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ABSTRACT

A conceptual reference design of a 318 Mw(e) Graphite Moderated Boiling

and Superheating Reactor (GBSR) is described. In this concept, the coolant is

light-water-and-steam in pressure tubes which pass through the graphite moder-

ator. Fuel slugs of uranium carbide in a graphite matrix are in channels in the

moderator, separated from the coolant by the graphite. The reactor is designed

for refueling under load and for direct maintenance. Turbine throttle steam

conditions are 1800 psig/100 0 *F with 100 0 *F reheat which yields a net cycle

efficiency of 41.8%.

Volume I contains detailed descriptions of the design of the reactor core,

fuel handling system, control rod and drive system, piping system, control and

instrumentation system, auxiliary reactor equipment systems, electrical sys-

tems, and the reactor plant facilities. In addition, the plant operation is de-

scribed during normal and abnormal operating conditions.

Volume II contains a discussion of potential cost savings and a description

of the required research and development.
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I. INTRODUCTION

The Graphite Moderated Boiling and Superheating Reactor (GBSR) was

studied by the Nuclear Power Group; first by themselves, and then in conjunc-

tion with Atomics International. Subsequent to the joint Nuclear Power Group -

Atomics International Study, the Atomic Energy Commission funded this present

study as a part of an AEC overall evaluation study on steam cooled reactors.

The design of the conventional portion of the plant and the cost normalization

was done by Kaiser Engineers under contract to the AEC and is not described

in this report.

Certain ground rules were established by the AEC in an effort to normalize

all studies. These ground rules included definition of the plant site, selection

of certain materials of construction, specification of maximum materials temper-

atures, and, in most instances, specification of maximum allowable fuel expo-

sure s.

Representatives of the New England Electric System and of the Southern

California Edison Company participated with Atomics International in this evalu-

ation study. Their contributions to the study are gratefully acknowledged.

This report, covering the present study, is issued in two volumes. Volume I

contains a technical description of the plant and its operation. Volume II contains

a discussion of potential cost savings and a description of the required research

and development program.

NAA-SR-61000
I-1





II. SUMMARY OF REPORT (Volume I)

A. GENERAL PLANT DESCRIPTION

The GBSR is a pressure tube, graphite moderated, boiling, light water and

superheated steam reactor with integral core reheat. In the center portion of

the reactor, water from a steam drum is circulated through the coolant tubes by

recirculation pumps. The coolant leaving the boiler tubes is a mixture of water

and steam, approximately 33 wt % steam. The steam is separated in the steam

drum and returned to the superheater region of the reactor where it is super-

heated. The superheater region is located in a concentric annulus surrounding

the core boiling region. The steam then flows to the high pressure turbine

throttle. After leaving the high pressure turbine, the steam returns to the re-

actor to be reheated. The reheater region is located in a concentric annulus sur-

rounding the superheater region. The reheated steam is then returned to the in-

termediate pressure turbine. A water cooled, graphite reflector radially sur-

rounds the active core. Graphite reflectors also are provided at the top and bot-

tom of the core.

The core consists of square graphite columns penetrated by vertical coolant

pressure tubes and separate fuel channels. Each column consists of four fuel

channels with each channel surrounded by four coolant tubes. The graphite col-

umns are designed as integral units; each is guided and supported individually

and separated from adjacent columns by a gas gap. They are designed to with-

stand a 0.2 g earthquake load. The coolant tubes are of U-tube type design and

are provided with expansion coils to compensate for thermal expansion.

The coolant in all regions of the reactor is separate from the fuel and is at

a much higher pressure; hence, there is no danger of fission products entering

the coolant and contaminating the steam system. This solves one of the most

important problems associated with the development of reactors with nuclear

superheat; namely, the problem of preventing fission products from entering the

turbine, condenser, etc. This also reduces the requirements for expensive

special turbine seals and other special equipment to prevent the escape of radio-

active substances from the coolant system to the atmosphere.

The fuel consists of large diameter (4 in.) unclad slugs of uranium carbide

in a graphite matrix with a thin coating of silicon carbide applied to the surface.

NAA-SR- 6100
II-1 3



Such dispersed fuel elements permit use of economic considerations rather than

radiation dosage for determination of maximum burnup. Heat generated in the

fuel element is transferred to the coolant by: radiation from the fuel element

through a helium gap to the moderator block; conduction through the graphite

moderator, the helium annulus, and the tube wall; and convection from the tube

wall to the coolant. Low fuel fabrication costs are possible in part because radi-

ative heat transfer does not demand exacting fuel element fabrication tolerances,

and because the elements have a high volume to area ratio.

The moderator and fuel in the core are immersed in slowly circulating

helium at subatmospheric pressure. Graphite moderator off-gases and fission

products which diffuse from the fuel are continuously removed from the helium

by a closed purification system.

Control rods travel in channels machined into corner intersections of four

graphite columns. These rods are moved by mechanisms located at the top of

the reactor.

Fuel loading is performed continuously, while the reactor is at power, by

means of a remotely operated fuel handling machine located in a subpile room.

In-operation refueling is accomplished in a straightforward manner because the

fuel is in a sub atmospheric-pressure environment, and the fuel channels are

straight, parallel, and terminate at a face which is perpendicular to their axes.

The machine is designed as a remotely operated machine; however, manual

overrides and dual actuators are provided in the machine for direct operation.

The area in which it operates may be entered during operation for any direct

handling of the machine which might be required. This is ensured by appropri-

ate shielding on the bottom reactor face and shielding on the fuel handling ma-

chine itself. Compared to other reactors of similar size, the continuous refuel-

ing feature gives the GBSR a greater availability factor and permits a minimum

average fuel enrichment in the core during operation, and maximum average

burnup. The hazard from fuel handling accidents is greatly reduced because

fuel is handled in small quantities in a totally enclosed subpile room, and any

leakage of atmospheres will be into the core since it is at a lower pressure than

the surrounding environs.

Collection and distribution headers for the boiler, superheater, and re-

heater are located in the pipe gallery above the reactor. Thermal and biological

shielding reduce the radiation to a tolerable level above the reactor and permit

NAA-SR- 6100
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access to the pipe gallery during shutdown. There are two complete header

systems for each region within the reactor core. Coolant tubes, around two of

the four fuel channels in each graphite column, connect to one header system

while the coolant tubes associated with the other two 'elements connect to the sec-

ond header system. In this manner, during a shutdown, sufficient flow can be

maintained for cooling purposes in every graphite log with either header shutdown.

In the event of a coolant tube leak in the reactor core, a sound scanning sys-

tem connected to the tubes as they leave the core can be used to identify which

fuel channel contains the leaking tube. The dual header system, mentioned above,

enables flow to the leaking tube to be shut off and the tube plugged. Steam or

water which leaks into the core is vented to a vapor pressure suppression sys-

tem to prevent pressure buildup. The gas gaps between the graphite columns and

machined channels located at intervals along the length of the graphite columns

allow steam to escape from a leak without creating a serious local pressure

build-up. The steam-graphite reaction is endothermic and has a low reaction

rate at temperatures of interest; hence, this is not considered a significant prob-

lem. Also, the fuel is coated to reduce any steam-fuel reaction to an insignifi-

cant rate.

Approximately 6% extra fuel channels are provided so that the loss of a tube

because of a tube leak does not reduce the design rating of the reactor. Althc -gh

the graphite columns containing the tubes are designed so that they can be re-

placed, it is expected that (normally) any tube leaks will merely be plugged and

power operation resumed.

Since moderation of this reactor is almost entirely by graphite, the negli-

gible effect of variation of void fraction in the boiling region causes good nuclear

stability. In all cases investigated, flooding of the coolant system results in a

small decrease in core reactivity. This means that, as in conventional boilers,

the conditions of proper recirculation rate, heat flux, orificing, etc., are pri-

marily predetermined by the flow stability and water purity requirements of the

plant; nuclear effects have little significance on this aspect of the design. Also,

the GBSR's large heat capacity and the mode of heat transfer result in greater

safety during power transients. The fact that the fuel elements radiate their

heat to graphite which tends to stay at constant temperature, permits the heat

transfer 'to quickly adjust, according to the fourth power laws of radiation; this

safeguards the integrity of the elements.

NAA-SR-6100
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The reactor compartment and helium system are completely enclosed in a

leak tight containment of concrete and steel which is connected to the vapor sup-

pression tank for venting of the system in case of pressure tube rupture or any

other malfunction which might cause an overpres sure in the reactor compart-

ment. A steel lined, leak tight, cavity in the biological concrete shielding sur-

rounding the reactor is utilized as the vapor suppression water tank.

A steam or water line rupture external to the reactor itself cannot release

any fission products; thus, the pipe gallery, drum area, and pump rooms are

not vented to the vapor suppression system. These areas contain a pressure

released water spray system which tends to quench the steam released, in case

of a pipe break, before venting it to the stack.

B. ADVANTAGES

The advantages of the GBSR concept are these:

1) There is no known size limitation on the reactor since a pressure

vessel is not required for this concept. It can be designed to utilize

the largest steam turbine available, thereby taking advantage of the

well known unit capital cost reduction realized with increases in plant

size. This phenomenon is of greater benefit to nuclear plants than

fossil fuel plants, because the fraction of total energy costs ascribed

to capital investment is greater in nuclear plants.

2) Continuous fuel management permits maximum fuel utilization, main-

tenance of design neutron flux profile, a minimum core enrichment

during operation, and a minimum required control rod worth. In ad-

dition, continuous refueling would permit this reactor to have a greater

availability and capacity factor than other nuclear plants of similar

size which must be shut down to be refueled.

3) Since the coolant is separate from the fuel, there is no danger of fis-

sion products entering the coolant and contaminating the remainder of

the system. Therefore, no possibility exists of fission products being

released to the atmosphere from the coolant system.

4) Sudden changes in load will not bring about reactor instability. The

reactor's large size and heat capacity will greatly reduce the hazard

NAA-SR- 6100
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of large temperature transients due to nuclear perturbations or tur-

bine trip-out. Changes in the coolant density have little effect on the

nuclear characteristics of the system.

5) The fuel element is relatively simple and requires little intricate

fabrication. It is also capable of extended burnup, however, only

moderate burnups are required for attractive fuel cycle costs, using

a low enrichment uranium fuel cycle. A thorium-uranium fuel cycle

could be used in this reactor if fuel cycle economics so dictate.

6) No secondary loop is required; thereby, capital costs and auxiliary

power requirements are reduced.

7) The reactor generates high-temperature high-pressure steam, con-

sistent with present day turbine technology, which results in the use

of standard turbine equipment and high thermodynamic efficiencies.

8) The concept lends itself readily to the use of a simple vapor pressure

suppression system which results ina low capital cost for containment.

It is interesting to note some of the important differences between this con-

cept and other boiling-water steam superheat concepts. In the GBSR, any con-

tamination of the coolant by fuel element failures is eliminated because the fuel

is in a helium atmosphere at subatmospheric pressure and the coolant is at pres-

sures of 1800 psi and higher. This is particularly significant for the steam

cooled region. In other nuclear superheat concepts, failure of fuel element clad-

ding results in a serious problem due to the fact that fission products have direct

access to the steam and hence to the conventional portions of the plant.

The GBSR can achieve net power cycle efficiencies of 42.5% or greater be-

cause of the use of in-core reheat, high feedwater temperature, and high pres-

sure. In-core reheat is possible primarily because of the pressure tube design.

In a pressure vessel integral boiling and superheating reactor, it is technically

difficult to achieve in-core reheat. In addition, high pressure does not impose

any size limitations on the GBSR, nor are two reactors required for large in-

stallations (500-600 Mw(e)).

Another interesting difference is the capability of the GBSR concept to be

continuously refueled under load. This permits (unlike other nuclear superheat

concepts) peak-to-average fuel burnup ratios appraoching unity, which can be

achieved at no sacrifice in availability factor. Actually, because no shutdown is

required for refueling, the GBSR can have a higher availability factor than other

reactors.

NAA-SR- 6100
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C. DISADVANTAGES

The disadvantages of this concept are these:

1) Relatively large quantities of fission products will circulate in the

helium gas system.

2) The reactor has a large fuel inventory because of the low specific

power. This is partially offset by the fact that continuous fuel man-

agement permits utilization of a minimum average core enrichment.

3) As presently designed, the reactor has a rather low conversion ratio.

Use of low-neutron absorbing materials for pressure tubes would in-

crease this conversion ratio, as would a decrease in the moderator/

fuel ratio.

4) The number of headers in the pipe gallery may make maintenance of

that piping difficult.

