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TABLE OF POWER PLANT CHARACTERISTICS

THERMAL AND HYDRAULIC CHARACTERISTICS OF REACTOR PRIMARY SYSTEM

Thermal power from reactor core. .o. . . . 74.5 MW - 254 x 106

Reactor outlet temperature, water and steam. 0. . . . .5340

Reactor inlet temperature, water0.0..0 . . . . . . . . . 50090

Reactor operating pressure000.0.00. . . . . . . .. . .. .900

Total flow of water and steam through core 0 0. . 4.19 x 106

Flow of saturated steam from core exit . .00. . . . . 191 x 103

Maximum surface temperature of fuel element clad . . . .0550*

Maximum center temperature of nuclear fuel . . . a00 .0.00 27000

Design limit of nuclear fuel, set at0.0 . . . . . . a . . 30000

Maximum fuel element heat flux . . . . . ..335,000

BTU/hr.

F

F

psig

lb/hr.

lb/hr.

F

F

F

BTU/hr. ft2

THERMAL CHARACTERISTICS OF STEAM PROPULSION SYSTEM

Maximum secondary steam flow, . . . . . . . .0..0

Normal secondary steam flow. . . . . . . , .,.0.0.0

Minimum required secondary steam flow 0 . . . . . .

Secondary steam drum pressure @ drum outlet. .. .

Secondary steam pressure @ turbine throttle. . ,0

Secondary steam drum temperature @ drum outlet . .

Secondary steam temperature @ turbine throttle ..

Maximum variation from design outlet pressure0 . .

Minimum permissible steam quality. 0 0.0.000 0..

Feedwater temperature to steam drum. . .0 . ..000

0 o 260,000 lb/hr.

. . . 230,000 lb/hr.

....7,567 lb/hr0

. . . ..0600 psig

o 0 ., . -585 psig

.0. .0 . 488 F

. 0 .00 4860 F

S. 0 .0 +50 psig

S0 0 .99%

O . a . . 2490 F

vii



MAIN PROPULSION TURBINE CHARACTERISTICS

Shaft Horsepower:

Normal ahead .0 0 0 0 0 0 . .. 20,000 SHP at about 102 RPM

Maximum continuous0 .* .. . . . . 22,000 SHP at about 105 RPM

Maximum rating. . . . . . .. as required to develop 20,000 SHP

plus 30,000 lb/hr for auxiliary services.

MECHANICAL CHARACTERISTICS OF REACTOR CORE

Average reactor core diameter..0 0 .. 0 0 0 0

Average reactor core height. 000.0 0.00

Water to all other material in reactor core.

Water to all other material in reactor core.

Total number fuel element assemblies in core

Number fuel elements in each assembly. 0 .

Total number fuel elements in reactor core 0

Outer diameter of fuel elements.. .0 0 0 0

Center-line spacing of control rods. . .0 0

Shape of control rods.. .. 0 0 0 0 0 0 0 .

Width of control rod blade. 0 0 0 0 0 0 0 0

REACTOR CORE MATERIAL

Fuel Material:

Percentage by weight of U02 0

Percentage by weight of Th02. .

Percentage by weight of CaO . .

Density of fuel mixture 0 o .od .o0.

Theoretical density of fuel mixture

Percentage of void in fuel mixture.

0 0 0 0 0 0 0 57.3 in 0

0 00 0 0 0 0 60.0 in.

.0 0 0 000 1.70 rods in region

* 00 00. 1.85 rods out region

. . 0. a 0 0 .a .112

.0 0 .. 0 0 0 0 49

0 0 0000 0 .5488

0 0 0 .0 0 0 0 0.425 in.

. 0 0 .0 0 0 9 5/8 in.

0 0 0 . 0 cruciform

0 0 0 0 0 0 0 0 8.5 in.

0 0 0 2405%

0 0 0 0 75%

0 0 0 0.5%

9.42 gm/cc minimum

10.12 gm/cc

0 0 0 0 0 7% maximum
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Cladding and Structural Material in Active Portion of Core:

Fuel element tube - Zircaloy-2

Fuel assembly casing - Zircaloy-2

Control Rods:

t center control rods, Hafnium

12 outer control rods, boron containing stainless steel

GENERAL SHIP CHARACTERISTICS

Principal dimensions and particulars are as follows:

Length overall0.0. . . . . . . . . . . . . . . . . abl

Length between perpendiculars.000000 . . . . . . . .

Breadth molded . 0.0.0.0.0.00 0 00 . . . . . . . . . . .0

Depth molded to upper deck at side amisdhips . . . . .

Draft, summer freeboard, molded.00.00.0. . . . . . .t

Displacement, total, at summer freeboard draft. . ..

Deadweight to summer freeboard, molded . . . . . . ..

Normal sea speed (trial speed at 80% of maximum SHP) .

Estimated Capacities:

Liquid cargo capacity, 100% full.0 0 0 .0 .. .. 0 0

Fresh water:

Potable water tank aft. . . . . .0 0 . 0 0 0 0 0 0

Potable water tank amidships. 0 . .0 .0 0 0 .0

Distilled water tanks 0 0 0 0 0 0 0 0 0 0.0.0.0.0

Double bottom fuel tank (Diesel oil for emergency

boiler and emergency generator) .0 0 0 0 0 0 0

t. 707' -0"

0 677' - 0"

. 93' - Ol

o 48' - 6"

o 36' -6"

abt. 49,660 tons

abt. 37,860 tons

o 0 17 1/2 knots

abt. 312,882 bbls0

78

40

70

tons

tons

tons

0 0 o . 300 tons

ix
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SECTION I SUMMARY

The scope and intent of this report is to demonstrate
the feasibility of a nuclear powered tanker for serv-
ice in the United States Maritime Fleet. The recom-
mended nuclear plant for this application is an A1F
Closed Cycle Boiling Water Reactor System. Set forth
herein are the engineering requirements, design ap-
proach, and substantiating data to demonstrate the
feasibility of this approach.
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SECT ION I SUMMARY

1. INTRODUCTION

The intent of this report is to demonstrate the feasibility of transport-

ing petroleum and its products in bulk by means of a nuclear powered tanker.

The design characteristics of the tanker selected for this investigation

were 38,000 D.W.T. and 22,000 maximum S.H.P. as set forth in the contract

specifications. The application of standard propulsion equipment in the

design of the power plant, where possible, also was considered as a pri-

mary target.

The steam requirements for the power plant are produced by replacing the

conventional oil fired boiler with an AMF Closed Cycle Boiling Water Re-

actor Plant. The steam for the propulsion turbine, cargo heating, pumps,

turbine-generators and ship's auxiliary facilities is supplied from the

shell side of a heat exchanger which derives heat from the reactor cool-

ant which circulates through the tubes of these heat exchangers. The re-

actor coolant flows through the active reactor core where it picks up

thermal energy, and this energy is transported to the heat exchangers.

The water and steam which comes from the nuclear reactor is radioactive.

The radioactive reactor coolant is prevented, by means of the heat ex-

changer, from entering the steam going to the propulsion turbine. Such

an arrangement results in conventional propulsion equipment and mainte-

nance characteristics which do not involve the handling of radioactive

fluids. The selection of a boiling water reactor using the closed cycle

principle results in practical reactor fuel element temperatures while

producing conventional steam conditions at the turbine throttle.

-3-.



The scope of this report deals with the engineering design of the power

plant, the application of this plant to a specific hull design, the design

of the refueling equipment and facilities to remove and replace spent fuel

elements in the reactor core, and the necessary engineering analysis to

substantiate the design. Preliminary results of an economic investigation

of this ship, which includes the capital cost of the equipment, the nu-

clear fuel cost, and cargo carrying capacity, are summarized herein. A

more complete economic investigation for this size ship and also larger

ships is expected to be comple ted in the future. This investigation is

expected to determine the economics of various sizes and speeds of ships

and also the optimum nuclear shielding arrangement and nuclear fuel cycle.

2. ECONOMIC INVESTIGATION

In evaluating the economic performance of the nuclear powered 38,000 ton

tanker, there are four vessels having the same hull and horsepower with

conventional oil-fired boilers which may be used as a reference. These

vessels were designed for and have been operated for a two-year period

over the Persian Gulf to Philadelphia route. A study of the actual econ-

omics of these four ships indicate there are three major factors which

affect the operating costs expressed in terms of cost to carry one barrel

of cargo over the route. These factors are: (a) cost of construction of

the ship, (b) fuel costs, and (c) the amount of cargo carried. These same

basic factors will affect the comparable per-barrel transportation cost

for the nuclear powered tanker.

The most serious item adversely affecting the comparable transportation

economics of the nuclear powered ship with the conventional ship is the



higher cost of construction of the nuclear ship. It is currently esti-

mated that the cost of construction for the 38,000 INT ship will be ap-

proximately 33% more than the conventional ship. Fuel costs are fairly

comparable, and the nuclear vessel has a distinct advantage in being able

to carry more cargo than the conventional sister ship, since the weight

of an oil-fired boiler plant plus bunker fuel oil is considerably more

than the reactor weight even with a considerably over designed heavy nu-

clear shielding. Unfortunately, this increased cargo capacity is not

enough to offset the effect of the higher construction cost, which leaves

the transportation costs of the nuclear plant approximately 15% higher

than a conventional ship for transporting cargo over the Persian Gulf to

Philadelphia route via the cape both ways.

To approach the comparison from a different standpoint, assume that the

first cost to the operator of the nuclear powered vessel is the same as

a conventional ship. Such an assumption is based on Government partici-

pation in the first cost to the extent of the added cost of the reactor

equipment. On this basis, the transportation costs can be as much as

2.5% less than the conventional vessel. The transportation cost for the

nuclear powered vessel is expected to decrease with improved fabrication

techniques for the fuel elements, optimization of the nuclear fuel load-

ing cycle, reduced raw material cost of the nuclear fuel and zirconium

fuel element cladding material, longer utilization of the fuel element

in the reactor core and lower fuel reprocessing cost.

The following conclusions may be drawn from the economic studies com-

pleted to date:



A. If the present relationship between bunker "8C" fuel and nuclear fuel

is maintained, a 20% reduction in cost of construction of the nuclear

vessel will bring the transportation costs in line with the conven-

tional ship without the necessity of Government financial assistance

toward the first cost. As the nuclear components tend to become more

standardized, such as pressure vessels, pumps, drive mechanisms, etc.,

and less special items are required, such a reduction in cost is

probable.

B. If the present estimated cost of construction is maintained, a 60%

reduction in nuclear fuel costs will be required to bring the nuclear

powered vessel in line with the conventional ship. While the tendency

is for bunker oil price to rise and nuclear fuel cost to drop, a re-

duction of this magnitude appears somewhat remote.

C. The cargo carrying capacity, influenced by power plant weight, has

less of an effect on the transportation costs than the cA.ier two fac-

tors, namely capital cost and fuel cost. However, it is appreciable,

since 100-ton reduction in the power plant weight means a reduction

in transportation costs of 1 cent per barrel. Future design and

analysis efforts will point toward reduction of the nuclear shield-

ing weights.

In order to determine exactly the per barrel transportation costs of the

tanker powered by the AMF Closed Cycle Boiling Water Reactor, consider-

ably more engineering effort is required in core physics analysis, nu-

clear shielding requirements and component equipment costs. As previ-

ously stated, the fuel cost is one of the three important factors that



determine the economics of the ship. Likewise, the fuel cost is depend-

ent upon the fuel loading cycle, fuel element fabrication cost, utiliza-

tion of the fuel element or length of time the fuel element remains in

service in the reactor for a given power rating, and, of course, the in-

terest rate on the amount of money invested in the fuel.

The nuclear physics analysis should result in an improved fuel cycle and,

therefore, the greatest utilization of the fuel. An optimization of the

shielding requirements will result in reducing the shielding weight for

the nuclear powered ship. Likewise, this analysis should result in in-

creasing the cargo carrying capacity for the nuclear powered ship.

3. DESIGN APPROACH

The overall design approach consists of replacing the conventional oil-

fired boiler with a 75 megawatt AMF Closed Cycle Boiling Water Reactor

Plant. The saturated steam at 600 psig (4880 F) generated by the nuclear

plant is supplied to the main propulsion turbine and ship's auxiliary

equipment. In that this equipment is of conventional design, it is the

intent of this portion of the report to present the salient features of

the nuclear portion of the power plant.

The fuel element (Figure 1) is the origin of the heat supplied to the

plant cycle. The individual fuel elements are circular in shape and con-

sist of a Zircaloy tube, 0.425 inch outer diameter, and filled with short

cylinders of U02-Th02 nuclear fuel mixture. The short cylinders of U0 2-

Th02 ceramic fuel slugs are assembled in the Zircaloy tube and sealed at

both ends by a welded end closure. Before seal welding the end adapters
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on the fuel elements, the assembly is evacuated of air and moisture and

filled with either helium gas or lead. The individual fuel elements are

spaced apart by structural spacer bars and supported in an assembly at

the top and bottom of the complete fuel assembly. Water flows up around

the Zircaloy tubes, parallel to the direction of the tube axis, heats up

to the saturation temperature and boils.

The selection of the fuel material was governed by the fuel operating

costs. The thorium, Th232 , contained in the Th02 is converted to fis-

sionable material in the reactor by capture of a neutron which results

in the following chain:

Th232 + n -*Pa 233 ___.U233 +

The U23 3 is fissionable. If a large percentage of the neutrons can be

captured by the thorium, a significant amount of free fuel can be ob-

tained for sustaining the reactor operation over a longer period of time

without refueling. Thus with the long fuel element life in the reactor

core and the free fuel produced by the reactor to partly compensate for

the reprocessing cost of the irradiated fuel, the path to competitive

nuclear power may be achieved.

The fuel assemblies previously discussed are mechanically arranged into

an array of 112 fuel assemblies to form the required shape and dimensions

for a self-sustaining chain reacting assembly with the proper nuclear

fuel loading. The fuel assemblies are guided and supported on a lower

grid support plate which is mounted at the lower portion of the core sup-

port cylinder as shown in Figure 2. The upper ends of the fuel assemblies

-10-



are guided by an upper grid support plate. Each grid is fastened to the

core support cylinder. There are stainless steel riser sections, which

are approximately 5 feet long, above the active core region which provide

the necessary guidance and protection from cross flow conditions for the

cruciform shape control rods when they are in their fully up position,

The arrangement of the upper structural support of the fuel assemblies

allows the individual fuel assemblies to be interchanged at the refuel-

ing period, therefore providing for low burn-up fuel to be re-arranged

into different locations in the reactor core for higher fuel burn-up.

Such an arrangement leads to a more economical use of the fuel assemblies.

The core support cylinder houses and supports the entire core and core

structure, and may be removed from the reactor vessel as an entire unit.

Such an arrangement will allow future design changes to be made in the

reactor core and structure when new developments make it possible to im-

prove on the fuel costs.

There are 16 cruciform shape control rods located on 9-5/8 inch center

line spacing placed in the active section of the reactor core. The inner

four control rods are made of hafnium and remain partly in the high neu-

tron flux region during normal core operation. The peripheral control

rods, which will be removed from the core during normal operation, are

manufactured of boron containing stainless steel. This will place the

boron containing stainless steel out of a high neutron flux region during

the normal operation of the reactor core. These control rods will be used

in going from cold critical at start-up to hot critical at power operation.

The control rods are driven upward out of the reactor core to increase the



reactivity level by the drive mechanisms which are located below the re-

actor vessel. To decrease the reactivity level, the control rods are

pulled into the reactor core by the drive mechanisms. A scram signal in

the reactor control system results in the control rods being released by

the drives, and a spring forces the control rods into the reactor core.

Also the control rods move in the direction of decreasing reactivity un-

der gravity or free fall into the reactor core. For the following rea-

sons it is intended to place the control rod drives below the reactor

vessel and core: (a) technology is known for operating mechanical com-

ponents in hot water, whereas very little engineering information or pre-

vious experience is available for drives operating in a steam atmosphere

as would be required in the case of top drives; (b) the removal of the

steam generated in the reactor core would be more difficult (flow imped-

ance) with top drives; and (c) the reactor design using bottom drives

leaves the upper portion of the reactor core more accessible for the re-

fueling operation.

The reactor vessel consists of a 7-foot inside diameter carbon steel con-

tainer clad on the inner surface with stainless steel for corrosion re-

sistance. Thermal shields are located between the core support cylinder

and the inner wall of the reactor vessel to reduce radiation to the ves-

sel wall and to the exterior surrounding area. The top of the reactor

vessel is closed off by a hemispherical head which is secured into posi-

tion by bolts. The lower head or the reactor vessel is a hemispherical

head through which the penetrations for the control rod drive mechanisms

pass. The coolant nozzles are located in the reactor vessel wall as

shown in Figure 2.

-12



The primary shield tank is an annular tank of shielding water surrounding

the reactor vessel. This tank also provides structural mounting for the

reactor vessel. The inner wall of the primary shield tank is adjacent to

the reactor vessel, and the thickness of the shielding water annulus is ap-

proximately 60 inches.

The primary system (Figure 4) consists of the reactor core (heat source),

piping (to transmit the water and steam), primary circulating pumps (to

provide the forced circulation), and the heat exchangers (to transmit the

heat from the reactor coolant to the secondary water for the generation

of steam). The demineralized reactor water and the saturated steam taken

from the steam space in the upper part of the reactor vessel are referred

to as the primary fluid. The secondary fluid is the feedwater return from

the turbine (condenser) which is heated from 290 F to saturated steam at

600 psig and t880 F on the shell side of the heat exchangers as shown in

Figure h. The saturated steam removed from the top of the reactor core

is passed through the tubes of the heat exchangers where the steam is con-

densed to a saturated liquid. Also reactor water (primary fluid) at satu-

rated temperature is removed from the top of the reactor core and pumped

through the tubes of the heat exchangers, subcooled, and returned to the

bottom of the reactor vessel along with the primary condensate. The ra-

dioactive primary fluid is separated from the secondary fluid by the heat

exchanger tube wall.

The primary system is contained in a steel vessel as shown in Figure 3.

The primary purpose of the containment vessel is to contain any material

released by the unlikely accident of a rupture of the reactor primary
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system. All vessels, piping and equipment containing primary fluid are

housed within the containment vessel. Also the containment vessel pro-

vides structural support and part of the secondary radiation shielding.

The saturated steam generated by the reactor plant is supplied to the

main propulsion turbine at the rate of 260,000 pounds per hour (600 psig

pressure) when the plant is operating at maximum rating. The design rat-

ings of the propulsion turbine are as follows: normal ahead, 20,000 SHP

at about 102 RPM and a maximum continuous rating of 22,000 SHP at about

105 RPM. The propulsion turbine consists of.one high and one low pres-

sure turbine with astern elements incorporated in the low pressure tur-

bine casing. There is a steam separator in the cross-over pipe between

the high pressure and low pressure turbine. This steam separator is de-

signed to remove 23,000 pounds per hour of moisture from the steam going

to the low pressure turbine. The low pressure turbine and astern ele-

ments exhaust their steam to a surface type condenser located beneath

the turbine.

The power output of the reactor plant and subsequently the power output of

the propulsion machinery must be regulated within prescribed limits by the

power plant instrumentation and control system. The reactor control sys-

tem adjusts and maintains the power output of the reactor within desired

limits, taking into consideration the possible reactivity disturbances,

load disturbances, thermal and pressure limitations of materials, safety,

and economic factors. The reactivity disturbances that occur in the re-

actor core are fuel burn-out, Xenon and other fission product build-up,
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inadvertent control rod motion, change in temperature of the water enter-

ing the reactor core, dissociation of the moderator, and variation in

steam void within the core. The design approach applied in the selection

of the propulsion machinery was constant steam pressure at the turbine

throttle for various load conditions and a variation in the steam flow

rate to accomplish changes in power delivered by the turbine. Likewise,

the ship's auxiliary systems such as cargo heating, turbine-generators,

pumps, and piping systems were selected based upon a constant pressure

steam supply of 600 psig. The basic design philosophy of the control

system is to set the secondary steam pressure at 600 psig and allow the

load demand to determine the reactor system pressure. The full load de-

sign conditions are 600 psig on the secondary system, which establishes

the reactor system pressure at 900 psig. At lower power demands the sec-

ondary system pressure is maintained at 600 psig, while the primary re-

actor system pressure is established at a pressure somewhat lower than

the 900 psig level.

The arrangement of the propulsion machinery and the reactor primary sys-

tem is shown in figures on pages 2, 223 and 224. The location of the

crew's quarters was placed in the aft end of the vessel (Reference 13)

in the superstructure area adjacent to the propulsion machinery. The

design basis for selection of the crew's quarters was based upon the

following criteria:

A. The poop erection is necessary to provide protection for machinery

casings and to provide superstructure for freeboard assignment. If

not used for crew's quarters, this space will be wasted with conse-

quent loss in steel weight.
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B. One midship house cannot be made sufficiently large to accommodate

the entire crew without an excessive number of levels. This is due

to the fact that sufficient area of cargo tank top must be left ex-

posed to provide room for hatches, which would limit the fore and

aft extent of such superstructure.

C. It is considered dangerous to locate the engineer's quarters remote

from the machinery spaces, since quick access to this area is essen-

tial in an emergency. Berthing of engineers in the midship house was

attempted by a major oil company and quickly abandoned for the above

reason.

D. The trend in the industry is toward elimination of the midship house

completely and relocation of all quarters and the navigation spaces

aft. This has considerable merit from the design point of view due

to the weight saving but also some objections from the operational

standpoint

E. The nuclear shielding for the reactor may be reduced to an 8-hour

tolerance instead of the current 24-hour tolerance design level if

the crew's quarters are moved away from the aft end of the ship. It

is quite possible that this may be used as a design basis for the

shielding requirements of the reactor. Design consideration may be

given to such an approach, although in case of an emergency, it is

most likely that members of the crew will necessarily have to be in

the propulsion machinery area for a possible 24-hour period, thus

requiring a nuclear shield to meet the 24-hour tolerance design level.
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SECTION II POWER PLANT DESIGN

1.0 Nuclear Reactor and Associated Systems

The reactor and all associated systems to supply the
specified thermal demands are described. The reactor
core, vessel, shielding and primary piping systems are
described in detail. A containment vessel houses the
entire reactor primary system and provides mechanical
support for part of the secondary shield. Auxiliary
systems that are closely related to the reactor pri-
mary system are discussed.
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1.1 CORE CARTRIDGE

The core cartridge assembly consists of the following components: the

fuel element assemblies, control rods, mechanical methods of supporting

and positioning the fuel element assemblies, and the necessary flow baf-

fles and guides to properly direct the coolant through the reactor core,

101.1 FUEL ELEMENT DESIGN FUNCTIONS AND REQUIREMENTS

The design requirements for the fuel element can be grouped into five

general catagories, namely: nuclear, thermal, hydraulic, metallurgical,

and mechanical . Often the optimum design from the standpoint of one

group of requirements is far from ideal for another. working out the

best compromise between opposing requirements is the main engineering

task in the design and selection of fuel elements. In addition to meet-

ing the basic performance requirements, the selected fuel element design

should be amenable to manufacture at a reasonable cost. The specific re-

quirements in each of the five general areas are given below.

The nuclear requirements of the fuel element are: (a) provide the amount

of fissionable material in the proper shape and distribution for nuclear

operation of the core; (b) have the minimum amount of parasitic material

consistent with structural strength and service reliability; and (c) pro-

vide the maximum amount of fertile fuel material and maximum conversion

ratio without thereby unduly increasing the amount of fissionable mate-

rial required for a critical mass.

The mechanical requirements of the individual fuel element are as fol-

lows: (a) be capable of assembly with other elements into a convenient
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size bundle to facilitate refueling and provide suitable free space for

control rod channels; and (b) have sufficient strength to withstand, with-

out rupture of the cladding, the imposed mechanical loads due to the most

severe operating conditions and thermal stresses associated with the maxi-

mum thermal gradient. The mechanical requirements of the complete fuel

assembly consist of the following items: (a) the method of combining in-

dividual fuel elements into a bundle should offer no opportunities for

fretting corrosion; (b) there should be no inherent feature to the assem-

bly method which would severely limit the practical spacing distance be-

tween fuel elements; and (c) distortion under reactor operation must be

limited to a degree which will in no way interfere with the free movement

of the control rods.

The thermal requirements of the fuel element are: (a) provide a heat

source for the design heat output of the system; (b) ability to transfer

the heat output from the fuel material to the primary coolant for long

periods of time without harmful effects to the elements; and (c) ability

to transfer heat to the primary coolant at the maximum rate consistent

with the nuclear stability of the reactor system so that the power ca-

pacity of the core will not be limited by the heat transfer character-

istics of the fuel.

The hydraulic characteristics of the fuel element should not induce a

relatively large pressure drop in the coolant while passing through the

reactor core at the velocity required for heat removal, taking into ac-

count the relative amount of coolant required for optimum nuclear per-

formance.



The metallurgical requirements of the fuel element are: (a) dimensional

stability under irradiation beyond the maximum burn-up which will be en-

countered in service; (b) suffer no deterioration because of the amount

of heat generated within or transferred out of the element under peak

thermal demands of the reactor system; (c) high cladding integrity and

minimum chance of cladding failure; (d) in the unlikely event of a clad-

ding failure, the fuel material must be chemically inert to attack by

the primary coolant; and (e) in the unlikely event of a cladding failure

of one element, a chain of events must not be set in motion which could

lead to damage and progressive failure of other elements.

1.1.2 FUEL ELEMENT DESIGN DESCRIPTION (FIGURES 1 AND 5)

Nuclear calculations indicate that the minimum fuel inventory may be

160 Kg of U 2 3 5 . The 5488 fuel elements in the core will have a total

fuel volume of 565,000 cc. The ceramic components, at 93% density, will

have a composition of 31.3 percentage by weight U0 2 and 68.7 percentage

by weight Th02 , if the enrichment of fissionable isotope in the uranium

is restricted to 9.5 percentage by weight. The weight fraction of U0 2

could be reduced to the optimum of approximately 20 percentage by weight

were it not for the present legal limitations of 10% on the maximum per-

missible enrichment in the fissionable isotope; the optimum being in

terms of the conversion ratio of the fuel material.

The volume composition of the materials that contribute to the fuel ele-

ment design and affect the nuclear characteristics are stated herein.

The 0.425-inch diameter fuel rod (Figure 5) with a 0.030-inch thick clad-

ding will have 0.35 square inches of Zircaloy tubing per square inch of

-22-



70J

7

_.J

.. _ .

__J
___ i

-. ___

_ _

___1

__J

FUEL ELEMENTh SCALE

13I

------------- ---

CONTINUOUS WELD

49 - .4250D FUEL RODS

WELD030 
ZIRCALOY WALL

.078 ZIRCALOY WALL

0000
10000

0000000

0000000

0000000
SECTION ""G

0000000

ooooo

TOO

TOP VIEW 1"'il

AM.E CLOSED CYCLE BOILING WATER REACTOR
ROD TYPE FUEL ELEMENT ASSEMBLY

FIGURE 5

13 
1

I)
UN

4LD.

SPOT WELD
%.6Ox IZ IRCALOYSUPPORT BAR

%.BTTOM VIEW1II3 SECTION A-A

i

---

--

---

---

-__=

_

----

60 1- 1

i --- I
-----

El

rl
' I I 1

I 
I

I I I u y \ U 1

-

-

4;V I L
1 z;

Vb,



fuel, and an additional 0.0955 square inches is required for support bars

and external support, making the total relative cross-sectional area of

cladding and fuel 0.Ld6 square inches in the active section. In one fuel

assembly, consisting of t9 fuel elements, support structure and a Zirca-

loy box, there will be a total of 0.765 cubic inches of Zircaloy per

cubic inch of fuel.

If experimental measurements of the thennal conductivity of the reference

fuel composition indicate that the diameter of the fuel element can be

increased to 0.500 inches without exceeding a fuel center temperature of

30000 F, the volumetric proportion of Zircaloy to fuel will decrease to

approximately 0.60. Nuclear calculations have not yet been completed to

assess the full value of the minimized amount of parasitic material, Zirc-

aloy, from a neutron economy standpoint. There is some lack of experi-

mental data at present to verify that satisfactory structural strength

and reliability can be achieved with such a low proportion of Zircaloy.

It is intended to establish this as part of the fuel development program.

Individual fuel elements will be 0.425 inches in diameter consisting of

a 0.030-inch wall Zircaloy seamless tubing containing a number of 0.362-

inch diameter high density ceramic slugs. The ends of the tube will be

closed by Zircaloy plugs which will be sealed in place by a continuous

circumferential weld on the outer face of the plug. It is expected that

the annular space between fuel and cladding will be filled with helium

gas, although it subsequently may be decided to fill this space with lead.

At operating temperature, the helium annulus will be reduced to less than

0.0005 inch due to the differential thermal expansion of fuel and cladding.



Longitudinal expansion of the fuel will be accommodated by an assembled

void space which will be proportioned to allow no more than 0.030 inch

clearance between fuel and end caps when the reactor is operating at full

power. The magnitude of stresses resulting from build-up of gas pressure

within the fuel element is not expected to be large enough to have any

effect upon cladding integrity.

After making and testing the first end closure, but before loading the

fuel, seven individual fuel elements will be combined into a row by a

series of 1.00 x 0.060-inch support bars with a 0.175-inch spacing be-

tween the fuel elements. These support bars will be welded to the tube

walls at the point of tangential contact by the spot arc technique. The

longitudinal interval between support bars will be determined experiment-

ally to give satisfactory strength and freedom from vibration induced by

boiling, fluid flow, or external excitation. Seven such rows of elements

will be grouped in parallel within a Zircaloy box which will extend over

the full length of the fuel element. Attachment of each row of seven ele-

ments to the box will be by joining the extending ends of each support bar

to the box wall.

The box will probably be composed of a channel and cover plate. The chan-

nel will have slots in its back spaced to take the support bars. The

groups of seven elements will be stacked in the channel with their sup-

port bars in the slots. The cover plate will then be placed on top with

its slots engaging the other ends of the support bars. The channel cover

and bars will be welded together in an inert atmosphere. The end adapt-

ers will be attached at this time. If they are made of Zircaloy, they



will be welded; if of stainless steel, they will be attached by mechani-

cal fasteners. The lower end adapter will have a circular hole to fit

over a short cylinder on the lower grid plate. It will also have a lo-

cating nose and angular positioning key. The upper end adapter will have

a hole to take a locating pin and other holes to engage the refueling

tool. The final assembly will be annealed and corrosion tested. It is

believed that by careful assembly and the use of jigs, the unit can be

made with sufficient accuracy that machining of the outside box will be

unnecessary.

By using a welded joint type fuel assembly, the possibility of fretting

corrosion either between elements and support bars or between support

bars and the structural box is eliminated.

The 74.5 MW of heat (254 x 106 BTU/hr) will be generated in 5488 elements

having a total heat transfer surface of 3050 square feet. At a peak to

average power ratio of 4.1 in the core, the maximum heat flux will be

341,000 BTU/hr/ft2 . For a fuel element operating at maximum heat flux

and saturated liquid conditions of 900 psig, the film drop temperature

will be 170 F; therefore, the outside surface temperature of the Zirc-

aloy cladding will be 534 + 17 - 5510 F. The temperature increase through

the 0.030 inch thick Zircaloy tube will be 880 F; thus the temperature at

the inner surface of the cladding will be 551 + 88 - 6390 F. The tempera-

ture of the outer surface of the ceramic fuel is greatly dependent upon

the size of the annulus between fuel and cladding and the nature of the

material in the annulus. For a helium filled annulus .0005 inch wide,



there will be a 1180 F temperature increase at peak heat flux. The out-

side temperature of the fuel component under these conditions will be

639 + 118 - 757 F. The center temperature of the fuel element will be

27060 F for a thermal conductivity of l.55 BTU/hr-ft2 _OF/ft. because of

the 1950* F temperature increase in the fuel. It should be pointed out

that this temperature is well below the design limit of 30000 F and that

the conductivity value for the ceramic fuel is quite conservative. Nei-

ther fuel center temperature, fuel-clad interface temperature, nor clad-

ding surface temperature are high enough to limit the life of the fuel

elements below that which can be expected in terms of long time operation.

In order for the design work to proceed further, however, two items of

an experimental nature are needed. First, actual measurements of the

thermal conductivity of different ceramic mixtures of Th02-UO2-CaO at

high temperatures. Second, post irradiation observations of high den-

sity ceramics which are calculated (using the aforementioned experimental

conductivity values) to have attained center temperatures above 30000 F.

If the post irradiation examination shows that the center temperatures in

service of high density ceramic components can exceed the sintering tem-

peratures by, say 6000 F, without any measurable shrinkage, the diameter

of the fuel rod can be increased significantly, thereby reducing the cost

of the core.

For each fuel rod there will be 13.9 cubic inches of water associated

with the heat transfer surface of 0.556 square feet. The water to all

other material ratio for the individual rods is 1.575, and for the core

as a whole this ratio is expected to increase to 1.85.
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Pressure drop through the active portion of the core, i.e., the heat

transfer area, even with a 0.66 inch hydraulic diameter, will be about

half the pressure drop through the core structure at both ends of the

elements. The fuel elements themselves and the Zircaloy structural mem-

bers making up the fuel assembly thus do not make the major contribution

to pressure drop through the core. Experimental measurement of pressure

drop through models of the fuel assembly should be made, however, in

order to verify these calculations.

1.1.3 METALLURGICAL DESCRIPTION OF FUEL ELEMENT

Fuel Material Stability and Corrosion Resistance: Metallurgically, the

U0 2 -Th0 2 ceramic fuel has been chosen because of its dimensional stabil-

ity under irradiation and inertness to chemical attack by degassed water

and steam. Moreover, it is completely isotropic with respect to process-

ing and fabricating history and undergoes no allotropic phase changes up

to the melting point. This is true over the full range of composition of

the Th02-UO2 system. As an added precaution, the design fuel center tem-

perature of 30000 F has been set to coincide with the sintering tempera-

ture used in manufacture to assure no physical change in the fuel because

of heat generation within the element. Furthermore, 30000 F offers a mar-

gin of at least 19000 F before the fuel would reach its melting point.

The reference density for the components has been set at 93% because this

value is a practical balance between the cost of manufacture on the one

hand and performance characteristics, i.e., high fission gas retention

and low water absorption, on the other.



Cladding Integrity: .It is expected that the maximum temperature of the

fuel at the interface with the cladding will be less than 800 F. At

present, experimental evidence is not available to show that the diffu-

sion rate of Th02 into Zircaloy is insignificant at this temperature.

Data is available, however, which shows that at this temperature, the

diffusion rate of U0 2 in Zircaloy is essentially nil.

The maximum surface temperature of the cladding is expected to be less

than 565* F. The time for initiation of rapid corrosion rate in Zircaloy

at this temperature is probably in excess of 1600 days. This means that

the onset of rapid corrosion rates with subsequent progressive breaking

away of the corrosive film will not be a factor in determining the clad-

ding integrity of the element.

The use of seamless Zircaloy tubing, which has been rigidly inspected by

hydrostatic and other tests, will give maximum assurance of the integrity

of the primary cladding. The most vulnerable areas from the standpoint

of cladding integrity probably are the end closures because initially ac-

tual openings exist and must be sealed. The end closures of an unbonded

element which has been seal welded in a helium atmosphere can be tested

for weld integrity by leak testing with a mass spectrometer in addition

to radiographic and other non-destructive tests. The helium leak test

cannot be applied to an element in which the fuel is metallurgically

bonded to the cladding. In addition to leak testing each element after

the second end closure, every fuel assembly will also be leak tested as

a final inspection operation following annealing and corrosion testing.
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Progressive Failure: The chance of progressive damage of a group of ele-

ments because of a cladding rupture in one element is exceedingly remote.

In the first place, the inertness of the fuel to attack by water precludes

the formation of bulky corrosion products which could swell the cladding

to block a coolant channel in the event of a cladding failure. In the

second place, the relatively large water channel spacings make the block-

age of a channel and subsequent overheating of the cladding of a sound

element by deformed pieces of cladding from a defective element almost

impossible. Deformed pieces of cladding conceivably might come from a

severe water logging accident. The water logging accident has been stud-

ied experimentally, and it has been found that when the void fraction

within an unbonded element due to clearance between fuel and clad is less

than 4%, the steam explosion from entrapped water is very minor. The en-

trapped water could result from a perforation in the cladding and infusion

of water at zero or low power operation with subsequent chance blockage of

the perforation as the power level of the reactor increases. It is ex-

pected that the assembled void volume in the reference fuel elements will

be less than 3.5%.

1.1.4 CONTROL RODS

The nuclear function of the control rods is to insert/withdraw a nuclear

poison material, when required, into/out of the active reactor core over

as large a distributed area as feasible. The mechanical and structural

requirements of the control rods are of the same type as imposed upon the

fuel elements. The integrity of the control rod from a mechanical stand-

point must be very high, particularly since the control rod must undergo
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constant motions and, therefore, must be able to withstand dynamic load-

ing conditions.

The active portion of the control rod is cruciform in shape, approxi-

mately 1/4 inch thick by 8 1/2-inch span. The nuclearly active part of

the inner four control rods is made of hafnium. This part of the outer

ring of 12 control rods will probably be made of stainless steel contain-

ing boron. The length of the active section of the control rods may be

somewhat less than the active core length of 60 inches. The outer ring

of 12 rods will be used for start-up and shut-down. During power opera-

tion these rods will be out of the core and will not suffer as much burn-

up as the inner four rods which will be used for the operating control

function. The active part of the rod is at the top. This is welded to

an inactive cruciform section 1/4 inch thick and 8 1/2-inch span at the

top, reduced to 3 inches below. The material of the lower section will

be Zircaloy for the hafnium control rods and stainless steel for the

boron control rods. The three-inch section moves in and out through a

steel tube from the control rod actuator. Its lower end has notches to

match the disconnect joint shown on the control rod actuator, Figure 8.

The control rod pattern and location in the reactor core is shown in

Figure 6.

1.1.5 CORE STRUCTURE

The core must be supported in the reactor vessel in such a way that it

can adequately perform its nuclear, hydraulic, and thermal functions.

The coolant must be equitable distributed through the core, control rod

channels, reflector and thermal shields. There must be a minimum of
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pressure drop through the core and structure. Boiling with its attend-

ant disturbance and increase in volume and need for venting must be al-

lowed for. Dynamic fluid force must be controlled, particularly with

regard to its effect on the control rods. The control rods must be al-

lowed to operate freely with minimum likelihood of damage or sticking.

The core must be removable or replaceable either as a whole or in parts.

The fuel assemblies must be interchangeable. Accumulation of crud or

corrosion must not be allowed to interfere with core functions. The op-

portunities for crevice, fretting, and stress corrosion must be minimized.

Advantage should be taken, where possible, of using the structure for

shielding purposes, but the parts must be thin enough or cooled suffi-

ciently to prevent high thermal stresses due to radiation heating. Dif-

ferential expansion in parts of different material and/or temperature

must be taken into account, both to prevent undue stresses and to use

it to advantage where possible. The forces of service, including roll,

pitch, handling and shipping must be taken into account. Vibration must

be avoided. Provision must be made for a start-up source.

It is believed that the structure as described below will satisfy these

requirements.

The core structure, Figures 2 and 7, will be built in the form of a

"cartridge" that can be inserted or removed from the reactor vessel as a

unit. The cartridge will consist principally of the core and three other

parts: an outer cylindrical part called the barrel which will fit the re-

actor vessel, be supported on a ledge in the reactor vessel, and support

the core and the other two cartridge parts; the grid plate which fits in
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the bottom of the barrel and transmits loads from the bottom of the core

to the barrel; and the hold-down structure which holds down the fuel ele-

ments and fits in the top of the barrel. All parts of the core cartridge,

except the fuel assemblies and some springs, will be made of stainless

steel. The primary coolant water enters the reactor vessel at the bottom,

flows upward through the bottom plenum chamber and then divides three

ways. Part of the water passes through orifices to flow past and cool

the inside of the reactor vessel, the thermal shields, and the outside

of the barrel. Part of the water enters through orifices in the lower

grid plate into the reflector space and the control rod channel, two re-

gions made intercommunicating by the space between fuel assemblies. This

water cools the control rods, the outside of the fuel assembly boxes and

the inside of the barrel. The third and major part enters the fuel as-

semblies through the orificed nozzles in the lower grid plate. It is

this water that carries away the heat generated by the nuclear reaction.

All this water flows together again into the exit plenum chamber above

the core. The water in the fuel assemblies around the control rods is

restrained, by riser plates in the hold-down structure, to flow verti-

cally to above the tops of the control rods. This protects the control

rods from cross flow which might cause excessive wear or friction during

rod operation.

The lower grid plate fits on a shoulder in the bottom of the core barrel.

It has a solid web under the reflector space pierced by the orifices men-

tioned above. The grid is designed to take the tops of the control rod

actuator tubes and insure alignment between the actuators and the control



rod channels in the core. There are also orifices to control the water

entering the control rod channels. The nozzles under the fuel assemblies

may be orificed to give the proper balance between heat generation and

coolant flow. The Zircaloy fuel assembly fits over the stainless steel

nozzle in the lower grid plate with clearance for easy assembly cold,

but a close fit at operating temperature when the stainless steel will

have expanded more than the Zircaloy. A keying arrangement is used be-

tween the grid and the fuel assembly to maintain angular alignment. The

grid is designed to withstand twice the weight of the core plus the force

of the fuel assembly hold-down springs. This requires beams on the grid

about h 1/2 inches deep. The seat, where the fuel assembly bottoms, will

be arranged so as to be unaffected by crud accumulation.

The hold-down structure contacts the top of the fuel assemblies by rods

that fit in slightly slotted tapered holes in the fuel assemblies. The

rods are held down by inconel springs loaded to exert a force at least

equal to the weight of the fuel assembly. There is a spring and rod for

each assembly. The total spring force is taken by bolts between the plug

and the barrel. For refueling, these bolts are disengaged, releasing

most of the load on the springs. Each rod is then turned 900 to break

loose any accumulation of corrosion or crud that might otherwise cause

the fuel assembly to stick and be raised when the structure is lifted out.

After the plug is removed, the assemblies are free to be removed and inter-

changed or replaced. A web located just below the level of the top of the

assemblies and attached to the barrel will fit with a clearance around the

perimeter of the core. This web will keep the outer fuel assemblies from



falling out of place when the hold-down structure is removed. In gen-

eral, during refueling only one fuel assembly will be removed at a time

to minimize the possibility of the tops of the fuel assemblies getting

out of place. The hold-down structure will fit the barrel in two places

to insure alignment as it is lowered into place0  Plates forming a riser

structure around the area of the core containing control rods will con-

duct the water to an elevation above the top of the control rods in their

up position. The risers will fit the tops of the fuel assemblies with a

small clearance. The hold-down rods will generally be disposed in groups

of four supported by a tube about 5 inches in diameter. The tube will be

cantilevered off the lower plate of the upper structure located above the

uppermost position of the top of the control rods. The main plates of

the upper structure will provide shielding, while still allowing water

to flow through to the holes in the barrel and steam to flow up over

the top of the barrel.

The barrel will be constructed so as to be as nearly self-guiding as pos-

sible for insertion into the reactor vessel. The bottom of the barrel

must fit the thermal shields on the outside and provide a shoulder for

the grid as well as a radial fit on the inside. Downward forces from

the core will be transmitted through the shoulder into the barrel. Ra-

dial forces will go through the barrel into the thermal shields. The

barrel will carry the downward loads up to the flan ge that bolts down to

a shoulder in the reactor vessel. Upward loads will be carried into the

shoulder by tension in the bolts. Clearance can be allowed between the

stainless steel barrel and the carbon steel reactor vessel at assembly,

cold, because differential expansion will make it tight during operation.
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The barrel cylinder will extend up above the parting line between the re-

actor vessel and its head to minimize the possibility of water slopping

over, due to the motion of the ship, into the steam outlet. The barrel

will have holes in it to allow the exit of the cooling water. Any pock-

ets where gas could collect during filling or operation will be vented.

A vent may be necessary in the reactor vessel head to tap off this gas.

All screw fastenings will be locked by a device requiring plastic defor-

mation of the locking device to insure against loosening during opera-

tion. The surface of all parts of the core cartridge exposed to the pri-

mary water will have a 125 micro-inch finish or better. This will assist

in obtaining and maintaining cleanliness. Keys are used to insure angu-

lar alignment between the grid and the barrel, the plug and the barrel,

and the barrel and the reactor vessel.

Described above is only one of the many mechanical methods by which the

fuel elements may be supported in the reactor core. There are currently

four to six mechanical methods that accomplish the same results as the

method explained previously under design investigation. The final selec-

tion of the design approach will be made at the completion of the analy-

sis program.

