-
able poison in place. A small part of the increase in reactivity may be due to a reduction
in the worth of the boron caused by the additional moderator at the center of the fuel car-
tridge. Pending further experiments, only 2/3 of the expected worth, or 1.0 percent Ak/k,
is assumed for lifetime purposes.

Experiments have also shown that 0.7 percent Ak/k can be gained by eliminating the
steel shim rod guide tubes or replacing them with aluminum tubes; in either case, the
effect on reactivity is essentially the same.

In summary, the reactivity available for lifetime purposes in the prototype assembly,
as now conceived, should be at least 17.09 percent Ak/k, as shown in Table 2.11. The re-
quired excess for a life of 15, 000 hours is 16. 4 percent Ak/k; thus, a life of more than
15, 000 hours should be possible with this reactor.

Other increases in reactivity are possible and will be investigated before the final design
is established. Some of the variations that will be considered are increased effectiveness
of the end reflectors, changes in structural materials, further optimization of the fuel-to-
moderator ratio, and increased fuel loading. The latter item is an obvious way to increase
the integrated power per unit of fuel. The effect this would have on fuel cost is shown in
the Ship Economics section. Studies show that the percentage of increase in excess reactivity
is approximately equal to the percentage of increase in fuel. Since the percentage of fuel
that will burn up is directly related to the amount of excess reactivity, a fuel loading increase
will cause a percentage change in life that is larger than the percentage change in fuel in-
ventory.

A requirement in the 630A is that the scram rods worth be sufficient to make the reactor
subcritical even in the unlikely event of flooding. Experiments in the critical mockup have
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TABLE 2.11

PREDICTED INITIAL EXCESS REACTIVITY OF 630A
BASED ON CRITICAL EXPERIMENT MEASU ELEMENTS

Excess Reactivity,
% oAk/k

Original critical experiment 0. 79
Burnable poison worth 10. 7
Cartridge geometry effect 2. 0
Removal of insulation 0. 55
Reflector modification 0. 85
Reduction in number of rings 1. 0
Elimination of steel guide tubes 0. 7
Temperature coefficient 1.0

Total 17. 59

shown that this requirement is met. In fact, even in the central fuel cartridges, the in-
sertion of a scram rod in a flooded cartridge results in a lower reactivity than when the
same cartridge is dry and without the scram rod. The safety rod effectiveness at the center
of the core is shown in Figure 2. 33. The center cell in the reactor effects the largest gain
in reactivity when flooded (as compared to flooding the other cells) as it has the lowest
moderator volume, as well as the most important location in the core. Cells with fewer
rings (less fuel) and larger moderator fractions do not increase the overall reactivity as
much when they are flooded. The shutdown margin (Keff flooded with rod inserted minus

Keff dry) is larger in these cartridges than in the center cell. The present safety rods are
worth enough to shut down a flooded core with the most valuable scram actuator stuck in
the out position, without any movement of the shim rods. Figure 2.6 shows the present
scram rod sizes. The 11-, 10-, 9-, or 8-ring designs would allow even larger scram
rods to be utilized if desired.

2.4.2 POWER SHAPING

Power shaping, or temperature flattening, is required in gas-cooled reactors to make
maximum use of the temperature capability of the metallic fuel elements. To minimize
the surface-to-coolant temperature differential, the temperature of the entire surface
area at a particular axial location should be uniform. In a homogeneous system, or in a
heterogeneous system where the basic fuel cell is the same at all radial locations, the
power generated per unit of fuel is highest at the center of the reactor, and falls off radial-

ly outward toward the reflector. If the 630A system were to be operated for only a short

time, the fuel per unit of heat transfer area could be reduced in the central fuel elements
and increased in the outer elements, thus achieving a flat gross radial power generation
rate per unit of heat transfer area. Because of the long-life requirement, however, a
large quantity of the fuel is burned up, and a much greater percentage would be burned
out in the lightly loaded elements at the center of the reactor than in the outer elements.
This would result in a large gross radial power swing during the operating lifetime of
the fuel elements. The gross radial power shaping in a system with a high percentage of

burnup must produce a relatively constant rate of burnup in the radial direction. To ac-
complish this in the 630A reactor, the fuel-to-moderator ratio is varied in the radial
direction.

Two methods of varying the ratio were studied: varying the size of the center moder-

ator and variation of the interstitial water gap. In the first method, the center moder-

ator tube size was varied in the gross radial direction to provide less moderation at the

center of the reactor and more at the outside. This was accomplished by adding (at the

reactor center) or subtracting (at the outer positions) integral fuel rings at the center of
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the fuel stages. This method did not provide sufficient variation of the fuel-to-moderator
ratio for complete gross radial power shaping. The center of the reactor core still oper-
ated at a higher-than-average power density, and the thermal flux distribution indicated
that the burnable poison in the center of the core would burn out faster than that at the
outside, resulting in more peaking of the fission density at the center as the reactor was
operating. These results led to the conclusion that it would be desirable to vary the quan-
tity of moderator on the outside of the fuel element as well as the center moderator.

Prediction of the gross radial power distribution at the start and the end of life is shown

in Figure 2. 34. The increase in power in the outer cells of the core, and the balancing de-

crease in the center, is caused primarily by burnout of the borated stainless steel liner

around each fuel cartridge. The thin burnable poison is essentially a thermal neutron ab-

sorber. When the boron burns out, the probability of a thermal neutron causing a fission

is increased. As the neutron spectrum is more thermal in the outer regions of the core

than at the center of the core, the increase in the overall fission probability is greatest
in the outer parts of the core. This causes the relative fission density to increase on the

outside of the core and decrease at the center.

The measured gross radial power distribution in the present critical experiment shows
a peak-to-average power of 1.06, occurring in the center of the reactor. This power map
is shown in Figure 2.35. In this configuration, the 10-, 11-, 12-, and 13-ring fuel car-
tridge types were utilized. Experiments are now underway on the 8-, 9-, 10-, and 11-
ring cartridges. The measured value of 1.06 at room temperature is in agreement with
the desired value of 1.04 at temperature as is indicated by the temperature differential
effect developed in the analytical evaluation of temperature effect on gross radial power

shown in Figure 2.36.

Also helping to flatten the gross radial power is the control pattern of the 630A which
is so arranged that, with equal shim rod insertion at the start of life, the power density
in the outer fuel cells is increased relative to that in the inner cells.
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A typical circumferential power distribution is shown in Figure 2.37. The variation in
power, primarily in the outer fuel layers, is caused by variations in moderator thickness
and control rod location. In general, it is desired to keep the peak-to-average circumferen-
tial power distribution below 1.05. In the case of control rods, it is the axial integral of
the circumferential power distribution that is important. Larger peaks are also less im-
portant in the outer rings. At the end of life and maximum accumulation of fission products,
the outer rings operate at a significantly lower than average temperature.

The axial power distribution is essentially a cosine distribution. The peak-to-average
power at the midpoint of a fuel cartridge is about 1. 28 at the start of life. This value de-
creases somewhat at the end of life. A plot of the typical longitudinal power distribution
in the critical experiment with and without shim rod insertion is shown in Figure 2. 38. The
integrated effect of the shim rod movement is a flattening effect on the longitudinal burnup.
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Because of the low film temperature drop in the 630A, adjustment of the longitudinal
power distribution is of little value. The peak fuel temperatures occur in the latter fuel

stages and are controlled primarily by the bulk air temperature increase. Therefore, the
regions of highest burnup operate at temperatures below the maximum.

The fine radial distribution is defined as the power variation from ring to ring in a single
fuel element. The fission probability (per unit of fuel) is highest next to the moderator and
lowest toward the center of a concentric-ring fuel element. To reduce the difference in the
fission probability, center moderator regions are employed in the 630A reactor. This in-
creases the low energy flux (which produces most of the fissions) at the center of the fuel
cartridge. The fuel inventory per unit of heat transfer is varied roughly in inverse propor-
tion to the fission probability so that each ring of the cartridge operates at essentially the
same temperature in a particular axial location.

If the fuel is distributed to produce a uniform temperature across each stage in an axial

location at the start of operation, the outer ring, in which the fission probability is highest

and which experiences the highest percentage of fuel burnup, will have a lower-than-average

heat flux at the end of life. On the other hand, fuel rings located in the middle of the cluster

(e.g., the sixth ring of a 12-ring element) will experience a much lower percentage of fuel

burnup and will operate at higher-than-average temperatures at the end of life.

If the fuel element is designed so that all of the rings are operating at the same tempera-
ture at the end of life, the temperatures of the rings nearest the moderator will be extremely
high at startup. The 630A fuel element temperatures are a compromise; the temperatures of
the hottest ring at the end of life will be less than if the fuel element operated at an iso-
thermal temperature at the start of life, and the hottest ring at startup will be operating
at a lower temperature than it would if the fuel were distributed to provide isothermal tem-
peratures at the end of life. Approximately ten variations in fuel sheet thickness will be re-
quired for the complete reactor.

2.5 CONTROL RODS

Reactivity control of the 630A reactor is accomplished by three types of control rods
plus a burnable poison. The control rods are designated as safety rods, shim rods, and
dynamic rods. The safety rods are used for rapid, positive shutdown of the reactor; the
shim rods provide gross reactivity control; and the dynamic rods maintain fine control
for normal operating transients. The burnable poison is used to extend the operating life
of the reactor by furnishing gross reactivity control at the start of life, thereby permitting
a higher initial fuel inventory with reasonable control rod worth.

There are presently 85 safety rods, 63 shim rods, and 6 dynamic rods arranged as
shown in Figure 2.39. The rods are driven either singularly or in groups of two or three
by control rod actuators located on the top surface of the shield plug. There are 34 safety
rod actuators, 26 shim rod actuators, and 2 dynamic rod actuators. The location of each
actuator is also shown in Figure 2.39.

When inserted, a safety rod is located in the center of each fuel cell in the space normal-

ly filled with center moderator water. The safety rods are fully withdrawn from the active
core during normal reactor power operation and fully inserted during reactor shutdown.
They are cylindrical in shape and have a 27.5-inch-long poison matrix. The poison matrix,
natural B 4 C, is clad with 0. 035-inch-thick Type 304 stainless steel. Because the safety
rods are fully withdrawn from the active core during normal reactor power operation, burn-
up of the boron does not present a problem and the safety rods may be used for many fuel
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cycles. To be compatible with the fuel cell design (see Figure 2.6), there are four different
diameters of safety rods: 1.220, 1.377, 1.534, and 1.695 inches.

The shim and dynamic rods are located in the interstitial positions between the cells;
they are identical in design, differing only in length and function. The shim rods are cylin-
drical with an outside diameter of 0. 500 inch across the cladding with a poison matrix
length of 27.5 inches. The dynamic rods are identical to the shim rods but are only 20
inches in length. The matrix is clad with 0. 025-inch-thick Type 304 stainless steel. Natu-
ral B4C is the preferred material for these rods because of the relatively small release
of helium (typically, 5% or less of the helium formed) with burnup and its low cost. How-
ever, because of the large percentage burnup of the B1 0 in the natural B4C the shim rods
will have to be replaced after each fuel cycle. In addition, the critical experiment results
indicate the 69 interstitial rods may not have sufficient worth if fabricated from natural
B4C. The use of enriched (in B1 0 ) B4C for the shim rods is being investigated as an alterna-
tive to adding more shim rods. The 63 shim rods fabricated from enriched B4 C should have
adequate shim control worth and the percentage of B1 0 burnup,per se, would not necessitate
replacing the rods at the end of each fuel cycle.

Further investigations on helium formation and its effects on the rods are necessary to
determine the desirability of changing to the enriched material. Burnup tests will be per-
formed to verify the rod material selection.

The burnable poison is Type 304 stainless steel foil with 0.625 percent (92% B1 0 ) en-
richedboronadded. The outside of the outer support shell of each stage of the fuel car-
tridge assembly is wrapped with 0.005 inch (average thickness) of foil.

2.5.1 CONTROL ROD DESIGN REQUIREMENTS

The control rods are designed to operate in a flowing water environment at a maximum
temperature of 3000 F for at least 15, 000 hours. The safety control rods must withstand
the dynamic force exerted by the safety actuators during a scram shutdown. The control
rods must also be able to operate in any attitude assumed by the ship. All control rods are
cooled below 2500 F by the moderator water as it enters the core.

The control rod actuators are readily accessible for maintenance and replacement, and
can be manually repaired or replaced without disturbing any of the other system components.
The control rcds are also accessible by removing the top plate of the shield plug.

2.6 CONTROL ROD ACTUATORS

Three types of control rod drive actuators are used for control and reactor safety. These
consist of 26 shim, 2 dynamic, and 34 safety rod actuators. The shim and safety actuators
have a 30-inch stroke, and the dynamic actuator has a 20-inch stroke. Each actuator drives
up to three control rods which are ganged together within the upper plenum of the shield
plug. Each actuator drive shaft is connected to the ganging frame through a quick-disconnect
coupling. The actuators are mounted on the shield-plug upper-plenum cover plate through
quick-disconnect couplings. Each actuator drive rod pierces the shield plug through a rod
seal which is built into the actuator. The rod seal consists of a standard O-ring with a
Teflon insert. The Teflon insert is located at the rubbing surface and receives all of the
wear; the rubber 0-ring serves only as a static seal.

2.6.1 SAFETY ROD ACTUATOR

Figure 2.40 shows the pneumatically-cocked, spring-driven, linear safety rod actuator.
It provides a very simple and reliable means for rapidly shutting down the reactor if un-
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safe operating conditions are too closely approached. It consists of a cylinder assembly,
cocking piston and drive rod, compression drive spring, rod latch assembly, and associ-
ated solenoid valves and limit switches.

In its normal power off position, the drive spring acting against the cocking piston holds
the drive rod in its fully inserted position. The actuator is driven to its cocked position by
applying electrical power to the retract solenoid valve. This valve directs air at 100 psi
to the lower face of the retract piston and causes the actuator to move in a retracting direc-
tion compressing the scram spring from its preload force of 50 pounds to its cocked posi-
tion where it has a force of 227 pounds. When the piston reaches the retract position, it
actuates the retract limit switch which controls a light on the operator's console. The oper-
ator then energizes the latch solenoid which directs air to the latching piston and de-energizes
the cocking solenoid thereby venting the air on the lower face of the cocking piston to the
atmosphere. The latch piston restrains the fingers on the scram latch, thus holding the rod
in the retract position. The scram latch fingers are designed to be fail safe, i. e., in the
event the air pressure behind the latch piston is removed, the latch will release and the
actuator will scram due to the scram spring force. No external source of power is required.

The actuator is held in a latched position as long as the power is applied to the latch
solenoid. When a scram is required, the electric power to the latch solenoid is inter-
rupted; this causes the air to vent from behind the latch piston releasing the latch, thus
allowing the spring to insert the rod. As the piston drives in the insert direction, it com-
presses the air ahead of it which provides a buffer to slow down the piston. This air is al-
lowed to leak off through a retract valve until the piston comes to rest at the end of travel,
thereby providing a smooth stop for the piston. When the piston reaches a fully inserted
position, it actuates a limit switch which operates a light on the control console.

The spring has the capability of driving a 60-pound mass 5 inches in water against 60-
psig water pressure in 100 milliseconds. The actuator will continue to accelerate until
it has travelled approximately 20 inches, at which time the buffer pressure will have built
up sufficiently to start to slow it down. The final 10 inches are spent in slowing down and
stopping.

2.6.2 SHIM ROD ACTUATOR

The shim rod actuator, shown in Figure 2.41, consists of an electric-motor-driven,
rotary-output powerhead, a ball lead screw, a drive rod, and a housing assembly. These
actuators position shim rods in the reactor core to compensate for slow changes such as
fuel depletion and poisoning, and provide followup of the dynamic rods causing them to
return to a neutral position. They may also be used for control without the dynamic rod
actuators but with some sacrifice in accuracy and response. They operate at either the
full-insert rate or the full-withdraw rate. The power head consists of a three-phase
hysteresis synchronous motor operating on single-phase, 60-cycle, 115-volt power by
the use of a capacitor across two phase windings. This capacitor alters the phase relation-
ship of the windings so that a three-phase current relationship occurs in the windings.
Withdraw or insert action is obtained by applying the single-phase power to one winding
or the other. This simplifies the power requirements and the switching problems of both
the insert - withdraw switch and the limit switches. Power consumption is approximately
18 watts.

The motor operates at 3600 rpm. This speed is reduced to 36 rpm at the output shaft
by a 100-to-1 planetary gear reduction. This provides a 4.5-inch-per-minute linear speed
for the shim actuator. The rotary actuator has a torque capacity of 3.12 inch-pounds which
provides approximately 141 pounds of linear force at the output shaft of the actuator.
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During operation, whenever the a-c voltage is removed from the drive motor, a d-c
voltage is applied to the motor winding to provide dynamic braking to minimize coasting.
The d-c voltage remains on the motor winding whenever the actuator is not driving and
also provides a static brake to hold the actuator in a stationary position. This holding
force is equal to or greater than the maximum output of the actuator, 141 pounds.

The motor is also equipped with a 28-volt d-c brake which holds the actuator in a fixed
position whenever the driving power is not applied. This provides a lock to hold the actu-
ator in position in the event of a power failure. The brake has a holding force equivalent
to about 1400 pounds on the actuator shaft. During normal operation the d-c brake is ener-
gized, and, therefore, out of the system. It is controlled by circuits external to the'
actuator.

The rotary actuator contains a ten-turn position-indicating potentiometer driven by the
output shaft through a 26.87-to-1 planetary gear reduction to provide 8. 93 turns of the
potentiometer for 30 inches of actuator travel. The same shaft which turns the potentiome-
ter also actuates limit switches at the end of its travel to prevent the actuator from driving
into the mechanical stops.

In the actuator itself, movement of the output shaft is caused by turning the ball lead
screw and restraining the ball nut from rotating. The ball nut is restrained from rotating
by three ball bushings housed in the ball nut assembly which slide on three guide rods
that extend the entire length of the actuator.

2.6.3 DYNAMIC ROD ACTUATORS

The dynamic rod actuator, shown in Figure 2.42, consists of an electric-motor-driven,
rotary-output powerhead, a ball lead screw, a drive rod, and a housing assembly. These
actuators move a small amount of poison very rapidly in the reactor core to provide good
transient response and accurate power control. They operate, within their velocity limits,
at a velocity proportional to flux error. They remain approximately centered in the reactor
core during steady state operation; thus they are in a position to provide regulation of power
in either an increasing or decreasing direction.

The rotary actuator, shown in Figure 2. 43, consists of a two-phase, 115-volt, 60-cycle,
servomotor capable of a minimum of 10 watts of mechanical power which drives through
a 5. 03-to-1 gear reduction to the output shaft. A conductive plastic, position-indicating
potentiometer is driven by the output shaft through a 47.85-to-1 gear reduction. The po-
tentiometer turns 0.836 revolution for 20 inches of actuator travel. The rotary actuator
also contains a 28-volt d-c brake which is driven by a 2.18-to-1 gear ratio and holds the
actuator in a fixed position whenever the 28 volts are not applied. This provides a lock to
hold the actuator which is about equal to the 54-pound stall force of the actuator. During
normal operations the d-c brake is energized and, therefore, out of the system. This brake
is controlled by circuits external to the actuator.

In the actuator, movement of the output shaft is caused by turning the ball lead screw
(with the rotary actuator) and restraining the ball nut from rotating, thus causing the ball
nut to advance on the screw. The ball nut is restrained from rotating by three ball bush-
ings housed in the ball nut assembly which slide on three guide rods that extend the en-
tire length of the actuator.

At the ends of travel the actuator is driven into springs on the guide rod which act as
buffers, thereby bringing the actuator to a smooth stop. At the end of travel, the servo-
motor is stalled and applies full torque to the ball lead screw.

The operating characteristics of the dynamic rod actuator are presented in Table 2.12.
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TABLE 2.12

OPERATING CHARACTERISTICS OF DYNAMIC ROD ACTUATORS

Motor Lead Screw Control Rod
Operating Speed, Speed, Speed, Force Output,
Condition rpm rpm in./sec lb

Free running 3400 675 5. 6 0
Normal load 3035 600 5. 0 10
Stalled 0 0 0 54



3. BOILER

3.1 GENERAL DESCRIPTION AND FUNCTION

As designed, the 630A boiler is a once-through water tube system capable of producing
the normal flow of approximately 194,000 pounds per hour of superheated steam at 9550 F
and 880 psia. The superheated steam is supplied to the propulsion turbines at 9500 F and
865 psia. The once-through boiler was chosen because of the low number of penetrations
of the pressure vessel, smaller size, and less complex mechanical design than a recircu-
lating design with a steam drum. The 400-psi air recirculation permits a compact tube
arrangement without danger of fouling. Since the temperature of the primary air is 1200 0 F,
there is minimal danger of burning out of the tubes during water-level changes.

As shown in Figure 1.1 (pages 26 to 28), the boiler assembly is located below the reac-
tor in the lower section of the pressure vessel. The bottom dished head of the boiler
assembly closes the bottom of the pressure vessel. The top of the boiler assembly is
laterally restrained by the pressure vessel. Four equally spaced keys on the outside
diameter of the boiler shell slip into keyways on the inside pressure vessel wall, thus
restraining motion of the assembly during rolling and pitching of the ship while still per-
mitting thermal growth. The boiler shield and diffuser is mounted on top of the boiler
assembly directly beneath the reactor. The boiler shield and diffuser serves a dual func-
tion: it improves the flow distribution of the core exit air into the boiler region, and it
reduces the fast neutron dose to the boiler.

The boiler assembly, shown in Figure 3. 1, consists of a tube bundle, a shell that houses
the tube bundle, a flow divider, the bottom head, and an exit steam manifold.

Based on preliminary data prepared by the different boiler manufacturers, there are
several suitable methods of meeting the requirements for the boiler used in the 630A.
One of the most attractive of these methods utilizes a tube bundle similar to that used
in the Enrico Fermi atomic power plant. In the 630A concept, 252 tube circuits consisting
of 84 clips of 3 tubes each are used. The tubes and the shell housing the tubes are sup-
ported from the bottom head. The tubes, formed into a serpentine configuration in the
longitudinal plane, make 22 horizontal runs in the annular space between the outside
diameter of a central thermal shield and the inside diameter of the outer shell. Thus,
each clip presents 66 horizontal tube surfaces. Air passes over the tube surfaces as it
flows downward through the boiler. The 84 clips are arranged in radial position around
the circumference of the unit. In order to maintain an even spacing of 25/32-inch pitch
between the tubes for equal airflow and maximum heat extraction, each clip of tubes is
formed into an involute curve. The 14 BWG tubes are 5/8 inch in outside diameter and
approximately 183 feet long, exposing a total of 6900 square feet of effective surface to
the air flowing in the annular region.

Feedwater is admitted to the outer annular headers in the bottom head and flows up-

ward through the tubing in the annular region. The feedwater is then heated, evaporated,
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superheated, and returned downward through the cylindrical center section inside the
thermal shield to the inner annular header as superheated, steam. Each of the three tubes
in a clip has independent feedwater-inlet and steam-outlet headers, thus dividing the
boiler into three sections. Should a tube break during operation, the section containing
the failed tube could be determined and valved off, permitting continued operation at re-
duced power. With one tube in each clip inoperative, the temperature at any radial cross
section through the boiler will be essentially constant, i.e., no hot streaks.

Reactor discharge air, at a temperature of 12000 F, flows downward through the boiler

in the annulus formed by the outside diameter of the central thermal shield and the inside
diameter of the shell that houses the tube bundle. The air passes over the steam super-
heater surfaces, which comprise about 15 percent of the total heat transfer area. The air
then passes successively over the evaporator and economizer surfaces, which contain
about 54 and 31 percent of the total heat transfer area, respectively. Thus, heat is trans-
ferred in cross-counter-flow from the primary-air loop to the secondary steam-and-
water loop in the boiler.

The flow divider, attached to the outside of the boiler shell, acts as a separator for the
blower inlet and exit air. Air, exiting from the boiler, passes upward in the annulus be-
tween the boiler shell and the flow divider, enters the inlet duct to the blower opening in
the flow divider, and is discharged from the blower into the annular area between the flow
divider and the pressure vessel.

The bottom of the boiler is a dished head which is bolted to a flange on the bottom of the
pressure vessel. The header consists of two separate components, joined in manufacture,
to form an integral unit. The basic form is a 2. 75-inch-thick dished head with an open
crown. This head has three circular inlet water plenum chambers which provide feed-
water to the three individual sets of boiler tubes. The other component, which fits into
the open crown of the basic dished head, is an exit steam header with three circular steam
plenum chambers to receive the superheated steam from the individual boiler tubes. The
dished head and the exit steam header are provided with longitudinal walls to facilitate the
joining of the two components and to provide a longer flow path for heat conduction. A
radial gap is provided between the walls except where the joint is made. This permits
both radial and longitudinal expansion due to the relative temperature differences between
the water and steam plenum chambers.

An exit steam manifold casting is bolted to the three exit steam plenums and provides
flange connections for the three steam pipes.

Both the inlet and exit manifolds can be removed for tube plugging operations in the
event of a tube failure.

Although not a part of the boiler assembly, the 9-inch-high boiler shield and diffuser
is supported from the top of the boiler shell, and is shown in Figure 3. 2. It is a fabri-
cated stainless steel structure essentially circular in plane form and primarily composed
of structural angles. Six equally spaced radial structural ribs span the gap between the
hexagonal center section and the outside circular frame. One-inch-thick structural angle
vanes inter-nested to form 13/16-inch-wide air passages are placed as straight-line chords

between the radial ribs. The vanes which are of varying length are equally spaced from the
center to the outer perimeter of the diffuser. Four equally spaced keys on the circum-
ference of the diffuser provide radial alignment of the diffuser to the boiler housing and
permit thermal expansion in the radial direction. Four equally spaced Inconel mesh pads,
preloaded during initial fabrication by the reactor - shield-plug assembly, allow longi-
tudinal thermal expansion. They also provide a means of absorbing vertical upward G

forces and of transferring these forces to the reactor - shield-plug assembly. Because
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of these design features, the diffuser can be removed through the top of the pressure
vessel after the reactor - shield-plug assembly is removed. A laminated circular seal
is mounted on the top surface of the diffuser. This seal bears against the outside surface
of the instrument harness outer ring, thus affecting a seal to prevent the primary-loop air
from bypassing the reactor. The instrument harness is sealed against the bottom surface
of the reactor.

3.2 DESIGN REQUIREMENTS AND CONDITIONS

The boiler will be designed to comply with the ASME Boiler and Pressure Vessel Code,
Sections I and VIII, "Power Boilers" and "Unfired Pressure Vessels," respectively, and
applicable nuclear code cases. The objective design life is 20 years at the rated conditions.
Ample margin will be provided for erosion and corrosion losses throughout the operating
life. The maximum oxidation conditions on the tube material will be imposed in the event
of a tube rupture because a closed-off quadrant would allow dry tubes to reach approximate
airsteam temperature.

The design conditions for normal operation at 27, 300 SHP consist of a heat load of
2.13 x 108 Btu/hr with inlet and exit air temperatures of 12000 F and 550 0 F, respectively.
Inlet and outlet air pressures are 384 psia and 376 psia, respectively. Feedwater is cir-
culated through the boiler at a rate of about 194, 000 pounds per hour, entering at a tem-
perature of 4070 F and a pressure of 970 psia. Superheated steam is delivered from the
boiler at 880 psia and 955 0 F. Other details of the boiler design are provided in AppendixA.

Preliminary design requirements have been established based on heat transfer require-
ments, operating pressures and temperatures, and desired envelope dimensions. The re-
quirements for normal, design, and off-design operating conditions have been specified.
Off-design conditions include those for maximum and partial power operation, atmospheric
pressure operation, and aftercooling. Possible growth version requirements have also
been defined.

The design requirements have been reviewed by representatives of the Babcock & Wilcox
Company, the Baldwin-Lima-Hamilton Corporation, and Combustion Engineering, Inc.
At the request of the General Electric Company, they have submitted proposals which de-
fine the scope of work that they propose to carry out during an engineering study planned
for Fiscal Year 1964. The boiler engineering study is to provide GE-NMPO with informa-
tion concerning the size, configuration, interfaces, weight, materials, performance, off-
design characteristics, reliability, and handling and maintenance procedures for the 630A
boiler so that these characteristics may be included in the GE-NMPO engineering effort.

3.3 MECHANICAL DESIGN

3. 3. 1 MATERIALS

The materials to be used will be determined by the boiler manufacturer during the
engineering study. The boiler tubes will probably be made from a low alloy steel such
as 9Cr - 1Mo, stainless steel, or Inconel. The average fast neutron flux (greater than
0. 8 Mev) to the superheater (assumed to be the upper 17. 5 inches of the boiler) is
2. 6 x 1019 nvt per fuel cycle of 1 x 106 megawatt hours. Although the fast neutron dose
is at a potentially troublesome level for the low alloy steels at room temperature, the
operating temperatures involved would afford a good deal of self-annealing of any radia-
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tion damage. Stainless steel or Inconel could be used if the radiation damage of the low

alloy steel appears to be questionable. While not subject to radiation damage because of

its low transition temperature, stainless steel could prove to be troublesome because of

chloride stress corrosion. Although somewhat more costly, Inconel has good stress
corrosion resistance and low transition temperature characteristics a'nd would be well

suited for this application.

The bottom dished head will probably be fabricated from Type 304 stainless steel to
match the material of its mating component, the pressure vessel.

3.3.2 FABRICATION AND ASSEMBLY

The boiler will be fabricated, tested, and certified to the requirements of the ASME
Boiler and Pressure Vessel Code by a major boiler manufacturer.

3.3.3 HANDLING REQUIREMENTS

The boiler assembly will be fabricated and handled as a unit. The boiler assembly is
inserted into the lower portion of the pressure vessel and the bottom head is bolted in
place.

3.4 THERMODYNAMIC DESIGN

The major thermodynamic design requirements are (1) provide an adequate heat trans-
fer area for the established heat load, the overall heat transfer coefficient, and logarithmic
mean temperature difference, and (2) minimize primary coolant pressure losses. Satisfy-
ing both requirements involves careful selection of variables such as tube size and spacing,
length-to-diameter ratio of the tube bundle, coolant pressure level, and temperatures. If

the envelope size should prove to be limited for a particular application, increasing the
feedwater temperature at the economizer inlet would be a means of maintaining boiler size.

Optimization studies involving the various parameters mentioned have been carried out

in conjunction with performance estimates provided by the boiler manufacturers. These
preliminary sizing estimates will be verified during the course of the boiler engineering
study.

In the present preliminary configuration, the boiler meets the thermodynamic require-

ments and is compact and easily maintained. At full power the heat transfer rate per unit

volume is about 0.7 x 106 Btu/hr-ft 3 and the pressure loss is less than 3 percent of total

inlet primary loop pressure.



4. PRESSURE VESSEL

4.1 DESCRIPTION AND FUNCTION

The pressure vessel is a stainless steel cylindrical shell that is flanged on each end,
as shown in Figure 4. 1. It is 15 feet, 6 inches high and consists of a lower section, an
upper section, a conical transition section, and two equally spaced nozzles that accom-
modate the main and auxiliary blowers.

As shown in Figure 1. 1, pages 26 to 28, the top of the pressure vessel is closed by
the reactor - shield-plug assembly and the bottom is closed by the boiler header. The
blowers provide closures for the nozzles. The pressure vessel contains the reactor pri-
mary coolant (air) and supports the reactor - shield-plug assembly, the boiler, the inner
side shield water tank assembly, and the blowers.

The lower section of the pressure vessel is a cylinder 79 inches high with an outside
diameter of 122. 5 inches. The wall thickness is 4. 75 inches except for the flange where
the thickness is 7 inches. The nozzles penetrate the lower section 39 inches above the
face of the bottom flange and have an inside diameter of 40 inches.

The annulus formed by the outside surface of the boiler housing and the inside surface
of the lower section provides a flow path for the primary coolant discharged from the
blower.

The upper section accommodates the reactor - shield-plug assembly and provides a
flow path for the primary coolant between its inside surface and the outside surface of the
reactor shell. The upper section is a 1. 75-inch-thick cylinder, 71. 5 inches high with an
inside diameter of 78. 5 inches. Four equally spaced keys provide alignment for the cal-
andria vessel of the reactor - shield-plug assembly. If the core were to break away from
the shield plug and, in effect, partially withdraw control rods, these keys would also limit
the amount of drop of the core.

The 35. 5-inch-high, 3-inch-thick conical transition section joins the upper and lower
sections of the pressure vessel and supports the inner portion of the inner side shield.
Four equally spaced keys provide alignment for the boiler assembly, and provide lateral
restraint of the upper section of the boiler.

The bottom of the vessel is closed by bolting the boiler header to the bottom flange of
the pressure vessel with sixty-four 2. 5-inch studs. The bottom of the boiler is a 2. 75-
inch-thick dished head with a 7-inch-wide, 12-inch-deep flange. The mating flange on the
pressure vessel is also 7 inches wide and extends between the blower nozzle openings.

The blower nozzles are flanged close to the pressure vessel shell to permit the pressure
vessel to be installed within the containment vessel. After the pressure vessel is posi-
tioned within the containment vessel, a short cylindrical section, flanged on each end, is
bolted to each pressure vessel nozzle flange.
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The pressure vessel is supported at the blower nozzle centerline by an external ring
that rests on a mating ring on the containment vessel. The pressure vessel is bolted to
the containment vessel through the support ring with forty-eight 1. 5-inch studs, as shown
in Section F-F of Figure 1. 1. These studs are approximately 52 inches long and are
capable of withstanding the differential radial expansion between these components. Radial
keys between the rings maintain concentricity and permit radial thermal expansion.

In order to maintain concentricity with the side shield and to permit radial and longi-
tudinal thermal expansion of the pressure vessel, 8 keys are placed between the top flange
of the pressure vessel and the outer tanks of the inner side shield.

Insulation on the outside of the pressure vessel wall reduces the heat loss from the
primary-air loop to the shield water and minimizes the temperature gradient through the
pressure vessel wall.
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4.2 DESIGN REQUIREMENTS

The pressure vessel is designed for a pressure of 430 psig (pressure relief valves will
be set at 430 psig) at a temperature of 6500 F and meets the requirements of the United
States Coast Guard, the American Bureau of Shipping and the ASME Boiler and Pressure
Vessel Code, Section VIII, "Unfired Pressure Vessels," and applicable nuclear amend-
ments. The design life of the pressure vessel is 20 years.