NAA-SR-6100
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III. SUMMARY OF PLANT CHARACTERISTICS

DESCRIPTION

A. Heat Balance

1. Net Plant Power (Mw(e))

2. Total Reactor Power (Mw(t))

B. Turbine Cycle Conditions

1. Throttle Temperature ( F)

2. Throttle Pressure (psia)

3. Total Steam Flow (lb/hr/10 6)

C. Reactor Description

1. Reactor Vessel

a. Inside Diameter (ft)

b. Inside Height (ft)

c. Wall Thickness (cylindrical portion)(in.)

d. Material

e. Design - Pressure (psig)

f . Design - Temperature (*F)

2. Reactor Core

a. Active Equivalent Diameter (ft)

b. Active Height (ft)

c. Active Core Volume (ft3)

d. Total Uranium Loading (kgU)
235

e. Average U Content (% by weight)

f. Structural Material

g. Neutron Moderator

h. Moderator-to-Fuel Ratio (atom ratio)

3. Reflector or Blanket

a. Material

b. Axial Thickness (ft)

c. Radial Thickness (ft)

4. Fuel Elements (for each type)

a. Fuel Material

b. Fuel Element Geometry

c. Coating Material

*For core with steel boiler tubes
IFor core with zirconium alloy boiler tubes

318

760

1000/1000

1815/ 465

2.324/ 1.984

51.31

62.5

0.625

SA-285C

20

125

40

30

37,700

120,000

2.87*
2.25 t
SA-285C; 405SS; 304SS

Graphite

224:1

Graphite

2

2

50% UC 2 in graphite

Round

Silicon Carbide

NAA-SR- 6100
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d. Fuel "Meat" Thickness or Diameter (in.)

e. Clad Thickness (in.)

f . Fuel-Clad Gap (cold) (in.)

g. Gap Filler Material

5. Fuel Assemblies (for each type)

a. Total Number

b. Number of Elements (Rods) per

c. Cross Sectional Dimensions, OD

d. Lattice Spacing (in. )

e. End Fitting Materials

6. Reactor Control

a. Method of Control

b. Absorber Material

c. Number of Control Elements

d. Cross Sectional Dimensions,
Absorber Material (in.)

e. Effective Length (ft)

f. Type of Drive

D. Performance Data

1. Reactor Coolant

2. Reactor Coolant Outlet
Temperature (*F)

3. Reactor Coolant Inlet
Temperature ( F)

4. Primary System Operating
Pressure (psig)

5. Primary Coolant Flow (lb/hr/106)

6. Average Core Coolant Velocity
(ft/sec)

7. Maximum Fuel Center

Temperature (*F)

8. Maximum Cladding Temperature
(*F)

9. Burnout Heat Flux (Btu/hr-ft2- *F)

10. Maximum Core Heat Flux
(Btu/hr-ft 2 -* F)

11. Average Core Heat Flux
(Btu/hr-ft2 -*OF)

1296

10

4

11

None

Control Rods

B4C

68

3-1/2 ID x 3-3/4 OD

25

Rack and Pinion

NAA-SR- 6100

III-210

4

n. a.

n. a.

n. a.

Boiler Superheater Reheater

Water-Steam Steam Steam

645 1,000 1,000

613 645 660

2,200 2,120 500

6.97 2.324 1.984

7.2 (water) 72 103

3,769 3,100 2,452

n. a. n. a. n. a.

400,000 - -- -- -

260,000 183,000 53,700

141,000 101,000 25,700



12. Average Core Power Density (kw(t)/ft3)

13. Peak-to-Average Power Ratio

14. Average Specific Power (kw(t)/kgU)

15. Fuel Management

16. Average Fuel Burnup (Mwd/MT)

17. Peak-to-Average Burnup Ratio

18. Material Make-up Rate (lb/day)
(Organic, sodiumD20)

E. Suggested Containment

1. Design Criteria

2. Type

3. Primary Loop Coolant Inventory (lb)

4. Geometry and Dimensions

5. Design Pressure

6. Material

20.2

2.7

6.33

Continuous

25,000

1.2

n. a.

Rupture of coolant sys-
tem in reactor core

Pressure Suppression

n. a.

12,24-in. ducts vent-
ing to a 60 ft ID x

76 ft OD pool

20 psig

Carbon Steel

NAA-SR-6100
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IV. REACTOR PLANT DESIGN

A. GENERAL

The GBSR is a pressure-tube, graphite-moderated reactor characterized by

the unique feature of having the fuel and coolant completely separated. This

unique feature provides several of the distinct advantages that this concept pos-

sesses, namely (1) refueling under load because the fuel is in an atmospheric

pressure environ, (2) simple-geometry fuel element capable of extended burnup,

and (3) a direct cycle system in which no fission products can enter the coolant

stream. The fact that it is a pressure-tube reactor enables it to be built invery

large sizes to produce any desirable steam conditions.

For this AEC evaluation study, a steam cycle of 1800 psig/1000F/1000F

was arbitrarily chosen by Atomics International as representative of the modern

steam conditions which this reactor is capable of producing. The overall cycle

efficiency as calculated by Kaiser Engineers is 41.8% giving a net electrical out-

put of 318 Mw from this 760 Mw-thermal plant.

The reference design presented in this report is commensurate with com-

pletion of construction of a large plant (318 Mwe) in 1967-68. The AEC ground

rules for this evaluation study dictated the site location, choice of out-of-core

piping materials, maximum surface temperatures of certain materials, and

maximum fuel exposure for most fuel materials.

In this design study, the core is a right circular cylinder made up of square

graphite columns penetrated by vertical coolant pressure tubes and separate fuel

channels. Each column consists of four fuel channels; each channel is surrounded

by four coolant tubes. The graphite columns are designed to be integral units;

that is, each column does not depend on the adjacent column for vertical or hori-

zontal support, tube routing, or fuel access ports. All graphite columns are of

identical design, differing from each other only in the coolant tube configuration

and coolant tube material in each region of the active core.

The active core is divided into three regions, namely: the boiling region,

the superheat region, and the reheat region. The boiling region is located in

the center of the core with the superheater and reheater regions located, respec-

tively, in concentric annuli. A water cooled, graphite reflector radially sur-

rounds the active core and graphite reflectors also are provided at the top and

bottom of the core.

NAA-SR-6100
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The fuel consists of large diameter unclad slugs of uranium carbide in a

graphite matrix. A coating of silicon carbide applied to the surface acts as an

antioxidant in case of a steam or water leak in the core. Heat generated in the

fuel element is transferred to the coolant by: radiation from the fuel element

through the helium gap to the graphite column; conduction through the graphite,

the helium annulus, and the tube wall; and convection from the tube wall to the

coolant.

The moderator and the fuel are immersed in slowly circulating helium at

subatmospheric pressure. Graphite moderator off-gases and fission products

which diffuse from the fuel are continuously removed from the helium by a

closed cycle purification system.

Located in a room below the reactor core, is the fuel handling machine.

The machine is designed as a remotely operated machine; however, the area in

which it operates may be entered during operation. Shielding, manual over-

rides, and dual actuators are provided in the machine for any desired direct

operations.

Collection and distribution headers for the boiler, superheater, reheater,

and reflector are located in a pipe gallery above the reactor. There are two

complete header systems for each region within the reactor core. Coolant

tubes, around two of the four fuel channels in each graphite column, connect to

one header system; the coolant tubes associated with the other two elements con-

nect to the second header system. In this manner, during a shutdown, sufficient

flow can be maintained for cooling purposes in every graphite column with either

header shutdown.

Control rod drives travel in cans in the pipe gallery located above the reac-

tor core. The control rods,suspended from the drives, move in channels ma-

chined into the corner intersections of four graphite columns in the reactor core.

In the event of a coolant tube leak in the reactor core, a sound- scanning sys-

tem, connected to the tubes as they leave the core, will identify which fuel chan-

nel contains the leaking tube. The dual header system, mentioned above, en-

ables flow to the leaking tube to be shut off and the tube to be plugged. Steam or

water which leaks into the core is vented to a vapor suppression system to pre-

vent pressure build-up in the core containment tank.

NAA-SR-6100
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Approximately 6% (74) extra fuel channels are provided so that the loss of a

fuel channel because of a tube leak does not reduce the design rating of the reac-

tor. Although the graphite columns are designed so that they can be replaced,

it is expected that normally any tube leaks will merely be plugged and power

operation resumed.

The normal complement of auxiliary systems is provided. These systems

include waste disposal systems, water purification systems, shutdown cooling

systems, and shield and fuel storage-pool cooling systems. In addition, an

emergency shutdown system is provided in the form of boron injection into the

boiling region coolant in sufficient quantities to shut the reactor down, in case

the control rods do not function.

The reactor compartment and helium system are completely enclosed in a

leak-tight containment of concrete and steel. This leak-tight envelope is con-

nected to the vapor suppression tank for emergency venting of the system in

case of pressure tube rupture or any other malfunction which might cause an

over-pressure in the reactor compartment. A steel-lined, leak-tight cavity in

the biological concrete shielding surrounding the reactor is utilized as the vapor

suppression water tank.

Since any steam or water line rupture external to the reactor itself cannot

release any fission products, the pipe gallery, drum area, and pump rooms are

not vented to the vapor suppression system. These areas contain a pressure-

released water spray system which, in case of a piping break, tends to quench

the steam released before venting it to the stack.

B. PERFORMANCE

1. Heat Transfer

a. Power Distribution

The number of elements required in each region of the reactor is a

function of:

1) the power demanded of each region by the steam cycle, and

2) the flux distribution in the core.

The required number of elements, based on the core power distribu-

tion is indicated in Table IV-B-1. The number of elements actually provided is

NAA-SR-6100
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6% greater than the number required based on heat transfer calculations. These

additional elements will account for uncertainties in power distribution and will

provide sufficient spares to remove elements from cells where coolant tube fail-

ures might occur. This table also indicates the regional calculated and provided

for peak/average power ratios which may occur without exceeding maximum fuel

element powers in the regions and yet furnishing 760 Mw of power with the given

power split, and with all the provided elements operating.

TABLE IV-B-1

NUMBER OF FUEL ELEMENTS

Reactor Thermal Power Required (Mw) = 760
Boiler Fraction of Power = 0.543
Superheater Fraction of Power = 0.322
Reheater Fraction of Power = 0.135
Boiler Maximum Element Power (kw/ft) = 56.0
Superheater Maximum Element Power (kw/ft) = 35.0
Reheater Maximum Element Power (kw/ft) = 20.6

Power Ratio
Required Provided (Peak/Average)
Elements Elements Calculated Provided For

Boiler Region 453 480 1.84 1.95

Superheater Region 422 448 1.81 1.92

Reheater Region 347 368 2.09 2.22

Total 1222 1296 2.70 2.86

The volume-averaged temperatures of the graphite and fuel in the

boiler, superheater, and reheater regions are listed in Table IV-B-2 below.

These temperatures are used for nuclear analysis.

TABLE IV-B-2

AVERAGE GRAPHITE AND FUEL TEMPERATURES

Graphite Average Graphite Average Fuel
Region Conductivity Temperature ITemperature

(Btu/hr-ft-*F)j (F)j ( F)

Boiler 20 1182 2799

Superheater 20 1257 2512

Reheater 20 1052 2049

Reactor Average 20 1170 2490

NAA- SR-6100
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b. Heat Transfer Limitations

The reactor operating characteristics are determined by the maximum

temperature of materials composing the core, by the maximum core heat flux,

and by the boiler channel effluent steam quality.

The boiler effluent steam quality and the geometry of the boiler chan-

nels affect the burnout heat flux; which, to assure the integrity of the flow chan-

nels, must be safely above the maximum heat flux. The burnout heat flux was

determined using correlations based on tests performed at 2000 psia. To ensure

a high degree of confidence, the calculated burnout values shown in Figure IV-B-1

are 65% of the correlated values. This diagram shows the core maximum heat

flux, the calculated burnout heat flux, and the ratio of the two as functions of

the core height. Operating conditions for which these curves were established

are 33-1/3% boiling channel steam effluent quality and 260,000 Btu/hr-ft2 max-

imum heat flux for 0.7 in. ID channels. At the closest approach of the two curves,

the ratio of burnout heat flux to the maximum heat flux is 1.39. Since the burn-

out heat flux was determined by reducing the correlated values by about 1/3,

this ratio constitutes a safe value.

The reactor operating temperature is,determined by the temperature

limitations of the materials comprising the core. The graphite moderator and

the helium sweep gas both can operate at very high temperatures; therefore,

they can be eliminated as limiting factors. On the other hand, the allowable

maximum temperature of the coolant tube or the fuel element, or both, will es-

tablish the reactor operating temperatures.

The boiling region of the reactor operates at saturation temperature

and with a film coefficient an order of magnitude greater than those of the steam

cooled regions; hence, the limiting tube temperatures will occur in the steam

cooled region of the core. The maximum operating temperature of Inconel-X

has been defined as 1350*F for this study; therefore, this constitutes a limiting

factor on the heat transfer. The distribution of the heat around the coolant tube

in the superheat and reheater regions was analyzed for a concentric and for an

eccentric tube positioning. The maximum mid-wall temperature of 1222 and

1107*F were calculated for an eccentric and for a concentric superheat tube

NAA-SR-6100
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locations, respectively. The corresponding temperatures in the reheat region

of the reactor are 1230 and 1112 F, respectively. Therefore, the maximum

mid-wall tube temperatures are safely below the limiting temperature of 1350F.

The fuel element specified for the reference design is 50 w/o UC2 in

a graphite matrix. The maximum fuel temperature occurs at or near the center

of the fuel element. Calculations indicate that a center temperature of 37700F

occurs for a maximum heat generation of 56 kw/ft of fuel. The melting point of

UC2 is 45000*F.

c. Determination of Unit Cell Temperature Distribution

Because of the materials temperature limitations and heat flux limita-

tions of this reactor, it is necessary to have knowledge of the heat transfer con-

ditions and temperature distributions wherever these limitations may be ap-

proached. As reactor power is increased, one limitation is reached before the

others, depending on the reactor design, and this establishes the maximum oper-

ating power level. For example, it is possible to reach a burnout heat flux con-

dition in the boiler region before reaching a limiting superheater tube material

temperature. Since the reactor size is determined from heat transfer consider-

ations, it would be ideal for all unit cells to operate at their particular maximum

limiting conditions. However, this ideal is difficult to achieve in any reactor de-

sign. In this reactor, limitations might be reached in, perhaps, at besttwoways

simultaneously. These could be:

1) A maximum permissible heat flux in the center of the boiler

region, and

2) A maximum permissible temperature of a superheater tube near

the inside boundary of the superheater region.

Optimization of the design would involve elevating the power of all

other areas of the core such that they, too, would approach their particular lim-

iting conditions.

A two-dimensional analysis is used to describe the heat transfer from

the fuel element to the coolant in cross sections of unit cells. The generated

heat in the fuel element passes from the fuel surface to the graphite moderator

across a helium gap primarily by radiation. The graphite conducts this heat to

four coolant tubes which are located in the graphite, 90 degrees apart with respect
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to the fuel. The heat is transferred from the graphite to the coolant tubes

through a nominal 5 mil annular helium gap, primarily by conduction.