1.2 CONTROL ROD DRIVES

12.l GENERAL REQUIREMENTS

The prime function of the control rod drive mechanism is to regulate the

reactivity of the reactor by the vertical positioning of the control rod

inside the reactor core. In order to carry out this prime function, the
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control rod drive mechanism must meet certain specific operating require-

ments set forth in the following paragraphs.

A. Induce Reciprocating Linear Motion: The control rod proper is guided

by fixed channels in the core structure and hence must be moved line-

arly along its axis to change positions. The drive mechanism, to

which the nuclear control rod is coupled, must thus induce direct

linear motion to the control rod.

B. Exhibit Fineness of Control: The position of the control rod during

normal operation is dictated by the reactor operator and/or control

system. In order to permit small adjustments in the rod position,

the drive mechanism must respond with a minimum lag or coast. In

effect, when the rod is moving, it must stop when signaled with as

little additional motion (overtravel) as possible.

C. Indicate Rod Position: The position of the control rod in the core

must be changed from time to time to compensate for fuel burn-up,

fission produce accumulation, etc. In order to regulate the magni-

tude of these changes and to indicate the position of the control

relative to the core, a position indicating system must be incorpo-

rated in the drive mechanism.

D. Provide for Fast Reinsertion of the Control Rod: If, because of some

disturbance, the effective mulitplication factor of the reactor ex-

ceeds unity, the neutron density and power level will increase expo-

nentially with time. In order for the control rod to compensate for

this increase in reactivity, it must be inserted into the reactor
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very quickly. Since the normal speed of the drive mechanism is much

too slow to be effective in such a case, a provision for fast rod in-

sertion must be incorporated in the drive mechanism.

E. Internally Irreversible: The drive mechanism shall be irreversible

so that the forces acting on the control rod cannot move the drive

mechanism.

F. Fail Safe: The general requirement that the drive mechanism be cap-

able of fast insertion of the control rod must be upheld even in the

event of a general power failure.

G. Corrosion Resistance: The drive mechanism shall be corrosion resist-

and to the liquid medium within which it will operate.

H. Stored Energy for Scram: The drive mechanism shall contain a stored

energy source for rapid rod insertion or scram. The magnitude of the

energy source will be such that minimum acceleration of one gravity

may be developed in the inserted control rod.

I. Scram Braking: A provision must be made in the drive mechanism to

safely decelerate the control rod and attached components during

scram operations. The decelerating brake or snubber must absorb the

energy of the falling mass over not more than the last 10% of the

rod stroke.

J. Removable without Pressure Vessel Drainage: The connection of the

drive mechanism to the pressure vessel shall be such that the drive



mechanism may be disconnected, the coupling to the control rod re-

leased, and the mechanism removed without draining the water from

the pressure vessel.

1.2.2 DESIGN DESCRIPTION (FIGURE 8)

The basis for the design is the conversion of rotary motion to linear

motion by means of a keyed lead screw and a rotating nut. The screw is

coupled to the control rod extension to which linear motion is induced

by rotating a planetary type nut in a fixed plane about the keyed lead

screw. The nut is housed in a tubular yoke which in turn is bearing sus-

pended within a pressure shell. A high pressure rotary seal is utilized

to permit the transmission of motion from outside the pressure system to

the yoke within. Motor, gearing, and limit switch, which provide the

initial power source, are located outside the pressure medium and may

be selected from commercially available sources.

Scram provisions are provided in the drive mechanism by attaching the

rotating nut to the yoke by an electro-mechanical latch. In the event

of a scram, a direct current coil located outside the pressure system

releases the spring loaded latch which permits the nut, lead screw, and

attached control rod to fall quickly into the reactor. A compression

spring loads the nut in the latched position, and upon release of the

latch, the spring imparts an accelerating force to the falling compo-

nents. The energy of scram is dissipated by the dash pot action of the

screw to the rod coupling as it traverses the last few inches of rod

stroke. The full down position of the rod is signaled by the activa-

tion of a plunger within an alternating current coil. The lead screw

Ohl-
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butts the plunger extension during the snubbing portion of the stroke

and carries it into the center of the alternating current coil.

Rotary Seal: The seal selected for application in the control rod drive

mechanism is a modification of the "Stein" labyrinth breakdown seal which

was feasibility tested by AMF for the APPR project in the summer of 1954.

This seal exhibited a relatively low leakage rate (3 to 9 #/hr 0 1500 psig

and 3500 F) and showed little wear after extensive testing. Subsequent

tests by the Argonne National Laboratory have led to many metallurgical

and geometrical refinements in this seal so that its present operating

characteristics are at an optimum.

The seal shaft, as per current fabricating practice, will be made from

440C stainless and chrome plated. The shaft will be blind-bored from the

pressure side to accommodate the position indicator plunger and the bored

end, and equipped with a crowned spine so that the misalignment between

the seal housing and the main pressure thimble will be minimized.

Yoke: The yoke is fabricated from 347 stainless steel and functions as

a torque tube to transmit rotary motion from the seal shaft to the driv-

ing nut. It is bearing mounted and consists of two conecntric tubes.

The outer tube serves as the torque carrying member, while the inner tube

acts as a stop for the drive nut as well as an internal guide for the

scram spring. The outer tube is machined with three equally spaced guide

slots which extend from a section near the inner tube projection to the

bearing adapter on the end nearest the seal. The slots are sized to re-

ceive the lug projections of ,he drive nut and permit the nut to move



axially within the yoke but restrain the nut from rotating relative to

the yoke.

Drive Nut and Screw: The drive nut is composed of three straight grooved

rollers mounted in a planetary-like system. The rollers are skewed

slightly to enable the grooves to mesh with the helical threads on the

lead screw and oriented so as to follow the incline of the helix angle.

The rollers are fabricated from 17-4 PH stainless steel and the grooves

are flash chromed for wearability.

The lead screw is machined with five pitch standard acme threads, and a

radius is cut on the top and the bottom of the threads to prevent undue

stress concentrations. The screw material is 17-4 PH stainless with a

hardness of 30-35 Rockwell C.

Latch: During normal drive operations, the drive nut is retained in a

fixed position within the yoke by three finger-type grippers. The fingers

are hinged to the yoke and are locked in the hold position by the wedging

action of three washer-like discs that are trapped between the fingers

and a latch sleeve. The latch sleeve is mounted concentrically with the

yoke and is capable of a 5/16 inch axial movement. This movement is suf-

ficient to tip the trapped discs and thus cause the fingers to release

the drive nut. The end of the latch tube nearest the seal is made up of

a magnet type stainless seal and contains three small compression springs.

These springs load the latch sleeve in the release direction at all times.

A direct current magnet located concentrically with the spring section,

but outside the pressure system, supplies the motivating force to actuate
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the sleeve. When the coil current is interrupted, the sleeve is driven

to the release position by the three compression springs.

Scram Spring: The scram spring is fabricated from Inconel X wire and is

designed to impose a 360-pound load on the latched nut. The spring has

a rate of 20 #/inch; hence, the imposed accelerating load diminishes to

0 after the first 18 inches of rod travel. Since the compressed spring

is held in a cocked system, the entire stored energy for scramming is

available regardless of the position of the control rod in the core at

the instant of scram.

Snubber and Coupling Assembly: The snubber assembly basically consists

of a piston and cylinder which function as a dash pot to dissipate the

energy of scram. The piston is pin connected to the lead screw on one

end and coupled by a bayonette arrangement to the non-absorption section

of the control rod on the other end. The piston thus serves as a coup-

ling as well as a snubbing component. The piston is equipped with a lug

projection which is keyed to the tubular extension of the snubber cylin-

der. This lug prevents the piston and attached lead screw from rotating,

which satisfies the condition for linear motion without rotation in a

screw and nut drive system.

The coupling feature of the piston is such that the reactor vessel need

not be drained to effect the rod or drive mechanism removal. This is ac-

complished by providing beveled seats on the piston and its internal rod

locking shaft. With the rod in the fully inserted position, the piston

bevel seats in the mating bevel of the snubber cylinder to form a pappet



type closure. This closure seals off the system water from the drive

mechanism so that the mechanism may be removed without draining the re-

actor vessel. With the drive mechanism removed, the control may be un-

coupled from the piston by holding the piston and rotating the internal

locking shaft on its beveled seat.

Full Insertion Indicator: The full insertion of the control rod is sig-

naled electro-mechanically by a plunger and coil arrangement. The plunger

is mounted inside the hollowed-out seal shaft and the coil installed over

the shaft and on the low pressure side of the seal. The plunger is spring

loaded out of the coil and has an extension which projects into the path

of the lead screw. As the screw approaches its full down position, it

contacts the plunger extension and drives the plunger into the coil. The

resulting change of coil inductance is then transcribed by appropriate

electrical circuitry to audio or visual signals which indicate that the

control rod is fully inserted.

Drive Motor and Components: The use of a seal to penetrate the pressure

barrier permits the motor and its accessories to be located outside the

water medium. The selection of motor, gearing and instrumentation is

thus simplified, and standard commercially available equipment may be

utilized. A two phase, 1/3 HP motorized gear reducer has been selected

to drive the control rod mechanism. The gear reduction is of the locking

worm type and has a ratio that steps down the 1750 motor speed to 30 rpm.

Stroke control is obtained by gearing an instrument reducer, limit switch

assembly and a 40 turn Helipot potentiometer to the output shaft of the

gear reducer. The instrument reducer steps down the 300 total revolutions



required to translate the control rod through its 60-inch stroke to 30

revolutions on the instrument shaft. The limit switch assembly stops the

motor when the rod reaches the terminals of its stroke. The potentiome-

ter, with its linear relationship between resistance and number of turns,

is utilized to indicate the rod position throughout its stroke.

1.3 REACTOR VESSEL

1.3.1 FUNCTION

The function of the reactor vessel is to: house the nuclear core, which

is the heat source for the plant; contain and help direct the primary

fluid at 900 psi and 534 F outlet temperature, and at a flow of 4 x 106

pounds per hour, while undergoing the severe duty of a pressure vessel in

shipboard service; provide proper connections to the primary piping which

transmits the energy between the core and steam generator; allow for the

nuclear control of the core and for its refueling; function with the

maximum safety to personnel and equipment and maximum reliability; and

be procurable at the minimum practical cost.

1.3.2 MECHANICAL DESCRIPTION (FIGURES 9 AND 10)

Cylindrical Shell Assembly: The main body of the reactor vessel is a

cylindrical shell, 84 inches inside diameter with approximately 4 1/8-

inch thick walls, probably of SA-212 carbon steel, clad on the inside

with about 1/8 inch of type 304 stainless steel. The cladding will be

continuously bonded to the carbon steel. The shell may be formed in

two halves which will be joined by longitudinal welds. There are four

main nozzles in this section: two main coolant outlet nozzles, 11.376
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LEGEND: REACTOR VESSEL

FIGURE 9

(1) Vessel Closure Head

(2) Closure Bolts

(3) Vessel Shell Flange Ring

(h) Steam Outlet Nozzle

(5) Mounting Feet

(6) Water Outlet Nozzle

(7) Vessel Shell

(8) Thermal Shields

(9) Thermal Shield Mounting Bracket

(10) Bottom Hemispherical Head

(11) Water Inlet Nozzle

(12) Mounting Feet

(13) Control Rod Port and Nozzles
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inches inside diameter, that join the 12-inch nominal diameter schedule

80 pipe to the steam generator; and two saturated steam outlet nozzles,

9.546 inches inside diameter, that join the 10-inch nominal schedule 80

pipe to the condensing water heated boiler of the steam generator. These

nozzles are all in the same vertical plane, which is the parting plane

for the two halves of the main primary shield tank, thus permitting easy

assembly of the two halves of the shield tank. The reactor vessel assem-

bly will probably have short lengths of pipe welded to its nozzles, which

in turn are welded to the remainder of the piping system outside the

shield tank after it is assembled around the reactor vessel. There are

eight support feet welded to the outer surface about 56 inches above the

top of the active core. The feet support the reactor vessel on the top

of the main primary shield tank. The reactor vessel and shield tank are

erected at room temperature but operate at about 5330 F and 1000 F, re-

spectively. The feet are guided to allow motion in a radial direction,

thus permitting differential expansion while maintaining the reactor on

center. The feet are of a box type construction to give a minimum thermal

"leak" through the insulation and minimum stress due to the thermal gradi-

ent through them. The top of the shell section of the reactor vessel is

flanged to accommodate a bolted closure.

Bottom Head: The bottom head will be hemispherical in form, approxi-

mately 4 1/8 inches thick, probably of SA-212 carbon steel, internally

clad with about 1/8 inch type 304 stainless steel. It is welded to the

bottom of the cylindrical section of the vessel. The primary fluid, re-

turning from the steam generator, enters this section through two nozzles



11,376-inch inside diameter welded to the 12-inch nominal diameter sched-

ule 80 piping. These nozzles are diametrically opposite and at 900 to

the nozzles in the cylindrical section. This allows the primary shield

tank, which is split longitudinally through the nozzles in the cylindri-

cal section, to be assembled axially over the nozzles in the bottom head.

Nozzles, reinforced as required, are provided for 16 control rods. These

nozzles will be threaded at their lower end, also with a lip for seal

welding. The control rod actuator housing will screw onto these threads

and be seal welded to the lip. The threads will make the structural con-

nection, and the seal weld will prevent leakage. Another gasketed joint

in the housing is used for normal removal of the actuators. The section

of the lead shielding deck directly under the reactor vessel will be at-

tached to these nozzles to become a part of the assembly. It will be dis-

posed in such a configuration that in combination with the steel in the

head, nozzles and actuator mechanism, it will form a continuous shield

equivalent to the 3 3/4 inches of lead plus 1 inch of steel used else-

where in the deck. The lead and its steel supporting plate will be at-

tached far enough from the head to preclude the possibility of the lead

sagging or melting off.

Removable Top Head: The removable top head will be semi-ellipsoidal in

form approximately 6 1/2 inches thick, probably of SA-212 carbon steel,

internally clad with about 1/8 inch type 304 stainless steel. The head

is thicker than required for strength but the additional material is use-

ful as shielding, and eliminates the need for a greater area and conse-

quent weight of shielding further out. There are no pipe connections to



the head, leaving it easily removable for refueling, Lifting eyes will

be provided to facilitate removal. Closure will be effected by bolting

the head to a gasket on the flange of the cylindrical section. Through

bolts, rather than studs in tapped holes, will be used. This obviates

the possibility of delay during refueling if a stud should seize in the

flange. Fifty-six 3-inch diameter bolts, probably of SA-194 steel, are

used. Cap nuts are used to allow adequate wrench clearance. The gasket

will be of the metallic ring type using 304 stainless steel. The exact

design will depend on the results of investigations into the leakage and

other factors of various gaskets. If possible, a design will be chosen

that does not require refinishing of the gasket seats. It is planned to

furnish a shielding plug that will fit in the top of the vessel and per-

mit working on the gasket surface, installing refueling equipment, etc.,

with the head removed. The opening in the vessel will be large enough,

about 80 inches, to allow removal of the core as a complete cartridge, as

well as in smaller units, during normal refueling. This will allow major

changes in design if future developments indicate possible improvement.

Thermal Shields: Thermal shields are provided to protect the reactor

vessel shell from high thermal stresses due to radiation heating. They

take the form of plates placed between the core and the vessel to absorb

the radiations which would otherwise hit the shell. The plates are cooled

by water flowing past both sides of them. The cylindrical portion of the

thermal shield is about 102 inches long extending down from about 8 inches

below the center line of the main coolant outlet nozzles. It consists of

a 1-inch thick steel inner cylinder and a 1 1/2-inch thick steel outer

cylinder, with water space between, and space between the outer one and



the vessel wall. The water spaces will be orificed at the bottom to con-

trol the cooling water flowing past the shields. This water by-passes

the core and will therefore be kept to a minimum. It is estimated to re-

quire approximately 2% of the total flow. The thermal shields are contin-

ued, in approximately the same total thickness, around the spherical bot-

tom head. The final configuration of these parts must await further in-

vestigation. Some of the special factors which must be considered are

thermal shielding of the vessel, biological shielding of the space under

the reactor, adequate cooling of the shields, even distribution of water

across the end of the core without excessive pressure drop, and baffling

to prevent damage due to the inertia forces of the entering water. The

thermal shields are of stainless steel and must be mounted with due re-

gard for the differential thermal expansion between them and the carbon

steel reactor vessel wall. The total thickness of the shield is actu-

ally considerably greater than needed to protect the vessel. However,

the additional material is useful as biological shielding and reduces

the need for shielding over a greater area and further out where a given

shielding thickness contributes much more to the overall weight.

Thermal Insulation: The reactor vessel will be insulated with approxi-

mately 3 inches of 85% magnesia block insulation. Around the cylindrical

and bottom sections the insulation will be banded on in the usual manner.

Space will be left around the nozzles in the shield tank for the inser-

tion of insulation. An insulation top hat will cover the head of the re-

actor vessel. In this case the insulation will be contained in a stain-

less steel "can". The unit must be removable for refueling and will be

equipped with handling eyes.



1.3.3 GENERAL DESIGN PARAMETERS

Mechanical Tolerances: The tolerances on the reactor vessel will be

kept as liberal as possible. The core will be supported in a support

barrel which will fit the reactor vessel in a minimum number of places.

It will be clamped to a support ledge in the vessel with radial clear-

ance when cold, but tight at operating temperature, since the stainless

barrel will have expanded more than the carbon steel reactor vessel.

The location and alignment of the control rod nozzles requires close tol-

erances to insure that the channels in the core line up with the actuators

to prevent binding on the rods. Angular alignment will be obtained with

a key through the support flange.

Design Code: Thr reactor vessel will be built and tested to conform to

the A.S.M.E. Pressure Vessel Code. This will also apply to welding, weld

inspection and heat treatment.

Temperature: In addition to being designed for an operating outlet tem-

perature of 5340 F, the vessel will be designed to allow rapid heat up.

It will also be designed to allow a maximum temperature difference be-

tween various parts of the vessel, such as might occur in a "cold water

accident."

Cleanliness: All parts of the vessel exposed to the primary fluid will

be made as clean as possible and machined to a 125 micro-inch finish or

better. The 125 finish will facilitate cleaning, minimize the accumula-

tion of corrosion products or other "crud" that might become radioactive

and inhibit servicing operations.



Venting: All pockets that could accumulate gases or inhibit the proper

filling of the vessel will be suitably vented.

Loadings: Besides the pressure load, some of the other conditions that

are taken into account in the design are:

Thermal stress - due either to radiation heating or other sources

and either within one piece of material, or due to the interaction

of two parts of different materials, or at different temperatures.

Dynamic flow loads.

Roll and pitch - Momentary roll of 300 or permanent list of 150

to either side. Permanent inclination fore or aft of 50 plus mo-

mentary inclination of 50 fore or aft. To cover these conditions

with a generous margin, a load factor of 2 is used in general.

This means that the structure will withstand forces equivalent

to twice the acceleration of gravity.

Vibration: The design will be such as to avoid the natural frequencies

that might induce vibration. Propeller frequency in particular will be

avoided.

Penetrations: Penetrations of the pressure vessel shell will be avoided.

Where possible, penetrations for auxiliary systems, piping, instrumen-

tation, etc., will be through the piping rather than the actual vessel

wall.



1.h PRIMARY SHIELD DESIGN

1.4.1 NUCLEAR DESIGN BASIS

The design of the laminated primary shield, including the steel thermal

shields within the reactor vessel, is dictated by three factors: (a) ra-

diation heating of the pressure vessel; (b) shut-down gamma intensity

within the secondary containment but beyond the primary shield (an access

problem affecting maintenance); and (c) the fast neutron leakage flux.

To prevent undue thermal stresses in the reactor vessel, the radiation

heating must not exceed 6,100 BTU/ft2=hr. To attain this criterion, use

is made of steel thermal shields which attenuate the core gamma radiation

incident on the reactor vessel. In addition, these thermal shields con-

tribute significantly to attenuation of core gamma flux and fast neutron

leakage flux from reaching the control room. The total thickness speci-

fied for the two thermal shields and core support cylinders will prevent

radiation heating in the reactor vessel from exceeding approximately

4,500 BTU/ft2=hr. The gamma radiation, when later attenuated in the fast

neutron water shield tank, will produce 580 BTU/ft2 -hr. of thermal heat.

Precautions have been taken in designing and locating the thermal shields

to produce a fast neutron capture gamma flux, originating in the shield,

not exceeding the core gamma intensity. A survey of all possible fast

neutron shield materials indicates that water is the best choice for a

maritime reactor application. The thickness of the water, assuming the

water to be at 50* F, was adjusted until fast neutron absorption in the

water, coupled with the thermalization properties of all steel lamina

preceeding the water, and the geometrical attenuation would produce a



fast neutron flux of 3 nf/cm2 -sec. in the control room. Similar consid-

erations and calculations permitted determination of the "shield hat"

configuration and dimensions above the reactor vessel required to attenu-

ate the fast neutron flux. The primary shield reduces the core and fast

neutron capture gamma intensities beyond the containment vessel (second-

ary shield) to insignificant levels with respect to the gamma activity

originating within the primary water system.

1.4.2 STRUCTURAL FUNCTION

The main structural function of the primary shield tank is to contain

the primary shielding water. Actually all the primary shield water is

not contained in the shield tank. The water in the reactor vessel acts

as shielding. The "thermal shields" within the reactor vessel also con-

tribute to the biological shielding. These stainless steel plates are

thicker than required to perform their primary function which is to pro-

tect the reactor vessel wall from excessive thermal stresses due to ra-

diation heating. A greater weight would be involved if they were placed

in the shield tank where their diameters would be greater.

The reactor vessel is supported on the top of the main shield tank. It

is supported on eight feet resting in guide pads welded to the top of

the main shield tank. The guides allow differential thermal expansion

between the normally hot pressure vessel and cooler shield tank. The

motion is restricted to radial so that the reactor vessel is maintained

in its proper centered location at all times. The hold-down bolts, in

clearance holes in the feet, will be only hand tight so that they will



prevent any upward motion without restricting differential expansion.

The support feet and all parts of the shield tank are designed to with-

stand, as a minimum, forces in any direction due to an acceleration equal

to twice that of gravity load. The vertical loads from the reactor ves-

sel will be carried into the outer tank wall by webs, one under each sup-

port foot.

The shield tank will also be used to support other equipment. Such items

as the steam generators will be supported on members spanning from the

shield tank to the containment vessel. The refueling tank will seal to

the top of the reactor vessel when the head is removed, and part of its

weight and the head of water in it will be carried through into the

shield tank structure.

The primary shield is designed to conform to the economic aspect that

requires a minimum time for refueling. The upper shield plug is remov-

able either dry or while full of shielding water.

Ease of assembly has been given consideration in the overall design. It

is desirable to be able to build the tank sections in the shop rather

than in the field, to allow the most economical construction and ease of

leak testing, and reworking if necessary. The sections will be the larg-

est that can be handled and allow assembly and structurally adequate

field joints either by welding or bolting.

1.4.3 MECHANICAL DESCRIPTION (FIGURES 11, 12, AND 13)

Foundation: The foundation is designed to support the shield tanks and

pressure vessel and other items such as piping, part of the steam generator
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load, etc., under an acceleration load equal to twice that of gravity.

Part of the weight of the refueling tank and water will also be carried

by the foundation. The foundation cylinder is of 1-inch thick carbon

steel plate. This thickness at the diameter shown is sufficient to carry

the loads without buckling and without any general stiffening. The foun-

dation cylinder is interrupted at the containment vessel lower head, but

care will be taken that the two parts line up without eccentricities.

The containment tank, which must be pressure tight, will be continuous.

A bolting flange may be used for the connection to the ship's structure.

The greater flexibility of the bolted joint is desired due to the possi-

bility of mis-alignment and differential expansion between the cylinder

and the ship's structure. The maximum temperature in the foundation will

be 1500 F. An opening is provided to permit access for servicing control

actuators and drives, nuclear instruments, etc., and for removal of the

actuators. A 3 3/4-inch lead mat is required at the top of the founda-

tion while the reactor is shut down. This lead will be supported by a

one-inch steel plate mounted on "I" beams welded at their ends to the

foundation cylinder. A gap, with overlapping lead, will be provided at

the periphery of the control actuators. This will permit ease of assem-

bly, inhibit radiation streaming, and provide a vent into the containment

tank area in the event of a rupture of the reactor vessel. A foundation

will be provided at the bottom to support the control rod actuator drive

motors. The drives will align and carry any lateral loads from the ac-

tuators into the foundation, while allowing vertical movement due to dif-

ferential thermal expansion. The foundation will be designed to allow

servicing and removal of drives and actuators in a minimum of time.



Main Shield Tank: The main shield tank has an inner wall of 1-inch steel

plate, 5 feet of water space, and a 1 1/2-inch outer steel plate. The

plates are thicker than structurally necessary but are as required for

biological shielding. The tank could be assembled in the field around

the reactor vessel and its thermal insulation. However, it is thought

that this might be troublesome and expensive due to the field work re-

quired and the difficulty of finding and repairing leaks in the inner

tank. The preferred method is to sub-assemble the tank in portions

(probably halves) and assemble them over the reactor vessel and its in-

sulation and nozzles. Each portion will be completely tested for water

tight integrity before being assembled around the reactor vessel. The

parting planes between portions must either coincide with the nozzles in

the reactor vessel or be in such a position that the portions can be

slipped axially over the nozzles. The portions will not be joined along

their inner diameter, but will be connected on the outer diameter by weld-

ing a butt strap across the joint. It is planned to bolt the joint be-

tween the foundation and the main tank and the joint between the main

shield tank and the upper shield tank. To insure good alignment, the

guide pads for the mounting feet of the reactor vessel will not be welded

to the top plate of the main shield tank until the vessel is properly

centered. The joints between portions of the tank are stepped to pre-

vent radiation streaming. The thermal insulation around the nozzles

will be installed after the components are assembled. The radiation

streaming through this insulation will be taken care of by steel or lead

cylinders placed around the pipes outside the shield tank and outside

the insulation on the pipes. The thermal heat escaping from the reactor
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vessel through its insulation into the shield tank and the heat gener-

ated in the tank by atomic radiation will be carried away by a cooling

loop. This loop will be designed to maintain the shielding water below

1500 F as a maximum and at 1000 F under normal conditions. The cooler

water has the advantage of being denser and hence a better shield. Pre-

liminary calculations show that 250 feet of 3/4-inch pipe will accomplish

the required cooling. Fresh water will be circulated through the coils

in a closed circuit. It will, in turn, be cooled by a heat exchanger

using sea water, located outside the containment tank to allow ease of

maintenance of the heat exchanger. The pressure in the cooling loop will

be higher than that in the shield tank to insure against radioactive wa-

ter leaking into the loop and getting outside the containment tank. The

cooling loop will be located near the outside of the shield tank to mini-

mize the possibility of induced radioactivity in the cooling water. The

high purity of the cooling water will also minimize the long-lived radio-

activity it can carry. All three shield tanks may be piped together for

filling purposes. There will be a level alarm in each tank to insure

that the shield tanks are maintained full. The shield tank will be made

of plain carbon steel but it will be painted on the inside with a good

grade of plastic paint of a metallic corrosion resistant barrier to in-

hibit corrosion and maintain shield water purity. There will be gasket

sealed covered manholes in the tanks, and access holes through any webs

or bulkheads to allow maintenance of the tank, cooling coils, etc. Ac-

cess of any duration would probably have to be at a time when the core

was removed from the reactor vessel. Six stainless steel nuclear instru-

ment wells about 4 inches inside diameter will run up through the shield



tank to about 1 inch from its inner wall. Access will be from the bottom

in the space bounded by the shield tank foundation. The nuclear instru-

ments can be readily replaced or serviced during the refueling shut-down

period.

Upper Shield Tank: The upper shield tankfits on top of the main shield

tank with a stepped joint to inhibit radiation streaming. The tanks will

be bolted together at their outer circumference. The tank will probably

be built in one piece with channels to fit over the reactor steam outlet

pipes and their thermal insulation. For shielding purposes, the inner

wall will be 1 inch thick and the outer wall 1 1/2-inch steel with water

space between. The outer wall is conic to give a minimum weight but at

the same time maintain adequate water thickness for shielding. The tank

will be bulkheaded to carry the structural loads into the outer wall of

the main shield tank and on down into the foundation. Cooling coils, as

in the main shield tank, will probably be required. Filling, access,

and painting will be the same as in the main shield tank. The space in

the channels under the reactor steam pipes will probably be filled with

polyethylene plastic to provide protection against fast neutron stream-

ing. Vents will be provided through the tank to relieve pressure build-

up in the event of a reactor vessel rupture. They will be located in

such a way as to now allow excessive radiation streaming through the

shield.

Upper Shield Plug: The shield plug forms the top of the primary shield.

It must be removable to allow refueling. It has a 3-inch thick bottom
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plate and a 1-inch thick top plate with 3 feet 3 inches of water between.

It will be bulkheaded as required for strength and to provide a lifting

eye. If cooling is required, it will be done as in the main shield tank.

The upper shield plug fits the upper shield tank with a stepped joint to

prevent radiation streaming. The use of polyethylene rather than water

in the upper shield plug will be investigated. This would have the ad-

vantage of being less likely to leak out and not requiring pipe discon-

nections for refueling. The problem of how much cooling is required in

the upper shield plug and how it could be carried out must be investi-

gated.

1.5 STEAM GENERATORS

1.5.1 DESIGN FUNCTION AND REQUIREMENTS

The function of the steam generator, which consists of a pressurized wa-

ter heated boiler, a condensing water heated boiler, a steam drum with

separator, and the necessary downcomers, risers and piping is as follows:

A. To generate steam which is supplied to the turbine at the rate of

258,000 #/hr. (129 x 103 #/hr. from each of the two steam generators).

B. To separate the radioactive primary fluid (900 psig, 534* F) from the

secondary fluid (600 psig, 4890 F), thereby preventing radioactive

fluid from entering the turbine, the primary fluid being in the forced

circulation loop on the tube side of the pressurized water heated

boiler and in the natural circulation loop on the tube side of the con-

densing water heated boiler. The secondary fluid is in a natural cir-

culation loop passing over the shell side of the two boilers.



C. To heat the feedwater from 2490 F (600 psig) to saturated steam at

600 psig, on the shell side of the pressurized water heated boiler

and the condensing water heated boiler.

D. To act as a heat sink for the reactor heat load during an emergency

operation (reactor shut-down).

Investigations were made on a once-through shell side secondary loop

using both forced and natural circulation of the secondary coolant. It

was decided to use natural circulation in the secondary loop since it

conformed more closely to present-day practice in the steam generator

field. By using natural circulation, the temperature gradient across

the tubes and tube sheet is held to a minimum, thereby resulting in

lower stresses.

1.5.2 THERMAL DESIGN

The steam generator consists of a pressurized water heated boiler, a con-

densing water heated boiler, a steam drum and separator, and the neces-

sary piping (downcomers, risers, etc.) connecting the units together.

The reactor system contains two steam generators.

The primary loop (tube side) is separated into two individual loops;

namely, a pressurized water forced circulation loop passing through the

tube side of the pressurized water heated boiler, and a natural circula-

tion steam loop passing through the tube side of the condensing water

heated boiler. The reactor is located below the condensing water heated

boiler to facilitate natural convection.



In the forced circulation primary loop, reactor coolant (demineralized

water) at 900 psig and 5314 F leaves the upper part of the reactor and

passes through the tube side of the pressurized eater heated boiler where

it is subcooled 250 F. The fluid emerges as a subcooled liquid at 5090 F

and then passes through the canned rotor pump and check valve before re-

turning to the bottom of the reactor. The various conditions of the pri-

mary forced circulation loop are as follows:

Saturated liquid at 900 psig and 5340 F

Fluid temperature entering tube side of pressurized water heated
boiler - 5340 F

Fluid temperature leaving tube side of pressurized water heated
boiler - 5090 F

Flow rate of liquid - 2 x 106 #/hr.

Pressure drop =' 9 psi

Tube side film coefficient = 5,500 BTU/hr. ft2 OF

Heat load - 63.5 x 106 BTU/hr.

Surface area a 2650 ft2

In the natural circulation primary loop, saturated steam at 900 psig and

5340 F, which is generated in the reactor, leaves the top of the reactor

and passes through the tube side of the condensing water heated boiler.

There it condenses and can either be returned to the upper part of the

reactor or teed into the primary forced circulation loop between the re-

actor and the pressurized water heated boiler as a saturated liquid. The

driving force for circulating the steam and water through this loop is

obtained from the difference in densities between the two phases (steam



and water). The conditions of the primary natural circulation loop are

as follows:

Saturated steam at 900 psig and 53!4 F

Vapor temperature entering tube side of condensing water heated
boiler - 5319 F

Condensate temperature leaving tube side of condensing water heated
boiler - 534 F

Flow of steam - 95,500 #/hr.

Pressure drop " 0.8 psi

Tube side film coefficient - 1,500 BTU/hr ft2 OF (Reference 12)

Heat load - 63.5 x 106 BTU/hr.

Surface area = 1620 ft 2

The secondary natural circulation loop originates at the bottom of the

steam drum and passes down through the downcomers and then risers in ser-

ies through the shell side of the pressurized water heated boiler and the

condensing water heated boiler before it returns to the upper part of the

steam drum. The steam drum is located sufficiently above the pressurized

water heated boiler and the condensing water heated boiler so as to create

natural circulation on the shell side of the steam generator. Natural

circulation in the secondary loop was decided upon since it results in

a lower temperature gradient across the tubes and tube sheet.

Saturated liquid at 600 psig and 489 F leaves the bottom of the steam

drum by means of downcomers and enters the bottom of the pressurized

water heated boiler (shell side). It emerges at the top of the pressur-

ized water heated boiler as a mixture of water and steam after removing

its share of the reactor heat load. This mixture of water and steam
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then passes through risers to the bottom of the condensing water heated

boiler (shell side). The mixture emerges from the top of the condensing

water heated boiler after having removed its part of the reactor heat

load, with a higher quality steam, and then returns to the upper part of

the steam drum by means of riser piping. In the steam drum the steam

disengages from the water and passes through a water separator and drier

at the top of the steam drum to insure that only saturated steam (129,000

#/hr.) emerges from the top of the steam drum and is forwarded to the tur-

binec The return feedwater (129,000 #/hr.), which is at 600 psig and

2490 F, enters the steam drum below the water level of the steam drum

where it is heated to 4890 F (saturated liquid) before circulating

through the secondary natural circulation loop.

The steam generator assembly consists of horizontal units. A horizontal

condensing water heated boiler was decided upon since the possibility of

non-condensable gas binding would be kept to a minimum. The condensing

water heated boiler will have a U type hairpin tube bundle with the upper

leg inclined downward and the lower leg inclined downward to allow for

proper drainage of the condensate.

The steam entering the tube side of the condensing water heated boiler

is generated in the reactor core and separated from the water at the

disengaging surface (water level in the reactor), the level of which

varies with reactor load. The steam is relieved of any entrained water

by. further separation brought about by a series of baffles in the upper

closure head of the reactor, some of which are structural parts of the

reactor.
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Conditions for the secondary natural circulation loop are as follows:

Feedwater entering steam drum - 290 F and 600 psig

Saturated steam leaving steam drum - 4890 F and 600 psig

Flow rate of saturated steam leaving steam drum - 129,000 #/hr.

1..3 MECHANICAL DESIGN (FIGURE 14)

Generals The steam generator consists of three horizontal carbon steel

cylindrical shells with hemispherical heads which are designed in accord-

ance with the ASME Boiler and Pressure Vessel Code, Sections I and VIII,

1952 Editions. The two lower units, namely the pressurized water heated

boiler and the condensing water heated boiler, house the stainless steel

tube bundle0 The stainless steel tube bundles, which are welded to the

stainless steel tube sheet, are of the hairpin type where the thermal ex-

pansion is taken in the "U" bends, therefore eliminating the need for an

expansion joint in the shell 0 Stainless steel cladding (1/8 inch thick)

will be used wherever the shell comes in contact with the primary fluid.

The steam generator assembly will be fully insulated.

In order to obtain the necessary natural circulation in the secondary

loop, certain vertical dimensions are required between the various com-

ponents of the steam generator. Minimum dimensions are as follows: 10

feet between the centerlines of the steam drum and the condensing water

heated boiler; 11 feet between the centerlines of the condensing water

heated boiler and the pressurized water heated boiler.

A minimum vertical height ,of 3 feet is required between the uppermost

water level in the reactor (water level varies with reactor load) and
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the under edge of the condensing water heated boiler in order to insure

natural circulation in the primary steam loop.

The primary loop, tube side of the pressurized water heated boiler and

condensing water heated boiler, operates at 900 psig and 534 F, while

the secondary loop, which consists of the steam drum and the shell side

of the pressurized water heated boiler and condensing water heated boiler,

operates at 600 psig and 1880 F.

Condensing Water Heated Boiler: The 66-inch outer diameter condensing

water heated boiler has a 2 1/L-inch thick carbon steel shell. Carbon

steel hemispherical heads of the same thickness are welded to the ends

of the cylindrical shell. The tube bundle consists of 650 stainless

steel 1/2-inch 0.D. tubes which are welded to a stainless steel tube

sheet 6 inches thick. Two of the penetrations in one end of the hemis-

pherical heads are to accommodate the inlet and outlet nozzles for the

primary circulation loop. The inlet nozzle is connected to 10-inch sched-

ule 80 pipe, while the outlet nozzle is connected to 6-inch schedule 80

pipe. Penetrations in the cylindrical shell of the condensing water

heated boiler are for the incoming and outgoing secondary natural circu-

lation loop riser piping. Other penetrations will consist of either or

both manways and hand holes for the purpose of inspection and/or plug-

ging of leaking tubes. The tubes are supported by the tube sheet and

tube bundle supports.

Welded to the outside of the condensing water heated boiler shell are the

support legs which in turn are connected to the containment tank for sup-

port of the steam generator assembly.



The condensing water heated boiler will consist of "U" type hairpin tubes

with possibly the upper leg inclined downward and the lower leg inclined

downward to allow for proper drainage of the condensate. By using a hori-

zontal unit, the possibility of non-condensable gas binding is reduced.

All the carbon steel surfaces that come in contact with the primary fluid

will be stainless steel clad (1/8 inch thick). Other pertinent data is

given below:

Tube material - 347 stainless steel.

Shell material - SA 212 carbon steel.

O.D. of shell - 66 inches.

Thickness of shell and hemispherical heads - 2 1/h inches.

All cladding 1/8" thick - 304 stainless steel.

Overall length of shell and hemispherical ends - 13 feet.

O.D. of tubes - 1/2 inch.

650 - 18 BWG tubes.

Effective length of hairpin tube - 19 feet.

3/4-inch centerless spacing of tubes - triangular pitch.

Design pressure and temperature - 1200 psi and 6000 F.

Pressurized Water Heated Boiler: The horizontal pressurized water heated

boiler consists of a 1 3/8-inch thick carbon steel (SA 212) shell whose

outer diameter is 40 inches. Hemispherical heads of the same material

and thickness as the shell are welded to each end of the cylindrical shell.

Penetrations through one of these hemispherical heads are for the 12-inch

schedule 80 inlet and outlet nozzles for the primary forced circulation

-75-



loop. The penetrations through the cylindrical shell are those that ac-

commodate the 7-inch schedule 80 downcomer and riser piping. A 6-inch

stainless steel tube sheet and baffle is welded to the shell of the pres-

surized water heated boiler. The purpose of the baffle is to separate

the incoming water from the outgoing water. There are 500 stainless

steel hairpin tubes, 3/4 inch in outer diameter, welded to the stainless

steel tube sheet. These tubes are supported by the tube sheet and also

a tube support.

The inlet and outlet header that accommodates the primary fluid will have

1/8-inch stainless steel cladding to prevent corrosion of the carbon steel

material.

Manways or hand holes will be located in the header region for inspection

and/or plugging of tubes.

The pressurized water heated boiler is supported from the riser piping

and is given lateral support by structure members on the containment

vessel.

Various design data for the pressurized water heated boiler are given

below:

Tube material - 347 stainless steel.

Shell material - SA 212 carbon steel.

O.D. of shell - 40 inches.

Thickness of shell and hemispherical heads - 1 3/8 inches.

All cladding 1/8" thick - 304 stainless steel.

Overall length of shell and hemispherical ends - 16 1/2 feet.
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O.D. of tubes - 3/h inch.

500 - 15 BG tubes.

1-inch centerline spacing of tubes - triangular pitch.

Effective length of hairpin tube - 27 feet.

Design pressure and temperature - 1200 psi and 6000 F.

Steam Drum: The carbon steel drum is 60 inches in outer diameter and has

a 2-inch shell thickness. Two elliptical heads of the same material and

thickness as the cylindrical shell are welded to each end of the shell.

There are penetrations in the steam drum shell to accommodate the 7-inch

schedule 80 downcomer and riser piping. Penetrations in the elliptical

heads will handle the feedwater piping. The feedwater piping will be

supported inside the steam drum. A 12-inch schedule 80 outlet nozzle

will be located at the top of the horizontal steam drum to handle the

steam supply to the turbine. Located on the inside of the steam drum,

in the outlet nozzle region, will be a cyclone separator and scrubber.

A horizontal steam drum is used since this gives a larger disengaging

surface for the steam. This steam drum will be located outside of the

containment tank to permit easier maintenance. The steam drum is sup-

ported by the riser piping from the condensing water heated boiler.

The overall length of the steam drum is 10 feet. Design pressure and

temperature for the steam drum is 900 psig and 600 F.

Connecting Piping and Arrangement: The connecting piping of the steam

generator assembly consists of four 7-inch shcedule 80 downcomer pipes

and four 7-inch schedule 80 riser pipes. The downcomer piping originates
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at the bottom of the steam drum (which is located outside of the contain-

ment vessel) and passes through the containment vessel. An expansion

joint is used between the downcomer piping and the containment vessel to

allow for thermal expansion. The downcomer piping is bent around the out-

side of the condensing water heater and continues until entering the bot-

tom of the pressurized water heater.

One section of riser piping comes from the top of the pressurized water

heated boiler and connects to the bottom of the condensing water heated

boiler. This piping also supports the pressurized water heated boiler

which is suspended from the condensing water heated boiler by the riser

piping. The other section of riser piping, which is the structural sup-

port for the steam drum, leaves the top of the condensing water heated

boiler and enters the upper portion of the steam drum. This section of

riser piping passes through the containment vessel allowing for thermal

expansion by a mechanical expansion joint between the containment vessel

and the riser piping.

In order to allow for the installation of the steam generator, an opening

is required in the top of the containment vessel, A steel plate, which

will be part of the steam generator assembly, will be required to cover

this opening after installation.

l.5.h STEAM GENERATOR PROPOSAL (FIGURE 15)

The specifications for the steam generator as outlined previously were

transmitted to the Babcock and Wilcox Company, Boiler Division, New York,

for a design proposal on the steam generator.
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The general arrangement of equipment resulting from B. & W.'s preliminary

study of the steam generating equipment for the nuclear tanker is pre-

sented in Figure 15. Two duplicate sets of equipment are provided, each

consisting of a condensing water heated boiler, a pressurized water heated

boiler and a steam drum connected with risers and downcomers. This equip-

ment has been designed to the following AMF specifications.

A. Heat and Steam Loads

The total heat load on the system is 25h x 106 BTU/hr, or 74.4 M.

Each set of boilers carries one-half of the total load or 127 x 106

BTU/hr. Within each set, the heat transferred per boiler is one-

half the set load, or 63.5 x 106 BTU/hr.

The total secondary steam flow is 258,000 lb/hr. This requires each

of the two sets to provide 129,000 lb/hr.

The total steam flow from the reactor to the condensing water heated

boilers is 191,000 lb/hr. (95,500 lb/hr. each set.) The water flow

to the pressurized water heated boilers is h x 106 lb/hr. (2 x 106

lb/hr. each set.)

The following specifications are on a single unit basis.

B. Condensing Water Heated Boiler - Primary Fluid

The primary fluid was assumed to be dry saturated steam, and is on

the tube side.

Temperature entering - 53 F saturated steam

Temperature leaving - 53W' F saturated water

Pressure of steam - 900 psig
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Flow of steam - 95,000 lb/hr.

Allowable pressure drop - o.5 psi

C. Pressurized Water Heated Boiler - Primary Fluid

The primary fluid is assumed to be saturated water, and is on the

tube side.

Temperature entering - 5340 F saturated water

Temperature leaving - 5090 F

Pressure of fluid - 900 psig

Flow of liquid - 2 x 106 lb/hr.

Allowable pressure drop - 10.0 psi

D. Secondary Fluid - Saturated water and steam flow from the pressur-

ized water heated boiler to the condensing water heated boiler in

series.

Fluid is on the shell side.