All bolted joints will be gasketed and seal-welded where practical. Metallic 0-rings
are being considered for the material to effect the seals. The studs will be pre-loaded
with a hydraulic stud-tensioner, instead of torquing the nuts.

4.3 MATERIALS AND FABRICATION METHODS

The pressure vessel is fabricated of SA-240, Type 304 stainless steel, which is less
susceptible to embrittlement than low-alloy steel, eliminating the problem of nil-ductility
change with irradiation at the 630A operating conditions.

The pressure vessel will be fabricated, welded, and tested in accordance with the re-
quirements of the ASME Boiler and Pressure Vessel Code, Section VIII, "Unfired Pres-
sure Vessels," the United States Coast Guard, and the American Bureau of Shipping.
Where these codes do not adequately cover nuclear service, the applicable nuclear codes
of the ASME Boiler and Pressure Vessel Code will be used as a guide.

Bids on construction of the pressure vessel will be solicited from the major fabricators
of pressure vessels.

4.4 HANDLING REQUIREMENTS

A pressure vessel assembly, consisting of the pressure vessel shell, the boiler assem-
bly, and the inner side shield water tank assembly, will be installed as a unit through the
top of the containment vessel and lowered to the support ring on the containment vessel.
This unit weighs approximately 60 long tons. After the vessel is positioned and bolted in

place, the side shield and other assemblies will be installed.

If replacement of the vessel is required, it will be necessary to drain the shield water,
remove the outer tanks of the inner side shield, remove the reactor - shield-plug assem-
bly, and disconnect the blowers and blower nozzles before removing the pressure vessel
through the top of the containment vessel.

4.5 NUCLEAR ANALYSIS

Preliminary calculations indicate that the pressure vessel will be exposed to an inte-
grated flux of 1. 1 x 1020 nvt, with energies greater than 0. 5 Mev, during the 20-year life
of the vessel.
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4.6 THERMODYNAMIC DESIGN

The inside surface of the pressure vessel is exposed to the primary coolant at tempera-
tures varying from 5500F at the lower end of the pressure vessel to 5800F in regions after
the blower exit. The outer surface contacts the air within the containment vessel; this air
maintains a temperature range from 1200 to 150 0 F. The nuclear heating in the pressure
vessel wall is in the order of 0. 01 watt per gram at full power. Preliminary estimates
show that pressure vessel temperatures will range from 5450 to 575 0 F.





5. SHIELD CONTAINMENT VESSEL

The containment vessel is a low-carbon steel pressure vessel enclosing the entire
reactor and shield assembly. The containment vessel serves to isolate the primary and
secondary coolant loops and the moderator cooling system. The function of the contain-
ment vessel is to contain any leakage from these systems due to single or credible multi-
ple failures of the system's components. Leakage from these systems is contained to
prevent the uncontrolled release of hazardous amounts of fission products to the ship's
reactor compartment. The containment vessel is shielded to reduce the external dose
rates to acceptable levels in the unlikely event that the primary coolant loop is breached
after a major fuel element cladding failure. The air in the containment vessel is cooled
to maintain a suitable environment for instruments and controls mounted on the nuclear
steam generator. The containment vesselalso contains fire-detection and fire-fighting
systems.

The containment vessel (Figure 5. 1) is essentially a 12-foot-diameter cylindrical low-
carbon-steel shell with elliptical ends. The overall height, including a quick-opening,
breech-lock type access hatch in the top head, is 35 feet, 5 inches. It supports the pres-
sure vessel and the outer part of the inner side shield. The void spaces within the con-
tainment vessel above and below the pressure vessel and shield tanks are interconnected
by an annulus between the pressure vessel and the side shield. These void spaces pro-
vide a total expansion volume of 1130 cubic feet.

The containment vessel consists of four components: (1) a cylindrical midsection, (2)
a shielded flanged cylinder with a hemispherical head that encloses the auxiliary blower
drive, (3) a shielded upper head assembly, and (4) a lower dished head.

The cylindrical midsection is 21 feet, 1-1/4 inches long and is flanged on each end.
Two nozzles located concentrically to the pressure vessel nozzles penetrate the mid-
section of the containment vessel to maintain continuity of containment around the blowers.
The midsection wall thickness is 1. 25 inches except in the nozzle region where it is in-
creased to 2. 50 inches to provide reinforcement compensation at the nozzle openings in
the vessel wall. The nozzle containing the primary blower is closed with a bellows seal
between a flat head closure and turbine housing, and with static and dynamic seals
around the steam turbine drive shaft.

The other nozzle is enclosed by a shielded flanged cylinder with a hemispherical head
82 inches long with an inside diameter of 44. 5 inches. The 3. 5-inch wall thickness of the
cylinder and head is comprised of 2. 00 inches of lead, clad with 1. 0 and 0. 5 inch of steel
on the inner and outer surfaces, respectively. This cylinder completely encloses the
auxiliary blower drive, consisting of an electric motor, an eddy-current coupling, and a
gear box.

The removable shielded upper head assembly is 11 feet, 8 inches high and is flanged
at the bottom end. The lower section is a 1. 25-inch-thick, low-carbon-steel cylinder
shielded with 1.75 inches of lead contained by a 0. 5-inch-thick outer low-carbon-steel
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skin. The upper section is a 1. 25-inch-thick standard dished head with an open crown
and is shielded with lead in the same manner as the lower section.

The top of the containment vessel is closed by a 5-inch-thick flat head which is incor-
porated into the upper head assembly and closes the open crown of the dished head. The
5-inch-thick flat head is equipped with a quick-opening, breech-lock type closure which
permits the head to be opened for inspection and maintenance of components such as the
control rod actuators and the moderator water circulating system.

The bottom is closed by the lower dished head. This head is 2 inches thick and is bolted
to the containment vessel flange which permits the head to be removed for inspection and
maintenance of the boiler. All flange joints are sealed with two metallic O-ring gaskets.
The use of the double O-ring seal may eliminate pressure and leak testing of the entire
vessel after a flanged joint has been opened and closed, since the seals can be tested

individually.

The containment vessel (Figure 1. 1, pages 26 to 28) is supported by the ship structure
from a flange on the cylindrical midsection, located 57 inches above the bottom flange of
the vessel. The cylindrical midsection, in turn, supports the pressure vessel through a
flange on the inner side of the cylinder wall and also supports a portion of the side shield
on the.inside of the containment vessel.

The moderator cooling system and the auxiliary blower drive are totally enclosed by
the containment vessel.

The boiler feedwater inlet and steam outlet pipes penetrate the cylinder midsection
between the support flange and the bottom flange.

Water, gas, and instrumentation lines penetrate the shielded upper head assembly be-
tween the flange at the flanged end .of the assembly and the dished head.

The containment vessel is a closed system except for the small amount of blower seal
buffer air that is bled to the waste air filter. All lines except those required for after-
cooling have quick-acting shutoff valves to assure maximum isolation of contaminated

air.

5.1 DESIGN REQUIREMENTS

The containment vessel is designed to the specifications in Section VIII, "Unfired

Pressure Vessels," of the ASME Boiler and Pressure Vessel Code. It is designed to

withstand an internal pressure of 250 psig at 6500 F.

The vessel will withstand an external pressure corresponding to a water depth of 100
feet. All steam and water lines penetrating the vessel (except the moderator coolant loop)
are equipped with quick-acting valves. Steam and hot water lines are flanged to bellows
at the penetration points to allow for thermal expansion between the vessel and the lines.
Inlet and outlet ventilation ducts in the vessel are valved to close automatically on a com-
mand signal. If the ship should sink in deep water, additional valving is provided to allow
sea water to enter the vessel and equalize pressures to prevent vessel collapse. The de-
sign life of the containment vessel is 20 years. A leakage rate of 0. 2 percent of the free

volume per day at 40 psi is established as a tentative limit.
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5.2 MATERIALS

The containment vessel is fabricated of SA - 201B low-carbon steel which was selected
because of its relative low cost. The vessel was analyzed in compliance with the above
stated design requirements.

The inner side shield between the pressure vessel and the containment vessel attenu-
ates the fast neutron flux sufficiently so that radiation damage of the low-carbon steel is
not a problem. The integrated dose, above 0. 5 Mev, of the containment vessel at the

reactor midplane is 1 x 101 3 nvt for the 20-year design life of the containment vessel.

The vessel does not require stress relieving except where frames or inserts more
than 1. 25 inches thick are installed.

5.3 FABRICATION METHODS AND SOURCES

The four components of the containment vessel will be fabricated, welded, and tested
in accordance with the requirements of the ASME Boiler and Pressure Vessel Code, Sec-
tion VIII, "Unfired Pressure Vessels" and the applicable nuclear codes of the ASME

Boiler and Pressure Vessel Code.

Bids on the construction of the containment vessel components will be solicited from
the major fabricators of pressure vessels.

5.4 HANDLING REQUIREMENTS

In a typical installation of a 630A system, the cylindrical midsection and the lower
dished head of the containment vessel will be the first components to be installed aboard
ship. These two components can be lowered into the ship as a unit or separately, if pre-

ferred, with the lower dished head placed in the ship first. The midsection is next lowered
through the top of the ship to its location on the ship structure. After the midsection is in
place, it is bolted through a support flange located 57 inches above the bottom flange of
the vessel. The combined weight of the midsection and dished head is approximately 45
long tons.

After the auxiliary blower and blower drive are assembled to the pressure vessel, the
shielded cylinder with shielded hemispherical head is installed over the auxiliary blower
drive and bolted in place. The weight of the shielded cylinder is approximately 3. 5 long
tons.

The shielded upper head assembly is the last component to be installed. After the power
plant is completely assembled and installed, the upper head assembly is lowered into
place and bolted to the cylindrical midsection through the mating flange. The weight of
this component is approximately 21 long tons.

The upper head assembly is removed during the replacement of the reactor - shield-
plug assembly.
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5.5 THERMODYNAMIC DESIGN

Estimates have been made of the containment vessel pressure resulting from various
possible failures. Analyses made of single and credible multiple failures indicate the
resultant containment vessel pressures will not be higher than 250 psig. Accordingly,
the 250 psig has been established as the design pressure. Analyses of the failure listed
below were made:

1. Boiling of moderator and release to containment
2. Rupture of boiler tubes
3. Rupture of pressure vessel
4. Failure (open) of steam pressure relief valve
5. Startup with boiler full of water and shutoff valves failed closed
6. Failure (closed) of steam lines shutoff valves during operation.

Details of these analyses are presented under Safety Assessment section 9.





6. SHIELD

Successful operation of the 630A nuclear steam generator is dependent upon the main-
tenance of low environmental levels of nuclear radiation. This can be accomplished by
the planned arrangement of the major power plant components and the placement of lead,
borated water, and steel shielding around the reactor. The objectives of the shield design
are to attenuate the normal operating radiation to meet the regulatory requirements, allow
access for power plant maintenance and inspection, and to limit the exposures that would
result from postulated accident conditions. The regulatory requirements are considered

as an upper limit and, in general, radiation levels are reduced as much as possible con-
sistent with the weight and economic considerations of a practical installation.

The configuration of the shielding is shown in Figure 1.1 (pages 26 to 28). The sides of
the reactor are shielded by a lead cylinder, annular compartments of borated water, and
thicknesses of structural steel. Above the reactor and attached to it is the shield plug con-
sisting of one lead slab, two iron slabs, and three layers of moderator water. Shielding
below the reactor consists of a diffuser - shield, boiler structures and tubes, and a shield
plug in the center of the boiler. Lead placed around the casings of the blowers augments
the shielding in these areas.

6.1 NUCLEAR SHIELDING CRITERIA

The radiation protection specifications for the 630A have been established to meet the
criteria set forth in the Code of Federal Regulations, Tital 10, part 20 - "Standards for
Protection Against Radiation."

The primary requirements in shielding design are:

1. For individuals with access to restricted areas:
a. During any calendar quarter the dose to the whole body shall not exceed 3 rem.
b. The dose to the whole body, when added to the accumulated occupational dose to

the whole body, shall not exceed 5 (N- 18) rem where N equals the individual's age
in years at his last birthday (it is assumed that the accumulated occupational dose
of each individual will be known).

2. The levels in unrestricted areas shall be limited to values that are not likely to cause
any individual to receive a dose to the whole body in excess of 0.5 rem in one calendar
year; in excess of 100 mrem in any 7 consecutive days of continuous occupancy; or
in excess of 2 mrem in any one hour of continuous occupancy.

Guidance and recommendations from the following documents have also been used in
the shield design:

1. Federal Radiation Council Staff Report No. 1, "Background Material for the Develop-
ment of Radiation Protection Standards," May 13, 1960.
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2. "Design Criteria and Guide for Design of Nuclear Powered Merchant Ships," U. S.
Department of Commerce, Maritime Administration, Nuclear Projects Office,

January 1960.
3. N. B. S. Handbook 59 - "Permissible Dose From External Sources of Ionizing Ra-

diation."
4. American Bureau of Shipping - "Guide for the Classification of Nuclear Ships."
5. U. S. Coast Guard - "Maritime Engineering Regulations and Material Specifications,"

CG-115, March 1, 1963.

6.2 NUCLEAR SHIELD DESIGN SPECIFICATIONS

In order to meet and interpret the general regulatory criteria, nuclear shielding speci-
fications have been formulated for the 630A configuration and are outlined in this section.

6. 2. 1 DEFINITIONS

1. Unrestricted Area - Space accessible to passengers or members of the crew while
off duty, including areas outside the ship's hull, above the light ship waterline.

2. Restricted Area - Any area which has controlled access for the purpose of protection
of individuals from exposure to radiation.

3. Occupational Area - Space which personnel may be required to occupy for periods
not exceeding 56 hours per week in the performance of normal occupational duties.

4. Limited Access Area - Space to which only intermittent access is permitted during

normal operation.

5. Exclusion Area - Space to which access is permitted only after specific approval by
the Radiological Safety Officer.

6.2.2 RADIATION ZONES

Four zones, shown in Figure 6. 1, have been identified around the 630A for the purpose
of specifying the radiation constraints for a typical installation.

1. Zone 1 - The region within a 20-foot radius of the center of the core (approximates
the size of the reactor compartment). There are areas within this region where the
dose rate may exceed the 56 hr/wk occupational limit and only intermittent access

will be permitted during operation.

2. Zone 2 - The region above the midplane of the reactor where the radiation leaving

the power plant will be entering the upper decks and living quarters of the ship.

This will be an unrestricted region with the dose rate limited to 0.5 rem per year
or 0.06 mrem per hour for continuous occupancy.

3. Zone 3 - The region below the midplane of the reactor where the radiation will be
entering the engine room and other occupational areas. This region will be a re-

stricted area for occupational radiation workers. Dose rates will be limited to
1.6 mrem per hour based on the following assumptions:

a. The maximum work periods will be 56 hours per week for 52 continuous weeks.

b. The radiation workers will be exposed to the maximum allowable general popu-
lace dose rate of 0.06 mrem per hour during the 16 hours per day that they would

not be standing watch.

c. The reactor will be operating continuously at full power.

Without taking any special precautions, the total yearly dose for radiation workers
under these assumptions would not exceed 5 rem per year. Under actual operating

conditions it is expected that the doses received during normal operations would be
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Fig. 6.1 -Radiation constraints around 630A power plant (Dwg. 109C5586)

much less than 5 rem per year and would allow a safe margin for periodic main-
tenance work in higher radiation fields.

4. Zone 4 - A conical region directly below the reactor where access should not be
required during operation. The dose rates in this region will be maintained at a
level that does not cause a significant, scattered contribution in the occupational
areas.

6.2.3 ACCIDENT CONSIDERATIONS

In addition to the constraints outlined for each zone for normal operation, no person
should receive an integrated whole body dose exceeding 25 rem following a maximum
credible accident.

6.3 SHIELD DESCRIPTION

In order to satisfy both the nuclear radiation specifications outlined above and the me-
chanical design requirements of the power plant, shielding has been arranged as shown
in Figure 1. 1. Functionally, the shielding may be divided into five parts: side shield,
top shield or shield plug, containment shield, boiler shields, and blower shields. Addi-
tional shielding is provided by the pressure vessel, containment vessel, calandria, core
thermal shield, heat exchangers, and other power plant components.

6. 3. 1 SIDE SHIELD

The side shield has a total radial thickness of 55 inches of which 42 inches is borated
water, 6. 5 inches is lead, and 6. 5 inches is carbon steel. These materials are ar-
ranged as follows.
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An annular tank 11 inches thick encircles the pressure vessel. This tank, shown in
Figure 6. 2, is constructed of 1-inch-thick, low-carbon-steel plate and contains a 9-inch
thickness of borated water. A 2-inch air gap is provided between the shield tank and the
outer surface of the pressure vessel wall to control the thermal heat load to the water.
The tank is fabricated in four separate segments to facilitate assembly and to allow for
thermal expansion of the pressure vessel. Each segment is supported by a bolted connec-
tion to the pressure vessel. Two nuclear sensors are located in vertical cylindrical wells
in the tank.

A second annular tank assembly, shown in Figures 6. 3 and 6. 4, is located concentrically
between the inner shield tank and the containment vessel and extends the length of the
cylindrical portion of the pressure vessel. It is 16 inches thick at the reactor level with a
6. 5-inch thickness of lead starting at the inner surface, followed by a 7-inch layer of
borated water. Openings are provided in the lower portion for the blowers. The top of
the tank extends inward to the pressure vessel, filling the void above the inner shield.
The tank is made of 1-inch-thick low-carbon steel with a 0. 6-inch-thick wall between the
lead and water. The lead is bonded to the carbon steel at all interfaces. This tank is also
fabricated in four segments to reduce handling weight and to facilitate shipment and assem-
bly. Each of the four segments rests on the pressure vessel flange at the blower center-
line and is supported at the top by a bolted connection to the containment vessel flange.
One-inch gaps separate the tank from the inner shield and from the containment vessel.

The individual shield water compartments inside the containment vessel are intercon-
nected and attached to a circulation and cooling system (see section 7. 2). A standpipe
open to the containment vessel interior allows tank internal and external pressure to be
equalized at all times. The tanks are designed for 10 psig internal pressure, 1200F water,
and 20-year life.

The remainder of the required thickness of water in the side shield is located outside
of the containment vessel in a third annular tank assembly shown in Figure 6. 5. This tank
is 28 inches thick at the reactor level and is tapered at both the upper and lower ends. It
is fabricated of 1-inch-thick low-carbon steel and is divided into four segments to facilitate
handling and assembly. Primary support is provided by the power plant support structure
at the tank bottom.

6. 3. 2 SHIELD PLUG

The top of the reactor is shielded by the shield plug which consists of layers of moderator
water, lead, and steel. A detailed description of this design is contained in the reactor -
shield-plug section. The moderator water heat exchanger mounted on the shield plug is
also utilized for shielding and reduces the dose rates in a weak area between the side shield
and the shield plug.

6.3.3 CONTAINMENT SHIELD

In the event of an accident it is postulated that the containment vessel would be con-
taminated with some fission products. An estimate was made of the level of this activity
and it was found that 1. 75 inches of lead shielding was required on the outside of the con-
tainment vessel to meet the radiation constraint of 25 rem. The lead is held in place by
a 0. 5-inch-thick covering of carbon steel.

6. 3. 4 BOILER SHIELDING

Nuclear radiation directly below the reactor is attenuated by a shield - diffuser between
the boiler and reactor core, a shield plug in the center void of the boiler, and by the tubes,
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water, and structural components of the boiler. In addition to reducing the radiation levels
below the power plant, the shield - diffuser assembly limits the fast neutron dose received
by the boiler and hence the activation of the steam being produced. A detailed description
of the shield - diffuser is included in the boiler section and is shown in Figure 3.2, page 114.

The shield plug for the center of the boiler has not yet been defined in detail; however,
there is adequate room for the required material thicknesses.

6.3. 5 BLOWER SHIELD

The dose rates in the areas of the blowers are higher than adjacent areas due to the cut-
outs in the side shield. To compensate for these weak spots, the blower exit annular duct
is being filled with shielding material between the core and blower outlets. These areas
are further augmented with annular lead shields around the blowers and shielding on the
outside of the containment vessel extensions in the blower areas, as shown in Figure 1.1.

6.4 SHIELD CALCULATIONS AND RESULTS

6.4. 1 MATERIAL SELECTION

The establishment of any shielding configuration involves an optimization process in
which the gamma shielding materials and position are selected to nilnimize shield weight
for the lowest combined primary and secondary gamma dose. In the lightest configuration
for shielding the core gammas all the heavy gamma shield would be close to the core.
However, the high neutron field near the core produces a strong secondary gamma source
in the heavy shield material and its structural support to defeat its original purpose. The
use of lead in place of iron as a gamma shield reduces this tendency to produce a secondary
gamma source because of the increased pair production absorption coefficient for lead
compared to that of iron. The mass absorption coefficient for lead is approximately 50
percent higher than that of iron for the predominant (7.6 Mev) capture gamma energy. An
additional advantage of using lead is its neutron absorption cross section of only 0. 170
barn compared to 2. 53 barns for iron. Thus, secondary gamma production in the lead
would be about one-fortieth of the production in iron of equal thickness. Therefore,
properly locating the lead with its better mass attenuation coefficient for core-produced
gammas and its decreased secondary gamma production results in the minimum shielding
weight.

The population of thermal neutrons at the water - metal interfaces in the shield is re-
duced by introducing boron, as potassium tetraborate, into the shield water. This also
reduces the secondary gamma source strengths in the shield tank walls.

6.4.2 OPERATING DOSE RATES

The latest 630A configuration (Figure 1. 1, pages 26 to 28) was analyzed to determine
operating dose rates. Calculated values of direct beam fast neutron dose, direct gamma
dose, and secondary gamma dose are shown in Table 6. 1. The position numbers refer to
locations in Figure 6. 6.

The calculations are based on a reactor power of 67. 4 mw after 1000 hours of operation.
No credit has been taken for power plant utilization which would give a lower average
power for yearly periods of operation.

This first iteration analysis for the given configuration indicates- that, although a major
portion of the shield would meet the established constraints when the surface doses are
extrapolated to the 20-foot radius, there are local areas requiring additional shielding.
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TABLE 6.1

CALCULATED OPERATING SURFACE DOSE RATESa

Free Neutron
Position >0. 5 Mev Direct Gamma Secondary Gammab Total

1 0.006 0.010 - 0.016
2 1.85 0.45 - 2.30
3 0.12 0.35 0.925 1.40
4 0.90 1.95 3.133 5.98
5 0.28 0.29 0.966 1.54
6 4.56 28.55 - 33.1
7 6.46 13.01 - 19.5
8 0.92 0.88 - 1.80
9 0.20 0.01 - 0.21

10 9.95 0.00 - 9.95
11 509.91 0.39 - 510
12 242. 97 5, 925. 82 - 6, 170
A 23,500 26.1 - 23,500
B 4.55 0.06 - 4.61
C 7.72 0.0 - 7.72

aMrem/hr, RBE = 10 for neutrons.
bThe secondary contribution was calculated only for points 3, 4, and 5.

The totals for the other points will be somewhat higher due to the
secondary dose.

Radiation levels at positions 2 and 4 are quite easily brought within tolerances by adding
a small amount of side shielding. Levels at 6 and 7 indicate a penalty due to the air duct
inside the pressure vessel between the boiler and the core. This would be corrected by
the addition of shielding within the duct or at the shield surface.

The dose at positions 11 and 12 was not originally at item of concern since it would be
directed out of the bottom of the ship. In view of the significant levels calculated for this
area, the present configuration would provide additional shielding in the boiler steam exit
region.

Locations A, B, and C represent the blower regions. It can be seen that the surface
doses are quite high due to streaming through the annular duct. A study was made using
steel shielding materials in the local duct region directly between the blower and the
reactor. The direct dose was reduced by a factor of about 200, without consideration of
the secondary gamma contribution.

6.4.3 METHOD OF ANALYSIS

Radiation dose rates were calculated using a computer program* based on a point kernel
approach. In this program the core is simulated by a large number of individual source
points distributed throughout the geometry of the core. Each source point represents a
small region of the core and is weighted according to the core power distribution. For each
source point the distance to the receiver point and the distance through each material in
the shield is calculated. These distances and the material attenuation functions are used
to compute the attenuation from the source point to the receiver point. The program then
integrates over the source points in the reactor to yield the total dose rate at the receiver
point.

*J. T. Martin, J. P. Yalch, and W. E. Edwards, "Shielding Computer Programs 14-0 and 14-1, Reactor Shield Analysis,"

GE-AN PD, XDC 59-2-16, January 1959.
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The attenuation function for the neutron dose rate is an Albert Welton kernel. This kernel
is a mathematical fit to the experimental neutron measurements in water from a reactor
source. The non-water or non-hydrogenous part of the attenuation is calculated using an
exponential function and a removal cross section. The removal cross sections were experi-
mentally deter mined.

The attenuation function for gamma rays is an exponential function using linear absorption
coefficients and buildup factors. For the gamma ray calculation, the gamma ray energy
spectrum of the reactor is broken down into several energy groups and the attenuation
calculations are carried out for each group. The gamma ray sources in the reactor used
in this calculation included prompt-fission gammas, fission-product decay gammas, and
gamma rays resulting from non-fission neutron captures in the reactor.

It should be noted that a shielding analysis based strictly on this type of calculation for
fission process and fission product decay gammas may be low. The contribution by cap-
ture gammas outside of the active core can be of the same magnitude as the direct doses,
as indicated by the values listed for points 3, 4, and 5 in Table 6. 1. The primary con-
tributors to the secondary dose rates are listed in Table 6. 2.

TABLE 6.2

SECONDARY DOSE CONTRIBUTIONS

Dose, mrem/hr
Source Location Position 3 Position 4 Position 5

Thermal shield (in core) 0. 26 1. 54 0. 20
Calandria 0.06 0. 45 0. 08
Pressure shell 0.02 a 0.30 0.24a
Water tank wall 0. 31a 0. 40 0.03a
Lead support wall 0. 11 0. 18 0. 19
Containment shell 0. 14 0. 22 0. 20
All other materials 0.03 0. 03 0. 03

Totals 0.93 3.13 0.97

aThe apparent anomalies and lack of symmetry resulted from
choices in the computer program source geometry description.
More accurate calculations would result from more detailed
mathematical description of the geometry.

The gamma ray dose rate resulting from neutron capture is calculated by first establish-
ing the number of radiative captures per second in the shield materials. The number of
captures in the shield is determined by computing the neutron flux and energy spectrum at
each position in the shield, using a one-dimensional multigroup diffusion code normalized
to the absolute reactor power. " The product of the multigroup results and the radiative
capture cross sections of the shield materials yields the capture rate. The capture rate
can be translated to Mev/sec-cm 2 released and used as the secondary gamma ray source
input in the shielding computer code to obtain dose rates.

6.4.4 PRIMARY AIR ACTIVITY

The contribution to the operating dose in the blower area due to the activity of the pri-
mary air was calculated. The Ar4 ' produced within the reactor yielded a dose rate of 22. 5
mrem/hr at the surface of the containment vessel around the blower. This is based on
a 60-cm separation between the containment surface and the bulk of the air within the
blower assembly, and the equivalent of 17. 5 cm of steel gamma shield within the 60-cm
region.

* D. J. Campbell, "Program G-2," GE-ANPD, XDC 58-4-63, April 1958.
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Recent tests made of sample fuel specimens in the ORR indicate that some of the longer-
lived rare gases and volatile fission products may be released from the fuel towards the

end of life. Two primary fission products released were 1131 and Xe1 3 3 . The indicated

release rate of these isotopes was about 0. 05 percent of the production rate toward the

end of the test. The contributions of the gaseous and volatile fission products to the
operating dose around the blower are shown in Table 6. 3 (based on a uniform release rate

of 0. 05 percent). The main contributors (1131 and Xe135) should have considerably lower
release rates than this. Doses are given as a percentage of the Ar4 ' dose. Expected fission
product release does not appreciably change the shielding requirements around the blowers

during operation.

TABLE 6.3

ACTIVITY OF PRIMARY AIR

Source,
Isotope microcuries/cm 3  Dose, mrem/hr Half-Life

Ar4 1  11.5 22.5 1.83 hours
1131 77 4. 04% of Ar4 1  8.05 days
Xe1 3 3  164. 5 0. 2% of Ar4 1  5. 27 days
1133 171.5 56. 1% of Ar41 20.8 hours
Xe1 3 5  163. 4 38. 3% of Ar4 ' 9. 2 hours
Kr8 5  32.3 0.73% of Ar4 1  4. 4 hours

The apparent disparities between sources and doses are caused by the relatively low
energy gammas that the fission products release. If 1135 (6. 7-hour half-life) is released,
it will have a higher dose per unit source than the 1 3 1 . However, with its short half-life,
the release rate should be small enough to make it a trivial source.

6.4.5 ACTIVATION OF COMPONENTS

Boiler

One day after shutdown, the dose rate at the upper surface of the boiler is expected to be

about 50 rem/hr. Table 6. 4 shows the relative importance of various contributions as a
function of shutdown time after one fuel cycle.

TABLE 6.4

BOILER ACTIVATION

Relative Contribution
Contributor Percent Of Boiler Time After Shutdown

To Activation (Nominal Type 304 SS) 0 Hour 1 Day 1 Week 4 Weeks 3 Months

Mn 1.5 1.055 0.0017 - - -

Cr 18 0.0123 0.0123 0.0096 0.0045 0.00014

Fe 72 0.0073 0.0073 0.0063 0.0045 0.00050

Co 0.04 0.02 0.02 0.02 0.02 0.0191

Cobalt reaches 20 percent of its equilibrium value in one cycle. After five cycles, the
cobalt value at shutdown would yield about 0. 07 Mev per original neutron captured.

Chromium yields very weak radiation (about 0. 33 Mev gamma). The remainder yield
gamma photons in the 0. 8- to 1. 3-Mev range. Ten percent of the generated gamma energy
was assumed to leak through to the surface of the boiler to obtain the 50 rem/hr dose
level. If a low-iron, low-cobalt alloy is used for the boiler, the dose level after shutdown

due to activation can be greatly reduced.
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The gamma dose at the bottom of the boiler tube sheet due to activation is estimated
to be about 10 mrem/hr 1 day after shutdown, with one complete fuel cycle. For this
study, the boiler composition was assumed to be Type 304 stainless steel.

Steam

The activity of the steam coming out of the boiler due to activation of the oxygen gives
about 1. 2 mrem/hr at the surface of the pipe, or 0. 01 mrem/hr at 1 meter from the pipe.

Pressure Vessel

Assuming the pressure vessel to be made of Type 304 stainless steel, the surface dose
rate due to activation is about 90 rem/hr in the area adjacent to the calandria, 1 day
after shutdown, with one fuel cycle.

6.5 ACCIDENT DOSE RATES

6.5. 1 DOSE RATES FROM Ar41 IN THE CONTAINMENT VESSEL

Dose rates outside of the shielded containment vessel were evaluated for the accidental
condition of release of primary air into the containment void. It was assumed that a sudden
rupture or break occurred in the pressure vessel allowing activated primary air to reach
an equilibrium condition between the two volumes. The air was assumed to be in nuclear
equilibrium with the rate of activation in the reactor core prior to the break. The rate of
Ar41 captures in the core was 4. 25 x 105 captures per cubic centimeter. For these as-
sumptions, the dose rate on a radial line 50 feet from the center of the reactor was 0. 12
mrem/hr at shutdown.

6.5.2 DOSE RATES FROM FISSION PRODUCTS IN THE CONTAINMENT VESSEL

Dose rates outside of the containment vessel were calculated for the accidental condition
of fuel element melting followed by rupture of the pressure vessel and release of fission
products into the containment void. The calculation was performed for the case of a single
stage in a single fuel cartridge being melted. A single stage was used as a source because
multistage meltdowns could be easily scaled from this value. The fission products re-
leased to the volume inside the pressure vessel following a stage failure were assumed to

be 100 percent of the noble gases, 50 percent of the halogens, 50 percent of the volatile
solids, and 1 percent of the nonvolatile solids. It was further assumed that if the pressure
vessel ruptured allowing the containment vessel to become contaminated, 50 percent of

the released halogens and 70 percent of the released solids would remain inside the
pressure vessel. Under these assumptions the individual fission products were evaluated
to obtain the source strength in the containment vessel.

For a containment vessel with an effective shielding thickness of 1. 75 inches of lead and
1. 75 inches of low-carbon steel, the dose rate 50 feet from the vessel surface is 0. 18
rem/hr per stage 1 hour after rupture. This value will decay to 0. 007 rem/hr per stage
at the end of 1 week.

6.6 THERMODYNAMIC DESIGN

About 0. 1 percent of the total reactor power is generated in the side shield. The tem-
perature of the circulating water that cools the inner tanks of the shield increases about
15 0F during maximum power operation. The cooling water flow rate is 43 gpm. There is
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no need to cool the outer shields because the heat deposition is sufficiently low that self
cooling is sufficient. Internal heat generation in the side shield is dissipated to the cooling
water primarily by free convective heat transfer. The film coefficient is about 80
Btu/hr-ft2 -OF. The maximum internal temperature of the shield, based on an average
coolant temperature of 1120 F, is calculated to be less than 1500 F. Bonding of the lead
may not be required in view of the low heat generation. This will be further investigated
because eliminating the bonding requirement would reduce the cost of fabricating the side
shield.

No problems are envisioned in keeping the low boron concentration in solution at the
minimum temperatures contemplated in the shield water.



7. NUCLEAR STEAM GENERATOR

ACCESSORIES

The 630A accessory systems and components, with the exception of the condensate de-
mineralizer, are shown schematically in Figure 7. 1. They perform such functions as cir-
culating primary-loop air, circulating and cooling moderator water, cooling and filtering
air bled from the primary loop, pressure relieving both primary and secondary loops,
cooling miscellaneous components, and providing high-pressure buffer air for shaft seals.

7.1 PRIMARY COOLANT SYSTEM

The primary coolant system consists of the blowers for circulating air through the pri-
mary loop during both normal and emergency operation, the drives for the blowers, the
lubrication systems for the blowers, and a shaft-seal buffer-air-supply system which is
also used to pressurize the loop.