The heat transfer and temperature distribution in the unit cell de-

pends on the geometry and physical properties of the materials. The eccentric

or concentric position of the fuel element and coolant tubes relative to the mod-

erator will affect the heat transfer and temperature distribution throughout the

cell. As far as the fuel element is concerned, eccentricity of the element will

not affect the heat transfer significantly; because, in this case, radiation will

be the governing heat transfer mechanism. Therefore, from a heat transfer

analysis standpoint, the only variable in the geometry of the unit cell is the

eccentricity of the coolant tubes.

Two geometries were analyzed: (1) all four coolant tubes concentric

and, (2) three coolant tubes concentric and one coolant tube eccentric in the

direction of the fuel element and touching the graphite.

As the position of a coolant tube is varied from concentric of the first

case to eccentric of the second case, the maximum fuel temperature decreases

and the maximum coolant tube temperature increases. Thus, the first case

determines the maximum power from the unit cell, based on a limiting fuel

temperature, and the second case determines the maximum power, based on a

limiting coolant tube temperature.

T.wo methods were used to analyze concentric and eccentric coolant

tubes. A "Teledeltos" electrical conducting paper analog was first set up as a

low cost and fast technique of obtaining approximate heat transfer data for the

eccentric tube. Later, a digital computer code, referred to as "TIGER II,"was

employed to obtain more complete and more accurate heat transfer data.

The TIGER II code was written to solve 3-dimensional heat conduction

problems in either transient or steady-state with internal heat generation and

with convective and radiative boundary conditions using an IBM 7090 digital com-

puter. Before the code could be applied to this particular problem, however, it

was necessary that it be modified to handle the more general problem including

the radiative heat transfer between nodes which exist between fuel and graphite

and between graphite and coolant tube. This code solves a large number of si-

multaneous equations representing the heat balances on nodes (lumped masses).

A total of 841 nodes were used to represent the heat transfer from its source in
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the fuel to the coolant inside the tubes. The variation ii conductive thermal

resistance around the perimeter of the eccentric tube, due to the variation in

conducting path length through the helium, was taken into consideration. The

variation in radiative thermal resistance around both eccentric and concentric

coolant tubes is handled automatically by the computer. The only simplification

made in programming this problem for the machine was the assumption of no

heat generation in the graphite, which is estimated to be about 5% of the total

and which has a small influence in the overall temperature distribution. Basic

input data consisted of the uniform heat generation in the fuel, the thermal con-

ductivities of materials, the surface emissivities, the coolant film heat transfer

coefficients, and the coolant temperatures.

The heat transfer coefficient for superheated steam was calculated by

a recently published correlation for round channels and for a length to diam-

eter ratio greater than 60. Viscosity and thermal-conductivity of the steam

were taken from the recently published data.

A typical set of input data and results at the hottest point in the maxi-

mum power superheater cell are shown in Table IV-B-3. Two cases were run:

one with all 4 tubes concentric and another with 3 concentric tubes and an eccen-

tric riser tube.

TABLE IV-B-3

SUPERHEATER UNIT CELL HEAT TRANSFER DATA
(Maximum Power Cell at Hottest Point)

Fuel Element Power, Maximum (kw/ft) 35
Fuel Thermal Conductivity (Btu/hr-ft-*F) 20
Helium Thermal Conductivity (Btu/hr-ft-*F) 0.16
Fuel Surface Emissivity 0.9
Graphite Surface Emissivity 0.9
Graphite Thermal Conductivity (Btu/hr-ft-*F) 25
Coolant Tube Thermal Conductivity (Btu/hr-ft-*F)

Downcomer 12.5
Riser 13.2

Steam Flow Rate (lb/hr per tube) 3340
Steam Mass Velocity (lb/hr-ft2) 1.568 x 106
Average Steam Temperature ( F)

Downcomer 700
Riser 900

Steam Film Heat Transfer Coefficient (Btu/hr-ft-*F)
Downcomer 1070
Riser 990
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TABLE IV-B-3 (Continued)

SUPERHEATER UNIT CELL HEAT TRANSFER DATA
(Maximum Power Cell at Hottest Point)

Concentric Eccentric
Tubes Tubes

Tube Inside Temperature ( F)
Downcomer, Maximum 893 -1003
Average 864 -
Riser, Maximum 1088 1192
Average 1057 1072

Tube Outside Temperature ( F)
Downcomer, Maximum 932 -1065
Average 898 -
Riser, Maximum 1126 1252
Average 1089 1108

Average Temperature Drop Across Tube Wall (*F)
Downcomer 34 -

Riser 32 36

Fraction of Total Heat Removed
Downcomer 0.514 -
Riser 0.486 -

Tube Side Graphite Surface Temperature ( F)
Downcomer, Maximum 1396 -
Average 1294 -
Riser, Maximum 1534 1397
Average 1429 1372

Average Temperature Drop Across Tube- He Gap (* F)
Downcomer 396 -
Riser 340 264

Average Graphite Temperature Drop ( F) 379 372

Average Fuel Side Graphite Surface Temperature
(OF) (2 irRadians) 1741 1744

Average Fuel Surface Temperature (*F) 2636 2636

Avei-age Temperature Drop Across Fuel-He Gap ( F) 894 894

Maximum Fuel Temperature ( F) 3100 3100

Average Temperature Drop in Fuel (*F) 462 462

In the boiler region it is estimated that 5% of the total cell power is removed

by the downcomer because of its location in the cell. The enthalpy rise in the down-

comer is only 10 Btu/lb, and the subcooling at the boiler riser inlet is about 51 Btu/lb

or about 30 0 F. Typical results at the hottest point of the maximum power boiler

region cell are given in Table IV-B-4 for the steel tube boiler, since the larger di-

ameter tubes in the case of the core with the zirconium alloy boiler tubes yielded

slightly lower temperatures.
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TABLE IV-B-4

BOILER UNIT CELL HEAT TRANSFER DATA

Maximum Tube Temperature ( F) 737*

Average Tube Temperature (OF) 679*

Average Tube Side Graphite Surface Temperature ( F) 1300

Average Fuel Side Graphite Surface Temperature ( F) (2 7r Radians) 1904

Average Fuel Surface Temperature (*F) 3009

Maximum Fuel Temperature ( F) 3769

*These data apply only to the eccentric tube in the cell.

Typical results for the hottest point in the maximum power reheater

cell are given in Table IV-B-5.

TABLE IV-B-5

REHEATER UNIT CELL HEAT TRANSFER DATA

Maximum Tube Temperature ( F)
Downc ome r 1001*
Riser 1230*

Average Tube Temperature ( F)
Downcomer 992
Riser 1113

Average Tube Side Graphite Surface Temperature ( F)
Downcomer 1145

Riser 1238

Average Fuel Side Graphite Surface Temperature ( F) (2 7r Radians) 1412

Average Fuel Surface Temperature ( F) 2172

Maximum Fuel Temperature ( F) 2452

*These data apply only to the eccentric tube in the cell.

d. Core Pressure Drop

The pressure drop calculation for the two phase boiling region of the

reactor was determined by the methods of Martinelli and Nelson.4 In the super-

heater and reheater regions, the Darcy5 formula was used in determining the

pressure drops. The calculated pressure drops are as follows for the active

core and the header piping: Boiling region, 75 psi; Superheat region, 260 psi;

and Reheater region, 50 psi.
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2. Physics

The physics analysis of the GBSR core was of a survey nature, and there-

fore included various assumptions and approximations. In all cases where more

than one avenue of attack appeared feasible, the most conservative of the possi-

bilities was chosen so that the data reported herein should certainly provide the

minimum expected performance of the core.

In the great majority of the work it was assumed that the boiler piping

was composed of PH-15-7 Mo stainless steel. Some additional survey con-

sidered zirconium alloy tubing in place of the steel in this region. Where appro-

priate, results for both steel and zirconium alloy tubing are included although the

former results should be more reliable than the latter because of the much

greater detail involved in the steel calculations. No overall attempt was made

to optimize the nuclear design, other than to assure appropriate power splits,

peak to average ratios and initial reactivity. Therefore, further optimizing

analyses of the GBSR core, in particular, with consideration of zirconium alloy

tubing in the boiler, will be necessary to fully realize the nuclear potential of

this reactor.

a. Core Description

The core can be described as four concentric cylindrical regions. The

inner or boiler region, contains 480 elements; the second or superheater region

contains 448 elements; the third, or reheater region, contains 368 elements.

These three regions form an active core with an equivalent diameter of 40 feet.

The height of the active core is 30 feet. The axial and radial reflector regions

are approximately 2 feet thick. The piping in the boiler region is considered as

either PH 15-7 Mo stainless steel or Zircaloy-2. The piping of the superheater

and reheating regions was assumed in all cases to be Inconel-X.

There are 68 control rod positions located on a square grid, one for

each 16 fuel elements. This puts 30, 27, and 11 rods in the boiler, superheater,

and reheater, respectively.

A more detailed description of the core can be found in Section IV-C.

b. Methods of Analysis

The methods used for the nuclear analysis of the GBSR core are well

known and commonly used at Atomics International and at other reactor engineer-

ing installations.

Extensive use was made of the IBM-7090 computer and codes written

for this machine. Gross reactivity and overall reactor calculations were per-

formed with two-group diffusion theory. The fast group, including all fast fission,
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inelastic scattering and resonance capture effects extended from 10 Mev to

0.625 ev; the thermal group included the energy range below this latter limit.

Each of the three types of cells: boiler, superheater, and reheater,

was treated as an infinite medium in deriving homogenized group constants.

These regions were then appropriately combined in the overall calculations.

(1) Fast Constants

Fast group constants were determined in the homogeneous approx-

imation with the FORM code. This code, which has recently been completed? at

Atomics International, is a Fortran version of the MUFT-4 code. In its use at

this installation, the original MUFT treatment of resonance absorption in U2 3 8

has been modified for calculation of an effective resonance integral of the form

A + B IS/M;

where A and B are experimentally determined constants, and S/M is the effec-

tive surface-to-mass ratio (cm2/gm) of the fuel. In this manner, the code will

permit calculation of resonance integrals to match the many experimental veri-

fications of the above equation.

For the particular UC 2 -graphite fuel element in question, the fol-

lowing expression for the effective resonance integral has been derived:

I = 4.74 + 25.9 ' 0. 018 + X ;
eff O.6Ol8p xr s

where p is the uranium density, r is the radius of the fuel rod, and Xs is the

scattering cross section of the fuel material. The unbroadened effective reso-

nance integral derived in this manner is 32.1 barns.

The Doppler broadening correction applied during this analysis was

1.5 x 10-4/*C.

(2) Thermal Constants

Thermal microscopic cross sections were derivedby assuming a

Maxwellian spectrum and applying temperature corrections according to the

method of Westcott.8 Values for the 2200 m/s cross sections of 1/v absorbers

were obtained from BNL-325, 2nd ed. 9
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The equilibrium neutron temperature was increased over that of

the moderator by application of a hardening correction derived from the relation:

T = T (1 + 1.08AK) in *K;n mod

where

K -1/2 293 1/2 X 2200

K = 

S) mod E

and A = Atomic weight of the moderator.

This relation has been found appropriate for heterogeneous graphite reactors in

other studies.' 0

Overall cell macroscopic cross sections were then derived by ob-

taining thermal flux distributions with one dimensional, cylindrical transport

theory. Carlson's Sn method in the S approximation as coded for the 7090 was
used for these calculations. The cell chosen was represented as four concen-

tric regions: fuel, helium gap, a ring of graphite and piping, and an outer ring

of graphite with whatever amount of additional piping was necessary. In all

cases, the volumes of the materials were preserved.

The flux distributions so obtained were then used in flux-and-

volume weighting of the cross sections of the cell materials, to obtain gross

thermal constants.

c. Overall Reactivity Calculations

In most cases where overall reactivity calculations were necessary,

two-group diffusion theory, utilizing nuclear constants derived as described

above, was used. The AIM-5 code was utilized to perform these calculations.12

The relationship between reactivity and enrichment for the hot-clean core is shown in

Figure IV-B-2 for cores with both steel andzirconium alloy tube boiling regions.

Because of the marked heterogeneity of the cell, there was some doubt

as to whether one-dimensional techniques were truly applicable to this problem.

In an effort to resolve this question, a two-dimensional, two-group flux distribu-

tion was obtained in X- Y geometry with the PDQ code.13 When the thermal flux

distribution so obtained was used in deriving homogenized thermal cell constants

and these latter constants used in a gross reactivity calculation, a significant
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increase in the predicted reactivity was obtained. This increase was accounted

for in two principal ways; viz. , the flux in the fuel relative to that in the moder-

ator was higher in the two-dimensional diffusion calculation than in the one-

dimensional transport calculation, and the absorption rate in the piping was less

in the former calculation than in the latter. In both instances, the thermal utiliz-

ation was greater, and thus the predicted reactivity was higher. The former

effect was not unexpected since use of diffusion theory usually results in under-

estimates of the flux depression in fuel; its effect on increasing reactivity should

be fairly well discounted. However, the latter effect of decreased absorption in

the pipes, due to discrete absorbing regions in the two-dimensional calculation

as opposed to a smeared-out absorber in the one dimensional, is probably a real

effect and could account for as much as a 2% increase in the reactivity compared

to that reported herein. Thus, there is additional potential in this core which

was not shown in these calculations.

d. Control System

A detailed description of the control rods and their placement in the

core may be found in Section IV-E. Essentially, the B4C rods are 4 in. OD cyl-

inders, 0.125 in. thick, with a poison column length of 25 feet. They are spaced

evenly from the center of the core on a square lattice, one rod for each 16 fuel

elements.