Temperature of the feedwater entering the steam drum - 2490 F

Temperature of the steam leaving the steam drum - 4890 F saturation

Operating pressure - 600 psig

Moisture in steam leaving the steam drum - 0.25% maximum

General Description: The lower unit, a pressurized water heated boiler,

has a divided tube sheet, with horizontal U-tube heating surface. Water,

at saturation temperature, flows by natural circulation from the steam drum

to the bottom of the shell through two downcomers. A mixture of steam and

water leaves through four risers, situated at the top of the shell, after

picking up heat from the pressurized water inside the tubes.
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These risers enter a single shell of the condensing water heated boiler.

Separate tube sheets enable the tubes to be inclined 100 from the hori-

zontal plane. Heat is given up by the condensing primary steam and trans-

ferred to the steam water mixture in the shell. Steam at a higher quality

leaves the shell through one riser, completing the secondary natural cir-

culation circuit.

The secondary fluid mixture enters behind a baffle in the steam drum and

flows through twelve 11 3/4-inch conical cyclone separators. Part of the

steam is condensed to heat the incoming feedwater from 249 F to 1489 F.

This feedwater enters through a distribution pipe, located in a position

to assure adequate mixing of the steam and incoming feedwater.

Steam leaving the cyclone separators is directed through corrugated scrub-

ber elements which insure that steam, with a moisture content not exceed-

ing 0.25%, will be delivered under tne full load conditions. After the

scrubbers, the steam passes through a perforated distribution plate-type

baffle to the main steam outlet.

The following data is on a single unit basis.

Pressurized Water Heated Boiler

Surface Area 2670 ft2

Number of Tubes 560

Average Effective Tube Length 26.7 ft

Tube Size 0.75" O.D. x .0625" min. wall

Tube Pitch 1" triangular

Material Type 347 SS



Condensing Water Heated Boiler

Surface Area

Number of Tubes

Average Effective Tube Length

Tube Size

Tube Pitch

Material

1620

740

18.4

0.5"

3/4"

Type

Steam Drum

Inside Diameter

Length of Straight

Scrubber

Cyclone Separators

Risers and Downcomers

Downcomers

Risers between Boilers

Risers to Steam Drum

ft2

ft

0.D. x .0425" min. wall

triangular

347 SS

60"

7.5 ft

8 ft0 aft Type TB Scrubber

12 - 11 3/4" conical

2-8"

4-8"

1-18"

Special Considerations: The angle of the inclined tubes of the condens-

ing water heated boiler is 100, with the shell oriented in a fore and aft

position. The 100 angle is provided to assure drainage during a momen-

tary inclination of 50 and a permanent inclination fore and aft of 5.

The orientation in a fore and aft position is to assure drainage during

a momentary roll of 30 and a permanent list of 15*.

Non condensible Gases: A vent will be provided in the lower head of

the condensing water heated boiler to allow non-condensible gases to



be removed from the primary system. Complete information as to the amount

of gases that will be formed, and the effects on heat transfer is not

available. No additional heating surface which may be required has been

provided in this preliminary study.

Maintenance: The pressurized water heated boiler will have four hand

holes in the inlet header allowing access to the entire primary face of

the tube sheet for inspection. If a tube starts to leak, it can be

plugged if necessary.

Hand holes will be provided in the two separate headers of the condens-

ing water heated, boiler. The same type of maintenance can be made as in-

dicated above. Because of the small size of the headers, manholes are

not provided in these heat exchangers.

Containment Penetrations and Support: The penetrations of the contain-

ment are limited to three openings; one riser and two downcomers. The

downcomers and riser enter the containment through bellows in a cover

plate. It is anticipated that these penetrations will be able to with-

stand the 150 psi design pressure of the containment vessel.

Using the type of support suggested in Figure 15, the condensing water

heated boiler is supported on saddles, resting on a reinforced wall

bracket. The pressurized water heated boiler hangs from the supported

drum by risers, the two straight risers carrying most of the weight.

The steam drum is supported by one 18-inch riser, with necessary flex-

ible supports from the containment vessel, keeping it secure during

various motions of the ship.



Materials: The material proposed for the fabrication of the steam gen-

eration equipment will meet the following specifications:

1/2" and 3/h" Tubes SA 213 Type 347 Stainless Steel

Inlet and Outlet Headers, and
Primary Face of Tube Sheet Clad with 304L Stainless Steel

Shell and Heads SA-212 Grade B

Tube Sheet SA-105 II

Riser and Downcomers Carbon Steel

Primary Nozzles SA=106 Grade C

1.6 PRIMARY PIPING, PUMPS AND VALVES

1601 DESIGN REQUIREMENTS

The functional requirements of the reactor primary system are to contain

the reactor coolant (primary fluid) and to transmit the coolant from the

reactor core to the steam generators and back to the core inlet. A pump

driven by a canned rotor motor provides the hydraulic motive power to

the coolant to provide the forced circulation cooling of the reactor core.

A gate-type valve is located in each piping circuit of the primary system

to allow complete isolation, for possible maintenance, of each major com-

ponent in the system. The overall piping arrangement selected to best

meet the thermodynamic requirements of the cycle is separated into four

piping circuits, namely: (a) a primary steam circuit which conveys satu-

rated steam from the top of the reactor core by natural circulation to

the condensing water heated boiler; (b) a primary steam condensate cir-

cuit in which condensate flows by gravity from the condensing water heated



boiler to the inlet piping system connected to the pressurized water

heated boiler; (c) a primary coolant supply to the pressurized water

heated boiler in which 534 F saturated liquid is taken from the top of

the reactor core and circulated to the inlet to the pressurized water

heated boiler; and (d) the coolant water return from the outlet to the

pressurized water heated boiler to the inlet to the reactor core through

a forced circulation pump.

1.6.2 GENERAL DESIGN CRITERIA

The following design conditions are common to all components of the pri-

mary system: (a) type 304 stainless steel is used throughout the entire

system; (b) the normal operating pressure of the primary system is 900

psig; (c) the structural design pressure for the primary system is 1200

psig; (d) the normal operating temperature of the primary system is

53L4 F; (e) the structural design temperature for the primary system is

6000 F; (f) the complete primary system is within the containment vessel.

This requires compactness of design and allows only infrequent service

opportunities; (g) three inches of 85% magnesia pipe covering is used for

thermal insulation on all pipes, pumps ard valves to minimize the heat

lost to the inside of the containment vessel; and (h) all joints must be

leak proof. All piping connections are butt welded. All construction

must be in accordance with A.S.M.E. Code. Flexibility is provided in

the piping by configurations which allow thermal expansion of the piping

system.
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1.6.3 PRIMARY PIPING DESCRIPTION (FIGURES 16 AND 17)

The overall primary piping is arranged into two separate complete opera-

tional loops that are mirror images of each other, so that with one loop

in a non-operative condition, the reactor plant may be operated at one-

half power level. Each loop is made up of the four circuits previously

explained.

The primary steam circuit in only one loop conveys 95,500 pounds per hour

of saturated steam from the top of the reactor core to the condensing wa-

ter heated boiler. Ten-inch pipe was selected for this circuit resulting

in a pressure drop, caused by the 74-foot equivalent length, of 0.67 psi.

The minimum wall thickness to meet the structural design requirements is

0.405 inches. To allow for standard manufacturing variations, schedule

80 weight pipe with a 0.593-inch wall thickness was selected, The driv-

ing force for circulating the steam through this circuit is obtained by

natural circulation.

The primary steam condensate circuit conveys 238 gallons per minute con-

densate at 5330 F from the condensing water heated boiler to the piping

system connected to the pressurized water heated boiler, Six-inch pipe

was selected for this circuit resulting in a pressure drop of 0.11 psi

due to 44 feet of equivalent length of pipe. To meet structural require-

ments previously set forth, a schedule 80 weight pipe was selected, which

results in a wall thickness of 0.432 inches.

The primary coolant supply circuit transmits 2x106 pounds per hour or 5340 F

saturated liquid from the reactor outlet to inlet of the pressurized water



STEAM DRUM AND
SEPARATORS

SECONDARY STEAM
TO PROPULSION

FEEDWATER
IN LET

CONDENSING
WATER HEATED

BOILER

SATURATED
STEAM OUTLET
FROM REACTOR

DOWNCOMER

PRIMARY
COOLANT OUTLET FROM REACTOR

PRESSURIZED
WATER HEATED

/ PRIMARY COOLANT INLET
TO REACTOR

d-

- [LE-PRIMARY SHIELD TANK
CHECK VALVE -_

A.M.F CLOSED CYCLE BOILING WATER REACTOR
REACTOR PRIMARY PIPING SYSTEM

FIGURE 16

-88-



LLL PsS

~ELVATNLSKN ORAD

PORT -A-CGESSOPEIEN

STEAM DRWM

NNGNIR- --

NEATERO D -

CICLFIt AG PumP-

-- -- - - - - - C - - - -

PRIMARY

-D , AM CFEEECCLEBEUNGWAER EATO

BOILE TA KREAC OR PRMARYMAPRN
- - - - - - -- FOU REL I

XBOIRE TAFE+-D 9-

r
LEADD-m

STARBOARD SCNDRjSEM

-SSTEAM DRUM

SECODAYFEED .

ATER --- N---

- C>N1; TAKT I'

ONDTESN - - -_ - -
ZEDI

T ED -- -

- - - I - . -- - "

1 

--roo GE

CONTANIENT-.-.-

O TL NEE

SE--SEC. I FO
ELEVATURIICAIO

-- DTVSE TK.

IO.OF FEED TI.«..rrr_



heated boiler, There is an equivalent length of 55 feet of piping in

this circuit which results in a friction drop of 1,93 psi. Calculations

indicate that a minimum wall thickness of 0.517 inches is required to

meet A.S.M.E. Code. Commercial schedule 80 pipe with an average wall

thickness of 0.687 inches was selected, therefore, resulting in adequate

material for manufacturing variations.

Each circuit of the primary water return conveys 2 x 106 pounds of 5090 F

primary coolant from the pressurized water heated boiler to the core in-

let. Structural requirements dictate 12-inch commercial schedule 80 pipe

with 0.687-inch average wall thickness. The fluid flows through 12-inch

pipe frami the pressurized water heated boiler to the inlet header of the

primary circulating pumps. Two "canned" rotor pumps are connected to the

inlet header to convey (force) the fluid to the reactor core. Normal op-

eration requires one pump, the other being a stand-by, The pump forces

the primary coolant through a check valve into the pump discharge header

which is connected by 12-inch pipe to the reactor core inlet. This en-

tire circuit from the pressurized water boiler through the primary circu-

lating pumps to the core has an equivalent length (pipe plus fittings

plus valves) of 273 feet and results in a 9.5 psi pressure drop.

1.6.4 PRIMARY PUMPS

The primary circulating pumps are required to force circulate 2 x 106

pounds of primary coolant water per hour through the reactor primary loop.

In normal operation, each pump is required to handle 2 x 106 pounds per

hour and develop a hydraulic head across the pump of 30 psi. The suction

pressure for the pumps is approximately 885 psig and the discharge pump



pressure is 915 psig, The temperature of water entering the pump is

509* F. The structural design pressure and temperature for the pump are

1200 psig and 6000 F, respectively. The pump will have to operate under

long periods of continuous service inside the containment vessel where

maintenance may be performed only when the reactor is shut down.

Each pump is driven by a direct connected electric motor. Two types of

electric drive motors were considered; namely, the "canned rotor" motor

which is totally enclosed unit, and the conventional type motor connected

to the pump through a mechanical seal on the shaft. The pump mechanism

of either unit contains a twin volute, single stage, centrifugal pump im-

peller with a vertical shaft connected to the drive motor, The pump suc-

tion connects to a 12-inch schedule 80 pipe, and the pump discharge con-

nects to a 10-inch schedule 80 pipe. The pump unit is made of type 304

stainless steel.

A "canned rotor" pump suitable for the stated requirements is herein pre-

sented. The pump is designed for 5330 gpm of demineralized water and to

develop a 30 psi head at 1750 rpm when handling water at 5090 F and 885

psi suction. The motor would be for operation on 3 phase, 60 cycle, 440

volt supply. The unit would have an overall length of approximately 58

inches. The distance from the top of the motor to the bottom of the mo-

tor flange which joins to the pump casing is 36 inches. The distance

from the bottom of the motor flange to the center line of the pump volute

is 7 3/4 inches and from that point to the pump suction is 14 1/4 inches.

The diameter at the flange where it joins the pump is 24 inches. The



pump volute, of course, is not symmetrical about the axis but is approxi-

mately 32 inches across the major axis.

This pump is designed with a two speed motor rated at 130 HP at full

speed of 1750 rp~n. A single speed unit is not recommended because it

would have to develop 160 HP to handle the load with cold water which

takes more power than hot water (normal operating conditions). The two

speed unit can be started at half speed and switched to full speed after

heating up operation. The two speed unit is less expensive than a single

speed unit large enough for the cold operation,

1.6.5 PRIMARY VALVES

General: There are two types of valves used in the primary system. Gate

valves are used to isolate certain components for service or test purposes

and check valves are used to prevent reverse circulation through the pri-

mary circulating pumps. These valves are subject to the previously given

general conditions and requirements of the primary system. In addition,

the primary valves are subject to the following requirements: The valve

bodies and principal parts are made of type 316 cast stainless steel.

Valve seats, discs and gates may have stellite facing at contact points.

No leakage is permitted between valve body and bonnet. If the bonnet is

not integral, it must be seal welded. The entire flow surface must be

smooth to reduce friction and eliminate sediment pockets which might

catch radioactive particles.

Gate Valves: Gate valves are located in each of the following circuits:

a ten-inch valve in each primary steam supply circuit to isolate the
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condensing water heated boiler from the reactor vessel, and twelve-inch

valves located in both the primary coolant supply circuits and the cool-

ant water return circuits to isolate the pressurized water heated boilers

from the reactor vessel. The gates may be solid or split wedge type but

must rise well out of the seat to give the minimum flow resistance. The

ten-inch gate valve is for a steam flow of 95,500 pounds per hour of sat-

urated steam at 900 psig. The twelve-inch gate valves are for a water

flow of 2 x 106 pounds per hour at 900 psig and approximate temperature

of 534o F. All gate valves are located in horizontal pipe runs with the

stems and motors in a vertical position. Motor operation is required be-

cause valves are remotely operated. The motors must be designed to op-

erate valves at 900 psi across the gate. No bypass can be used because

the bypass valve would be inaccessable. The gate valves are located where

the radiation level is high, which affects the electrical insulation and

lubricant used. Zero leakage along the valve stem is desirable but al-

most impossible to achieve. Very little leakage is expected from commer-

cial standard design because valves will be operated only a few times

per year. It has been recommended that a small amount of leakage be per-

mitted and the leakage be piped to a hot waste tank. A lantern gland

packing with a leak-off connection is applicable. The gate must seal

tight so as to prevent any visible leakage with 900 psi across it.

Check Valves: A swing type check valve is located on the horizontal out-

let of each of the four primary circulating pumps. A 10-inch check is

satisfactory for the normal flow of 2 x 106 pounds per hour flow of de-

mineralized water at 509 F. The friction drop across each check valve
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is 3.1 psi. Commercial leakage standards of about 300 cc. per hour across

the closed dish is permissible. No leakage is permissible between valve

body and valve bonnet. Integral design is desired, but a flange connec-

tion may be seal welded satisfactorily. The cap should be a pressure

seal type or a canopy welded design. The hinge pin must be seal welded

against leakage.

1.7 CONTAINMENT VESSEL DESIGN

1.7.1 DESIGN REQUIREMENTS

The primary structural purpose of the containment vessel is to contain

any material released by the unlikely accident of a rupture of the re-

actor primary system. The design pressure of 150 psi was based on the

release of all the thermal energy of the primary and secondary fluids

within the containment vessel. Consideration was given to using the

ship's structure as a containment vessel, but this was found to be un-

economical due to the fact that the pressure remained quite high, even

if the volume were increased considerably, thereby requiring excessive

reinforcing of the ship's structure.

To protect personnel from radiation during operation, it is necessary to

shield the entire reactor primary system. Where feasible, this shielding

(secondary shielding) is effected principally by the use of cargo or bal-

last tanks. In other areas, lead is used, and can often be best supported

by the containment vessel wall. Where it is used over cylindrical parts

of the containment vessel, it is attached directly to the wall. Where
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the shape is such that it is difficult to attach the lead, special walls

or decks may be built off the containment vessel to support the lead.

The principal requirement of the containment vessel when used as a sec-

ondary radiation shield is to adequately attenuate, to less than toler-

ance, the 6.2 Mev r rays emitted by N16 in the coolant water as it is

circulated through the primary reactor piping system in close proximity

to the interior surface of the containment vessel. The N16 , having a

7.35 second half-life is formed by the interaction with the fast neutrons

and 016 of the water during the passage of the coolant through the active

reactor core. The primary reactor piping system presents a difficult

shielding problem since: (a) the energetic gammas., 6.2 Mev, require un-

usually thick layers of shield material, generally lead; (b) the primary

reactor piping system and hence the radiation source is brought near the

containment vessel wall eliminating any geometrical attenuation and mak-

ing shielding clad directly to the system difficult to attain due to mech-

anical requirements; and (c) the transit time of the water is too rapid

to effect significant half-life reductions in source intensity.

The containment vessel forms a convenient structure to support other

equipment. The steam generator will be supported by structure spanning

from the containment vessel to the primary shield tank. Piping, valves,

demineralizers, waste tanks, etc., will be completely or partially sup-

ported by the containment vessel.

1.7.2 MECHANICAL DESCRIPTION (FIGURES 3, 18 AND 19)

The containment vessel is structurally designed to withstand 150 psi.

Under all normal conditions there will be essentially no pressure
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difference across the vessel wall. The 150 psi would occur only under

a most extreme and unlikely condition of accident. Because of the size

of the vessel and consequent need to assemble it by welding in the "field",

it is desired to keep the wall thickness to a minimum. The 1 l/2=inch

thickness on a 32-foot inside diameter gives a membrane hoop stress of

approximately 199200 psi. Although this is somewhat high for carbon

steel plate in a vessel that is continuously stressed, it is considered

satisfactory for this vessel which is seldom, if ever, stressed.

The vessel is also subjected to stresses due to other causes. It must

support its own weight and that of shielding and other equipment that

might be partially or completely supported by it. For the purposes of

stress calculations, it is assumed that these masses must be supported

under accelerations equal to twice that of gravity, in any directions

Support for the containment vessel is obtained by building the lower

semi-ellipsoidal head into the ship s structure The head will fit down

into the "tanrk top" and be we ded to vertical webs running both fore and

aft and athwart ship. More details of this connection are

part of the report dealing with the ships structure.

Although the found tion is quite broad (a vertical through the center

of gravity under the design condition of 300 maximum roll falls within

the dimensions of the foundation), sway bracing may be used from near

the top of the containment vessel to the ship's structure. Sway bracing

for the primary shield tank will brace between the top of the shield tank

and the containment vessel0 In designing the sway braces, as well as all
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other parts, consideration will be given to designing them so that their

natural frequency is not close to that induced by the ships propeller.

Several methods are under consideration for attaching the secondary shield-

ing lead to the containment vessel wall and to shielding decks or curtains.

The lead may be bonded to the steel over the whole area or just at the

edges of the individual lead slabs, or the slabs may be bolted to the

steel. The edges of the slabs may be stepped or bonded to prevent radia-

tion streaming. The details of these connections will depend primarily

on the results of detailed structural and construction studies.

Any decks or bulkheads within the containment vessel, to support shield-

ing or otherwise, will be vented to prevent pressure build-up across the

surface. These vents may prevent failure of the structure in the un-

likely event of a rupture and will also insure that the whole volume of

the containment vessel is used to dissipate the released energy.

Where the pressure-tight shell of the containment vessel is penetrated

by rotating shafts, such as valve operating shafts or nuclear instrument

positioning shafts, a stuffing box type seal will be used. A stuffing

box will also be used where electrical wires penetrate. Piping which

penetrates the containment vessel will be welded to fonu a pressure-

tight connection where they enter the wall.

Where the lead shielding is penetrated, sleeves, plugs, collars, or baf-

fle slabs will be used to control radiation streaming, as required by

the results of nuclear shielding studies.



Probably the best way to assemble a structure such as the containment

vessel is to assemble it in the ship. Sections as large as can be con-

veniently handled will be positioned in the ship and welded together0

The bottom section, including the primary shield tank foundation will be

installed first and the remaining tank built up on it. The reactor ves-

sel, steam generators, hot waste tanks, and other large equipment will

be installed as the containment is built. The section of the upper head

containing the steam generator risers and downcomers will be installed

with the steam generators, and the rest of the head will be welded into

it. The risers and downcomers will be connected to the containment shell

through expansion diaphragms to allow elastic distortion of the head

under stress.

1.7.3 ACCESS AND SERVICING

Penetrations through the containment tank will be kept to a minimum to

reduce the possibilities of leakage. The largest access hole is directly

over the reactor vessel, and its principal purpose is for refueling. It

will have an 11-foot 6-inch diameter clear opening, reinforced in accord-

ance with the Unfired Pressure Vessel Code. The semi-elliptical cover

will be bolted on. Bolts and nuts will be used in preference to studs

in tapped holes, which, if they seize up, could cause trouble and delay

in refueling. The U=foot 6-inch opening will allow removal in one piece

of the thermal insulation top hat and the reactor vessel head. These

parts, and the lead shielded cover over the containment closure, and the

cover itself can be removed by a crane for refueling. There will be an-

other reinforced access opening with gasketed and bolted cover and lead
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shielded cover in the top head primarily for access to the demineralizer.

This opening will be located directly over the demineralizer so that re-

moval of radioactive wastes can be made by a direct lift. This hole will

also provide access, during shut-down, to the containment area above the

lead deck under the reactor vessel. A third reinforced access opening,

with bolted and gasketed closure, but not requiring a lead cover, will be

provided below the lead shield deck to give access to the control actua-

tor space and also access to all components within the containment vessel.

Minimum servicing will be one of the important factors in choosing equip-

ment for use inside the containment vessel. If possible, the servicing

period will be made to coincide with the refueling period. The reactor

must be shut down before personnel can enter the containment vessel.

Space will be allowed at the end of the steam generator drums for access

to plug or reweld tubes if necessary.

The pumps will be supported in such a way as to allow easy removal of the

motor-impeller unit if required. Access to the control actuator space

below the reactor will be so arranged as to allow easy removal of the

actuator mechanism. Grabs, ladder rungs, grating decks, and handling

eyes will be located to facilitate servicing.

None of the refueling equipment will be supported by the containment

vessel. The main section of the wet refueling tank will be supported by

the ship's structure over the containment vessel. A removable sleeve

section will slip down through and seal at its top to the containment

vessel and seal at the bottom on the lip of the reactor vessel. Access
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to the containment area above the lead deck with this sleeve in place

(during refueling) will be through the opening over the demineralizer.

The venting of air inside the containment vessel to the atmosphere is

accomplished by a piping arrangement described in part 1.8.8. The vent-

ing system consists of an air filter, piping and valves. The valve ar-

rangement allows the containment vessel to be completely sealed to pre-

vent the escape of air out of the vessel. If at sea or in an acceptable

area, the air in the containment vessel may be vented through a filter

to the atmosphere.

1.8 REACTOR AUXILIARY SYSTEMS

1,8.1 INTRODUCT ION (FIGURE 20)

There are several auxiliary systems required to maintain the power out-

put of the nuclear process and to maintain safe operating conditions for

the equipment and personnel connected with the nuclear process. In gen-

eral, these systems are located within the containment vessel, which

makes them inaccessible during operation and subject to 1200 F ambient

temperature, high radiation level and high humidity. Also, the auxili-

ary systems differ from the primary systems in that short interruptions

can be tolerated.

1.8.2 PURIFICATION SYSTEM (FIGURES 17 AND 20)

The primary water purification system is designed to maintain the im-

purities in the primary water below a maximum of 2 ppm. The purity level

is maintained by continuously filtering a small portion of the primary

fluid and returning the filtered water into the primary system. This
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stream, to be filtered, must be passed through a series of heat exchang-

ers to reduce the temperature from 534* F to 1000 F. At 1000 F the water

is demineralized in a resin bed ion exchanger and is then pumped back

into the primary system. The primary water to be purified is withdrawn

from the main primary system through a one-inch connection on one of the

12-inch inlet pipes to the reactor vessel. This stream is at primary

system conditions of 531 F and 900 psig. It enters the first component

of the purification system, called the regenerative feed heater, which

may be a "double pipe" heat exchanger, where 10 gpm of primary water are

cooled from 534* F to 2000 F. The heat exchanger is made of two concen-

tric type 301 stainless steel pipes. The hot primary water is cooled in

the center pipe by giving up heat to the reactor make-up water in the

annular space (make-up) between the two pipes. The heat exchanger de-

sign may be a shell and tube type.

The 2000 F water flows from the center pipe of the regenerative heater

through one of the two automatic control valves, which are in parallel

and reduce the pressure from 900 psig to 80 psig. Only one valve is in

service at a time, the second valve being a stand-by. A blow-down type

valve is recommended for this severe service (pressure reducing valve).

The water flows from the control valve through a second heat exchanger

called the purification loop cooler. This may be a double pipe heat ex-

changer. The primary fluid flows through the inner pipe, and cooling

water from the auxiliary cooling system flows through the annular space

between the smaller and larger concentric pipes. The purification loop

cooler on the primary side operates on 80 psig and normally reduces the
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temperature of the water to be purified from 2000 F to 100 F. The flow

of cooling water automatically maintains the 1000 outlet temperature re-

gardless of inlet temperature variations. The outlet from the primary

side (center pipe) of the purification loop cooler passes to the hot

waste tank. This tank is a vertical cylinder 5 feet 6 inches in diame-

ter and 18 feet high. The hot waste tank is used to store excess primary

water, caused by expansion from increasing primary system temperature,

and to store un-treated primary water from the demineralizer circuit.

Under normal operating conditions, un-treated water is pumped by one of

the hot waste pumps from the hot waste tank to the demineralizer header.

There are two hot waste pumps in parallel, one in service and the alter-

nate as a standby. The hot waste pumps are located below the hot waste

tank in the containment vessel so as to have a net positive suction head

from the contained fluid. These centrifugal type pumps each have a ca-

pacity of 10 gpm against a 20 psi head. Two parallel identical circuits

connect the demineralizer header with the feed tank. One circuit is in

use while the second is a spare. The fluid from the demineralizer header

flows through a filter which 'removes undissolved solids, then through a

demineralizer which removes most of the remaining impurities. The efflu-

ent from the demineralizer contains 0.5 parts per million total impuri-

ties. The estimated total corrosion products formed in the primary system

equal 21,600 grains per month.

The purified (treated) water is stored in the feed tank which is a verti-

cal cylinder of type 304 stainless steel 5 feet 6 inches in diameter and
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18 feet high. The feed tank has two connections. One is a fill and vent

line from outside the containment vessel; the second is for nornal flow

and is connected to the feed pump suction header.

Either of the two parallel identical feed pumps take suction from the

feed pump header at atmospheric pressure and force the purified primary

fluid back into the primary system where the pressure is 900 psig. Type

304 stainless steel piston pumps are used for this service.

The feedwater is heated from 1000 to 445 by the regenerative feed heater.

This double pipe heat exchanger was previously described. The feed pump

discharge is connected to the annular space between the two concentric

pipes where the purified water picks up heat on its return to the primary

fluid flow.

1.8.3 NON-CONDENSABLE GAS REMOVAL SYSTEM

The steam generated in the reactor core flows to the tube side of the

condensing water heated boiler where it condenses and returns to the

reactor. Any entrained non-condensable gas will be carried with the

steam into the condensing water heated boilers and be trapped above the

condensate. This gas should be removed before it accumulates up to the

heating surface, thereby preventing the non-condensable gases from af-

fecting the heat transfer characteristics of the steam generator assembly.

One vent trap is located on each inlet and outlet pipe to the condensing

water heated boilers to extract the gas from the primary system. The

total volume of gas to be purged is approximately 575 cubic feet/hr. at

534 0 F. Each trap will be capable of the full venting load. The outlet
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of each trap will be piped separately to the vent stack where the gas

will loose its identity in the much greater volume of general stack gases.

The traps must be made of type 301 stainless steel and be designed for

900-pound service. A globe valve in the vent line between the contain-

ment vessel and the vent stack will control the gas flow if the trap

fails.

1.8.1 COOLING SYSTEM (FIGURES 17 AND 20)

A system is required that will furnish controllable quantities of cooling

water to several components within the containment vessel. The cooling

water should be non-corrosive and free of impurities that might become

radioactive.

The cooling water is pumped through a closed cycle from the auxiliary

systems water cooler to the various components and returned. The heat

absorbed by the auxiliary cooling water is transferred, through a sub-

merged coil in the auxiliary systems water cooler, to the ship's circu-

lating system.

The auxiliary systems water cooler (heat exchanger) and the circulating

pumps are located outside the containment vessel. The shell and tube

type heat exchanger for this service may be located on the 10-foot level

in the reactor switchgear room. The cooling water will flow inside the

tubes, and sea water on the shell side of the heat exchanger. The other

components of the auxiliary cooling systems are inside the containment

vessel and inaccessable during reactor operation. The small quantity of
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heat dumped to the sea water for this service may be used for other heat-

ing services aboard ship after a more detailed investigation has been

completed of this item.

The cooling system Is made up of the following circuits:

Primary Shield Tank Cooling Circuit: The primary shield consists of sev-

eral tank sections filled with water surrounding the reactor vessel. The

heat added to these tanks by sensible heat through the reactor insulation

and by direct atomic radiation is equal to 199,050 BTU/hr. Twenty gpm of

auxiliary cooling water is circulated through 240 lineal feet of 3/4-inch

all welded piping in coils submerged in the various shield tanks to main-

tain a temperature of 1150 during normal operation.

Heat Exchanger Space Circuit: The heat exchanger space, annular in shape

and located between the primary shield tank and the containment vessel,

is occupied by the primary piping, pumps, and steam generator assemblies.

This space is heated by thermal radiation through the primary piping sys-

tem and by electric motors on the pumps, valves, etc. Finned cooling

surface is distributed about the heat exchanger space through which 7 gpm

of auxiliary cooling water is circulated to maintain a maximum ambient

temperature of 1200 F.

Control Rod Drive Space Circuit: The control rod drive space is located

directly under the reactor vessel and is enclosed by the primary shield

tank foundation. This space is heated by thermal radiation and by heat

from the electric motors on the control drives. Twenty-five feet of

finned cooling surface is distributed around the control rod drive space
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to maintain a maximum ambient temperature of 1200 F. Two gpm of auxili-

ary cooling water are required for this system.

Purification Loop Cooler Circuit: The purification loop cooler is de-

scribed in the section on the purification system. It is a tube within

a tube heat exchanger which requires 50 gpm of auxiliary cooling water.

Primary Circulating Pump Cooling Circuit: The primary circulating pumps

are water jacketed and require 60 gpm of auxiliary cooling water when all

four pumps are in service. The cooling water jackets are required to

maintain the temperature of the electric motor windings at a set maximum

level.

1.8.5 DRAINAGE SYSTEM

A sump is located in the control rod drive space at the bottom of the

containment vessel. Any leakage from the primary system is conducted to

the sump where it is pumped into the hot waste tank. The leakage could

come from the seals on the control rod drives, valve packing glands or

sweat collectors under the cooling coils in the heat exchanger space or

control rod drive space. The maximum leakage allowance is 48 gallons

per hour for 16 control rod drives and 18 gallons per hour for 6 gate

valves.

1.8.6 RELIEF SYSTEMS

The pressure relief system is a safety precaution taken to protect the

primary system against excessive pressures. A safety valve is located

on each of the two 10-inch primary steam supply lines close to the reac-

tor vessel. The safety valve outlet is connected by a 6-inch pipe to the
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ship's vent stack. During normal operation, the control system maintains

a maximum pressure of 900 psig in the primary system. If the controls

fail, the first safety valve will open at 960 psig. This safety valve is

electrically operated and may be tested by a remote switch. The second

safety valve is set for 990 psig. It is a standard spring loaded type

safety valve. Both safety valves are located inside the containment ves-

sel and are therefore inaccessable during operation. Safety valve design

size and settings must meet A.S.M.E Code regulations.

1.8.7 BORIC ACID SYSTEM

The boric acid system is a hand operated nuclear shut-down system con-

trolled by the operator. Boric acid is a neutron absorber and its intro-

duction into the reactor core has the same effect as inserting nuclear

control rods. The boric acid is stored in a cylindrical stainless steel

tank 21.6 inches I.D. by 3 feet high. The boric acid tank is pressurized

by helium at 2200 psi. The bottom outlet of the tank is connected to the

12-inch primary water inlet to the reactor vessel. A hand operated valve

is located in the boric acid line near the outlet of the boric acid tank.

If the operator wishes to shut down the nuclear reaction (permanently) he

opens this one hand valve and the boric acid at 2200 psig will flow into

the reactor core. It is obvious that this hand valve that separates the

boric acid from the core must be 100% leak-proof. A mechanically operated

rupture disc may be applied in this application to insure that the valve

is 100% leak-proof. The helium system, the boric acid tank and the hand

control valve are located outside the containment vessel.
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1.8.8 CONTAINMENT VESSEL VENT SYSTEM

A six-inch vent pipe is connected from the top of the containment vessel

to the ship's vent stack. This atmospheric vent permits operation of all

motors, controls, etc., at atmospheric pressure. A screen type filter is

installed on the containment end of the vent pipe to remove solid parti-

cles that might be radioactive. If necessary, a valve that hangs open

normally but snaps shut if subjected to a sudden force may be installed

on the 6-inch vent line to seal the containment vessel during an accident.

Also a mechanically operated gate valve is placed between the snap valve

and the containment vessel to allow complete sealing of the vessel. The

air within the containment vessel is normally circulated by a blower, and

a small amount of this air is released to the vent stack to allow a change

of air to take place during normal operation.
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SECTION II POWER PLANT DESIGN

2.0 Propulsion Machinery and Associated Systems

The main propulsion turbine, reduction gears, shaft-
ing and propeller are described herein. A design for
all auxiliary systems such as the steam condensate
systems are specified. Ship's service machinery such
as the distilling plant, refrigeration, Butterworth
system and c argo system are defined. The cargo pump-
ing, heating, and venting systems are specified.
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2.1 GENERAL MACHINERY DESCRIPTION

The vessel shall be arranged for single screw propulsion with geared tur-

bine machinery situated aft. Principal characteristics of machinery in-

stallation shall be as follows:

Shaft Horsepower

Normal ahead 209000 SHP at about 102 RPM

Maximum continuous 22,000 SHP at about 105 RPM

Steam Conditions

At reactor steam drum outlet 600 PSIG 1880 F

At turbine throttle 585 PSIG 4860 F

Normal and maximum ratings for machinery shall be based upon the follow-

ing conditions.

Normal rating: As required to develop 20,000 SHP

Maximum rating As required to develop 20,000 SHP plus 30,000

pounds of steam per hour for auxiliary services.

2.2 MAIN PROPULSION TURBINES

2.2.1 MAIN TURBINE (FIGURES 21, 22 AND 23)

The propulsion turbines shall be of the impulse type, of the latest de-

sign, consisting of one high and one low pressure turbine with astern

elements incorporated in the low pressure turbine casing. The astern

turbine shall be designed to develop 80% of the normal ahead torque at

50% of normal ahead RPM with a steam flow not greater than the normal

ahead throttle flow. It shall also be capable of operating at 70% of nor-

mal ahead RPM for one-half hour. The low pressure turbine and astern ele-

ments shall exhaust into a surface type condenser located beneath the

turbines.
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The turbines shall be designed for the maximum efficiency obtainable con-

sistent with reliable operation when delivering normal rated power and

shall have under this condition a water rate not exceeding 8.23 pounds

per shaft horsepower/hour (non-bleeding). The power shall be divided ap-

proximately equally between the high and low pressure turbines under nor-

mal power conditions. Turbines speed shall be as approved. The rotors

shall be dynamically balanced in the shop before installation. Turbine

casings and diaphragms shall be split on the horizontal center line. Pro-

vision shall be made to allow for expansion of turbines in any direction

without affecting the alignment of the rotors.

Connections shall be provided to permit independent operation of the high

pressure and low pressure turbines for emergency purposes. This shall be

accomplished by an emergency steam supply to the low pressure turbine and

an exhaust connection from the high pressure turbine receiver pipe to the

main condenser.

Connections shall be provided for the extraction of steam from the tur-

bines for feedwater heating and for operating the salt water distilling

plants and miscellaneous ship's services as herein specified.

A steam separator capable of removing 23,000 #/hr. of moisture shall be

installed in the cross over pipe between the HP and LP turbines. Drains

from this separator shall be taken through a drain cooler to the fresh
"

water drain tank.

2.2.2 TURBINE BEARINGS

Each turbine shall have two journal bearings of the split sleeve type

and one thrust bearing of the pivoted segmental type.
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2.2.3 MAIN THRUST BEARING

A main thrust bearing of the pivoted segmental type shall be located aft

of the main gear casing.

2.2.4 TURBINE GLANDS

Turbine glands shall be of the steam sealed labyrinth type. Sealing

steam will be supplied from the auxiliary steam system and gland vapor

will be removed by a motor driven centrifugal fan. A condensate cooled

leak-off condenser shall be provided in the fan suction to prevent dis-

charge of gland vapor into the machinery spaces.

2.2.5 TURBINE GOVERNORS

The turbines shall be fitted with a governor which shall prevent over-

speeding and also shut off the steam supply to the turbines when either

the lubricating oil header pressure or the lubricating oil pump discharge

pressure falls below a safe value0  The governor shall be of the oil-

operated type, actuated by oil pumps driven from the turbine rotors.

2.3 MAIN REDUCTION GEARS, SHAFTING AND PROPELLER

2.3.1 MAIN REDUCTION GEARS (FIGURES 21 AND 22)

The main reduction gears shall be of the double reduction articulated

type. The design of the gears and shape of the teeth shall be in accord-

ance with the best modern practice. The gears shall operate without ex-

cessive noise and shall be free from vibration at all loads. All rotat-

ing parts shall be balanced dynamically in the shop before installation.

A gear case dehumidifying system shall be provided.

2.3.2 MAIN SHAFTING (FIGURES 21 AND 22)

The shafting shall be of solid forged steel connected by integral coup-

ling flanges and tapered bolts. The proportions of the line shafting
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shall be in accordance with the requirements of the American Bureau of

Shipping. The number of shaft sections and steady bearings shall be as

approved. The propeller shaft shall be designed to have a strength 10%

in excess of that required by the American Bureau of Shipping. A compo-

sition sleeve shall be fitted on the propeller shaft extending the full

length in way of the stern tube. The propeller end of the shaft shall

be tapered and fitted with a forged steel nut and key. A spare tail

shaft shall be provided.

2.3.3 PROPELLER

The propeller

minum bronze.

sign shall be

Stowage shall

shall be right handed, solid cast type and of nickel alu-.

The diameter, pitch and number of blades and general de-

as approved. The propeller shall be statically balanced.

be provided for spare propeller.

2.4 STEAM GENERATING EQUIPMENT

2.h.1 GENERAL REQUIREMENTS

Steam for main propulsion and auxiliary purposes shall be generated by

one AMF closed cycle boiling water reactor which shall be capable of the

following continuous operating conditions

Maximum evaporation 260,000 #/hr.

Normal evaporation 230,000 #/hr.

Minimum evaporation 7,567 #/hr.

Designed drum outlet pressure 600 psig

Maximum variation from designed outlet pressure + 50 psig

Designed drum outlet temperature 4880 F

Minimum permissible steam quality 99%

Feed temperature 2490 F
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2.1.2 CONTAINMENT VESSEL

The entire reactor plant shall be installed in a steel pressure vessel

of cylindrical form with elliptical heads designed to withstand the maxi-

mum credible catastrophe pressure. Containment vessel shall be fabricated

and installed by the shipbuilder in maximum sizes of sub-assemblies to per-

mit oven annealing after welding. Field welds, where necessary, shall be

low temperature stress relieved. All welds shall be radiographically ex-

amined at approved intervals,

2.4.3 SHIELDING

In addition to the primary shielding which is furnished with the American

Machine & Foundry Co. equipment, there shall be a system of secondary

shielding furnished and installed by the shipbuilder to protect person-

nel in accordance with the standards of tolerance set up by the U.S.

Atomic Energy Commission.

This secondary shield system shall use alternate tanks of cargo and salt

water ballast to shield the forward and port and starboard sides of the

reactor. The shielding of the top and after sides shall be accomplished

by installation of lead blocks. Lead to be mounted on containment vessel

by approved means and all joints shall be wiped to prevent radiation

leakage.

The cargo and/or ballast shielding shall be designed to permit circula-

tion of the fluids used between the ballast tanks and sea and between the

shield cargo tanks and cargo tanks remote from the reactor to prevent un-

due exposure time of the shielding fluid. Means shall be provided to pre-

vent inadvertant draining of these shield tanks and an explosion-proof

type of level alarm shall be fitted to these tanks.



2.5 EMERGENCY BOILER

An emergency water tube marine boiler fitted for burning diesel oil under

forced draft shall be installed. This boiler shall have a maximum evapo-

ration of 52,000 #/hr at 600 psig outlet pressure and 100 F superheat.

The boiler shall be of the sectional header type with refractory furnace.

One motor driven forced draft fan, one vertical simplex fuel oil service

pump and one vertical simplex feed pump shall be fitted to serve this

boiler.

2.6 MAIN AND AUXILIARY CONDENSERS AND CONDENSATE SYSTEMS

2.6.1 CONDENSERS (FIGURE 21)

The main condenser shall receive main propulsion turbine exhaust and shall

be of the two-pass, straight-tube, reheating surface type. It shall be

of such design as to insure the maintenance of a condenser pressure of

1.5" Hg. absolute, when with a cleanliness factor of 85% and a sea water

temperature of 75* F the maximum ahead power is being developed by the

propulsion turbine. The water velocity through the tubes under these

conditions shall not exceed 6.0 feet per second.

The main condenser shall have steel shell, cast iron water boxes, Muntz

metal tube sheets and 90/10 copper nickel tubes.

Each generator shall have its own condenser capable of maintaining a pres-

sure of 1 1/2" Hg. absolute with 750 F sea water and with generator devel-

oping maximum rating. Materials to be as specified for main condenser.

One atmospheric condenser shall be fitted of sufficient size to handle the

exhaust from cargo and stripping pumps, reciprocating and deck machinery

and returns from cargo heater coils. Materials shall be as specified for

main condenser.
-121®



2.6.2 AIR LJECT(3S

The main condenser shall be served by a twin two-stage ejector with sur-

face type inter- and after- condensers. Each set of two-stage jets shall

be capable of removing free dry air plus vapors to saturate, when the mix-

ture pressure at the air ejector suction is 1.5" Hg. absolute and the

temperature is 820 F.

Each generator condenser shall be served by one twin two-stage air ejec-

tor with surface type inter- and after- condensers. Each set of two-stage

jets shall be capable of removing free dry air plus vapors to saturate

when the mixture pressure is 1 1/2" Hg. absolute and the temperature is

820 F.

2.6.3 FEED AND CONDENSATE SYSTEM

The condensate pumps shall take suction from the main condenser hot well

and shall discharge through the main air ejector condensers, the conden-

sate cooled distiller, gland exhaust condenser, drain cooler to the de-

aerating feed heater. The temperature of feedwater in the deaerating

heater shall be maintained at 2490 F by means of the exhaust from feed

pump and Butterworth pump turbines plus necessary extraction steam from

H. P. turbine. The drain cooler shall receive drains from the steam sepa-

rator between HP and LP turbines.

The condensate pumps for the generator condensers shall take suction from

their respective hot wells and shall discharge through the auxiliary air

ejector condensers, the gland condensers and the drain cooler to the de-

aerating feed heater.

The atmospheric condenser, the Butterworth heater, the drain cooler, the

gland condenser and the second stage air ejectors shall drain to the fresh
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water drain tank from whence the drains shall be pumped up to the deaerat-

ing heater by the fresh water drain transfer pumps. Drains from the con-

taminated side of the atmospheric condenser shall be led to the fresh

water drain tank through an inspection and filter tank.

The dissolved oxygen content of the feedwater leaving the deaerating feed

heater, as determined by the ASTM Referee method (ASTM88), shall not ex-

ceed 0.005 ml/liter.

The main and emergency feed pumps shall take suction from the deaerating

heater and shall discharge to the steam drums through a stop check valve

and an automatic feedwater regulating valve of the Copes two element type.

Main feed pumps shall be turbine driven and fitted with a Leslie type dif-

ferential pressure governor. Feed pumps shall have emergency suction con-

nections to the distilled water tanks.

2.6.h PUMPS

Pumps shall be provided in accordance with the machinery list tabulation.

Capacities and loads shall be suitable for the services and systems in-

stalled in the ship.