7.1.1 BLOWERS

The 630A utilizes a main and an auxiliary blower to circulate the high-pressure air
which transfers heat from the reactor to the boiler. During normal power operation, the
main blower is driven by a steam turbine. When no steam is available, it is driven through
the turbine by a d-c motor sized to accomplish normal aftercooling. The auxiliary blower
is driven by an electric motor through an eddy-current coupling and speed increaser; it
is used to circulate air during startup and for both normal and emergency aftercooling.
By emergency aftercooling is meant circulating of the required cooling air through the
reactor during a condition of partial or complete depressurization of the primary loop.
With such a system, the normal loss of coolant problem is eliminated, a significant
safety factor in an air-cooled reactor.

Because of the large difference in pressure ratio requirements for normal power oper-
ation and depressurized emergency operation, it was not practical to provide one blower
blade design to accomplish both modes. The performance map for the main blower is shown
in Figure 7. 2, and the performance map for the auxiliary blower is shown in Figure 7.3.
In an emergency, the auxiliary blower can be used for normal power operation but at a
sacrifice in efficiency and increased pressure loss in the first diffuser due to a high inlet
Mach number. The difference in performance characteristics requires only that the rotor
and stator blading, and the outer wall of the inner annulus be different. Therefore, two
complete spare blower assemblies, primary and auxiliary, are not required.

A sectional view of the main blower is shown in Figure 7. 4. Also shown in the figure,
in phantom, is the auxiliary blower blade height and outer wall of the inner annulus.

Air enters the single-stage axial-flow compressor through a flow passage comprised
of a bellmouth outer wall and bullet-nose inner wall. The compressor exit flow path is
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designed to recover as much of the compressor discharge velocity head as possible with-
in practical dimensions. This flow path consists of a straight annular diffuser at the com-
pressor discharge followed by two annular vaned turns that reverse the flow into the outer
annulus which leads into another straight diffuser and then dumps back into the main pres-
sure vessel. The pressure losses in the two diffusers depend primarily on the diffuser
area ratio, the included angle between the diffuser walls, and the difference in inlet velocity
profile. For these diffusers, the profiles were assumed to be fully developed turbulent pro-
files. The average radial velocity profile from a single-stage compressor cannot be pre-
dicted with any degree of accuracy, but, if the outlet guide vanes do not have separated
regions, the inner and outer wall boundary layers should have a profile that is reasonably
close to a fully developed turbulent profile. The second diffuser is preceded by a straight
passage that should produce a relatively good profile at the diffuser inlet. This profile
should also be similar to a fully developed turbulent profile. Each diffuser has an area
ratio of 2:1. The design point Mach number is 0. 2 at the inlet of the first diffuser.

A cylinder which may be moved across the flow passage between the two 90-degree turns
permits valving off the blower that is not in operation. This prevents air delivered by the
main blower from back flowing through the auxiliary blower and thus bypassing the reactor.

A piping and valving schematic diagram for control of the blower shutoff valve is shown
in Figure 7.5. In the "power open" and "power close" modes, an external air supply is
used as the actuating power medium. In the "internal pressure open" mode, one end of
the actuator is vented while primary-loop air enters the other end of the actuator through
a small orifice, thus providing a force in the valve opening direction. In the "valve AP
open" mode, the two chambers in the actuator are connected together, thus leaving the
blower valve free to move open or remain closed depending on the direction of the pres-
sure drop across it. If the upstream or the compressor side pressure exceeds the down-
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Fig. 7.3- Preliminary predicted emergency blower map

stream side pressure, the valve will open. If the valve is closed, it will remain closed
so long as the downstream pressure exceeds the upstream pressure. During normal oper-
ation, the auxiliary blower valve is closed. Should the main blower stop with the auxiliary
blower operating, the auxiliary blower valve will open automatically because of the re-
versal in direction of pressure drop across it. This provides an automatic method of open-
ing the auxiliary blower valve at the proper time without external power or signal. Al-
though the normal procedure is to close the valve in the main blower during operation of
the auxiliary blower, normal aftercooling can be carried out with the valve failed open.

The blower-shaft air seal, shown in Figure 7. 6, is referred to as a floating-face seal.
Buffer air, which is maintained at a pressure level approximately 3 psi greater than
primary-loop pressure, is introduced into the cavity behind the seal. The air seal con-
tains two steel piston-ring secondaries which ride in carbon bores. The carbon nose ring
contains three sets of orifices which vent into three pads on the sealing face. Buffer air
is ported directly to the inner annulus on the nose ring, so that it will always leak into the
primary loop, thus preventing primary-loop air from leaking out. Pressure, acting on
the area between the two secondary diameters, creates a seating force. Air is supplied
to the three pads through the orifice and across a center dam. Interface pressure builds
up until the system is in equilibrium. When this occurs, a very small clearance exists,
and the leakage of buffer air into the primary loop and into the containment vessel is very
small. Seals have been designed and fabricated and testing has begun.
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Fig. 7.5-Schematic diagram for control of blower valve actuators (Dwg. 109C5583)

The blowers are connected to their drives through flexible geared type couplings shown
in Figure 7.4. They allow for up to one-half degree of misalignment between the blower
and drive. The couplings are provided with continuous lubrication which flows in one end
of the coupling and out the other.

7.1.2 MAIN BLOWER DRIVE

The main blower drive consists of a direct drive noncondensating steam turbine and an
outboard d-c electric-drive motor connected to the turbine shaft through a sprag-type over-
running clutch. This turbine is normally operated on steam bled from the propulsion tur-
bine; this steam is reinducted at the crossover of the propulsion turbine. When no steam
is flowing to the main propulsion turbine, the blower drive turbine obtains steam from the
boiler through a throttling valve and desuperheater. Under these conditions, the blower
drive turbine discharges steam to the main condenser.

The outboard electric drive motor does not operate when the turbine is operating on
steam. After the turbine speed has been reduced below the speed at which the clutch may
be engaged, the motor can be turned on to operate the blower. It serves as a backup to the
auxiliary blower drive for accomplishing normal aftercooling.

A combination dynamic and static shaft seal (Figure 7. 4) is provided where the turbine
shaft penetrates the containment vessel. The seal assembly is supported from the turbine
housing and connected to the containment vessel by a bellows joint. The dynamic seal is
basically the same as the blower shaft seal. The static seal is actuated by an annular piston
and is closed, only when the turbine shaft is stationary, by applying compressed air. It is
designed so that once it is closed, containment vessel air pressure may be used to hold it
closed. The piping and valving schematic for the seal is shown in Figure 7.1. The small
volume on the discharge side of the seal may be vented to the waste-air handling system.

7.1.3 AUXILIARY BLOWER DRIVE

The auxiliary blower drive consists of an electric motor driving through an eddy-current
coupling and speed-increasing gear box. It operates the auxiliary blower which circulates
air during the starting cycle before steam is available to drive the main blower. It is also
used for circulating air for reactor aftercooling. During normal power operation, the motor

continues to operate but the eddy-current coupling transmits only sufficient torque to ro-
tate the blower at very low speed. During normal aftercooling operation, the eddy-current
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coupling is controlled to maintain a constant load on the motor. Thus, the blower speed is
varied as the pressure in the primary loop is varied.

The auxiliary blower drive is completely contained within the containment vessel thus
eliminating the need for a second shaft seal. Since the main blower shaft is no longer ro-
tating and the static seal is actuated, no dynamic seals are required to seal the contain-
ment vessel during normal and emergency aftercooling or startup.

7.1.4 BLOWER LUBRICATION SYSTEMS

A separate lubrication system package is provided for each blower. The oil pump motors
are normally operated on a-c power but in the event of a-c power failure, they will be
switched automatically to operate on battery supplied d-c power. The oil is normally cooled
by water supplied by the component cooling system, but in the event this supply fails, an
emergency method of cooling will be available. The systems will use supply tanks vented
to the blower sumps so that operation may be continued during a pressurization of the con-
tainment vessel.

7.1.5 AIR SUPPLY SYSTEM

As shown schematically in Figure 7.1, redundant air supply systems furnish high-
pressure air to the blower shaft seals and for initially pressurizing the primary loop. The
systems consist of electric-motor-driven piston-type air compressors, intercoolers and
aftercoolers, receivers, and filters. A separate means of removing oil vapor from the
air may be required. In addition, pressure regulating valves are provided which maintain
the pressure of the air at the shaft seals at 1 to 3 psi above the primary-loop pressure
at that point.

7.2 AUXILIARY COOLING SYSTEM

The auxiliary cooling system consists of loops which circulate and cool the moderator
water and the various components such as the blower lubricating system, eddy-current
coupling, side shield, waste-air filters, and air compressor intercoolers and after-
coolers.
7.2.1 MODERATOR SYSTEM

The moderator water cooling and recirculating system contains the components for cir-
culating, cooling, and maintaining the required condition of the reactor moderator water.
The moderator water cooling and recirculating system is enclosed within the upper con-
tainment head in order to provide shielding and containment for the entire moderator sys-
tem. Figure 7.7 shows the arrangement and configuration of the moderator cooling sys-
tem. The system is shown schematically in Figure 7. 1.

The major components of the moderator system are moderator heat exchanger, expan-
sion tank, relief valves, circulating pumps, and associated piping and valves. The heat
exchanger transfers heat from the hot moderator exit water to the boiler feedwater, thus
acting as a first-stage boiler feedwater heater. The heat exchanger also acts as nuclear
shielding.

Water leaving the expansion tank enters one of the circulating pumps (one pump is re-
dundant) and is discharged into the upper plenum of the shield plug. The moderator water
splits into two flow paths from the upper plenum of the shield plug. In the first path, the
water flows down the center moderator-water inlet tube into the core region and returns
through the center moderator-water return tube to the lower plenum of the shield plug.
In the second path, the water flows down the shim control rod guide tubes and discharges
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into the plenum at the aft region of the calandria vessel. The water moves upward through
the active core region toward the top tube sheet. It then passes from the core region into
the lower plenum of the shield plug through the exit water pipes joining the calandria ves-
sel and shield plug. Here, the two moderator water circuits rejoin ir the lower plenum
of the shield plug. The heated moderator water is discharged from the lower plenum into
two pipes leading to the moderator heat exchanger. The moderator water is cooled in the
heat exchanger by the boiler feedwater. The cooled moderator water then flows back toward
the expansion tank to complete the circuit.

A check valve, located on the circulating pump discharge pipe between the upper plenum
and pump, prohibits backflow into the pump that is on standby. There is also a check valve
on the expansion tank which allows airflow from the containment into the expansion tank
should the containment vessel become pressurized.

In addition to the circulating system, a water treatment system consisting of a hydrogen
addition system to control pH and a bypass demineralizer will be provided.

7.2.2 CONTAINMENT VESSEL COOLING SYSTEM

As shown schematically in Figure 7. 1, the upper part of the containment vessel is cooled
by circulating the entrained air over a heat exchanger where heat is transferred from the
air to component cooling system water. The system is sized to maintain the air tempera-
ture at or below a maximum of 150 0 F.

7.2.3 COMPONENTS COOLING SYSTEM

The heat generated in the auxiliary components is removed as shown schematically in
Figure 7. 8. The system handles the excess heat from the side shield water, the auxiliary-
blower eddy-current coupling, the blower lubrication oil, waste-air handling system, the
compressor intercooler and aftercooler, and the moderator water when the power plant
is shut down. This is accomplished by first transferring the heat from each system through
its own heat exchanger to an intermediate fresh-water cooling loop and then transferring
the total heat through a heat exchanger to sea water. This intermediate loop is provided
to prevent a single leak from contaminating all the systems with sea water. The
intermediate-loop water is continually monitored to detect leakage of sea water into it.

The flow of sea water through the heat exchanger will be held constant. Water pressure
in the intermediate loop will be held at a constant value in the heat-exchanger inlet header.
The flow of this water through the eddy-current coupling and shield-water heat exchangers
will be set manually at the maximum predicted flow rates required, while flow through the
oil coolers will be regulated automatically to provide the desired oil temperature.

This system also supplies some sea water to the waste-air handling system to cool the
charcoal adsorption beds.

7.3 WASTE HANDLING SYSTEMS

7.3.1 WASTE-AIR HANDLING SYSTEM

Three major conditions requiring shipboard treatment of radioactive-contaminated
primary-loop air prior to its release to the atmosphere could possibly arise during the
operation of the 630A power plant. These conditions are:

1. Normal seal leakage (approximately 0.2 scfm of air must be continuously bled from
from the primary loop to compensate for the inward leakage through the blower shaft
seals).
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2. Bleed-down of the primary loop to perform routine maintenance.
3. Bleed-down of the primary loop or containment vessel following a fuel melt.

A waste-air handling system designed to keep the radioactive contamination products
well below the maximum permissible concentrations for their release to the atmosphere
for any of the above conditions is shown in Figure 7.9.

The air cleaning elements in this system are two charcoal adsorption beds. The beds
are designed to take advantage of the fact that noble gases in an air-carrier stream are
delayed in their passage through a charcoal bed. This delay is caused by the repeated ad-
sorption and desorption of the noble gas molecules by the charcoal. Migration of the noble
gas molecules occurs only during the time they are not adsorbed and in the direction of
the carrier gas flow. This phenomenon has been well investigated and many reports cover-
ing the investigations issued.* t

The charcoal adsorption beds will also act as excellent filters for removing the halogens
and volatile solids from the air. Although an exact removal efficiency has not been de-
termined, it has been shown to be better than 99.99 percent for halogens through a 6-inch-
long charcoal filter. The 120-inch length of the proposed adsorption beds should have a
much greater efficiency than the 6-inch bed.

During normal operation, the bleed air which compensates for the normal inward seal
leakage will be bled to the waste-air handling system. It will first pass through the heat
exchanger and moisture separator and then through the seal-leakage adsorption bed.
Krypton and xenon isotopes will be delayed by approximately 115 and 2700 hours, respec-
tively. This delay time is sufficient for the concentration of the isotopes to decay to less
than the maximum permissible concentrations for their release to the atmosphere under
any degree of fission product release in the primary loop.

For a normal depressurization of the primary loop the air will be bled through the heat
exchanger and the depressurizing adsorption bed. The delay of the noble gases will be suf-
ficient to allow complete depressurization of the primary loop before elution of the noble
gases from the adsorption bed occurs. This will allow the depressurizing adsorption bed
to be valved off following depressurization of the primary loop so that all of the noble gases
may be held until they decay and the bed purged at sea.

If a reactor melt should ever occur, the seal inward leakage air would be bled through
the seal-leakage adsorption bed for about 30 hours at which time the primary loop could
be depressurized through the depressurizing adsorption bed without exceeding the allow-
able radiation levels at the surface of the adsorption-bed shield. The depressurizing filter
will be valved off to contain the noble gases, and since the delay time for the seal leakage
adsorption bed is greater than 30 hours, all noble gases from the melt will be contained
within the primary loop and the adsorption beds.

Since the delay time for a bed of a given size operating at a given temperature is pro-
portional to the volume flow of the air through the bed, a throttling valve is provided on
the outlet of each adsorption bed to maintain maximum air pressure within the filter. The
seal-leakage adsorption-bed throttling valve will be controlled to hold the pressure drop

*R. D. Ackley, R. E. Adams, and W. E. Browning, Jr., "The Disposal of Radioactive Fission Gases by Adsorption,"

Sixth AEC Air Cleaning Conference, TID-7593, July 7 -9, 1959.

tR. E. Adams and W. E. Browning, Jr., "Evaluation of Activated Charcoal Fission Gas Adsoruers Designed for the

GC-ORR Loop Experiment No. 1," Oak Ridge National Lab., CF 60-1-24, March 1960.
t R. E. Adams and W. E. Browning, Jr., "Re-evaluation of the Activated Charcoal Fission Gas Adsorher for Leak

Detection System of the GC-OR R oop No. 1," Oak Ridge National Lab., Cl' 61--38, April 1961.

N. E. Adams and W. E. Browning, Jr., "Removal of Radioiodine from Air Streams by Activated Charcoal," Oak Ridge
National Lab., ORNI,-2872, April 1960.
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across the charcoal to less than that required to fluidize the bed so that the bed will oper-
ate at approximately the primary-loop pressure.

A study layout of the depressurizing adsorption bed is shown in Figure 7.10. The 30-
inch diameter by 12-foot length of the charcoal-filled portion of the pressure vessel pro-
vides an active bed volume of approximately 57 cubic feet.

The instrumentation for the waste-air handling system will consist of a moisture de-
tector, radiation detectors upstream and downstream of the adsorption beds, thermo-
couples to indicate the charcoal temperature, and fire detectors to monitor for fires in
the charcoal.

The decay heat from the captured fission products is conducted from the charcoal,
which is a rather poor thermal conductor, to aluminum cooling fins which are arranged
in a rectangular pattern. The aluminum fins are cooled by water supplied from the com-
ponent cooling system and flowing through tubes to which the fins are attached. The num-
ber of cooling fins in the first 6 inches of the bed is double that in the final 11.5 feet. This
is to remove the additional power generated by the halogens, essentially all of which will
be trapped within the first 6 inches of the bed.

The adsorption bed shield is a steel-clad lead shield fabricated as an integral unit on
the pressure vessel. The shield thickness is increased from 2 inches to 7 inches on the
upstream position of the filter to provide adequate shielding for the high concentration
of halogens in the first 6 inches of the adsorption bed. This shield configuration is capable
of reducing the surface radiation levels to values which are compatible with the prescribed
radiation standards for nuclear ships, provided about 20 hours decay time is allowed be-
fore attempting a bleed-down following a reactor melt.

The seal-leakage adsorption bed has a diameter of 12 inches and weighs approximately
6 tons compared with approximately 15 tons for the 30-inch depressurizing adsorption bed.
In all other respects the seal-leakage adsorption bed is identical to the depressurizing

adsorption bed.

Although the design concept for the adsorption beds is representative of the design of
the final filter, there are several design factors associated with the method of operating
the waste-air handling system that might affect the size of the adsorption beds. It is not
expected that these factors will affect the bed volume by more than 25 percent, but they
will be investigated to see if the bed size can be reduced.

7.3.2 WASTE-WATER HANDLING SYSTEM

The waste-water handling system, shown schematically in Figure 7. 11, provides for
draining water from the primary loop in the event of a leak. Water first is drained into

a small high-pressure tank where the level is sensed by a float-type sensor. The level-
measuring system controls a drain valve which prevents the level in the tank from ex-

ceeding an established maximum and which also provides a warning signal. The drain

valve dumps to the containment vessel. The containment vessel may then be manually
drained to the shipboard liquid-waste system.

7.4 CONDENSATE DEMINERALIZER SYSTEM

A condensate demineralizer system will minimize scaling problems in the boiler and
provide a source for moderator makeup water. The demineralizer consists of two full-

flow units arranged in parallel and located in the secondary loop between the main con-

densate pump and the moderator heat exchanger. Each unit consists of a high-flow-rate,
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polished-condensate, mixed-bed de-ionizer capable of processing feedwater at the rate
of 350 gpm and maintaining effluent at a maximum of 0. 25 ppm total disolved solids. The
capacity of each unit is 252, 000 grains. Regeneration will require about 4 hours. Utilizing
one unit on the line while the other unit is being regenerated will permit continuous oper-
ation at the equivalent of a continuous sea-water leak into the condensate of about 30 gal-
lons per hour.

The purpose of the demineralizer is to remove dissolved solids (1) existing in the sys-
tem components at startup, (2) introduced by the system components and piping during
operation, (3) introduced with makeup water fed into the system upstream of the deminer-
alizer, and (4) introduced into the system as a result of condenser tube leak. It was
assumed that sea water will contain 35, 000 ppm total dissolved solids and the 0. 5 percent
makeup water will be delivered from evaporators with an average of 4 ppm total dissolved
solids. With only this addition of solids from the makeup, regeneration would be required
only once every 10, 300 hours.

Conductivity of both inlet and outlet water will be monitored. The signals will be used
to provide indication and warning. In addition, it is assumed that the main condenser will
be divided into two sections which will allow continued operation of the 630A if one section
should develop a large leak.

The only major maintenance required by the demineralizer will be regeneration. The
materials required for regeneration are 150 pounds of either sulphuric or hydrochloric
acid, 105 pounds of sodium hydroxide, and about 3000 gallons of condensate for back-
washing. Except for the condensate, these can be stored in bulk storage tanks and piped
to the demineralizer. As planned, the regeneration system is fully automatic and requires
only manual initiation.
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8. HANDLING AND SERVICE

The overall design of the 630A has been strongly influenced by service and maintenance
considerations. The 630A concept is particularly suitable to the use of advanced servicing
methods which minimize power plant downtime.

In order to assure power plant dependability, high reliability components are used and
the system is designed for rapid repair or replacement of components when servicing is
necessary. Shipboard maintenance has been minimized by adopting a replacement rather
than a repair design philosophy wherever practical.

The 630A power plant and auxiliaries, by maximum use of automatic operation and mini-
mum shipboard maintenance, require a small operating crew. 'here component replace-
ment is not practical, both ease of access and simplified procedures are provided. The
blowers, actuators, and accessory equipment are accessible for shipboard.service. The
modular design of the 630A permits rapid reactor core removal and replacement with
another reactor core for minimizing in-port refueling time. The expended fuel elements
are removed from a depleted core in the refueling facility. The core is reconditioned and
new fuel cartridges are installed. Thus, a reactor core is held ready for the next vessel
requiring refueling without in-port delay.

This advantage of the modular type construction is used extensively in the 630A steam
generator. From the small accessories to the reactor - shield-plug assembly, components
requiring periodic maintenance operations are designed as packaged units, easily replaced
with exchange units.

Spares or exchange units for most components would be aboard ship, along with special
installation fixtures that minimize replacement time. This approach provides for reliable,
pre-tested components being available at all times to maintain complete serviceability of
the power plant system. Connections, fittings, and mounting for components are designed
for a practical minimum of time and effort to effect an exchange operation. Where possi-
ble, sealed storage containers for new parts, such as the blowers, are used as an in-
stallation aid or fixture. Many components that are removed from the steam generator
system can either be renovated aboard ship or stored for exchange in port. Some items
should be overhauled at the manufacturer's facility. All components should be inspected,
tested, and certified before being returned to a "spare" or "exchange" status.

Certain components such as the boiler, which are not suited for an easy or rapid change,
are designed for service in-place. Cover plates, hatches or other provisions are made to
allow access to service these components. Personnel can perform normal maintenance or
remedial services in most areas as shielding has been provided to maintain radiation
levels sufficiently low for contact maintenance.

163



164

8.1 INITIAL ASSEMBLY

The modular construction and relatively small size of the 630A allow a completely
checked and tested assembly to be installed in a ship. Advantages in costs and schedules
of ship and power plant fabrication and assembly are obtained from this feature. While
the 630A assemblies are being fabricated in shops particularly suited to power plant re-
quirements, ship construction proceeds independently.

All 630A components and assemblies can be transported by commercial carriers to the
shipyard for assembly in the ship at the scheduled time. With prefitted components, only
a minimum of fitup and connection to the ship systems will be required.

Major components such as the containment vessel, the side shields, and the pressure
vessel and boiler assembly are lowered into the steam generator compartment by con-
ventional shipyard cranes. Clearance for these- items is provided by an opening approxi-
mately 20 feet square which is also used later for refueling operations.

Primary loop blower assemblies and other smaller components are attached to the nu-
clear steam generator systems as the installation progresses.

The reactor - shield-plug assembly, completely fueled and equipped with controls, is
then lowered into place in the pressure vessel. Installation of the containment cover,
piping, and control connections is then performed to complete the steam generator assembly.

Installation of the 630A in the ship should be straightforward and take only a short time,
since all components are prefitted and tested to assure their serviceability. All com-
ponents are of a size and weight that can be handled easily by shipyard facilities. Slings,
fixtures, and containers will be provided for quick and safe handling of all assemblies.
Some of these fixtures go aboard ship for use in exchange operations which may be re-
quired at sea.

8.2 SHIPBOARD SERVICE

The 630A is so arranged that most items requiring routine maintenance are accessible
to shipboard personnel during power plant operation.

The main blower drives will be adequately shielded to be accessible for normal service
operations. The auxiliary blower electric drive motor is totally enclosed within a con-
tainment closure. The containment enclosure is removable for access to this motor and

blower.
The secondary system pumps are all accessible for shipboard service. Radiation levels

are low enough to permit contact maintenance and service even during power plant opera-
tion. Moderator pumps can be isolated and serviced in-place or removed and repaired or
replaced. By having three pumps in this system, the failure of one pump would not cause
operation to cease while the faulty pump is repaired. The second pump and its backup are
adequate to maintain safe operation until servicing is convenient.

8. 2. 1 BOILER SERVICE

The inspection and service operations which are expected to be necessary during the
20-year boiler lifetime are performed manually while the boiler is in operating position
aboard ship. Anticipated maintenance operations are: isolation of a boiler section at the
time of a tube failure, plugging of a ruptured tube, periodic inspection of the tube sheet,
and the flushing of the boiler tubes with scale dissolving solvent as required.
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Access to the tube sheets is required for header inspection and tube plugging and clean-
ing operations. The boiler tube sheet, which also serves as the lower head of the pressure
vessel, is exposed by removing the lower dished head of the containment vessel. Steam
and feedwater piping and manifold covers are then removed, exposing the tube ends in the
tube sheet. Manual access is available to both ends of all tubes of the boiler in this ar-
rangement for pressure testing and permanent sealing of any tubes which may develop
leaks. Statistically, about 4 percent of the tubes can be expected to fail from various
causes over the 20-year design life of the boiler. Tube flushing operations at approxi-
mately 1-year intervals can be expected with conventional water treatment. Flushing
operations that would not require access to the individual tube ends could be performed
by connecting to the steam and feedwater lines outside the boiler.

Since the boiler is designed for a 20-year life, it is not expected that it will be removed
during this time period. If it should be necessary, there are two methods of removing the
boiler. One method involves disassembly of the nuclear steam generator so that the
boiler can be taken out through the top of the ship. The second method involves lowering
the boiler out through a hole cut in the bottom of the ship.

The first method requires the partial disassembly of the nuclear steam generator, as
follows: disassembly of the piping and wiring penetrating the upper containment section;
removal of the upper containment head; disconnection and removal of the moderator cir-
cuit; disconnection and removal of the reactor - shield-plug assembly; removal of the
boiler shield and diffuser; disconnection of the inner shield tank piping and removal of
the inner shield tanks; disconnection and removal of the main blower drives, the main
blower, and pressure vessel nozzle extensions; disconnection and removal of the auxiliary
blower containment, auxiliary blower drive, auxiliary blower, and the pressure vessel
nozzle extension; removal of the lower containment head; disconnection and removal of
the piping to the feedwater inlet and steam exit manifolds on the boiler; and the removal
of the pressure vessel hold-down bolts. The pressure vessel, with the boiler still attached
and in place, can then be lifted out of the nuclear steam generator and out of the ship. Of
course, suitable shielding must be provided to afford the necessary radiation protection as
the assembly is lifted from the ship and transported to the service facility. The boiler is
then removed from the pressure vessel by lifting the pressure vessel off of the boiler
after the bolts have been removed from the bottom head and the seal weld has been cut.
Reassembly would be the reverse of the disassembly.

The second method requires fewer operations although removal of the reactor - shield-
plug assembly is still necessary to maintain safe radiation levels after the boiler is re-
moved. The following disassembly procedure will be required: disassembly of the piping
and wiring penetrating the upper containment section; removal of the upper containment
head; disconnection and removal of the moderator circuit; disconnection and removal of
the reactor - shield-plug assembly; removal of the boiler shield and diffuser; disconnection
and removal of the main blower drives and the main blower; disconnection and removal
of the auxiliary blower containment; auxiliary blower drive, and auxiliary blower; removal

of the lower containment head; disconnection and removal of the piping to the feedwater
inlet and steam exit manifolds on the boiler; and cutting of the seal weld and removal of
the bolts on the boiler head flanges. The boiler can then be lowered out of the pressure
vessel, out.of the hole cut in the bottom of the ship, and transported to the service facility.
Again, suitable shielding must be provided to afford the necessary radiation protection
during the boiler removal. The reassembly would be the reverse of the disassembly.

The design of the ship, the location of the 630A aboard the ship, and the circumstances
under which the boiler must be removed (i. e. , whether the ship is in a dry dock or not)
will determine which method to use.
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8.3 REPLACEMENT CAPABILITY

The replacement concept is applicable to most of the 630A accessories, drives, con-
trols, and other components. While the good accessibility of this arrangement allows
personnel access to most system components outside the containment, in most cases a
component showing signs of abnormal operation would be quickly replaced. The removed
unit could then be serviced aboard ship, in a shop facility, or exchanged for another unit
at a port facility. Some components such as primary coolant loop blowers, control rod
actuators, and nuclear sensors would probably be exchanged rather than repaired aboard
ship. These components are replaced at regular intervals, such as during shutdowns for
refueling, overhaul, or rebuilding.

8.3.1 CONTROL ROD ACTUATOR REPLACEMENT

Actuator replacement is accomplished manually, requiring only the opening of the con-
tainment vessel. After shutdown with normal aftercooling and moderator circulation,
control lines to the actuators are removed, the moderator system is vented, and the
water level in the shield plug is lowered to just below the actuator disconnects. The ac-
tuator disconnect can then be operated, freeing the actuator from its mounting on the
shield plug. Next, the actuator and control rods are raised about 30 inches, bringing the
rod disconnect above the actuator disconnect on the shield plug. A holding fixture and dis-
connecting fixture are then used to support and operate the rod disconnect, releasing the
actuator from its extension rod, gang frame, and control rods. A replacement actuator
is installed by engaging the rod disconnect, removing the holding fixture, and lowering
the actuator and rods to engage the actuator disconnect. Latching the actuator disconnect
and connecting control lines completes the installation.

8.3.2 CONTROL ROD REPLACEMENT

It is normal to replace control rods during the reactor refueling operation. They can
be changed aboard ship, however. Each control rod actuator is removed in the usual
manner except that the control rods must be lowered back into the fully inserted position
to be automatically secured in that position by a latch on each rod gang. A special tool
is required to hold the rods in the retracted position for actuator removal. Procedurally
only one gang of rods are removed at a time which maintains the reactor in a subcritical
condition.

When all actuators have been removed, the actuator mounting plate is removed and in-
dividual rods or gangs of rods of one actuator can be pulled up into shielded containers.
As each rod is removed a new replacement rod is installed.

8.3.3 BLOWER REPLACEMENT

While the 630A can be operated at about 25 percent power with the auxiliary blower
(sufficient for take-home power), a spare blower is carried aboard ship. The necessary
handling fixtures are also part of the ship's maintenance equipment to effect a blower
exchange.

The main blower and the auxiliary blower are removed in the same manner except for
the blower drive and containment enclosure. Removal of the blower drive and containment
cover make the mounting flange and the blower accessory connections accessible. With
the blower handling fixture, illustrated in Figure 8. 1, the entire blower assembly can be
removed from the pressure vessel opening and withdrawn into the shielded handling fix-
ture. This operation is performed without open?- g the primary loop. The handling fixture
support tube can then be removed to a storage or maintenance area. Direct manual handling
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of the blower and fixture is possible using the fixture positioning dolly or other handling
equipment. The blower can be stored inside this fixture or it can be transferred into a
storage container and sealed for later exchange.

Replacing the blower is accomplished by essentially the reverse procedure. The blower
handling fixture, with a blower assembly inside the support tube, is brought into position
in front of the extension tube and the blower inserted into the pressure vessel flange open-
ing. The shaft coupling, seal, and containment cover plate are replaced and the blower
drive is installed.

When the auxiliary blower is replaced, the drive motor is installed after the blower,
and the entire assembly is then sealed inside the containment enclosure.

8.3.4 OTHER COMPONENTS

The installation of pumps, motor drives, valves, meters, filters, and other accessory
items has been arranged so that components with lower reliability factors are accessible
and readily replaceable. Some items are manifolded so that one unit can be replaced or
serviced while the steam generator continues normal operation. The nature of the replaced
item determines how best it can be returned to useful service. Some items can be repaired
or overhauled by shipboard personnel while other components are best serviced by the
manufacturer or supplier.

8.4 SPARES ABOARD SHIP

To fully utilize the advantages of the replacement capability designed into the 630A
system, it is necessary to carry aboard ship a certain complement of spare components.

These spares should include one or more of those accessories or parts which are essen-
tial to maintain the nuclear steam generator at its rated capacity. The exact list and

number of spares will be formulated from the results of component testing and extended
life evaluation. The major spare items are expected to be primary coolant blowers,
moderator circulation pumps and motors, feedwater pumps and drives, control rods,

actuators, filters, valves, and controls and instrumentation.

8.5 FIXTURES

The proper removal, installation, and handling of replacement components can be best
accomplished by the use of proper fixtures and handling equipment. Many of the smaller
items can be handled without jigs or fixtures; however, where it is advantageous to quick
and safe performance of a service operation, suitable handling equipment will be provided.

For removal of the primary loop blowers, an extensive set of fixtures and handling equip-
ment is necessary for rapid, orderly, safe operation with complete protection for the com-
ponent and for operating personnel. Other simpler and smaller tools and devices are pro-
vided for the less complex operations. In most cases, a simple sling or lifting device and
protective guides and containers will provide the necessary means of accomplishing the

desired task.
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8.6 SHORE SERVICE

After a 630A Nuclear Steam Generator has completed its 15,000-hour power operation or
when refueling is necessary, the modular replacement or exchange concept is again ap-
plied in shore-based maintenance. The reactor - shield-plug assembly is removed from
the ship as a unit and transferred to the service facility hot cell. A new or refueled and
tested assembly is then lowered in place in the operating shield of the ship. This exchange
operation (described more fully below) can be completed in 4 or 5 days. By scheduling
other routine inspection and maintenance operations on both the power plant and other
ship systems at the same time, maximum use can be made of this downtime. New or over-
hauled instrumentation, control rods and actuators, nuclear sensors, and other components
will be part of the reactor - shield-plug assembly when it is installed in the ship, eliminating
the need for separate, time-consuming exchange of those items. Primary loop blowers and
drives, waste air filters, and other components could be exchanged at the same time, if
necessary; boiler inspection and service could also be performed, as well as periodic
certification inspections prior to starting up the refueled reactor.

When practical, handling equipment will be designed so that power plant components can
be completely enclosed or protected from damage during replacement or handling operations.

8.6.1 REACTOR - SHIELD-PLUG EXCHANGE OPERATION

During all reactor handling and service operations, the reactor core is supported in its
normal manner from the shield plug. Handling point connections are made only on the ex-
posed portions of the shield-plug structure. Reactor handling operations will only be per-
formed at a service pier in protected waters.