The control rod worth analysis was performed with three-group diffu-

sion theory. The energy limits taken were 10 Mev, 5.53 key, 0.625 ev, and ther-

mal. This was done to conform with the group energy break points normally

used with the FORM code.

The method consisted of choosing a control rod cell; viz., the rod

surrounded by sixteen fuel elements. Then, the extrapolation distance into the

rod was computed according to the method of Kushnerink14 for each of the cho-

sen energy groups. With these extrapolation distances, a three-group flux dis-

tribution was computed (by use of the AIM-5 code) with the rod inserted. This

flux distribution was subsequently used in computations of the absorption rate

in the rod for each of the groups. An equivalent poison cross section for each

group for a homogenized poisoned cell was then inferred from the latter calcu-

lation. The overall worth was mathematically obtained by inserting values for
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the appropriate number of poisoned cells into the core data and calculating the

change in reactivity in three-group diffusion theory with AIM-5.

In this manner, the total rod worth for 68 rods was found to be 8.58%

Ak/k.

A backup emergency shutdown system has also been provided. It con-

sists of a boron injection system whereby a boron-containing solution can be in-

jected into the piping of the boiler section of the core. For this analysis, the

boron solution was assumed to be distributed instantaneously through the risers

and downcomers of the boiler. Because of the excessive heterogeneity of the

system when boron is added, a two-dimensional analysis with the PDQ code was

employed to obtain homogenized cell constants as a function of ppm boron

contained in the feedwater. These constants were then used in a normal

manner in a two-group, one-dimensional reactivity calculation.

As was mentioned previously, the absolute reactivity calculated in this

manner is not entirely reliable; however, since only changes in reactivity are

desired here, the percentage change in reactivity as a function of boron concen-

tration should be reliable. The % Ak/k for several ppm of boron injected is

listed in Table IV-B-6.

TABLE IV-B-6

BORON ppm VS % Ak/k

ppmj % Ak/k

100 2.73

500 11.04

1000 13.35

e. Water Flooding

The effects of water flooding within the pipes of the core at various

possible times during operation were investigated. Complete analyses within

the two-group framework as discussed previously were performed. The results

ofthis study are summarized in Table IV-B-7. The % Ok/k refers to the change

in reactivity from the "normal" state. At operating temperatures this implies

the normal operating fractions of water and steam in the pipes; while at 100F,

the reactivity basis is a completely voided core.
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TABLE IV-B-7

FLOODING REACTIVITY VALUES

Situation Temperature ( F) %Ak/k

1. Boiler flooded with 600*F saturated Operating -0.995
water, other regions normal

2. Boiler and superheater flooded with Operating -0.969
600 F saturated water, reheater normal

3. Boiler and superheater flooded with 6000F Operating -0.961
saturated water, reheater with 400 F
saturated water

4. Boiler flooded, superheater and 100 -2.40
reheater voided

5. Boiler and superheater flooded, 100 -2.97
reheater voided

6. Entire core flooded 100 -3.13

It should be noted that in all cases of water flooding, the reactivity decreases;

therefore, the core is inherently safe against this type of incident.

f. Burnup Analysis

The burnup characteristics of the GBSR were determined with the

use of the CANDLE code. Several enrichments were investigated, and the burn-

up characteristics were determined for each. The results are shown in Table

IV-B-8.

TABLE IV-B-8

BURNUP CHARACTERISTICS

E (a/o) Akff/1000 Mwd/T

1.5 0.0148

2.0 0.0145

2.5 0.0142

3.0 0.0141

These values must be supplemented by an initial drop of -0.0248 Ak/k due to

buildup of equilibrium xenon and samarium.

In a continuous refueling scheme, such as is proposed for the GBSR,

the average exposure of the fuel removed at any time is just twice that of "batched"
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fuel. Thus, given an initial enrichment, the average exposure of spent fuel may

be calculated in the following manner:

1) Assume an initial enrichment of 2%, from Figure IV-B-2,

k = 1.087 . . . . . . . . . . . . . . . . . . . . . . . . . . 1.087

2) Loss due to Xe and Sm; Ak= -0.0248 (1.087) = -0.027

1.067

3) Control necessary at end of life -0.005

1.062

4) Mwd/T if fuel is batched = 1.062 x 103/0.0145 = 7,340

5) Mwd/T for continuous refueling = (7,340)(2) = 14,680

To calculate the equilibrium feed enrichment necessary for a given exposure of

spent fuel, Table IV-B-8 and Figure IV-B-2 are also used.

Assume the fuel exposure desired is 20,000 Mwd/T. This corresponds

to an average core exposure of 10,000 Mwd/T. Guess an enrichment of 2.5% is

required. Then:

1) Burnup requirement (10)(0.0142) = 0.142

2) Assumed Ak/k for Xe and Sm = 0.030

3) Control margin necessary = 1.005

4) Initial reactivity = 1.177

5) From Figure IV-B-2, E = 2.61 a/o

An iteration may be necessary:

1) keff -=1.177

2) (Ak/k) Xe + Sm = (-0.0248) (1.177) = -0.029

1.148

3) Burnup requirement -0.142

1.006

4) End of life control -0.005

1.001

5) keff should be 1.176 and Eo = 2.60 a/o
0
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For the feed enrichment necessary for other exposures of spent fuel

see Figure IV-B-3.

The initial conversion ratio, ICR, was calculated within the two-group

framework of analysis from the following relationship:

ICR = captures in U 2 3 8

captures in U 2 3

z 2 8

2 8 +x a2
al rixa + D B 2

a2  2

x
2 5

2 5 a 2

a1 rla i + D B2

a2 2

2823
where a2 = fast capture cross section for U

EX 25 = fast capture cross section for U 2 3 5

a1

Xa 28 = thermal capture cross section for U 2 3 8

a2

25 = thermal capture cross section for U 2 3 5

a2

Xr= fast to thermal transfer cross section

S = totalthermal capture cross section,
a2

D2 = thermal diffusion coefficient, and

B2 = total buckling of system.

These properties were appropriately flux- and volumed- weighted over

the three region core to yield average values. The conversion ratio as a function

of initial enrichment is shown in Figure IV-B-4.
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C. REACTOR COMPLEX STRUCTURE

The reactor-complex structure, as described in this section, consists of

the equipment and structures contained within the concrete biological shield at

its sides, and that between and including the top and bottom grid structures.

1. Design Philosophy

When approaching this design, the problem of graphite growth and shrink-

age was quite apparent. Initially, the graphite will expand due to temperature.

After the initial expansion, there is contraction in both the transverse and the

longitudinal directions. The cross-over point from expansion to contraction

generally occurs at an exposure of 1000 to 2000 Mwd/AT for expected operating

temperature.

Initial thermal and irradiation induced expansion is additive in a "solid

packed" core and can amount to several inches of movement in the outer regions

of the core. For these reasons the individually supported and guided column con-

cept was selected for the GBSR with space allowed between columns for initial

growth of the columns. If further detailed study indicates that due to differential

neutron fluxes, differential shrinkage occurs in the outer peripheral graphite

columns, spacer blocks can be added between these columns. These spacers,

together with bands or other means of restraint on the outer periphery, will prevent

excessive bowing in those columns which experience the differential shrinkage.

The decision to have the graphite columns vertical rather than horizontal is

based on the following:

a) Individual column structure is much easier to support in the vertical

(compression) position rather than in the horizontal position which

would require considerable attention be given to tension members to

hold the blocks in alignment.

b) In the vertical column design, only one reactor face (bottom) is re-

quired for the refueling machinery. In a horizontal fuel channel reac-

tor, two refueling machines are required instead of the one machine

indicated in the selected vertical GBSR design. In addition, horizontal

fueling requires twice as many fuel channel sealing plugs.

c) The vertical integral column concept allows for the possibility of re-

placing an individual column without having to dismantle the entire

core. It is believed that this would be very difficult with a horizontal

column because gravity effects would cause the column to be dragged

along an adjacent lower column.
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2. Design Features

As the result of the design study, a different concept is offered. This

consists of individual graphite columns, structurally sufficient to withstand seis-

mic loads; they are pinned at each end for alignment, and allowance is provided

for graphite expansion and contraction in both the horizontal and vertical direc-

tion. Each graphite column is an integral unit and can be taken out and replaced,

together with its coolant tubes, without disturbing or interfering with the adjacent

graphite columns.

The problem of coolant tube expansion has been solved in many reactor

designs by the use of bellows. Since they are a potential source of trouble, bel-

lows are not included in the design. The coolant tubes are anchored at the top

grid structure. All relative movement, due to temperature differentials in the

coolant tubes, is compensated for by the expansion tube coil section. These

coils will equalize themselves in compression or expansion since each leg of

the coolant tube is free to move in the graphite column. Stress calculations

show that the end thrusts of the coils as well as the combined pressure and shear-

ing stress in the coils are relatively low.

Since each riser and downcomer header is anchored to the top grid struc-

ture, coolant tube movement within the reactor is not transmitted to the piping

system located above in the pipe gallery.

Each grid structure is cooled by water circulating in cooling coils and is

designed to operate at nearly ambient temperature. Dual cooling circuits are

provided to carry the full heat load in the event one of them fails. The cooling

piping is located outside of the containment vessel. In the event one coil fails,

water cannot get into the reactor.

The grid structures are maintained at low temperatures; therefore, they

will not expand or contract. This eliminates the need for expansion bellows or

any flexible sealing arrangement at the point of attachment to the containment

vessel. In addition, there is no difficulty in providing support for the grid struc-

tures since they are stable.

The containment of the helium gas does not depend on any sliding seals,

except for the control rods. At the top grid, all penetration closures are welded

and at the bottom grid they are sealed by static O-Ring seals of proven design.
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The graphite columns are supported by chairs. The function of these sup-

port chairs is unique in that the top of the chair is at high temperature and the

bottom is against the cool grid structure. The chairs maintain alignment of the

fuel tubes with the fuel access ports in the bottom grid, during all conditions of

operation. Fortunately, the fuel channel spacing is such that a cylinder can be

used for a support barrel. For a rigid structure, a cylinder is the best possible

configuration to cope with the temperature gradient that exists from top to bot-

tom of the chair.

3. Core Configuration (See Dwg. -7547-71001 and 71002)

The horizontal cross section through the reactor core appears as a multi-

plicity of 22 in. square graphite lattices or blocks with four, 4.2 in. diameter

fuel channels and associated coolant tubes in each block. Fuel elements are

4.0 in. in diameter. Exterior to the graphite-coolant-tube lattices is the graph-

ite block reflector region.

Each of the graphite lattices, or blocks are columns approximately 41 ft

high, supported and positioned at the bottom and laterally positioned at the top.

The columns are located on 23-5/8 in. centers, having a 1-5/8 in. clearance be-

tween adjacent columns.

This clearance constitutes approximately a 15% void area in the core and

is required, as preliminary information indicates, to prevent formation of a

shock wave by a pressure surge, in the event of a tube failure. The fuel chan-

nels are on 11 in. centers located about the vertical center line of the graphite

block. Four coolant tubes are equally spaced around each fuel channel such that

there is 1/4 in. of graphite between the tube and the fuel channel. In the active

core region, a nominal 5 mil radial gap exists between the coolant tube and the

graphite. The fuel channel penetrates the graphite column at the bottom and ex-

tends to the top graphite reflector section. The coolant tubes penetrate the full

length of the graphite column from the top to and through the bottom reflector

graphite to U-turns or individual headers.

The boiling region is the central region of the core and consists of 120

graphite columns (480 fuel channels). The superheat and reheat regions are

located, outward from the central boiling region in this order: the superheat

region has 112 graphite columns (448 fuel channels) and the reheat region has

92 graphite columns (368 fuel channels). Positioned just outward from and

NAA- SR-6100

IV-25 37



surrounding the above regions, is the radial reflector region. The heat gener-

ated in this region is picked up by bayonet-type coolant tubes inserted into the

graphite blocks. This section might also be termed an economizer region. Axial

graphite reflector regions are located at the top and bottom of the active core

and are cooled by the same tubing that cools the active core.

A right circular cylinder containment vessel surrounds the reactor core

on the sides. The top and bottom of the cylinder are capped with the grid struc-

tures. Sufficient insulation is provided on the vessel and grid structures to min-

imize heat losses while maintaining these items at less than 125 0 F through use

of external cooling coils attached to the various items.

4. Graphite Columns

As mentioned previously, there are three types of graphite columns in

the core; namely: boiling, superheat, and reheat columns. The overall height

and width are the same; however, they differ internally in several areas, such as:

(a) coolant tube diameter, wall thickness, and material; (b) routing of flow, either

U-tube or header type; and (c) method of constructionto preventneutron-stream-

ing through the coolant channels.

The poison section of the control rod operated in the space between the

graphite columns. The corners of the graphite blocks, where required, are

milled out to provide a passage way for the poison section.

Each of the different types of columns are described below.

a. Boiling Region (Dwg. 7547-71004)

The drawing depicts PH-15-7 Mo tubing in the boiler region. For the

case of a zirconium alloy tube boiling region the design is similiar except the

diameter of the tubes and the tube walls are larger.

Feedwater flows through boiling region columns of the reactor where

it receives heat and discharges to the steam drum. The boiling region columns,

as well as those in the other regions, are made up of several sections; which,

starting from the bottom, are: (1) reflector, (2) moderator or active core,

(3) reflector, (4) shielding, (5) tube coil expansion section, and (6) insulation

and helium sealing section. The functions of the top and bottom reflector sec-

tions, as well as those of the moderator or core sections, are self-explanatory.

The functions and design aspects of the remaining sections are described below.