2.7 DISTILLING PLANTS

Two complete salt water distilling plants shall be installed in the en-

gine room. They shall be of the low pressure, horizontal, single effect,

submerged tube type with internal vapor separator and distilling condensers,

and external air ejector condenser and condensate cooler, complete with all

instruments for proper operation and control.

Each plant will produce 10,000 gallons/24 hours of fresh water of a sal-

inity not exceeding 0.25 grains of sea salt per gallon when operating
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under the following conditions clean tubes, saturated steam supplied

to tube nest at not more than 5#G pressure, 85 F sea water, brine den-

sity in shell of 1 1/2-32nds.

One plant shall be arranged to permit cooling of the distillate by the

main condensate system.

2.8 CARGO SYSTEM

2.8.1 CARGO OIL PUMPING SYSTEM

There shall be four cargo pumps, horizontal centrifugal turbine driven

located in the main cargo pump room between #9 and #10 center tank. Each

pump to have a capacity of 58O gpm at 125 pounds discharge pressure.

There shall be two cargo stripping pumps, vertical duplex 16" x 14" x 18".

The cargo tanks shall be divided into four groups, each served by an in-

dependent pump and suction main. Mains shall be 14" diameter with 12"

branches and suction bell mouths. Each group shall also have an independ-

ent 12" discharge main terminating in manifolds P/S on upper deck amid-

ships. Groups shall be cross-connected on the suction and discharge

sides. Master valves shall be fitted in the suction mains at each tank.

12" drop lines shall be installed for loading connecting the discharge

main near the manifold to the corresponding suction main below. Ballast-

ing of the cargo tanks shall be accomplished by common sea suction and

discharge headers in the pump room to which all the pumps are connected.

There shall be two 8" stripping suction mains, one serving the forward

end of vessel, the other serving the after half. Branches and bell mouths

to be 6". One 6" stripping discharge shall lead to midship manifolds.

Suitable cross-connections on suction and discharge to the main systems

shall be fitted.
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All cargo piping shall be extra heavy IPS steel pipe.

There shall be one reciprocating vertical duplex 16" x 140 x 18" salt

water ballast pump in the after pump room to handle the salt water bal-

last in the reactor shield tanks.

2.8.2 TANK HEATING

1 1/2" X.H. heating coils shall be fitted in all cargo oil tanks in the

ratio of one square foot of heating surface to each 125 cubic feet of oil.

2,8.3 CARGO OIL TANK VENT SYSTEM

Each cargo oil tank, except the cargo and ballast tanks used for reactor

shielding shall be fitted with a 6" pressure vacuum relief valve at a

suitable height above deck to comply with USCG requirements for grade

"B" cargo.

Each cargo and ballast tank used for reactor shielding shall be fitted

with a 6" branch vent line with a pressure vacuum valve. The outlets of

the pressure vacuum valves shall be connected to a header leading to the

top of one of the after kingposts and fitted with a flame arrestor at the

outlet. Header to have drain valves and steaming out connections.

2.8.4 CARGO TANK ULLAGE SYSTEM

The cargo tanks and ballast tanks used for reactor shielding shall be

fitted with closed standpipe tape ullage gauges of approved make.

All other cargo tanks shall have open type ullage openings in the hatch

covers.

2.8.5 CARGO OIL TANK CATHODIC PROTECTION SYSTEM

A total of 9 tanks (3 sets of three adjacent athwartship tanks) shall be

provided with a system of cathodic protection against electrolytic

-125-



corrosion in cargo tanks which may be used for carrying salt water bal-

last. Sacrificial magnesium anodes will be arranged as required for the

maximum protection of all surfaces within the designated tanks. The an-

odes will be installed to avoid interference with the loading or discharg-

ing of cargo oil, Butterworthing operations, washing down, or other work

normally carried on within the tanks, and shall withstand these operations

without derangement. The system will be designed by and installed under

the supervision of competent engineers experienced in the application of

cathodic protection.

2.8.6 BUTTERWORTH SYSTEM

A salt water heater and drain cooler shall be provided and installed so

that heated water may be discharged through the firemain to the cargo oil

tanks for cleaning by the Butterworth system. This system shall normally

be served by the turbine-driven fire and Butterworth pump, with the motor-

driven fire and general service pump as a standby. The heater and drain

cooler shall operate in series and heat 600 gpm or salt water from 450 F

to 1800 F when supplied with steam at 175#a.

2.9 REFRIGERATICI

A refrigeration plant of the direct expansion type, designed for use with

Freon-12 refrigerant, shall be located in the engine room. The plant shall

consist of two compressor-condenser units arranged so that each unit takes

a part of the refrigeration load under normal operating conditions and so

that either unit can serve the total load requirements under light or emer-

gency conditions. The plant shall be capable of maintaining a temperature

of 00 F in the freeze compartment, 350 F in the chill room and be capable of

freezing 300# of ice each 2 hours, when the ambient temperature is 1200 F.



2.10 ELECTRICAL EQUIPMENT

The electrical system shall be of the alternating current type at 60

cycles, single or three phase as required. h50-volt distribution shall

be provided for general power requirements, and 117 volts for lighting.

Direct current shall be provided locally for battery charging.

The ship's service generating plant shall consist of two 450 volt, 3

phase, 0.8 power factor, 60 cycle geared turbine-driven generators. Each

unit shall be designed to deliver 1000 KW continuously when supplied with

585#G pressure saturated steam at the turbine throttle and exhausting to

a condenser at 28 1/2" Hg. vacuum, The units shall also operate satis-

factorily at reduced capacity when exhausting to the auxiliary condenser

at 25" Hg. vacuum or to atmosphere.

The synchronous generators shall be of the totally enclosed type with

salt water air cooler. The installation shall be complete with exciters

and voltage regulators of the direct acting type.

Each unit shall be equipped with a constant speed governor of the oil re-

lay type, protective devices to shut steam supply on overspeed or lubri-

cating oil system failure and a forced feed lubricating system. The lu-

bricating system shall include coolers, strainers, attached gear driven

pump and a hand pump for starting purposes.

One diesel driven 150 volt, 3 phase, 60 cycle generator of the drip-proof

type shall be provided and installed on the upper desk aft. The genera-

tor shall be rated for 300 KW continuous with 50 C ambient, and shall

provide power for cold ship starting as well as for emergency lighting

and power purposes. The diesel engine may be of either the two or four
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cycle type, with speed not exceeding 1800 RPM and shall be complete with

battery for starting and with radiator and fan (blower type).

It shall start automatically upon failure of voltage at the main switch-

board and oe manually stopped.

Rectifiers shall be installed locally where required for battery charging.

The following switchboards shall be provided and installed.

One main switchboard for the control and protection of the two ship's

service turbo-generators and the distribution of )50 volts and 117

volt a.c. power and lighting current.

One emergency switchboard for the control and protection of the emer-

gency generator and for distribution of 150 volt and 117 volt a.c.

power and lighting current.

One forward ship's service and emergency distribution switchboard

for the distribution of 150 volt and 117 volt a.c. power and light-

ing current in the amidship and forward quarters.

The switchboards shall be of the deadfront type. The main and emergency

switchboards shall consist of leveled steel panels with self-supporting,

structural steel box type rear frame structure. The forward ship' s serv-

ice and emergency distribution switchboard shall be of the entirely en-

closed cabinet type, suitable for mounting against a bulkhead (all wiring

accessible from the front). Each switchboard shall have a drip-proof

steel top cover projecting front and rear. A hardwood grab rail at the

front and suitable guard rails at the rear shall be provided for the main

and emergency switchboards.
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2.11 ENGINEER'S WORKSHIP

A well lighted and ventilated machine shop shall be located in the machin-

ery spaces with sufficient space for the installation of lathe, grinder,

welding machine, drill press and work bench. All equipment is to be of

approved size and type.
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SECTION II POWER PLANT DESIGN

3.0 Power Plant Instrumentation and Control Systems

The control and instrumentation required for proper
and safe operation of the reactor and associated power
plant systems are described in detail. Operating con-
ditions, procedures, plant requirements and principles
used for selection of nuclear and process instruments
are defined. Details of the electric power distribution
system are given. The control room and control panel
arrangements are described.
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3.1 DESIGN REQUIREMENTS AND OBJECTIVES

3.1.1 PRIMARY REQUIREMENTS

The primary purpose of the reactor plant instrumentation and control

systems is to provide proper, safe, and reliable operation of the

reactor plant without endangering either equipment or personnel. In

order to accomplish this prime function, the instrumentation and eont

trol equipment must meet specific operating requirements. These require-

ments are as follows

Accuracy The power output of the reactor plant must be capable of

being regulated at the desired level to within prescribed limits.

Range: The power output of the reactor plant must be capable of being

regulated to within the above limits over a range from approximately

5 per cent to 100 per cent of the continuous maximum plant rating.

Speed of Responses The power output of the reactor plant must be cap-

able of being changed at a maximum rate of approximately 15 per cent

of continuous maximum rating per second.

Safety and Reliabilityg The reactor plant and the control system

must satisfy all safety and reliability requirements. Safety con-

siderations are vitally important in all reactor plant instrumenta-

tion and control equipments.

Operation and Maintenances The reactor and the control system must

not present undue hardship in operating or maintaining the equipment.
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3.1.2 EQUIPMENT DESIGN OBJECTIVES

The equipment is designed to meet the needs of the Maritime service

and reflects simplicity, reliability and ease of installation and

maintenance0

Use of Pneumatic Equipments It would be desirable to utilize pneu-

matic instrumentation wherever possible to attain these objectives.

However, to minimize unsealed penetrations of the containment vessel,

the only pneumatic operated devices within the vessel are the remote

operated control valves. To actuate these valves, use is made of

electric-pneumatic on-off or proportional relays mounted in sealed boxes

on the wall of the containment vessel in the lower conduit room. These

relays are actuated remote manually or from controllers in the control

room. All electrical leads into and out of the boxes are sealed.

Instruments Inside Containment Vessel- Instrumentation within the con-

tainment vessel, in addition to control valves, is confined to electri-

cally transmitting primary measuring elements. These devices do not

have vacuum tubes or transistors. Pressure measuring elements used on

the primary steam loop are sealed so that a bourdon or bellows rupture

will not cause leakage of primary fluid into the containment area.

Measuring elements essential to continued safe operation of the reac-

tor are installed in duplicate or triplicate with automatic compari-

son and switching circuits to insure that the variable signal is not

ost to the control system.



No local reading instruments are located within the containment

vessel. Similarly, no control of any kind, manual or automatic,

except final control elements, are located there.

Materials in Contact with Primary System Fluids All materials of

primary measuring elements which are in contact with the process

fluid will, as a minimum requirement, conform to the piping specifica-

tions for the particular part of the system involved. The same piping

specifications are utilized in selecting pressure ratings.

Automatic Controls Automatic control is used sparingly, only where the

corrective actions are to complex, too numerous, or too fast for the op-

erator to perform manually. Similarly, the number of remotely controlled

valves is held to a minimum.

Test Circuits- Where desirable and practical, test means are provided

to allow the operator to check trip circuits without affecting reactor

operation.

Annunciations Liberal use is made of annunciators. One, for the pro-

cess, is located on the main control panel. The second, for radiation

monitoring and pump motors, is on the auxiliary control panel. A black-

lighted translucent plate type is used.

Fail Safe Designs To the maximum practical extent, the d esign of the

equipment is such that failure of parts or sub-assembhies will not re-

sult in unsafe operating conditions in the nuclear propulsion plant.
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In the design of fail safe features, consideration is given to their

effect upon plant reliability and continuity of propulsion power.

3.1.3 EQUIPMENT ENVIRONMENTAL CONDITIONS

Selection of equipment will be affected by recognition of three areas

of operation having distinctly different ambient conditions from the

standpoint of temperature and relative humidity. The areas and con-

ditions are as follows:

A. Equipment within the containment vessel will withstand an ambient

temperature of 50 F to 1200 F and 95% relative humidity.

B. Equipment within the control room will withstand an ambient temp-

erature of 600 F to 900 F and 70% relative humidity.

C. Equipment outside the control room and the containment vessel will

withstand an ambient temperature of 500 F to 1200 F and 90% relative

humidity.

Shock and Vibration: Equipment is designed for normal (non-military)

shipboard usage..

Inclination: Equipment will not be damaged or caused to mal-operate

when permanently inclined at 150 from the vertical, nor when subjected

to a pitch of 50 from the vertical center line of the ship.

3.1.1 ELECTRICAL POWER REQUIREMENTS

Equipment is designed to operate within specifications from a nominal

voltage of 115 volts a.c. plus or minus 10% and 60 cycles plus or minus

5%.
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Transient Frequencys Performance will be within specifications during

frequency transients of 3% from any point within the 5% steady state

tolerance band, recoverable to within 1% of the final steady state

valve in 2 seconds.

Voltage Transients: Performance of the system will be within specifica-

tions during voltage transients of 20% from any point within the 10%

steady state tolerance band, recoverable to within 3% of the final steady

state value within 2 seconds.

Protections Protective devices are provided within the equipment for

protection of the equipment from damage due to faults. Protective de-

vices are provided so that a failure in one equipment will not cause

failure or interruption of power to other equipment. The protective

devices in each equipment are centralized and easily accessible for

maintenance purposes.

3.1.5 COMPONENT UNIT SPARES

Unit spares for all nuclear and reactor control instrumentation are

provided. Extra thermocouples are provided at sensitive points in the

primary and secondary steam cycles. Extra nipples are also provided

for pressure monitoring in the primary and secondary systems.

3.2 REACTOR CONTROL SYSTEM

3.2.1 FUNCTIONAL REQUIREMENTS

The reactor control system must be capable of adjusting and maintaining



the power output of the reactor within prescribed limits, taking into

consideration the possible reactivity distrubances, load disturbances,

thermal and pressure limitations of materials, safety, and economic

factors. These considerations are enumerated as follows

Reactivity Disturbances: The reactor may experience changes in reactiv-

ity due to fuel burnout, Xenon and other fission product build-up, inadvert-

ent rod motion, change in temperature of water entering reactor, dissocia-

tion of moderator, and variation in steam voids within the core.

Load Disturbances: Normal load changes, unintentional load changes,

and load variations about an equlibrium value may be reflected back

into the reactor system, causing or requiring a change in the power

output.

Thermal and Pressure Limitations: Various components of the reactor

plant are designed to withstand only a limited amount of excessive

pressure or thermal stresses. Rate of change and steady state magnitude

of pressure and temperature must not exceed prescribed limits.

Safety: Any control system proposed must take into consideration all

aspects of safety of personnel and equipment.

Economics: The method of control can influence the design, cost and

operation of the steam generator assembly, the turbine and other equip-

mernt.
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3.2.2 ENERGY FLOW CONSIDERATIONS

The heat energy generated within the reactor must be transported to

and absorbed by the turbine and condenser to obtain the desired use-

ful power output. In the steady state condition, the power production,

rate of heat energy transfer and power absorbed are equal for the follow-

ing components of the systems (a) The power generation in the reactor

core; (b) the net rate of heat transport by the primary coolant; (c)

the heat transfer rate across the steam generator tubes; (d) the net

rate of heat transport by the secondary steam and feedwater; and (e)

the power absorbed by the turbines and condenser.

The heat transfer rate across the tubes in the steam generator is pri-

marily a function of (a) the temperature difference between the primary

and the secondary coolants; (b) the heat transfer surface area (tube

area) within the steam generator; and (c) the tube characteristic. The

tube characteristic, i.e., material and thickness, is fixed for any one

design. In order to change the heat transfer rate, either the tempera-

ture drop across the tube or the surface area must change. This has a

major effect on the design of any control system. For most steam gen-

erator designs, the surface area is held constant, requiring the tempera-

ture drop between the primary and secondary coolants to vary with the

heat transfer rate and the power output of the system. If this is done,

the primary or the secondary or both of the coolants must vary for dif-

ferent power outputs.



3.2.3 CONTROL SCHEMES

Although many types or variations of control systems could be proposed,

only three basic types are discussed below. These schemes are (a) con-

stant primary and constant secondary steam pressures, (b) constant pri-

mary and variable secondary steam pressures, and (c) variable primary

and constant secondary steam pressures.

Each has advantages and disadvantages; no one system is unquestionably

superior to the others.

The schmatic representation of the primary and secondary steam pressure

as they vary with power level is shown for the three control schemes in

Figure 24. The simplified equipment block diagram of each control scheme

is given in Figure 25.

Constant Primary and Constant Secondary Steam Pressure Control System:

The constant primary and constant secondary steam pressure system re-

quires a variable heat transfer area in the steam generator. This might

be accomplished by adjusting the secondary system water level in the steam

generator assembly.

As shown by the diagram Figure 25, this system adjusts the control rods

(and reactor power output) to maintain a constant primary steam pressure.

The secondary steam pressure is adjusted by varying the secondary water

level in the steam generator, hence the heat transfer area. However,

secondary steam pressure control by adjusting water level requires a
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once through type of steam generator that is difficult to design.

Constant Primary and Variable Secondary Steam Pressure Control System:

The constant primary and variable secondary steam pressure control system

appears favorable from the reactor system point of view for the following

reasons.

A. Disturbances in reactivity would be reduced by maintaining a constant

primary steam pressure.

B. The stored heat energy in the primary system (at constant primary

pressure and saturation temperature) would not change for various

load levels. If the primary system steam pressure were required to

rise, (which is not the case in this scheme), during an increasing

load demand, the power demand on the reactor would increase above

the turbine load demand by the amount of energy required to raise

the primary system temperature and pressure.

C. The secondary steam system releases stored energy on an increasing

load demand and absorbs energy on a decreasing load demand. This

aids the reactor during load changes.

D. Finally, this control system probably is the most stable of the

three from the kinetic aspect. This is being investigated.

This system, however, requires more expensive turbine and steam genera-

tor equipment designed to operate satisfactorily over a variable steam

throttle pressure from 600 psi to 900 psi.
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The basic control system simply adjusts the control rods to maintain a

constant primary steam pressure. The heat transfer area in the steam

generator remains constant, so that the secondary pressure automatically

follows the primary steam pressure less the required drop across the

steam generator.

Variable Primary and Constant Secondary Steam Pressure Control System:

As shown by Figure 25, the control rods (and reactor power level) are

positioned to maintain a constant secondary steam pressure. This third

system is most desirable from secondary system equipment point of view.

The turbine and other secondary system equipment are less difficult to

design and less expensive by maintaining a constant secondary steam

pressure.

The disadvantages of this control scheme are as follows:

A. The stored heat energy of the secondary system does not aid the re-

actor during load changes. The primary coolant system requires ad-

ditional heat energy during increasing load periods. This reflects

to the reactor as an additional heat load burden during a load in-

crease. When the load demand of the secondary system drops, stored

heat energy in the primary system must be released, causing addi-

tional problems.

B. Due to the additional time delay in sensing pressure changes caused

by extraneous reactivity disturbances, this system may be less stable

then the previous system discussed.



C. The stability margin of the reactor is reduced when operating at

lower pressures which is the case when the reactor is operating

at lower power level.

3.2.4 CONTROL SYSTEM

Automatic control is to be provided for reactor power output levels

between 5 and 100 per cent of rated steady state output.

It is felt that several schemes could be used to give satisfactory

control of the reactor. However, sufficient data have not been de-

veloped to determine at this time which type of control system would

be best to use. A system that incorporates part of the features of

the last two basic schemes previously discussed may prove to be the

optimum choice.

While it is known that the entire secondary system can be built to

withstand 900 psi and that a variable steam pressure turbine can be

built, all the implications of such a design have not been thoroughly

investigated with turbine and other steam equipment vendors.

The final decision of the control system should be postponed until

further development and investigation on the various methods have

been completed.

3.2.5 REACTOR CONTROL EQUIPMENT

Although the final control scheme has not been selected, the type

of equipment may be discussed in some detail. This is because the

type of equipment is essentially the same for all control schemes.
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The equipment described is for a constant primary and variable second-

ary steam pressure control scheme with floating primary set point.

The equipment is entirely electric. A pressure transducer on the

secondary steam line transmits an electric signal to an error detect-

ing device which compares it with a manually adjustable secondary

pressure set point. Any difference, plus or minus, is transmitted to

a proportional plus reset controller whose output signal adjusts the

primary system pressure set point. Primary system pressure is measured

by a pressure transducer in each primary leg. The output signal of the

two transducers is averaged and supplied to a second error detecting

device which compares the actual primary pressure to the set point ob-

tained from the secondary pressure measuring system. Any difference,

plus or minus, is transmitted to a proportional controller with reset

and rate correction. The output of this controller is fed to a power

amplifier which controls the regulating control rod drive motor. The

rod is moved in and out of the core to change heat generation and there-

by, the primary steam pressure as required by secondary steam conditions.

Any of the 16 rods may be chosen as the regulating rod and be controlled

automatically (from 5 to 110% of full power) by the above described sys-

tem, or manually. The other control rods are all controlled manually

through switches and relays or magnetic amplifiers. Scott T transformers

are used to provide two-phase power for the motors.

All rod positions are indicated continuously to an accuracy of 1% of full



travel. Positive limits of travel and magnet contact are indicated

by pilot lights. Primary and secondary pressure are indicated on

the main control panel. Magamps and relays in conjunction with the

primary pressure transducers provide high level warning and scram

signals.

3.3 PROCESS INSTRUMENTATION AND CONTROL SYSTEMS

3.3.1 FUNCTIONAL REQUIREMENTS

The main function of the process instrumentation is to measure the

primary plant parameters of temperature, pressure, flow, water level,

quality of water and valve position. The instrument systems must

detect the condition of these parameters and provide a suitable signal

for indication and/or control of the reactor plant. The systems must

incorporate sufficient protection features to cover abnormal operation.

This is done by giving audible alarms, energizing alarm lights and/or

control action when any parameter varies a prescribed amount frame normal

conditions.

3.3.2 PRIMARY STEAM INSTRUMENTATION SYSTEM

The majority of the pressure measurements in this system are covered

under Reactor Control System, section 3.2. The following parameters

are also monitored in the primary steam systems

A. Temperature difference between outlet and inlet piping of the

pressurized water heated boiler.



B. Differential pressure across the primary circulating pumps.

C. Electric power drawn by each circulating water pump.

The temperature of the primary coolant entering and leaving the

pressurized water heated boiler is measured differentially with

high speed resistance thermometers transmitting to a Wheatstone

bridge circuit and indicated on the control panel. An auxiliary

alarm device is provided to actuate the annunciator for a high

T in either leg.

Electrically transmitting differential pressure cells are used to

measure the pressure drop across the two pumps (in parallel). Dif-

ferential pressures are indicated by separate panel-mounted indicators.

Auxiliary high and low alarm contacts are provided to actuate the an-

nunciator.

Ammeters are used to measure the electric load of each primary circulat-

ing pump. Indication is provided by small meters on the modified graphic

panel.

Several additional primary steam temperatures are measured and indicated

in a similar manner. These are (in each primary steam piping loop):

(a) steam temperature entering the condensing water heated boiler, (b)

temperature of primary steam condensate returning to the reactor, (c)

temperature of water entering pressurized water heated boiler, and (d)

temperature of water leaving pressurized water heated boiler.
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3,3,3 SECONDARY STEAM INSTRUMENTATION AND FEEIJATER CONTROL SYSTEM

The prime requirement in this system is control of feedwater flow

in each heat transfer loop to maintain steam drum at safe levels.

A three element system is proposed.

Fundamentally, a three element system adjusts the feedwater flow to

match steam flow but corrects feedwater flow additionally to compens-

ate for changes in level of the water in the steam drum, particularly

those caused by long term "swell due to different steaming rates.

Steam flow and water flow are measured by means of orifices and dry

type (mercury-less) differential pressure cells. The latter trans-

mits electrical signals to square root extracting devices and thence

to an electric ratio relay. The relay's resultant output signal is

proportional to the difference between the two flows but adjusted

(biased) by a third signal input to the relay. The third signal is

obtained from an electrically transmitting differential pressure

cell measuring steam drum water level. The electric output of the

ratio relay is converted to a pneumatic signal in a 1:1 relay located

in the junction room. The signal then goes to the pneumatic diaphragm

valve controlling feedwater flow. Steam flows, water flows and drum

levels are indicated, with both high and low alarms provided. The

indicators for this service are located on the control panel. A

spare differential pressure transmitter for drum level measurement

is mounted on each unit. A hand switch on the control panel selects

the unit to be used in the control systems for each drum. The operator



may also control the feedwater flow manually.

Both steam pressure and feedwater pressure are measured in each pri-

mary reactor loop and indicated on the control panel. The transmit-

ters are electric. High and low pressure alarms are provided.

In the secondary steam system, the following temperatures are measured

and indicated on meters on the control panel-

A. Feedwater - each loop

B. Pressurized water heated boiler secondary side - each loop

C. Condensing water heated boiler secondary side - each loop

D. Secondary steam - each loop

The steam vent throttling valves and the blowdown steam valves in

each loop are controlled remotely. Air to the steam vent valves

is proportioned by means of manually operated rheostats on the con-

trol panel and electric pneumatic proportional relays in the junc-

tion boxes. Position of the vent valves is indicated on the control

panel.

Blowdown valves are actuated through electric switches on the auxili-

ary panel and electric-pneumatic relays in the junction boxes. Switches

on the valves actuate pilot lights on the graphic panel to indicate

valve position.

3.3.4 RELIEF AND VENT INSTRUMENTATION SYSTEM

Primary steam and purification loop high pressures are relieved into
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the hot waste storage tank. To detect leakage of the relief valves,

thermocouples in wells are located just beyond each valve. If steam

or hot water starts to leak through, the temperature rise will be de-

tected. Indicators are mounted in the modified graphic panel flow

lines. Alarm contacts are provided for annunciation of high tempera-

tures.

Secondary steam system high pressure is relieved into the stack. Re-

lief valves are located in each loop.

Non-condensable gases from the reactor and containment air are vented.

Flow of gas in this vent is measured and transmitted to an indicator

in the control room.

Containment air pressure is continuously measured and compared with

ambient barometric pressure. If it becomes greater than barometic

pressure at any time, alarm contacts actuate the system annunciator.

Both ambient barometric pressure and containment air pressure are

indicated on the auxiliary control panel.

3.3.5 BORIC ACID SAFETY INSTRUMENTATION SYSTEM

System pressure and level of the boric acid storage tank are measured

and transmitted to indicators on the control panel. Low pressure or

low level is annunciated.

3.3.6 PURIFICATION SYSTEM

The system water to be purified is withdrawn at a point near the base
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of the reactor vessel. It is cooled, reduced in pressure, cooled again

and passed into the hot waste tank. Water from the hot waste tank is

pumped through demineralizers into the feedwater tank. No automatic

control will be used in this system.

An electric differential pressure transmitter and panel mounted flow

indicator are used in conjunction with a manually operated potentio-

meter and an electric-pneumatic proportional relay mounted in a junc-

tion box to position the flow throttling diaphragm valve. Flow is

adjusted to approximately 10 gpm. Because of the severe operating

conditions of this valve, a spare one is piped in parallel with it.

Alarm contacts associated with the flow indicator provide high or

low flow annunciation. The pressure downstream of the valve is in-

dicated and annunciated for high pressure.

Temperature into and out of the purification loop cooler is measured

by means of thermocouples, in wells, transmitting to indicators on

the control panel. These measurements are helpful in adjusting feed-

water flow and flow of cooling water to the purification loop cooler.

Level of the water in the hot waste tank is measured by a differential

pressure cell electrically transmitting to an indicator on the control

panel. High and low levels are annunciated. Temperature is also meas-

ured and indicated on the control panel.

Water from the hot waste tank is pumped through demineralizers to

the feedwater storage tank. The pumps are operated remotely from
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the auxiliary panel in the control room. Flow is indicated and manual-

ly regulated from the control room. Temperature of the water into the

demineralizers will be the same as that in the hot waste tank for which

a continuous temperature indication has been provided.

As an index to possible reactor troubles and to the life of the deminer-

alizers, conductivity is measured in three places, namely: (,) water

into the hot waste tank, (b) water into the deineralizers, and (c)

exit water from the demineralizers.

A conductivity cell at each point of measurement and indicators for

each, located on the control panel, comprise the system. High con-

ductivity at each of these points is annunciated. A remote operated

valve is placed ahead of each demineralizer. These are either solenoid

operated or provided with extension handles so that the demineralizers

can be placed in services or removed from service during reactor opera-

tion.

A sampling system is provided so that any system (primary, secondary

or purification) water can be checked for purity, radioactivity or

conductivity manually.

3.3.7 REACTOR MAKE-UP FEED CONTROL SYSTEM

Feedwater to the reactor is pumped from the feedwater storage tank.

The flow rate is controlled manually to maintain the proper reactor

vessel water level. The controlling valve is the diaphragm motor



type. A control panel mounted potentiometer and an electric-pneumatic

proportional relay in a junction box provide the position signal. Flow

is set at first to match the rate of withdrawal to the purification

loop. It can then be adjusted as necessary to maintain the reactor

vessel water level within the desired limits.

Flow measurement is by means of an orifice and differential pressure

cell transmitting electrically to a dial indicator on the control panel.

High and low flows are annunciated by means of alarm circuits.

Two differential pressure cells are used for the reactor vessel water

level measurement. They transmit electrically to indicators on the

control panel. High and low level annunciation is provided.

Temperature of the reactor feedwater as it enters the reactor primary

loop is also indicated. A thermocouple and well is used for the meas-

urement.

Water level in the feedwater tank is measured by a differential pressure

cell transmitting electrically to a dial indicator on the graphic panel.,

with high and low level alarm contacts for annunciation.

The remote operated valve for isolation of the feedwater system from

the reactor vessel is operated from the auxiliary panel by an on=off

electric switch. Limit switches on the valve actuate pilot lights

on the modified graphic panel.



The shield water in the shielding tanks will be obtained from the

feedwater storage tank. Probe type level detectors will be used

in conjunction with alarm contacts to annunciate when the tanks

are full.

3.3.8 COOLING WATER MONITORING SYSTEM

One scanning logging system of 36 points is supplied. The points

are in banks of nine. A separate alarm setpoint, adjustable over

the full scale of the instruments, is provided for each bank of nine

points. Each point is scanned in succession at intervals of 2 sec-

onds per point. As a point is scanned, its temperature is indicated.

Pilot lights tell the particular point being read at any time. If

any point goes above its set point, the particular bank it is in

begins to be logged. The logging continues until the system is

reset.

Any volume of material being cooled has at least one temperature

point on the scanner. All cooling water lines from each specific

cooling application are also monitored for temperature. In gen-

eral, thermocouples and wells are used for detection. In some

areas, bare thermocouples may be applicable. The list of points

to be measured is as follows-

1. Shield water (2)

2. Hot waste tank water

3. Control rod drive space (2)
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!. Reactor compartment (2)

5. Exchanger air space

6. Cooling water

7.

8.

9.

10.

11.

12.

13,

14 .

Cooling

Cooling

Cooling

Cooling

Cooling

Cooling

Cooling

Cooling

water

water

water

water

water

water

water

water

inlet

exit,

exit,

exit,

exit,

exit,

exit,

exit,

exit,

15. Cooling eater exit,

(2)

to cooling system

exchanger space coolers

shield water

hot waste tank

reactor compartment cooler

control rod space coolers

purification loop cooler

secondary steam system radiation detector (2)

Kanne chamber #1 (containment air)

Kanne chamber #2 (stack gas)

16.

17.

Air to Kanne chamber #1

Air to Kanne chamber #2

The scanner logger is mounted on the auxiliary control panel.

In addition to the remote indication and c ontinuous scanning pro-

vided by the above systems, local reading temperature gauges are

provded at the cooling eater header where the manual flow regulat-

ing valves are located. A gauge is mounted in each exit line from

the reactor system.

NUCLEAR INSTRUMENTATION SYSTEM

GENERAL

Functional Requirements: The primary functions of the nuclear

3.4

3.h.1



instrumentation area

A. To monitor the neutron flux level during start-up and at power

level.

B. To monitor the reactor period during start-up.

C. To initiate scram condition at a period of less than 5 seconds

during start-up.

D. To initiate scram condition at 115% of power level.

Summary Description: The system's functions are accomplished

through eight neutron detectors and their associated instruments.

The neutron detectors are placed in water proof instrumentation

tubes located in the shield tank. Figures 28 and 29 are simplified

drawings showing the relative positions of the detectors, shield

tank, pressure vessel, core, etc. Approximately a two decade re-

duction in flux level is expected from the core surface to the

neutron detector locations.

The range of instrument flux is expected to be 1 to 1010 nv, corres-

ponding to reactor operation from source level to full power level

as shown in Figure 26. The entire flux range is monitored by three

sets of instrumentation: (a) the start-up channels, (b) the inter-

mediate channels, and (c) the power channels. The start-up and

intermediate channels monitor the flux during start-up; the power

range channels monitor the flux when the reactor is in full opera-

tion. Duplicate instrumentation in each range is provided to
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increase reliability.

Design Requirements: The design requirements are as follows:

A. Current from the ion chambers in the power range will be computed

and indicated on a linear scale with an accuracy of 5% of full

scale reading.

B. Standard fractional deviation of the indicated power range

current due to the statistical nature of the neutron flux

shall be less than 6% of the full scale reading.

C. At any constant level during startup, the period meter current

fluctuations due to the statistical nature of the level signal

and power line transients will be less than 20% of the full scale

reading.

3. 04.2 START-'UP CHANNELS *A" AND NB"

Detector: The detector will consist of a bundle of four BF3 counters

to obtain the desired neutron flux sensivity. The range of neutron

flux seen by the start-up detector is expected to be approximately

0.1 to l05 nv. This will represent an approximate pulse rate of

0.1 to 105 cps.

Channel Instrumentation: Start-up channel instrumentation consists

of two preamplifiers, two linear amplifiers, two scalers with high

voltage supplies, and a log level count rate and period computer
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with indicating meters. The log level count rate and period com-

puter and the scalers are mounted in the reactor control room. The

necessary preamplifiers are located in the lower conduit room below

the control room on the reactor containment wall close to the out-

coming detector signal leads as shown by Figure 29.

The proposed log level computer consists of an electronic amplifier,

discriminator and log integrating circuits, and microammeter. The

amplifier has sufficient gain to produce a useful signal for the

discriminator circuit. This circuit will discriminate against un-

desired signals, primarily gamma, and provide a uniform pulse for

use in the log integration circuit. The log count rate computer

will cover greater than five decades (1 to 100,000 cps). The out-

put of the log circuit is sufficient to drive the period computer.

Period indication is obtained by time differentiation of the log

level output signal. The period will be measured from - 30 seconds

through infinity to +3 seconds. Sufficient output is available

from the period computer to operate a bistable magnetic amplifier

and indicating meters. See Figure 27.

Two meters mounted on the main control panel will indicate log

count rate level and reactor period. A switch beneath the meters

will permit selection of either of the two start-up channels.

The BF3 neutron detectors will be supplied with filtered and regulated
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high voltage from the two scalers. The voltage is adjustable from

750 to 2500 volts.

3.h.3 INTERMEDIATE RANGE CHANNELS "C" ID" AND E"

Detectors The detector, a compensated ion chamber (C.I.C.), is a

d.c. instrument whose current is proportional to the amount of

flux causing ionization. Compensation for gamma radiation is pro-

vided in each channel since at low power levels without compensation,

the gamma radiation current would be sufficient to mask the neutron

flux current.

The range of instrument flux seen by the three compensated ion

chambers is expected to be 103 to 1010 nv. This will correspond

to an approximate chamber current range of 10-11 to 1 0 -4 amperes.

Channel Instrumentation: Channel C consists of a compensated ion

chamber, log level and period computer with log level and period

indicating meters, a bistable magnetic trip amplifier, log level

and period indicators, a log level recorder and power supplies as

shown in Figure 27.

The log level and period computer covers six decades (10-11 to 105

amperes). The output from the ion chamber is d.c. and is fed direct-

ly to the diode performing the log conversion. The output of the

log computer is sufficient to drive the period computer and the per-

iod meter directly.
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Reactor period will be obtained by the same method used in the start-

up channels. Sufficient output will be available to operate a bistable

magnetic amplifier to initiate rod insertion at a prescribed period.

The bistable magnetic amplifier will have a trip point adjustable from

1 to 5 seconds.

Two additional meters on the main control panel will indicate inter-

mediate range flux level and reactor period.

Channels D and E are linear detecting channels consisting of cam-

pensated ion chambers, power supplier, micro-microammeters and

contact meter relays. The contact meter relay is adjusted to actu-

ate the annunciator if the indicated signal drops below 10% of full

scale reading. If the indicated signal exceeds 90% of the full scale

reading, the reactor is automatically scrammed. This provides an

adjustable neutron flux trip level through the intermediate range.

The high voltage supplies will be identical to the supplies used

in the power range channels. This will permit an intermediate range

detector circuit (ion chamber, high voltage cables, signal cable and

high voltage supply) to directly replace a defective power range

detector circuit. The variable compensation voltage for the ion

chamber will be obtained from the negative 150 volt power supply

with a potentiometer circuit. Each intermediate channel will have

one positive and one negative 150 volt unit for its voltage require-

ments.

-163-



3.4.4 POWER RANGE CHANNELS "E" F" AND "G

Detector: The detectors are uncompensated ion chambers identical

to the compensated ion chambers used in channels OC" and "D", except

that no compensation voltage will be applied. Compensation is not

necessary since the current due to gamma radiation is several orders

of magnitude below the current due to neutron flux when the reactor

is operating in the power range.

The power range instrument flux seen by the uncompensated ion

chambers is expected to be 106 to 1010 ny. This will represent

an approximate chamber current range of 10-7 to 10-3 amperes.

Power Range Channel Instrumentation: The primary sensing element

consists of an ion chamber which is used in conjunction with a regu-

lated high voltage power supply. The high voltage supply is connected

to the ion chamber in series with the control winding of a magnetic

amplifier. The current flowing through the control winding is pro-

portional to the ionization level within the chamber. One output

winding of the magamp supplies power to either a level indicator

or a level recorder by means of a switch. Another output winding

supplies a voltage to a bistable magamp which initiates a scram if

the control current reaches a value equivalent to 115% of full power

in the reactor.

3.4.5 AUXILIARY NUCLEAR INSTRUMENT EQUIPMENT

Start-up Function Switch: The start-up switch is located at the
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reactor control panel and performs the following operations:

A. Removes high voltage from the source detectors when the flux

level exceeds the maximum source range reading.

B. Disconnects the intermediate channels from the emergency shut-

down (scram) system when the flux level reaches the power range.

(This switch is interlocked so that switching from intermediate

to power range will scram the reactor unless the reactor has

reached 1% of power).

Control Rod Magnet Power Supp: The holding current to the control

rod electromagnets is supplied from two regulated and heavily filtered

a.c. power supplies. Failure df either supply unit will not cause a

reactor scram. Bach unit has sufficient filtering and capacity to

supply magnet current during a.c. power switching transients.

Protective Devices and Test Equipments The equipment is provided

with the appropriate circuit breakers and fuses to protect against

component failure. Removal of power from individual equipments

due to such component failure will not initiate rod insertion, be-

cause the bistable magnetic amplifiers require energizing for opera-

tion. Total loss of instrument power for a period of time longer

than one second will automatically scram the reactor.

Test circuitry is provided to check the operation of each channel.

Each instrument sub-assembly, from the detector to the scram bus,



is tested prior to plant operation. A precision pulse generator

is used to test and calibrate the start-up channel instruments.

A constant current generator is used to test and calibrate the

instruments in the intermediate and power channel.

A single multiple position switch is used during testing procedures

to disconnect or bypass the output of one channel at a time from

the scram bus. This insures that at least two channels in the power

range will be operating at all times.

3.5 RADIATION MONITOR SYSTEMS

3.5.1 GENERAL

Function: The primary purposes of the radiation monitor system

is to protect personnel from radiation over exposure and radio-

active ingestion. A second purpose is to supply information in

the event of process equipment failure.

Summary Descriptions. The Health Monitoring (H.M.) system consists

of gamma sensitive ionization chambers connected through automatic

scranning switches to micro-microammeters. The chambers are locat-

ed at strategic points around the reactor and the radiation level

is remotely indicated and recorded in the control room.

The effluent air from the reactor containment vessel and from the

noncondensable gas vent is monitored by two Kanne type chambers

and two micro-microammeters. Activity level is indicated in the
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control room and a high level alarm is provided.

The fission product monitor continuously samples the primary water

for fission product activity. Any reading above background on the

instrument indicates a ruptured fuel element. A level indicator

and an alarm are provided in the control room.

Two leak detectors are provided. One monitors the secondary steam

to detect heat exchanger leaks; the other monitors the effluent cool-

ing water to detect leaks in the cooling coils. Each unit consists

of a gross gamma detector, a count rate meter, and an alarm.

Samples are prepared and counted in a health physics counting room

located in the forward part of the ship. This room also serves as

an office for the ship's Health Physics Control personnel.

All of the monitoring channels discussed above have annunciator

panels in three locations, i.e., the control room, the health physics

counting room, and the health physics personnel quarters. Assurance

is thus given that the health physics personnel will be made aware

of radiation or contamination levels in excess of established limits.

3.5.2 HEALTH MONITOR SYSTEM

Gamma radiation from the reactor vessel and primary system is mon-

itored by twelve H.M. Chambers located as follows:

A. Control room, port
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B. Control room, starboard

C. Lower conduit room

D. Upper conduit room

E. Engine room, upper

F. Engine room, lower

G. Fore-aft walkway, port

H. Fore-aft walkway, starboard

I. Containment vessel, port

J. Containment vessel, starboard

K. Control rod drive compartment

L. Bridge

Signal currents from the chambers at these three locations flow

through coaxial cables to automatic stepping switches in the con-

trol room as shown by Figure 30. Four chambers feed one stepping

switch. The stepping switch sequentially connects each of the

four chambers to a micro-microammeter with a cycling time of about

5 seconds per chamber. The radiation level is indicated on a meter

and a signal light indicates which of the four chambers is being

read. If the level in any channel exceeds a preset value, a con-

tact meter relay actuates an alarm bell and annunciator light that

indicates from which channel the high level was received. A signal

is also sent to alarm and annunciator panels in the health physics

counting room and the health physics personnel quarters. Each of
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the three automatic stepping switches can be switched to manual

operation so that a single channel on each switch can be selected

for continuous monitoring. A recorder is provided so that any or

all twelve points may be recorded.

The system is calibrated by means of a 10 millogram radium source.

This source is contained in a "pit" type shield and is privided with

a handle, enabling it to be used with complete safety. The system

is calibrated to an accuracy of 5%.

3.5.3 EFFLUENT AIR MONITOR

A continuous air sample is drawn from the containment vessel vent

and passed through a Kanne type ionization chamber to measure gross

radioactivity of the vented gases. The chamber current is measured

with a micro-microammeter located in the control room.

A contact meter relay relay actuates the health physics alarm and

annunciator system if the level reaches a preset value.

The response of the chamber to a specific isotope (in this case,

Ahl) is calculated, and no source calibration is necessary.

An identical system is used to monitor the noncondensable gas vent.

3.5.4 LLK DETECT(ES

Leak from the primary to the secondary system are detected by means

of a scintillation type, gross gamma detector. The detector feeds
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a count rate meter located in the control room, A contact meter

relay actuates the health physics alarm and annunciator system if

the counting rate reaches 150% of the normal background.

A cooling coil is provided for cooling the sample water before it

enters the detector.

A similar system is used for detecting leaks from the primary system

to the cooling water system.

3.5.5 FISSION PRODUCT MONITOR

Fission product activity in the primary water is positive evidence

that a fuel element has ruptured. The presence of this activity

in the steam generator and primary piping may give rise to increas-

ed gamma radiation levels in the occupied portions of the ship.

Hence, knowing when such a rupture has occured is of prime import-

ance.

The most appropriate place to monitor for fission product activity

is the purification loop just before the demineralizers, as the

water temperature and pressure at this point are suitable for pro-

per operation of the detecting equipment. A sample of from 10 to

200 cc per minute is withdrawn from this point and passed through

a filter and two ion exchange columns. The second (anion) exchange

column accumulates the short lived fission products - Il34, i35

and 1136. The gamma activity of these isotopes is measured by a
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scintillation type spectrometer and a linear count rate meter with

alarm contacts. A reading 50% above normal background will actu-

ate the health physics annunciator system.

Water leaving the anion column is clean and can be returned to the

primary system at a point just beyond the demineralizers.

3.6 REACTOR ELECTRIC PCWER DISTRIBUTION SYSTEM

3.6.1 FUNCTIONAL REQUIREMENTS

The main function of the power distribution system is to provide

adequate, safe and reliable power supply to the numerous motors,

controllers, instruments, lighting and other ship's services. Each

motor or power circuit must be protected from internal faults as

well as continuous overloads. Since the switchgear for the reactor

plant will not be located in the control room, facilities for re-

mote starting and switching from the control room must be provided.