Aftercooling is maintained on both the primary air loop and moderator system while the
primary air loop is depressurized and all preparations are completed for reactor removal.
The facility crane removes the hatches above the power plant and the shielded upper head
assembly of the containment vessel. Normal operating instrumentation and control jumpers
between reactor and shipboard panels are disconnected and connections are made for in-
transit monitoring.

Prior to removal, the shield-plug flange stud nuts which secure the assembly to the
pressure vessel are removed and the facility crane lowers the transfer cask (Figure 8. 2)
into the loading position over the assembly. The cask is accurately located by references
on the steam generator containment vessel. Spread of contamination will be prevented
while lifting the assembly into the transfer cask by maintaining a slight negative air pres-
sure within the pressure vessel.

The reactor - shield-plug assembly is lifted from its operating location into the trans-
fer cask, seated against the top of the cask and safety locked. The cask doors are closed
beneath the core and locked in place. While the core is in the cask, fuel element cooling
is provided by the cask air cooling system and heat rejection to the moderator water.

Blowers and heat exchangers circulate and cool the air within the core and cask. Filters
and traps are included in the closed-loop system to prevent the spread of any fission
products that might be within the system. The open top of the pressure vessel is closed
off by a set of covers which are moved in under the cask doors.

The transfer cask is lifted from the ship with a 100-ton crane. It is then transported
from the ship to the refueling area by walking the crane along its rails with the cask on a
special rail dolly. Extensive evacuation of the transport route between ship and service
facility will not be necessary because of the low radiation levels. The crane then positions
the cask on locating pads on top of a service facility hot cell, directly over an open port.
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In this position, the cask doors can be opened and the spent assembly lowered into the
celL The cask is then lifted and positioned on the locating pads of a second cell port,
over a refueled assembly, which is drawn up into the cask, transported back to the ship,
and installed as a replacement unit. The replacement operation is essentially the reverse
of the removal procedure, except that moderator circulation and fuel element cooling is
not required.

If a replacement is not available, the expended fuel cartridges are removed and re-
placed with new cartridges; the refueled assembly is then returned to the ship. This
would require approximately 10 days.

8.6.2 REFUELING OPERATION

Refueling operations are performed in the hot cell of the service facility. The cell is
approximately 12 by 24 feet, and 20 feet high. The reinforced concrete shield walls are
about 4 feet thick. Viewing windows and other optical devices provide direct viewing of
all operations. Adapters are used to support the assembly within the thick roof shield.

A fuel cartridge handling machine is positioned directly under the lower tube sheet of
the reactor core. All fuel cartridges are removed from the core, placed in storage racks,
and moved to the hot fuel storage cell before reloading is started. After removal of the
spent cartridges and before refueling, the control rods and actuators are removed and
replaced with new or overhauled components.

New fuel cartridges are then reloaded into the reactor core by essentially the reverse
of the unloading procedure. Criticality measurements can then be performed to assure
suitability of the refueled assembly before installation in the next ship.

The hot cell is designed to allow access to the upper portion of the shield plug while
the assembly is in the refueling position. Any additional service work or replacements
are performed at this time.

8.6.3 WASTE AIR FILTER

The shielded waste air filter assembly can be replaced during the refueling cycle, if
required. Since the filters are adequately shielded, they can be exchanged independently
of the hot cell activities. The filter media can be recharged in the hot cell between re-
fueling operations.

8.6.4 SERVICE FACILITIES

The service facility is equipped with a 100-ton ship service crane and a service building
with special shops and supporting services. A high bay area houses the hot cell for re-
fueling operations and the machine shop for work on clean or contaminated components
and fixtures. Currently, both an east and west coast facility are planned.

The remainder of the service building is one story high and includes the other support-
ing services: instrument and controls shop, new fuel vault, change room, hot cell setup
area, decontamination facilities, hot waste storage, liquid hot waste processing, utilities,
and offices.

The hot cell accommodates two reactor - shield-plug assemblies simultaneously, as
described previously. Hot Cell equipment includes conventional remote handling manipu-
lators and viewing equipment, and special equipment for loading and unloading fuel
cartridges in the reactor core.

A hot fuel storage cell is connected to the working hot cell by a shielded door. Spent
fuel cartridges are stored in this cell prior to shipment to a reprocessing facility.
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The machine shop and instrument shop provide an overhaul and repair capability to pre-
pare some of the exchange components for reuse. Some components, such as primary
coolant blowers, will be processed for shipment to the factory for repair or rebuilding.

A number of overhauled and tested components would be warehoused at or near the
service facility.

8.6.5 ANNUAL INSPECTION

Fittings, attachments, or access are provided for performance of all the Coast Guard
annual inspection procedures. Removal of covers or portions of the containment may be
necessary in a few instances. Other inspections can be made during the refueling cycle
shutdown. Some items, such as pressure vessel studs and nuts, can be inspected when
the reactor - shield-plug assembly is removed for refueling. The inside of the pressure
vessel can also be given a visual inspection through windows in the cover plate when the
reactor - shield-plug assembly is removed.



9. SAFETY ANALYSIS

The safety aspects of a gas-cooled system, such as the 630A, are inherently different in
many respects from those of the more familiar water-cooled systems. The basic 630A
design provides a number of unique safety-related features. In the present research and
development phase, a concerted effort is being made to achieve a final design featuring
maximum safety and reliability while retaining the optimum balance between performance,
operability, weight, and economics. The approach combines careful consideration of cur-
rent industry practice and design standards, wherever the more conventional safety as-
pects are concerned, with exploitation of the atypical inherent and configurational features.
Results to date are highly promising; all indications being that an unprecedented degree
of built-in safety can be realized in the final 630A design.

The current 630A configuration incorporates a number of important safeguards against
hazardous nuclear accidents. The conventional series of barriers against fission product
release is provided, of course, (fuel matrix, fuel cladding, primary loop, containment
vessel, reactor compartment, and ship's hull). The control and safety systems also in-
corporate multiple and redundant safety features, typical of most reactors. Those safety
features unique to the 630A Nuclear Steam Generator are enumerated below:

1. To prevent fuel meltdown following reactor shutdown, even with the primary loop
depressurized, three independent afterheat removal systems are immediately avail-
able: the primary blower under auxiliary electric power, the auxiliary blower, and
the moderator-water loop.

2. Primary coolant (air) is always available for aftercooling even though it may be at
atmospheric pressure.

3. The primary coolant loop is entirely contained within the primary pressure vessel.
Of the credible accident combinations considered to date, none would involve fuel
melting or vaporization in conjunction with a major release of contaminated primary
coolant from the pressure vessel to the containment vessel.

4. In the event of an accidental release of fission products from the fuel elements, the
primary loop and/or the containment vessel can be bled down to atmospheric pres-
sure and the major fraction of the fission products sealed off within the effluent
adsorption beds. Thus, the possibility of a hazardous release of effluent is drasti-
cally reduced.

5. The control rods operate in the low-pressure moderator loop, limiting the prob-
ability of a rod "blow-out" accident.

6. Nuclear fuel is loaded from the bottom of the core, eliminating fuel "drop-in" acci-

dents from consideration.
7. The portion of the secondary coolant (steam) system within the containment vessel

is divided into three separate boiler sections. This feature, permitting rapid isola-
tion of one or even two failed boiler sectors, and subsequent plant operation at re-
duced power, is important to ship safety.

8. No auxiliary-poison-addition system is required to maintain the reactor subcritical
under any presently foreseen set of conditions.
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At the current stage of development, the large number of design changes being made or
contemplated make it impossible to assess, in complete detail, the overall safety of the
power plant. This discussion presents the results of a number of preliminary investiga-
tions; however, since the design is not fixed, and specific shipboard installation data is
lacking, the representations contained herein cannot be considered conclusive until veri-
fied through further study. Nevertheless, the results of these analyses indicate that the
final conclusions on overall plant safety will be highly favorable.

9.1 RADIOLOGICAL ASPECTS OF OPERATION

AND SERVICING

During normal operation of the power plant, certain minimal radiological safety prob-
lems will be encountered, much the same as with any other well-developed nuclear system.
The potential for significant external exposure from radiation leakage through the primary
shielding and effluent handling system shielding, or from activated fluids in the moderator
or secondary coolant loops, will be reduced by careful shield design and component layout
(section 6). Radioactive solid and liquid waste disposal is not expected to present a
major problem, but provisions for collection, storage, monitoring, and disposal, both at
sea and ashore, must be made. The handling of radioactive gaseous wastes, from this
gas-cooled system requires special attention; and, therefore, is discussed in greater de-
tail below. In addition, the maintenance or replacement of contaminated or activated com-
ponents and reactor refueling are discussed in section 8.

9.2 GASEOUS EFFLUENT

9.2.1 PERFORMANCE OF WASTE-AIR HANDLING SYSTEM

The waste-air handling system will accept and process gaseous effluent from all sig-
nificant power plant sources with negligible release of activity to the atmosphere during
normal operations.

The primary source of effluent activity during normal operation of the steam generator
is the continuous bleed-off of primary loop air, at about 0.2 scfm, compensating for in-
ward leakage from the blower shaft seal system. During normal operations, this contin-
uous bleed-off will be discharged through the waste-air adsorption bed. The system also
has a special depressurizing adsorption bed to handle the air discharged from the pri-
mary loop during depressurization after reactor shutdown. A sea-water-cooled charcoal
adsorber will remove essentially all of the halogens from the airstream, even during de-
pressurization of the primary loop. While the noble gases will not be permanently re-
moved, they will be delayed by an adsorption - desorption process, thereby decreasing
their concentration by radioactive decay.

Figure 9. 1 is a plot of noble gas activity as a function of hold-up time for the continuous-
bleed (normal operation) case. The krypton and xenon concentrations shown correspond to
the maximum continuous fuel element leakage values postulated. The same figure shows
the calculated breakthrough times for argon, krypton, and xenon, for the current adsorp-
tion bed design.

The current adsorption bed design appears to meet the criterion for continuous non-
occupational maximum permissible concentration (MPC) even with fission gas release
rates from the fuel up to 100 percent. For the maximum expected release rates of noble
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gases and the Ar4 ' activity, the adsorption bed will meet a continuous non-occupational MPC
even at the point of stack discharge. Figure 9.2 shows the delay time in the adsorption
media required to meet the above disposal criteria as a function of'fission product leakage
rate from the fuel.
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Fig. 9.2- Holdup time required to reduce noble gas activity to MPC
versus leakage rate from 630A core

In addition to the continuous bleed requirement, the adsorption system must accommo-
date the increased rate of effluent discharge during depressurization of the primary loop.
The concept here is that the entire contents of the primary loop can be passed through the
depressurization adsorption bed and the bed sealed off before breakthrough occurs. Thus,
loop depressurization will not result in significant discharge of radioactivity to the atmos-
phere even in the unlikely event of fuel melting.

9.2.2 DISCHARGE CRITERIA

The disposal criteria values shown in Figure 9. 1 (labeled MPC) were derived from the
following considerations. After passage through the charcoal adsorption media, effluent

XENON BREAKTHROUGH TIME
tN2750hr
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from the steam generator will be diluted with about 1500 scfm of clean air before discharge
from the stack. For an elevated release, an effective atmospheric diffusion factor of at
least 10-3 should be realized at any point on the ship under any but the worst, short-term
condition (fumigation). Therefore, the selected disposal criteria at the point of stack dis-
charge should result in a cloud gamma dose rate of no more than 50 mrem/year. These
criteria result in 100 times the continuous non-occupational MPC (specified in Title 10,
CFR, Part 20) at the top of the stack. With an atmospheric diffusion factor of 10-3, the
resulting dose at any point on the ship or ashore would be a factor of 10 under the dose
corresponding to the MPC. The criteria are based on the infinite cloud concept which in-
troduces an additional factor of conservatism of 20 or more. Continuous exposure to the
maximum concentration for a full year is inconceivable.

9.2.3 CONTAMINATION OF PRIMARY LOOP AIR

The fuel elements are designed for essentially full retention of all fission products gen-
erated during normal operation. Normal power plant operation, by definition, includes
operation with leakage of fission products from the fuel elements occurring continuously
at a minimal rate. Some fission product leakage into the primary coolant loop may occur
after prolonged irradiation. The system design includes provisions to prevent any restric-
tion upon power plant operation from the resulting contamination of the primary loop.

The fuel elements are expected to complete their life cycle without significant loss of
cladding. Therefore, the loss of fission fragments by recoil into the coolant stream is
not expected to be an important consideration.

Data are being accumulated on fission-product leakage from long-term fuel irradiation
samples being tested at or above design temperature in the ORR under conditions far more
severe than will be encountered in the 630A.

Pending the availability of complete experimental results, preliminary designs have been
based upon a pessimistically estimated maximum continuous release rate of 0. 05 percent
of all hologens. The release fractions of the noble gases are arbitrarily assumed to be
higher by a factor of two (0. 1%) and the volatile solids (primarily rubidium, cesium and
selenium) lower than the halogens by an order of magnitude (0. 005%). Using these release
values, and assuming, pessimistically, that the leakage of all fission products remains
constant throughout the operating period, the equilibrium activities of the various gamma
emitters in the primary loop have been calculated. The equilibrium activities of the longer-
lived isotopes are limited primarily by the 0. 2 scfm continuous bleed-off of primary loop
air. The assumed total activities contained in the primary loop, including activation prod-
ucts, are presented in Table 9.1. These activities can easily be handled by the adsorp-
tion bed for the continuous and bleed-down cases.

9.3 RADIOLOGICAL ASPECTS OF SERVICING

AND REFUELING

Studies of the radiological implications of power plant servicing and refueling are continu-
ing. Wherever possible, the final design of the power plant, handling and servicing equip-
ment, and refueling facilities will incorporate provisions to minimize potential radiological
hazards during servicing and refueling. In virtually all nuclear systems, these two oper-
ations present more safety problems and a greater hazards potential than any encountered
during power plant operation. Barring power plant accidents, however, the hazards involved
in refueling and servicing represent problems, encountered regularly in the atomic energy
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TABLE 9. 1

CALCULATED EQUILIBRIUM ACTIVITIES OF
GAMMA-EMITTING FISSION AND ACTIVATION PRODUCTS IN PRIMARY LOOP

Curies In Mev/Sec
Half- Energy 630A Core Release, Curies 10-12 In

Isotope Life Mev/dis (10-6) % r/(r + 1) In Loop Loop

Kr83m

Kr85m
Kr87

Kr88

Xe 13 1m

Xe1
3 3 m

Xe 133

Xe135m
Xe135

114m
4. 4h
78m
2. 8h

12d
2. 3d
5. 27d
16m
9. 13h

0.04
0.18
0.56
2.07

0. 16
0.23
0.08
0.52
0.27

0.26
0.78
1.43
1.97

0. 016
0. 088
3.68
1. 00
3.56

0. 10
0.10
0. 10
0.10

0.10
0. 10
0. 10
0. 10
0.10

1. 0
0.995
1. 0
1.0

0.48
0.82
0.66
1.0
0.97

260
780

1400
2000

8
70

2560
1000
3500

0. 4
5. 2

29. 0
150. 0

0.05
0.60
7.50

19. 0
35. 0

Total Noble Gases 12. 79 0. 10 11, 500 247. 0

Br8 3  2.4h 0.05 0.26 0.05 1.0 130 0.24
Br84  30m 2.4 0.57 0.05 1.0 290 26.0.
Br8 7  56s 3.8 1.43 0.05 1.0 700 37.0

1131 8.05d 0.39 1.95 0.05 0.56 500 7.0
1132 2.4h 2.0 2.58 0.05 1.0 1280 95.0
1133 20.8h 0.56 3.67 0.05 1.0 1800 37.0
1134 52.5m 1.27 4.25 0.05 1.0 2100 99.0
1135 6. 7h 1. 54 3. 41 0. 05 1. 0 1700 97. 0

Total Halogens

Se83  25m 3.
Rb8 8  18m 0.4
Cs13 6  13d 0.9
Cs 13 7  26. 6y 0.5
Cs 13 8 32m 2.

Total V

Ar4 1

N 1 6

18. 12

0.26
1.93
0.04
0. 12
3.34

8500 398. 0

0. 005
0. 005
0. 005
0. 005
0. 005

1.0
1.0
0.44
0. 001
1.0

13
96

1
0.004

167

1.5
1.7
0.03

12. 3

volatile Solids 5. 69 277 15. 5

110m 1.3 - - 1.0 145 7.0
7.4s 4.8 - - 1.0 5 0.9

Total Activation Products 150 7. 9

Total Activity 36. 60 20, 500 ~-670

industry, which can be dealt with by routine safety provisions and proper personnel train-
ing. The procedures, special equipment and facilities required for servicing and refueling

the 630A power plant are discussed under section 8.

9.3.1 COMPONENT SERVICING

Most of the power plant components, which may be expected to require servicing at in-

tervals more frequent than the regular refueling outages, will be safely accessible while

the ship is in a normal port of call or at sea.

Access to the control and safety rod actuators and the nuclear sensors will be gained

by entering the upper containment head. This can be safely accomplished shortly after

reactor shutdown since the N16 activity in the moderator loop, the major source of radi-

ation in this area, will decay very rapidly (half life ~7. 4 seconds). Minimal airborne,
surface, and moderator water contamination from activation products is anticipated, and

standard safety practices will provide the necessary degree of personnel protection. Con-

tact activation dose rates on the nuclear sensors after withdrawal from the shield plug

1

47

90

53

01



179

are expected to be about 100 rem/hr. Therefore, exchange of these components will re-
quire the use of a small handling cask. Activation of the control rod actuators will be in-
significant.

Provisions will be made for collecting and storing low activity drainage water.

Somewhat greater contamination control problems are anticipated in the lower con-
tainment head. Radiation levels on the order of tens of mrem/hr are expected in this area
one day after reactor shutdown, primarily due to boiler tube activation. The plugging of in-
dividual boiler tubes will require removal of the lower containment head.

The only presently foreseen servicing operation which will require breaching of both
containment and the primary loop is the replacement of a complete blower assembly. This
operation requires the maintenance of a slight negative pressure, with respect to atmos-
pheric, within the primary loop to prevent the release of air activity to the ship' s reactor
compartment. Blower activation, and the possibility of high level contamination will make
necessary both shielding and containment features in the removal and storage fixture.

Other routine servicing activities will include ship-to-shore transfer of stored radio-
active wastes and renewal of the adsorption media. These activities, having a potential
for accidental release of radioactive contamination, will require the development of safe
procedures and handling equipment.

9.3.2 REFUELING AND INSPECTION OF PRIMARY LOOP

Removal of the reactor core and shield plug from the remainder of the primary pres-
sure vessel will require the control of radioactive effluent, both from the core itself and
possibly from the interior of the pressure vessel. Provisions will be made for maintain-
ing the transfer cask cavity and pressure vessel interior at a slight negative pressure.
The effluent from both areas will be processed through air-cleaning systems prior to
discharge. Preliminary calculations on loss of aftercooling during transfer of the core
to a shore facility indicate that no fuel melting would occur except in the loss of all cool-
ant. However, a lack of adequate aftercooling would allow fuel temperatures to rise to
the point where relatively minor quantities of the more volatile fission products could
escape. Operational experience with similar fuel elements has demonstrated that no sig-
nificant release of this type will occur at temperatures below 500 0F. Consideration will
be given to this problem in the design of the core transfer cask and refueling facility heat
removal systems.

During the servicing and refueling of a 630A Nuclear Steam Generator, the direct radia-
tion levels encountered will require the use of special devices and the application of pre-
established radiological safety procedures in order to maintain personnel exposures at
the lowest practical level. The calculated gamma dose rate, 12 hours after shutdown
following full power operation for 15, 000 hours, at the side and bottom surfaces of the
bare core, are: 1 x 105 rem/hr and 5 x 107 rem/hr, respectively. At the side surface of
a core transfer cask, composed of 4 inches of lead and 1 inch of steel, the radiation level
would be about 6 rem/hr for the same irradiation and decay assumptions. This dose rate
would not constitute a significant hazard during the transfer from the ship to the refueling
facility.

Failure of a fuel element latching mechanism could result in the element remaining
vertically oriented, supported partially within the core by the air diffuser plate, until
the reactor and shield plug are lifted out for recovery. After the core is removed, the
element would remain within the pressure vessel, resting on the diffuser. The gamma
dose rate at the open top of the pressure vessel would be on the order of 105 rem/hr. A
special shield plate, equipped for inspection and handling equipment for such an event
will be provided as part of the normal refueling equipment.
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Estimated surface dose rates inside the containment vessel and the pressure vessel,
after a one-day shutdown, are based on maximum expected activation. Boiler activation
levels would range from about 50 rem/hr on the superheater surfaces to about 10 mrem/
hr in the accessible containment space below the economizer surfaces. Activation of the
pressure vessel walls, adjacent to the normal calandria position would be in the range
of 90 rem/hr. The diffuser plate will probably be activated to several hundred rem/hr.
The total effect of the activated components, in terms of dose rate at the open top of the
pressure vessel, has not yet been determined. However, the shield plate, previously
mentioned, will be used in this area during required in pection and maintenance.

9.4 POWER PLANT ACCIDENTS

A number of different events and sequences have been examined to determine whether
they could lead to an accident involving a potentially hazardous release of fission products
and, if so, how great such a release might be. In all of the postulated events, multiple
equipment failures, operator error, or both, must be assumed before a hazardous acci-
dent can occur.

Since a marine power plant could be operated in many different seaports, but will proba-
bly be refueled in only a few selected locations, it is believed that the selection of a single
maximum credible accident (MCA) is unrealistic. The probability and potential severity of
a nuclear accident appear to be greater during refueling or major servicing, when contain-
ment cannot be maintained, than during power plant operation. On the other hand, if refuel-
ing and servicing sites are chosen with care, the consequences of a servicing accident,
in terms of population dose and monetary damage, can be held well within acceptable limits.
When the design of the power plant has progressed to the point where the credibility and
consequences of potential accidents can be realistically evaluated, a maintenance maximum
credible accident will be postulated in addition to an MCA applicable to power plant oper-
ation. In this preliminary evaluation, however, no attempt will be made to relate any of
the postulated accidents to the term "maximum credible." This precaution is taken because
past experience indicates that the original conditions of a "maximum credible accident" tend
to become fixed in spite of later evidence to the contrary. Significant operating conditions
and physical characteristics of the system, upon which the accidents were postulated, are
shown in Table 9.2.

9.4.1 STARTUP ACCIDENT

The startup accident was assumed to occur from a steady-state power of 100 watts with
a "cold, clean" core at normal startup pressure. It was also assumed that the operator
began pulling rods to increase power and was, thenceforth, incapable of halting rod motion,
causing reactivity to increase at the design rate (1% Ak/k per minute).

In addition to the undefined control system failure required to cause unrestrained rod
withdrawal, the automatic safety system must fail to function properly and the operator
must fail to heed a number of warning signals. The following warning and automatic safety
actions which would be effective in preventing this type of accident are provided.

Reactor Control Instrumentation (Acting through safety system)

1. Operator warning, both audible and visual (two separate fission chamber channels),
when source-range period becomes shorter than 30 seconds.

2. Operator warning, both audible and visual, when intermediate-range period becomes
shorter than 30 seconds (two separate compensated ion-chamber channels).
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TABLE 9.2

OPERATING CONDITIONS AND CHARACTERISTICS
OF A 75 MW REACTOR

Primary Coolant Air

Volume, ft3  477
Mass, lb 426
Average temperature, OF 715
Average pressure, psia 387
Maximum temperature, OF 1200
Maximum pressure, psia 400
Flow rate, lb/sec 410

Secondary Coolant

Feedwater temperature, OF 415
Feedwater pressure, psia 1050
Steam temperature, OF 950
Steam pressure, psia 880
Steam flow rate, lb/hr 220, 000
Water mass in boiler, lb 800

Containment Air

Total volume, ft3  1290
Mass, lb 88. 5
Temperature, OF 120
Pressure, psia 14.7

Moderator Water

Total volume, ft3  163
Mass, lb 9780
Average temperature, OF 210
Pressure, psia 75
Saturation temperature, OF 308

3. Automatic "Insert All Shims" signal from intermediate-range compensated ion cham-
bers when period becomes less than 20 seconds (two separate channels).

4. Automatic "Insert All Shims" signal from intermediate-range compensated ion cham-
bers, if flux reaches approximately 7 percent of full power when power-demand
setting is below 5 percent of full power (two separate channels).

5. Automatic scram when power-range flux reaches 130 percent of full power (any two
of three channels).

Safety System

Automatic scram occurs when flux reaches 150 percent of full power.

It should be noted that "Insert All Shims" action also serves as a followup to scram;
that is, even if the safety actuators should fail to respond to a scram signal, the shim
rods would automatically be inserted at their normal drive rate. While the high-flux
scrams were assumed to fail in the postulated accident sequence, it is possible that
safety action by this last means would still permit substantial fuel damage. With fail-
ure of all of the above safety devices (an extremely improbable event), the hottest core
region would reach melting temperature after about 38 seconds. Assuming termination
of the excursion by rearrangement of the fuel with overtemperature, calculations indi-
cate a total excursion energy release of about 1.4 x 103 megawatt seconds. In this case,
by the time of reactor shutdown, the pressure in the primary loop would have risen from
an initial value of 185 psi~a to 240 psia. No release from the primary loop to containment
would have occurred.
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Assuming no decrease in reactivity due to flow of the molten fuel, vaporization tem-
peratures would be reached about 400 milliseconds after initiation of melting. At this
time, about 60 percent of the fuel would have melted. In view of the short time period
between melt and vaporization, it appears that some fuel vaporization may take place.
Specific computations to predict primary loop pressures for partial vaporization have
yet to be made. However, while some release to containment may occur, due to acti-
vation of the primary loop relief valves at 430 psig, the resulting containment pressure
will be well within the design pressure. It is considered probable that detailed evalu-
ation of this type of accident, after completion of the power plant design, will indicate
that no release to containment will occur.

Since most of the excursion energy would be released within a period of about 3 seconds,
it would make little difference in fuel heating rate whether or not the auxiliary blower was
operating. The above results were obtained assuming no airflow.

9.4.2 UNRESTRAINED WITHDRAWAL OF ALL SHIM RODS AT FULL POWER

The profile of this event is similar to that of the startup accident, except that fuel melt-
ing would begin at a higher integrated power due to heat removal by the main blower. It
was assumed, in this case, that the reactor was at a steady power of 75 megawatts at the
start of rod withdrawal at design rate.

Again, an undefined control system failure must occur to initiate the accident and the
following automatic safety actions and warnings would then come into play:

Reactor Control Instrumentation (Acting through safety system)

1. Operator warning, audible and visual, when power range flux reaches 110 percent
of full power (any two of three channels).

2. Automatic scram when power range flux reaches 130 percent of full power (any two
of three channels).

Safety System

1. Operator warning, audible and visual, when power range flux exceeds 110 percent
of full power.

2. Automatic scram when power range flux exceeds 150 percent of normal full power.
3. Automatic scram when reactor outlet air temperature exceeds a pre-set value.
4. Automatic scram when boiler outlet pressure exceeds a pre-set value.
5. Automatic scram when blower outlet pressure exceeds a pre-set value.
6. Automatic scram when blower inlet temperature exceeds a pre-set value.

The number of effective automatic scram signals in this case is considerably greater
than for the startup accident, and although the operator has less time to perform a manual
scram, sufficient time is still available for such action. Melting temperature would first
be reached in the fuel in about 14. 5 seconds after the start of unrestrained rod withdrawal,
and the excursion would be terminated by fuel rearrangement about 3 seconds later. At
the heating rates associated with this event, the interval between initial melting and vapori-
zation temperature is on the order of 4 seconds. Since it is difficult to conceive that molten
fuel could remain in place for 4 seconds under full airflow conditions, it is relatively certain
that the full-power rod withdrawal accident, as postulated, would be quenched primarily by
outflow of the molten fuel rather than by expulsion of fuel vapor. Aerothermal calculations
indicate that less than 1. 2 percent, or about 5 pounds, of the 426 pounds of air in the pri-
mary loop would be released to the containment vessel through the relief valves. The in-
crease in containment pressure would be negligible (less than 2 psi).
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If the excursion were assumed to continue until partial vaporization (~ 7.5% of the core)
occurred, preliminary estimates indicate a release of about 70 pounds of air-vapor to con-
tainment and a maximum containment pressure of about 40 psia.

9.4.3 CORE FLOODING

Flooding characteristics of the 630A reactor have been evaluated in the critical experi-
ment to insure that sufficient control will be available to maintain the reactor subcritical
when flooded. The data indicate that the necessary control can be provided without difficulty
by the safety rods alone.

Complete flooding of the pressure vessel and core could be caused only by sinking of
the ship or flooding of the ship's reactor compartment. In any conceivable incident of this
type, ample time would be available before flooding for insertion of the safety rods, either
manually or automatically, so that no excursion would result. In the event of a common
rupture of the moderator and primary coolant loops, moderator water might be introduced
to the primary loop after pressure equalization. The entire content of the moderator loop
is insufficient to flood the pressure vessel to the core level. Moderator water flowing
through the core air passages would increase reactivity to some extent, but is insufficient
to create a significant accident potential. To date, no credible flooding accidents have been
postulated. Additional investigations are planned.

9.4.4 LOSS OF PRIMARY-AIR CIRCULATION

Loss of primary airflow could occur as a result of failure of the main blower steam tur-
bine drive or steam supply, blower shaft breakage, or operator error. The reactor would
be automatically scrammed by an indication of low pressure rise across the main blower
or, depending on the mode of failure, from other signals such as for high blower turbine
speed (in the event of shaft breakage) or for high reactor outlet temperature. Immediately

following such an event, the auxiliary electric blower would automatically engage and pick
up the core aftercooling load.

Even if the aftercooling blower is assumed to suffer a concurrent failure, calculations
show that radiation heat transfer from the fuel plates to the moderator loop is sufficient
to prevent the fuel from reaching melting temperature, a significant safety feature of the
630A power plant design.

A complete loss of airflow without scram would result in overpressurization of the pri-
mary loop (caused by inequality in heat addition to and heat removal from the air) with a
consequent discharge of primary coolant to the containment vessel through the pressure
vessel relief valves. This extreme case involves failure of both blowers as well as failure
to scram. Assuming fuel melting as the means for shutting down the reactor and a result-
ing primary air temperature of 15000F, the maximum pressure in the containment vessel
has been conservatively calculated to be 190 psia. The accompanying increase in pressure
vessel wall temperature would be about 1 0 F.

9.4.5 PARTIAL BLOCKAGE OF PRIMARY AIRFLOW

A maldistribution of airflow through the core could occur as the result of material
carried by the primary airstream, depositing at the inlet to one or more fuel tubes at the
upper end of the reactor. Introduction of foreign material into this closed-cycle power
plant could occur only at the time of initial assembly or during maintenance. It is con-

ceivable, however, that pieces of metal from some of the parts in the system might come

loose during operation and interfere to some degree with airflow.

Blockage of airflow through a single fuel channel, to the degree required to raise tem-
perature of the fuel cartridge, could result in an increase in fission-product leakage
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which, if significant, would be detected by the effluent monitoring devices. Flow blockage
severe enough to cause fuel melting would cause an easily detectable change, in both
primary-loop air activity and reactivity, and the reactor would be deliberately shut down.
An incident of this type would not cause an increase in primary-loop pressure, and no re-
lease to containment would occur. Radiological consequences would be insignificant.

9.4.6 DEPRESSURIZATION OF THE PRIMARY LOOP

Depressurization of the primary loop could conceivably occur as a result of primary
blower disintegration due to overspeed, or other loss of pressure vessel integrity. In
such an event, the reactor would be scrammed by an indication of low economizer dis-
charge air pressure, low pressure rise across the main blower, or blower turbine over-
speed. The aftercooling (auxiliary) blower would assume the core cooling load.

Even if the auxiliary blower failed to operate, all afterheat would be absorbed in the
moderator loop and no fuel melting would occur. The resulting pressure in the contain-
ment vessel, assuming no net heat loss, would be about 120 psia.

9.4.7 LOSS OF SECONDARY COOLANT - SINGLE BOILER TUBE OR STEAM LINE
RUPTURE

In the event of a single boiler tube breach within the pressure vessel, the reactor would
be scrammed by an indication of high primary-loop pressure, and feedwater valves would
be closed on all three boiler sectors. The two unfailed sectors would continue to absorb
heat from the primary-loop air and continue to generate steam which would be discharged
from the boiler through the back-pressure control valves. No fuel damage would occur.
Leakage resulting from the complete rupture of a single boiler tube would increase
primary-loop pressure to the point of relief to the containment vessel through the safety
valves. Based on the conservative assumption of failure of the associated back-pressure
control valve (closed) so that all steam generated in the failed sector would be discharged
to the primary loop, containment vessel pressure was estimated to be 170 psia after all
water was evaporated.

For the case in which a single steam line was assumed to rupture within the contain-
ment but outside of the pressure vessel, the maximum containment pressure was esti-
mated to be less than 100 psia.

9.4.8 LOSS OF SECONDARY COOLANT - MULTIPLE BOILER TUBE OR STEAM LINE
RUPTURE

In the event of rupture of all three boiler tubes or steam lines (an extremely improbable
occurrence), the reactor would scram, and all feedwater valves would be closed. For the
case of rupture of the steam lines, outside of the pressure vessel but within the contain-
ment, evaporation of all water in the boiler would result in a containment pressure of
about 280 psia (all three back-pressure valves failed closed). The consequences of rupture
of all three boiler sectors within the pressure vessel have yet to be estimated. Despite
the loss of secondary heat removal, all afterheat could be transferred to the moderator
with no fuel melting. In fact, the heat capacity of the system is such that overtemperature
of the fuel can be prevented. On the surface, such an event appears to involve six inde-
pendent failures and is therefore accounted incredible. Progressive and/or systematic
failure probabilities must be investigated in order to confirm such a conclusion, however.

9.4.9 LOSS OF SECONDARY COOLANT - SINGLE BOILER TUBE BREACH AND FAILURE
OF ALL STEAM AND FEEDWATER VALVES

In the unlikely event of boiler tube breach and concurrent failure of the steam line shut-
off valves (closed) and feedwater valves (open), the reactor would be automatically scram-
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med as above. Steam from the two unfailed sectors would be released to containment
through the steam safety valves while steam from the breached sector was released to the
primary loop. Since the steam supply to the boiler feed pump turbine would terminate and
the auxiliary feed pump would not be started, no additional water would be added to the
boiler. The maximum containment pressure for this case is estimated to be less than 200
psia. This combination of failures does not appear to be credible, but results would be
essentially the same if the feedwater valves operated properly.