(1) Shielding Section

The area above the shielding sections of each column will be sub-

jected to a neutron dosage of less than 10 n/sec/cm2. This dosage is below the
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activation level for steel. The design adopted also relieves the top grid of

severe shielding service - a significant feature since the top grid is penetrated

by a multiplicity of risers and downcomers. Because of this arrangement, ac-

cess will be available to the pipe gallery above the top grid after shutdown. The

shielding is accomplished by using alternate layers of graphite and 2 to 3%

borated graphite for the column structure. Streaming, through the headers, is

prevented by inserting large sections of pipe having an interior plug filled with

borated graphite in a stainless steel container. These structures provide a

block in the path of the neutrons yet allow the coolant to flow through the annulus

between the plug and enlarged pipe section. Borated diatomaceous earth is used

as a back-up shielding above, in the insulation area.

(2) Tube Coil Expansion Section

The inlet and outlet headers for each fuel cell are anchored to the

top grid structure. The differential expansion of the riser and downcomer tub-

ing, due to differences in operating temperature, is compensated in the tube sec-

tion. Stress calculations show that the coil deflection and stress can be kept

within reasonable limits.

(3) Helium Sealing and Insulation Section

As the name implies, this section provides the means of containing

the helium within the reactor; insulates the top grid against the 1000 to 1200*F

operating temperature of the helium gas; anchors the coolant headers, yet allows

them to pass through from a. helium atmosphere to outside ambient atmosphere;

and provides access to lifting tools for installation and removal of a graphite

column. In addition, this section is part of the structure which laterally posi-

tions the top of the graphite column.

This section also contains the granulated borated diatomaceous

earth for shielding against fission products which may plateout on the bottom

plate of the top grid structure. The borated diatomaceous earth was chosen for

several reasons, namely: (a) it is a fair insulating material, (b) it has a bulk

density of 40 lb/ft3 which aids in gamma shielding, (c) it can withstand high tem-

peratures, (d) it is relatively inexpensive, (e) it can be easily placed in position,

and (f) it has a fair neutron removal cross-section.
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(4) Coolant Flow

The feedwater enters a downcomer from the piping headers in the

pipe gallery; passes through the top grid, the expansion coil, the shielding sec-

tion, the core, and the bottom reflector to a distribution header; thence, goes

to four coolant tubes adjacent to the fuel channel, up through the core to a col-

lection header, to a riser, through the shielding section, through the expansion

coil; and finally passes out through the top grid to the subheader and headers in

the pipe gallery. There is a downcomer and four coolant tubes for each of the

four fuel channels in the graphite column.

(5) Construction

The graphite blocks are pinned together with right and left hand

threaded 6 in. diameter graphite studs to make a structurally strong integral

column. Graphite pins 2 in. diameter are inserted between graphite blocks to

prevent rotation relative to the coolant tubes, which could damage them. The

complete column is centered and located at the bottom by means of centering

pins and horizontal locating keys. This is important, since the fuel channels

and fuel access ports must maintain alignment to facilitate fuel entry and with-

drawal.

Between the mating faces of the graphite blocks, in the moderator

and reflector regions, a small opening is provided in the center section of the

block (not shown) with vent passages to the exterior. This vent passage permits

a short path for flow of steam to the exterior of the column in the event of cool-

ant tube failure.

A 2-in. hole penetrates the full length of the column at its center

to provide grapple access to the bottom grapple-socket-and-bedplate, for re-

moval or installation of the complete column.

b. Superheat Region (Dwg. 7547-71005)

The superheat graphite column is identical to the boiler region column,

and in general the same description applies. The only differences are: the tub-

ing size (being smaller), method of shielding for neutron streaming through the

coolant tubes, and the routing of coolant within the graphite column. Two neu-

tron stoppers are needed in the riser and two in the downcomer, because the

density of the coolant is much less at these points than in the boiler region.
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The routing of the incoming coolant is similar to that described in

the boiler region, to a point in the shielding section where it enters a distribu-

tion header. From this point, it flows: into two tubes, which are coolant tubes

adjacent to a fuel channel; down through the core and the U-turn; up through the

core in the other two coolant tubes, adjacent to the same fuel channel; to the

collection header; and then out of the reactor. Thus, heat is picked up in both

directions of flow.

c. Reheat Region (Dwg. 7547-71003)

The reheat region graphite column also is built identical to the boiler

region column; and, in general, the same description applies. The only dif-

ferences are the coolant tubing size (being larger), method of shielding for neu-

trons streaming, and routing of the coolant within the graphite columns. The

comments made in reference to these items for the superheat region apply also

to the reheat region.

d. Reflector Region

As stated before, surrounding the core is the reflector region. This

also may be termed an economizer region as the heat generated is removed and

used to heat the feedwater.

This region consists of stacks of graphite blocks 2-ft thick pinned to

each other to completely surround the core and to be structurally stable under

operating conditions and seismic loads.

Bayonet type of cooling coils penetrate the blocks to remove the heat

generated in the reflector region.

5. Core Shielding, Containment, and Support

a. Biological Shielding

Shielding is provided on the sides of the reactor core by ordinary con-

crete approximately 8-ft thick. Cooling coils are buried in the concrete to re-

move heat. Shielding is provided at the top and bottom of the reactor core by

the top and bottom grid structures respectively.

Further neutron shielding and insulation are provided on the sides of the

core by placing firebrick, made of borated diatomaceous earth and lumnite cement,

and conventional insulation adjacent to the interior surface of the containment tank.

The shielding installed adjacent to the interior of the containment vessel, and that
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above and below the graphite columns is sufficient to prevent radiation damage

to the structures by reducing the total integrated dose to 1 x 1019 nvt for a period

of 30 years. The graphite shield directly above the core is sufficient to prevent

activation of the steel structures below the top grid. The serpentine aggregate

in the top grid further assists in shielding. With this combination, personnel

access to the area above the top grid is permissible within a short period after

the reactor is shut down. The decay of the seven-second half-life N16 is the

controlling time factor on access to the pipe gallery after shutdown.

b. Containment Vessel

The graphite columns containing the fuel and coolant tubes are sur-

rounded by helium gas. One function of the containment vessel and of the top

and bottom grids is to contain this helium sweep gas, since it may be contami-

nated with fission products given off from the fuel. A secondary function is to

contain the pressure resulting from a coolant tube rupture during the time it

takes to relieve that pressure to the vapor suppression pool.

The containment vessel is a right circular cylinder surrounding the

reactor core, capped at the top and bottom with the grid structures.

The vessel is made of conventional low alloy steel, SA 285C and built

to ASME Code for Unfired Pressure Vessels and ASME Code Cases 1270N and

1273N.

Water cooled cooling coils are attached to the exterior surface of the

containment vessel to maintain a wall and adjacent concrete temperature not to

exceed 125 F.

The pressure requirements of the containment vessel are:

1) Approximately 14.5 psia internal, due to the helium sweep gas;

and

2) A maximum of 20 psig, due to possible pressure rise from a

ruptured coolant tube.

Other functional requirements are:

1) To provide an attachment surface for the borated firebrick and

insulation;

2) To provide a form, about which the biological concrete shielding

is placed; and
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3) To provide a surface to which cooling coils can be placed and

held in position during placement of the concrete.

c. Bottom Grid Structure

The bottom grid structure has many functions. They are:

1) To support the reactor graphite column core and the fuel slugs;

2) To contain the helium sweep gas during operation;

3) To provide a biological shield between the reactor core and the

fuel handling machine area;

4) To provide and contain the access ports for passage of the fuel

slugs into and out of the core;

5) To contain any sudden pressure rise due to a ruptured coolant

tube; and

6) To support itself and the imposed loads without becoming exces-

sively deformed.

The construction is conventional, being a reinforced concrete struc-

ture capped at the top and bottom with low alloy carbon steel plates.

The fabrication and construction will be according to the ASME Code,

the same as for the containment vessel. Adherence to the applicable codes for

the purchasing, fabrication, and placement of the reinforcing rod and concrete

is required.

Cooling coils are placed in the grid structure to keep the structure

cool during operation and also during refueling, when the hot fuel slugs pass

down through the fueling ports. To assist in keeping the top surface of the bot-

tom grid plate cool, the top surface is covered with insulation. Although there

will be some migration of helium through the insulation, the amount of heat trans-

ferred by this method is small.

A helium seal in the fueling ports in the bottom grid plate is effected

by an O-ring seal at the top of the shouldered shielding plug. In the event the

O-ring seal does not seal completely, the direction of gas flow is inward to the

core, since the helium atmosphere operating pressure is slightly less than atmos-

pheric. Thus, the contaminated helium gas will not leak out into the fuel charg-

ing machine area. The shouldered fuel access port tube in the grid structure will
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be made of 400-series stainless steel, since it is buried in the concrete. It will

not rust, and provides a stable material to withstand harsh cleaning operations,

if required.

d. Column Support Chairs and Shielding

Fastened to the top of the bottom grid plate are the column support

chairs. The function of each chair is: (1) to support a graphite-coolant tube

column, (2) to support the graphite shielding blocks, (3) to provide a passageway

for the helium in-flow among and through the chairs, (4) to guide the upper end

of the fuel guide tubes, (5) to provide an insulation space above the grid plate,

and (6) to prevent the graphite columns from rotating.

The material is stainless steel, 400-series, high temperature casting

material, since the top part of the chair may be operating in an ambient tempera-

ture of approximately 1000*F.

The graphite shield is of the same quality and type of material as the

core moderator graphite. The graphite blocks form a thermal shield and also

support the graphite- fuel-tube column.

A mechanical combination of the graphite shield and the chair com-

prise a bottom fixed end point for the column which prevents any possible side

movements or rotation due to seismic disturbances.

e. Top Grid Structure

The top grid structure is a welded plate structure which has many

functions. These include: (1) containment for the helium sweep gas; (2) partial

biological shielding over the top of the core; (3) provision for and containment of

penetrations to permit the coolant to enter and leave the core; (4) guidance of and

provision for penetrations for the control rod drive rods; (5) provision for afixed

point to prevent side motion of the graphite-coolant tube column due to seismic

loads; (6) containment of any sudden pressure rise due to a ruptured coolant tube;

and (7) support for itself, the shielding material, and the control rod loads. In

addition, the structure must be capable of being constructed in the field; and, if

the need ever arises, it must be capable of having a portion removed for re-

placement of a graphite-coolant tube-column assembly.

The construction is to be as per the ASME Code for Unfired Pressure

Vessels. The material is of conventional low alloy steel plate. Cooling coils
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are placed in the top grid to maintain the temperature of the structure at less

than 125*F.

The insulation cans, installed around the milk bottle shaped struc-

tures located immediately below the top grid, will prevent heat flow to the bot-

tom surface of the top grid structure. There will be some migration of helium

gas around the insulation cans; but, with close control over the gap between the

cans, the amount of helium flow can be reduced to a relatively small amount.

The shielding is dry serpentine aggregate and asbestos mineral, hy-

drous magnesium silicate (3MgO - 2 SiO2 - 2H2 0). This was chosen for several

reasons: (1) at these low temperatures, the material will retain the hydrated

water, approximately 13-1/2 w/o,for an indefinite period, thus making the mate-

rial a neutron shield; (2) the material is relatively inexpensive, on the order of

2 cents/lb; (3) the density of 100 to 125 lb/ft3 provides good shielding for gamma

rays as well as neutrons; (4) the material is easily placed and removed; (5) it is

noncorrosive to steel parts; and (6) its thermal conductivity is 3.0 Btu/hr-ft2-*Fin.

at 125 F.

6. Core Materials

a. General

Materials common to the entire GBSR core are the helium sweep gas

and the graphite moderator. Tubing materials for the various regions of the

reactor have different service requirements, hence, are not alike throughout

the core.

b. Sweep Gas

Helium was selected as the GBSR sweep gas because of its favorable

nuclear, chemical, and heat-transfer properties. The criteria for the GBSR

sweep gas are essentially the same as those for gas-cooled reactor coolants

although the functions performed by the gases are quite different. The primary

functions are: (1) prevention of core oxidation, (2) conduction of heat from the

graphite to the coolant tubes, and (3) sweeping out the fission products and the

graphite off-gases. The research, on materials compatibility in helium sys-

tems, that is currently being performed in support of gas-cooled reactor con-

cepts wil be directly applicable to the GBSR.
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c. Moderator

Graphite is proposed as the moderating material for the GBSR. The

consideration of the mold- or commercial-grade graphite for this use, is based

on its low cost which is approximately one-half that of the nuclear or gas-purified

grades. A considerable savings in capital costs is achieved through its use.

The lower cost of the mold-grade graphite specified for the Hallam

SGR is accomplished by elimination of some of the purification steps used in

producing the nuclear grades. The raw materials are essentially the same for

both grades. The graphite chosen for the GBSR will be similar to that being

used in the Hallam SGR.

Because of the purification processes, the nuclear grades of graphite

contain less impurities than the mold-grade stocks. The net result is that the

mold-grade graphites have a higher absorption cross section for thermal neu-

trons and a higher absorbed gas content than the nuclear grades. The variation

in impurity content has little, if any, effect on other properties of graphite.

The nuclear grades of graphite are expected to have cross-sections of

3.5 to 4.0 millibarns while cross sections of 5.0 millibarns have been measured

on the Hallam SGR graphite.

Elements such as boron, cadmium, and the rare earths, of high cross

section, account for this higher value. Fortunately, these impurities are burn-

able in a neutron radiation field to daughter products which have a significantly

lower cross-section. Carniglia16 has calculated that the cross section of the

mold-grade graphites is improved by as much as one millibarn due to neutron

irradiation to 1021 nvt integrated flux or approximately two years of GBSR oper-

ation. Only a small decrease in cross-section is achieved by additional irradia-

tion. Similarly, only a small improvement in the cross section of the nuclear

grades is produced by neutron irradiation. Therefore, the purity of the mold-

grade graphites approaches that of the nuclear-grade graphites during extended

neutron irradiation.