The design must provide for continuous reactor operation even with

the failure of one motor or power circuit. Flexibility of supply

and ease of switching should be incorporated in the design to per-

mit maintenance of the switchgear equipment without shutting down

the reactor. The equipment must be designed to meet the needs of

the Maritime service.

3.6.2 SYSTEM DESCRIPTION

The simplified diagram and the detailed one-line diagram of the
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ship's electric power distribution system are shown in Figure 31

and Figure 32. Two 1000 kw turbine generator units are connected

through curcuit breakers and disconnect switches to the main 450

volt 3 phase 60 cycle bus. The 300 kw diesel generator is connected

similarly to a separate emergency 450 volt bus. In addition, the

emergency bus is interconnected to the main bus with circuit breakers

permitting parallel operation of the buses. Normally, the circuit

breakers will be closed and the emergency bus will be fed from the

main bus. On loss of main bus voltage, the diesel unit will start

automatically and the tie breaker will open. The non-essential

ship's power services are provided from the main bus, whereas all

essential loads are connected to the emergency bus. This basic

arrangement is customary for conventional type tanker ships.

All of the electric power requirements of the nuclear power plant

are supplied from a distribution center located in the lower

conduit room below the control room. To insure reliability, the

switchgear is divided into two 450 volt 3 phase 60 cycle buses.

Each reactor bus is supplied separately from either the ship's

main bus or the emergency bus. Automatic transfer switches at

the reactor distribution center select either source of power

supply. Under normal conditions, the reactor buses are connected

to the main bus. However, with loss of voltage on the main bus

feeders, the switches automatically throw over to the emergency

feeder lines. This method of supply provides the necessary
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reliability without introducing problems of synchronizing buses

for parallel operation.

The reactor plant is provided with duplicate fans and pumps for

standby service to insure reliability of operation. This motor

load is divided equally between the two buses such that the loss

of power to either bus will not require shutting down the reactor.

Normally, contactors for motor control are located near the motor

and not at switchboard or distribution centers. However, the reactor

plant motors are located in containment, and the contactors are

combined with the circuit breakers on the distribution center. The

controls and switch position indicators are located in the control

room on the auxiliary panel. All of this equipment is designed to

meet the Recommended Practice for Electric Installations on Ship-

board (AIE publication #5).

Instrumentation, control, lighting and low voltage power requirements

are supplied by a 117 volt 3 phase system. Three single phase 10 kva

h50/117 volt transformers supply the low voltage load under normal

conditions. Provisions are also included to obtain 117 volt power

directly from the diesel generator emergency system.

3o7 MISCELLANEOUS CONTROL SYSTEMS

3.7.1 MOTOR STARTER CONTROLS

All motor starter switches are located on the auxiliary control



panel. Each motor control position consists of the on-off switch,

an ammeter, two indicating lamps and a name plate. The ammeter

measures the current in one phase of the motor leads. This will

indicate the electric power drawn by the motor and indirectly the

load on the motor.

Under normal conditions, when the motor is on or a breaker is closed,

the white lamp is on. Abnormal loss of power to the motor causes a

common aubible alarm to sound, the white lamp to turn off and the

red indicating lamp to turn on. Pressing the acknowledge button

silences the horn, but the red lamp remains on until the motor or

breaker switch is turned off.

The motor control position for the four primary circulating pumps

includes provisions for automatic starting of a pump in the event

of loss of power to the complementary pump in each primary loop.

In addition to the lamps at the motor control position, pilot lamps

or ammeters on the graphic panel flow diagram indicate whether the

motor is on or off.

3.7.2 SAFETY INTERLOCKS SYSTEM

The interlock systems are designed to prevent unsafe operation of

the reactor.

Start-up Interlocks: Before any control rod can be withdrawn,

certain conditions of the control system and plant must be
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established. They are as follows:

A. Instrument power on for at least ten minutes.

B. Primary circulation pumps on.

C. Reactor water level normal.

D. Steam drum water level normal.

E. Reactor water temperature at least 3000 F.

F. Primary steam pressure at least 50 psig.

G. Secondary steam stop valves open.

H. Access doors or hatches into containment vessel closed.

I. Source level instruments reading at least 2 cps.

J. All rods in start position.

Other interlocks on the control rods allow only one rod at a time

to be moved out of the core by the operator, although all rods may

be inserted at one time.

Scram Interlocks: Certain conditions of the reactor plant may be

dangerous in themselves or warn of impending danger, and corrective

action should be taken at once. In this system, all such conditions

will be annunciated to the operator, who will have full responsibility

for taking the proper action including manual scram.

Three conditions are extremely dangerous and require rapid automatic

corrective action by rapid insertion of the control rods (scram).

These are: (a) neutron flux density exceeding 115% of normal maximum,
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(b) primary steam pressure exceeding 970 psig, and (c) when primary

circulation fails in either loop.

If both primary circulating water pumps in either loop stop for

longer than one second, the reactor should be shut down to prevent

a possible high neutron flux transient resulting from a surge of

cooler water into the reactor if the pumps are restarted.

Normally, one primary pump for each loop will be operating. Auto-

matic pump throw-over is provided to start the complementary pump

in the loop upon failure of the operating pump. If neither pump

is operating for a period longer than one second, the reactor is

automatically shut down.

During start-up, additional conditions causing a scram areas (a)

fast rate of increase of neutron flux density (period shorter than

4 seconds) and (b) 90% of scale on intermediate range, narrow span,

power level meter.

Test Circuits - Bypassing: As mentioned in the discussion of nuclear

instrumentation systems, a test switch is provided to check scram

circuits. It is assumed that these will be checked once per watch.

The test switch selects the circuit to be tested and bypasses the

scram action. Pressing an auxiliary button introduces a simulated

trip level signal to the particular system. If the system is operat-

ing properly, the annunciator will be actuated. Since the switch can



only select one circuit at a time, only one scram can be bypassed

at any one time. There is no other method available to the operator

for bypassing scrams.

3.7.3 ANNUNCIATION

All dangerous or potentially dangerous conditions in the reactor

system or auxiliary systems must be brought to the attention of the

operator as soom as they accur. An annunciator, mounted on the main

control panel, provides this service,

A h8 point visual sequence system with back lighted alarm panels is

supplied. In a multiple alarm sequence, this type of system allows

the first alarm condition to be pin-pointed. The nameplate light

for the first condition comes on red as the alarm horn sounds. Sub-

sequent condition nameplates come on white. Pressing the silence

button turns off the horn. As the conditions return to normal the

lights go out, excpet that the first condition light flashes red

when it returns to normal and must be put out by the operator push-

ing the system reset button.

Annunciated condtions are as f ollows:

1. Primary steam relief valve leaking.

2. High radiation level, cooling water.

3. Primary circulating pump off.

!. Evaporator level, high, low.
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5. Secondary steam pressure, high,low.

6. Bulkhead stop valves closed.

7. High radiation level, containment air.

8. High radiation level, stack gas.

9. High radiation level, secondary steam.

10. Low pressure, boric acid safety system.

11. Reactor vessel water level, high, low.

12. Reactor make-up feed flow, high, low.

13. High purification loop pressure.

14. Differential pressure across subcooler pumps, low.

15. High L T, pressurized water heated boiler.

16. Fuel element rupture.

17. Conductivity of water from reactor high.

18. Conductivity of water frame purification loop dmineralizer high.

19. Purification loop relief valve leaking.

20. Purification loop relief valve open.

21. Cooling system high temperature.

22. Feedwater tank level, high, low.

23. Bearing temperature high.

24. High radiation level, health physics chambers.

25. Short period scram.

26. Short period warning.

27. High flux level warning.

28. High flux level scram.
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29. Manual scram.

30. High flux level scram, intermediate range.

31. Intermediate range power indicator off scale at low end.

32. Access door open.

33. Ion chamber not in place.

34. Hot waste tank level, high, low.

35. Reactor water flow to hot waste tank, high, low.

36. Purification loop water flow, high, low.

37. Shield water level low.

38. Boric acid, level low.

39. Boric acid leak pressure high.

40. Containment vessel pressure high.

3.7.4 STRESS AND HEAT BALANCE INSTRUMENTATION

For heat balance and stress calculations, thermocouples are provided

in addition to those mentioned under the various systems. These

couples are located on the outside of the reactor vessel, in the

shield water, on the steam generators, etc. They all are led

through a junction box to a 36 point switch bank and a double

range precision indicating potentiometer located on the auxiliary

control panel.

3.7.5 BEARING TEMPERATURES

A 40 point, high speed (1 point per second) shipboard type, bearing

temperature monitor is supplied for measurement of pump and motor
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bearing temperatures in the reactor system. Thermocouple hot jun-

ctions for this purpose should be installed by the equipment man-

ufacturers.

The scanner is mounted on the auxiliary panel. As each point is

scanned, a corresponding light goes on. Each point has its own

alarm set point. If it is exceeded, a second light for that point

goes on, and the annunciator is actuated. The system will continue

to scan. Any bearing temperature may be checked at any time by means

of a manual selector switch and indicator on the scanner.

3.7.6 POWER INTEGRATOR

The total time integration of reactor power level is provided by a d.c.

type watthour meter.

308 ABBREVIATED OPERATING PROCEDURE

A simplified operating procedure including start-up of the reactor

plant is included to provide a better description of the plant opera-

tion.

Steps taken for reactor plant start-up are as follows:

3.8.1 All instrument a.c. power is turned on. The instruments are tested

wherever possible to check for correct operation.

3.8.2 The reactor control rods are checked to insure that they are in the

fully inserted position.
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3.8.3 The water level in the hot waste tank, the boric acid safety system

tank and the feed tank are checked and adjusted to proper level for

start-up.

3.8.4 The pressure in the boric acid system is checked.

3.8.5 The reactor vessel and primary system is completely filled with

water. This removes practically all the air in the primary system.

The overflow line is closed.

3.8.6 The secondary system water level in each steam drum is checked and

adjusted.

3.8.7 The primary circulating pumps are turned on slow speed. The pump

load on each motor is checked. Bearing and motor temperatures are

checked. Differential pressure across each pump is taken.

3.8.8 Primary water temperature and pressure are continuously monitored.

As the pressure rises, the excess water is relieved to the hot waste

tank. The heat dissipated by the primary circulating pumps is suf-

ficient to slowly raise the primary system temperature beyond 3000 F.

Additional heat for the secondary and auxiliary systems may be obtained

from the emergency boiler.

3.8.9 As the water temperature approaches 3000 F, the reactor water level

is adjusted to the normal position by relieving the excess water to



the hot waste tank and by venting steam. Stream is vented to carry

out entrained air in the void area above the water.

3.8.10 The reactor purification loop is placed in service and all temperatures,

flows, pressures, and eater levels are checked and adjusted.

3.8.11 After the primary system exceeds 3000 F, a number of checks are made

before any control rod is withdrawn. All pumps and control valves

are tested. All water levels, temperatures and pressures are checked.

3.8.12 All personnel are checked out of dangerous areas and all access doors

or hatches into containment vessel are closed. The compartment air

ventilation system is checked.

3.8.13 Secondary feedwater pressure, secondary steam drum water level and

deaerator water level are checked and adjusted.

3.8.14 All instrumentation is checked for proper operation. The scram

circuits and bypasses are tested. The various start-up interlocks

are checked for proper operation. These interlocks are as follow:

(a) instrument power on for at least 10 minutes, (b) primary cir-

culation pumps on, (c) reactor water level normal, (d) steam drum

water level normal, (e) reactor water temperature at 3000 F, (f)

primary steam pressure at least 50 psig, (g) bulkhead stop valves

open, (h) access doors or hatches into containment vessel closed,

(i) source level instruments reading at least 2 cps, and (j) all

rods in start position.
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3.8.15 After all start-up checks are made and the nuclear function switch turned

to the start-up position, the control rods are slowly withdrawn one at a

time. Normal procedure is to move each rod only partly out of the core

rather than only a few all the way out. This procedure provides greater

safety margin during start-up since all rods are safety rods.

3.8.16 As the rods are removed, the counts per second on the scalers and the log

count rate meter will rise. When the reactor approaches criticality, the

change in the count rate meter becomes large for small control rod move-

ments. It is expected that the reactor will go critical at a neutron

flux equivalent to the upper range of the start-up channels.

3.8.17 As the flux level passes into the intermediate channel range, the nu-

clear function switch is turned to the intermediate position. The

neutron level is observed on all three channels and period on chan-

nel C. The start-up instrumentation is turned off. The BF3 counters

are retracted into the shield, and the BF3 center electrode is grounded.

3.8.18 In the intermediate range, the rods are moved to maintain approxi-

mately 20 second period. As the flux level rises, the operator

"follows" the level up with the two vibrating reed micro-microam-

meters. Care is taken to keep both units indicating between 20%

and 60% of the full scale reading by adjusting the micro-microam-

meter range switch. Contact meter relays connected to the output

of the micro-microammeters are adjusted to actuate the annunciator

with indications less than 10% and to scram the reactor with in-

dications greater than 90% of full scale readings.
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3.8.19 When the neutron flux level exceeds the level equivalent of 1% of rated

power, the neutron function switch is turned to the power position. This

disconnects the intermediate instrument scram circuits (two micro-micro-

ammeters and one period magamp trip unit).

3.8.20 The power level is held at a relatively low value to allow the primary

system to heat up slowly.

3.8.21 The reactor power level control may be placed on automatic when the level

exceeds 5% of rated power.

3,9 CONTROL ROOM AND CONDUIT ROOMS

3.9.1 CONTROL ROOM

Automatic control of all systems directly associated with the reactor is

provided in a centralized control room located on the 25-foot level im-

mediately aft of the reactor containment compartment. This room is ir-

regular in shape - 37 1/2 feet long and 9 1/2 to lh 1/2 feet wide. A

plan view of the control room is shown in Figure 29. Elevation is shown

in Figure 28.

A secondary lead shield between the control room and the reactor compart-

ment reduces the radiation level to a value that permits continuous duty

of personnel at all times. There is no penetration of any kind through

the wall that separates the reactor containment compartment and the con-

trol room. This prevents leakage of radioactive contamination from the

containment area into the control room. All power, control and instrumenta-

tion leads pass through the conduit rooms located directly above and below
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the control room.

The ventilating air in the control room and the conduit rooms is held at

a positive pressure, whereas the air pressure within the reactor compart-

ment is held less than atmospheric. For protection of the equipment, the

control room will be air conditioned.

The controls and inRtruments are mounted in the control room on two panels -

the main control panel and the auxiliary control panel. The main control

panel will have the controls and instruments for the following systems:

(a) neutron flux monitoring system, (b) safety interlocks, (c) reactor

controls, (d) primary coolant, (e) secondary water and steam, and (f)

primary coolant make-up.

The auxiliary control panel will have the controls and instruments for the

following systems: (a) motor starters, (b) power distribution, (c) radia-

tion monitoring instruments, (d) purification, and (e) miscellaneous scanners

and recorders.

The main control panel is essentially a vertical type board with a center

section of combined bench and vertical board as shown in Figure 28 and 29.

The most essential controls and indicating instruments are located on this

center section of the main control panel. The auxiliary control panel is

entirely a vertical type board, Figure 29.

Standard and modified graphic panel designs are utilized in the instrument

layout of the panels. The instrument arrangement, the design of the indicat-

ing dial faces and the use of pilot lights are "Human Engineered for the
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most logical design to minimize operating errors. Indicating pilot lights

use green for normal conditions, amber for abnormal alarm, red for danger-

ous conditions, and Miite for electric power on or circuit breaker closed.

An extensive number of operating conditions are monitored and indicated

by the annunciator system. The annunciators extend across the top of both

control panels.

An intercommunication system connects the control room to the engine room,

the upper conduit room, the lower conduit room, the electrical switchboards,

and various other control centers through the ship.

3.9.2 UPPER AND LOWER CONDUIT ROOMS

The upper and lower conduit rooms located directly above and below the

control room provide for orderly distribution of the electrical cables

and termination of pneumatic tubing. To prevent contamination of the

control coom, no pneumatic lines enter the control room; all transmission

is by electric lines.

For greater reliability, some of the regulating valves within the reactor

containment area are pneumatically actuated. The electric to pneumatic

relays are located in sealed junction boxes in the conduit rooms mounted

directly on the reactor compartment wall as shown in Figure 29. Double

seals, i.e., the electric cables from the control room into the junction

box and the pneumatic or electric lines from the box into the reactor

compartment, assure no leakage of radioactive contamination into the

-189-



conduit rooms and the control room. These boxes, approximately 2 feet

wide and 1 1/2 feet high, have bulkhead type openings to allow mainten-

ance of the electric-pneumatic relays if necessary. Sufficient second-

ary (lead) shielding on the reactor compartment wall permits normal

maintenance of equipment in both the upper and lower conduit rooms at

all times.
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SECTION II POWER PLANT DESIGN

4.0 Reactor Refueling System and Facilities

The refueling requirements for removal of a spent
fuel element from the reactor core and the replacing
of a new element in the core are defined. The design
approach to meet the stated requirements is explained.
Those mechanical devices and equipment required to re-
move and replace fuel elements in the core are de-
scribed. The shipboard facilities for refueling the
reactor are explained. That equipment which is nec-
essary for the refueling operation, which may be
placed aboard a barge, is described.
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h.l INTRODUCTION

h.1.1 GENERAL REQUIREMENTS

The provision of a refueling system for the Nuclear Ship includes the de-

velopment of a method and tools for removing and replacing fuel elements

within the reactor core and the determination of the supporting shoreside

and shipboard facilities required for a complete refueling operation from

the receipt of new fuel elements to the shipment of irradiated spent fuel

elements. The requirements of the refueling system are as follows:

A. Remove the spent fuel elements from the reactor.

B. Transport the spent fuel elements from the reactor and place them

in a decay facility.

C. Re-arrange partially spent fuel elements within the core to equal-

ize fuel burn-up.

D. Transport fresh fuel elements from the storage area and place them

in the reactor core.

E. Provide a decay facility for spent fuel elements.

F. Provide a shipping container for transporting spent fuel elements

to a reprocessing plant.

G. Provide an emergency means of detecting and removing a ruptured fuel

element assembly from the reactor core while the ship is in a for-

eign port.

H. Provide adequate biological shielding during all phases of fuel

handling.

I. Restore the reactor to operating condition after refueling.
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Many arrangements for refueling are possible, and they ran the gamut from

completely automatic systems to bare hand tools in conjunction with a

water shield. The automatic systems appear to be generally safer but are

more costly and do not lend themselves to emergency conditions. In con-

sidering the manual refueling, such factors as water activity, visibility,

and danger of contamination must be considered. Another factor is the

possibility of water vapor obscuring the view and making working condi-

tions uncomfortable. The automatic systems are generally operated with-

out a water shield above the reactor core and use metal shielding instead.

4.1.2 WET REFUELING SYSTEM

The efficacy of this system is based upon the premise that personnel will

be able to stand above the reactor, manipulate tools, select proper fuel

elements, and do all the necessary operations without hazard.

Preliminary calculations indicate that the shield water temperature will

approach 1500 F after 24 hours fram the time of mixing the primary water

with the refueling shield water, and it is expected that the surface cool-

ing and the primary water circulation will cause the water to approach an

equilibrium temperature not much higher than this.

The activity of the refueling shield water itself after mixing with the

primary loop water also has been found to be sufficiently low to permit

working above it. (Primary coolant activity before mixing 20 mr/hr.)

The amount of shielding water required above the core itself and the in-

dividual elements being raised from it (14 ft. above core, 11 ft. above

each fuel element) is increased by the necessity for mechanical manipula-

tion. Mechanical ingenuity is required in the design of the refueling com-

ponents to keep the column of water above the reactor itself to a minimum.
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This column of water has been held to approximately 28 feet. This height

could present difficulties in viewing in the selection and insertion of

fuel elements. For this reason, either a surface viewing plate or a peri-

scope which can be attached to any of the tools may be necessary.

4.l.3 DRY REFUELING, SYSTEM

The use of a closed refueling system eliminates the requirements for a

water shield. Instead, a lead plug is generally placed directly upon the

reactor vessel. The system, however, is somewhat complicated by the need

for accurately machined large equipment. The most favorable means for

shielding personnel in such a system is the inclusion of a permanent

shielding plug immediately under the reactor vessel cover. This plug

in the present design would interfere with the steam flow and would nec-

essitate lengthening of the reactor vessel0 It would also require the

use of a heavier transfer cask since personnel would be in its vicinity

during operation.

Various concepts using both the wet and the dry system were investigated

and these were finally reduced to four basic processes.

The four basic schemes investigated for accomplishing the refueling are

as follows:

Scheme 1

Primary shielding is supplied by water. Fuel element gripping tool

and transfer cask are mounted on an 'x - "y" indexing machine. The

handling of the fuel elements is accomplished without visual contact.

Scheme 2

Primary shielding is provided by water. The fuel element gripping

tool and transfer cask are mounted on a rotating eccentric indexing
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machine. The handling of the fuel elements is accomplished with-

out visual contact.

Scheme 3

Primary shielding is provided by water. All tools are carried by

the crane and positioned manually. The transfer cask would be

loaded under water. All fuel element handling is perfomed with

visual contact.

Scheme h

Primary shielding of the reactor core is provided by a rotating

metal plug. Transfer cask and integral fuel gripping tool are

mounted on this plug. All handling of the fuel elements is accom-

plished without visual contact.

The refueling procedure and tools for the Nuclear Ship require simplicity

of design and operation, lowest possible weight, utilization of available

shipyard facilities, and little or no interference with other maintenance

operations during refueling. Based on these requirements, refueling

scheme #3 above was selected as embodying most of the desirable features.

Scheme #4 may be retained as an alternate in the event that it seems de-

sirable to rely less on operator skill at the cost of more complex and

expensive equipment.

The equipment required and procedures to be followed to refuel the Nu-

clear Ship in accordance with scheme #3 are described herein.

The equipment has been grouped into three categories: (a) Shipboard Fa-

cilities; that equipment which is primarily used on the ship; (b) Dock-



side and Fl'oating Barge Facilities and Equipment; the equipment and

facilities which are used and kept on shore or on a barge (c) Avail-

able Facilities; those facilities and equipment which may reasonably

be expected to be available in the shipyard or on the ship and which

will be used in the refueling operation.

U.2 DESCRIPTION OF EQUIPMENT - SHIPBOARD FACILITIES (FIGURE 33)

The equipment described is used to remove spent fuel elements from the

reactor core during normal and emergency conditions. The fuel element

transfer cask and the mechanical method of support of the cask over the

core during refueling operations are defined. The core handling tools

for removing and replacing fuel elements are described. The emergency

cask and the ruptured fuel element detector are explained.

h.2.l TRANSFER CASK AND SUPPORT (FIGURE 3)

Refueling Transfer Cask and Pot: The refueling transfer cask consists

of 12 inches of shielding lead to limit surface activity to approximately

100 milli-roentgens per hour, and a stainless steel inside liner and out-

side casing. The complete transfer cask assembly weighs approximately

32 tons.

The design of the cask incorporates a swiveling bracket which holds a pot

having four fuel element capacity. The pot is made of stainless steel

with 12 inches of shielding lead at the bottom and weighs approximately

1 ton. The pot is designed to fit inside the cask and may be brought

into the cask through the bottom. The use of a pot eliminates the need

for a valve at the cask bottom and eliminates the possibility of the

water leaking out during transit.
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The pot bracket serves to position the pot underneath the cask and also

over the reactor core. The bracket also has a latch to assure positive

locking of the pot in the bracket. A positive locking latch may also

be provided to secure the pot in the cask. Both the bracket latch and

the cask latch are indicating, that is, the operator will be able to

tell whether the latches are open or closed.

The top plug of the transfer cask is large enough to allow the pot

grappling tool and the fuel elements to pass through the cask top. The

supporting flange of the transfer cask is 3 feet 7 inches from the cask

bottom which rests on the cask support structure.

Preliminary calculations indicate that supplementary cooling of the re-

fueling transfer cask during operation will not be necessary under normal

circumstances. In the event that the transfer cask is delayed in transit

between the reactor and the decay pit, more than 20 hours will be avail-

able to overcome the difficulty causing the delay before the water in the

cask boils away.

Refueling Transfer Cask Support Structures The cask support structure is

positioned in the water shield opening and covers approximately half of

the opening. It may be rotated to expose different sections of the reactor

core assembly. The support structure is made of a corrosion resistant

material.

Pot Rotating and Bracket Latching Tool: This tool rotates the refueling

transfer cask pot bracket and also actuates the latch that locks the pot

in the bracket. The tool is approximately 17 feet long and adaptable for

storage on the ship. The tool is equipped with an eye at the upper end
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for handling with the crane and for storage as are the other hand tools.

Pot Latching Tool: The latch which locks the pot in the refueling trans-

fer cask is actuated by this tool. The tool is approximately 17 feet long

and adaptable for storage aboard the ship.

Pot Gripping Tool: The pot gripping tool is used for placing the pot

in the refueling transfer cask pot bracket and for drawing the pot

into the cask. The tool is 25 feet long and capable of being stored

aboard the ship.

4.2.2 CORE HANDLING TOOLS

Riser Gripping and Latching Tools This tool is used to lock and unlock

the fuel element riser structure. The tool may be used to transport the

risers between the reactor core and their racked position around the refuel-

ing tank. The tool is approximately 30 feet long and adaptable for storage

aboard the ship.

Riser Brackets: The risers are stored on these brackets while the fuel

elements are being removed and replaced. The brackets are attached to

the periphery of the refueling tank by means of key-hole slots in the

wall of the tank. The riser brackets have a tapered lead shield that

will hang between the riser and the refueling tank wall. The brackets

are stored aboard the ship.

Riser Bracket Installation Tools The riser brackets are installed on

the refueling tank wall using this tool. The tool is 6 feet long and

stored aboard the ship.
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Fuel Element Gripping Tool: The fuel element gripping tool is used for

removing spent fuel elements from the reactor core and placing them in

the refueling transfer cask pot, shifting fuel elements within the core,

and for placing fresh fuel elements in the core. The tool has a length

of approximately 34 feet and is adaptable for shipboard storage. The

tool has two sets of operating handles to allow actuation of the gripping

mechanism at the core level and at the refueling transfer cask pot level.

4.2.3 REFUELING SHIELDING TANK ASSEMBLY (FIGURE 33)

Portable Reactor Vessel Head Shield: The portable reactor vessel head

shield protects personnel from excessive radiation during reactor vessel

head gasket replacement. The shield consists of a 3 1/h-inch thick disc

of steel which fits inside the steam separator cylinder and an annular

ring of steel of equal thickness which fits between the steam separator

and the reactor vessel. The shield is made of carbon steel clad with a

corrosion resistant material. A 3 1/4-inch thickness of steel limits the

surface radiation level to 50 milli-roentgens per hour. The shield weighs

approximately 2 1/2 tons. The shield will normally be stored at the re-

fueling dock or aboard the refueling barge.

Refueling Tank: The refueling tank is permanently attached to the top

of the containment vessel. The dimensions of the refueling tank are

13 feet 6 inches diameter and 9 feet 6 inches high.

Another section of the refueling tank is placed between the containment

vessel and the upper primary shield tank and is 4 feet 10 inches in height

and 12 feet in diameter. Both sections of the tank incorporate ex-

pansion joints and are made of corrosion resistant material. A seal
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is also provided between the reactor vessel and the water shield.

The refueling tank will be filled with demineralized water to within two

feet of the top, which will provide 28 feet of water above the active

core for shielding. The activity at the water surface due to the core

will be less than one milli-roentgen per hour. The refueling tank provides

11 feet of water above single fuel elements being placed in the refueling

transfer cask pot, which is sufficient to reduce the water surface ac-

tivity level to less than 100 milli-roentgens per hour.

Approximately 18,000 gallons of demineralized water will be required to

fill the refueling tank. The water will weigh approximately 77 tons

and will be supplied from the demineralizer on a floating barge.

Segment Cover- The segment cover is placed on top of the refueling

tank to provide support for the handling tool operators. The cover will

be semi-circular with appropriate cut-outs to allow personnel proximity

to the handling tool being used.

Refueling Tank Cover: When the reactor is not being refueled, the re-

fueling tank cover keeps the tank clean.

Wash-down Hoses and Nozzlesg These are used to wash down the reactor

vessel head and the refueling tank. Tap water and demineralized

water pumped from the floating barge facilities are used for this

cleaning operation.

Refueling Tank Pumps The refueling tank pump empties the tank and

delivers water to the barge contaminated water tank. The pump is

of a centrifugal type, fabricated of stainless steel, and delivers
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26 gpm at 30 psig and 3500 rpm. The motor is 10 hp, U40 volt, 60 cycle,

and 3 phase. A little more than one hour will be required to empty the

refueling tank,

h.2.1 EMERGENCY CASK

The emergency cask is used for emergency removal of one fuel element,

such as in a foreign port. The cask has 10 inches of lead shielding, a

1/h-inch thick stainless steel inside liner and a 1/2-inch thick stain-

less steel outside casing. The cask was sized to weigh no more than the

reactor vessel head (15 tons), and therefore, 10 inches of lead allows

somewhat more than 100 milli-roentgens per hour of radiation at the

surface.

Periscope: A periscope may be used to assist the underwater handling

operations or an operation that must be performed without water shield-

ing in an emergency situation. The periscope provides its own illumina-

tion and is capable of being attached to many of the handling tools.

4.2.5 RUPTURED FUEL ELEMENT DETECTOR

A ruptured fuel element detector is used to indicate which fuel element

is ruptured if this occurs. The detector is in the form of a long probe

which is placed over a fuel element0  A sample of water from the fuel

element is drawn past an ion chamber, and abnormally high activity, in-

dicating a ruptured element, is registered by a counter remotely connec-

ted to the ion chamber.

4.3 DOCKSIDE OR BARGE FACILITIES AND EQUIPMENT (FIGURE 35)

The equipment presented herein consists of those items that are necessary

to service the normal refueling operation. The equipment consists of the
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following items: spent fuel element decay pit and handling facilities,

space to service the fuel element shipping cask, storage facilities, hy-

draulic and demineralizer equipment to service the shielding water re-

quirements, and fuel element handling tools. Part or all thereof of the

stated equipment may be packaged aboard a barge which may be self-pro-

pelled for use in several port areas.

4.3.1 FUEL ELEMENT DECAY PIT

The decay pit is constructed of concrete and lined with corrosion re-

sistant material0 It is filled with water to provide a minimum of 11

feet of water over the spent fuel elements during handling. Storage

racks are provided for 90 fuel elements. Assembly of a critical mass

is prevented by proper spacing between racked elements or by the use of

cadmium separators0 Cans are available for storage of ruptured elements.

A well is provided at one end of the decay pit where the refueling or

shipping cask may be placed during loading and unloading. A traveling

overhead hoist may be used in handling the fuel elements. A sliding

panel in the roof of the decay facility provides access for the ship-

yard crane to place and remove the casks.

c4.3.2 FUEL ELEMENT SHIPPING CASK (FIGURE 36)

The fuel element shipping cask provides space to ship four spent fuel

elements from the decay facility to a reprocessing plant. The cask is

approximately 32 inches outside diameter by 9 feet 6 inches high, pro-

vides 8 1/2 inches of lead shielding in all directions and weighs about

15 tons. The cask is filled with water to cool the fuel elements during

shipping. Calculations show that no supplementary cooling is required.
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A shipping pallet approximately 8 feet by 10 feet is to be lagged to

the railroad flatcar floor to distribute the weight of the cask. The

cask will be placed on the pallet and will be secured by guy cables

to prevent shifting during transit. The cask and its shipping pallet

must meet the requirements of the Interstate Commerce Commission. The

distance from the floor of the car to the top of the cask is approximately

10 feet 6 inches.

4.3.3 UTILITY BUILDING

The utility building is constructed of sheet metal, wood, or cement

block. It is used to store spare parts and refueling equipment and

tools. A space at one end of the building is partitioned off to

serve as a fresh fuel element storage area. For the purposes of this

report it is presumed that the new fuel elements are not radioactive.

4.3.4 HYDRAULIC EQUIPMENT

Pump Houses The pump house is constructed of concrete to provide

radiation shielding. It is located on a floating barge adjacent to

the contaminated water storage tank. It contains pure water, contami-

nated water pump, contaminated water filter, tap water filter, tap

water demineralizer, contaminated water demineraliser, and the necessary

inter-connecting piping.

Pure Water Pumps The pure water pump is a centrigtgal type with a

capacity of approximately 260 gallons per minute at 30 psig. It is

used to transfer demineralized water from the pure water storage tank to

the shipboard refueling tank.

Contaminated Water Pumps The contaminated water pump has a capacity
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of approximately 20 gallons per hour. It is used to pump contaminated

water from the contaminated water storage through the contaminated water

filter and demineralizer. It discharges the purified water to the pure

water storage tank or to waste.

Tap Water Filter: The tap water filter is used to remove suspended im-

purities from tap water before it is passed through the demineralizer.

Contaminated Water Filter: The contaminated water filter is used to re-

move suspended material from the contaminated water from the refueling

tank before it is demineralized. It is a cartridge type to facilitate

disposal of radioactive waste.

Tap Water Demineralizer: The tap water demineralizer has a capacity of

approximately 150 gallons per hour, producing water of It to 5 ppm purity.

It is used to purify tap water to be used as shielding in the refueling

tank.

Contaminated Water Demineralizer: The contaminated water demineralizer

has a capacity of approximately 20 gallons per hour. It is used to re-

move dissolved contaminants from the water that has been used in the re-

fueling tank. The demineralizer is a cartridge type to facilitate dis-

posal of radioactive wastes.

Pure Water Storage Tank: The pure water storage tank contains the pure

water from the tap water demineralizer until it is needed for filling

the refueling tank. The tank is to be constructed of or lined with cor-

rosion resistant material. The capacity of the tank is approximately

23,000 gallons.
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Contaminated Water Storage Tank. The contaminated water storage tank

is used to contain water removed from the refueling tank until it has

decayed sufficiently to be repurified. The contaminated water storage

tank is to be located in a concrete shielded pit. The capacity of the

tank is approximately 23,000 gallons.

4.30 5 FUEL HANDLING TOOL

This tool will be used to transfer spent fuel elements between casks and

storage racks within the decay facility. It is similar to the fuel ele-

ment handling tool used on shipboard but shorter. It is constructed of

corrosion resistant tubing with a gripping device at the lower end and a

lifting eye at the top end. The fuel element handling tool is positioned

and engaged manually and lifted with the overhead hoist of the decay facil-

ity.

4.4 AVAILABLE FACILITIES

For the purposes of this report it is presumed that the following facili-

ties will be available on shipboard or at dockside.

h.4.l SHIP YARD CANE (FIGURE 35)

The shipyard crane should have a minimum capacity of thirty tons. It should

be able to reach from the ship to the decay pit on the barge and fresh fuel

element storage area. Radius of operation should be on the order of 65 feet.

4.4.2 SHIPBOARD CRANES

Two shipboard cranes, each of fifteen ton capacity are required. They

should be so located that they can reach from the reactor to the Emer-

gency Cask Storage Well. Radius of operation should be on the order of

30 feet.
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4.4.3 EMERGENCY CASK STORAGE WELL

The storage well is located on the ship adjacent to the reactor. It is

used for storing the emergency cask under water when it contains a rup-

tured fuel element.

4.4.4 RAILROAD SIDING

A railroad siding on the dock is desirable to facilitate the shipment

of spent fuel elements, receipt of new fuel, and handling of other

equipment and materials.

4.4.5 FRESH WATER SUPPLY (TAP WATER)

This water is to be used in initial washdown operations, cleaning up

"spills" and as radiation shielding in the refueling tank after it is

filtered and demineralized. It should contain not more than 200 ppm

disolved minerals. Pressure should be at least 30 pig,

4.4.6 ELTRICAL

440 volt, 3 phase, 60 cycle alternating current is required to operate

the pure water pump. 220/110 volt, single phase, 60 cycle alternating

current is also required to operate the decay facility hoist, contami-

nated water pump, and provide lighting.

4.5 REFUELING OPERATIONS AND PROCEDURES

4.5.1 REFUELING OF REACTOR CORE

The reactor core is to refueled once a year while the ship is under-

going annual overhaul. This overhaul takes approximately ten days, three

of which are spent in dry dock and the remainder in wet dock. Thirteen

to sixteen fuel elements will be replaced during each refueling. In ad-
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dition, partially spent fuel elements may be re-arranged within the core

to equalize fuel burn-up.

For the purposes of this discussion it is assumed that the ship has been

taken to wet dock as shown in the accompanying illustration, Figure 35.

The refueling tank cover is unbolted and lifted off using either the ship's

crane or the shipyard crane and stowed on the dock. The containment

vessel head is next unbolted, lifted off, and stowed on the dock. Next

the water shield plug and thermal shield are hoisted out and stowed on

the dock. The walls of the refueling tank are hosed down with tap water

followed by a rinse with demineralized water to remove accumulated dirt.

During the washdown and rinsing operations, the refueling tank pump will

be used to remove the water and pump it overboard.

The reactor vessel head is then unbolted with an impact wrench by person-

nel standing on the vessel head. The bolts and nuts are hauled out of the

tank and stored on deck. The crane sling is manually attached to the reac-

tor vessel head. After the men leave, the refueling tank is filled to a

depth of two feet with pure water from the cmineralized water storage tank.

The pressure inside the pressure vessel is equalized with the pressure in

the refueling tank and the head lifted off. If necessary, additional

pressure can be built up inside the reactor vessel to help break the head

free. Before being removed from the refueling tank, the head is hosed

off with domineralized water. Then it is stowed on a previously cleaned

and prepared section of the ship's deck.

As soon as the reactor vessel head has been lifted from the vessel, the

filling of the refueling tank with demineralized water is resumed. As

the tank is being filled, the riser storage brackets are installed around
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the periphery of the refueling tank. When the refueling tank is full of

shielding water, riser locks are released and the risers lifted from the

reactor core and stowed in the brackets using the riser gripping tool.

Next the refueling cask supporting structure is installed in the refuel-

ing tank and the refueling cask (less top cover) is lowered into place.

Due to the 30-ton weight of the cask it must be handled with the shipyard

crane,

The fuel element pot is lowered into the bracket, and the pot support

bracket is rotated out from the refueling cask using the bracket rotating

tool. A spent fuel element is located with the aid of the periscope, re-

moved from the core, and placed in the pot using the fuel handling tool.

After four elements have been placed in the pot, it is rotated under the

cask and then raised up into the cask using the pot gripping tool. A

latch secures the pot in the cask. The cover is lowered onto the cask

and the cask hoisted out of the refueling tank and placed in the decay

facility.

The cover is removed from the refueling cask and placed on the provided

pedestal in the decay pit. The spent fuel elements are lifted from the

refueling cask using a small hoist and the decay facility handling tool,

and placed in the decay facility storage racks. The refueling cask is

then returned to the ship to remove remaining spent fuel, proceeding as

above.

It will be necessary to relocate the refueling cask support bracket once

or twice during refueling to gain access to all spent fuel elements. This

is to be accomplished while the refueling cask is being unloaded in the

decay facility.
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After all spent fuel elements have been taken from the reactor, the re-

fueling cask support structure is removed. Partially spent fuel elements

are then relocated within the core as desired using the fuel element hand-

ling tool and periscope. The rack of fresh fuel is taken from the storage

area and lowered into the refueling tank. The new fuel is removed from the

rack and placed in the reactor core, and the rack is removed and returned to

the storage area. The risers are reinstalled on top of the core using the

riser gripping tool.

The portable shield is lowered over the opening in the reactor vessel and

the water pumped from the r efueling tank to the contaminated water tank on

the barge. While the water is being pumped out, the riser storage brackets

are removed from the refueling tank. When the water has reached the reactor

vessel level, personnel may enter the refueling tank to remove the old reac-

tor vessel head gasket, examine (and if necessary, resurface) the gasket

seat, and place the new head gasket and head installation guides.

Demineralized water is run into the refueling tank to a depth of two feet

above the reactor vessel, and the portable shield hoisted out. The reactor

vessel head is lowered into position and the refueling tank pumped out.

Personnel may then enter the refueling tank to remove the head installation

guides and bolt down the head. The reactor vessel is pressurized to check

for leaks. Then the thermal insulation,water shield plug, containment

vessel head and refueling tank cover are re-installed to complete the re-

fueling operation.

4.5.2 PREPARING SPENT FUEL ELEMENTS FOR SHIPMENT

Spent fuel elements should be left in the decay facility for a minimum of
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4 months. The fuel element shipping cask is lowered into the decay pit by

the shipyard crane. The cover is removed from the shipping cask and placed

on the provided pedestal. Four spent fuel elements are removed from the

storage rack one at a time and placed in the shipping cask. The cover

is replaced on the cask and the cask hoisted out of the decay facility

and placed on a railroad flat car. After the cask had been secured on

the flat car, it is ready to be shipped to a reprocessing plant. Four

round trips of the cask between decay facility and reprocessing plant

will dispose of all spent fuel from one average refueling.

4.5.3 EMERGENCY REMOVAL OF A FUEL ELEMENT IN A FOREIGN PRT

The refueling tank cover, containment vessel head, shield plug, thermal

insulation reactor vessel head and fuel element risers are removed as de-

scribed in section 4.5.1 above. Deionized or distilled water for shield-

ing obtained from shore facilities or shipboard evaporators is pumped

into the refueling tank.

The emergency cask is lowered into the refueling tank. The ruptured ele-

ment is located with the portable radiation detector, lifted from the reac-

tor core and placed in the emergency cask. The cover is put on the cask.

The cask is hoisted out of the refueling tank and lowered into the water

filled emergency storage wel adjacent to the reactor. The reactor vessel

head, thermal insulation shield plug, and containment vessel head are re-

placed as described in section 4.5.1 above. The contaminated water from

the refueling tank will probably be carried in an empty cargo tank until

it can be delivered to a properly equipped shoreside or barge disposal

facility.



The emergency cask containing the ruptured fuel element is transferred

to the decay facility during the ship's next visit to its home port. Af-

ter a suitable decay period, the ruptured element is sent to the reprocess-

ing plant for disposal.

4.6 ALTERNATE REFUELING METHOD

4.6.1 GENERAL EQUIPMENT DESCRIPTION

The alternate refueling method uses metal for shielding instead of water

and, therefore, has no refueling tank or water handling equipment.

The major cponents of the Odry refueling method are permanent shield-

ing plug, rotating index table, and transfer cask.

4.6.2 SHIELDING PLUG

The shielding plug is permanently located in the mouth of the reactor

vessel and consist of a disc in which a smaller disc is eccentrically

placed. The smaller disc contains a removable tool hole plug.

4.6.3 INDEX TABE

The index table is similar to the shielding plug except that the larger

disc is designed to rotate relative to the reactor vessel and the smaller

disc relative to the larger one. Rotation is accomplished manually through

suitable gearing. The smaller disc has a hole for the removable tool hole

plug of the shield to pass through.

4.6.4 TRANSFER CASK

The transfer cask contains an indexing rotor with spaces for four fuel

elements and one space for both the shield tool hole plug and cask



tool hole plug. The cask also incorporates the fuel element hand-

ling tools. The transfer cask incorporates cooling means to avoid

overheating of the elements.

4.6.5 REFUELING PROCEDURE

The containment vessel head, water shield, thermal shield, andieactor

vessel head are removed. The tool hole plugs are raised and locked into

the cask rotor. Assuming that the f uel element risers were the same size

as the fuel elements, the cask rotor would be indexed one position, and a

riser would be picked up and locked in the rotor. The rotor would be in-

dexed again, and a fuel element would be picked up and locked in the rotor.

This procedure would be repeated until the cask contained two f uel ele-

ments, two risers, and the two plugs.

The tool hole plugs are then replaced and the cask removed to the dock-

side decay pit where, by similar operations, the fuel elements are re-

moved.

Fresh fuel elements are placed in the cask rotor, the cask removed to

the ship and secured to the index table. Risers and fresh elements are

placed in the core by reversing the removal procedure. Before fuel

element replacement is completed, fuel elements are to be shifted as

required.

Then the index table is removed and the reactor vessel gasket replaced.

The reactor vessel head, thermal shield, water shield, and containment

vessel head are then replaced and tested, and the reactor is ready to

resume operation.
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The above refueling concept is premised on single-element risers or a

"pull-through" type core. If neither of these is feasible and four

fuel element risers are used, an additonal, but lighter, cask would

be required to remove the risers and would complicate the operation.
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SECTION II POWER PLANT DESIGN

5.0 Nuclear Propulsion Tanker Hull Design

The nuclear propulsion tanker hull design require-
ments and characteristics are specified herein. The
cargo capacities of the nuclear. tanker are defined.
The arrangement of a closed cycle boiling water re-
actor power plant in the ship's hull is demonstrated.
Integration of ship's hull design to meet the nuclear
power plant requirements such as refueling of the fuel
elements, reactor control room, health physics monitor
system and nuclear shielding are described.