9.4. 10 LOSS OF MODERATOR COOLING

If moderator circulation is stopped, the reactor would normally be scrammed by a flow
monitoring device; if not, the reactor would be scrammed on moderator-loop overpressure
after the saturation temperature was exceeded in the moderator loop. Steam would be re-
leased to the contaiment through relief-valve action. If moderator flow could not be re-
established, boil-off of the moderator water would eventually occur and overheating of the
core structure might result. However, if primary-loop circulation were maintained, no
fuel melting would occur. If no air circulation is assumed, so that all afterheat is dissi-
pated to the moderator, the maximum calculated containment pressure, allowing for con-
densation on the containment walls, would be about 120 psia. In the latter case, some fuel
melting might ultimately occur, but a period of several hours is available in which to re-
establish moderator flow and prevent such damage.

In the event of a moderator-loop - primary-loop common structural failure, air from
the primary loop would expand through the moderator relief valve to the containment ves-
sel. The reactor would be scrammed on loop overpressure. Preliminary computations
indicate that containment space pressure would rise to about 100 psia.

9.4.11 COMBINED NUCLEAR EXCURSION AND COOLANT LOSS ACCIDENTS

Cold start and hot restart rod withdrawal accidents, occurring concurrently with several
coolant failure combinations, have been investigated. In the cold startup condition, con-
current secondary coolant failures are of no consequence. No primary air would be re-
leased to containment. In the case of a hot restart reactor excursion, a boiler breach,
plus failure of all three steam shutoff valves (closed), would be required to exceed the
containment design pressure. For any remotely credible combination of failures, the
maximum containment pressure would be well within the current 250 psia design value.

9.4.12 SEPARATION OF REACTOR AND SHIELD PLUG

A potentially hazardous incident can be postulated if it is considered credible for the
shield plug and reactor to become separated during removal from the ship and transfer
to the refueling facility. Since the control rod actuators are mounted on the shield plug,
total separation of these major components would withdraw all rods, possibly causing a
power excursion. However, several means of preventing such an excursion are available.
A soluble poison could be added to the moderator loop so that the reactor would remain
subcritical with all rods withdrawn. The most reliable measure, however, is to design
the transfer cask so that, even under the worst conceivable impact, the plug and reactor
could not be separated.

The critical points of the transfer will occur during removal or insertion of the assem-
bly, at the refueling facility or aboard ship, when the cask bottom doors are open. If the
assembly were to be dropped at this time, due to failure of the lifting mechanism, the
shield plug would be stopped by its mating flange and the interconnecting tubes might fail
in tension.
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If the incident occurred upon withdrawal or insertion into the pressure vessel, the re-
actor would drop only slightly before coming to rest on the restraining keys. The control
rods would not be withdrawn a significant distance, and subcriticality would be maintained.
Similar safety features can be designed into the refueling facility. It appears certain that
the probability of a nuclear excursion from this type of accident can be reduced to an ex-
tremely low value.

9.4.13 CONTROL ROD REMOVAL

The prevention of a criticality accident during removal of control rods, for inspection
or maintenance, will depend upon the application of proper procedural controls (section
8. 3. 2) unless the moderator is poisoned. However, because of the large number of rods
that can be completely withdrawn without attaining a critical condition, it is believed that
the probability of an accident is exceedingly low even without poison in the loop.

9.4.14 INITIAL LOADING AND REFUELING

During initial loading or refueling, the subcritical multiplication data obtained will be
directly compared with prior data and appropriate procedural control information obtained.
Again, procedural controls must be relied upon to prevent criticality, but the probability
of an accident is very low.

9.4.15 LOSS OF AFTERCOOLING DURING CORE REMOVAL

During transfer of the reactor from the ship to a shore service facility, aftercooling
will be maintained by circulation of both the moderator loop and air in the transfer cask
cavity, through self-contained heat exchangers. If one of these cooling modes is lost, no
hazard would result since fuel afterheat can be dissipated by either system, alone. In the
event both coolant systems fail, however, fuel melting could eventually occur; the rate
of temperature rise being dependent upon power history and decay time after the last

shutdown. Probably the most severe incident of this type would occur if the cask were
dropped from a height sufficient to render the cooling systems inoperative and to rupture
the moderator loop so that the loss of cooling water is quite rapid. Definitive calculations
of fuel temperature rise and fractional melting have not been made, but it appears con-
servative to assume that, if cooling cannot be re-established (by means of fire hoses, etc.),
a core melt fraction of 0. 25 would result.

9.5 RADIOLOGICAL CONSEQUENCES OF ACCIDENTS

In this section are presented the calculated off-site radiological hazards of a pair of

selected reference accidents.

9.5.1 POSTULATED REFERENCE ACCIDENT - POWER PLANT IN OPERATING CON-
FIGURATION

An operating accident, in which unrestrained rod withdrawal at full power is assumed,
is selected for evaluation of the associated hazards. The calculated fractional core melt
at termination of the excursion is about 0. 5. In this analysis, it is pessimistically
assumed that the excursion proceeds until a small fraction of the core is vaporized. The
release fractions of various fission product groups are based upon an assumed melt frac-
tion of 42. 5 percent of the core plus vaporization of 7. 5 percent of the core, as shown in
Table 9. 3.

It is further assumed that, at the time of the accident, the reactor had been operating
continuously at full power for approximately 300 days; the calculated release from the
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TABLE 9.3

DETERMINATION OF WEIGHTED PERCENT, FISSION PRODUCT RELEASE
TO PRIMARY LOOP

Noble Volatile All
(1) Class Of Fission Products Gases Halogens Solids Others

(2) Percent of inventory at equilibrium 10 10 11 69
(3) Percent released from molten fuel 100 50 50 1
(4) Percent of core melted 42. 5 42. 5 42. 5 42. 5
(5) Percent released from vaporized fuel 100 100 100 100
(6) Percent of core vaporized 7. 5 7. 5 7. 5 7. 5
(7) Percent not plated-out or condensed 100 50 30 30
(8) Weighted percent released from melt -

Product of (2), (3), (4), and (7) 4. 25 1. 06 0. 7 0. 008
(9) Weighted percent released from vapor-

ization. Product of (2), (5), (6), and (7) 0.75 0.375 0.247 1.55
(10) Total weighted percent released 5. 0 1. 44 0. 95 1. 64
(11) Grand total percent release - all

fission products 9. 03

pressure vessel to the containment vessel for an accident of this type is 17 percent (sec-
tion 9. 4. 2). Fifty percent of the fission products released to the containment vessel were
assumed to be plated out within the vessel and, therefore, not available for further leak-
age to atmosphere. The leak rate from the containment vessel was arbitrarily fixed at
0. 2 percent of the contained volume per day. No further source depletion, by the ship-
board effluent treatment system or plate-out within the hull, was assumed.

From these extremely pessimistic assumptions, downwind dose calculations were made
using the Sutton diffusion model for poor atmospheric diffusion conditions; i. e. , a strong
inversion with n = 0. 50, Cy = 0. 40, CZ = 0. 07, and a low wind speed of 1 meter per sec-
ond. The meterology was assumed to hold constant for a 24-hour period. The dose calcu-
lations are based upon a 24-hour integrated exposure time because it has been shown to

be practical to move the ship away from a densely populated port area and effectively
terminate the exposure within this interval.

Because the release fractions are weighted heavily toward the noble gases and iodines,
the thyroid dose is limiting. The calculated doses to the thyroid and whole body, as a
function of distance downwind, are shown in Figures 9. 3 and 9. 4 for an effective stack
height of 27 meters as well as for a ground level release.

For the elevated release, the dose to the thyroid is 2 rads at 1. 7 miles while, for the
ground release case, the suggested siting criteria emergency dose of 300 rads occurs at
0. 1 mile (Title 10 CFR, Part 100, Reactor Site Criteria). If the release for only the first
2 hours is considered (assumes area close to accident can be evacuated in 2 hours), this
emergency dose criteria is exceeded to a distance of only a few hundred feet from the ship.

9.5.2 POSTULATED REFERENCE ACCIDENT - REFUELING CONFIGURATION

The maintenance accident selected for further evaluation is the total coolant loss event
mentioned in section 9.4. 15. A core melt fraction of 0.25 is currently postulated. The re-
lease fractions, assuming that basic cask integrity is maintained, are estimated as shown
in Table 9.4. If the cask were severely breached by the impact, convection cooling alone
would limit, or possibly eliminate, melting, and it would also be possible to introduce a
cooling water spray to the cask interior.

Total integrated effluent doses to the thyroid and whole body were calculated for the
same atmospheric diffusion conditions assumed in the preceding section and are shown in
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TABLE 9.4

WEIGHTED FISSION PRODUCT RELEASE

Fission Products
Fission Products Fission Products Not Plated-Out Weighted Percentage

Class Of In Reactor Fuel, Released From On Cool Surfaces, Released For 25
Fission Product % Molten Fuel, % % Percent Core Meltdown

Noble gases 10 100 100 2. 5

Halogens 10 50 50 0.63

Volatile solids 11 50 30 0. 41

All others 69 1 30 0.05

Figures 9. 5 and 9. 6. Again, the thyroid dose is limiting. If later analysis indicates that
this or another equally severe accident is credible, it is obvious that care must be exer-
cised in the choice of refueling sites. Under favorable weather conditions, the thyroid
dose could exceed 300 rads at distances of 20 to 25 miles. During more typical daytime
lapse conditions, the distance at which this dose is incurred would be 10 to 15 miles.
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10. DEVELOPMENT PROGRAM

10.1 CRITICAL EXPERIMENT PROGRAM

In the design of a high-performance reactor such as the 630A, basic nuclear data and
available economical computational methods do not provide the required level of confi-
dence or accuracy for final specifications. The design requirements for power distribu-
tions and temperatures, however, can be determined with a high degree of confidence by
correlating the continued iteration of analytical approaches with experimental data. This
technique has been used throughout the industry on high-performance reactor systems.
The techniques adopted for the 630A reactor are refinements of successful correlation
methods developed during the aircraft reactor program. Early in the design phase of the
630A, a critical experiment was designed and fabricated. A major design tool, the critical

experiment is a nuclear duplicate of the 630A power reactor and is constructed to permit

changes of the basic design configuration. Test results are discussed in section 2. 4.

The critical experiment facilitates the confident determination of the specifications re-
quired to achieve the operating life, fuel element temperature limitations, and the assured

controllability of the reactor throughout the operating life.

The geometry of the reactor mockup is essentially identical to that of the power reactor,
but with the flexibility needed to permit design changes not possible in a power reactor.
The fuel, for example, is in the form of layers of uranium metal interleaved with sepa-
rate layers of 8ONi - 20Cr alloy, instead of an oxide contained within an 80Ni - 20Cr
alloy jacket, as planned for the power reactor. The thin layers of uranium metal (0. 001
inch) permit highly accurate determinations of fission power distribution within the fuel

elements.

The critical experiment also incorporates a provision for varying the diameters of the
central moderator tubes. To achieve the same effect as pitch variation of the fuel cells
in the actual core, interstitial moderator water fraction is varied by the placement of
aluminum shims around the fuel cell tubes to displace water.

Control rod worths, temperature distributions due to secondary heating of components
in the system, reflector effectiveness, and source specification for the shield are other
quantities than can be determined in the critical experiment program.

The mockup has also been used to evaluate the safety of the reactor under such unlikely
occurrences as the core being flooded with water. These safety tests, of course, are
accomplished in a finite, step-wise fashion under well controlled conditions.

A perspective drawing of the overall critical experiment is shown in Figure 10. 1. The
critical experiment reactor assembly is shown in Figure 10. 2. A comparison of Figure
10. 2 and the power reactor assembly, Figure 2. 1 (page 52) shows that the radial and
longitudinal cross section geometries are identical in the planes of the active core region.
The materials used in the reactor mockup are the same as in the power reactor except
that in the mockup, mild steel is substituted for the outer stainless steel reflector ring,
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the borated stainless steel thermal shield, and the stainless steel reactor vessel of the
power reactor. The boron in the stainless steel thermal shield ring of the power reactor

is simulated by the addition of a 3/16-inch-thick ring of boral in the mockup. These sub-
stitutions of materials were made to reduce costs and do not significantly change the
nuclear duplication. To provide the necessary ease of assembly and versatility for alter-
ation and adjustment of components, the bottom support structure and the methods of
assembly of the components are unique to the critical experiment. The partially assem-
bled critical experiment mockup is shown in Figure 10. 3.

0 =

Fig. 10.3-A plan view of the critical experiment mockup partially assembled (P62-9-2M)

The fuel cell assembly is shown in Figure 10. 4. As previously explained, the fuel ele-
ments are simulated with uranium foil interleaved with 80Ni - 20Cr alloy foil wrapped on
the three tubes in the active core region. The outermost layer of foil is covered with a
burnable poison, borated stainless steel, as it is on the prototype reactor. The three
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discs above the active core simulate the unfueled 80Ni - 20Cr alloy stage that serves as
the end reflector. Likewise, the four concentric tubes below the active core simulate the
two unfueled 80Ni - 20Cr end reflector stages that appeared in an earlier configuration.
The central moderator tubes and the center control rods are easily removable and inter-
changeable to provide the required flexibility. A loaded mockup fuel cartridge is shown
in Figure 2. 32.

Figures 10. 5 and 10. 6 show the arrangement of the critical experiment in the Low
Power Test Facility at the Idaho Test Station.

Fig. 10.5-630A critical experiment mockup at Idaho Test Station
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Fig. 10.6-Top view of reactor with all extension rods and control rods installed
(Neg. U-4300-3)

10.2 CONTROL SYSTEM SIMULATION

A two-tube boiler test rig, shown schematically in Figure 10. 7, was designed for de-
velopment of 630A controls. It utilizes a once-through boiler having two parallel tubes of
the same diameter, and of approximately the same length and coil height as the full-scale
boiler. Tube spacing and airflow gaps are sized so that approximately normal continuous
full-scale boiler steam conditions of flow-per-tube, pressure, and temperature can be
attained using air inlet conditions of 110 psia and 12000 F. Facility compressed air, the
temperature of which is increased up to 12000 F by an electric heater used to simulate
the reactor, supplies heat to the boiler. The heater control regulates electrical power to
maintain constant air temperature at heater discharge; a throttle valve in the boiler out-
let air line controls the flow of air. Demineralized water at constant pressure is supplied
to a feedwater flow control valve. Before entering the boiler, the water passes through a
flow measuring nozzle and a feedwater heater which utilizes steam generated in the boiler
as a source of heat. A remotely operated valve in the boiler steam outlet line is used to
simulate load.

This test rig is being used to carry out nuclear steam generator control system inves-
tigations directed toward (1) establishment of both system and component specifications,
and (2) providing assurance that the integrated system is stable under all normal and
emergency operating conditions, that transient response requirements are met, that both
steady-state and transient accuracy requirements are met, that the various control loops
function together properly, and that satisfactory operating procedures are developed.
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Use of an actual once-through steam boiler rather than an analog simulation provides
significant advantages: (1) the actual feedwater and airflow control systems can be oper-
ated with a minimum of simplifying assumptions, and (2) valuable experience is gained
quickly by working with actual control hardware.

In addition to the current control studies, the rig will be used later to investigate sta-
bility of boiling in parallel tubes.

10.2.1 TEST RESULTS

The two-tube boiler has been operated at approximately rated steam conditions of pres-
sure, temperature, and flow on both automatic and manual control of airflow and feed-
water flow while air temperature was held constant by the electric heater control.

Boiler instrumentation is provided to give indications of both steady-state and transient
conditions of temperature within the boiler tubes. Plots of steady-state temperature of
both the boiler tubes and the air passing over them versus boiler height are shown in Fig-
ure 10. 8. The tube temperature measurements were obtained from thermocouples attached
along the tubes at 3-foot intervals.
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Two methods of boiler startup have been used, both of which were satisfactory. One
prevented water from flowing completely through the boiler by partially prefilling it and
then carefully controlling water flow rate during power increase. Tube temperature was
used as an indication of water level. The other startup method established an initial flow
rate of feedwater through the boiler and then increased power slowly until it was high
enough to produce a few degrees of superheat.

The feedwater control system (described in section 1. 3. 1) was mechanized using com-
mercially available components and was installed as part of the two-tube boiler test rig.
Initially, the system was evaluated in conjunction with manual control of airflow and
automatic control of air temperature. At steady-state steam conditions approximating
those of the 630A, this system maintained steam temperature within 5 F of demand or
set point by regulating the feedwater flow. It also returned the steam temperature to with-
in 50 F of set point after a step change in either the steam pressure or the steam tem-
perature set point. Figure 10. 9 shows the effect of plus and minus 50 0 F changes in tem-
perature set point. The temperature returned to equilibrium conditions within 2 minutes
with an overshoot of about 30 0 F, which occurred about 35 seconds after the step increase
was initiated. On the step decrease in temperature demand, equilibrium was obtained in
about 90 seconds with less than a 100 F undershoot. The effects of a change in boiler dis-
charge steam pressure upon the temperature control are shown in Figure 10. 10. The
boiler discharge pressure was decreased from 905 to 700 psig, and the temperature was
maintained within 100 F of the set point during the transient. The steam temperature was
stabilized within 50 F of the set point within 2 minutes after the perturbation was inserted.

Work has begun on evaluation of a system which regulates steam pressure with airflow.
The flow control valve in the boiler discharge air line and an analog computer are being
used to simulate blower drive turbine speed control. This system is being evaluated in
conjunction with automatic control of steam temperature with feedwater, and automatic
control of boiler inlet air temperature with heater power. Stable operation and control of
steady-state pressure within 1 percent of set point have been demonstrated.

10.3 CONTROL ROD ACTUATOR TESTS

To assure reliable operation of the actuators, the development model actuators will be
put through an extensive development testing program. These tests will consist of testing
two of each of the shim, safety, and dynamic actuators at all of their various normal oper-
ating conditions, plus appropriate testing at off-design points to assure proper operation
at extreme conditions.

The prototype model actuators will be subjected to breakin tests to eliminate the type
of failures usually experienced during the initial hours of operation. Final inspection test-
ing of each prototype actuator will be made prior to installation in the power plant.

Two test rigs for actuators will be built. The first, a development test rig, will be
built at Evendale and will be capable of subjecting the actuators to all of the extremes of
temperature, pressure, atmospheric conditions, vibration, shock, and attitude. This rig
will be used for all of the development and breakin testing. The second actuator test rig
will be an inspection test rig, built at the Idaho Test Station for the purpose of checking
out the actuators at normal operating conditions prior to assembly in the power plant.
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10.4 CONTROL ROD AND BURNABLE

POISON IN-PILE TEST PROGRAM

In-pile tests of both the control rod and burnable poison are planned to establish dimen-
sional stability and structural integrity of the components in a nuclear environment. The
major damage caused by prolonged neutron bombardment of these components containing
boron results from the transmutation of boron into lithium atoms and alpha particles.

The burnable poison is a 0. 005-inch-thick Type 304 stainless steel foil to which 0. 57
weight percent of enriched (92 percent B10) boron has been added. The burnable poison is
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not a structural member and is fastened to the outside surface of the outer support shell
of each stage of the fuel cartridge. Safety considerations dictate that this foil remain in
place. Approximately 95 percent burnup of the B1 0 atoms is expected during the 15, 000-
hour-life of the fuel cartridge.

Under irradiation, the boron stainless steels become embrittled and their ductility and
impact strength are reduced.

The in-pile tests will, be used to evaluate the effects of these expected changes in mater-
ial properties on the intended use of the material. Test specimens of this material will be

202

1010 PSIG

835 PSIG

INLET WATER PRESSURE-jj - - --- -- --
I- F I I I I-

I

1

I I

T



203

irradiated at approximately 2000 F to the 95 percent burnup of the B 1 0 atoms. The maxi-
mum expected operating temperature of the burnable poison is approximately 1100 F.
Irradiating the test specimens at 2000 F eases the testing facility requirements, reduces
costs, and should result in at least equally severe radiation damage. The changes in di-
mensions, ductility, and impact strength will be measured. The suitability of the mater-
ials for this application will be determined from these data.

The control rods consist of a matrix of 50 percent boron carbide and 50 percent Type
304 stainless steel, clad in Type 304 stainless steel. Both natural boron carbide and en-
riched (92 percent B10) carbide are under consideration. In the rods employing natural
B4 C, the B 1 0 burnup, averaged over the rod, is expected to be about 35 percent. In
similar rods employing enriched B4C, the expected B10 burnup averaged over the rod
will be about 7. 5 percent. Of course, the local burnup will be higher, and the local sur-
face burnup could be as much as 100 percent. Under irradiation, the dimensional stability
and structural integrity of the cladding is of primary concern because of the helium re-
leased from the n, a' reaction.

Control rods of both natural and enriched B4C will be fabricated. These rods will be
irradiated at 2000 F, their approximate expected operating temperature, to the B10 burn-
up expected in the reactor. The dimensional stability and structural integrity to the clad-
ding will be evaluated. An attempt will be made to determine the pressure in the control
rod and the amount of formed helium released.

10.5 FLOW MODEL

A flow test of 1/4-scale ducting is planned at a variety of flow rates to simulate the
630A load range conditions. Symmetry of the ducting permits the use of a 180-degree
mockup in place of a full mockup. The objectives of the testing are to obtain verification
of predicted duct pressure losses, flow distribution, and swirl at the blower inlet. The
axial blower design and rating will be based on these test findings.

Test pressures will be held close to atmospheric pressure to simplify fabrication and
to permit use of a transparent duct material such as Lucite for flow visualization.

The test model will be mocked-up for that portion of the prototype flow path from the
boiler discharge to the blower inlet and also from the blower discharge to the reactor
inlet. If undesirable characteristics are discovered, fixes will be made by modifications
in the proposed duct configuration. Tests for possible fixes or variations in the flow path
include tests to show the effects of: (1) a central plug located at the blower entrance, (2) a
central vertical splitter at the blower entrance, (3) a radiation shield located in the duct-
ing between the reactor and the blower, and (4) turning vanes in the ducting leading to and
from the blower cavity. Testing of the blower with its diffusers and 180-degree turn will
be carried out during full-scale tests in the blower development program.

10.6 EXPERIMENTAL STRESS ANALYSIS PROGRAM

Experimental stress analysis will be used to establish the adequacy of the design of
components. The experimental stress analysis program will include three-dimensional,
photo-elastic studies of the reactor - shield-plug assembly and the pressure vessel, in-
cluding the bottom closure. The reactor - shield-plug assembly will be under pressure
loading during the study. The pressure vessel will be studied under both pressure and
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mechanical loadings. The mechanical loading will include the dead weight and G loadings
on the mounting flange as well as the bolt and gasket loads on all closures.

10.7 BLOWER SHAFT SEALS

A program was initiated early in the 630A program to develop satisfactory seals for the
blower shaft penetrations of the pressure vessel and containment vessel. This seal is de-
scribed in section 7.1.1. The development testing program includes the fabrication of two
complete shaft seal assemblies and associated test equipment plus 50 hours of testing.
Initial testing was recently begun. The seals will be subjected to the various operating
conditions encountered during startup, normal operation, and emergency operation of
the blower.

10.8 PROTOTYPE TEST PROGRAM AND FACILITY

Operation of the prototype at the NRTS, Idaho, will demonstrate the power output, nu-
clear characteristics, and mechanical design and maintenance features of the 630A Nu-
clear Steam Generator.

The prototype will be very similar to the ship power plant, with the exception that the
main propulsion turbine will be replaced by throttling valves, desuperheaters, and a high-
pressure, water-cooled condenser. All auxiliary systems and components directly related
to the steam generator and its evaluation will be included in the prototype configuration.
Other ship systems will be simulated or mocked-up as required. A preliminary schematic
and full-load heat balance diagram (Figure 10. 11) depicts operating conditions and the
tentative component arrangement. Cycle conditions are based on component performance
for the 27, 300 shaft horsepower assembly.

In Figure 10. 11, the first valve downstream from the nuclear steam generator simu-
lates the propulsion turbine throttle valves and reduces pressure, by means of a throttling
process, to 425 psia. Steam flows from the boiler through this valve and is then desuper-
heated to 8000 F to power the required drives. Additional throttling and desuperheating of
the main steam flow to 305 psia pressure and 418 0 F temperature, respectively, occur
prior to the steam admission to the main condenser. Desuperheating to this temperature
is accomplished with condensate from the auxiliary condenser. Feedwater is pumped from
the storage tank to the boiler thus completing its cycle. A portion of the feedwater, about
6 percent, is by-passed to the desuperheater located just after the first throttling valve.

The use of the Low Power Test Facility and a Maritime Prototype Test Facility will be
required for the program. The fuel cartridge loading and initial criticality operations will
be performed in the LPT for convenience and efficiency. During operations, the reactor -
shield-plug assembly will remain mounted on the truck trailer that is used to transport
the assembly.

The Maritime Prototype Test Facility will be a single-purpose, isolation-type installa-
tion with the necessary services and flexibility for present and future power plant testing.
It will be divided into three major functional areas: the test building proper, the heat
dump area, and the control and equipment building. The test building will enclose the
630A during checkout and testing and will have crane capacity for assembly and disassem-
bly operations. The heat dump area will house the desuperheater, condenser, and associ-
ated equipment to dissipate the heat load in the steam system. The control and equipment
building will be the control and communication center and will include the power plant
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BASIS:

1. Maximum power, normal service
2. Re-induction blower turbine drive
3. Approximate data
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71,000 lb/hr
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Fig. 10.11 -630A prototype cycle preliminary performance

operating console, data collection and evaluation radiation monitoring,
technical operating areas.

laboratories, and

The test program will be conducted in several phases. During initial criticality, the
reactivity core power distribution and control rod worth will be verified. It will also be
demonstrated that the core is subcritical in the flooded condition with the scram rods
inserted.

An operational phase will demonstrate power plant performance and integrity. The
power output will be verified as well as the adequacy of the controls and instrumentation,

auxiliary systems, and shielding. The stability and responsiveness of the control system
will be evaluated under the load requirements of a maritime application. During the load
changing, simulated maneuvering, and operation under steady state, reactor and system
characteristics will be measured and compared with predicted behavior. Some of the
characteristics of interest are fuel element plate temperature, fission product evolution,
and loads imposed on auxiliary systems.

-
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One of the major objectives of the test program will be to demonstrate the safety fea-
tures of the power plant. The safety circuits in the control system will be checked out
and evaluated. Safe operation under off-design conditions will be demonstrated by such
tests as operating with one of the three boiler flow paths valved off and operating with
low primary coolant flow. Data taken during the entire prototype test program will be
used to substantiate the safety analysis. Data taken during this program will provide a
basis for design of advanced versions of the 630A system.

An endurance phase of the test program will simulate the operational profile of a typi-
cal maritime trade route and will add to data on fuel cartridge life, effects of uranium
burnup, effects of control element burnup, and changes in the burnable poison.

A training program for maritime reactor operators is planned as part of the prototype
test program.

The program is also intended to verify that U. S. Coast Guard and ABS regulatory in-
spection requirements can be met, to provide experience in routine maintenance and
inspection procedures, to verify assembly and disassembly procedures, and to demon-
strate the refueling operation.



11. ALTERNATE CONFIGURATIONS

The air-cooled 630A is the smallest and lightest nuclear steam generator yet to be pro-
posed for the maritime fleet. It is, however, capable of considerable growth to higher
performance, reduced size and weight and is adaptable to many applications.

One plan, currently under investigation, is the replacing of the primary-air coolant
with superheated steam. This will double the power output. Only minor changes would be
required to achieve this performance without increasing the size of the assembly. This
flexibility is characteristic of a gas-cooled reactor, because the heat extraction is pre-
dominantly controlled by the nature and amount of the coolant.

Even higher performance is feasible by using the 630A reactor in a closed gas turbine
cycle. A shielded, close-coupled, gas-cycle assembly can be designed with a weight-to-
power ratio of about 13 pounds per SHP. Refinements in the shield design could reduce
this to 10 pounds per SHP or less, thus broadening its suitability to such very high per-
formance applications as ground-effect machines and hydrofoils.

Studies have shown that the present configuration of the 630A reactor is suitable for
exit-air temperatures of 12000 to 14000 F. The lower temperature would provide increased
reliability and fuel life. If shorter fuel life is acceptable in a particular application, even
higher exit-air temperatures are feasible. The fuel life can be maintained at these higher
temperatures, if necessary, by using an inert gas coolant and substituting materials such
as molybdenum in the fuel sheet.

11.1 SMALLER POWER PLANTS (630B)

In investigating the adaptability of the 630A to a wide range of power outputs, prelimi-
nary studies were made of low-power output systems utilizing the basic concept. One of
these, the 630B (Figure 11. 1), will produce a steam output of 2000 SHP and 175 kilowatts
for auxiliary power. The 630B is 16 feet high and 16 feet in diameter. The entire pro-
pulsion system, including propulsion machinery, weighs 229 long tons. A 20, 000-hour

full-power operating life is predicted.

Since reactor size is governed by nuclear considerations, the 630B reactor is actually
larger than required to produce 2000 SHP. With minor modifications, the system could
produce considerably more power. For example, it is possible to obtain a steam plant
output of 5000 SHP by adding another blower, or increasing the installed blower capacity,
and by a small modification in the boiler design. These modifications would only produce

a moderate increase in the total system weight. Another method is to replace the primary
coolant, air, with superheated steam. By combining the use of superheated steam with
the other modifications described above, it is possible to obtain a power capacity of
10, 000 SHP.

207



208

MAIN BLOWER DRIVE -TURBINE

B

UPPER CONTAINMENT AND SHIELD

CONTROL ROD ACTUATORS

SHIELD PLUG

STEEL-CLAD LEAD

TYPICAL FUEL CELL WITH
CENTER MODERATOR ROD

TYPICAL CONTROL ROD
GUIDE TUBE

CONTAINMENT VESSEL

A

BOILER -

BLOWER (same opposite side)

REINFORCED DECK STRUCTURE

MODERATOR HEAT EXCHANGER
AND SHIELD TANK

REACTOR VESSEL

ACTIVE CORE

PRESSURE VESSEL

BLOWER

110 SIDE SHIELD

16.O.
0 OVERALL HEIGHT

-r

0 16'-0".

DIAMETER OVER SIDE SHIELD
SECTION B-B

Fig. 11.1-630B Nuclear Steam Generator (Dwg. 219R992)

Figure 11. 2 is a simplified schematic diagram of the 630B power plant. The heat source
is a gas-cooled, water-moderated nuclear reactor. Heat is transferred from the reactor
to the boiler by means of air which is circulated around the closed primary loop by a
steam-driven axial blower. An electrically driven blower is also included for reactor
startup and aftercooling. The power conversion equipment of the secondary loop consists
of conventional steam turbomachinery for main propulsion, auxiliary power generation,

s ELECTRIC AUXILIARY BLOWER DRIVE

SECTION A - A
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Fig. 11.2-Schematic diagram of the 2000-SHP 630B Nuclear Steam Generator

and boiler feed-pump power. Modern steam conditions and the advantages of regenerative
feedwater heating are utilized. The first heater, a moderator heat exchanger, transfers
heat from the moderator water to the feedwater. The second heater, an open, deaerating
heater, uses steam from the boiler feed pump and blower turbine exhausts. Steam is ex-
tracted from the main propulsion turbine, a condensing unit, and is used in the turbine
drives for the auxiliary turbine generator, the blower, and the boiler feed pump. The
latter units are noncondensing machines.

Other auxiliary equipment included in the performance estimates, but not shown in
Figure 11. 2, are a low-pressure steam generator, an evaporator for feedwater makeup,
steam-air-jet air ejectors, feedwater demineralizers, a desuperheater for the auxiliary
turbines, and a steam-dump bypass desuperheater.

The 630B primary-loop airflow rate is 45 lb/sec. Air is heated to temperatures ranging
from 6850 to 1200 0 F as it flows through the fuel elements. The fuel element average
maximum surface temperature is approximately 1310 0 F. The dynamic head of air flowing
through the fuel elements is only 0. 4 psi.

Heat is transferred to the secondary coolant in the once-through boiler as the air is
cooled from 12000 to 6700 F. The axial-flow blower, rated at 250 bhp, circulates air
around the primary loop at a pressure ratio of 1. 04. Maximum air pressure in the pri-
mary loop is 400 psia at the blower discharge. The blower speed is approximately 31,000
rpm. Ducting flow areas are sized to maintain very low pressure losses.
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The total reactor power is 7. 1 megawatts, 10 percent of which is transferred by the
moderator water to the moderator heat exchanger, the first feedwater heater. This
arrangement results in improved cycle efficiency.

For a 2000-SHP output with the operating conditions described above, the overall power
plant efficiency is estimated to be about 23 percent, after allowing for the 175-kilowatt
auxiliary power.

The main propulsion-turbine throttle-steam conditions are 850 psig and 9500 F. The
back pressure is 1. 5 inches Hg absolute. The throttle steam-flow is 22, 000 lb/hr.

The equipment sizing specifications, listed in Table 11.1, are satisfactory for a power
output up to 2500 SHP and an excess auxiliary power of 175 kilowatts. With the selection of
adequate blowers and propulsion equipment, a 5000-SHP power plant is feasible.

TABLE 11.1

SPECIFICATIONS FOR UP TO 2500-SHP 630B NUCLEAR STEAM GENERATOR

General
Rated output, SHP
Maximum output, SHP
Reactor power, a mw
Electrical load, kw
Overall efficiency,a %
Average radiation level at 20 feet above plane

of mounting foundation, mrem/hr
Overall height including mounting skid, ft
Overall diameter, ft
Weight including auxiliaries, long tons
Total propulsion system weight, long tons

Reactor
Number of fuel cells
Number of stages per fuel cell
Air free-flow area, in. 2

Fuel heat transfer area, ft 2

Fuel configuration
Fuel matrix

U 2 3 5 fuel loading, lb
Fuel element average maximum temperature,a
oF

Moderator
Moderator pressure, psig
Moderator water fraction
Dynamic head in fuel elements,a psi
Airflow through fuel elements,a

Mach number
Control rod poison

Active core length, in.
Active core diameter, in.