The mold-grade graphites have been found to contain from two to

three times more gas than the nuclear-grade graphites. This undoubtedly re-

sults from the fact that more impurity centers are available for adsorption of

gases. Total gas contents of from 0.6 to 1.2 cm3 of gas (STP) per cm3of graphite
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have been measured for the mold-grade graphites. Approximately one-third to

one-half of the total gas would be released by heating to reactor operating tem-

peratures. The remaining gas in the graphite could possibly be released due

to the radiation field. The radiolytic release of gas from graphite has not been

thoroughly investigated. Evidence to date indicates that any release by this

mechanism would be at a low rate. Thus, the gas purification system will have

to be designed to remove, at a rate dependent on the rate of graphite warm-up,

at least half of the gas which is composed mainly of hydrogen and oxides of car-

bon weighing several thousand pounds.

Typical room temperature properties18 of several mold- or commer-

cial-grade graphites are shown in Table IV-C-1 in comparison with the nuclear

TSP grade. The thermal conductivity of graphite markedly decreases upon irra-

diation at low temperatures. Fortunately, the damage is reduced by thermal

treatments (thermal annealing) and by long exposure in a radiation field (radia-

tion annealing). Thermal annealing at 18000F for one hour has been found to

cause recovery of about 30% of the loss in thermal conductivity produced by

1000 F irradiation. 9 The qualitative effects of irradiation temperature, dose

(or time), and temperature on the thermal conductivity of graphite is presented

on Figure IV-C-1. It is doubtful that a significant decrease in thermal conduc-

tivity will result from 1800*F irradiation.

The steam-graphite, or water-gas, reaction which would occur in the

event of a coolant tube failure is not considered a major reactor hazard. The

reaction is endothermic and slow.20 In fact, there is evidence that a 3000 psi

steam jet does not significantly erode graphite.21

The highly improbable admittance of significant quantities of oxygen

to the GBSR core during reactor operation is considered a major hazard. Small

quantities of oxygen, however, are tolerable. Above 650 F, irradiated graphite

oxidizes at a lower rate than unirradiated graphite22 as shown in Figure IV-C-2.

As a matter of interest, no trace of oxidation was detected in graphite at a tem-

perature range of 550 to 17500F in nitrogen containing 0.5% oxygen, 0.3% hydro-

gen, and 0.5% carbon dioxide in a USSR atomic power station.2 3
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TABLE IV-C-1

TYPICAL PROPERTIES OF COMMERICAL EXTRUDED GRAPHITES
(At Room Temperature)

3
Approximate Density (lb/ft)

Porosity (% vol)

Maximum Grain Size (in.)

Ash (% wt)

N-Abs. Cross-Sect. (barns)

N-Diffusion Length (in. )

Resistivity x 10 4 (ohm-in. )t

Heat Capacity (Btu/lb- F)
Thermal Conductivityt

Btu/ft-hr- F)

Thermal Expansion x 107
(in./in.- 0 F)

Elastic Modulus x 10 (psi)

Strength
Compressive (psi)

Tensile (psi)

Flexural Rupture (psi)

Shear (psi)

Great Lakes Speer Carbon Crescent
Carbon

National Carbon

H3LM H4LM 872S 874S CMD CS-312 TSP

103.

26.

0.033

0.25

3.6

85.

7.

1.2

5000.

1400.

2800.

107.

24.

0.033

0.25

3.2

85.

14.

1.1

6000.

1200.

3300.

1200.

102.

27.

0.60

3.0

15.*

22.*

3500.

1100.

2000.

102.

27.

1.0

3.5

15.

22.*

3500.

1100.

2000.

103.

26.

0.035

0.25

3.5

0.22

85.

14.

21.

1.2

4000.

1400.

3000.

106.

24.

0.20

0.0053

17.5

3.5

87.
65.

9.

17.

1.1

6000.

1400.

2100.

106.

24.

0.004

0.0038

20.7

3.0

100.
75.

8.

15.

1.1

6000.

1400.

2100.

zn

0
0

*Mean value, 100 to 100 0 *F

tParallel to extrusion direction
Perpendicular to extrusion direction
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Figure IV-C-1. Qualitative Effects of Test Temperature,
Irradiation Dose, and Irradiation Temperature on

Thermal Conductivity of Graphite
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d. Boiler Cell Tubing

There are three factors which control the neutron poison introduced by

the coolant tubes under given conditions of temperature and pressure: (1) allow-

able design stress, (2) corrosion allowance, and (3) nuclear absorption cross

section. An optimized coolant tube material would represent a balance of these

three factors plus a fourth factor, cost of tubing, which directly affects the net

cost of power production through capital expenses.

Two materials appear to fulfill the requirements for the GBSR boiler

cell. One material is a zirconium alloy such as Zircaloy-2 or Zircaloy-4, while

the other material is a stainless steel PH 15-7 Mo. Use of the zirconium alloy

yields a slightly lower calculated total power generation cost. A choice between

the two materials for an operating reactor would have to be made after detailed

considerations of design and reliability and after further test data on the two

materials were available.

In an effort to provide a zirconium base alloy less susceptible to hy-

drogen pick-up, both WAPD and KAPL are placing emphasis on a modified

Zircaloy-2 composition. The new alloy, Zircaloy-4, is essentially a nickel-free

Zircaloy-2. As a result of numerous experiments, it was found that nickel

influences the rate of hydrogen pick-up.

It should be pointed out, that the lack of reproducibility in hydriding
46

studies performed to date suggests that a better understanding of the mechanism

is necessary. It is felt by other investigators t hat a solution to the hydriding

problem can be prescribed only after a thorough appraisal of the phenomenon is

established.

In irradiation experiments performed by investigators at KAPL, it was

found that the Zircaloy-2 cladding of coextruded fuel rods was cracked.48 It was

reported that the cracking occurred in a NaK environment where the cladding

was strained 1-2% at temperatures between 300 to 7000F. At that time, it was

stated that, in a water environment, at least 5% strain would be expected prior

to failure.

49
Subsequent reports indicate that the former experiments were not

sufficiently thorough to pinpoint the cause of failure. Evidence did, however,

support the theory that irradiation did play an active role in the cracking observed.

It has since been postulated, that above a critical temperature (approximately
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500 F), cracking would not occur; while at lower temperatures, cracking could

be induced by the presence of low strain levels ca. 1 to 2%. It is interesting to

note that the operating temperature of the GBSR exceeds this critical temperature.

From a summation4 9of the reported information, it is apparent that,

while cracking of Zircaloy-2 does occur, the contributing factors have not been

isolated. The conditions surrounding the observed behavior have not been well

defined and in some cases seem to be in conflict. Initially, the clad fuel slugs

were reported to be of the highest quality. In subsequent reports, it was

suggested that very minute surface cracks could have been present originally

and were overlooked because of their size.

50
In static corrosion tests at Chalk River , Zircaloy-2 was found to

gain weight at a rate of 1.2 mg/year after an exposure period of 16 weeks in

680 0 F water. Additional work5 1 on irradiated Zircaloy-2 gave evidence that the

corrosion rate could be higher by a factor of five. On this assumption, a metal

loss of 0.003 inch in 30 years was calculated.

Because of zirconium's affinity for hydrogen, a secondary reaction

occurs where the hydrogen produced during the oxidation reaction diffuses into

the base metal. The subsequent formation of the compound ZrH is reputed to

have a deleterious effect on the ductility of Zircaloy-2. It has been reported

that a minimum hydrogen concentration of 2000 ppm at 390F is required before
52

the loss in ductility is serious .

50
Investigators at Chalk River report that the hydrogen in Zircaloy-2

was found to increase by a factor of two after a two year exposure in water at

temperatures of 520 to 535 0 F. On the basis of their tests, they have suggested

that the material will pick up hydrogen at a rate of 8 ppm per year in an envi-

ronment of water at 540 F.

Relatively satisfactory techniques for diffusion-bonding Zircaloy-2 to
53

stainless steel have been developed , and an investigation of coextrusion as a

bonding process is currently underway at Atomics International. Nuclear Metals,

Inc. is reported to have developed a process for coextruding Zircaloy-2 and

stainless steel whereby the coextruded joint is at least as strong as the Zircaloy
54

tube . Zircaloy pressure tubes are mechanically joined to stainless steel for

530 F, 1030 psi service in the Canadian NPD-2 reactor55. In a similar manner,

Hanford is considering using mechanical joints for joining stainless steel and
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Zircaloy pressure tubes in the NPR reactor now under construction. It is

interesting to note that the NPR is graphite moderated and has process conditions

similar to those in the GBSR boiling region.

Similiar in composition to 300-series stainless steels, PH15 - Mo is

heat treatable to significantly higher strength levels. Alloy PHI5 Mo was specif-

ically developed for high-stress short-time service at 100 0 F or extended service

in the temperature range of 600 to 8000F. Its corrosion resistance appears to be

identical to that of the austenitic stainless steels, that is, excellent. Radiation-

induced effects are much lower in magnitude than for ferritic steels, at a given

exposure. 24 Elevated-temperature exposure will undoubtedly reduce these effects

even further.

With regard to the contact carburization that might occur when a

coolant tube touches the moderator, several independent investigations have

shown very little reaction between steels and graphite, 2 27at temperatures as

high as 1300 F and have shown that a one mil chromium plate28 greatly retards

carburization at 1500 0 F.

The primary penalty paid for the use of PH15-7 Mo is an increase in

difficulty of fabrication. The problems, however, are recognized and are con-

sidered readily amenable to solution through R & D effort.

Fabrication problems arise from the heat treatable nature of the alloy,

potential loss of aluminum (the chief hardening agent) during welding, and the

thin walls of the tubing. All these factors lead to the consideration of brazing as

a joining process. It is not generally recognized that a brazed joint is potentially

more reliable than a welded joint. The high purity of the GBSR coolant will

minimize galvanic corrosion but a thorough evaluation of actual brazed joints

under simulated GBSR conditions is required. Tungsten-electrode, inert-gas

(Heliarc) welding is performed as a matter of course on PH15-7 Mo so this

technique, admittedly less attractive than brazing, is available as a backup.

Conservative corrosion allowances of 0.005 and 0.010 in. were utilized

in sizing downcomers and risers, respectively. The actual corrosion expected

after thirty years of reactor operation is 0.001 to 0.003 in. in the downcomer and

0.001 to 0.005 in. in the riser for either zirconium alloys or PH15-7Mo.

The safety factor introduced by these corrosion allowance resulted in

a critical appraisal of Boiler Code Criteria for allowable design criteria. At
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600 to 8000F, the allowable design stress for PH15-7 Mo is based on ultimate

tensile strength. A value of one-fourth the ultimate tensile strength is used for

sizing complex pressure vessels in designs where the maximum stress may be

estimated but where a high degree of bi- or tri-axiality is encountered. The

simple stress pattern in the active core region of the boiler tube led to the rec-

commendation of an allowable stress of one-thired the minimum guaranteed

ultimate tensile strength; values based on this criteria were used in the sizing

of the GBSR boiler cell tubing for the PH15-7 Mo tube design. An identical

practice has been approved for the sizing of the Zircaloy-4 pressure tubing in

the NPD reactor.25 For the zirconium alloy tubes creep criteria appear

dominant hence the Boiler Code Criteria were used.

e. Superheater and Reheater Cell Tubing

Inconel-X was selected, due to its excellent high temperature strength

and resistance to superheated steam, for use as the pressure tube material in

the GBSR superheater cell. Inconel-X is a heat treatable nickel base alloy; a

"nuclear grade" modification which limits cobalt content to 0.2% will be specified

for the GBSR.

Inconel-X was chosen on the basis of preliminary hot spot data which

indicated potential 12500 F regions in the superheater cell; should further anal-

ysis indicate maximum temperatures of 1100 to 1150 F, ferrous alloys such as

A-286 become strong contenders as tubing materials. The incentives for use of

ferrous alloys are their lower costs and lower cross-sections. The selection of

Inconel-X is considered conservative.