GENERAL SHIP CHARACTERISTICS

GENERAL PROVISIONS

It is the intent of these specifications and accompanying plans to give

a brief description of a nuclear powered vessel suitable for carrying

petroleum and its products in bulk and to outline the work to be executed

in its construction.

Principal dimensions and particulars are as follows:

Length overall . . ... .. . . . . . . . . . . . abt.

Length between perpendiculars . . . . . . . . .

Breadth molded . . . . . . . . . . . . . . . . . . .

Depth molded to upper deck at side amidships . . .

Draft, summer freeboard, molded . . . . . . .

Displacement, total, at summer freeboard draft . . . abt.

Deadweight to summer freeboard, molded . . . . . . abt.

Normal SHP . . . . . . . . . . . . . . . . . . . . .

Maximum continuous SHP . . . . . . . . . . . . .

Normal sea speed (trial speed at 80% of maximum SHP)

707'-0u

677' -0

93' -0

48'-6"

36'-6"

49,660

37,860

20,000

22,000

tons

tons

17 1/2 knots

S.1.2 ESTIMATED CAPACITIES

Liquid cargo capacity, 100% full . . . . . . . . . . abt. 312,882 bbls.

Fresh water

Potable water tanks aft . ...

Potable water tank amidships . .

Distilled water tanks . .

. . . . . . . .

o . .0 . 0 0

. 0 . . . 0 . .

Double bottom fuel tanks (Diesel oil for emergency

boiler and emergency generator). . . . . . . .
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5.1.3 GENERAL DESCRIPTION OF VESSEL

The vessel shall be a single screw geared-turbine tanker with a curved

raked stem and cruiser stern. It shall have one complete deck, a fore-

castle, bridge house and poop.

Upper deck shall have parabolic camber and sheer forward of amidships

only. Decks above upper deck shall have sheer and camber parallel to the

deck immediately below. Decks below upper deck shall be without sheer

and camber.

Propulsion machinery shall be located aft. The hull shall be divided by

watertight and oiltight transverse bulkheads into compartments as follows:

Fore peak, chain locker, boatswain's stores.

Deep tanks for ballast, forward pump room.

Forward cofferdam.

Cargo oil tanks Nos. 1-9 at 40'-O each.

After pump. room.

Reactor shielding ballast and cargo tanks.

Reactor compartment.

Propelling and auxiliary machinery spaces.

After peak, steering gear room, potable water tanks.

Two continuous oiltight longitudinal bulkheads together with ten trans-

verse bulkheads shall divide the cargo oil space into thirty-three tanks.

In addition, there shall be further subdivision of ballast and cargo tanks

used for shielding as shown on Arrangement Plan.

The fore peak, forward deep tanks and after peak shall be used for bal-

last only. There shall be an oiltight enclosure in the deep tank forward
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for bilge and ballast pump. Access shall be provided by means of a steel

trunk and inclined ladder from a companionway on the Upper Deck.

A carpenter shop, a paint and oil room, and a lamp room shall be fitted

in the forecastle. A tonnage opening shall be provided in the after bulk-

head of the Upper Deck forecastle space.

On the Upper Deck in the birdge house amidships there shall be the mid-

ship air conditioning machinery room, health physics room, a potable

water tank, and stowage for cargo hose, gangway, etc. A tonnage opening

shall be provided in the after bulkhead of this space.

The bridge house shall be fitted for accomodations for the captain, deck

officers, steward and radio operators in addition to the wheelhouse, chart

room, gyro room, ship's office, radio room, and ventilation fan room.

In the poop enclosure, the poop house and boat deck house, accomodations

shall be provided for the engineering officers and the crew; also the

galley, mess rooms, crew's and officer's lounges, refrigerated and other

stores spaces, laundry, emergency generator room, CO2 and fan rooms.

Accomodations for a total complement of 59 persons plus two spares will

be provided in single rooms, 12 in the midship house and 47 plus spares

in the poop enclosure and poop house.

All reasonable efforts shall be made to obtain the minimum net tonnages

consistent with the desired arrangement of the ship.

The layout and arrangement of the ship shall be generally as shown on

the following drawings dated
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Title Number

Arrangement of Aft End Figure 37

Structural Arrangement of Hull

at the Containment Vessel Section Figure 38

5.1.1 RULES AND REGULATIC1 S

The vessel, including its equipment and propelling machinery, shall be

built for United States flag operation under the special survey and clas-

sification of the American Bureau of Shipping for carrying in bulk petro-

leum products with flashpoint below l50 F. It shall be distinguished in

the Bureau's Record Book by the symbols Al0E oil carrier +AMS.

The vessel, as delivered, shall comply with all the applicable laws of

the United States and the various regulatory bodies, including those noted

below, in force at the time of signing of contract, for vessels carrying

petroleum products in bulk, including Grade "B' as classified by the U.S.

Coast Guard.

a. American Bureau of Shipping for classification as covered above.

b. United States Coast Guard.

c. United States Public Health Service.

d. Panama Canal, including admeasurement.

e. United States Customs admeasurement.

f. Suez Canal, including admeasurement.

g. International Convention for Safety of Life at Sea, 198.

Certificates of classification and admeasurement, including Panama and

Suez Canal tonnage, and load line certificates shall be obtained.
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In addition to the above, electrical equipment shall comply with 'Recom-

mended Practice for Electrical Installations on Shipboard as prepared

by the American Institute of Electrical Engineers, latest edition effec-

tive at time of award of contract.

5.1.5 MISCELLANEOUS EQUIPMDT

The completed vessel shall be fitted with the following items of equip-

ment which are usually furnished by prospective operator.

Galley utensils.

Consumable stores.

Silverware, crockery and glassware.

Mattresses, bedding and linen.

Mats, rugs and carpets.

Curtains and draperies except hold-back buttons and rods.

Electronic equipment (Communication and Navigation).

Welding machine.

Oil hose.

Boatswain's stores including Butterworth system devices and hose.

Carpenter's stores.

Navigation outfit not listed in the specifications.

Wire and manila mooring lines other than those required by the

Classification Society.

5.1.6 TESTS AND TRIALS

All portions of the vessel and all work thereon, including structure,

fittings, systems and machinery shall be thoroughly tested after instal-

lation to demonstrate satisfactory workmanship, proper working order,

alignment of all moving parts, suitability fbr the purpose intended and

compliance with the requirements of this specification.
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Immediately prior to the sea trials, the vessel shall be placed in dry-

dock and thoroughly cleaned and painted as required the underwater sur-

face of the hull.

When the vessel is substantially complete and after trials at the dock

have indicated that the performance of the vessel is reasonable assured,

a sea trial shall be performed which shall include endurance runs, maneu-

vering trials, steering gear tests and anchor windlass test. One vessel

of the class shall be standardized over a trial course in the vicinity

of the building yard in accordance with approved trial agenda.

HULL DESIGN

HULL STRUCTURE

All structural steel material, including forgings,shall be open hearth

mild steel of uniformly good quality. The material, workmanship, welding

and riveting procedure shall all be first class and in accordance with

the requirements of the Classification Society.

In general, the vessel shall be of welded construction, with riveting

being used only for one bottom seam on each side, one deck seam on each

side, upper and lower seams of bilge strake, sheer strake to topside

strake, gunwale angle to sheer and stringer plates.

Tests shall be accomplished to the full satisfaction of the Classifica-

tion Society requirements.

The stem shall be of rolled plate construction with welded steel plate

breast hooks. The stern frame shall be of cast steel or fabricated con.

struction made up in sections as required. The rudder shall be of
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balanced streamlined form constructed of double plates. Bilge keels shall

be fitted consisting of an angle welded to the shell to which is riveted

a bulb plate.

A double bottom with intact oiltight tank top shall be provided in the

machinery spaces, extending from the after peak bulkhead to the forward

bulkhead of the engine room. The double bottom shall be divided into

four tanks for emergency boiler fuel by watertight divisions. Provision

shall be made in the double bottom for drain wells, oil sumps, sea chests,

etc., as required.

The main hull shall be longitudinally framed with equal spacing of trans-

verses. Framing at the ends of the vessel and at the sides of erections

shall be transverse. All longitudinals shall have bracket connections

continuous through transverse bulkheads. Horizontal struts shall be fit-

ted in the wing tanks on every web frame. The Upper Deck throughout the

main portion of the hull shall be framed longitudinally. The Forecastle

Deck, Poop Deck and the Upper Deck at the ends of the vessel, the Lower

Deck over the fore peak tank, steering gear flat, and flats in the engine

and boiler rooms shall be framed transversely.

The main cargo oil space shall be divided by transverse and longitudinal

bulkheads of flat plate construction extending from the bottom shell to

the Upper Deck. The longitudinal bulkheads shall be continuous and oil-

tight throughout the cargo oil space, the transverse bulkheads being

intercostal, and shall be suitably tapered off in strength through the

engine room. The ends of the longitudinal bulkheads shall be bracketed

to intercostal deep girders to extend the continuity of the member as

far as possible. Cofferdam bulkheads shall be fitted at the ends of the
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cargo oil space. Additional transverse and longitudinal bulkheads are

to be provided in way of reactor compartment to provide for alternate

cargo and S.W. ballast shield tanks for reactor.

The forward and after pump rooms shall be enclosed by oiltight steel

bulkheads with access from the Upper Deck provided by means of watertight

and oiltight trunks respectively with inclined steel ladders.

A steel bulkhead, watertight from the inner bottom to the Upper Deck and

dust-tight above, shall divide the reactor and engine rooms. Steel di-

visional bulkheads shall enclose all forecastle spaces, the laundry, fan

rooms, stores spaces, engineer's paint locker, galley and pantries, gyro

room, 002 rooms, toilets and other wet spaces, weather vestibules and

the Upper Deck passageways. Other partition bulkheads shall be of joiner

construction or expanded metal as required.

Substantial foundations shall be provided for the main machinery and

thrust block, reactor equipment, auxiliary machinery, deck machinery and

fittings, etc. Where necessary, decks and flats shall be strengthened

in way of foundations.

The boundaries of deckhouses shall be watertight steel construction.

Special care shall be taken in the construction of casings, houses and

other light steel work to avoid objectionable surface irregularities.

Steel bulwarks shall be fitted as shown on Arrangement Plan.

A fore and aft bridge of skeleton steel construction well braced and sup-

ported and furnished with alumimum subway grating and double pipe rails

shall be fitted above the Upper Deck to connect the bridge and poop

houses.
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A watertight self-stowing chain locker shall be provided having a non-

tight centerline bulkhead with footholes for access. Chain pipes shall

be fitted between the top of the chain lockers and the windlass. The bot-

tom of the locker shall be fitted with flat bar gratings and drains.

Bitter end fittings shall be accessible from outside the chain locker

for inspection and release. Protective covers far hawse and chain pipes

shall be provided.

5.2.2 HULL FITTINGS

Watertight hinged steel doors shall be fitted in the front of the poop

house, bridge enclosure ends, pump room entrances, aft end of forecastle,

between engine and boiler spaces. Exterior doors serving living quarters

and navigation spaces in bridge and poop decks and above shall be of

weathertight steel. In general, interior doors shall be of joiner con-

struction except those in the engine and boiler casings, steward's and

dry stores aft, cordage space, meat cutting space, steering gear room,

shaft alley escape and CO2 room, which shall be of steel. Expanded metal

doors shall be fitted in expanded metal bulkheads. Stall doors shall be

provided for public toilets.

Tonnage openings constructed in accordance with United States regulations

shall be fitted in the after bulkheads of the forecastle and bridge.

Screen doors with copper-nickel alloy wire shall be provided for outside

doors to living and working spaces.

Cargo tank hatches shall have coamings 4'-O4 in diameter and 302 high

fitted with covers of the swinging or rotating type. Hatches for fuel

oil tanks and cofferdams shall be as shown on the Arrangement Plans.

Covers shall be of aluminum.
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Additional hatches and/or manholes shall be provided as required for ac-

cess to chain locker, boatswain's stores, cordage space, cofferdam and

other places.

The curved front of the wheelhouse shall be fitted with rectangular, ver-

tical sliding windows. Fixed rectangular windows shall be fitted in the

dodgers each side of the wheelhouse. Power operated window wipers shall

be installed in two of the wheelhouse windows. 16 diameter hinged air-

ports shall be fitted in the accomodations and service spaces as shown

on Arrangement Plans. Deadlights shall be fitted over airports below the

poop deck. Accomodations at the poop front shall have fixed lights with

storm shutters.

Steel framed skylights with hinged steel covers shall be fitted over the

forward pump room house, the after pump room house, and the engine room.

An aluminum accommodation ladder shall be furnished complete with fit-

tings for use on either side of the vessel. Cargo tanks, forward deep

tanks, and pump rooms shall be fitted with inclinded ladders 18' wide.

Vertical ladders shall be 15 wide with flat bar stringers and square

rungs. An aluminum gangway shall be furnished.

Suitable chain or pipe rails shall be fitted around all decks and deck

openings for the protection of personnel.

Mooring fittings of cast or welded plate steel construction shall be pro-

vided at suitable locations. Handling pads and other hull fittings shall

be furnished in accordance with usual tankship practice. Approved type

connections to sheer strake shall be provided for deck fitting founda-

tions if required.
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5.2.3 INTERIOBS - FINISH AND FURNISHINGS

The interior finish and decoration shall be made attractive but shall

emphasize utility and durability using simple modern designs in good

taste, with a minimum of decorative trim which would add to the cost and

maintenance. Where feasible, furniture shall be fire resistant and, in

all cases, of light weight, simple and durable construction.

The exposed boundaries of all heated and cooled spaces shall be insulated

with 2' mineral wool or equal in accordance with specification 32 MC-1

'Insulation, Mineral Wool, Blanket Type' installed in an approved manner.

All boundaries between air conditioned and non air conditioned spaces

shall also be fitted with 2' mineral wool insulation.

In the quarters, amidships and aft, all partition bulkheads except those

required to contribute structural strength and those previously specified

to be of steel shall be arinite, or equal, faced with marine veneer.

Joiner linings shall be Marinite with marine veneer surface. Joiner

ceilings shall be of marine sheathing or marine veneer.

Furnishings in the accommodation and public spaces shall meet modern

standards for vessels of this type. In general, the furniture in an of-

ficer's room shall consist of a berth, chest of drawers and desk (or sec-

retary bureau), mirror, wardrobe, bookrack, settee and chair. In gen-

eral, crew staterooms shall contain a metal bed, locker and secretary

bureau combination with cupboard, arm chair and side chair.

Deck covering shall be magnesite in all staterooms, public rooms and in

passageways on the bridge and poop decks and above. Toilets and wash-

rooms shall have ceramic tile; galley and pantries, quarry tile.
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5.3 VENTILATION AND AIR CONDITIONING

5.3.1 SUPPLY

Mechanical supply will be provided through ducts to all living quarters

and working spaces by two speed motor driven, direct connected, centrifu-

gal or axial flow fans. Duct terminals in working spaces will be fitted

with dampers as necessary. It is the intent that these fans operate at

full speed and supply 100 per cent outside air in mild weather and that

they operate at reduced speed to supply outside air during the heating

season. For operation in the cooling season, see "Air Conditioning'

below.

No mechanical supply will be provided for toilet and shower spaces, but

louvres in bottom panels or doors or equivalent clearance under the doors

will be provided for the admission or supply air.

Filters will be provided for all supply systems.

5.3.2 EIHAUST

Mechanical exhaust will be provided for toilet and shower spaces, galley,

laundriespantry, hospital, and soiled linen room.

For other spaces excess supply will exhaust naturally down the passages

and out through mushrooms, except where mechanically exhausted by the re-

circulation and exhaust fans mentioned below.

5.3.3 AIR CONDITIONING

Air conditioning, which may be cut in for use in summer cooling, will be

provided for all passenger, officer and crew accommodations, including

lounge, messrooms, recreation room, hospital, chart room and radio room

in accordance with the following standards:
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Summer Design Condition

Outside temperature 950 F D.B 820 F W.B.

Inside temperature 85 F D.B 710 F W.B.

Each air conditioning system will be the conventional mechanical supply

ventilation system, to which has been added a direct expansion cooling

and dehumidifying coil with drip pan, the coil to be automatically con-

trolled. In addition, a "recirulation and exhaust" fan will be added

for each system with the necessary cross-connections. This fan will serve

as a recirculating fan in the cooling season, and as a mechanical exhaust

fan at all other times. Manual dampers will be provided so that, with

fans operating at full speed, a minimum quantity of about 25 per cent out-

side air will be provided in the cooling season; this quantity will be

constant. For individual room selectivity of temperature, a thermostat-

ically controlled hot water reheater will be provided behind each outlet

or group of outlets serving a space. The terminal reheaters shall be sup-

plied with hot water all year round (see below for heating seasonservice).

The minimum rate of total air change shall be:

Messroom, dining room and recreation room - 5 minutes

Other accommodations - 6 minutes

For cooling, the temperature difference between entering air and room

ambient shall not exceed 200 F.

Forced circulation, hot water heating systems shall be provided as neces-

sary for distributing 2000 F water to air conditioning reheaters all year

round. Each system shall be complete with heater, pump and expansion

tank. Expansion tanks shall be copper.
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5.3.1 HEATING

Spaces not provided with air conditioning, including wheelhouse, passage

entrances, weather exposed toilets and showers, etc., (but not including

machinery spaces), will be provided with individual space steam convec-

tors. All supply air will be preheated by steam preheaters of the non-

freeze fin tube type of suitable capacity located at the inlet of each

supply fan. Convectors will be of the fin tube type, except in the wheel-

house where non-magnetic materials will be used.

Automatic controls will not be fitted for either preheaters or convectors

which serve spaces which are not air conditioned.

All systems operate alike in the heating season, and air preheaters will

be capable of heating the reduced supply air (winter operation) from 0 F

to 750 F. Convectors and reheaters will be sized to provide a room tem-

perature of 700 F with an outside air temperature of 0 F, except that

the hospital reheater will be capable of maintaining 800 F. If detail

calculations for the air conditioning systems indicate that it is desir-

able, the preheaters for such systems may be sized to heat about 50 F,

and the remainder of necessary heating be provided by the individual hot

water repeaters. Steam supply to preheaters and convectors will be from

the intermediate pressure bleed steam line.

5.3.5 MACHINERY SPACE VENTIIATICN

The engine room shall be ventilated by two supply systems, each having

a 23,000 cfm, two-speed, motor-driven axial flow fan in the casing and

a spray-proof intake in the side of the fan room. Each system shall be

provided with branches having adjustable terminals and dampers to
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discharge air at approximately 1600 fpm velocity at all of the principal

watch stations and working areas adjacent to hot machinery and piping.

Two engine room exhaust fans each of 2,000 cfm, shall be installed in

top of the casing, discharging through goosenecks on the fidley top.

The reactor control room shall be maintained at constant humidity condi-

tions of 85 F D.B. and 710 F W.B. by means of an independent air condi-

tioned supply system and natural exhaust to the engine room.

The reactor compartment shall be vented to atmosphere through filters

using starboard after kingpost as a vent duct to exhaust at as high a

level as possible.

5.4 HULL MACHINERY

The steering gear shall be of the four cylinder electro-hydraulic type

with rams substantially fore and aft driving the rudder crosshead through

sliding blocks. The rams shall be driven by either of two duplicate pump

units, the idle unit serving as a standby. Each power unit shall be cap-

able of moving the rudder from 359 hard-over to 35* hard-over on the other

side, at an average rate of 2 1/30 per second when the vessel is moving

ahead at a speed corresponding to maximum continuous SHP at fully loaded

draft. Controls shall be from the wheelhouse, the aft steering station

and from the trick wheel in the steering gear room.

The anchor windlass shall be a horizontal spur geared unit driven by a

two cylinder steam engine and equipped with two wildcats and two warping

heads. The windlass shall be capable of raising the two bower anchors

and their chains simultaneously from a depth of 30 fathoms at a chain

speed of not less than 30 feet per minute.
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Six steam-driven warping winches, each with two warping heads on extended

shafts, and fitted with drums for wire rope warping using 1 1/2" diameter

wire, shall be located, two on the forecastle deck, one on the Upper Deck

between the forecastle and bridge, one on the Upper Deck between the

bridge and poop, and two on the Poop Deck. Two steam driven cargo winches

shall be installed, one for the 10-ton booms forward and one for the 15-

ton booms aft; other booms shall be handled by the warping heads on the

warping winches.

5.5 GENERAL VESSEL EQUIPMENT AND FITTINGS

5.5.1 MASTS, SPARS AND RIGGING

The following shall be provided:

A radar mast on the wheelhouse top.

A pole mast formard with two 10-ton booms.

Two kingposts amidships with a 5-ton boom on the after side of each.

Gallows frames at ship's side P/S to handle 8 hoses and 5-ton lift.

Two kingposts at forward end of poop, each fitted with a 15-ton boom

for reactor emergency refueling.

Two kingposts aft of the poop house with one 3-ton boom on the after

side of each.

Masts, kingposts and booms shall all be furnished complete with the

necessary fittings and rigging for their various functions.

5.5.2 PAINTING AND C!M1NTING

All paint and finishing material shall be high grade commercial products

for marine use and applied according to specifications.
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Steel work shall be thoroughly cleaned before paint is applied. Outside

shell plating shall be sandblasted or pickled, and shall be given a wash

coat primer before application of paint.

The shell plating shall receive, after the above-mentioned coat of wash

primer, an approved system of anti-corrosive and anti-fouling coating.

Other exterior steel shall receive two coats of primer (red lead or zinc

chromate) plus two coats of finish. Concealed interior steel shall have

two coats of primer. Exposed interior steel shall have one coat of pri-

mer plus two finish coats. Interior of oil tanks shall be left unpainted.

Any spaces in the ship's structure which are difficult of access shall be

cemented to insure a free flow of water to drainage connections.

5.5.3 FIRE CONTROL

A fire alarm and extinguishing system shall be provided consistent with

the service involved and complying with the requirements of the U. S.

Coast Guard.

There shall be provided a general alarm system, a saltwater fireman to-

gether with hose stations at proper locations, portable fire extinguish-

ers, axes, sandboxes, etc. The arrangement of the fire pumps shall com-

ply with the U.S. Coast Guard requirements as to two independently oper-

ated pumps. A steam smothering system shall be provided for all fuel oil

and cargo tanks, paint room, lamp room, midship and forward pump rooms,

dry cargo space. An installed CO2 system shall be provided for the total

flooding of the machinery spaces and the cargo pump room aft.

5.5.1 LIFE SAVING EQUIPMENT

The vessel shall be provided with all life saving equipment necessary to

comply with the latest requirements of the U. S. Coast Guard.
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Four 21'-0" alumimum lifeboats shall be provided, two being 35-person

oar-propelled boats and two 31-person motor boats. Boat handling gear

consisting of stowage, gravity type davits, falls, releasing gear, etc.,

shall be provided complete to meet USCG requirements .

The vessel shall also be provided with life preservers, life buoys, line

throwing appliance, etc., of the type and quantity required by the USCG.

5.5.5 DECK OUTFIT

Anchors, anchor chain and fittings, lines, hawsers and warps shall be

furnished to comply with American Bureau of Shipping rules and in accord-

ance with the approved midship section. The anchors shall be of the

stockless type. The bower anchors shall stow in the bow hawse pipes.

Canvas outfit shall be provided as covers, weather cloths, etc., in ac-

cordance with usual tankship practice and to meet the requirements of

all regulatory bodies concerned.

5.5.6 COMMISSARY SPACES

The equipment furnished f or the commissary spaces shall provide a com-

plete food-preparation and food-handling service for the ship's personnel

and shall in general comply with the standards of the U.S. Public Health

Service for vessels of this type and service.

The cooking units shall be electrically heated. All sinks, dresser tops,

outside shelving trim, dish and glass racks, and all metal in direct con-

tact with food shall be corrosion resistant 18/8 stainless steel (CRD) or

nickel-copper alloy, polished to a #3 finish.

Refrigerated stores spaces shall be designed and constructed to maintain

00 F in the freeze compartments and 35 F in the chill rooms. The
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compartments shall be sheathed with *Reeferite or equal and fitted for

the carrying of the various designated commodities.

5.5.7 MISCELANEOUS SPACES

The laundries shall be equipped with two section tubs, drying racks,

washing machines, ironing boards, etc.

Spaces designated for the stowage of dry stores, linen, cordage, boat-

swain's stores, engineer's stores, electrical stores, etc., shall be

outfitted with shelving or other suitable facilities.

Work spaces such as carpenter shop, paint room, lamp room, engineer's

work shop, battery locker, slop chest, service locker, etc., shall like-

wise be outfitted to suit their various functions.

Stowage shall be provided for a spare propeller, spare bower anchor, spare

tailshaft, oil hoses, deck gear, accommodation ladder (along walkway),

gangway, life preservers, lubricating oil drums, spare parts, and other

items of essential equipment.

Means shall be provided for lifting machinery from pump rooms.

5.5.8 NAVIGATION OUTFIT

The following items of navigating equipment should be provided; compasses,

mechanical fog horn, hand-operated mechanical sounding machine, ship's

bells, complete gyro compass equipment, automatic steering control, auto-

matic course recorder, depth indicator, searchlight, Morse light, shaft

revolution direction and indicator system, rudder angle indicator system,

engine order telegraph system.
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The vessel shall be suitably marked, and furnished with the proper signs,

instruction notices, frames for licenses, etc.., to meet the requirements

of all regulatory bodies concerned.

5.5 .9 PLUMBING FIXTURES

All plumbing fixtures and accessories shall be of standard marine type

as supplied by leading manufacturers of such equipment. All trim for

exposed metal fixtures and accessories shall, in general, be chrome

plated brass.

All staterooms which do not have a private shower and toilet shall be

equipped with a lavatory and toilet cabinet with mirror.

Toilet and washroom spaces, both public and private, shall be furnished

complete with all necessary fixtures and accessories.



APPENDIX I

CORE PHYSICS ANALYSIS

1. INTRODUCTION

The objectives of the core physics analysis were to achieve a reliable

and economical nuclear core design. Low cost is an important criteria

which makes the design of the core much more difficult. However, the

primary objective in any new nuclear design should not be just reliabil-

ity but lower, more competitive costs. With cost in mind, the design

effort was turned away from the expensive fully enriched core. Conver-

sion ratio or the ratio of the fuel made by the reactor to the fuel

burned became very important. With a high conversion ratio, a large

fraction of the fuel burned will be "free fuel."

2. SELECTION OF MATERIALS

In the nuclear design of the core, the purpose (that is, how much power

under what conditions) must be considered. The types of fuel cladding,

fuel, and moderators were selected on the basis of the reactor's desired

power and operating conditions.

Several different moderators were considered. Water, D 2 0, graphite, and

D20-H20 mixtures were investigated. Light water was selected as the best

moderator for this application. Graphite and D20 allowed too much neu-

tron leakage.

For the selection of fuel cladding material,, an extensive study of both

stainless steel and zirconium was made. Aluminum was not considered due

to its high temperature characteristics. Figure 39 demonstrates the



results of this analysis. Eight megawatts net output is the dividing

line between selection of stainless steel and zirconium. Zirconium is

less expensive than stainless steel for a power greater than eight mega-

watts. The reason for the above fact is that, due to a high neutron

economy, the zirconium elements will last longer. The last material

selected was the nuclear fuel. This topic is of such great importance

that it will be discussed in a separate section.

3. SELECTION OF FUEL

The selection of fuel material has been governed by the fuel operating

costs.

The economics of any nuclear reactor are clearly tied to the conversion

ratio. Since fabrication costs are quite expensive, the path to competi-

tive nuclear power is through long fuel element life. However, with a

large conversion ratio, a large amount of free fuel (fuel made by the re-

actor itself) can be obtained along with a long fuel element life.

Thorium is converted to fissionable material by the following chain:

Th2 32 
-*Pa

2 33 
-) 233 23 - 235

fission fission

where both U 2 3 3 and U 2 3 5 are fissionable. Thorium has a large thermal

capture cross section, but its resonance capture is less than for U2 3 8 ,

Since the thermal fission to thermal capture ratio is larger for U2 3 3

than Pu239, thorium will yield a better long term effect for long expo-

sures; but, due to the Pa2 3 3 holdup, a thorium core will show a reactiv-

ity loss for the first few months. On the other hand, a U2 3 8-Pu core
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will show a large reactivity gain the first 6 to 8 months since the hold-

up of neptunium is quite short. However, for long irradiations, pluto-

nium will show a monotonic decrease in reactivity. U2 38 has a rather

large resonance capture but small thermal capture.

Since in the resonance region a U238 and thorium mixture tends to in-

crease the resonance capture over that of either separately, a mixture

will increase the conversion ratio. Further, a mixture will tend to

level out the reactivity curve, since U2 3 8 shows a gain or loss when

thorium displays a loss or gain.

The mixture and its effect on long term reactivity are being iterated.

Long term reactivity studies have been completed for the following cases:

(a) 100% uranium oxide

(b) 60% thorium oxide, 40% uranium oxide

(c) 20% thorium oxide, 80% uranium oxide

(d) 100% thorium oxide.

Of these three, the 60-40 mixture is the best. However, it is not cer-

tain that the 60-40 ratio is an optimum.

4. GEOMETRY OF CORE

The geometry of the core deals with the type of fuel element and the spacing

of the elements. The type of element depends on a great many factors other

than physics and has been discussed in the fuel element design section of

this report. The spacing of the elements, however, greatly effects two very

important parameters, namely the conversion ratio and the void coefficient.

The void coefficient is a function of the water to metal ratio. Figure 40

demonstrates this variation. The void coefficient should be negative but
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small in absolute value. As can be seen from Figure 40, the void coeffi-

cient becomes larger the drier the core. For an extremely wet core, (large

water to metal ratio) the void coefficient is positive.. The recommended

core for this application should have a water to metal ratio between 1.7

and 3.0.

Figure 41 indicates that the conversion ratio is also dependent on the

water to metal ratio. The drier the core, the larger the conversion ra-

tio. However, a comparison of Figures 40 and 41 shows clearly that the

conversion ratio is limited by the void coefficient. Since the effect

of the voids depends on the percentage of voids in the core, the use of

pumps in the primary system will permit a drier core due to the allowable

higher pressure drop through the core and hence a higher conversion ratio.

Figure 42 shows a series of long term reactivity curves as a function of

the conversion ratio. From these results, the initial conversion ratio

is an index of the long-term reactivity. Generally, the better the ini-

tial conversion ratio, the better the long-term reactivity.

As stated before, the choice of fuel material and spacing has been dic-

tated by a criteria of low operating cost. A long fuel element life de-

pends on the initial conversion ratio. Hence, the core is being designed

with the conversion ratio as a major objective..

5. LONG-TERM REACTIVITY

Figure 43 is a long-term reactivity curve calculated for a wetter core,

as indicated on the curve sheet title. A drier core should have a higher

conversion ratio and, therefore, a better long-term reactivity effect.



6. PHYSICS CONSTANTS

Listed below are the physics constants for a core design with a 60% Uo2 -

40% Th02 fuel mixture.

The calculations have given the following physics constants at operating

conditions:

25 - 2.080

core - .6130

Pcore - .8320

Koo - 1.08205

c - 64.89 cm2

Lc2- 4.919 cm2

Critical Mass - 109.7 Kg U235

Void Coefficient = .17% AK/K per % void

Temperature Coefficient - -1.1 x l0~ AK/K

Thermal Flux = 2.7 x 1013 neut. cm2/sec.

Worth of Control Rods - 23% AK/K

Peak to Average Power - 3.2

K from cold clean to operating - 10.5%

Initial Conversion Ratio - .76

where: }725 # thermal fissions in 25
# thermal absorptions in 25

f - thermal utilization

p - resonance escape probability

T - Fermi age

L2 = diffusion length squared

Kco - infinite multiplication factor
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CORE CHARACTERISTICS: 2.2/1 - WATER TO METAL RATIO
FUEL MIXTURE: U02 20% by wt.

Th02 = 80% by wt.

Uniform fuel loading,
80% lower enrichment,
60% lower enrichment,
40% lower enrichment,
20% lower enrichment,
100% uniform loading
100% uniform loading
100% uniform loading

#14

155.7 Kg1

lower enrichment
20% higher enrichment
40% higher enrichment
60% higher enrichment
80% higher enrichment

at higher enrichment
at higher enrichment
at higher enrichment

#5

147 .7 Kg

#6

148.3 Kg
- - 3k_-_ 1 3- - _

60 \90

Time in Months (using 80% Power Load Factor)

REPRESENTATIVE LONG TERM REACTIVITY CYCLE
FIGURE 43

Run
Run
Run
Run
Run
Run
Run
Run

7

6

5

0

Co)

#1
#2
#3
#14
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#6
#7
#8

#3

112.5 Kg

11

0

- Run #1
U23
160 Kg

#2

141.4 K

5 \ 30\

1i

-2

15

#7

152.4 Kg

\105

#8

119,2 Kg
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APPENDIX II

REACTOR THERMODYNAMIC ANALYSIS

1. DETERMINATION OF MAXIMUM FUEL TEMPERATURE

The maximum central fuel temperature has been calculated for several

sizes and arrangements of the rod type fuel element. The fuel composi-

tion of the fuel element consists of a ceramic fuel slug made of U0 2 and

Th02 and cladding material of Zircaloy-2. Due to metallurgical and di-

mensional stability reasons, a maximum fuel temperature of 30000 F has

been selected as the upper limit for normal operation of the center tem-

perature of the fuel element. Two types of filler material have been

considered other than the fuel mixture that will be placed in the Zircaloy

tube and sealed closed, namely lead and helium. The lead filled fuel ele-

ment results in a lower central fuel temperature because of the high ther-

mal conductivity of the lead. The helium filled fuel element is very

much dependent upon the clearance gap between the ceramic fuel slug and

inner wall of the Zircaloy tube for the maximum fuel temperature. The

clearance gap (radial direction) was set at 0.0005 inch at operating tem-

perature for the analysis presented herein.

The center temperature of the rod type fuel element may be determined by

application of the following equations:

tc = tH2O + Ltsat + Atwall + Ltgap + ttgen (1)

where: tc - center temperature of the fuel element.

tH20 - temperature of water at saturation.

Atsat - temperature rise from saturation temperature of the water

to metal temperature of outer surface of the fuel element.
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Atwall - temperature rise across the fuel element Zircaloy wall.

0 tgap - temperature rise across the gap between the inner surface of

the fuel element wall to the outer edge of the ceramic fuel

slug.

Atgen - temperature drop from the center of the ceramic fuel slug

to the outer edge of the fuel slug.

The metal surface of the fuel element is expected to exceed

tion temperature of the water by an amount equal to ttsat*

ing conditions are assumed to be occuring on the surface of

element.

60(q/ 6 )0 .25
Ltsat :P/129600

where: Atsat - stated previously.

q" - thermal heat flux, BTU/hour-sq. ft.

P - fluid pressure, #/sq. ft.

the satura-

Local boil-

the fuel

(2)

The temperature drop across the fuel element Zircaloy wall may be deter-

mined by application of the following equation:

Q
' wall - 2TT Kl loge r2/r1 (3)

where: 6twll - stated previously.

Q - thermal heat produced by a fuel element, BTU/hr.-element.

1 = length of heat source, feet.

K - thermal conductivity of wall material, BTU/hr. ft2 oF/ft.
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r2 - outer radius of the fuel element wall, feet.

rl - inner radius of the fuel element wall, feet.

The temperature drop across the gap between the inner wall of the fuel

element and outer edge of the ceramic fuel slug may be calculated as

follows:

Q Zr
ALtgap_ 2Tlr 1Kgap

where: Ltgap - stated previously.

Q - thermal heat produced by a fuel element, BTU/hr-element.

rl - inner radius of the fuel element wall, feet.

L r - distance from inner wall of the fuel element to the outer

edge of the ceramic fuel slug, stated as clearance, feet.

Kgap - thermal conductivity of the fluid, gas or material in the

clearance gap between the fuel slug and the Zircaloy

tube, BTU/hr. ft2  F/ft.

The temperature drop from the center of the fuel element to the outer

edge of the ceramic fuel slug may be calculated by the following

equation:

Q
Atgen - 'TlKfh (5)

where: Ltgen - stated previously.

Q - thermal heat produced by a fuel element, BTU/hr-element.

1 - length of heat source, feet.

Kf - thermal conductivity of the fuel mixture, BTU/hr. ft 2 F/ft.

(4)



There are two methods considered in determining the conductivity of the

fuel mixture, namely:

Kmin = minimum numerical value of the thermal conductivity data as

a function of temperature.

Kmin + K 0 to

Kavg = 2

K~to - thermal conductivity of the fuel mixture taken at tempera-

ture to, Figure 48.

to - the temperature at the outer edge of the ceramic fuel slug.

to = tH20 + L tsat + Atwall + Ltgap

The reactor core design considered in the analysis presented herein con-

sists of the following characteristics:

Height of active core - 60 in.

Average core diameter - 57.3 in.

Number of fuel assemblies in core = 112.

Thermal power from core = 254 x 106 U 1 /hr.

Operating reactor outlet temperature - 5340 F.

*Total power distribution of reactor, max./avg. - 4.1.

Results of the above analysis are shown in the following table.

* A peak to average heat flux of 3.2 was determined for the physics case

calculated and presented in Appendix I. A value of 4.1 was selected for

the thermal analysis work to allow for local effects such as control rod

water channels and local effects of power distribution within the fuel

element cell.
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HELIUM FILLED FUEL ELEMENTS
36 FUEL ELEMENTS PER ASSEMBLY

112 ASSEMBLIES PER REACTOR

r2.
in.

WALL
TH' K

B max

H4 -Rod

Qmax
BTU tH 2O

OF
Atsat

oF
Atwall

of

Atgap

'F
to

oF

Atgen

@Kmin
Atgen

@Kavg

tcOF

@Kmin

2.93 .20 .04 258,000 493,000 533 19 177 171 900 1.55 2.14 2650 1920 3550
1.75 .25 .04 258,000 394,000 533 18 139 130 820 1.55 2.25 2650 1825 3470
1.00 .30 .04 258,000 328,000 533 17 113 105 768 1.55 2.31 2650 1780 3418

2.93 .20 .02 258,000 493,000 533 19 84 152 788 1.55 2.29 2650 1795 3438
1.75 .25 .02 258,000 394,000 533 18 66 119 736 1.55 2.39 2650 1720 3386
1.00 .30 .02 258,000 328,000 533 17 56 98 704 1.55 2.43 2650 1690 3354

HELIUM FILLED FUEL ELEMENTS
49 FUEL ELEMENTS PER ASSEMBLY

112 ASSEMBLIES PER REACTOR

2.08 .20 .04 190,000 363,000 533 17 130 126 806 1.55 2.27 1950 1330 2756
1.09 .25 .04 190,000 290,000 533 16 103 96 748 1.55 2.35 1950 1290 2698
.52 .30 .04 190,000 242,000 533 16 84 78 711 1.55 2.45 1950 1250 2661

2.08 .20 .02 190,000 363,000 533 17 62 112 724 1.55 2.40 1950 1260 2674
1.09 .25 .02 190,000 290,000 533 16 :9 88 686 1.55 2.46 1950 1230 2636
.52 .30 .02 190,000 242,000 533 16 i1 72 662 1.55 2.49 1950 1213 2612

tc F
@Kav

2820
2645
2548

2583
2456
2394

2136
2038
1961

1984
1916
1875

where: W/M - water to all other material in reactor
r2- outer radius of fuel element
K = thermal conductivity of fuel mixture, BTU/HR-ft 2 F/ft.

Rods
but
wA4 Kavg

a

N)

v,.

8
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2. DETERMINING THE THERMAL CONDUCTIVITY OF A FUEL MIXTURE

Presented herein is the analysis of the thermal conductivity of a fuel

mixture of U0 2 and Th0 2 as a function of temperature and porosity of the

mixture. Also, thermal conductivity data of U0 2 as a function of tem-

perature for various degrees of porosity are presented. Likewise, data

on Th02 are presented. The selection of the weight percentage of UO2 and

Th02 for the fuel mixture is substantiated in the discussion herein.

The thermal conductivity of the fuel mixture stated in Figure 48 was cal-

culated by the application of equations presented in Reference 5. The

basic thermal conductivity data for U0 2 and Th02, which were used in de-

termining the conductivity of the fuel mixture, were taken from data in

Reference 4. The conductivity of the 100% density fuel mixture was based

on data which was extended to 100% density from experimental data taken

on porous samples. The experimental data at various porosity levels was

extended to 100% density by application of equations developed in Refer-

ence 4. The resultant curve of thermal conductivity for 100% and 93% of

theoretical density were plotted as a function of temperature as shown

in Figure 48.

A possible mixture of U0 2 -ThO 2 chosen for depicting the thermal conduc-

tivity of solid solution compositions as presented in Figure 48 was se-

lected for definite reasons. The composition indicated is the final

composition of a ceramic nuclear fuel obtained by forming and sintering

in air a properly prepared mixture of Th02, U308 and CaO in accordance

with a procedure developed at Argonne National Laboratory. Thoria-urania

bodies formed in this manner, containing up to 25 wt. % U02 are stable



when reheated in air to 17500 - 1850o C. Prolonged heating of U3 08 , in

an oxidizing atmosphere, above 1150 C, results in its decomposition to

a lower oxide and, eventually, to U0 2. Thus, in a Th0 2-U308 body, the

U308 breaks down upon heating in air and, in turn, forms a solid solution

with Th02 0 X-ray diffraction studies of compositions fired in air, con-

taining up to 60 w/o of U02 added as U308, indicate that U0 2-Th02 solid

solutions are formed.

The maximum amount of U02, as U308, that can be readily fabricated with

Th0 2 without disruptive volume changes and formation of various U0 2-ThO 2

solid solutions within the same body lies in the range of 25-30 w/o U0 2.

In addition, it is considerably more difficult to obtain high densities

in bodies containing in excess of 30 w/o U02. Hence the value of 25 w/o

U0 2 was used here to allow for obtaining the desired U2 3 5 loading with-

out exceeding an enrichment of 20% in the U 308 .

The use of CaO is desirable as a sintering aid to make it possible to ob-

tain the maximum possible density at reasonable sintering temperatures,

i.e., 11500 - 16000 C. Minor additions of CaO are known to increase the

sintering rate of Th02 through the formation of substitutional solid so-

lution with no change in the cubic Th02 cell size.

The thermal conductivity of mixtures of U0 2 and Th0 2 follows very closely

the values for either U0 2 or Th02 and depends on the actual composition

for exact values. Since the cell size and dimensions of U0 2 and Th0 2 are

very much alike, there are no interatomic reactions or deficiencies which

would cause a radical change in the thermal conductivity of solid solu-

tions of Th02-U020



The thermal conductivity of U0 2 and Th0 2 as a function of temperature is

shown in Figures 46 and 47. The thermal conductivity of 100% density

specimen was calculated using the experimental data and the following

equation, Reference 4:

K3
Ks8 - -- (6)

1-Pv

where: Ks - thermal conductivity of 100% density solid specimen.

Km - measured thermal conductivity of a porous specimen.

Pv - volume pore fraction of specimen in which the thermal

conductivity was measured.

The experimental curve in Figure 46 was attained from a U0 2 (uranium

dioxide) specimen prepared by hydrostatic pressing and slow firing to

19800 C in vacuo. This specimen had a bulk density of 8.0 gm/cc, cor-

responding to a total porosity of 26.7%, Reference 4.

The experimental curve in Figure 47 was obtained from a Th02 (Thoria)

specimen which was prepared by slip casting from acid suspension and

then firing until the total porosity was 16.7% and the bulk density was

8.07 gn/cc, Reference 4.

The thermal conductivity of a mixture of U02 and Th02, Figure 48, was

calculated by application of the following equation, Reference 5:

KU021[aKTh02

Kmi.x= KTh02 1 + (al) b
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where: K ix - conductivity of a body which consists of a contingent (to

touch all sides) substance having the conductivity (KTh02 )

and small particles of conductivity (KUo2) distributed in

that substance0

KTh02 - thermal conductivity of Th02.

KUO2 = thermal conductivity of U02-

3 KTh02
a =

2 KTh02 + KUO2

b - void fraction U0 2 in mix of U0 2 and Th02o

CC U02 Vol. U0 2

CC Th0 2 + CC U02  Vol. Mix.

The conductivity of the mixture of U02 and Th0 2 at 93% of theoretical

density was calculated by application of equation Ks= Km/l-Pv previ-

ously defined.