2000
2500
7. 1
175
23

0.06
16
16
171
229

19
8
133
670
Concentric ring
8ONi - 20Cr cladding and a matrix of

enriched U02 dispersed in 80Ni -
20Cr

85

1310
Light water
40
0.37
0. 4

0.04
Enriched boron in clad, stainless

steel matrix
24. 5
22. 7

a2000-SHP performance.

11.2 USE OF STEAM AS PRIMARY COOLANT

Performance estimates have been made for 630A-type power plants of various capacities
using steam as the primary coolant. In these studies, the primary coolant maximum pres-
sure is 400 psia and the temperature range is from 5500 to 12000 F. Flow passage areas,
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weights, and sizes of the primary-loop components are the same as those described for
the 630A exceptthat the boiler heat transfer areas vary up to 10 percent of that of the 630A.
The secondary-loop components are assumed to be of the same type and to have the same
operating conditions. The turbine throttle-steam conditions are 850 psig and 950 0 F and
the condenser pressure is 1. 5 in. Hg absolute.

The results of these studies are given in Table 11.2. As shown, the power output can
be increased from 27, 300 to 63, 000 SHP while other operating conditions are maintained
at acceptable levels. For the 46, 500- and 63, 000-SHP systems the overall efficiencies
of 31. 0 and 30.2 percent, respectively, are somewhat conservative since no allowance
has been made for internal efficiency improvements resulting from increased volume
flows. The maximum efficiency would be about 2 percent (0. 6 point) higher.

TABLE 11.2

STEAM VERSUS AIR AS PRIMARY COOLANT

Primary coolant Air Steam Steam Steam
Rated output, SHP 27, 300 29, 230 46, 500 63, 000
Overall efficiency, % 30. 2 31. 5 31. 0 30. 2
Reactor power, mw 67.4 69.2 111.9 155.6
Primary coolant flow, lb/sec 352 170 278 400
Auxiliary power, kw 537 537 537 537
Blower power, bhp 2600 760 3045 7300
Dynamic head in fuel channel, psi 1. 3 0. 45 1. 3 2. 5
Average maximum fuel element

temperature, oF 1335 1315 1330 1335

The potential efficiency improvement for the smaller systems (~ 30, 000 SHP) is about
4 percent (1.3 points) and, as in the case of the larger power plants, is due to the higher
specific heat for steam compared to that for air. Mass flow and pumping power are re-
duced as a result of the 2:1 ratio of specific heats, i. e., air, 0.26 and steam, 0.53 Btu/
lb-OF.

11.3 DIRECT GAS CYCLE POWER PLANT

The 630A reactor concept was originally designed for use with open-cycle turbomachinery.
Over 1500 hours of testing have been accumulated with this cycle. The various possible con-
figurations studied for the maritime power plant application assumed a closed cycle, with
and without regeneration, and dual cycles employing exhaust-gas boilers. The latter were
discontinued with the development of the total steam generator concept because of the high
cost of developing the turbomachinery, and present-day ships do not require the sophistica-
tion or light weight of the direct gas cycle. The conclusion was reached, however, that a
direct gas cycle reactor could be developed that would have a weight-to-power ratio almost
a decade less than that of conventional steam systems.

A study was made of the 630A reactor and much of the shielding in a closed-cycle con-
figuration. In this design a single compressor - turbine set is coupled with a free-wheeling
power turbine. The reactor is located between and above the compressor and turbine, as
shown in Figure 11. 3. A concentric ducting arrangement is used to duct the compressor
discharge air to the reactor and the reactor discharge air to the turbine. The exhaust gas
passes through tubes located around the turbomachinery, is cooled by water flowing be-
tween the tubes, and is then discharged into the compressor inlet plenum. The shield is
lead and water as in the 630A except for the lower half which is shielded by the turbo-
machinery and exhaust-gas heat exchanger. The reactor is vertical with the control drives
at the top. As in the 630A, the reactor - shield-plug is handled as a unit for refueling.
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The total output of this 198-ton assembly is 33, 900 SHP, for a weight-to-power ratio of
12. 9:1. The assembly is 23 feet high, 18 feet long, and 14 feet wide. The power, weight,

and size of this assembly should be quite adequate for small, high-speed, long-range,
over-the-beach ships. In addition, this system very nearly meets the general requirements
for hydrofoils and ground-effect machines. Designed for specific applications, it undoubted-

ly could meet these requirements.

In this first arrangement, the reactor conditions are essentially the same as those of the
630A. However, an exit-air temperature of 14000 F is used for this cycle. The life of the
fuel in this application would be approximately 8000 hours. This is less than the 630A fuel

life because of the higher power level which increases the rate of fuel burnup. A summary
of the significant specifications of the power plant is presented in Table 11. 3.

TABLE 11.3

DIRECT CYCLE SPECIFICATIONS

Power output, SHP 33, 900
Reactor power, mw 125
Weight, tons 198
Working fluid Air
Airflow, lb/sec 500
Compressor pressure ratio 6:1
Compressor discharge pressure, psia 600
Compressor inlet temperature, OF 120
Compressor exit temperature, OF 562
Turbine inlet temperature, oF 1400
Reactor pressure ratio 0. 965
Total loop pressure ratio 0. 90
Compressor efficiency, % 85
Turbine efficiency, % 90
Cycle Closed,

nonregenerative
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The 6:1 pressure ratio was selected because the shaft horsepower per pound of airflow
is a maximum at this value, and because the higher temperature thus required does not
impose serious penalties on the reactor. These two variables are plotted against com-
pressor pressure ratio in Figure 11. 4. The curves shown in this figure indicate that lower
pressure ratios without regeneration are of little value because the power per unit airflow
decreases and the reactor temperature rise increases. Because this is not true for higher
pressure ratios, the 8:1 pressure ratio was studied. The allowable increase in exit-air
temperature with lower reactor-air temperature rise was found to be sufficient to over-
come the reduced power-to-airflow ratio.
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Fig. 11.4-Comparison of shaft horsepower per pound
of airflow and reactor temperature versus

compressor pressure ratio

Regenerative cycles were not assumed in this study because the resulting weight penalty
would render the power plant unsuitable for application in hydrofoil or ground-effects craft.
The regenerative cycle, however, would produce significant increases in thermal efficiency
and may be desirable in other applications.

From the standpoint of thermal efficiency, probably the most attractive cycle would be
a direct gas power extraction followed by a steam generator that obtains its heat from the
power turbine exhaust gas. Substantially higher thermal efficiencies might be obtained
with this arrangement. The cost of this type of system would be somewhat higher than for
the simple steam production unit coupled with steam propulsion equipment. Although it
was not determined during this study, it is possible that the lower operating costs would
offset the increased capital cost.

In summary, the capability of this type of reactor used with direct gas cycle equip-
ment is quite attractive for certain future applications. Very lightweight, compact power
plants, using the same reactor designed for the 630A, are entirely feasible. Variations
in the shield design can reduce the weight even more. Regeneration would improve the
thermal efficiency of the cycle and at the same time increase the weight of the assembly.
Dual cycles, gas and steam, promise higher thermal efficiencies than either the direct
gas or the 630A, but would be more costly to develop and produce. To optimize any of
the above possibilities, a specific mission is necessary so that the most pertinent charac-

teristics of the power plant are obtained.
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11.4 WAREHOUSE SHIP APPLICATION

In conjunction with George G. Sharp, Inc., the 630A was studied for application to a
proposed new class of vessel, a warehouse ship. Such an application limits the height of

the nuclear steam generator to 23 feet, including the containment vessel.

The estimated total weight of this 630B configuration is 395 long tons.

The only access would be to the bottom of the assembly for inspections, requiring a
minimum height of 18 inches under the power plant. The configuration developed to meet
these restrictions, shown in Figure 11. 5, is quite similar to the original 630A design.
The 23-foot height was achieved by placing the boiler around the reactor - shield-plug
assembly. Because access to the bottom of the power plant is not permissible except for
inspection, the boiler headers are located concentrically with the shield plug at the top
of the assembly, to provide access to the headers for maintenance.

As in the 630A, the primary-loop working fluid, air, is contained entirely within the
pressure vessel and is circulated around the closed loop by the main axial-flow blower
which takes its suction from the plenum below the boiler. The air, compressed by the
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blower, flows through the annular passage around the blower, down the passage formed

by the pressure vessel and flow divider, and into the plenum formed by the lower pres-
sure vessel head and the rear face of the reactor. Heated as it flows through the reactor,
the air is discharged into the plenum between the reactor and the shield plug. From this

plenum the flow is upward between the shield plug and the inner structure of the boiler

to the top of the boiler. The cycle is completed as the heat is extracted during downward
flow through the boiler. The surfaces of the pressure vessel and the shield plug that are
exposed to the airstream are insulated to minimize heat losses to the shield water and
moderator water.

Preliminary investigation of the stresses in the boiler header induced by pressure loads
and differential thermal expansions indicates that the stresses exceed those allowed by the
ASME Boiler and Pressure Vessel Code. Investigation of these stresses would be continued
and the configuration changed, as required, to satisfy the requirements of the ASME Boiler
and Pressure Vessel Code.





12. SHIP ECONOMICS

During the past decade the continually rising costs of ship construction and United States
Flag operation, coupled with insufficient progress in ship upgrading, have resulted in a
continued loss of cargo carried and increased cost of the Merchant Marine subsidy. Prior
to that time the use of relatively high-speed World War II ships, which operated at only a
few knots faster than competition, resulted in substantial increases in cargo carried, thus
making the higher cost of U. S. ships competitive. Today, however, this advantage has dis-
appeared. Either a sizable reduction in shipping costs or a means of attracting more of
the available cargo must be effected if the U. S. is to regain a favorable competitive posi-
tion. For the immediate future the latter appears to be the only feasible approach.

A possible means by which this challenge can be met is through the use of nuclear en-
ergy in a marine propulsion system. Use of nuclear energy in a marine propulsion system
reduces size and weight of the ship's nonrevenue load and permits what has been con-
sidered, in the past, extravagant use of power for extended periods of time.

The pay load and speed of ships that are limited in size and draft can be significantly
increased by the use of nuclear power. The nuclear vessel does not have the same limita-
tion of distance and speed as that of conventional vessels, which arises from the fact that
the volume and weight of fuel required increases proportionately with distance. This in
turn increases the power required for a given speed. If the speed of a ship is increased,
the power required is increased by the third or fourth power of the speed ratio, as is the
fuel load for a conventional ship, which further increases the power required. A nuclear
ship can be powered at the maximum level consistent with its hull form, operated con-
tinuously at top speed, and for any distance, without penalty in payload.

If the available payload is limited, a nuclear ship can operate with a lower power level
than a conventional ship at equal speeds, or at higher speeds for the same power level.

For large, high-speed ships, nuclear power offers the ultimate in speed capability.
Nuclear energy is characterized by its ability to provide large quantities of power for ex-
tended periods and with systems weighing about the same as conventional systems, and
not requiring their fuel load. Since nuclear power for large, high-speed vessels would
eliminate thousands of tons of fuel, the only way conventional systems can compete is with
higher power ratings. Such a race in displacement ships can only end with nuclear powered
ships.

This emphasis on speed is twofold. A smaller number of high-speed ships can deliver
an equal quantity of cargo; and with increased speed, more cargo should become avail-
able. History has shown that only minor speed advantages have attracted significant in-
creases in cargo and, in many cases, have justified higher rates.

The gains to be derived from fewer, high-speed ships are obvious; lower capital in-
surance, ship service, crew, and crew subsistence costs. These advantages, of course,
must be balanced against the costs of increased power consumption.
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As pointed out above, less power is required for a nuclear ship than for a conventional
one for the same speed. In addition, nuclear fuel costs per unit of horsepower are con-
siderably below those of oil-fired systems. Assuming an oil price of $2. 40 a barrel, con-
ventional fuel costs are about 3. 5 mils/shph as compared to 3. 0 to 2. 1 mils/shph with
nuclear fuel. While this reduction of 14 to 43 percent is a significant factor in ship eco-
nomics, it is not sufficient by itself to offset the increased capital cost of a nuclear ship.
For the average subsidized ship in use today, fuel cost accounts for approximately 10 per-
cent of the total operating costs, as compared to an annual cost of capital investment of
about 15 to 25 percent. Since the substitution of nuclear power can increase the capital
cost of a ship by about 25 percent, even the most optimistic fuel cost reduction is more
than offset by such a capital cost increase.

Some of the necessary characteristics for nuclear systems have been indicated, such
as low weight, small size, and low capital and fuel costs. There are other characteris-
tics that are equally important, such as collision barrier weight and costs, refueling
time, safety, repair and maintenance time and costs, installation costs, and crew size.
Since the relative importance of these characteristics varies significantly with different
ship routes and services, a study is required by each ship operator.

12.1 CAPITAL COSTS

Amortization of capital cost is the largest single item in the annual operating cost of a
commercial ship. The additional cost increment normally required for a nuclear system
has been a major reason why nuclear-powered ships are not in wide use today. Recent de-
velopments, however, have drastically changed this picture, with the 630A Nuclear Steam

Generator promising the lowest cost of any system proposed to date. Future proposed modi-
fications of the 630A, such as the steam cooled primary loop, may reduce costs for this
unit even more.

Fabrication costs of the 630A have been estimated in considerable detail for an 85-cell,
air-cooled assembly delivering steam sufficient for a 27, 300 SHP ship propulsion system.
Included in these estimates are basic fabrication and engineering costs, contingency,
setup and amortization of production facilities, contractor's contribution in startup and
obtaining approvals, field service, warranty, spare parts, product improvement engineer-
ing, packbox and shipping, spare reactor charges, and maintenance of a fully staffed crew
to provide refueling and service. These services are necessary to optimize the use of
nuclear power in the United States merchant marine, although they will add to the cost
of nuclear units, especially the first few.

Recent studies indicate the 85-cell reactor frame size to be too large for the 27, 300 SHP
rating and should be reduced for maximum economy. Extensive work in this regard has
been deferred, however, because a change in size at this time would delay technical prog-
ress. The development of details on other sizes will be a relatively easy task after studies
are completed on the 85-cell size. In addition, the 85-cell reactor size can probably be
upgraded to a power output exceeding 60, 000 SHP with use of a steam primary coolant in
place of air. This power level promises to be quite attractive for some applications in the
near future. Such a substitution would reduce 630A assembly costs and permit doubling
the power capability from a particular unit with little additional expense. For a fixed power
level this substitution also results in a reduction in cost with a reduction in size of the
unit.
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Although the wide range of power levels attainable with any given 630A size influences

the selection of size, this unique feature offers the potential of obtaining the most desirable

set of features for a specific operation. For example, if the use factor or use of maximum

power is low, the assembly should be as small as practicable and consequently will be low

in cost. Such an assembly would require more frequent refueling than a larger one and

would probably operate at a lower cycle efficiency at maximum power rating; however,
the amortization of capital cost could more than offset these factors. This implies that the

construction cost of a nuclear steam generator is very closely related to its size and weight.

Since there are few high-tolerance moving parts, and the majority of the fabrication con-

sists of rolling, machining, and welding heavy metal parts, this is indeed the case. There-

fore, it is not unreasonable to assume that the 630A is the lowest cost unit proposed to date.

It weighs about one-half that of other proposed units and about one-sixth that of the nuclear

steam generator in the NS SAVANNAH.

Cost estimates for various sizes and quantities of air-cooled and steam-cooled assem-

blies are shown in Figures 12. 1 and 12. 2, respectively. The estimates are extrapolated

from three studies of 63, 000-, 30, 000-, and 5,000-SHP air-cooled assemblies. The steam-

cooled assembly costs were based on a preliminary evaluation of modifications to air-

cooled assemblies. For early planning, estimates showing a continuous range in cost with

size are appropriate. In practice, however, two or three frame sizes will be selected and

in some cases the costs may, for any particular power level be slightly higher than the

value indicated in the curve. For some applications it may be possible to reduce the costs

below those indicated in the figures. This would normally occur if the sizing was based on

a reserve power level that would be used infrequently.
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12.2 INSTALLATION COSTS

In the past, much assembly construction has been done in ships at relatively high cost

and with some sacrifice in quality. The 630A is designed so that essentially no fabrication

would be required in-ship, thereby minimizing such cost. Since all subsystems would be
prefabricated, a trial fitup of assemblies can be accomplished prior to ship installation,

thus yielding a rapid and low installation and checkout cost in the ship. Accessory sys-

tems would, where practical, also be pre-packaged so that only connections between sys-

tems would be required on board a ship.

Naval architects have estimated early installation costs at $220, 000 for the 630A. With

the present design concept this estimate is believed to be high. After the first two or three

installations, a 630A installation cost should be no more than $150, 000.

12.3 COLLISION BARRIER COSTS

Since the diameter of the 630A is only 18 feet, the collision barrier need not be par-
ticularly large or costly. The distance inboard would be the principal means of absorbing
the energy of a colliding ship. It has been estimated that the only collision barrier required
would be somewhat thicker horizontal decks than normally used, at an additional cost of less
than $100, 000.

12.4 REFUELING COSTS

Suitable facilities, at convenient United States locations, are being considered for re-
moval of the spent reactor and installation of a fresh unit. The provision of a replacement

N
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reactor is also under consideration and has been included in refueling costs, as have the
cost of required facilities and equipment. At least two refueling locations are anticipated,
one onthe East Coast and one on the West Coast. Under current planning, a third facility
could be Galveston, Texas, which it is assumed would be maintained by the Government.
Based on the above, and on predicted sales for the 630A, refueling and core service cost
would be about $70, 000 per cycle. The refueling cycle would be 2 to 4 years, depending
on use factor, and core replacement could be accomplished within a ship down-time of 4
to 5 days.

Refueling time for a nuclear power plant is a significant factor in ship economics. Some
existing nuclear systems have required from 1-1/2 to 4 months for refueling. This down-
time could add 4 to 11 percent to a ship's operating costs. Accordingly, the spare reactor
concept, which permits refueling in 4 to 5 days, was chosen for the 630A. If combined
with present inspection requirements, no additional downtime of a ship would be required.

12.5 REPAIR AND MAINTENANCE COSTS

Repair and maintenance costs for the 630A should be no more and would almost certainly
be less than those required for a comparably automated oil-fired boiler. Boiler tube main-
tenance problems should be appreciably reduced in the 630A with the elimination of combus-
tion products and their corrosion and erosion effects. The problem of tube burnout with
internal scaling and reduced water flow should be eliminated because burnout would not
occur in a 630A boiler even if the water flow in a tube is completely cut off. It is antici-
pated that control circuit repair and maintenance would make up the bulk of 630A mainte-
nance costs. These costs should approximate those of maintaining the circuit of an auto-
mated oil-fired boiler.

Maintenance experience is dependent upon finalization of the 630A design and subsequent
operation of a prototype. However, maintenance and reliability are receiving early con-
sideration in design studies. Ease of maintenance and repair, or reliability and redundancy
where this is not practical, are the design approaches being taken.

12.6 CREW COSTS

From a technical standpoint, the crew of a nuclear ship would not be any larger than that
of a conventional ship. Since a nuclear steam generator is automated, and the complete
power plant could also be, some reduction in crew size would be possible. Although high-
ly technical skills are not required to operate or maintain a nuclear steam generator, some
rearrangement of crew skills may be necessary. If this is accomplished by retraining, at
least present crew sizes can be maintained.

12.7 FUEL CYCLE COSTS

630A fuel cycle costs are determined primarily by the reactivity of the assembly, the
integrity of the fuel sheet with fuel burnup, cycle efficiency, power extraction rate or use
factor of the assembly, and fuel fabrication costs. The size of the reactor for a particular
power level is also a factor. The 630A design has the unique characteristic of being capable
of a wide range of power levels for any one particular size.
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The following is a generalized presentation of fuel costs, together with a discussion of

the variables on which 630A costs are dependent. With the determination of a specific
application and proper selection of fuel cycle variables, costs obtained from this general-
ized presentation can probably be reduced.

12.7.1 ASSEMBLY REACTIVITY

Reactivity of the assembly is determined by reactor dimensions, fuel inventory, weight
fraction of fuel in the fuel sheet matrix, and core poisons. A reasonable combination of
these variables in a 630A assembly will yield a reactor power-time capability of 5 to 7
megawatt-hours per gram of uranium contained.

12.7.2 FUEL SHEET BURNUP CAPABILITY

The burnup capability of the fuel sheet is dependent on fuel temperature at the time of

maximum fuel burnup, the fuel particle size and shape used in the fuel matrix, and the
fabrication process. The 630A fuel sheet was originally developed for high-temperature,
short-time operation, so that burnup was not a prime consideration. The reverse is true

in the 630A operation. The operating temperature has been reduced to the point that the

life of the sheet is almost unlimited, insofar as creep under mechanical loads and oxida-
tion penetration are concerned. On the other hand, the design burnup percentage has been
increased several times.

Recent tests with fuel sheet previously fabricated during the Aircraft Nuclear Propulsion
program have indicated that, with 630A operating temperatures, the power-time capability
of the reactor should be at least 5. 0, and probably 6. 0, megawatt-hours per gram of uranium
contained.

Certain facts are known about tested fuel sheet that lead to the belief that its presently
indicated burnup capability can be increased. Developments are planned toward this goal.
Consequently, it is firmly believed that a power-time capability in the 630A of 7 megawatt-
hours per gram of uranium contained will, in time, be a demonstrated capability.

12.7.3 CYCLE EFFICIENCY

The effect of improved cycle efficiency is to increase shaft horsepower for a given
reactor power. In the 630A some of the more significant variables affecting cycle effi-
ciency are presented in Table 12. 1.

TABLE 12.1

VARIABLES AFFECTING 630A CYCLE EFFICIENCYa

Performance
Base Variation Point Change

Primary Loop
Air pressure, psia 400 +50 +0. 2
Blower air temperature, OF 550 -50 +0. 3
Loop pressure loss, psi 26 - 5 +0. 4
Reactor inlet air temperature, F 1200 +50 +0. 5
Working fluid Air Steam +1. 3

Secondary Loop
Blower turbine drive Re-induction Topping +1. 0
Blower turbine drive Re-induction Topping and reheat +1. 8
Number of feedwater heaters 4 1 -0. 6
Steam temperature, OF 950 +50 +0. 5
Steam pressure, psia 850 +50 +0.15

aThe base efficiency is 30. 2 percent.
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Of course, not all of the items in Table 12. 1 can be accomplished concurrently, while
some of them present problems in the configuration design. The 30. 2 percent base effi-
ciency is definitely obtainable now and, with additional study and experience, it is reason-
able to assume that it could be increased to about 32 percent.

12.7.4 USE FACTOR

The use factor is defined as the equivalent percentage of time the power plant is oper-
ated at full power. The only item in the fuel cycle cost estimates that is appreciably af-
fected by this factor is the use charge for fuel in the ship. The efficiency of the power plant
at lower than design power levels would be reduced, but this changes the overall fuel cycle
costs by an insignificant amount. The determination of equivalent full-power hours is de-
pendent upon specific mission requirements under study.

12.7.5 FUEL PRICE

Nuclear fuel cost would depend on several factors, such as national defense requirements
for nuclear-powered, high-speed ships and/or passage of legislation such as the recently
proposed House Bill, HR 1071. Since uranium is not presently in short supply, it is reason-
able to expect an arrangement that would require ship operators to pay only out-of-pocket
costs to the government. This has been, and is being, discussed. Another possibility is
that nuclear fuel costs for the first 5 years would not be charged to operators. This fea-
ture is included in HR 1071.

Many experts in the nuclear field have predicted that fuel costs, and particularly fully
enriched fuel costs, will decrease in time. On a rather conservative basis, a 12-percent
decrease in fuel price due to increased efficiency in the enrichment process, and a reduc-
tion from $8 to $5 per pound for uranium oxide, are envisioned. These reductions would
reduce the price of 93 percent enriched uranium from $11.20 to $7. 44 per gram.

The predicted reduction in fuel price brought about by improved enrichment process
efficiency would be similar to the reduction occurring in July 1962. Some would consider
such a reduction conservative because of the widely-held thought that enriched uranium
prices are and have been excessively high. This view has recently been expressed by
Phillip Mullenback, former AEC Economist. In a Washington press converence he stated:
"AEC prices for enriched uranium are, and have from the outset, been excessive in view
of decreases in cost of uranium ore and increases in efficiency of AEC' s enriching services."

The possibility of a reduction from $8 to $5 per pound for uranium oxide was indicated
by Dr. Seaborg when he announced the last price reduction in 1962. Since the world mar-
ket price is now $5 per pound, a domestic price cut appears to be in order. A cost sched-
ule of uranium versus enrichment is presented in Table 12. 2; a predicted reduced price
schedule is included.

12.7.6 FACTORS IN FUEL CYCLE COSTS

Fuel cycle costs can be divided into two general categories, costs that are dependent
only on the total power extracted from the fuel and costs that are dependent on the time
required to extract the power. The first category is made up of burnup, reprocessing,
reprocessing plant cleanup or turn around, loss in processing, conversion of reclaimed
fuel to UF6, shipping cost of used fuel, fabrication, use charges on fuel during fabrica-
tion, storage of new fuel, time for cooling of spent fuel, shipping, and time for repro-
cessing. The latter is made up by the fuel use charge in the ship only.

Because of the epithermal spectrum of the 630A, a relatively large amount of Np2 3 7

can be produced and, with the small weight of fuel being handled, could be extracted with-
out excessive cost. Credit should be obtainable for this neptunium.
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TABLE 12. 2

PRESENT AND PREDICTED PRICE
OF ENRICHED URANIUM

Present U Price, Predicted U Price,
Enrichment dollars per gram dollars per gram

94 11.30 7.46
92 11.06 7.32
90 10.80 7.08
88 10. 56 6. 84
86 10.30 6.60
84 10.06 6.36
82 9.81 6.12
80 9.56 5.88
78 9.31 5.65
76 9.06 5.43

Costs dependent on total power extracted can be related to a power - time relationship
for the reactor assembly. A summary of these costs is presented in Table 12. 3. The

table shows costs based on both the present AEC price schedule and a predicted future
price schedule previously discussed. The total of these costs can be easily converted to
dollars per day per megawatt of reactor power for any power - time capability of the
assembly.

TABLE 12. 3

POWER EXTRACTION COST ITEMS

Present Costa Predicted Costsa

Power - time capability, mw-hr/g 5 6 7 5 6 7
Burnup 3.48 4.15 4.83 2.59 3.10 3.62
Reprocessing and turnaround 0. 61 0. 58 0. 54 0. 61 0. 58 0. 54
Loss in processing, conversion,

and shipping 0. 11 0. 10 0. 09 0. 07 0. 07 0. 06
Use charge, fabrication, storage,

cooling, shipping, and processing 0.35 0. 34 0. 33 0. 22 0. 21 0. 20
Fabrication costs 1.40 1.40 1.40 1.20 1.20 1.20

5.95 6.57 7.19 4.69 5.16 5.62

Np Credits 0. 34 0. 40 0. 47 0. 34 0. 40 0. 47

Totals 5.61 6.17 6.72 4.35 4.76 5.15

aIn dollars per gram of contained uranium.

Fuel use costs are presented in Figure 12. 3, and ship use charges in Figure 12. 4. Two
curves are shown; one based on the present AEC price of uranium and the other based on

a predicted future price of uranium. These costs are all dependent on the power - time
capability of the reactor. In addition, fuel use costs are dependent on the inventory in the
reactor and the time needed to use up the available reactivity of the assembly. For ex-

ample, if the use factor of the ship is 50 percent, the fuel use cost, as determined from

these curves, must be doubled.

12.7.8 SAMPLE CALCULATION

The following is a sample calculation which demonstrates the use of Figures 12. 3 and
12. 4 in calculating fuel costs. The assumed values are believed to be achievable and can
probably be improved with a 630A assembly.
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Notes:
1. These costs are independent

of use factor; ship use charge
not included

2. MW = (SHP) 7.46 x 10-4
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Fig. 12.4-Charge for inventory of fuel in ship

The following assumptions were made:

Available power - time capability (mw-hr/g) = 5. 5

Reactor uranium inventory (U) = 200 kg

Cycle thermal efficiency = 30. 2 percent

Shaft horsepower = 63, 000
Ship's use factor (f) = 0. 70
Present fuel price schedule

From Figure 12. 3:

Dollars per day per megawatt = 25. 65
Reactor thermal power

__(SHP) 7. 46 x 10-4 (63, 000)(7. 46 x 10-4)15
mw E.3= -155. 6

E 0.302

Power - time dependent daily costs

Dollars per day = (25. 65)(155. 6) = 3, 990

Note: This cost is only incurred while ship is operating at stated power level.

From Figure 12. 4:

Dollars per day per kg U = 1. 195

Dollars per day = (1. 195)(200) = 239

Where U = uranium inventory in kg.

Note: This is the cost per day is ship is operated 100 percent of time at full power.

E

0

U
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Cost for 70 percent use factor

Dollars per day = 239/0. 70 = 341
Average cost per day = 3, 990 + 341 =4, 331

or:

mil/SHP = (4331)(1000)2. 87
(63, 000)(24)

Refueling time

years = (mw-hr) U(1000) (f)(8760)

(5. 5)(200, 000) (8760) = 1. 15
(155. 6)(0. 7)

12.7.9 FUEL COST PAYMENT

Procedures for payment of fuel cost in nuclear ships have not yet been established.
Much would depend on the nature of ownership, whether government or private, and the
degree of ship subsidy. However, the cost of fuel can be broken down into categories so
that a reasonable estimate can be developed of how payments might be made.

Costs Incurred Prior to Use

Costs incurred prior to use in the ship include fabrication and use charge of fuel during
fabrication, shipping from manufacturing facility, and storage before placement in the
ship. These increments would make up about 20 percent of the fuel costs for one loading.
It is predicted that payment would be made at the time of fuel delivery.

Costs Incurred During Operation

Costs incurred during ship operation include burnup and ship use charges. These two
items would make up about 73 percent of the cost incurred with one fuel loading. A rea-

sonable payment arrangement would consist of installments paid in equal amounts over
the loading life. A prediction of these costs could be made to establish the installment
amount. Adjustments may be required when fuel is returned for reprocessing.

Costs Incurred After Ship Use

Costs incurred after ship use include reprocessing, turn around, loss in processing,
conversion, shipping cost, and use charge during cooling, shipping, and reprocessing.
Credit may be available at this time for neptunium and plutonium. For the 630A these
costs, less neptunium credit, would amount to about 6 percent of the total fuel load cost
and would probably be payable at or about the time fuel is returned for reprocessing.

12.8 EFFECT OF WEIGHT

The following discussion indicates the effects of weight reduction on a typical modern
ship. The data show that a conventional ship with the same speed capability as a nuclear
ship would require a power plant size of approximately 31, 400 SHP rating as compared
to 24, 700 SHP for a 630A-powered ship. The cruise power requirement of a conventional
ship would be about 15 percent higher than that for a nuclear ship. With these differences
it is estimated that the cost of a 630A-powered propulsion system would be $1, 600, 000
over that of a conventional system sized to accomplish a similar service. It is assumed
that atypical modern ship, rated at approximately 18, 000 SHP, could accept such in-
creases in power. The assumptions used to determine these power requirements are
presented in Table 12. 4.
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TABLE 12.4

OPERATIONAL CHARACTERISTICS ASSUMPTIONS

Round-trip distance, miles 14, 000
Average ship speed, knots 23
Maximum speed at nominal load, knots 24. 5
Ship displacement (less fuel and cargo), tons 8000
Average cargo load, tons 2000
Reserve fuel supply, % 25
Conventional fuel rate, lb/SHP 0. 5

Power requirements were determined from a speed - horsepower chart for a typical
modern ship. The approximate equations for power required versus displacement are
shown below for two practical speeds, 23 and 24. 5 knots.

Speed - 23 knots

SHP = 1. 231 D + 5980 m 18, 290 (1)

Speed - 24. 5 knots

SHP 2. 06 D + 5400 24, 700 (2)

where:

D = displacement in tons.

For a nuclear ship, the power required can be obtained by merely making the proper
substitution for displacement in each equation. For a conventional system, the fuel load
must be found before the displacement and required shaft horsepower can be determined.
The fuel required can be expressed in the following manner:

Fullod-(RTD) 1
Fuel load = ( x (RF) x (FR) x 2240 tons per SHP

where:

RTD = round-trip distance
S = ship speed, knots

RF = fuel reserve factor
FR = fuel rate lb/SHPH

Making proper substitutions for the assumed case, the fuel load per shaft horsepower
for a 23-knot speed is found to be 0. 181 ton/SHP. Since this is the initial load, and the
ship gets lighter as fuel is burned, an average value is more appropriate for determina-
tion of required shaft horsepower. Taking into account the reserve factor, the average
value can be found as shown below:

Average fuel load = 0. 181 (0.2 5) + 0. 25 =0. 113 tons per SHP

Substituting this value and the displacement less fuel in equations (1) and (2), and simpli-
fying, yield the following for a conventional ship:

Speed - 23 knots

SHP 1.231 D + 5980 N 21,200 (3)
0. 861
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Speed - 24. 5 knots

2. 06 D + 5400
SHP 0 2.6 32, 300 (corrected value 31, 400)* (4) 0. 767

The required fuel load was based on an average speed of 23 knots since the 24. 5-knot
speed would be considered only as a margin. Therefore, a conventional ship could use
its maximum power for only relatively short periods. This limitation does not exist with
nuclear ships.

12.9 EFFECT OF SHIP SPEED ON FLEET REDUCTION

Because the United States merchant marine employs a weekly sailing schedule as nor-
mal practice, reducing the number of ships for a particular service can be accomplished
only in discrete combinations of reduced in-port time and increased ship speed. The effect
of these variables on the number of ships in a fleet is shown in Figures 12. 5 and 12. 6 for
a 7, 800- and 14, 000-mile round-trip distance, respectively. Also shown in these figures
is time at sea with various in-port times.

0

0~
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TIME AT SEA, percent
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Fig. 12.5--Ships required on 7800-mile round trip route

It is evident from these figures that, while the importance of ship speed is much greater
for the longer trip distance, it is not insignificant for the shorter round-trip route of
7800 miles, such as New York to Europe. For this case a reduction of one ship out of five
could be obtained if a ship is capable of maintaining a 23-knot speed. For the 14,000-mile
Pacific route, a seven-ship fleet could be reduced to six with a speed of 21 knots; and to
five with a speed of 25 knots. A two-week in-port time is assumed. It would therefore
appear to be quite practical to effect reductions of 20 and 28. 6 percent in the number of
ships required to service our Atlantic and Pacific trade routes, respectively.