The tubing was sized with a corrosion allowance of 0.010 in. and an

allowable design stress of one-thired the ultimate tensile strength was used below

11500 F. Above 1150 0 F creep criteria become dominant and a value of 0.8 times

the stress which leads to rupture in 100,000 hr was used. As a matter of inter-

est, if an allowable design stress of one-fourth the ultimate tensile strength

were used, creep criteria do not become dominant until approximately 1225 F.

f. Economizer of Reflector Cell Tubing

The tubing material in the economizer cell is to be AISI Type 304

stainless steel.

g. Materials and Sizes - Summary

(1) Vessel

Vessel shell and grid structure - SA-285C

Exterior cooling coils - SA-106B

Fuel access ports 0- Type 405 SS
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(2) Graphite

(a) Material

Type - Mold grade - coke graphite

Density - 1.67 gr/cc - 104.2 lb/ft 3

Borated - 2-3 a/o boron (shielding)

Moderator nuclear cross-section- Initial 5 mb

Final 4 mb

(b) Size

Moderator region - 22 in. square x 4 ft long

Reflector and shielding above and below core - 23-3/8 in. square

x the lengths shown

Reflector around core - approximately 2 ft square x 4 ft long

(3) Coolant Tube and Pipe (all dimensions in inches)

(a) Boiling Region

In Core

Downcomer - 1.185 OD x 0.030 wall x 1.125 ID or
1.365 OD x 0.120 wall x 1.125 ID

Riser - 0.750 OD x 0.025 wall x 0.700 ID or
0.950 OD x 0.100 wall x 0.75 ID

Above Core
Headers - 1.75 OD x 0.125 wall x 1.50 ID

Expansion coils - 1.75 OD x 0.125 wall x 1.50 ID

(b) Superheat Region

In Core

Downcomer - 0.675 OD x 0.025 wall x 0.625 ID

Riser - 0.695 OD x 0.035 wall x 0.625 ID

Above Core

Headers - 1.500 OD x 0.125 wall x 1.25 ID

Expansion Coils 1.500 OD x 0.125 wallx 1.251ID

(c) Reheat Region

In Core

Downcomer - 1.29 OD x 0.020 wall x 1.25 ID

Riser - 1.29 OD x 0.020 wall x 1.25 ID

Material

PH15-7-Mo
Zr alloy
PH15-7-Mo
Zr alloy

PH15-7-Mo

PH15-7-Mo

Inconel-X

Inc onel- X

Inconel-X

Inconel-X

Inconel-X

Inconel-X
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Above Core

Downcomer header- 2.25 OD x 0.125 wall x 2.00ID

Riser header - 2.50 OD x 0.125 wall x 2.25 ID

Downcomer expansion coil - 2.1875 OD x 0.09375 wall

x 2.00 ID

Riser expansion coil- 2.4375 ODx 0.09375 wall

x 2.25 ID

Material

Inconel-X

Inconel-X

Inconel-X

Inconel-X

(d) Reflector Region

Bayonet type of tubing

Inner pipe- 1.375 OD x 0.0625 wall x 1.25 ID

Outer pipe- 2.000 OD x 0.125 wall x 1.75 ID

Type 304 SS

Type 304 SS

(4) Attachments

Grapple sockets

Bed plate

Lateral guide pipe

Helium and insulation container

Top shield cast iron slab

Support chairs top

Support chairs barrel

Center hole shield plug casing

- Type 304 SS

-Type 304 SS

- Type 304 SS

- Type 304 SS

-austenetic cast nodular

-ACI Type HT casting

-Type 405 SS

- Type 304 SS

7. Field Fabrication

a. Assembly of Reactor Complex

The method of field fabrication of the reactor complex is relatively

straight forward and may be considered in three parts: (1) construction of the

reactor containment structure which includes installation of the bottom grid,

containment vessel, biological shielding, vessel insulation, reflector region,

support chairs, and bottom thermal shielding; (2) fabrication and assembly of

the individual graphite column assembly on site but separate from the reactor

complex; and (3) placement of the graphite column in the reactor and installation

of the top grid structure.

After construction of the bottom grid, containment vessel, cooling

coils, support chairs, and thermal insulation together with the necessary X-ray,
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dye penetrant, helium-leak check, and pipe-hydrostatic test; the reactor com-

plex is ready to receive the completed and tested graphite column units.

Starting at the top, a completed graphite column assembly consists

of the riser and downcomer through-grid extensions, the helium and insulation

enclosure, tube coil expansion section, shielding and reflector region, core

region, bottom reflector region, bottom bed plate, and grapple socket.

Two rows of completed columns are initially installed in the reactor

and wedged upright. Next a portion of the prefabricated top grid is positioned

over the two rows of graphite columns and lowered in place. The top of the

helium and insulation enclosure will protrude through the bottom plate of the top

grid and can be welded in position followed by the necessary X-ray and leak

checks.

Due to the complexity of the top grid structure, it must be installed

in sections, each section spanning the diameter of the containment vessel and

being approximately 47-1/4 in. wide.

After two rows of graphite columns are installed and welded in posi-

tion to the top grid, an additional two rows are installed and the next section of

the top grid is lowered in position and welded to the enclosures as well as to the

previously installed section of the top grid. This procedure is followed for in-

stallation of all the graphite columns.

Next, the control rod shouldered sleeves are welded in position at the

specified locations. Following this, the insulation-containing sleeves are posi-

tioned on top of the enclosures, and the top plate installed; thus, locating and

fastening the top webs of the grid structure, control rod sleeves, and insulation

sleeves together into one strong structural unit. Dry serpentine aggregate is

next poured through grout holes.

Next, insulation is placed in the enclosure cavity and around the pip-

ing. After this, the large headers are installed in the pipe gallery and connected

to the downcomer and risers of each individual fuel channel.

b. Assembly of the Graphite Column

As stated before, the graphite column is assembled on site, but sep-

arate from the reactor complex. As the columns are completed, they can be

moved, as needed, to the reactor and installed in position within the reactor.
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The initial assembly of each column and the insertion of the grapple,

is to be done in a horizontal position on a special jig. After completion of the

assembly, the column is lifted into an upright position by the jig; the column can

then be lowered into the reactor by the grappling tool.

The assembly of each column starts with the bottom reflector-block

graphite. The bottom reflector, core section, and top reflector-block graphite

are fastened together and the coolant tubes inserted from the bottom end and

pushed through the column. The first piece of borated graphite is installed next,

at the top end.

Next, the riser and downcomer collection headers are located in posi-

tion and the coolant tubes welded to them followed by the necessary inspection

and pressure tests.

The shielding graphite is then installed and pinned together, followed

by the cast iron top shield plate and centering guide.

The tube expansion section is next installed by welding the headers to

the tube coils.

The containment section assembly, with the downcomer and riser

through-grid extension pipes welded in place, is positioned with the columnlat-

eral guide socketed at the guide pin.

The ends of the pipe and the coils are socketed (induction braze) to-

gether. To provide a good safety factor in the allowable stress of the tube coil,

one of the coils, for each pair, requires cold-springing. This also reduces the

amount of end thrust on the coils when operating at temperature.

At this point in the assembly, the grapple tool can be inserted through

the column for pickup, if required.

To avoid damage to the coils during handling and lifting, temporary

spacer blocks (not shown) will be inserted between the lower end of the lateral

guide tube and the top cast iron block.

The welding of the tube expansion coils to the riser and downcomer

header, as well as the coolant tubes to the collection header is difficult if the

conventional method of heliarc welding is used, due to space limitations. Use

of induction brazing of socket weld joints avoids any space problem, since the
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space requirement is only that which is needed to wrap the induction coils around

the pipe or tube. In addition, automatic induction brazing units would ensure high

quality joints in all tube-to-tube connections.

8. Replacement of Graphite Columns

a. Design Philosophy

The design is based on the belief that graphite columns will never have

to be replaced; however, unlike other existing graphite moderated reactors, the

design does not preclude replacement of the columns.

In the event of a coolant tube failure, the leaking tube is plugged as

described in Section V of this report. The fuel in the channel containing the

failed tube is removed, and that channel is no longer used for power generation.

The design presented has 74 more fuel channels than are necessary to meet the

conservatively calculated design rating of the plant. These extra channels are

provided so that a tube leak does not require that a graphite column be removed

from the core.

As a basis for determining tube failure rates, attention has been given

to failure rates of conventional boilers. Assuming that metallurgical conditions

are proper, indications are that a failure rate of 1/2 to 1 tube per year may be

expected for things other than soot blower erosion or slag- and fly-ash-corrosion

and erosion which, of course, are not present in a reactor. For a 30-year life,

this means 15 to 30 tube failures which would mean loss of power generation in

15 to 30 fuel channels. To give a safety margin which is also convenient for the

core geometry, 74 extra fuel channels are provided.

In the unlikely event that an abnormal number of tubes would fail, the

cost of replacement would have to be balanced against the derating of the plant

due to the tube failures. For example, if 120 tubes failed, the plant would have

to be derated by about 10 Mwe if original design conditions could not be improved

or exceeded. Depending on the age of the plant, economics might favor derating

the plant rather than replacing the graphite columns. Actually, a failure of 120

tubes is very high and in all probability would indicate a basic defect or fault in

the reactor design.

Unlike existing graphite moderated reactor designs (i. e., Calder Hall

and Hanford types), the core is designed so as not to preclude column replacement
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if it should ever be necessary. The structural features of the top grid and the

mechanical features of the graphite column do permit replacement during an ex-

tended shutdown. This is another unique feature of this design.

To demonstrate the considerations incorporated in the design, the

following sections describe the sequence of operations envisioned if it were ever

necessary to remove and replace a graphite column.

b. Column Removal

A crane can be provided over the reactor, for the time required to

remove and replace the columns, by renting or leasing a stiff-leg derrick or a

fixed mast revolving hammerhead crane which would be located just outside the

reactor building. The boom of this crane would extend over the roof of the pipe

gallery. The roof of the pipe gallery consists of weatherproofed, segmented,

concrete slabs which can be removed by the crane. In this manner, adequate

access height is provided for handling a graphite column and its associated

shield container.

The reactor must be shut down, cooled, the fuel slugs removed, and

the reactor purged several times. The appropriate section in the top biological

shield is removed to provide access to the column to be withdrawn. The adja-

cent control rod drives are removed along with a sufficient amount of piping in

the pipe gallery to provide access. The small section of the top plate, and the

serpentine shielding are removed from the grid structure compartment. The

headers are cut off at a level below the seal plug and the welded seal plug is

removed.

A temporary shield, which also serves as a gas containment structure,

is lowered in place and seal gasketed to the top grid. Next, sections of the top

grid are cut loose. The bottom seal plug and the column shield plug are re-

moved. Holding fixtures are attached to the bottom plate section of the top grid

before it is cut completely free. This is required to prevent the plate and its

attachments from dropping onto the graphite column, thus avoiding further injury

to the column as well as to the adjacent columns. The column is now ready to

be removed. The removal grapple is lowered through the center of the column

and made fast to the bed plate at the bottom of the column. The column is now

lifted vertically and thus removed from the reactor.
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c. Column Replacement

The method of installation of the new column is the reverse of the

removal procedure. Caution must be exercised when lowering the new column

in position to prevent injury to it and adjacent columns. The replacement por-

tion of the bottom plate of the top grid is installed after the graphite column is

in place in order that the proper elevation of the helium and insulation container

can be determined. The plate is then welded to it and the grid structure.

After the necessary inspections of the bottom plate welds; the ser-

pentine, shield and seal plugs, and top plate are replaced. The control rods

and coolant piping are replaced and tested and then the reactor is ready for

service.
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D. FUEL

1. Fuel Element

a. General

The fuel element for the GBSR is to be a 4-inch diameter "slug", or

right circular cylinder having a cup at one end and a mating projection at the

other in order to provide columnar self-alignment. A length of three feet has

been chosen for this study; however, it is not a critical factor in the GBSR design

since the slugs form a continuous column in the reactor.

The fuel element material is 50 w/o uranium, in the form of uranium

dicarbide (UC 2 ) in graphite. The fuel element will undoubtedly be coated with a

semi permeable coating such as silicon carbide or siliconized silicon carbide in

order to facilitate handling and storage at ambient conditions and to provide

short-term protection to the UC2 in the event of a coolant tube rupture during

reactor operation.

The UC 2 -graphite fuel element offers low raw materials and fabrica-

tion costs, resistance to high temperature, good thermal conductivity, low

absorption cross section, and chemical and dimensional stability even at long

burnups. Such fuel element materials are currently receiving intensive research

and development in support of advanced gas-cooled concepts at the Oak Ridge

National Laboratory, National Carbon Company, Battelle Memorial Institute,

General Atomic, Sanderson and Porter, and the Great Lakes Carbon Company.

In general, however, the GBSR fuel element has a higher uranium content and a

higher service temperature but it need not retain its fission fragments to the

same degree as gas-cooled reactor fuels.

b. Fabrication

The UCi2 spersion is achieved by admixture of ceramic grade UO 2

with graphite and a binder, molding or extruding to final diameter, and re-

graphitization, or baking, at a very high temperature (ca. 500 0 *F) so as to

convert the UO 2 to UC. The CO generated through this conversion is readily

released by the porous graphite and little dimensional change is reported. After

machining to length, if extruded, the fuel element is coated with silicon carbide

or siliconized silicon carbide by an appropriate (proprietary) process.
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c. Properties

A near-optimum thermal conductivity for the UC 2 -graphite

combination is attained through the fueling and fabrication sequence described

above. Table IV-D-l presents the densities and room-temperature thermal

conductivities of UC2-graphite compacts baked at 5000*F as a function of

uranium content. 2 9 A thermal conductivity quite similar to that of pure graphite

is expected of this material. The high operating temperature, furthermore, is

expected to essentially eliminate irradiation-induced degradation of thermal

conductivity.

The major chemical property of concern is the high reactivity of

UC2 with water vapor. However, UC2 in graphite appears to be more stable.

It is stated, "at normal ambient temperatures and humidities, graphite bodies

containing the uranium as (di) carbide have shown surprising stability to

hydrolysis and oxidation of the uranium (di) carbide.30 Definitive data in this

area are needed. The GBSR fuel element will be exposed to at least two,

possibly three, sources of water vapor during its life. The first is ambient

humidity during fabrication, shipping, storage, and loading into the reactor.

The second is the water vapor off-gassed by the moderator during initial start-

up. The third is superheated steam that might enter the reactor core in the

event of a coolant tube failure. These considerations indicate the desirability of

a coating, although the absolute necessity for a coating has not been established

due to the lack of reaction rate data.

TABLE IV-D-l

BULK DENSITIES AND THERMAL CONDUCTIVITIES OF
UC2-GRAPHITE COMPACTS BAKED AT 5000*F

w/o U Bulk Density Thermal Conductivity
(g/cm3 ) (Btu/hr-ft-*F)

0 1.785 38
10.0 1.866 43
19.9 1.986 60
25.0 2.067 68
31.0 2.157 80
39.8 2.333 84
49.7 2.526 69
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d. Coating

A semi permeable coating is also desirable from the stand-point of

delaying fission product release. This will reduce the requirements on the

sweep gas purification system, because the short-life daughters will decay in

the reactor while the long-life poisons are swept out of the core by the helium

purge gas. The term "coating" rather than "cladding" is used purposely, for the

latter has the connotation of being impervious. Gas-cooled reactor fuel elements

must be clad in order to prevent coolant contamination. No such requirement

exists in the GBSR. The difference is significant, for instead of 99.9 + %
integrity, a lower coating integrity will probably be sufficient.