3. REACTOR HYDRAULICS

The pressure drop through the reactor is a combination of one phase and

two phase fluid flow losses. The overall pressure drop for the reactor

is approximately 9.0 psi. The flow path through the reactor begins with

subcooled water entering the reactor through the two inlet nozzles in the

lower plenum chamber of the reactor vessel. The coolant passes through

the two holes in the thermal shielding of the lower plenum region and by

an impingement baffel that aids in breaking up the incoming liquid stream

as well as preventing radiation streaming through the holes in the thermal

shielding. From the lower plenum region the coolant flow enters the ori-

ficed core and passes upward through the active core region where steam
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is generated. A small amount of the coolant is also by-passed through

the orificed thermal shield region. The coolant leaving the active core

region now consists of a water-steam mixture and passes upward through the

riser region which is the upper part or the core structure. The liquid

phase of the coolant leaves the top of the reactor core structure and

passes through the core support cylinder holes and finally exits through

the two reactor outlet nozzles.

Pressure drop calculations were made using the equations stated below.

The pressure drop encountered in passing from the inlet nozzle to the

lower plenum region is given by the following equation:

(KE + KT) Vw

2g (8)

All the losses are expansion and turning losses as the fluid enters the

inlet nozzle and passes through the thermal shielding in the lower plenum

region.

To obtain the loss through the reactor core and riser region, the equa-

tion below is applied:

22 21
(Kc+KE)V 2 Pw KcV3 9w _V_ PTPF rG

A P2 - + +J 2g wLB 1 + LNB + -2g 2g De 2 g L P g

KE w fV6 o w PTPF KEV7 Qw

2g De 2g LIR(APo 2g (9)



In equation (9), the first term refers to the entrance loss to the core

region; the second term allows for the loss encountered when entering the

active fuel region; the third term accounts for the two phase friction

loss through the fuel element region; the fourth term represents the two

phase acceleration loss; the fifth term allows for the expansion loss on

leaving the active fuel element region; the sixth term takes into account

the two phase friction loss through the riser region; and the last term

accounts for the loss encountered on leaving the riser region.

The pressure loss contributed by the coolant as it travels free the up-

per plenum region to the reactor outlet nozzles is given by the following

equation:

KT V8 Qw (Kc+KE) 9 ew (Kc+KE) (101w

L3  2g + 2g + 2g

The first term in equation 10 accounts for the loss encountered when the

coolant turns for its approach to the holes in the outer periphery of the

core; the second term is the loss brought about when the water passes

through the openings in the outer periphery of the core; and the last

term takes care of the loss through the core support cylinder holes and

outlet nozzle loss.

The total pressure drop through the reactor is:

APt = APl + AP2 + P3  (11)

The following table gives the approximate pressure drops through the re-

gions discussed for a fuel assembly with a 7 x 7 fuel rod (1/2-inch O.D.)

arrangement.
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Region ZdP (psi)

AP 1 . . . . . . . . . 3.0

A P2 * . . . . . . . . 2.0

L . . . . . . . . . 4.0

C~t Total - 9.0 psi

The symbols

ew -.

LB =

LNB -

Gf -

r r

(PTPF\
S-

~APo/

of the previous equations, 8, 9, 10 and 11, are as follows:

density of water - #/ft3,

boiling length - ft.

non-boiling length - ft.

mass flow rate of the fluid - #/hr. ft2 ,
gravitational constant.

Martinelli and Nelson acceleration factor for two phase flow.

Martinelli and Nelson friction factor for two phase flow.

De - equivalent diameter - ft.

- friction factor.

LR - riser length - ft.

KT - turning loss factor.

KE - expansion loss factor.

Kc - contraction loss factor.

Vn - velocity - fps, where the subscript n refers to the velocity

at the designated location.

AP - pressure drop - psf.
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L. REACTOR CORE THERMODYNAMICS

The subcooled water from the tube side of the pressurized water heated

boiler (primary forced circulation loop) enters the reactor vessel and

passes through the reactor core. In passing through the core, heat is

added to the water and no boiling occurs until enough heat has been added

to raise the water temperature to the saturated liquid temperature at the

operating pressure of the reactor. When this point is reached, boiling

occurs. The distance from the bottom of the active core to the point

where boiling occurs is known as the non-boiling length, and the distance

from the point where boiling occurs to the top of the active core is

known as the boiling length.

-1 Top of active core

LB

LT -- -- - - - - Point where boiling begins

Bottom of active core

The non-boiling length is determined by the equation:

WT
LNB- - (hf - hfsub) IT (12)

where: WT - Ww + we

hfsub-hf -
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Therefore,

LB

where: WT

WW

We

WR

hf

hf sub

LB

'NB

the boiling length is equal to:

-. L -LNB

- total flow rate in reactor - #/U

- water flow rate in reactor - #/h

- steam flow rate in reactor -#/

* reactor heat load - BTU/hr.

- enthalpy of saturated liquid - B

- enthalpy of subcooled liquid - B

- total length of core - ft.

- boiling length of core - ft.

- non-boiling length of core - ft.

Since the effect of a variation in the load split between the pressurized

water heated boiler and the condensing water heated boiler is reflected

on the hfsub value in equation 12, the non-boiling length of the reactor

core and core void volume will be dependent on the amount of subcooling

performed in the pressurized water heated boiler. This in turn is de-

pendent on the load split between the two boilers. Figure 50 shows how

the average void in the reactor core is influenced by a variation in the

load split between the two boilers.

The quality of the steam (Figures 49 and 51) at the exit of the active
reactor core is a function of the recirculation ratio (ratio of primary

water flow to primary steam flow, with the slip ratio assumed to be 1)'.

It is obtained by the equation below.

1
12c 1 R (]J4
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where: R - -
wap

WWyp- primary forced circulation loop water flow - #/hr.

Wap - primary natural circulation loop steam flow - #/hr.

The exit steam void fraction, Y2c, and the average steam void fraction,

Yavec, are given by the following equations:

y2 X2 v

- X2c fg + Vf
(15)

Assuming a linear distribution of heat flux along the length of the fuel

element results in the formation of a linear vapor fraction along the

boiling length of the heated channel, the following equation may be ap-

plied in determining the average void fraction in the core:

LB 1
Y2c

Tavec 21T (16)

where: Yavec

'2c

X2,0

Vg

Vf

Vfg

- average steam void fraction in the core.

- exit steam void fraction in the core.

- exit quality in the core.

- specific volume of saturated steam - ft3 /#,

- specific volume of saturated liquid - ft3/#.

- difference in specific volume between saturated liquid

and saturated vappr - ft3 /#.

The effects of a variation in the reactor load, for a constant reactor

flow rate, upon the exit and average steam void fraction and the exit

steam quality in the core is shown in Figure 51.
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The water level in the reactor varies with the reactor heat load (power),

namely, rising with increasing reactor power and receding with decreasing

reactor power. This changing water level has an effect on the available

driving force in the primary natural circulation loop and therefore has

to be considered when setting the minimum height that the condensing

water heated boiler has to be located above the reactor. Reference is

made to the sketch below:

E

WL

I,
x

-- X-0 top of rods
when in up
position

B

If-Top of active core

VI 'I

C
- Point where boiling

begins

Bottom of active
core

F

--o10

2c

Yavec
LB

1N B
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Where the value of "IP is determined by the equation below:

F2 (B+C) 9m-F2 CLNB Qw+CLB Yavec) +CL1B(lmYavec3 )Qw+B ( ) +B(1-Y2c)QW

r120
E2 1 + (1lY2,)9 1

E[Vg (17)

the location of the water level above the active core is equal to (B+X).

The effect of reactor load on the water level in the reactor is shown in

Figure 52.
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APPENDIX III

REACTOR PRIMARY CYCLE ANALYSIS

1. INTRODUCTION

In analyzing the thermodynamic cycle, which includes the pressurized

water heated boiler, the condensing water heated boiler, and the steam

drum, certain parameters will have to be established for proper opera-

tion of the cycle. Ways of determining such parameters as the required

heat transfer area for the boilers, the distance the condensing water

heated boiler has to be located above the water level in the reactor for

natural circulation to take place, etc., will be brought forth in this

analysis.

2. PRESSURIZED WATER HEATED BOILER

The primary loop is broken up into two individual loops, namely the

forced circulation primary loop going to the tube side of the pressur-

ized water heated boiler, and the natural circulation primary loop which

goes to the tube side of the condensing water heated boiler. Pressur-

ized water at 900 psig and 534* F is pumped through the tube side of the

pressurized water heated boiler where it is subcooled and then returned

to the inlet nozzles of the reactor vessel. The secondary natural cir-

culation loop, which is operating at 600 psig and 489 F, enters the

shell side of the pressurized water heated boiler as a saturated liquid

and leaves (after having removed its part of the reactor heat load) as

a mixture of water and steam. Schematically, the heat balance on the

pressurized water heated boiler is shown as follows.
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Wwp ti

WI4 t 2p

(tube side)

(shell side)

H hfs + Xlhfgs

Wst

Pressurized Water
Heated Boiler

Wst is

H = hf

QPWHBt - WjpCpLt - UALZtm

QPHBs - WstXlhfgs

QPWHBt = PWHBs

Since the heat load carried by the pressurized water heated boiler is

known (63.5 x 106 BTU/hr. at full load)9 values for the overall heat

transfer coefficient (U) and the log-mean temperature difference must be

obtained in order to determine the amount of heat transfer area required

in the unit. The log-mean temperature difference is obtained once the

primary side temperature drop across the pressurized water heated boiler

is determined. Equation (1) is used to calculate the At since values

of QPWHB, Wyp and Cp are known (63.5 x 106 BTU/hr., 2 x 106 #/hr. and

1.26 BTU/# F, respectively). The temperature drop or amount of sub-

cooling is 250 F. In order to determine a value of "U", the film co-

efficients have to be calculated first, These are obtained by the

following equations:

K DiG\*8 CP

(tube side) hi = .027 1i/3 K

(1)

(2)



Kf DOG 6 (pr1/3

(shell side) h -3 (DoGo (C Kf / (4)

By using 3/4 inch 0.D. tubes, a tube side film coefficient of 5,500

BTU/hr. sq. ft. 0OF is obtained. The shell side film coefficient is

1,720 BTU/hr. ft2 OF when using an equivalent diameter of 0.059 feet

and assuming a recirculation ratio of 10 (on the shell side).

Knowing the film coefficients and the resistance of the tube wall, the

overall heat transfer coefficient may be obtained by the following

equation:

1 Rc m Rw 1 1Xt 1
+ +(5)

Uc hio Km h

The clean overall heat transfer coefficient, "Uc", is 935 BTU/hr. ft2 OF.

By assuming a fouling resistance of 20%, which is in the commercial range,

the overall heat transfer coefficient (UD) is 748 BTU/hr. ft2 OF. Having

values for the overall heat transfer coefficient and the log-mean tempera-

ture difference, the required heat transfer area may be computed by equa-

tion (1). This analysis results in 2120 square feet of heat transfer

area required for the pressurized water heated boiler. The numerical re-

sult is somewhat lower than that given in the B. & W. Co. proposal on the

steam generator. This difference will be evaluated in a future analysis

program

CONDENSING WATER HEATED BOILER

In the natural circulation primary loop, saturated steam at 900 psig and

5340 F leaves the top of the reactor and passes through the tube side of the
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condensing water heated boiler where it condenses and returns to the re-

actor (or tees into the primary pressurized water loop) as a saturated

liquid. The condensing water heated boiler has to be placed at a minimum

distance above the reactor water level so that natural circulation may

take place. The water and steam mixture of the secondary natural circu-

lation loop that has emerged from the shell side of the pressurized wa-

ter heated boiler with a certain quality of steam now enters the shell

side of the condensing water heated boiler in this condition. It passes

upward through the shell side, thereby removing its share of the reactor

heat load and further increasing the quality of the steam. This again

is shown schematically below with the appropriate equations.

H = hfs + X2 hfgs

W5 > tsp , h Ws

Condensing Water
Heated Boiler

--- - ------ Condensate
WL_ _P level

Reactor Wst

H hfs + Xlhfg 5

(tube side) QCWHBt Wsphfgp (6)

(shell side) QCWHB Wst (X2 - x 1) hfgs (7)

QCWHBt QCWHBs

The inside and outside film coefficients in the condensing water heated

boiler are 1500 and 1970, respectively, with the resulting clean overall
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heat transfer coefficient of 750 BTU/hr. ft2 OF. Assuming a 20% fouling

resistance, the overall heat transfer coefficient (UD) becomes 600. The

required heat transfer area based on UD is 2300 square feet.

To achieve natural circulation on the primary side of the condensing wa-

ter heated boiler, the following analysis is required in order to estab-

lish the location of the condensing water heated boiler in relation to

the water level in the reactor vessel. The driving force of the fluid,

which is the difference in densities between the two legs, has to be

equal to the pressure drop through the primary natural circulation loop.

This is given by the equations below.

Driving force - AP,

where the driving force &ewLx + 9 CWHB LE Q- vLH (8)

1/2 fGL fG 2Lp fG2 L KG2  KG2

and &Pp ++ + (9)
5.22x1010 -De4 2g QgDe 2g PfDe 2g eg 2gef

In the pressure drop equation given above, the first term accounts for

the loss through the tube side of the condensing water heated boiler.

The second and third terms take care of the friction loss in the piping

from the reactor to the condensing water heated boiler and from the boiler

back to the reactor. The last two terms account for the various contrac-

tion, expansion and turning losses in the connecting piping.

The distance that the bottom of the condensing water heated boiler has

to be located above the water level in the reactor is a function of the

pressure drop through the primary natural circulation loop. It is



obtained by combining equations (8) and (9) and solving for Lx. By using

a 10-inch pipe to the inlet of the condensing water heated boiler and a

6-inch return, a value of approximately 3 feet is obtained for Lx.

h. SECONDARY NATURAL CIRCULATION LOOP ANALYSIS

The recirculation ratio of the secondary fluid on the shell side of the

steam generator assembly is determined in the following analysis of the

secondary natural circulation loop.

Since there are two steam generators in the reactor system, each steam

generator assembly will handle half of the reactor heat load (QR). The

percentage of the steam generator load being handled by the pressurized

water heated boiler is N, and the percentage handled by the condensing

water heated boiler is (1-N). Therefore., the heat load of each boiler

is expressed by the equation below.

NQR (1-N)QR
QPWHB 2i QCWHB m (10)

However, since an equal load split is assumed, then QPWHB - QCWHB = QRU*

The driving force in the secondary natural circulation loop on the shell

side of the steam generator has to be equal to the pressure drop through

the secondary loop in order to achieve natural circulation. This is ob-

tained by the use of the following equations:

Driving force - APs

where the driving force -

ewLD - [PWHBIWHB + o PWHB'R + eCWHBLCWHB + Eo CWHBj (11)
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and

fG2LD KG2  1G2 D(N4+)lhh /PTpF rG2
APB5 - - + -+ _ +

2gPD 2gP 5.22x1010De L P0o/ g

fG 2Ds(N+1)lh4 L PTPF rG2 m2 I, PTPF\ KG2
++ --- + +(---- (12)

5.22xlO'0Deg AP0  g 2g P D LPo 2g 9

In equation (12) the first term accounts for the friction loss in the

downcomer piping; the second term takes care of the contraction, expan-

tion and turning losses in the downcomer piping; the third and fourth

terms take into account the two-phase pressure loss in the pressurized

water heated boiler; the fifth and sixth terms account for the two-phase

pressure loss in the condensing water heated boiler; and the last two

terms take care of the two-phase friction loss and expansion, contraction

and turning losses in the riser piping.

The densities on the shell side of both the pressurized water heated

boiler and the condensing water heated boiler (secondary natural circu-

lation loop) which are used in equation (11) are obtained by the equa-

tions listed below:

EoPWHB* !OPWHB + (1 - yoPWHB)ew (13)

oCW - QSYoCJHB + (1 - oCWHB)ew (14)

ePWHB + (o PWHB
PWHB - 2 (15)

QiHB +QoCWHB
QCWHB - 2 (16)

where eOPHB - CWHB

and iPWHB -( Qw
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The mixture of water and steam leaving the shell side of the condensing

water heated boiler then enters the steam drum, where the steam disen-

gages from the water and passes through a separator and drier before pas-

sing on to the turbine as saturated steam at 600 psig and 4890 F. The

returning subcooled feedwater from the condenser enters the steam drum

at 600 psig and 2490 F. The heat balance on the steam drum is as follows:

to turbine 
Q2 = Ws2hgs

Qi - Ws- W2shhgW

S = WssX2 hfg5SemFeedwater Q -

Steam Return Q3 s2 fsub

Drum

QR

= Qi Q2 -3

Wst X2 hfgs - Ws2 (hgs - hfsub) (17)

1 W5J
Since 12 - 1 ~~~-(18)

1 + R Wst

then Ws - Ws2 (hgs - hfsub)(19)

The amount of steam that has to be supplied to the steam drum (Wsi) in

order to have the required 129,000 #/hr. of saturated steam go to the tur-

bine is given by equation (19). The quantity of steam that will condense

while heating the feedwater from 2490 F to 4890 F is equal to the differ-

ence between Ws1 and Ws2*
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5. NOMENCLATURE

hfsub - enthalpy of feedwater return - BTU/#.

JATPF
= Martinelli and Nelson friction factor for two-phase flow.

APo

r - Martinelli and Nelson acceleration factor for two-phase flow.

Yo =exit steam void fraction.

R - recirculation ratio.

vg - specific volume of saturated steam - ft3 /#.

vf - specific volume of saturated liquid - ft 3 /#,

N - % of generator heat load taken by pressurized water heated
boiler.

(1-N) - % of generator heat load taken by condensing water heated
boiler.

QPWHB - heat load carried by pressurized water heated boiler - BTU/hr.

QCWHB - heat load carried by condensing water heated boiler - BTU/hr.

QR - reactor heat load - BTU/hr.

Wa= primary natural circulation loop steam flow - #/hr.

Wwp - primary forced circulation loop water flow - #/hr.

WV 1 - steam flow rate entering steam drum - #/hr.

Wat - total secondary natural circulation loop flow rate - #/hr.

Ws 2 - steam flow rate leaving steam drum for turbine - #/hr.

X* = quality of steam leaving pressurized water heated boiler

(shell side)

X2 - quality of steam leaving condensing water heated boiler
(shell side)

hf - enthalpy of saturated liquid - BTU/#.

hg - enthalpy of saturated vapor - BTU/#.



-286-

hf - enthalpy difference between sat. liquid and sat. vapor - BTU/#.

CP - specific heat - BTU/# OF.

At - temperature difference on tube side of PWHB - OF.

LAtm - log-mean temperature difference - OF.

oPWHB - outlet density of pressurized water heated boiler
(shell side) #/ft3.

foOWHB - outlet density of condensing water heated boiler
(shell side) #/ft3.

9s - density of steam - #/ft3 .

ew = density of water - #/ft .

PWHB - average density in pressurized water heated boiler

(shell side) #/ft3.

eCWHB -=average density in condensing water heated boiler
(shell side) #/ft3 .

lPs - pressure drop in secondary natural circulation loop - psf.

f - friction factor.

G - mass flow rate - #/hr. ft2 .

L - length of piping - ft.

D - diameter of piping - ft.

P- density of fluid - #/ft3 .

g - gravitational force per unit mass - 2.17 x 108 #
# hr /ft.

De - equivalent diameter - ft.

Ds - inside diameter of shell - ft.

s - average specific gravity.

0 - (A /w)-l"

x m viscosity of bulk fluid - #/hr. ft.

Aw - viscosity of fluid at wall - #/hr. ft.

hi - inside film coefficient (shell side) - BTU/hr. ft2 F.



no =

hio -

Di =

Kf -

Uc _

UD -

Xt -

Km _

K =

S-

N" -

outside film coefficient (shell side) - BTU/hr. ft2 OF.
inside film coefficient referred to outside surface of the
tube - BTU/hr. ft 2 OF.

inside diameter of tube - ft.

thermal conductivity of fluid - BTU/hr. ft. OF.
overall heat transfer coefficient (clean) - BTU/hr. ft2 0F.

overall heat transfer coefficient (dirt) - BTU/hr. ft2 0F.

thickness of metal - ft.

thermal conductivity of metal - BTU/hr. ft. 0F.

contraction, expansion or turning loss constant.

pressure drop in primary natural circulation loop - psf.

saturation temperature - F.

slip ratio - (assumed as 1 in this analysis).

number of baffles.

Subscripts:

s - shell side of boilers and secondary loop conditions.

t - tube side of boilers.

P - primary loop conditions.

o - outlet (exit) conditions.

PWHB - pressurized water heated boiler.

CWHB - condensing water heated boiler.

R - riser.

D - downcomer.

T - total.

f - fluid.

g or v - vapor.

i - inlet conditions.

-287-



APPENDIX IV

METALLURGICAL ANALYSIS

1. METALLURGICAL DATA -mFUEL

There are at least three reasons for desiring to have a high density

ceramic component: (a) better thermal conductivity; (b) higher con

centration of fissionable material per fuel element volume for a given

enrichment; and (c) lower water absorption and higher fission gas re-

tention by the fuel.

The effect of density on thermal conductivity of two ceramic materials

is shown in Figures 46 and 47. The calculated thermal conductivity

at different temperatures of a mixture of Thoria and Urania is shown

in Figure 48. At present there are no experimental data to verify that

the values of thermal conductivity for thoria-urania mixture are cor-

rect, but the data in Figures 46 and 47 do illustrate that the thermal

conductivity of ceramic components can be markedly improved by in-

creasing the density.

The principal effect of higher thermal conductivity in the ceramic com-

ponent is a larger permissible fuel element diameter for a given heat

flux and a given design temperature rise in the fuel. Larger fuel ele-

ment diameters are beneficial in that less expensive Zircaloy cladding

is used per unit fuel volume, provided the cladding thickness remains

constant. The maximum permissible fuel component radius is directly

proportional to the thermal conductivity as shown by the following

relationship.



rf max 0.117K (1)

where: K - thermal conductivity, BTU/hr. ft 0F/ft.

r- radius in inches of the fuel.

when: q/A, heat flux - 450 x 103 BTU/hr/ft2

ATf max - 22000 F, maximum temperature rise in fuel.

The above expression is a special case of the heat transfer equation for

a right cylinder with internal heat generation:

rf q
ATf max 2 (2)

The higher concentration of fissionable material which can be obtained

with higher densities can be illustrated by the following relationships

N - E x W x 9 x 0.88

where: N - grams of fissionable atoms/cc of fuel.

E - % enrichment.

W- w/o U02 in the fuel mixture.

9 - density - grams/cc

0.88 - atomic wt. U
atomic wt. U02

The influence of ceramic porosity on the ability of a ceramic body to re-

tain fission products is indeed marked. A decrease in porosity from 9%

to 3% can decrease the amount of fission products escaping from the fuel

by a factor of 10. This probably is due in part to the change in nature

of the porosity. At low densities, < 90%, the pores are largely inter-

connecting while above 95% the pores become almost entirely closed. This



change is reflected in the water absorption capacity. Below 90% density,

the amount of water absorbed is nearly proportioned to the porosity.

Above 94% the water absorption is essentially nil. The water absorption

of a component is significant if a leak should develop in the cladding.

It has been calculated that gaseous fission products build up at an approx-

imately linear rate of 1.23 atmospheres per year per unit volume of fuel

at standard temperature and pressure. At 93% density, however, less

than 1% of the fission gases are expected to escape from the fuel compo-

nents. At three times the expected gas release, the resulting internal

gas pressure in the element in three years v time due to expansion of the

fuel, which compresses the helium in the annulus, and the formation of

fission gases, for an assumed average gas temperature of 1032 F, is 66.8

atmospheres. However, the external 900 psig pressurizing of the reactor

system results in only 82 psig net internal pressure. This pressure will

create hoop stresses of 500 psi in the Zircaloy cladding. The longi-

tudinal stresses will be about 50% of the hoop stresses or 250 psi in the

Zircaloy. These stresses are low enough to not induce a significant

amount of creep in three years' time at a cladding temperature of 6000F.

As might be expected, it is relatively expensive to obtain ceramic bodies

having densities in excess of 90% of theoretical. The final density is

a function of three fabrication parameters; namely, initial compacting

pressure, sintering time, and sintering temperature. Figure 53 shows

schematically the inter-relationship between these variables. There are

some data to suggest that these curves can be shifted upward to higher

densities by the addition of CaO which, in effect, acts as a catalyzer in
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the sintering process, making it possible to attain a given density in a

shorter time at a given temperature. This is the reason for using 1/2

weight percentage of this compound in the ceramic fuel component.

The reference density of 93% has been set in terms of a balance between

improved performance characteristics of the component and the cost of

obtaining them.

This ceramic material not only is dimensionally stable under irradiation,

but also is inert to attack by degassed hot water or steam which is used

in the primary system. This is true even after long periods of exposure.

Considerable fracturing of the component is expected to occur during

irradiation, but the resulting particle size has been observed to be quite

gross. Essentially, there is no observable growth or shrinkage of this

fuel because of the fission process. This means that there should be no

deformation or distortion of the fuel elements from this cause and also

very little chance of rupturing the cladding. The cladding, therefore,

will not be called upon to furnish mechanical restraint to radiation in..

duced deformation.

2. FUEL EIEWENT CLADDING

Aside from mechanical damage arising from externally imposed loads, two

things must be considered in the basic design of the element. First is

the possibility of solid state chemical and diffusion reactions at the

interface between the fuel and the cladding. If either reaction proceeds

to a significant degree, the integrity of the cladding could be impaired.

Second is the long time corrosion of Zircaloy. The interface reactions

will be considered first.
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The possibility of chemical interaction which could reduce the ceramic

material to the elements Uranium and Thorium requires consideration

of the following specific reactions:

(a) 2ThO2 + 2Pb-}T h + 2Pb2O~with lead in the annulus of the fuel

(b) Uo2 + 2Pb - U + 2Pb0 element.

(c) Th02 +Zr Th + Zro
with helium in the annulus of the

(d) Uo2 + Zr --- U + ZrO2  fuel element0e

Free Energy, zdF @®I!0O0C -K cal/mol

(a) + 1997

(b) + 158.3

(c) + 37.9

(d) + 2.8

Since thermodynamically all of these reactions have large positive free

energies within the temperature range considered likely to be encountered,

they will not proceed, so this question can be dismissed.

The possibility of diffusion, on the other hand, cannot be predicted by

calculation. Direct experiment is required to obtain quantitative data0

As yet, such data are not available for a diffusion couple of ThO 2 and

zirconium. It has been found, on the other hand, that above a temper.

ature of about 1050*F, the diffusion of U0 2 into zirconium proceeds at

a rate fast enough to affect a significant fraction of cladding thick-

ness in one year's time. As pointed out in the fuel element design descrip-

tion, it is not expected that interface temperatures will exceed 650*F.
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The most significant thing in considering the corrosion of Zircaloy

by the primary coolant is the abrupt change which eventually occurs

in the rate of oxidation and the nature of the corrosion product.

After a period of time, which is dependent upon temperature, the rate

of corrosion increases by a factor of about 3, and shortly thereafter

the corrosion product changes from a tightly adhering impervious black

oxide to a white bulky scaley oxide which flakes off, leading to rapid

attack on the base metal.. The important point, therefore, is to avoid

exposure times which are large enough to encounter the onset of the

rapid rate.

Figure 54 shows how the time for onset of rapid corrosion varies with

temperature of the Zircaloy. It can be seen that at 560*F the rapid

rate would probably not occur in less than 1700 days, which is in

excess of the time the elements are expected to be in service0  In

other words, the long time reactivity of the core will limit the ex.

posure time of the elements rather than the beginning of rapid corro-

sion rates.
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APPENDIX V

PRIMARY SHIELD ANALYSIS

1. INTRODUCTION

The primary laminated shield depicted in Figures 11, 12, and 13 is an

adequate, conceptual, hand calculated shield designed to achieve three

objectives. The objectives are: (a) prevention of excessive thermal

stresses in structural members, particularly the reactor vessel, due to

the thermal energy produced by the absorption of a large nuclear radia-

tion flux; (b) reasonable gamma radiation dose rates after shut-down in

all maintenance access areas; and (c) reduction of gamma radiation pene-

trating the primary shield to a level lower than that produced by sources

outside the primary shield.

The latter requirement does not apply to the limited access "crawl" area

above the top of the bilge tank under the containment vessel. The shield

presented herein was determined using the irregular geometry formulae and

methods presented in Reference 1. The primary shield configuration was

developed by considering critical points, (Pn), receiving radiation, and

determining the shielding needed for each point. These locations are

(Figure 55):

P1 - three feet above the control room deck and one foot aft of the outer

wall of the secondary shield;

P2 - on the reactor vertical center line one foot from the secondary shield;

P3 - located in the port and starboard passageways three feet above the

upper deck and one foot from the in-board bulkhead;
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P - 7.25 feet above the top of the bilge tank one foot beyond the con-

tainment vessel;

P5 - fifteen inches below the base of the reactor vessel on the vertical

center line;

P6 - eleven feet below the base of the reactor vessel on the vertical

center line;

P7 - on the twenty-nine foot level one foot from the periphery of the

primary shield.

Points P1, P2, P3, and P4 are of interest during operation only, while

P5 and P7 are of interest due to the access problem after shut-down.

Point P6 is taken as an isotropic fast neutron scatterer.

While the power plant is completely described elsewhere, a brief summary

of its properties affecting shielding will be given in the following

table. Some of these "properties" are not specified but are reasonable

general assumptions.

Reactor Properties Affecting Shielding Design

Configuration 5.O' x 5.0' right cylinder

Number of fuel elements 112

Number of pins per element 36

Total number of pins 1,032

Active pin configuration 0.46, x 5.0 right cylinder

Cladding 0.04" Zirconium

Power density 22.6 watts/cc

Fission density 7.0 x 10" fissions/cc
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Core Constituent Volume x 105 cc Volume Fraction

Water 16.46 0.640

Uranium 5.54 0.2157

Zirconium 3.69 0.1437

Total 25.69

The results contained herein are based on an operating power level of

58 megawatts. After shielding calculations had been completed, a heat

balance check indicated a 74.5 megawatt power level was necessary. The

effect of this increased power level may be judged by the direct scaling

of the two power levels with respect to the dose through the present de-

sign of the shielding laminations.

Since the reactor is of the boiling water type, the density of the cool-

ant decreases with vertical height upward in the reactor core. Water in

the thermal shields and at the core base has a density of 47 pounds per

cubic foot. Significant boiling should commence at the core vertical mid-

point producing a rapidly increasing steam void fraction and decreased

density. The water leaving the core top, and above the core top, in the

riser area has a density, reflecting the void fraction, of 25.8 pounds

per cubic foot. All calculations assume a uniform water density within

the core of 0.706 g/cc (47 lbs/ft3) and 0.406 g/cc (25.8 lbs/ft3) above

the core. Steam at 2.08 pounds per cubic foot is present in the reactor

vessel head and is considered to offer negligible radiation attenuation.

Core and shield geometry are based on the concepts shown in Figures 6,

11, 12, and 13. Formulae describing the transmitted radiation flux,
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presented in Reference 1, are based on the assumptions that the radiation

emission is isotopic and the attenuation is exponential: The accuracy of

the equations should lie in the range of -5% to 40% (Reference 1, page 401,

paragraph II).

The steps in the primary shield design were: (a) determination of pro-

cedure; (b) choice of formulae for calculating gamma shielding; (c) de-

termination of the general procedure used to compute energy and dose

build-up for the core and shield combination; (d) calculation of neces-

sary thermal shielding to prevent overheating the reactor vessel; (e) de-

sign of the fast neutron shield; (f) analysis of the effectiveness of the

necessary fast neutron shield as a gamma attenuator; (g) determination of

the additional shielding needed, if any, to produce the desired gamma tol-

erance level during operation; (h) shut-down activities and additional

shielding required to produce acceptable radiation intensities within the

containment vessel; (i) fast neutron scattering below the reactor vessel;

and (j) analysis of the relationship between radiation penetrating the

primary shield and radiation sources outside the primary shield.

Each of these points will be discussed and the results presented and

analyzed:

20 DETERMINATION OF SHIELD CALCULATION PROCEDURE

Experience indicates that attenuation of neutron capture gammas produced

in the thermal shields and attenuation of fast neutrons from the reactor

core are factors which determine primary shield configuration. Hence,

the necessity and location of the thermal shields was first investigated.
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Secondly, using the required thermal shield configuration, the problem

of fast neutron attenuation was studied before attempting to design the

primary gamma shield.

3. CHOICE OF FORMULAE USED IN GAMMA SHIELDING CALCULATIONS

While the right cylinder core is a source of radiation, it also absorbs

some of the radiation it produces and, therefore, may be considered a

self-shielded source. Equations have been derived for dose at a point P

which is external to a self-shielded cylinder. These appear in chapter

nine of Reference 1, and transform the cylindrical source to an effective

line gamma radiation source displaced "Z" cm back from the cylinder sur-

face. Z is the effective source self-attenuation distance and depends

on the gamma energy and the normal distance "a" from the dose point, Pn'

to the cylinder edge.

The shielding geometry for a right cylinder symmetrical source is shown

in Figure 56. The shielding is computed for a laminated slab shield

interposed between the cylinder edge and the dose point Pn*

The formulae used to compute the uncollided scaler gamma flux, 0, are:

2

B F (e1 b2 ) (1)
2(a + Z)

at P1 and P7

B S E2 (b1 sec 01)
--- LE2 (b1) - sec01  ](2)

at P2 and P5

(upper limit)
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B Sy R0

B S- R+)[F(e2 b2) - F(e 1 b2 ) (3)0 4(a +Z)

at P3 and P7

0

where: F(e b) = Q -b sec 0 d

and E(bn) = bn1 b e-xdX

The exponential integrals are evaluated with the aid of curves presented

in chapter nine of Reference 1.

Sv represents the gamma source density within the core. Sources of gamma

radiation originating within the core may be placed into two general

classes, fission gammas and neutron capture gammas. Both groups may be

sub-divided to give a more complete description of the source spectrum.

The number of gammas per fission, NF(E), or per neutron capture, NC(E),

and their spectrum is well established. Values of N(E) in photons/fis-

sion or photons/100 captures are found in Tables 3.2, 3.3, 3.5, and 3.6

of Reference 1. The value of Sv for neutron capture gammas is given by:

Sv(E) 1 (E) 0 NC(E) 10-2 (4)

where is the neutron macroscopic cross section, 0 is the average

neutron flux within the core.

The fission gamma source density, S, in (/cm3-sec, is found by multi-

plying N(E) by the fission density.

The expression for the fission gamma source term is:

Sv (E) [=NF(E)] 7.0 x loll
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The term 1A4s represents an effective core self-attenuation coefficient.

The core, as previously noted, is a right cylinder, heterogeneous, radia-

tion source. While the core produces radiation, it also attenuates this

radiation by the process of self-absorption. The core is considered as

a shielding region to which a gamma macroscopic cross section (is) must

be assigned in order to compute gamma attenuation and build-up of scat-

tered radiation. The core is treated as a homogeneous mixture of its ma-

terials. Let Fn be the volume fraction for the nth core constituent and

An the macroscopic nth constituent cross section. Let the subscripts

1, 2, and 3 designate, respectively, water, uranium, and zirconium. Then

for gamma radiation of energy, E:

P s(E) - - 1(E) F1 + J42(E) F2 + A 3 (E) F3  (5)

The value of A1 for water reflects the decreased water density. The

number of energy groups considered is determined from Tables 3.2, 3.3,

3.5 and 3.6 of Reference 1.

It should be noted that the self-attenuation distance, Z, is not a fac-

tor in computing the uncollided scalar gamma flux at P2 and P5*

The number of relaxation lengths, bn, of a lumped shield of n regions is

computed as the product of material thickness and gamma macroscopic cross

section for the energy group and material. That is,

bn (E x) - II'n(E) Xn (6)

The symbolic build-up of scattered radiation, B, may pertain to either

energy absorption or biological dose. For either case it is determined
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in a similar manner and is a function of the gamma photon energy, E, and

the number of absorption lengths, bn, traversed in an absorbing medium.

4. DETERMINATION OF BUILD-UP OF SCATTERED RADIATION FOR THE CORE AND SHIELD

CONFIGURATION

Knowing E and bn, reference is made to the appropriate curves appearing

on pages 430 to 435 of Reference 1 and the value of B determined for lead,

iron and water. Core and shield build-up are obtained separately but in

the same manner with one exception. Zirconium is a core constituent, and

no data is presented in Reference 1 for its radiation absorption proper-

ties. Due to the very close orbital electron configuration of silver and

zirconium, the mass and energy absorption curves for silver were considered

as being valid for zirconium. The iron build-up curve was used to compute

zirconium build-up. The total build-up for a shield or core is the sum-

mation of all material build-up at a given energy. Build-up for a system

of core and shield is taken as the product of core and shield build-ups.

This is described by the following equations:

bn core (E) _n.4An(E) Z (E) (7)

bn(E) shield - Jn(E) Xn (8)

N
B shield - bn (E) shield (9)

0

B core + shield (E) -[i bn (E)core] >IIbn (E)shield] (10)



5. REACTOR VESSEL RADIATION HEATING

Reactor vessel heating was computed by calculating the radiation, (Is),

incident upon and radiation, (I), transmitted through the 4.35-inch car-

bon steel reactor vessel and stainless steel liner with no thermal shields

present. Equation (1) was used with B, b, 4< s, and Z reflecting energy

absorption and not dose factors.

Conversion from the scalar gamma flux, 0, in Mev/cm2-sec to an energy

flux in BTU/ft 2 -hr. is made by multiplying 0 by (1,57 x 10-16 BTU/Mev)

(3.6 x 103 sec/hr)(6.452 cm2/in2)(1.44 x 102 in2/ft2). 0 is converted
from /cm2 -sec to Mev/cm2-.sec by multiplying the former unit by the en-

ergy released per gamma absorption. Results are shown in the following

table.

Gamma Heating of Reactor Vessel

Gamma Energy

(xEv)

0.40
0.80
1.00
1.30
1.50
1o70
2.O20
2.23
2030
2.50
2.80
3,00
4.00
5.00

I. x 1011

( '/cm2-see)

2.504
1 .43
8.045
1.1443
3.079
5.442

25.872
8.474

27.048
1.649
0.173
6.186
1.085
5.715

I x 1010

(/cm -sec

0.253
0.057
3.89
1024
3.17
6026

32.6
10.67
34.10

2.28
0.241
8.17
1.49
8.17

(Ia-I) x 1011

(MEV/c 2-sec) J

2.478
1.1437
7.656
1.319
2.762
4.816
22.612
7.407

23.638
1.421
0.1489
5.269
0.936
4.898

Total 8.689 x 1012

Percent

Absorption

99.0
99.6
95.2
91.4
89.7
88.5
87.4
87.4
87.4
86.2
86.1
86,7
86.3
85.7

Conversion to BTU/ft2 -hr. yields 4,471.
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This figure is well below the tolerance set by the design requirements

of 6,400 BTU/ft2 -hr. On this basis, the thermal shields may be elimi-

nated. However, steel thermal shields are very effective minimum-weight

gamma and neutron shielding aids when located near the core.

The preliminary design includes four thermal shields having a total thick-

ness of 4.2 inches and minimum distance of 4.0 inches from the core.

6. NEUTRON SHIELD

Analysis showed the attenuation of fast neutrons to be the governing fac-

tor in the lateral biological shield design. After a survey of suitable

fast neutron shield materials, it was evident that water was the most de-

sirable. Use was then made of experimental data pertaining to fast neu-

tron attenuation in water presented in Reference 1. The design procedure

was as follows:

A. A two group, two region, hand calculated flux plot obtained from the

core physics group was used to determine the fast neutron flux, 0,

in the water reflector.

B. Iron attenuation in the primary shield was initially ignored, and

the water attenuation was found from Figure 3.12 of Reference 1.

C. The macroscopic cross section, Z._, of Iron was computed using two

barns as the fast neutron removal cross section of iron0

D. The iron preceding the final water layer, comprised of the thermal

shields, reactor vessel and liner, and inner shield tank wall, was
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lumped. Its thickness, x cm, determined the iron attenuation of

fast neutrons described by the expression Q - x.

E. A geometrical attenuation factor, G(x), was introduced which included

the eight-foot wide air space between primary and secondary shields.

G(x) was computed on the basis of a 1/R flux dependence.

F. A tolerance value forOf in the control room was set at 3nf/cm2-sec;

or one-half of the specified AEC tolerance level.

G. The necessary water attenuation, A, was then found by solving the

equation (as a first approximation):

3nf/cm2 -sec = (4 x 1013 nf/cm2-sec)P 2Ax G(x)A

where 4 x 1013 nf/cm2-sec is the fast flux at core edge.

Assuming the shield tank water to be at standard conditions, it was found

that 5.25 feet of water are required for a neutron shield in the radial

direction. The procedure was repeated in the vertical direction to de-

termine the shield configuration necessary to protect point P2. The re-

quirements are (from the top of the reactor vessel toward P2): three

inches of iron; 3.25 feet of water; and one inch of iron. The upper

shield tank has the approximate diameter o the reactor vessel. The pri-

mary shield (lower) tank extends from a location one inch below the pri-

mary water return line to the same height above the primary reactor water

exit line. Sloping of the outer wall of the upper shield tank still al-

lows proper shielding protection for point P3. Fast neutron ray traces

indicate satisfactory design.
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7. GAMMA SHIELD

The gamma intensity at points P 1 , P2, and P3, during operation, was com-

puted by "lumping" the laminated heterogeneous shield and applying for-

mulae (1), (2) and (3).

Mass absorption coefficients and dose build-up factors were used follow-

ing the general procedure outlined in describing the computation of re-

actor vessel radiation heating. The scalar gamma flux, 0, was converted

to dose rate using standard conversion constants. E2 and F were evalu-

ated using curves appearing in Reference 1.

The contribution of neutron capture gammas originating in the innermost

thermal shield was treated as follows: (a) the previously noted two

group flux plot was consulted to determine the neutron flux incident on

the thermal shield; (b) the absorbed flux was computed in the conven-

tional manner, i.e., Ia - 1o (1 - ZX); (c) table 3.6 of Reference 1

enabled a computation of gamma production to be made; and (d) using ex-

perimental data found in Reference 2 and a mathematical approximation of

the geometrical effect and iron attenuation, the transmitted intensity

in the control room was found.

Results show that the contribution of capture gammas is almost 50% of

the core gamma contribution.

Results show that without lead shielding on the containment vessel, ra-

diation penetrating the primary shield was much less than radiation from

the primary coolant piping loop. The secondary shield is thus determined
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by radiation from the latter source. The secondary shield will reduce the

contribution of core radiation with respect to the primary water system to

insignificant proportions, fast neutrons excepted.

The intensity at P3 , for instance, will be approximately 10-2 mr/hr,

while P4 offers no problem since its shield exceeds the radial shield.

8. SHUT-DOWN ACCESS

The power plant will operate for at least one year before shut-down prior

to refueling. Assuming negligible shut-down time, all significant fission

products will have attained saturation values. Hence, the infinite opera-

tion curves of Reference 3 may be used to compute gamma source density in

the shut-down core0 When allowance is made for the new gamma spectrum and

water density changes, the intensities at P5 and P7 are found using the

formulae applicable, during operation, to points P1 and P2, respectively0

Assuming at least twenty-four hours must expire, after shut-down, before

entrance beyond the containment vessel can be attempted, no hazard exists

at P1 where a cumulative intensity of about 6 mr/hr will prevail. If one

inch of iron and three and three-quarters inches of lead are placed be-

neath the reactor vessel, a reasonable intensity of 5.7 mr/hr will result.

The intensity at P5 is based on 4.25 inches of thermal shield located be-

neath the reactor and within the reactor vessel.

The gamma activity of the innermost thermal shield was computed in a

manner similar to that employed to determine the capture gamma strength.

Results show that at P7 the thermal shield activity predominates and will

be above the tolerance (7.5 mr/hr) if the total thermal shield thickness

is less than 4.25 inches.
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Of additional interest are the activities above the reactor vessel in the

refueling work area. The following intensities have been computed along

the vertical center line one day after shut-down: (a) immediately above

the removable fast neutron water shield tank (top shield) - 0.2 mr/hr;

(b) above the reactor vessel - 7.2 mr/hr; and (c) 180 mr/hr at the re-

actor vessel lip with the head removed.

These shut-down activity estimates do not include negligible contribution

of long-lived isotopes in the primary water.

9. FAST NEUTRON SCATTERING

Fast neutron scattering at point P5 by the reactor vessel base with re-

spect to the control room presents no problem since any scattered neutron

would have to traverse the shield tank. Assuming 50% of the flux inci-

dent on the interior of the reactor vessel reaches P6, f at P6 would be

3.8 x 101 cm2 -sec.