*Correction for nonlinearity at higher displacement.
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The foregoing discussion presents only the general case and is not applicable to speci-
fic operations which may require more or less in-port time. With improved cargo hand-
ling, in-port time could be cut and the reduction in number of ships with increased speed
would be even greater.
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Fig. 12.6-Ships required on 14,000-mile
round trip route
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APPENDIX A-

SPECIFICATIONS AND OPERATING

CONDITIONS

GENERAL SYSTEM CHARACTERISTICS

NOMINAL POWER RATING (BASIS FOR SPECIFICATIONS)

Shaft horsepower 27, 300
Megawatts 67. 4

MAXIMUM POWER RATING

Shaft horsepower

Megawatts

30, 000
75

STEAM CONDITIONS (FROM BOILER)

Temperature, OF
Pressure, psig

SYSTEM SIZE AND WEIGHT

Height, ft

Diameter, ft
Total weight, long tons

OPERATING LIFE REQUIREMENTS

Overall system (excluding fuel & C/R), years
Fuel cartridge and shim rods, hr

NUCLEAR CHARACTERISTICS

Type fuel
Fuel form
Moderator
Fuel inventory, pounds U 2 3 5

THERMODYNAMIC CHARACTERISTICS

Primary coolant
Type of primary cycle
Thermal efficiency of overall system

Air inlet temperature to reactor, OF
Air discharge temperature from reactor, OF
Mass airflow through reactor, lb/sec

Heat transfer area, total active core, ft2

231

955
865

35'-5"

17'-5"
407

20
15,000

Fully enriched U 2 3 5

U0 2
Light water
427

Air
Closed cycle
30. 2
571
1200
352
3375
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Free flow area, total in active core, in. 2

Primary air loop volume, ft3

Blower outlet pressure, psia
Blower pressure ratio

SHIELD CHARACTERISTICS

593
450
400
1.07

Radiation specifications
Maximum general populous dose/calendar year, rem 0. 5
Maximum radiation workers dose/calendar year,

rem 5.0
Shield materials Lead, mild steel, borated

water

REACTOR SPECIFICATIONS

CORE WEIGHT, TOTAL (POUNDS)

MODERATOR

Material
Inlet temperature, OF
Outlet temperature, OF
Working pressure, psig

Relief valve setting, psig

Pressure drop, psi
Flow rate, gpm

THERMODYNAMIC CHARACTERISTICS

Primary coolant
Inlet temperature, OF
Outlet temperature, OF
Inlet pressure, psia
Outlet pressure, psia
Relief valve setting, psig
Pressure drop, psi

Dynamic head, inlet, psi
Dynamic head, outlet, psi
Inlet Mach number

Discharge Mach number

Mass airflow, lb/sec
Friction factor multiplier

Free flow area, in. 2

Reactor power density, kw/liter

FUEL PARAMETERS

Average maximum fuel element temperature, OF
Maximum fuel element temperature, OF
Average heat flux fuel, Btu/hr-ft2

Average heat transfer coefficient, Btu/hr-ft- 0 F

Heat transfer coefficient multiplier
Heat transfer area, ft2

23, 970

Light water

190
240
60
66
15
955

Air
571
1200
394. 5
384
430
10. 5
0. 6
1.27
0. 054
0.08
352
1.66
593
88. 3

1335
1495
61, 200
240
1.0
3375



233

Fuel element power density, kw/cc
Power per unit of fuel, kw/kg

NUCLEAR CHARACTERISTICS

Active core length, in.
Active core diameter, in.

Forward reflector length, in.
Forward reflector material
Rear reflector length, in.
Rear reflector material
Side reflector thickness, average, in.
Side reflector material
Fuel loading, pounds U 2 3 5

Fuel loading, pounds U0 2
Concentration of U02 in matrix, %

1.04
375

27. 5
47. 8
5.0
Light water

5. 0
Light water

3.40
Beryllium
42'
522
38. 23

NEUTRON SPECTRUM

See Table A. 1.

TABLE A. I

AVERAGE NEUTRON SPECTRUM IN FUEL

Lower
U Energy Startup End Of Life

Level Lethargy E. V. 4Fuela Fissions,b% % Fuel Fissions,b%

0 0 10x106  0 0 0 0
1 0. 5 6. 065 x 10

6  0. 02354 0. 05162 0. 02442 0. 03823
2 1.0 3.679 x 106 0. 15128 0. 31822 0. 15686 0. 23568
3 1. 5 2. 231 x 106 0. 42359 0. 88017 0. 43946 0.65220
4 2.0 1. 353 x 106 0.77932 1. 5900 0. 80896 1. 1788
5 2. 5 8.208 x 105 1. 12907 2. 2666 1. 17259 1. 6813
6 3.0 4.979 x 105 1.41465 2.8350 1.46985 2. 1039
7 3. 5 3.020 x 105 1. 63391 3. 3184 1.69833 2.4636
8 4.0 1.832 x 105 1. 80326 3.7319 1. 87496 2.7717
9 6.0 2.479 x 10 4  2. 25165 5. 1582 2. 34357 3.8370

10 8.0 3.354 x 103 2. 53636 6.7781 2.64280 5.0539
11 10.0 4. 540 x 102 2.79436 9.7358 2.91580 7. 2924
12 12.0 6.144 x 10 3.01694 17.485 3. 15682 13.371
13 14.0 8.315 3.17466 29.970 3.33451 23.467
14 15.5 1.855 3.27560 37.006 3.44976 29.225
15 16.5 0.6826 3.33857 41.578 3.52378 33.153
16 17.5 0.2511 3.38097 48.811 3.57758 39.808
17 18.5 0.09237 3.40490 56.217 3.61008 47.034
18 19.554 0.03216 3.41731 62.537 3.62835 53.861

Thermal 68 0 F 3.46427 100 3.70933 100

a(n/cm 2 -sec-mw) x 10-12 = fJ1
udu.

0
bPercent of fissions at or above the energy shown.

REACTIVITY REQUIREMENTS

Fuelburnup (depletion), %
U 23 6 absorptions, %
Xe13 5 , %
Sm1 4 9 , %
Other fission products, %

-6. 0
-1. 5
-1.9
-0.75
-4. 35
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Worth of dynamics in midposition, % -0. 30
Unburned burnable poison, % -0.70
Distribution effects on fission product worth, % -0. 90
Net, % -16.40

Desired cold, clean excess reactivity, % +16. 40
Temperature coefficient (680 to 2000F), % +1.00
Maximum excess reactivity "held" in burnable

poison, % -11. 1
Reactivity held in shim rods

Condition

1. Colda startup, % -5.0
2. Hota startup, % -6.0

3. Hot, 50 hours operation, Xe1 3 5 at equilibrium, % -4. 4
4. Hot, 3750 hours operation, Xe1 3 5 at equilibrium, % -6.26
5. Hot, 5800 hours operation, Xe1 3 5 at equilibrium, % -6.38
6. Hot, 5800 hours operation, restart after long

shutdown, Xe1 3 5 decayed out, % -8.00
7. Hot, 7500 hours operation, Xe 1 3 5 at equilibrium, % -6. 05
8. Hot, 11, 250 hours operation, Xe 1 3 5 at

equilibrium, % -4.38

9. Hot, 15, 000 hours operation, Xe1 3 5 at
equilbrium, % -1.90

10. Cold, 15, 000 hours operation, Xe1 3 5 at
equilibrium, % -0.90

aCold and hot refer to moderator temperature.

Minimum required worth of shim system (dictated
by condition 6), % -8.0

Shim system worth at start of life (enriched rods), % -8. 8
Scram system excess over flooded core at start of

life, % -5.0

REACTOR KINETICS CONSTANTS

Decay Constant, Actual Effective Fractiona
Group sec-1  Fraction Start Of Life End Of Life

1 0.01260 0.00023 0.00025 0.00025
2 0.03110 0.00142 0.00152 0.00153
3 0.11340 0.00126 0.00137 0.00137
4 0.30600 0.00264 0.00284 0.00285
5 1. 25300 0. 00080 0. 00087 0.00087
6 3.38100 0.00022 0.00024 0.00024

Total 0.00657 0.00709 0.00711

aThe generation time is 2.85 x 10-5 seconds at the start of

life and 3. 53 x 10-5 seconds at end of life.

REACTOR VESSEL

Operating temperature, OF 240
Design temperature, OF 300
External operating pressure, psig 385
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Fig. A. 1- Stable positive period versus excess multiplication at start of life

External design pressure, psig
Material
Outside diameter, in.
Overall length, in.
Outer shell thickness, in.
Front tube sheet thickness, in.
Rear tube sheet thickness, in.
Number of cells
Cell spacing, in.
Cell tube outside diameter, in.
Cell tube thickness in active core, in.
Cell tube thickness outside active core, in.
Volume of moderator water, ft3

Weight of moderator water, lb
Weight of reactor vessel without water or fuel

cartridges, lb

FUEL CARTRIDGE

Number of fuel cartridges
Number of fuel stages per cartridge
Number of unfueled stages per cartridge
Number of concentric rings per stage
Cartridge assembly outside diameter, in.
Stage length, in.
Outer unfueled ring, outside diameter, in.
Outer unfueled ring, inside diameter, in.
Average ring thickness, in.
Fuel ring clad thickness, in.
Ring gap (average), in.

430
304 SS
68.8
43.0
2.75
2.75
2.75
85
4. 655 - 5. 274 variable
4.402
0.0625
0. 125
16.4
1,020

18, 880

85
9
1
10, 11, 12, 13
4.184
3.084
4. 130
4.090
0. 0255
0.004
0.060

235

10

__II __ .__ N
1000
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Ring gap (inner and outer, average), in.
Inner unfueled ring outside diameter, in.

10-ring element
11-ring element
12-ring element
13-ring element

Inner unfueled ring thickness, in.

Fuel matrix material
Fuel ring cladding material
Structural material
Weight of fuel cartridge, lb
Burnable poison material
Burnable poison thickness, in.

CONTROL RODS

Number of dynamic rods
Number of dynamic actuators (2 actuators drive

6 rods ganged in 3's)
Number of shim rods
Number of shim rod actuators (14 actuators drive

42 rods ganged in 3's, 9 actuators drive 18 rods
ganged in 2's, and 3 actuators drive 3 rods
individually)

Dynamic and shim rod poison meter, in.
Rod material, vol %
Shim and dynamic rod clad (304 SS) thickness, in.
Number of safety rods
Number of safety rod actuators (18 actuators drive

54 rods ganged in 3's, 15 actuators drive 30 rods
ganged in 2's, and 1 actuator drives 1 rod
individually)

Safety rods, r.umber required - diameter, in.

Safety rod clad (304 SS) thickness, in.

SHIELD PLUG

GENERAL

Maximum operating temperature, OF
Maximum design temperature, OF
Internal operating pressure, psig
Internal design pressure, psig
External operating pressure, psig
External design pressure, psig
Shield materials
Structural material

0.045

2. 320
2. 149
1.978
1.807
0. 040 half length
0. 020 half length
UO2 and 8ONi - 20Cr
8ONi - 20Cr (Nb modified)

8ONi - 20Cr (Nb modified)
30
Type 304 SS with 0. 57 wt % B1 0

0.005

6
2

63
26

0. 450
50 B4C + 50 304 SS
0.025
85
34

31 - 1. 150

24 - 1. 307
18 - 1.464

12 - 1. 625
0. 035

260
300
60
66
385
430
Lead, water, stainless steel

304 SS
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Overall height including actuators and center
moderator extensions, in. 212.86

Height excluding actuators and center moderator
extensions, in. 85

Maximum outside diameter at flange, in. 90. 5
Water volume, ft3  104
Dry weight excluding actuators and control rods, lb 46, 670
Wet weight excluding actuators and control rods, lb 53, 130
Overall wet weight including actuators and control

rods, lb 55, 580

LOWER TANK

Flange diameter, in. 90. 5
Flange bolt circle diameter, in. 84. 5
Flange thickness, in. 6
Outside shell diameter, in. 77
Shell thickness, in. 2
Shell height, in. 18.75
Dished head outside diameter, in. 77
Dished head thickness, in. 2.75
Dished head height, in. 17.00

UPPER TANK

Flange diameter, in. 70.0
Flange bolt circle diameter, in. 64. 5
Cover plate diameter, in. 70. 0
Cover plate thickness, in. 5.0
Shell outside diameter, in. 63
Shell thickness, in. 2
Shell height, in. 38. 5

LEAD SLAB

Diameter, in. 71.5
Thickness, in. 7.0

Clad material 304 SS
Clad thickness (flats), in. 1.0
Clad thickness (holes), in. 0.25

CENTER MODERATOR TUBES
No. 1 No. 4

(Inner) No.2 No.3 (Outer)
Number of tubes 31 24 18 12
Inner inlet tube inside diameter, in. 1. 340 1. 497 1. 654 1. 815
Inner inlet tube outside diameter, in. 1. 380 1. 537 1. 694 1. 855
Outer exit tube inside diameter, in. 1. 500 1. 657 1. 814 1. 975
Outer exit tube outside diameter, in. 1. 638 1. 809 1. 980 2. 151

MODERATOR EXIT PIPES

Number of exit pipes 6
Inside diameter, in. 4.813
Outside diameter, in. 5. 563
Length, in. 18
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BOILER

GENERAL

Type
Overall height, in.
Overall diameter (bottom header flange), in.
Effective height over tubes, in.
Effective outside diameter over tubes, in.
Effective inside diameter, in.
Weight of water, lb
Operating weight, lb

DESIGN DATA FOR NORMAL POWER

Economizer

Once-through
152. 50
122. 5
91
90.4
30
650
52,980

Evaporator Superheater

Airflow, thousands of lb/hr
Waterflow, thousands of lb/hr
Duty, millions of Btu/hr
Overall heat transfer

Coefficient, Btu/hr-ft2 -oF
Area, ft2

Pressure drop (water side), psi
Air temperature, OF
Air pressure, psia
Water-steam temperature, OF
Water-steam pressure, psia

TUBES

Configuration
Radial plane
Longitudinal plane

Number of tubes
Material
Average tube length, ft
Tube pitch, in.
Tube outside diameter, in.
Wall thickness, in.

BOTTOM DISHED HEAD

Material
Overall height (including steam manifold), in.
Maximum diameter, in.
Steam manifold outside diameter, in.

HOUSING

Material
Outside diameter, in.

Height, in.

Thickness, in.

1270
193. 1

27. 4

129
1800

10
550 (exit)

376 (exit)
407 (inlet)
970 (inlet)

1270
193. 1
129. 1

140
3618

40
640

1050

1270
193. 1

56. 5

(exit)
(inlet)

532

114
1345

40
1200 (inlet)

384 (inlet)
955 (outlet)
880 (outlet)

Involute
Serpentine
252
9Cr - 1Mo (low-alloy steel)
183
0.781
0. 625
0.085

304 SS
54.0
122. 5
33

2. 25Cr - 1Mo (low-alloy steel)
93
104
0.75



CONDENSATE DEMINERALIZER SYSTEM

Exchangers
Number required

Type
Maximum inlet temperature, OF
Maximum inlet pressure, psig
Maximum pressure drop, psi
Capacity (each), gpm
Inlet water total solids, ppm

Maximum outlet water total solids, ppm
Weight, lb

Regeneration Equipment

PRESSURE VESSEL

GENERAL

Normal operating temperature, OF
Design temperature, OF
Normal operating pressure, psig
Design pressure, psig
Relief valve setting, psig
Material
Overall height, in.

Maximum diameter (at nozzles), in.
Weight, lb

UPPER SECTION

Inside diameter of shell, in.

Wall thickness, in.

Height, in.

Outside diameter of upper flange, in.
Bolt circle diameter of upper flange, in.

CONICAL TRANSITION SECTION

Inside diameter of shell at upper end, in.
Inside diameter of shell at lower end, in.
Wall thickness, in.
Height, in.

LOWER SECTION

Inside diameter of shell, in.

Wall thickness, in.
Height, in.
Outside diameter of lower flange, in.
Bolt circle diameter of lower flange, in.

NOZZLES (BLOWER HOUSINGS)

Number required
Inside diameter, in.

2
Mixed bed
100
100
35
350
5
0.25
10, 400
Semi-automatic

600
650
385
430
430
304 SS
185. 25
142. 0
63,730

78. 5
1.75
74. 5
90. 5
84. 5

78. 5
113. 00
3.00
30. 5

113.0
4.75
80
122. 50
114. 50

2
40

239
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SHIELD

SIDE SHIELD

General
Shield materials

Water inlet temperature, oF
Water outlet temperature, OF
Shield maximum temperature, OF
Water pressure, psi
Water flow rate, gpm
Lead weight, lb
Steel weight (tanks and lead cladding), lb
Water weight, lb
Total weight, lb

Outer Tank

Material

Overall height, in.
Outside diameter, upper, in.

Outside diameter, lower, in.
Thickness, in.

Steel weight, lb

Water weight, lb

Total weight, lb

Inner Tank

Material

Overall height, in.

Outside diameter, in.

Inside diameter, in.

In plane of active core
Bottom

Thickness, in.

Steel weight, lb
Lead weight, lb
Water weight, lb
Total weight, lb

Steel, lead, water + 0. 6 wt %
boron

105
120
150
Atmospheric
43
126, 090
130, 800
120, 250
377, 140

Carbon steel
196. 25
211.00
177.00
1
68, 810
100, 290
208, 040

Carbon steel
206
137

86
117
1

61, 990
126, 090
19, 960
208, 040

UPPER SHIELD (AUXILIARY SHIELD AND HEAT EXCHANGER)

Outside diameter, in.
Inside diameter, in.

Height, in.

Materials

Polyethylene weight, lb

Steel weight, lb

Water weight, lb
Total weight, lb

141
64
32
Steel, water, polyethylene
1920
7040
2950
11, 910
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TOTAL SHIELDED CONTAINMENT VESSEL

Design temperature, OF
Design pressure, psig
Material

Overall diameter, excluding blower nozzles, in.
Overall height, in.
Net volume, ft3

Weight, lb
Steel weight, lb
Lead weight, lb

Inside diameter, in.

Diameter across blowers, in.

PRIMARY COOLANT SYSTEM

PRIMARY BLOWER SYSTEM

Blower
Medium

Normal inlet temperature, OF
Maximum pressure, psig
Normal maximum inlet pressure, psia
Normal maximum exit pressure, psia

Seal air pressure, psia
Maximum flow, lb/sec
Maximum seal leakage into system with 3 psi

pressure drop, scfm
Maximum external seal leakage, scfm
Check valve leakage at 18 psi pressure drop, lb/sec
Rated speed, rpm
Normal speed, rpm
Nuclear radiation
Design life, hr
Overhaul life, hr

Blower Lube System (2 Required)
Oil supply temperature, OF
Oil return temperature, OF
Water inlet temperature, OF
Water outlet temperature, OF
Pump discharge pressure, psig
High-pressure pump flow, gpm
Low-pressure pump discharge pressure, psig
Low-pressure pump flow, gpm
Normal sump pressure, psia
Normal tank pressure, psia

Steam Turbine Drive
Type
Steam inlet temperature, OF
Steam inlet pressure, psia

<650

250
SA 201B (A300) carbon steel

and lead
151
424.75
1130
200, 800
152,320
48, 480
144
311.00

Air

550
473
370
400
401 - 404
407

0. 3
15
1.0
10, 560
9190
To be provided later
150, 000
15,000

150
200
90
110
800
2
20
10
15
14. 7

Direct drive
800
385
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Exhaust pressure, psia
Normal steam rate at normal load, lb/shp-hr
Normal rating, hp
Maximum rating, hp
Maximum speed, rpm
Normal speed, rpm
Speed control range

AUXILIARY BLOWER SYSTEM

Blower
Medium
Normal inlet temperature, OF
Maximum pressure, psig
Minimum flow when outlet pressure is 14. 7 psia,

inlet temperature is 5500 F, and pressure ratio
is 1.115, lb/sec

Normal seal air pressure, psia
Maximum seal leakage into system with 3 psi

pressure drop, scfm
Maximum external seal leakage, scfm
Maximum speed, rpm
Design life, hr
Overhaul life, hr

Blower Lube System
Same as main blower.

AUXILIARY BLOWER DRIVE

Drive Motor
Type

Power rating, hp
Speed, rpm

Eddy-Current Coupling
Type of control
Cooling medium
Water inlet temperature, OF
Water outlet temperature, OF
Torque at 50 rpm slip, ft-lb
Maximum torque, ft-lb

Reduction Gearing
Maximum input torque, ft-lb
Maximum output torque, ft-lb
Output torque at 12, 000 rpm, ft-lb
Maximum input, hp
Maximum input speed, rpm
Maximum output speed, rpm

Induction
150
1800

Constant torque
Water
100
150
500
1500

1500
200
66
150
1600
12, 000

AIR SUPPLY SYSTEM (REQUIREMENTS ARE FOR EACH OF
TWO SYSTEMS)

Compressor and Motor

Type
Inlet temperature maximum, OF

Two-stage piston
100

60
18. 6
2600
4100
10, 560
9190
6 to 1

Air
550
473

10
401 - 404

0.2
15
12, 000
150, 000
15, 000
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Discharge pressure, psig
Capacity, scfm

Motor rating, hp
Tank

Design pressure, psig
Capacity, ft3

Blower Seal Pressure Control Valve

Type
Maximum pressure, psig

Maximum normal discharge pressure, psig
Differential pressure regulation, psi
Capacity, scfm

Intercooler
Water inlet temperature, OF
Water outlet temperature, OF

WASTE HANDLING

AIR

Seal Leakage Filter
Type
Maximum temperature, OF
Maximum pressure, psig
Normal flow, scfm

Depressurizing Filter
Type

Maximum temperature, OF
Maximum pressure, psig
Average flow rate, scfm

Heat Exchanger
Air inlet temperature, OF
Air exit temperature, OF
Water inlet temperature, OF
Maximum air inlet pressure, psig

Maximum airflow, scfm

Pressure Regulating Valve
Type
Maximum temperature, OF
Maximum pressure, psig
Normal maximum pressure, psig
Normal flow, scfm

WATER

Low Pressure Storage Tank
Temperature, OF
Pressure, psig
Capacity, ft3

500
30
12

500
10

Differential pressure diaphragm
500
403
1
30

115
130

Carbon
100
473
0.6

Carbon
100
473
160

550
90
85
473
160

Upstream pressure regulator

550
473
386
0.6

200
14.7
60
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Water Level Sensor
Temperature, F
Inlet pressure, psig
Discharge pressure, psig
Flow, gpm

High Pressure Valve
Temperature, OF
Inlet pressure, psig
Discharge pressure, psig
Flow, gpm

AUXILIARY COOLING SYSTEMS

MODERATOR LOOP COOLING

Circulating Pump and Motor

Number required

Type
Medium
Inlet temperature, OF
Maximum internal pressure, psig
Normal inlet pressure, psig

Normal discharge pressure, psig
Flow per pump, gpm

Heat Exchanger
Normal inlet temperature, moderator side, OF
Normal outlet temperature, moderator side, oF

Maximum cooling water inlet temperature, OF
Normal inlet pressure, moderator side, psig

Maximum inlet pressure, moderator side, psig

Normal inlet pressure, cooling water side, psig

Maximum inlet pressure, cooling water side, psig

Allowable pressure drop, moderator side, psi

Allowable pressure drop, cooling side, psi

Moderator water flow gpm

Normal cooling water flow, gpm
Expansion Tank

Maximum temperature, OF
Maximum pressure, psig
Normal pressure, psig
Capacity, gal.

Hydrogen System

Maximum tank pressure, psig

Pressure regulating valve discharge pressure, psig

Tank capacity, ft3

AUXILIARY COOLING SYSTEM

Fresh Water to Sea Water Heat Exchanger

Maximum sea water inlet temperature, OF
Sea water outlet temperature, OF

550
473
20
75

550
473
20
75

2
Centrifugal
Water
190
150
35
60
955

240
190
100
55
150
50
100
10
15

955
334

300
150
35
300

2000
35
2

95
110



Fresh water inlet temperature, OF
Fresh water outlet temperature, OF
Heat load, Btu/min
Maximum pressure sea water side, psig
Maximum pressure fresh water side, psig
Sea water flow, gpm
Fresh water flow, gpm

Side Shield Water Heat Exchanger
Maximum cooling water inlet temperature, OF
Maximum cooling water outlet temperature, OF
Maximum shield water inlet temperature, OF
Maximum shield water outlet temperature, OF
Maximum pressure shield water, psig
Maximum pressure cooling water, psig
Cooling water flow, gpm
Shield water flow, gpm
Heat load, Btu/min

Intermediate Loop Circulating Pump and Motor
Type pump
Discharge pressure, psig
Water flow, gpm

Sea Water Pump and Motor

Type
Discharge pressure, psig
Flow, gpm

Shield Water Pump and Motor
Type
Discharge pressure, psig
Flow, gpm

130
115
10, 965
10
15
90
90

115
130

150
135
250
15
43
43

5120

Centrifugal

15
90

Centrifugal

10
90

Centrifugal

50
43

PROTOTYPE TEST SAFETY PARAMETERS AND ACTION

ACTION
Warning Insert-

Light All-Shims Scram

PRIMARY AIR LOOP

Reactor fuel element temperature
Reactor outlet air temperature
Economizer outlet air temperature
Main blower inlet air pressure (static)
Main blower outlet air pressure (total)

Main blower pressure differential
Main blower speed
Auxiliary blower speed
Auxiliary blower speed and clutch control

Main blower oil pressure
Auxiliary blower oil pressure
Bleed-air radiation monitor

High
High

Low
High
Low

High
High
High
Low
Low
High

Low
High
Low
Low
Low
Low
High
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ACTION
Warning Insert-

Light All-Shims Scram

Containment compressor radiation monitor High
Bleed-air moisture content High

Water level high pressure tank High
Leakage rate (secondary system) High

SECONDARY LOOP (WATER-STEAM)

Feedwater storage tank level Low
Feedwater pump outlet pressure Low
Feedwater pump flow Low Low
Superheater outlet steam temperature High
Superheater outlet steam pressure High
Water conductivity High
Waste-water radiation monitor High

MODERATOR LOOP

Moderator flow Low Low
Moderator inlet pressure Low Low

High High
Moderator outlet temperature High
Moderator tank level Low

SHIELD WATER

Shield water level Low
Shield water outlet temperature High

AUXILIARY COOLING

Eddy-current coupling water outlet temperature High
Bleed-air cooler air outlet temperature High
Oil cooler - main blower outlet temperature High
Oil cooler - auxiliary blower oil outlet temperature High

SEAL PRESSURE

Air pressure Low
Outlet air temperature High

ELECTRICAL CONTROL AND POWER

440V, 3-phase, 60 cycles, normal V low
440V, 3-phase, 60 cycles, emergency V low
24V, d-c, normal battery source V low Low
24V, d-c, emergency battery source V low Low
Direct current to 110V, a-c, converter, normal V low Low
Ion chamber voltage - positive and negative V low Low
Fission chamber voltage - positive V low

Battery charger
Operator scram button X
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ACTION
Warning Insert-

Light All-Shims Scram

INTERLOCKS

All safeties must be withdrawn and latched before
shims can be withdrawn X

Power demand set above minimum demand with

measured power less than minimum demand X

Control system continuity X
Facility interlocks
Fire warning X

NUCLEAR INSTRUMENTATION

Fission chamber source range period X
Compensated ion chamber intermediate range level Higha

Compensated ion chamber intermediate range period X X

Compensated ion chamber power range level High High

High flux safety channels High High

aDisarmed by operator demanding power greater than minimum demand.

AUXILIARY GENERATOR REQUIREMENTS AT

NORMAL SEA LOAD
(All power requirements shown are in kilowatts.)

SHIP SERVICE AUXILIARIES 273.0

Propulsion and Reactor Auxiliaries
Main condensate pump 9
Condensate transfer pump 2

Lube oil system 35

Instrument air compressor 5

Demineralizer 2

Reactor controls and instrumentation 10.0
Blower lube system 10.0
Auxiliary blower 25.0

Auxiliary cooling system pumps 4.0

Moderator circulating pumps 50. 0
Seal pressurization compressor 17. 0

Total propulsion and reactor auxiliaries 169. 0

Total auxiliary generator requirements 442. 0





APPENDIX B

The technology on which the conceptual design of the 630A nuclear steam generator is
based was developed by the Aircraft Nuclear Propulsion Department of the General Elec-
tric Company during the national aircraft nuclear propulsion program. The compact size
and low weight of the 630A power plant are a direct result of the prime requirement for

compact size and low weight in a nuclear power plant for aircraft applications.

This appendix contains a brief summary of four of the power plants that were developed
or designed by GE-ANPD: the three Heat Transfer Reactor Experiments (HTRE-1, -2,
and -3) and the XMA-1A. As designed, the 630A reactor is quite similar to the water-
moderated HTRE-1. Improvements, particularly in the metallic fuel elements, that re-
sulted from the design, fabrication, and tests of the other reactors have been incorporated

in the 630A design.

1. HTRE-1*

The HTRE-1 test assembly (shown in Figure B1) as conceived in the basic design con-
sisted of an air-cooled reactor operating a single, modified J47 turbojet engine. The re-
actor used metallic fuel elements and water moderator. The turbojet engine and shield
were part of a mobile facility called the Core Test Facility (CTF). A reactor core, shield
plug, control actuators, source rod, startup fission chambers, and operating ion chambers
were combined into an integral unit before insertion into the shield.

The reactor structure was aluminum and consisted of a cylindrical water vessel pene-
trated by air tubes, into which fuel cartridges were inserted for nuclear operation of the
reactor. The air tubes were lined with a thin layer of stainless-steel-jacketed, mineral-

wool, felt-type insulation to reduce escape of the fuel element heat into the water mode-
rator. The dished-head transition section was an integral part of the reactor assembly in
that it is connected to the reactor by control rod guide tubes and water tubes. The reactor
and transition assembly were bolted to the bottom of the shield plug through a flange on the

transition assembly. The transition section was made of aluminum and contained modera-
tor water for neutron shielding. Figure B2 is a drawing of the reactor.

The active core was a hexagonal bank of 37 aluminum tubes containing nickel-chromium
fuel cartridges with sandwiched U02 fuel meat. A length of unfueled water-tube matrix
extends on each end of the active core to serve as end reflector. The radial reflector con-
sisted of beryllium slabs arranged in a hexagonal shell. Figure B3 shows the core under
construction.

*The formal nomenclature of the HTRE No. I model A test assembly is "D101A." Three reactors were built for use

in this test assembly. The Al reactor was a mechanical mockup used for cold fitups and flow tests; the A2 and A3

were identical reactors built for power operation. With the A2 reactor inserted into the Core Test Facility the entire

test assembly is designated D101A2.
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Fuel for the reactor was supplied by enriched U0 2 mixed with an 80Ni - 20Cr alloy in
a weight ratio of 40 to 42 percent U02. The fuel mixture was clad with a modified nickel-
chromium alloy and was fabricated in ribbon form. The fueled ribbon was formed into rings

sealed at each end with braze-coated wire. Each fuel element consisted of a concentric ar-

rangement of the fueled rings, joined and spaced at the leading edge by brazed channels,
and spaced at the trailing edge by trapezoidal spacers. Eighteen elements, together with
the forward ring assembly and the aft assembly, formed the fuel cartridge. The cartridge

was divided into two sections on the basis of hydraulic diameter; the first 11 stages formed
the first section, and the last seven formed the second section. A fuel stage is shown in

Figure B4.

W (T

Fig. B4-- HTR E-1 fuel element and cartridge assembly

1.1 CONTROL SYSTEM

Engine controls were separate from the reactor controls. The only links between reac-

tor and engine control systems were several safety interlocks that were operated by engine

overspeed and loss of airflow when an engine was being shut down. Either of these condi-

tions could scram the reactor.
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The control system of the HTRE-1 reactor consisted of nuclear instrumentation, the dy-
namic control system, shim control system, safety system and interlocks, and sensory
instruments.

Nuclear instrumentation consisted of three channels: the count-rate, log flux, and lin-
ear channels. The count-rate channel was used to determine the status of the reactor when
the flux level is below 10-5 NF (full-power reactor flux level). Signals for the count-rate
channel were produced by fission chambers. These signals were converted to log count
rate and period signals. If the period became less than 5 seconds, the reactor was scrammed.

The log-flux channel was supplied by compensated ion chambers located in the side ports
of the Core Test Facility. The chamber signals were converted to log-flux and period signals.
The period signal was used to control the reactor in the period range from 10-5 NF to full
power.

In the linear-flux channel compensated ion chambers located in the top plugs were used
as sensors in the power range. Each sensor supplied an input to the flux-regulation servo
and a difference amplifier. The three flux-level signals were auctioned, and the highest
signal was recorded. The high signal also supplied the input to the 1. 1 NF trip circuit. If
the flux level exceeded 1. 1 NF, the reactor was scrammed.

The'purpose of the flux-regulating servo was to maintain the reactor power level at the
value selected by the operator. It was intended for operation between 1 percent and 100
percent NF. The shim rods moved to compensate for low-frequency changes to maintain
the dynamic rods within a neutral position band.

Should the reactor tend to operate in unsafe regions, the power level could be quickly
reduced by one of two methods:

1. Shutdown - The dynamic rods were driven into the reactor; this action called for in-
sertion of all rods by sequence operation. After the trouble was corrected, a com-
plete startup was necessary.

2. Scram - The shim-rod solenoid latches were released and all spring-loaded shim
rods were completely inserted, together with the dynamic rods. Scram could be init-
iated manually or automatically. A reset was not possible until the trouble was cor -
rected.

Thermodynamic sensors were located throughout the HTRE -CTF system. Two fuel car-
tridges were equipped with 18 thermocouples to obtain data on longitudinal and fine radial
power distribution; all other cartridges were provided with two thermocouples.

1.2 SHIELD

The shield consisted of borated water, lead, and steel. It was designed to provide suf-
ficient neutron and gamma shielding to reduce the combined effect of the induced activity
of external components and the leakage of core decay gammas to 100 milliroentgens per
hour 3 hours after 25 hours of operation at 40 megawatts. The primary purpose of the
shield plug was to shield the area above the core insertion hole from nuclear radiation.
The transition section added significantly to the shielding of the reactor. The plug had two
steps to avoid straight-line passage for radiation streaming. It was made of stainless steel
and contained moderator water for neutron shielding.