This incident flux will present no undesirable activation of the steel

control rod drive motor housings and steel motor support platform. If

this flux is isotopically scattered toward the control room with unit

scattering probability, and if the inverse square law is valid for the

twenty-five foot path from P6 to P 1, the incident flux at P1 will be

5 x 10-3 nf/cm2-sec per square centimeter of scatterer. If the scatter-

ing surface is taken as a six-foot square, and the scattering probability

for iron in the MEV region is one barn, the integrated flux in the con-

trol room will be given by:

0f(transmitted) _ f(at scatter) A(1 - - 6s N(Fe)x) (u)

.'.Of= 9 cm2 -sec.
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where A is the scatterer area, 6s is the scattering probability, N(Fe)

the atomic density of iron, and X scatterer depth.

This flux is above tolerance and should be reduced to about 3 nf/cm2 -sec.

This, together with the 3 nf/cm2 -sec from the primary shield, will pro-

duce 75% of neutron tolerance level in the control room. If the removal

cross section of hydrogen is one barn and the atomic density of hydrogen

in paraffin is 7.82 x 1022, it is found that 5.5 inches of paraffin will

be required by solving the following equation and converting metric to

English units.

I - I0(12)

3 - 9Q- (7.82 x 1022)(l x lO-24)x

x - 13.97 cm - 5.5 inches

where is the macroscopic cross section. If a flux of 1 nf/cm2 -sec

is desired, the required value of x is 11.1 inches.
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APPENDIX VI

SECONDARY SHIELD ANALYSIS

1. INTRODUCTION

The primary requirement of secondary shielding is to reduce the radiation

level to acceptable values at points outside the containment vessel dur-

ing full power operation.

The principal radiation penetrating to the containment vessel is the high

energy gammas produced in the primary reactor water upon the disintegra-

tion of N 16 . The average energy per photon is 6.2 Mev. The N 1 6 , having

a 7.35 second half-life, is formed by the interaction of fast neutrons

with the 016 of the water principally during the passage of the primary

fluid through the active reactor core. Details of the 016(n,p)N16 reac-

tion are given in Reference 1.

Other radiation sources are the gammas and fast neutrons which have pene-

trated the primary shield, the N 17 neutrons created in the primary water

system and the neutron capture gammas which may be produced beyond the

primary shield. Preliminary calculations indicated that the contribu-

tions to the total dose from these sources should be negligible by com-

parison with the N16 gammas. Accordingly, this analysis is concerned

primarily with the shielding needed for the N1 6 gammas.

The problem may then be formulated as follows: Given a distribution of

primary water N1 6 sources, in the form of the primary reactor system pip-

ing, and a distribution of structures which also serve as shielding, what
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is the amount of lead that must be clad on to the containment vessel

(Figure 57) in order to reduce the dose rate at various points to the

prescribed tolerances?

The general analysis procedure is described herein. The results of the

analysis are reported in the form of the lead thickness required to give

a stated dose rate at a point "S". The permissible dose rates from all

sources during operation are 7.5 mr/hr in the control room and at the

top of the containment vessel, and 1 mr/hr in the passageway. The pri-

mary water activity gamma dose rate was set at 4.5 mr/hr at certain points

to allow for fast neutrons and core gammas, since the effects of these

other sources are expected to be greatest at the height of the reactor

core.

2. METHOD OF ANALYSIS

The general approach is as follows: The piping of the primary reactor

system is broken up into several cylindrical sources. The dose at a se-

lected point is then determined by the gamma energy, (6.2 Mev), the source

strength or the number of gammas produced per cm3 per sec., the size and

orientation of the cylinder, the distance between the source and the dose

point, and the material between the source and the dose point. The source

strength is assumed to be uniform in any given cylinder. The shielding

material is arranged in the form of plane laminated slabs of material.

The dose rate at a point S from gammas of source energy Eo is:

Dose 0 C, (S) BR (Eos) DR (E0 ) (1)



where: 4k(S) - the uncollided gamma flux at S (gammas that have reached

S without a collision), photons per cm2 per sec.

BR(EO,S) - the so-called dose build-up factor representing the scat-

tered gammas. It is the ratio of the actual dose to the

dose from uncollided gammas.

DR (Eo) - the conversion factor from flux to dose rate in mr/hr.

For 6 Mev photons, DR(6 ) - 7.2 x l0-3 mr/hr per unit

gamma flux.

3. UNCOLLIDED FLUX FROM CYLINDER

The procedure for obtaining the uncollided flux, ($u, from cylindrical

sources and plane slab shields is given in detail in Reference 1, page

108 ff. The basic expression for the uncollided flux from a cylindrical

source is stated below. Consider a dose point, S, at the side of the

cylinder and along the level of the top (or bottom) of the cylinder (Fig-

ure 58). The flux at other levels is obtained by considering two cylin-

ders, and adding or subtracting the results from each.

The uncollided flux at S is:

2

a " F(e1 ,b2 )h( a+z) (2)

where: S, - source strength, photons/cm3 -sec.

R - cylinder radius, cm.

a - the distance in cm. from S to the outer edge of the cylinder.

z - the distance in cm. from the outer edge of the cylinder, the

"equivalent line source" placed parallel to the cylinder axis. z<Ro .
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h
Al=- arctan agz

h - the cylinder height in cm.

b2 - b1 + Us z.

bi -the number of attenuation lengths of material outside the

cylinder andj<4 5 z is the number of attenuation lengths char-

acteristic of the self-shielding of the cylinder.

F(81,b2) :81 e-b2 sec 8 dO. This term combines the exponential at-

tenuation by the shield with a geometric factor. For large

distances, "a", it is proportional to e-b/a. F is plotted

in Reference 1, page 385 ff, as a function of "b" for vari-

ous values of 01.

The derivation of the above formula is given in Reference 1, chapter 9.

Essentially, the cylinder is replaced by a uniform line source of strength

-TR0 Sy gammas per cm0 per sec. The line is placed at a distance (R0-z)

from the cylinder axis. The factor 1 F(81,b2) is then the flux
41-f (a+z)

from the simulated line source.

4. SOURCE STRENGTH, Sv

Sv is a function of the time the primary reactor water spends in the ac-

tive core region and of the transit time from the core to the source cyl-

inder. The activity is built up as the water passes through the core and

decays as it passes from the core through the primary reactor piping

system.
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If it is assumed that the contribution to the activity of the fast neu-

tron flux outside the core is negligible, then the equilibrium activity,

Aoo(t) is:

(3)

where:

Aoo(t

Ac (t

t = the transit time of the water from the core bottom to1

position where the source cylinder begins. t - 0 at t

core bottom0

t'= the transit time from the core bottom to the core top,

i.e., time of exposure to fast neutrons = 2 seconds 0

2\- 0 0 693/half life = 00094 sec-1 for N16 0

) activity (disintegrations per cm3 per seco) at time t0

) - the activity when the water leaves the core,

the

,he

Aoo(t) in turn is given by Reference 1, page 93, Equation 9.

Aoo(t) = NF L AT (1)

where: N the number of 016 nuclei per cm3 of primary fluid (water or

steam). It is a function of fluid density in the source under

consideration0  At standard conditions, (density 1 gm/cm3 ),

N a3.34 x 102 2 /cm 3 . The primary water density is 0.75 gm/cm 3 ,

the primary steam density is 0.033 gm/cm30

F = the spatial average over the core of the fast neutron flux

from two group theory u 1.5 x 104 neutrons/cm 2
dsec.

6- the cross section for the 0l6 (Mp)Nl 6 reaction averaged over

the fission spectrum = 0.020 x 10-27 cm2 .

T = the total cycle time for the primary water loop - 114 seconds.

=3190

Aoo(t) = Aoo(t) e A



Since only 82% of the N16 disintegrations yield the high energy gammas:

So(t) - 082 A(t) (5)

The source strength is considered uniform and is chosen to equal the

value of Sy(t) at the place where the primary fluid enters each particu-

lar component.

In the steam generator assembly, the source material consists of a ho-

mogenized mixture of primary and secondary fluids and steel. Accordingly,

the values of Sy for these units will be proportional to the volume frac-

tion of the primary fluid0

In the pressurized water heated boiler of the steam generator assembly,

the water to metal volume ratio is 5.0. Since only 37% of the fluid be-

longs to the primary water system, the total volume fraction of primary

water is 5/6(O 37) - 0.31. In the condensing water heated boiler, the

volume fraction of the primary steam is 007,

5. SHIELD GEOMETRY - NUMBER OF ATTENUATION LENGTHS "b"

The shielding materials are visualized as plane slabs for computing pur-

poses. Thus the cylindrical wall of a component containing primary fluid

is simulated by a plane slab of thickness equal to the thickness of the

wall. The containment vessel is likewise represented. All other shield-

ing materials are in the form of slabs. The question of the orientation

of the plane arises, since the path length of a ray is increased as its

angle with respect to the normal increases. In the conceptual shield,

the needed lead is to be clad onto the containment vessel. This lead,
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which will provide most of the shielding, will follow the contours of the

containment vessel, Hence the orientation of the planes is taken to be

that of the tangent plane of the containment vessel at the dose point.

The number of attenuation lengths, b, will then be the sum of the terms

Ai ti:

b - Ai ti (6)

where: k i - the linear attenuation coefficient, cm- 1 , of the i tmate-

rial and ti is the thickness of the slab0  The first ma-

terial will be the wall of the primary fluid container

(e0g0 , in the case of the steam generator, the 2 1/21"

thick steel wall)0

Attenuation Coefficients for 6 Mev Gammas

Density
Material P gms/cm3  I/o gins/cm3

H20 O.75 0.0277

Steam 0.033

Steel 7085 0.0305

Lead 11.35 0.0445

Water-Steel
in Boiler

A cm-l

0.0208

0

0.240

00505

0.058

6. SELF=SHIELDING OF SOURCE

The assumption is made that the dose outside the cylinder may be obtained

by replacing the cylinder by a pseudo-tine source at a distance (Ro - z)

from the axis0 "o0 is found from the curves in Reference 1, pages 361
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through 363. In using the curves, b is assumed to be about 10 (the actual

amount of lead is unknown at this stage of the calculation) , Fortunately,

the final results are not sensitive to the value of z.

7. BUILD-UP FACTOR, BR

The recommendations in Reference 1 were followed with a reservation. BR

was determined by using Figure 4.16 on page 117 of Reference 1 with a

value of b = 10. In no case, however, was BR chosen less than one. This

lower limit was placed on BR due to some doubt concerning the variation

of BR with cos 6. This may have resulted in conservative recommendations

for some positions near the top of the containment vessel.

8. RESULTS OF SECONDARY SHIELD ANALYSIS

The results of the calculations appear in the table stated herein.

Eight points were selected. The location of each point (Figure 57) is

referred to a rectangular coordinate system with the origin located at

the geometric center of the reactor core. The +1 axis is in the aft di-

rection. The +Y axis is directed toward the starboard side, The +Z di-

rection is directed upwards. The third column indicates the desired dose

rate at the points "S". The fourth and fifth columns give the thickness

of lead required and the position where the lead should be placed to

achieve the needed shielding.
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LEAD THICKNESSES REQUIRED FOR COOLANT SYSTEM SHIELDING

DOSE LOCATION
POINT FEET

S1  X-+16.0
Y-+405
z=+6.0

S2 x=+16.0
Y=+4.5
Z-+1.5

S3 X=+160

Z--5.0

S4 X-+110.
Y=+12.0

Z-+6.0

S5 X-+16.0
Y=+4 0 5
Z-20

S6 X=+16.0;-16.0
Y-+21.0;-21.0
Z-+22.0;+22.0

S7 X=0
Y-+21.0

Z-+22

Sg X-+ 6.o;-6.0
Y-+21.0;-21.0
Z-+22.0;+22.0

DOSE RATE

MR/HR

4.5

LEAD
THICKNESS

INCHES

700

LOCATION
OF LEAD

Sl

6.0

705

704

7.0

7.0

4.5

1 4.0

3.61

S3

S4

X+13;-13
Y-+10;-10
Z-+14; +14

X-0
Y= 405
Z-+l1.5

X-+10;-10

Y-+13;-13
Z-+ 6;+6

The dose rates calculated in the above table were for 60 MW. The 60 MW

power level of the reactor was later increased to 74.5 MW after the com-

pletion of a more accurate heat balance of the entire system. The dose

rate calculated for 60 MW should be increased by a factor of 1.24 when
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the reactor power is increased to 74.5 MW The additional amount of lead

needed to reduce the higher doses to the tabulated values will be 3/16

inches.

9. DISCUSSION OF RESULTS

The results given above are for points that are believed to be "hottest".

As a consequence, many areas will be overshielded, and in this fact lies

the major premise for the weight reduction of the shield.

The control room is aft of the reactor compartment. The aft primary wa-

ter piping is located largely on the starboard side and hence the shield-

ing on the port side may be reduced. A rough approximation is that the

lead thickness on the port side may be lowered by 0.5 to 1.0 inch. The

largest lead thickness for the control room shielding is 7 inches. This

meets the tolerance dose rate of 7.5 mr/hr. An additional 0.25 inch of

lead would reduce the dose rate to 5.5 mr/hr. The most intense radia-

tion appears to be at the level of the reactor water exit pipe and the

water return pipe.

The sea water ballast and cargo tanks may provide adequate shielding for-

ward of the reactor compartment below the upper deck. Incomplete protec-

tion is afforded by these tanks for the fore and aft passageways, and

hence lead is required at the locations specified for dose points S6, S 7

and S8. The worst effect (strongest source) is from the reactor primary

water exit piping which accounts for a 4.5 inch lead thickness. The lead

thickness directly above the core and primary shield may be reduced since

the structures inside the primary shield will provide shielding.
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The largest uncertainties in the calculation stem from distortions of

the actual geometry introduced to make the computations feasible and the

proper consideration of build-up factors. It is believed that the errors

are in the direction of conservatism, i.e., the results are over-estimates

in lead thickness.

The secondary shielding need not be confined to a cladding onto the con-

tainment vessel. It may be more feasible to place some of it on the deck

plate or around the wall of the primary piping. The latter especially

may help to reduce shielding weight0  As mentioned before, a major re-

duction in the secondary shield weight may be attained by contouring the

lead on the containment vessel.

Other possibilities for the reduction of the shielding include decreasing

the flow time through the core and increasing the distance of the most

intense components from the containment vessel, The flow times and lo-

cations are necessarily dependent on other engineering considerations

as well.



APPENDIX VII

CONTROL SYSTEM ANALYSIS

1. INTRODUCTION

The purpose of this analysis is to present the results of an investiga-

tion into the dynamic behavior of a Closed Cycle Boiling Water Reactor,

and to recommend methods for controlling it when subjected to power de-

mand and reactivity changes. The results of a frequency response con-

trol system synthesis and of an analog computer transient response study

will be discussed.

The analysis described herein was done in connection with Phase 1 of the

CCBR kinetics program (Reference 7). Phase 1 of this program will be

concluded by the publication of a second report which will discuss the

factors considered in selecting the reactor programming and the control

scheme.

2. SCOPE

The scope of this investigation is limited by the applicability of the

reactor and thermal system models proposed as a basis for the analysis.

A linear lumped parameter model with constant coefficients has been syn-

thesized as a first approximation. A non-linear analysis, which is not

reported here, is also being made including some of the non-linearities

of the reactor kinetics. The non-linear study indicates that the linear

approximation is fairly good if the excursions are small. Generally

speaking, the greater the excursions the less applicable is the model.
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Certain feed-back parameters have been ignored because they are considered

small, e.g., temperature coefficient of reactivity and poison feed-back.

Even though the models are greatly simplified, nevertheless they contain

many of the important gross system parameters and characteristics. The

integrations and lumped parameter modes which must be known for a servo

control system synthesis can be computed. A more detailed model would

include additional modes to cover phenomena not considered in this model.

This work assumes that the power coefficient of the system is not positive.

The analysis presented herein was based upon a reactor model using nat-

ural circulation cooling of the reactor. The primary reactor system for

the Maritime application is a forced circulation reactor cooling system.

The applicability of this analysis to the forced circulation design of

the closed cycle boiling water reactor is set forth herein.

The Maritime Ship Nuclear Propulsion System differs from the model used

in this analysis in the following respects.

A. Approximately 50% of the total reactor heat is removed by subcool-

ing of the reactor coolant in the pressurized water heated boiler.

B. The log mean temperature difference in the condensing water heated

boiler is greater in the Maritime system. (This means that "Rx" in

equation (h) is larger for the Maritime application.)

C. The secondary system heat capacity (i.e., C2 in equation (3)) is

larger in the Maritime system.
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D. The primary reactor system in the Maritime application is a forced

circulation system.

With regard to the first difference, (A), this amount of subcooling will

not affect the gross behavior of the system because the change in reac-

tivity due to subcooling is at the most 0.1%, whereas boiling in the core

produces a reactivity change of from 1% to 1.5%. With regard to item

(B), the only effect this would produce would be a small change in the

frequency of the system at which peaking occurs. With regard to item

(C), a larger value of C2 would increase the damping ratio as pointed

out in Reference 8. In other words, less lead would be required in the

compensating network for the Maritime application. It also means that

the rates of change of pressure in the Maritime application will be less

than those given in this analysis. Insofar as the last difference, item

(D), is concerned, the model used for the reactor in this analysis is

also applicable to a reactor using forced circulation. Therefore, it

can be concluded that the behavior predicted in this report is repre-

sentative of the behavior of the control system of the Maritime appli-

cation.

3. DISCUSSION OF THE REACTOR MODEL

The reactor model used here is the one described in Reference 6. The

boiling water reactor with natural circulation is represented by the

bare reactor transfer function with inherent void coefficient of reac-

tivity feedback. While there are other inherent feedbacks, this one is

the most important and gives the boiling water reactor its characteristic

-328-



stability. The block diagram of the boiling water reactor excluding

other inherent feedbacks which will be considered later is then as

follows:

ekky

where the bare reactor transfer function is:

- T' s +- 1
K (2 s+l)

and KB GB of 1
Po (.1-3 s +1)(7'sa+ 1) 2+2 s+ 1

The transfer function of the reactor is:

P K1 G1

e k 8 -1 + K1 KB C1 GB

Calculations indicate (Reference 6, Figure 8) that the stable reactor

open loop gain, K1 KB G1 G B, is high for frequencies of oscillation of
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the complete system, and therefore the delays through the reactor can

be ignored. The reactor transfer function then becomes:

P Po 55,000 BTU/sec.----- - 3.93 x 10 (1)

ke fv f 13 x 8 x 10 % reactivity Reactor Equation

making the reactor transfer function simply a constant means, in other

words, that the reactor has a wide band width compared to the other system

band widths. The validity of this assumption will be investigated fur-

ther in Phase 2 of the kinetics program, (Reference 7). A comparison of

the reactor and the control system band width is made in part 6.

h. DISCUSSION OF CLOSED CYCLE BOILING WATER REACTOR MODEL

The closed cycle boiling water reactor is a two capacity heat flow sys-

tem with a heat exchanger resistance to heat flow between the primary

and secondary heat capacities. This system can be described by the fol-

lowing equations:

dp1
C1 a - P - Qx (2) Primary Steam Loop

dp2
dtC2 - Q - D (3) Secondary Steam Loop

Qx - (U) Heat Exchanger (Steam Generators)

where: P - reactor power (BTU/sec)

D - turbine demand (BTU/sec)

Qx - power transferred across heat exchanger (BTU/cec)
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pl - primary steam loop pressure (psi)

P2 - secondary steam loop pressure (psi)

Ci - 5050 BTU/psi

C2 - 2770 BTU/psi

Rx - 1/220 psi/BTU/sec

Actually equation (3) for the heat exchanger is not exactly right, since

heat flow through the exchanger depends upon a temperature difference

ti - 2

Rt

and not a pressure difference. For the working saturation temperatures

and pressures, this equation becomes, in terms of pressure:

p1 - l.3p2
Qx - (5)

Rx

Further computations show that the gains and time constants of the sys-

tem transfer functions are not changed significantly by the factor 1.3

in equation (5), and so it has not been included in this analysis.

The heat capacities Cl and C2 depend upon the volumes of steam and water

contained in the primary loop steam chest and the secondary loop heat ex-

changers. The heat flow resistance, Rx, depends upon the primary and

secondary temperature difference and the steady state power. The heat

capacities in this system differ from those usually calculated in that

two vapor phases are involved in both the primary and secondary steam

systems. It turns out that the heat capacity of the water makes the
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largest contribution to the heat capacities. While the latent heat of

the steam is also significant, the heat capacity of the steam is neglig-

ible. The calculation of C1, C2, and Rx is given in part 9.

5. COMPUTATION OF SYSTEM TRANSFER FUNCTIONS

In equations (2), (3) and (Li), p1 , p2 , and QX are dependent variables

and P and D are inputs with time the independent variable. Therefore,

there are two sets of transfer functions depending upon whether P or D

is the input. These transfer functions are necessary to synthesize a

stable control system with a suitable transient response. The transfer

functions which are used in the control loop described below are:

p1 1 C2RXs+1

P (C01+ C2) C1C2 Rx
s (Ci + C2)s+1

p= 1 1

D (C + C2) Cl C2Rx +1

L(Cl + C2)

Substituting the values of Cl, C2, and R given above, we have:

- .000128 12.6 s + 1 psi

P (-77.9 db) s(8.l s + 1) BTU/sec (6)

S11 psi
-1 _-0-000128 

(7)

D (-77.9 db) s(8.1 s + 1) BTU/sec

These transfer functions are the variation of p1 with P or D as inputs

respectively. If P and D are both varying, then the excursions in pl

due to the inputs separately must be superimposed to obtain the total
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pressure variation. If the pressure in the primary system is used to

control the reactor, the transfer functions giving p1 explicity must be

used in the analysis.

Since the denominator is the system determinant, these transfer func-

tions contain information concerning the response time of the system.

The uncontrolled system responds with a time constant of 8.14 seconds.

There is an integration between the reactor power and the primary

pressure.

When the secondary pressure is used to control the reactor, the trans-

fer functions between p2 and P and D must be used. These are:

p2  1 psi
- .000128 (8)

P (-77.9 db) s(8.14 s + 1) BTU/sec

P2 - -. 000128 229 s+ psi(9)
D (-77.9 db) s(8.l s + 1) BTU/sec

Equation (8) and equation (6) differ by a first order lead with a time

constant of 12.6 second. Therefore, it would generally be more diffi-

cult to stabilize a control system by sensing the secondary pressure

rather than the primary pressure. The details of the pressure type of

control are gone into in more detail below.

6. SYNTHESIS OF THE CCBR CONTROL SYSTEM

A change in reactor power results in a steady state rate of change of

primary and secondary pressure. This can be seen from transfer func-

tions (6) and (8) and also on the analog computer, Run 1. In order to
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have a system where the reactor power and the turbine demand are auto-

matically the same in steady state and keep the transient pressures, pres-

sure rates and power within reasonable limits when the reactor is subject

to changes in turbine demand or changes in excess reactivity, it is nec-

essary to have a stabilizing feedback control loop. It was decided to

sense the primary system pressure which would then be used to control the

reactor power by automatically moving a regulator rod. This primary con-

trol system loop is shown in the block diagram of Figure 59.

The gain constants in decibels are written above the blocks while the in-

put and output variables of the loop are written before and after the

transfer function. The transfer functions of the forward path, K and

pl/P, are those in equations (1) and (6) respectively. The changes in

the primary pressure due to changes in reactor power and in turbine de-

mand are superimposed to obtain the total primary pressure error, pe.

p0 - 900 psig is the primary set point, i.e., the primary steady state

pressure. With a primary system set point it is apparent that the sec-

ondary pressure steady state value will vary with turbine demand.

A reasonable time constant of 0.5 seconds has been assumed for the delay

of the pressure sensor. The transfer function of the motor and load was

approximated from the control rod motor and load design.

x- .00277 1 a 00277 1 in. (10)
V (-51.2 db) s(.0261 s + 1) (-51.2 db) s volt
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Information obtained from physics analyses indicates that the total regu-

lator rod reactivity worth will be 0.02 far a rod five feet in length.

Then the gain through the rod is:

.02 reactivity
KR = ,"- 033_

x 60 in,

The open loop frequency response of this control system without a stabil-

izing network is shown on the Log Modulus Versus Phase Angel Chart (Nich-

ol's Chart) in Figure 60, Curve A. By adjusting the loop gain, the maxi-

mum phase margin which can be obtained is 100. Applying the Nyguist sta-

bility criterion, this control loop, though stable when closed, has poor

relative stability, Small gain or phase changes in the right direction

will make the system unstable. The reason for this is that the control

loop contains two integrations, one in the p1/P transfer function of the

CCBR system, another in the speed control of the motor. Even though the

usual integration through the bare reactor has been removed by the in-

herent void coefficient of reactivity feedback, an additional integration

is introduced in the CCBR system. If the motor is a type 1 speed servo,

then there will be two integrations in the loop introducing a phase lag

of 1800. The lead in the p/P transfer function, due to the use of an

intermediate heat exchanger, stabilizes the control system, as pointed

out in Reference 8, but does not provide sufficient relative stability,

that is sufficient phase margin. However, it does facilitate stabili-

zation by means of an easily realizable lead-lag network. The following

network and gain introduced into the control loop:
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-- 21.6 10 s+l (U)
Vp (26.7 db) 2.5 s + 1

results in a phase margin of 451 and a high frequency gain margin of 23 db.

See Figure 60, Curve B. These margins are considered sufficient relative

stability for a control system. Assuming that the system remains linear,

if the gain were doubled or halved (for example by doubling or halving the

power level + 6 db), Figure 60 shows that the system remains stable with

considerable stability margin still available. The transient behavior of

this control system will be described in the next section where the ana-

log computer runs are discussed.

The possibility of using a type 0 position control servo instead of a

type 1 speed control servo for the regulator rod motor and load has been

considered. This can be accomplished by feeding back rod position degen-

eratively to the motor input. It would have the advantage of making con-

siderable relative stability easy to attain by eliminating one of the

control loop integrations. However, it has the disadvantage of intro-

ducing a steady state error in the primary pressure due to excess reac-

tivity either purposely or spuriously introduced. This can be seen eas-

ily by examining the closed loop response to excess reactivity step in-

puts in the two cases. For the speed control loop of Figure 59:

500
P s 500 S

bk. s-+o 1+ 01 S2 + .01 s-+o

1 11
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while in the position control case:

500
p_. s500
kis-O +01 s + .01

S

P1 si~

k -s--+o 500 %reactivity input

This means that with a position control system an excess reactivity step

input of 0.1%, which is one-tenth of the excess reactivity in the steam

voids at rated power, would result in a steady state pressure bias off

the primary steam set point of 50 psi0 Any scheme of control which elimi-

nates the second integration would result in a steady state primary pres-

sure bias from excess reactivity inputs, and conversely, eliminating this

steady state effect requires the second integration and effectively a

speed control device.

Since the steady state error due to excess reactivity inputs is undesir-

able, regulator rod speed control is desirable. A simple calculation

shows that with bothtypes of regulator rod control the reactor power

equals the turbine demand when an excess reactivity input is present.

Figure 61 is the closed loop frequency response, bkR/ Ski, of the con-

trol system in Figure 59. The band width is 0.2 rad/sec where the gain

falls off to -3 db (the half power point). The open loop response of the

reactor (Figure 8, Reference 6) indicates that the stable reactor will

have substantial gain up to at least a few radians per second. There-

fore, the reactor closed loop response will not fall off until beyond
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a few radians per second. For this reason, the delays in the reactor

can be ignored in the control loop design. Frequencies above 0.24

rad/sec are not fed back to control the system0 Therefore, the reactor

cut-off at a higher frequency will not change the system response and

the reactor characteristic can be considered flat.

Since an on-off relay control, called a contactor, has the advantage of

simplicity, compactness and economy from both the initial cost and main-

tenance point of view (Reference 9), design calculations have been made

so that discontinuous control could be used in the loop of Figure 59.

The details of the calculation are carried out in part 10. The relay

was designed to pull in at + 1/2% of the primary system pressure set

point of 900 psig. This dead zone of 9 psi is designated by L0 while

the drop out pressure is 4 - h where, following Reference 9, - .03.

The effect of the contactor on the stability of the system can be seen

in Figure 60, Curve C. Instead of measuring margin on Curve B from the

-180 line, it must be measured from Curve C if this is nearer to Curve

B. Since Curve A crosses Curve C, this on-off control system without

the stabilization network will be unstable at 0.06 rad/sec. In order

to have the relative stability exhibited by Curve B, the input voltage

to the control rod motor, voltage V, (see Figure 59) must be 152.6 volts

when the contactor is on. This corresponds to a rod speed of 0.423

in./sec and a reactivity rate of 1.39 x 10-4 /sec. This is considered

a reasonable rate. (See Reference 9). The phase margin is reduced a

maximum of 100 by the contactor, and the low frequency gain margin is

reduced by approximately 11 db. Increasing h raises the gain of the
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loop and increases the phase lag, decreasing the stability margins. Se-

curing the small value of .03 for h/A is difficult and is one of the

most important measures of system performance. The describing function

method of Kochenberger used in analyzing the contactor servo is discussed

in Reference 10 and part 10. Because of the reduction in stability mar-

gin when on-off control is used, other things being equal, and because of

the problem involved in obtaining high performance contactors, proportional

control is recommended. However, provision could be made for a suffi-

ciently stable discontinuous control system in order to take advantage of

the desirable features of an on-off control.

7. DISCUSSION OF THE SYSTEM ANALOG COMPUTER TRANSIENT RESPONSES

The CCBR and its control loop were simulated on an analog computer. The

details of the simulation are shown in Figure 62. Runs were taken for

two types of inputs-step changes in turbine demand, D, and in reactivity,

6 ki. It should be emphasized that the responses to the step inputs must

be interpreted properly. For example, the response of bkR to a step in

S kiis more representative of what occurs physically than the response

of reactor power P. The reason for this is that the high frequencies in

the step are passed by the simple reactor gain which has been assumed.

But these high frequencies are taken out by the delays in the rest of the

loop. Actually, because of the delays in the reactor transfer function

which have been excluded, these high frequencies would not appear in the

reactor power response. In addition there should be some emphasis of

certain frequencies, that is there is some peaking in the reactor trans-

fer function characteristic. In the case of a ramp input, the response
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of reactor power is closer to what one would expect, since a ramp does

not introduce as many high frequencies as a step. At first, ramp inputs

were proposed, but for practical reasons it was finally decided to use

step inputs on the analog computer.

The following five groups of runs are listed on page 354: (1) runs with-

out the regulator rod control loop; (2) runs with the regulator rod con-

trol loop and the control loop gain set at 21.6 (26.7 db), equation (11);

(3) runs with the control loop gain doubled or halved (+ 6 db); (Li) runs

with regulator rod rate limiting; (5) runs with power coefficient of re-

activity feedback. Unless stated, it is assumed in the discussion that

the control loop is in and that its gain is set at 26.7 db which will be

called the nominal gain.

Runs 1, 2, and 3 are without the regulator rod control loop. In Run 1

the instantaneous rate of change of secondary pressure is 18 psi/sec.

upon dropping the turbine demand from 100% rated load to zero. The pri-

mary pressure rises 100 psi in 21 seconds and continues to rise. In Run

2, upon dropping the demand to 50% of rated load, the instantaneous rate

of change of secondary pressure is 9 psi/sec., and the primary pressure

rises 100 psi in 35 seconds. Run 3 shows the effect of a reactivity in-

put of 0.2% on the uncontrolled system. This input is about one-tenth

of the excess reactivity taken up in steam voids at rated power.

The next three runs show the response of the pressure controlled system

to the same three inputs. In order to reduce the primary pressure error

to zero when the turbine demand changes, the reactor power is automatically



reduced by inserting the regulator rod. The slight negative values of

power obtained in Run 4 are an artifact due to the completely linear

model which has been chosen. Actually non-linear reactor characteris-

tics which have been ignored come into play when the reactor power is

small. The initial rates of change of secondary pressure are, as expec-

ted, the same as in the uncontrolled runs. With this type of control

system the steady state secondary pressure does not remain constant with

turbine demand. It reaches a maximum of 900 psi, equal to the primary

system at set point, when the turbine demand drops to zero. The responses

are neither too slow nor too oscillatory with one slight overshoot. This

would be expected from the 3.5 db peaking of the closed loop response in

Figure 61. In Run 4 the primary pressure error rises to a maximum of 30

psi in the extreme case of turbine demand stepped down 100%. The maximum

reactivity rate due to control rod motion in Run 6 (with a step reactiv-

ity input of 0.2%) is 0.025%/sec.

Runs 7 and 8 show the effect of raising or lowering the loop gain. Lower-

ing the gain brings the system closer to the low frequency oscillation

point and the response overshoots more than in the nominal gain case (Run

4). The pressure error reaches a maximum of 54 psi in the low gain case

(Run 8) but only 30 psi with nominal gain (Run 4). In the high gain case

the pressure error maximum is 17 psi (Run 9). These values of pressure

error maxima are for step reductions of turbine demand of 100%. Run 7,

which is the response to a 50% step reduction in turbine demand with high

loop gain, shows a maximum transient pressure error of 9 psi.



In order to be able to use the same control system during start-up and

at rated power, the rod reactivity rate maximum should be about 0.01%

reactivity per second under the worst conditions of 100% step reduction

of turbine demand. With this control loop at nominal gain, the reactiv-

ity rate is 0,08% reactivity per second. One way of reducing this rate

is simply to lower the loop gain. If the loop gain is lowered 6 db, the

rod reactivity rate goes down to 0.065% reactivity per second, but as

Run 8 shows, the system is becoming more oscillatory and additional re-

duction of the gain would not be desirable. Another method is to raise

the loop gain and then limit the input voltage to the motor, that is,

limit the motor speed. This has been done in Run 10 where the motor in-

put voltage has been limited so that the rod reactivity rate is limited

at 0.05% reactivity per second. This run for turbine demand reduced

100% has a'transient response which is not too oscillatory. However,

it was found that limiting at 0.01% reactivity per second resulted in

a much more oscillatory response for a 100% reduction of turbine demand.

Run 11 shows that if the turbine demand is reduced only 50%, a fairly

good response can be obtained for about 0.01% reactivity rate limiting.

These runs indicate that a combination of gain adjustment and limiting

along with some change in the loop stabilization could produce a good

transient response with maximum reactivity rates of 0.01%/sec.

The power coefficient of reactivity is one of the inherent feedbacks

which may play an important part in the transient response and stability

of the overall system. The power coefficient of reactivity is the change
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in reactivity with changes in reactor power. This coefficient can be

written in the following way:

P '' pP\PJ

The factor p is estimated from the slope of a suitable Px curve at the

900 psi point (5300 F) in Figure U, Reference 11. The P curve chosen

was Px approximately equal to 110% rated power. The computed value is:

- 1.91 x 10"3

3___k_ 108x -2
then: o 1l.91 x 10 3 x k1x - 1.91 x 103 x 1 5.2

C - 3.376 x 106 % reactivity
p psi

Since the value of O(p computed here is very small, a power coefficient

of reactivity one hundred times finis must be used in the simulation in

order to see the effect of the phenomena on the system response. It

must be emphasized that there is not enough information to find o(, ac-

curately at the present time.

The CXp feedback is shown in Figure 59. Computer runs were taken with

this feedback but without the regulator rod control loop acting. As dis-

cussed in Reference 11, 0(p can have a positive or a negative sign. Fig-

ure 4 of Reference 11 shows that at low pressures and high density (low

power), O(p will be positive (regenerative feedback), while at high pres-

sures and low density (high power), OCp will be negative (degenerative
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feedback). However, if o(p is positive, it will eventually become nega-

tive since the power is increasing. (Reference 11). As can be seen from

Runs 12 and 13, a substantial amount of negative power reactivity feed-

back stabilizes the system without the regulator rod pressure control.

These runs should be compared with Runs 1 and 3. Instead of increasing

indefinitely, the primary system pressure now reaches a steady state of

940 psi and the reactor power decreases to zero. However, with positive

cp, the system is more unstable than without the power coefficient of

reactivity feedback, with the pressures and reactor power increasing at

an even greater rate. However, if the estimated low value of &p com-

puted above was used, the system response would not differ significantly

from that in Runs 1 and 3 since the steady state values would be attained

only after a long time had elapsed.

8. SUMARY OF ANALYSIS

This report demonstrates that automatic control of the CCBR is feasible

by moving control rods. Adequate regulation can be attained without re-

sorting to very fast rod speeds.

It has been concluded that speed control of the rod should be used and

that it should be continuous. However, relay control is not outside

the realm of possibility.

In addition, the analog computer runs show that even under the condition

of 100% reduction in turbine demand, the maximum secondary system pressure

rate does not exceed 18 psi/sec. The maximum rates of change of primary

pressure for 100% reduction in turbine demand in the controlled and uncon-

trolled system are 3 psi/sec and 7 psi/sec respectively (see Runs 1 and 14).

-348-



9. CALCULATION OF HEAT CAPACITIES Ci, C2 AND HEAT FLOW RESISTANCE Rx

The calculation of Cl proceeds as follows:

V
Pounds of steam in steam chest -

V - volume of steam chest.

vg - specific volume of steam.

If it is assumed that heat is added to flash ten pounds of fluid into

steam, then:

Specific volume of steam- V = 318 = .49
+ 10 318 + 10

where V is calculated from design data and trg is obtained from the steam

tables. The increase in pressure in the steam chest can be computed from

the steam tables from the increase in the specific volume of the steam,

('5006m.90 x 100 psi - x 100 psi -12 psi
.5006 - .4456 .0550

The water volume in the primary system is 606 cubic feet and its weight is

Pounds of water - - 28,600
,0212

The heat taken up by the water is:

x 15.8 x 28,600 - 54,100 BTU

BTU
where 15.8 pud are necessary to raise the pressure of the saturated

steam 100 psi. The heat necessary to obtain ten pounds of steam is:

10 x 668.8 - 6688 BTU
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where 668.8 BTU/pound is the latent heat of the steam. Since these are

the significant heat capacities, the total heat capacity of the primary

steam system is:

54,000 + 6688 BTU
C 12 psi

The values from the steam table were taken around 900 psia. The error

introduced by using this pressure instead of the pressure level of the

primary system which is 900 psig is not significant since the final re-

sult is a slope.

The calculation of C2 proceeds in practically the same way. The volumes

of the secondary system are obtained from design data.

Volume of steam in separator - 84.7 cubic feet.

Assume five pounds of fluid flash into steam. Then:

Specific volume of steam =8847 - .68
8407+ 5

.7083

Increase of pressure in separator (7083 - .654 x 50 psi - 268 psi

91.8
Pounds of water per heat exchanger - 9.0 = 4520

6 x 4520
Pounds of water in six half-full heat exchangers - 2 - 13,560

The heat taken up by the water is:

26.8
--- 8 x 9.7 x 13,560 - 70,600 BTU
56



The heat necessary to obtain five pounds of steam is:

5 x 720.5 - 3602.5 BTU

Therefore the total heat capacity or the secondary system is:

70,600 + 3602.5 BTU
C2 - 26.8 - 2770 -

26.8psi

Steam table values were taken around 650 psia.

The heat flow resistance, Rx, of the heat exchanger at rated power and

pressures is:

R- 900 -650 1_ psi
9055,000 200 BTU/sec

10. SYNTHESIS OF THE ON-OFF CONTROL SYSTEM

An on-off relay in a control loop introduces an additional gain and phase

lag due to the relay action alone. The describing function method of

Kochenburger is used to compute this gain and phase lag; then the Nyguist

stability criterion is applied in the usual way. The relay is character-

ized by its pull-in and drop-out amplitudes. If there is a sunisoidal in-

put to the relay, the output is a square wave. It is assumed that the

servo is a low pass filter and that all harmonics beyond the first are

attenuated so as to be considered negligible.

A -

11-in

Drop-out
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The drop-out point occurs when the amplitude has decreased below that

for pull-in. This results in a phase shift, 9, as shown in the diagram

above. (See Reference 10, Chapter 10). If o is the dead zone of the

relay, then the phase lag of the output is given by:

9 Sin-l 2- SinL /2- h

The ratio between the amplitude of the first harmonic of the Fourier

series of the relay output and the amplitude of the sinisoidal input

including the phase shift is the describing function:

/ Li -A sinOK -'ie
D(am) e

D (am) 4k SinQo< - mgam) where 9 -

The function g(am) with the phase angle 9 is plotted on Figure 60. In

order that the loop gain be the same as that in tne continuous control

case except for the effect of the function g(am), the factor is

chosen equal to unity. The relay is designed to pull in at 1% of rated

pressure. The input voltage to the motor when the relay is on will be:

V - p x 900 x .01 x 21.6 - 152.6 volts

The rod speed is:

i - 2.77 x 10- 3 x 152.6 - .423 in./sec.

and the reactivity rate is:

&kR - .423 x 3.3 x 10 - .0139%/sec.
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11. NOMENCLATURE

KjG1 - Bare Reactor Transfer Function

KBGB - Inherent Void Reactivity to Power Feedback

Transfer Function

Cl - Constant

Po - Reactor Power Level

a - Laplace Transform Derivative Operator

l,72 =- Time Constants

Wo - Natural Angular Frequency of Oscillatory Mode

- Damping Ratio of Oscillatory Mode

fvo - Steam Void Fraction at Reactor Power Level, Po

O(f - Void Coefficient of Reactivity

G<p - Power Coefficient of Reactivity

C1 - Heat Capacity of Primary Steam Loop

C2 - Heat Capacity of Secondary Steam Loop

Rx - Heat Flow Resistance of Heat Exchanger (Pressure)

Rt - Heat Flow Resistance of Heat Exchanger (Temperature)

P - Reactor Power Variation

Qx - Power Transferred Across Heat Exchanger Variation

D - Variation in Turbine Demand

pl - Variation in Primary Pressure

p2 - Variation in Secondary Pressure

po - Primary Loop Pressure Level

pe - Variation in Primary Loop Pressure Error - P1 - po
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Ski = Input Reactivity Variation

bkR - Variation in Regulator Rod Reactivity

5ke - Variation in Reactivity Error - ki - kR

K - Reactor Gain Constant

Km = Motor Transfer Function Gain Constant

KR = Regulator Rod Gain Constant

K1 = Stabilization Network Gain Constant

VP = Variation in Voltage Out of Pressure Sensor

V - Variation in Voltage Out of Stabilization Network

x - Variation in Rod Position

L. =Dead Zone of Relay Servo

h = Contactor Hysteresis

e = Phase Lag Between Relay Input and Output

a- Phase Angle of Relay Output

am = Amplitude of Sinusoidal Input

A - Amplitude of Relay Output

D - Describing Function

A - Variation in Average Moderator Density

g - Density of Steam

f - Density of Water

12. LIST OF ANALOG COMPUTER RUNS

Run 1: No Pressure Control Loop

Turbine Demand Reduced From 100% to 0%

No Power Coefficient of Reactivity Feedback



Run 2: No Pressure Control Loop

Turbine Demand Reduced from 100% to 50%

No Power Coefficient of Reactivity Feedback

Run 3: No Pressure Control Loop

6 ki - 0.2% Reactivity Step

No Power Coefficient of Reactivity Feedback

Run 4: With Pressure Control Loop

Turbine Demand Reduced from 100% to 0%

Nominal Loop Gain

No Power Coefficient of Reactivity Feedback

Run 5: With Pressure Control Loop

Turbine Demand Reduced from 100% to 50%

Nominal Loop Gain

No Power Coefficient of Reactivity Feedback

Run 6: With Pressure Control Loop

ki-=0.2% Reactivity Step

Nominal Loop Gain

No Power Coefficient of Reactivity Feedback

Run 7: With Pressure Control Loop

Turbine Demand Reduced from 100% to 50%

Gain Doubled (+6 db)

No Power Coefficient of Reactivity Feedback



Run 8: With Pressure Control Loop

Turbine Demand Reduced from 100% to 0%

Gain Halved (-6 db)

No Power Coefficient of Reactivity Feedback

Run 9: With Pressure Control Loop

Turbine Demand Reduced from 100% to 0%

Gain Doubled (+6 db)

No Power Coefficient of Reactivity Feedback

Run 10: With Pressure Control Loop

Turbine Demand Reduced from 100% to 0%

Gain Doubled (+6 db)

No Power Coefficient of Reactivity Feedback

e kR Limited at .05% Reactivity/sec.

Run 11: With Pressure Control Loop

Turbine Demand Reduced from 100% to 50%

Gain Doubled (+6 db)

No Power Coefficient of Reactivity Feedback

S kR Limited at .01% Reactivity/sec.

Run 12: No Pressure Control Loop

Turbine Demand Reduced from 100% to 0%

With Negative Power Coefficient of Reactivity Feedback

Run 13: No Pressure Control Loop

b ki - 0.2% Reactivity Step

With Negative Power Coefficient of Reactivity Feedback
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Run 14: No Pressure Control Loop

Turbine Demand Reduced from 100% to 0%

With Positive Power Coefficient of Reactivity Feedback

Run 15: No Pressure Control Loop

ski - 0.2% Reactivity Step

With Positive Power Coefficient of Reactivity Feedback
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