1.3 AERODYNAMICS AND THERMODYNAMICS

The practical limit on the power that could be extracted from the reactor was determined
by the rate of heat transfer to the air. Heat transfer was limited by the maximum permis-
sible fuel element temperature and the maximum amount of cooling air provided by the tur-
bojet engine commensurate with system pressure loss.
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It was necessary to regulate three nuclear power distributions in order to achieve the
design performance. Longitudinal power distribution was controlled by placing the section
having fuel elements with the smallest heat transfer area in the entrance region, since the
temperature difference between fuel element and air could be large near the core inlet.
This procedure allowed the highest heat transfer per unit area. The gross radial power was
equalized from tube to tube by varying the spacing of the tubes. The beryllium reflector
also helped maintain sufficiently high flux in the outer tubes. The fine radial power distri-
bution within each tube was regulated by increasing the thickness of the fuel sheets near
the center of the tube. This increase in fuel mass per unit heat transfer area compensated
for the decrease in power per unit mass of fuel caused by self shielding at the center of the
fuel element.

The air entered the turbojet engine and was compressed to five times the intake pressure.
It was then collected in a scroll and ducted to a manifold on top of the shield tank. The air
passed through the shield in parallel ducts and entered the air plenum chamber above the
reactor. The air passed through the reactor, was heated, and entered a plenum chamber at
the reactor exit. The air then returned to the turbine and was dueted into the exhaust-
handling system.

The fuel element heat transfer area was designed for a nominal unperturbed maximum
temperature of 17000 F with a reactor air inlet temperature of 3800 F and a reactor air exit
temperature of 1400 0 F at an airflow rate of 60 pounds per second. The engine speed under
these conditions was 7800 rpm.

The power plant was started on chemical fuel alone, with compressor air passing through
the cold reactor. With the engine-speed and turbine-exhaust-temperature controls set at a
predetermined level, the reactor was started and the power was increased. When the nuc-
lear heat was detected by the turbine-exhaust thermocouples, the chemical fuel valve started
to close. As the reactor power was increased, the chemical valve closed completely. Engine
speed was held constant throughout.

1.4 CORE TEST FACILITY

The Core Test Facility consisted of the shielded reactor and engines together with sev-
eral auxiliary systems. These comprised a self-contained unit mounted on a dolly. The
reactor auxiliary systems were the in-transit aftercooling system, the auxiliary aftercool-
ing blower, the auxiliary power unit, and the wiring leads between the shielded reactor and
a coupling plug, which mates with a plug on the facility. The engine auxiliaries included
the fuel system (except for tanks and booster pump), lubrication system, starter system,
duct valve actuation system, and control and instrumentation wiring leads to the facility
plug.

The auxiliary power system consisted of two diesel-electric systems rated at 20 kilo-
watts each. One system operated two 3-horsepower moderator aftercooling pumps, one
3-horsepower heat exchanger fan motor, and one 7. 5-horsepower fan motor. One engine-
alternator set carried the load through a low-voltage transfer switch. If trouble developed
on the loaded set, the load was transferred to the other set. The aftercooling air blower
supplied 4 pounds per second of air at 45 inches of water pressure at 5000 feet. The in-
transit moderator cooling system had a circulating flow rate of 75 gpm with a heat-removal
capacity of 74 Btu per second.

1.5 IET NO. 3

Three series of tests were performed during HTRE-1 operation. The first series covered
the period from December 27, 1955, to February 25, 1956, and was designated initial En-
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gine Test (IET) No. 3. (Previous tests, designated IET No. 1 and IET No. 2, were not power
operations.) The core used in this first test series was called the A2 core and was part of
the first test assembly, the D101A2. In the second test series, IET No. 4, which was con-
ducted during the period from April 17, 1956, to June 29, 1956, a slightly modified A2 core
was used. After further modification based on test results and a series of shielding tests
(IET No. 5), the third series of tests, designated IET No. 6, was performed during the
period from September 24, 1956, to January 3, 1957. IET No. 6 employed a completely
new reactor test assembly, the D101A3.

1. 5. 1 Operation

The first series of operational tests using the A2 reactor was generally successful in
that the system operated as intended without chemical assistance. The first test series
consisted of the following operations: (1) making the reactor critical, (2) low-power tests
in which the coolant air was supplied by auxiliary blowers, (3) tests in which the coolant
air was supplied by the engine, which was operated both by the reactor and the auxiliary
chemical source, and (4) operation of the engine system exclusively on reactor energy.

Nuclear power operating range was from ~ 0 (critical) to 16.9 megawatts.

Experimental data showed reasonable agreement with expected values. The primary
discrepancies involved somewhat high fuel element temperatures on the average and ex-
cessive temperature spreads. A few of these high local temperatures narrowed the region
for matching of the reactor and engine power and hindered power transfers.

During the first all-nuclear run the engine system was successfully operated for a per-
iod of approximately 40 minutes, during which time the engine was both accelerated and
decelerated by variation of reactor power. During this initial operation the exit air rad-
ioactivity monitors indicated possible fuel element rupture. Although the initial release
rate was not sufficient to warrant immediate termination of testing, it did increase slightly
with time and after 5-1/2 additional hours at full nuclear power it was decided to return
the reactor to the hot shop. The reasons for this decision were twofold: (1) to investigate
possible fuel element damage in the early phases, and (2) to preclude the occurrence of a
hazardous radioactive situation involving either on- or off-site personnel.

When the reactor was disassembled and fuel cartridges were examined, it was discovered
that two cartridges were damaged extensively with segments of the fuel elements melted or
oxidized away. Analysis of the damage indicated that it resulted from differential air pres-
sure across the insulation sleeve. The pressure differential caused the sleeve to collapse
the steel liner against the fuel cartridge and restricted cooling air from the stages that
were overheated. The insulation sleeve was re-designed and the power plant was equipped
so that data could be gathered to evaluate this problem during future operations.

1.6 IET NO. 4

1. 6. 1 Operation

The second series of operational tests was run at the Idaho Test Station during the period
from April 17, 1956. through June 29, 1956. This test series was designated IET No. 4
and utilized the repaired and modified A2 core. The primary purpose of the tests was to
determine whether modifications based on the results of the first test series had signifi-
cantly improved the capabilities of the reactor. Additional objectives were (1) to make
complete measurements of the power plant performance. (2) to measure xenon poisoning.
and (3) to study and improve servo control of the reactor.

A major effort was made to improve automatic control of the reactor. The main control-
loop amplifier from the original servosystem was discarded and replaced by a new and
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flexible circuit with an integrating network. The parameters of this circuit were adjusted
empirically to give optimum performance, but no formal tests of its response were made.
The final system, operating one dynamic rod only, gave satisfactory results from an oper-
ational standpoint, although reliability was not demonstrated and the system was suscept-
ible to electronic noise. The reactor was controlled on neutron flux at power levels from
1 percent to full power and on fuel element temperatures at intermediate power levels. An
attempt to control the reactor on the basis of the temperature of the air leaving the hot
torus was unsuccessful because of slow sytem response. Data were taken to permit the
design of control components that would compensate for this slow response. Operation
was routinely carried out on automatic control, although some long runs were made at high
power with manual control.

1.6.2 Experimental Data

During IET No. 4 the system was operated under conditions that permitted extensive
partial power-mapping of the system thermodynamic characteristics. Data were obtained
over the range from full chemical power to reactor powers requiring as little as 300 pours
per hour of fuel flow. However, no data were obtained on full nuclear power.

Tests were conducted to determine the xenon poisoning both during'operation and after
shutdown. The results indicated that the apparent xenon poisoning was greater than pre-
dicted by a factor of 2.

1.7 IET NO. 6

1.7. 1 Operation

The third series of heat transfer reactor experiments utilizing the A3 core and the CTF
was successfully conducted at predicted themperatures at the Idaho Test Station during the

period from September 24, 1956, through January 3, 1957. The immediate objectives of
IET No. 6 were as follows:

1. To evaluate the performance of the redesigned insulation liners.
2. To extend and supplement IET No. 3 low-flow and nuclear characteristics.

3. To verify the xenon characteristics determined during IET No. 4.
4. To continue basic controls investigations.
5. To conduct endurance testing with the engine on full nuclear power.

In the test program for IET No. 6 special emphasis was placed on tests to evaluate maxi-
mum no-air power dissipation and more extensive blower tests to obtain aftercooling data
applicable to the HTRE No. 2 program and subsequent solid-moderated reactors. Upon
completion of the engine-reactor mapping phase, the reactor was to be placed on high-
power endurance test.

1.7. 2 Experimental Data

During the IET No. 6 test operations, many quantitative data were obtained concerning
the nuclear and thermodynamic aspects of the system. These data essentially verify and
extend data obtained during the two previous series of tests. The significant data are sum-
marized below.

1. The A3 core operated an X39-4 engine o n nuclear power alone for 144. 77 hours. Of
this time, the core discharge air temperature averaged 1280 0F for the first 106 hours
and 1380 0F for the remainder.

2. During this test series 3092 megawatt-hours of energy was developed during 40 trans-
fers to full nuclear power as compared to 2409 megawatt-hours and three transfers
on the two previous operations.
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3. The X39-4 engine was operated for 22 consecutive hours on full nuclear power. This
would have been 26 hours had not an instrumentation scram occurred 4 hours after
startup.

4. Postoperation observation of the fuel elements indicated extensive plate blistering
but no gross oxidation or melting as observed during previous operations. The con-

dition of oxide layers examined indicated very low temperature-stress oxidation.

5. The no-flow and low-flow tests substantially extended and verified previous data.
With aftercooling blowers on, it was possible to obtain a total temperature rise ratio
of 3:1 across the core without observing an flow instability or maldistribution. With
no flow, it was possible to dissipate 70 kilowatts with a maximum observed fuel ele-
ment temperature of 11500 F.

6. An automatic reactor startup was achieved using the fission chambers and log-count-
rate instrumentation. The reactor could be brought to any designated power in the

power range by transferring to the dynamic servosystem above 1 percent power and
making interconnections appropriately in the shim withdraw bus.

7. The change in reactivity associated with a change in moderator temperature was con-
siderably greater than measured during IET No. 2 (0. 022 percent Ak/k as compared
to 0. 017), and the rate of change of reactivity with temperature decreased consider-
ably more at higher temperatures.

8. Measurements of rod-pattern effects substantiated the results of IET No. 3 tests,
which indicated that the motion of a control rod affects the temperature in fuel cart-
ridges remote from the rod as well as those immediately adjacent to it.

9. Results of the xenon poisoning tests were very similar to those obtained during
IET No. 4.

10. The modifications to the X39-4 jet engines reduced the required fuel plate tempera-
tures to the extent that transfer to and operation on full nuclear power presented no
difficulties.

2. HTRE-2

The GE-ANPD objective was to design, fabricate, and operate an open-loop, air-cooled,
solid-moderated ground test prototype (GTP) of a flight reactor and engine system. The
XMA-1A Program was established between the final design and operation of the HTRE-1.
To demonstrate the anticipated performance and operational characteristics of the
XMA-1A as well as to determine some of the design, fabrication, and materials problems,
the HTRE-3 was incorporated in the program as a preliminary step. Since the solid mod-
erator concept was a major change from the HTRE-1 water-moderated reactor, an in-pile
test program of fuel and moderator assemblies was essential to determine the interaction
of the components and to obtain experimental performance data. The Materials Test Re-
actor (MTR) did not have a test hole to satisfy all the requirements for such a test program
and the Engineering Test Reactor (ETR) was far from operational. Therefore, the HTRE-2
was incorporated in the XMA-1A program for this purpose.

HTRE-2 testing was performed in the CTF at the Initial Engine Test (IET) facility at the
Idaho Test Station. The design of the HTRE-2 reactor (shown in Figure B5) was based on
the results of the design and operation of the HTRE-1. The insert hexagonal can is shown
in Figure B6, and the partially assembled reactor is shown in Figure B7. The same over-
all core dimensions, materials, and fuel tube geometry were used except that the seven
center fuel cells were omitted to create a void for testing the advanced reactor assemblies.

With the center hole left void the HTRE-2 was subcritical. With an insert in place, the
reactor was critical with an excess reactivity of from 1 to 6 percent depending on the test
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Fig. B7-Partially assembled IITHT1'-2 reactor (C-04012)
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assembly used. The fuel assemblies were identical to those used in the HTRE-1; the reactor
was capable of reaching a power level of 20 megawatts.

Although the particular test assembly being tested determined the available excess re-
activity, the longitudinal and radial flux distribution in the parent core were not noticeably
affected. The airflow pressure drop, fuel element temperatures, and air temperature rise
were also essentially constant at any particular power level. The total power contributed
to the system by the various test assemblies was about 5 percent.

During HTRE-2 operation, 13 insert assemblies were tested. These assemblies can be
grouped into 3 general categories of materials: (1) Nichrome V fuel elements with hydrided
zirconium moderators, (2) iron-chromium-yttrium fuel elements, and (3) beryllium oxide
fuel elements. Tests of the first and third categories included evaluations of materials,
performance, design data, and reactor hazards. A typical insert assembly is shown in
Figure B8.

The HTRE-2 was operated for a total of 16, 628 megawatt-hours from July 1957 to March
1961. A total of 1353 on-test hours were accumulated. Although the reactor was partially
reloaded twice, four fuel cartridges were operated for a total of 997 on-test hours. Detailed
examination of these cartridges after operation revealed no evidence of deterioration.

Operation of the HTRE-2 continued, primarily evaluating flight reactor design para-
meters, until the national aircraft nuclear propulsion program was cancelled. HTRE-2
(which is now maintained on a standby basis) proved most flexible and useful even though
the requirements of later tests were not envisioned during the design of the system.

3. HTRE-3

The design of the HTRE-3 differs from the HTRE-1 and HTRE-2 in three basic ways:
(1) it has a solid moderator, (2) the reactor is horizontal, and (3) a single reactor supplies
the heat for two turbojet engines operating in parallel.

The HTRE-3 design was started in 1956; its purpose was to provide the technical infor-
mation needed for the design of the XMA- 1A ground test prototype flight power plant. Al-
though the HTRE-3 did not incorporate all the design refinements that are now known to be
practical and was primarily a test tool, it is probably the most sophisticated gas cooled re-
actor that has been operated to date. A series of tests completed in the first part of 1960
proved that the system operated essentially as predicted. The HTRE-3 test assembly is
shown in Figure B9.

The active core of the HTRE-3 is 30 inches long and 51 inches in diameter. It is made
up of 150 cells which are surrounded by a 3-inch beryllium reflector. The reactor-shield
assembly is shown in Figure B10. The partially assembled reactor is shown in Figure B11.
All components of the reactor are cooled by the primary air from the turbojet compressor.
Each cell consists of a fuel cartridge inside a hydrided zirconium moderator. The fuel car-
tridges have 19 stages (Figure B12); each stage is made up of 12 concentric metallic rings.
These fuel elements have operated satisfactorily at temperatures up to 1900 0F for periods
in excess of 100 hours and at temperatures up to 20500F for more than 25 hours.

The cross section of the moderator tube is hexagonal on the outside and circular on the
inside. The hydrogen content is varied (increasing radially outward from the center of the
core) for gross radial power flattening. The moderator has demonstrated a capability of
operating at temperatures up to 13000F for 100 hours without excessive oxidation or hydro-
gen loss. The moderator and fuel assembly is shown in Figure B13.
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Fig. B9-HTRE-3 test assembly

The beryllium reflector sectors are hexagonal blocks provided with longitudinal cooling
holes. The operating temperature of the reflector is held to a maximum of 12000 F by in-
sulation separating it from the active core.

The lead and water shielding is cooled by circulating the water between the lead slabs and
rejecting the heat to a water-to-water heat exchanger on the dolly. The Inconel X pressure
vessel supports the reactor, front and rear shield plugs, and the radial shield.

The reactor is controlled by control rods located at the interstices of moderator tubes;
there are 30 shim rods, 3 dynamic rods for power changes, and 15 safety rods which are
normally withdrawn except for shutdown.

The control rods (shown in Figure B14) are made up of short segments of clad europium
oxide held together by straps. This articulated design permits the necessary deflection as
the rod traverses its guide tube. These rods have operated satisfactorily at temperatures
up to 16000F. With a rate of travel of 5 feet per second and a stroke of 20 inches, the rods
have been subjected to 34, 000 cycles under varying conditions without failure or malfunction.

Oooeoooo
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Fig. B10-HTRE-3 reactor-shield assembly

The measured performance of the HTRE-3 was found to be essentially as predicted, thus
confirming the nuclear and aerothermodynamic calculations. The ability to control the
power distribution to a fine degree was proved. HTRE-3 operation led to certain improve-
ments and modifications in the control system that have been developed and tested. The

HTRE-3 demonstrated that a reactor of this type with a peak-to-average power ratio of
less than 1. 10, is entirely feasible and practicable. In addition, by demonstrating that air-
flow perturbations can be held to an insignificant amount HTRE-3 also proved that near-
maximum power can be produced within the temperature limitations of the materials.

The data obtained on the heating rates of moderator, shield, control rods, and structural
components have reduced the tolerance, and resulting degradation of performance, that was

necessary because of the previous uncertainties on these values. The automatic flux and
temperature controls were shown to be quite adequate for any transients that could be ex-
pected in a system of this type. The ability to handle the assembly remotely was demon-
strated in several assembly and disassembly operations. Much fabrication experience was
gained in the manufacture of lightweight structures of Inconel X and 17-7 PH stainless steel,
metallic fuel elements, hydrided zirconium moderator, control rod poison sections, etc.
Operation was demonstrated from startup to full power with nuclear heat only, thus showing
that auxiliary heat is not required in any portion of the operating range.

4. XMA-1A

The requirements of the XMA-1 nuclear turbojet project were determined by the require-

ments of Weapons System 125A and later, upon the cancellation of WS125A, by the require-

ments of the CAMAL weapons system. Although the requirements of these weapons systems
differed, the planning, design, development, and testing cycles for both engines were quite
similar. Studies performed by GE-ANPD, as well as by Convair and other contractors,
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Fig. B11-Partially assembled HTRE-3 reactor (C-13822)
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Fig. B12-IITHE-3 fuel element (C-20397)
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Fig. B13- HTRE-3 moderator and fuel assembly

Fig. B 14 - H TR E-3 control rod

clarified the magnitude and complexities of the research, development, testing, and oper-
ations involved. The component development and evaluation provided a good measure of
the eventual practicalities of the XMA-1 system.

The design of XMA-1A consists of an assembly of two sets of X211 turbomachinery can-
tilevered from the reactor-shield assembly (See Figure B15). The reactor-shield assembly
is positioned between the compressor-turbine shafts of the sets of turbomachinery which
are spaced as closely together as possible. Because the spacing of the shafts is less than
the outside diameter of the shield, the shafts penetrate the outer side shield. This configu-
ration minimizes the frontal area by hiding much of the reactor-shield assembly behind the
frontal area of the turbomachinery.

The compressor exit air is collected in a manifold at the front of the reactor-shield
assembly and directed to the reactor inlet through a "wavy-walled" front shield plug. The
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Fig. B15-XMA-1A power plant

front shield plug diverts the air through wavy channels to provide maximum porosity (for
minimum air drag) while providing a maximum shield obstruction to radiation from the
core. The wavy walls are contained within a cylindrical structural shell. A shutter is pro-
vided on the front of the wavy walls to allow shutoff of the air through the reactor to mini-
mize drag in the event of an airborne shutdown, and to permit partial or complete chemical
operation.

The front shield plug is inserted into and attached to the forward flange of a cylindrical
pressure vessel, which provides the structural carry through from the cantilevered com-
pressors and turbines. The pressure vessel also contains the reactor and rear shield plug.
The nuclear engine package is installed by means of trunnions attached to the pressure ves-
sel.

The reactor core (shown in Figure B16) is located immediately behind the front shield
plug within the pressure vessel. The core consists of the tube sheet plate assembly, tube
sheet, support plate, reflector, outer and center moderator, reflector backing plate, fuel
elements, and control rods. The tube sheet, tube sheet plate assembly, and support plate
are designed to accurately position and support the moderators. The reflector surrounds
the reactor core and is restrained by the reflector backing plate. The metallic fuel ele-
ments, are of the concentric ring type. An XMA-1A fuel stage is shown in Figure B17.

The basic components of the HTRE-3 reactor, with modifications, are used in the XMA-
lA reactor. The fuel elements, moderator, and reflector are fabricated of the same ma-
terials (NiCr-U0 2 , ZrHx, and Be, respectively). Although the program was discontinued
approximately upon completion of the final design, the HTRE-3 tests and the XMA-1A re-
actor components tested indicated that the reactor would have been easily capable of pro-
ducing the performance requirements - 750 megawatts and a reactor discharge tempera-
ture of 15000 F for a life of several times the specified 100 hours.
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Fig. B16-XMA-1A reactor core
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Fig. B17-XMA-1A fuel stage

Several design improvements were incorporated in the XMA-1A. The designs were ex-
tensively tested and their validity has been demonstrated. The fuel elements, 3-inch con-
centric rings, contained a center moderator rod. The increased 3-inch stage length, pre-
viously 1. 5 inches in the HTRE's, reduced the pressure drop, and the center moderator
rod improved the neutron economy and made complete fine radial power flattening possible.
Also, the cartridge was assembled by welding the unfueled outer rings together. This pro-
duced a stronger assembly (previously, stages were joined with rails) and allowed a fine
control of the outer flow annulus. The moderator sections were full-length extruded mem-
bers provided with cooling holes. The members were triflute (for the moderator outside
the fuel cartridge - Figure B18) and circular (for the rod in the center of the fuel cartridge
- Figure B19). All pieces were hydrided equally as power flattening was accomplished by

varying the diameter of the center rod in the fuel cell. The performance of full-scale fuel
cartridges was demonstrated in ETR tests at fuel plate temperatures up to 23000 F. Mod-
erator pieces were tested at temperatures up to 13000 F without excessive hydrogen loss
or oxidation.

The rear shield plug assembly of the XMA-1A is similar to the front shield plug, and
is attached to the rear flange of the pressure vessel.

Control of the reactor is by the use of poison type control rods penetrating the moderator
segments. The control rods are ganged into control frames located in front of the front
shield plug. Each of these frames is actuated by linear actuators located within the envel-
ope between the compressors. The control rods travel the full length of the reactor. A typ-
ical rod is shown in Figure B20.
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Fig. B20 -Control rod (U37171)
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APPENDIX C - COMPUTER PROGRAMS

NUCLEAR COMPUTER PROGRAMS

1. Program I2,1* a monoenergetic transport theory code, is a P3 approximation of the
solution of the Boltzmann equation by the Weil method for cylindrical geometry.
This code gives flux distributions, zone-average fluxes, and fuel and moderator
average fluxes. From these are obtained cell corrections for use in the homogen-
ized core regions of C6,2 ZIP,3 and G2 4 and transmission factors used in G2 con-
trol rod calculations.

2. Program C6 handles a bare homogeneous reactor in cylindrical, spherical, or slab
geometry. The effect of reflectors is accounted for by including reflector savings
as input information. This program solves the normal space-mode diffusion equa-
tion set, using trapezoidal integration over a fixed lethargy lattice consisting of 19
levels and a thermal group. The solution is accomplished for either of two slowing-
down models, modified age or Coveyou-Macauley. Reactor heterogeneity is com-
pensated for by the use of cell corrections and Behrens correction for discrete voids.
Program C6 is used to obtain multigroup constants for F-N and 12 and reactivity
versus asymptotic reactor period.

3. Program F-N5 solves the energy dependent diffusion equation using a fourfold
approximation scheme: (1) incremental integration over energy or lethargy (the
multigroup approximation), (2) reduction of space dependence to a single coordinate,
(3) assumption of piecewise constant parameters, D, Z T, etc., and (4) approxima-
tion of the differential equation by a linear-difference equation. The single-space
coordinate may be either the radial or axial coordinate in cylindrical geometry, or
any one rectangular coordinate; the leakage effects due to finite extension in other
than the direction of calculation may be approximated by a perpendicular buckling
contribution to the "Loss Cross-Section." Space boundary conditions on the right
and left are input specified albedo conditions for each group. Fission density and
system multiplication factors are obtained from Program F-N.

4. Program ZIP is a one-dimensional, multiregion, multilevel code. It is a combina-
tion of a multienergy, bare-reactor, homogeneous, diffusion slowing-down analysis
with normal mode geometrical buckling and a two- or three-energy group, one-
dimensional diffusion calculation. The program incorporates a multiplication-constant
matching procedure. This consists of an iterative process for computing the radial
and longitudinal reflector savings for cylindrical geometry which yield the same
value of the multiplication constant when used in a bare homogeneous reactor cal-
culation, a two- or three-group longitudinal multiregion analysis, and a correspond-
ing two- or three-group radial multiregion analysis. The two- or three-energy

*Superscripts refer to references at the end of this Appendix.
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group constants are obtained by combining the 19-level and thermal group flux,

slowing-down density, and the cross sections. Program ZIP is used to obtain fis-
sion density and system multiplication constants.

5. Program G2 is a multilevel, multiregion, one-space dimension diffusion theory
code. It solves the same equations as Program F-N, using 19-level nuclear data
directly from a tape library, rather than a previously determined set of group

constants. The effect of changes in neutron spectrum caused by reflectors and non-
uniform fuel distribution can be evaluated by this code. Fine radial fission distri-

butions are obtained by using single cell calculations. It is also used to calculate
fission densities, control rod worths, and system multiplication. In addition, ab-
sorptions for heating rates in regions outside the active core, such as the pressure
vessel, are calculated.

6. Program 4316 (The Isotopic History Trace Program) calculates the concentration
of isotopes generated by neutron absorption in U2 3 5 and U2 3 8 and fission-product
isotopes from fission of urnaium in a reactor region for a specified operating his-
tory. Concentrations of the fission product isotopes and fuel isotopes as a function

of time are obtained from this code. The absorption of low cross section (and/or
low yield) fission products is accounted for by a combined cross section listed as

"Slag." 7

7. In Monte Carlo8 analysis the actual physical transport of particles is simulated
step-by-step by a statistical analog in which random sampling techniques are used.
Parameters defining the location, direction, and energy of a source particle may
by specified for a fixed source and they may be selected (for a distributed source)

from appropriate cumulative probability distributions. The position of the first

collision of the particle is then chosen randomly from an exponential distribution.
Next, the type of nucleus involved and the type of collision are chosen according to
probabilities determined by the composition and the nuclear characteristics of the

target nucleus. If the particle is absorbed, the history is terminated and a new
particle is started. If the particle is scattered, a new direction is selected at ran-
dom from the appropriate distribution. The energy is then either chosen at random

or computed directly if the energy is a unique function or direction. This process

is continued, collision after collision, until the particle either is absorbed or es-
capes from the system. The process is repeated until the number of particles
reaching the regions of interest is large enough to estimate the desired parameter

with acceptable accuracy. Parameters investigated with Monte Carlo techniques
include gamma (and/or neutron) current, absorption, flux, heating, dose rate, and

leakage.

8. Program 14-09 is a shielding program for the calculation of radiation dose rates.
This method uses the point kernel approach in which the reactor is simulated by a
large number of individual source points distributed throughout the geometry of the
core. Each source point represents a small region of the core and is weighted ac-
cording to the core power distribution. For each source point the distance to the re-
ceiver point and the distance through each material in the shield is calculated. These
distances and the material attenuation functions are used to compute the attenuation
from the source point to the receiver point. The program then integrates over the

source points in the reactor to obtain the total dose rate at the receiver point.

The attenuation function for the neutron dose rate is an Albert Welton kernel. This
kernel is a mathematical fit to the experimental neutron measurements in water
from a reactor source. The nonwater or nonhydrogenous part of the attenuation is
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calculated using an exponential function and a removal cross section. The removal
cross sections were experimentally determined.

The attenuation function for gamma rays is an exponential function using linear ab-
sorption coefficients and buildup factors. For the gamma ray calculation, the gamma
ray energy spectrum of the reactor is broken down into several energy groups and the
attenuation calculations are carried out for each group. The gamma ray sources in the
reactor used in this calculation included prompt-fission gammas, fission-product de-
cay gammas, and gamma rays resulting from non-fission neutron captures in the
reactor.

AEROTHERMAL COMPUTER PROGRAMS

The five computer programs described below include all programs that have been used
or which are scheduled for use in the aerothermal design of the 630A Nuclear Steam
Generator. Two of these programs, the Heated Annuli Program and the Reactor Core
Transient Temperature Program, were written specifically for air-cooled reactor cores,
but only the latter needs revision to be adapted to the use of cooling gases other than air.
The other three programs are more general in usage and can be used for any coolant gas
without revision.

1. The Heated Annuli Program (GE-ANP 23)10 computes the steady-state heat balance
for a concentric-ring fuel cartridge stage with up to 100 rings, considering the con-
vective heat transfer to the coolant flowing on each side of the rings and the radia-
tive heat transfer to adjacent rings. The flow distribution within the cartridge is
computed for compressible, subsonic flow based upon an arbitrary radial variation
in total pressure at the stage inlet and a computed radially uniform static pressure
at the stage discharge. The discharge conditions from one stage can be used as in-
let conditions for the downstream stage, so that the fuel ring temperatures and
axial coolant air temperatures can be computed for a full-length fuel cartridge with
any number of stages. Flow redistribution is assumed to occur between stages so
that there is no restriction regarding variations in the number or thickness of the
fuel rings from stage to stage.

As indicated above, although the program was written explicitly for air as a coolant,
provision does exist for the simulation of other coolant gases.

2. The Reactor Core Transient Temperature Program (GE-ANP 330)11 is used to find
the approximate transient temperature and pressure loss response of air-cooled
reactors to such conditions as startup and shutdown with aftercooling. The program
computes gross transient temperature distributions for coolant and fuel and a pseudo-
transient compressible flow distribution for a homogeneous core and homogeneous
moderator geometry which may or may not be thermally coupled. The total core
and moderator coolant flow may be specified and the program will compute the flow
split so that both components have the same computed static discharge pressure.
The flow calculation is pseudotransient in that it computes the equilibrium flow for
the instantaneous value of the inlet total pressure. This gives a good approximation
of true transient flow in low subsonic flow systems.

The geometry is subdivided into four axial sections of equal length. Temperatures
are computed at the inlet and discharge stations and at the three intermediate axial
stations defined by the axial sections. By virtue of the grossness of the model and
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the implicit utilization of approximations for the thermal properties of air, the pro-
gram computes very swiftly. However, no explicit provision is made for the use of

coolant gases other than air and it would be necessary to make fairly extensive re-
formulations of the computational equations used in the programs to permit simula-

tion of thermal properties of other gases.

3. General Flow Passage Program (GE-ANP 663)12 computes the steady-state coolant
and fuel surface temperatures as well as major flow parameters such as pressure
loss, Reynolds number, Mach number, and dynamic head for a single flow passage
of arbitrary cross section with a compressible gas coolant. The flow can be speci-
fied in a variety of ways, as by total flow plus inlet conditions or maximum surface
temperatures plus inlet conditions. Both laminar and turbulent flow are treated to-
gether with entrance length effects. Input heat transfer relationships are conven-
tional Nusselt number correlations in terms of exponentials of Prandtl number and
Reynolds number. Input fluid flow friction factors consist of exponential functions of
Reynolds number and appropriate friction factor multipliers.

Thermal properties of coolant gases are expressed as temperature-dependent poly-
nominals. This program can carry out calculations for air, neon, helium, and hy-
drogen. Polynominal property functions for additional gases can be readily added
to this program.

4. Transient Heat Transfer Programs - THTB and THTC (GE-ANP 662)13 solve steady
state and transient problems by computing nodal point temperatures for any stated
geometry. The programs account for all three modes of heat transfer: conduction,
convection, and radiation. In addition, provision is made to handle the isothermal
energy absorption or release associated with phase change. Boundary conditions
are defined as arbitrary functions of time and thermal property data are defined as
arbitrary functions of temperature; all functions are expressed in tabular form.
The method of problem formulation and solution is by finite differences, the latter
employing the implicit form wherein the heat balance is made on the temperature
distribution at the end of the time step. This is done because of the consequent free-
dom in choosing the length of the time steps for which the transient is run and the
ability to proceed directly to a steady state solution at any point during the transient
solution.

These two programs represent the third and fourth, respectively, in a series of
transient heat transfer programs developed within the General Electric Company.

The basic method of carrying out the computations has remained essentially the same,
but substantial improvements have been made in successive versions in terms of in-
creases in the size of the problems which can be handled, in the speed and accuracy
of solutions, and in the flexibility of input and output.

Neither the THTB nor THTC program performs any flow calculations. Consequently,
coolant flows must be prescribed as functions of time and, for the present, convec-
tive heat transfer coefficients must also be defined as functions of time. Only the
THTB program is currently documented; the THTC program is undergoing active
development to provide an increasingly powerful tool for the solution of thermal de-
sign problems encountered by the General Electric Nuclear Materials and Propulsion
Operation.

5. The Concentric-Ring Fuel Element Stress Analysis Program was developed for the
concentric-ring fuel element under the Aircraft Nuclear Propulsion program. Part
of the analysis consists of calculating the stresses and deflections of the fuel ele-
ment components, assuming elastic behavior, resulting from the axial drag loads
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and differential expansion loads. This analysis has been programmed on the IBM
704 computer. The computer program has been fully checked out, including verifi-
cation of the results with photoelastic and metallic model experiments, and has been
run as a successful production program. This program will be reprogrammed for
the IBM 7090 to be compatible with existing computer equipment.
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APPENDIX D

Reports issued previously during the development of the 630A Nuclear Steam Generator
include:

Report
Number Title Publication Date

GEMP-107 Summary Report 630A Maritime Nuclear Steam
Generator Scoping Study March 5, 1962

GEMP-108 630A Maritime Nuclear Steam Generator Scoping
Study April 6, 1962

GEMP-130 630A Maritime Nuclear Steam Generator Progress
Report No. 1 July 31, 1962

GEMP-143 Hazards Summary Report for Operation of the 630A
Maritime Reactor Critical Experiment at the Low
Power Test Facility

630A Maritime Nuclear Steam Generator Progress
Report No. 2

630A Maritime Nuclear Steam Generator Progress
Report No. 3

630A Maritime Nuclear Steam Generator Progress
Report No. 4

630A Maritime Nuclear Steam Generator Progress
Report No. 5

September 17, 1962

September 28, 1962

November 30, 1962

January 31, 1963

June 28, 1963
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GEMP-144

GEMP-160

GEMP-175

GEMP-215
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