The GBSR can rely heavily on the concentrated-coating development

currently being performed for advanced gas-cooled reactor concepts and Air

Force re-entry vehicles. For instance, both silicon carbide and siliconized

silicon carbide coatings appear satisfactory at their present state of develop-

ment; the basis for selection of either of these, or alternate coatings, will

undoubtedly be their cost. The relatively low surface-to-volume ratio of the

GBSR fuel element is a distinct advantage in this respect; a coating cost of
2

$0.10/in , such as used in this study, adds $5/kgU to the cost of the fuel.

e. Irradiation Stability

Irradiation data on UC 2 -graphite fuels are limited in number, but all

results to date are highly encouraging.

One experiment, performed for the Sanderson and Porter Pebble Bed

Reactor, involved the irradiation at about 1400*F of UC2 in graphite (among

other materials) to 11, 600 Mwd/T. The specimens were in the form of

1-1/2 in. -diameter spheres and were loaded to about 10 w/o uranium. After

irradiation, the specimens were sound, had not changed appearance, and had

lost no appreciable impact strength. Dimensional changes of -0.07 to -0.29%

were noted.31

Another experiment, performed by BMI for the General Atomic

Maritime Gas Cooled Reactor, was concerned with small cylindrical specimens

of 60.5 w/o U in graphite. Burnup was estimated at 5.85 x 1019 fissions/cm3

or about 1.5 a/o of the fully enriched uranium. Surface temperature of the

material was 1275*F. Postirradiation analysis showed the specimens to be

sound, although a diametral shrinkage of 1.4% was measured.3 2
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A 10 w/o uranium sample was recently irradiated to 5 x 1019

fissions/cm3, or about 100, 000 Mwd/metric ton U235 in the MRT by the Oak

Ridge National Laboratory and the National Carbon Company. Temperature at

the mid-wall of the encapsulating graphite was about 1600*F. A 0.4% decrease

in the diameter, and no length change were measured. 3 3

If, as in most other fuels, fissioning of greater than one a/o can be

tolerated, a satisfactory fuel life in excess of 150, 000 Mwd/T can be expected.

2. Fuel Handling System

a. General

One of the advantages of the GBSR concept is the fact that fueling can

be performed while the reactor is under load at full power. The fuel is sepa-

rated from the coolant due to use of the pressure tube design and is in a region

of subatmospheric pressure. Therefore, each fuel channel penetrates the

containment in a straight, vertical manner providing easy access for the fueling

machine. Since the core is at slightly subatmospheric pressure and the fuel is

of simple geometry, the machine and its seals are considerably simplified

compared to other machines which have been designed to operate at many

atmospheres of pressure. Because the fuel channels are vertical, only one fuel

handling machine is required. Due to these advantageous conditions, a simple

and very effective fuel handling system has been designed. The design and

operating features of this fuel handling system are described in the following

paragraphs.

b. Design Philosophy

The design of any fuel handling system is dictated in a large measure

by the characteristics of the fuel element. In the case of the GBSR the following

characteristics are the most important:

1) The gap between the fuel and the moderator may be any width since

the heat removal is by radiation; in this design a radial gap of

0.1 in. is used.

2) The fuel suffers no apparent irradiation damage except a tendency

to shrink;

3) The graphite columns in which the fuel channels are located are

designed to be rigid and non-rotating;
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4) The low specific power and long burnup of the fuel permits (at

equilibrium) a fuel element to remain in the reactor an average of

13.5 years;

5) The unit loading on a fuel element is low; for example, the loading

on the bottom element (because of the weight of the total fuel

column) is 32.5 psi, (assuming even distribution of the load); and

6) The fuel is a simple cylinder and it is in a subatmospheric

environment.

A gravity unloading system appears to be ideal; based on the above

characteristics, the fact that the fuel channels are vertical, and because each

channel is provided with an individual access port. There is, of course, the

natural tendency to be concerned about the possibility of an element sticking in a

fuel channel. This is believed to be remote, due primarily to the fact that

irradiation damage research on this element has not revealed swelling or

cracking; and secondarily because the length of the fuel is much greater than

twice the diameter of the channel, and the channel is rigid and stationary. The

length to diameter ratio ensures that a straight fuel element cannot wedge. If

the element has a tendency to bow, this can be minimized by judicious selection

of individual element length. The fuel handling machine, for example, can handle

any individual element length which is a whole divisor of 36 in., such as 18 in. or

12 in. The machine would still handle a 36 in. length of fuel at one time.

A fuel element which has a tendency to stick may be removed by

jogging the elements. The unloading/loading ram in the fuel handling machine

can be used to jog the elements up and down to free an element in the unlikely

event it tends to stick.

In the remote event that fuel sticks in a few isolated channels, this

would have no effect on the performance of the reactor since 74 extra fuel

channels are initially provided in the core. In addition, the stuck fuel would

continue to contribute heat and reactivity to the core for quite a while because of

its average expected lifetime in the core. Furthermore, the channel containing

the stuck fuel element could be loaded to the point where that stuck element was

located, thus not losing the effect of the entire channel. It is also possible that

extended burnup might free a stuck fuel element due to the element shrinking

under continued irradiation.
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c. Major Components and Their Functions

The fuel handling. system provides:

1) Loading and unloading fuel for the reactor,

2) Rearrangement of fuel position in the reactor,

3) Storage for postirradiation decay of fuel, and

4) An inert atmosphere blanket for fuel during handling.

The system is located below the reactor plant operating floor, and all

handling of the fuel between the reactor and storage areas is performed in a

subpile room which is shown on Dwgs 7547-79201 and 7547-79202.

Major components of the fuel handling system and their functions are:

1) The fuel handling cask, shown on Dwgs 7547-74101, 7547-74103,

7547-74104 and 7547-74105, which provides:

a) Storage capacity for fuel and plugs associated with two reactor

fuel channels;

b) Actuation to move fuel slugs in a vertical direction in and out of

the reactor, into the fuel storage pool, and to move new fuel

from the loading station into the machine;

c) Cooling for irradiated or partially irradiated fuel retained with-

in the machine;

d) Continuity of inert atmosphere blanket with the reactor;

e) Actuating means for latching and unlatching the reactor plug;

f) Shielding permitting personnel to work at the machine while it is

handling irradiated fuel; and

g) Fine indexing for precise matching of the fuel cask gaslock to

reactor channel.

2) The Bridge-and-Carriage, shown on Dwgs 7547-74102 and 7547-

74106, which provides:

a) Rigid support of the fuel handling cask,

b) Rectilinear motion in a horizontal plane between cask operating

stations, and
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c) Coarse indexing.

3) The storage pool, shown on Dwgs 7547-79201 and 7547-79202, and

the inverted thimbles which provide:

a) Shielding between irradiated fuel and working personnel,

b) Cooling to dissipate afterglow power from irradiated fuel,

c) A carrier to prevent water from entering unclad fuel,

d) Working space for loading fuel into a spent fuel shipping cask,

and,

e) Storage space to accommodate a complete reactor loading of

fuel.

4) The reactor closure plug, shown on Dwg 7547-74105, which

provides:

a) Shielding to permit personnel access to the sub-pile room,

b) Support for a column of fuel loaded into the reactor,

c) A means of locking and unlocking in the reactor channel, and

d) A seal to prevent leakage of reactor core gas.

5) The new fuel loading station, shown on Dwgs 7547-79201 and

7547-79202, which provides:

a) Three ports for loading individual fuel slugs into the fuel cask,

each fitted with a movable shelf to prevent fuel placed in the

channel from falling through;

b) Two channels for loading and unloading the reactor closure plugs

from the cask, each fitted to allow decontamination of plugs

received from the cask; and

c) Storage for fuel slugs and reactor plugs, with sufficient

capacity for two reactor channels.

d. Operation

The sequence of operations for loading and unloading fuel from the

reactor is described in the following paragraphs, starting with the loading of

fuel into the new fuel storage area.
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Fuel slugs are loaded into the fuel ports at the new fuel loading

station. These ports are then covered with sealing caps.

The fuel handling machine is coarse indexed to the first fuel port of

the new fuel loading station. The fine index pins simultaneously release air

operated clutches in the carriage drive system so that the carriage and cask are

free to be moved into final position by the index pins.

When fine indexing is accomplished, the shield skirt is extended to

contact the new fuel loading station ceiling, the gaslock is extended to seal to

the port, the gaslock space and the port containing new fuel are purged, and the

gaslock valve is opened. The operating ram is extended upward until it lifts the

fuel from the movable stop. The movable shelf is moved aside to clear the fuel

passage and the fuel is lowered by the ram into the fuel cask turret. Before the

second fuel slug reaches the turret it is gripped by the gaslock chuck. The ram

continues its downward movement to clear the turret, , and the turret is indexed

to place an empty socket in position to receive the next fuel element. The ram

is extended to the fuel element being gripped in the chuck. The chuck is re-

leased and the fuel element lowered by the ram until the third slug is in position

to be gripped by the chuck. The sequence described above is continued until the

last slug from the port is in the fuel handling machine.

As soon as the last fuel element from a port is seated in the turret,

the gaslock valve is closed. Following this the gaslock sleeve is retracted and

the index pins' are retracted, and the carriage drive clutches are engaged. The

machine is now ready to index at the next fuel port.

The preceding operation is repeated until the fuel magazine is loaded

to half capacity, and the plug magazine is loaded to half capacity by a similar

sequence.

With each magazine half-filled with new fuel, the machine is moved to

the reactor channel to be unloaded, coarse indexed, and fine indexed in the same

manner as previously described for indexing under a new fuel port. After the

gaslock space is seated to the reactor face and purged, the gaslock valve is

opened and the operating ram is extended upward through an empty socket in

the magazine, to meet the reactor seal plug. Upward movement of the operat-

ing ram is continued to lift the reactor seal plug from its seat. This allows the

latches to move to the released position, and the reactor seal plug supporting a
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column of reactor plugs and fuel is then free to move downward. As the plug is

lowered by the ram, it is stopped where the next plug above it is in position to

be gripped by the gaslock chuck. The second plug in line is gripped in the

chuck so that it now holds the column of fuel and plugs above it, and its under-

side is clear of the fuel magazine in the cask. The reactor seal plug is now

lowered into the fuel magazine and the lifting ram retracted to clear the maga-

zine. The magazine is indexed to place the next empty socket in position to

receive the second plug in line. These steps are repeated until all reactor plugs

have been placed in the plug magazine.

At this point in the cycle, the first spent fuel element in the column is

held by the gaslock chuck. The fuel magazine is positioned to place its first

empty socket in position to receive fuel. The ram is extended to the spent fuel

element, the chuck released, and the ram is lowered and stopped when the

second spent fuel element in line is in position to be gripped by the chuck. The

second element is gripped by the chuck and the first element is lowered into the

magazine. The foregoing steps are repeated until the reactor fuel channel is

emptied.

The new fuel in the magazine is placed in the open reactor channel by

following the above procedure in reversed order. A new fuel element in the

magazine is positioned in line with the open reactor channel. The ram is

extended upward until the first fuel element is clear of the magazine and in

position to be gripped by the gaslock chuck. When the element is gripped by the

chuck, the ram is lowered to clear the magazine which is indexed to place the

next new fuel element in line with the reactor cell. The second and subsequent

new fuel elements are lifted in like fashion by the ram to the chuck and held in

sequence by the chuck until all fuel elements are in place. Partially irradiated

fuel may be intermixed with new fuel or the irradiated fuel elements may

merely be axially rearranged following the operating sequence just described.

Following this, the reactor shield plugs and finally the reactor seal

plug are inserted into the reactor fuel channel. The reactor seal plug is lifted

with the column of fuel and reactor plugs, and when the seal plug is seated in

the reactor, pressure to the ram lift cylinder is increased to 90 to 100 psi to

ensure sufficient overtravel to engage the locking cam into the latch in the seal

plug. The ram and seal plug are lowered until the latch is seated to support

the weight of the shield plug and fuel column. The ram is retracted into the

NAA-SR-6100

70 IV-56



cask, gaslock valve closed, and the gaslock space purged. The gaslock sleeve

is retracted and the fine index pins are retracted, engaging the carriage drive

clutches.

The machine is now moved to the next reactor fuel channel which is

to be serviced and the loading operation repeated. When the machine contains

spent fuel from the equivalent of two reactor cells, it is moved to and indexed to

an empty thimble in the storage pool in a manner similar to that used when

indexing at the reactor. Spent fuel is loaded into the storage tubes of the pool

from the machine by the identical procedure used to place new fuel in the

reactor, as described previously. When the machine has placed its load of

spent fuel into the storage pool, it is ready to perform the next planned

operation.

By choice of program or by altering the previously described

sequence the fuel handling machine will:

1) Rearrange fuel elements within a reactor cell in any desired

combination;

2) Rearrange fuel elements between pairs of reactor cells in any

desired combination;

3) Intermingle new and used fuel within a cell in any desired order;

4) Interchange a new reactor seal plug for a used one, and place the

used plug in a decontamination cell for cleaning and rework; and

5) Seal an empty reactor channel with a reactor seal plug.

The above operations can be programmed at the operator's will at any

point in cycle.

3. Fuel Handling Machine

a. Design Philosophy

A required characteristic common to all remote handling machines,

particularly those handling radioactive materials, is that regardless of what

abnormal operating condition is encountered, it must be possible for the

machine or operator to assess the nature of the problem, and correct it without

exposure to radiation. The design of the machine fulfills the above requirement

by:
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1) Providing continuity of biological shielding between the reactor and

the cask to make it safe to work in contact with the machine for an

indefinite time at any point in the cycle when radioactive fuel is

being handled;

2) Providing continuity of containment for the reactor core gas

between the reactor and cask thus confining radioactive contamina-

tion;

3) Minimizing the opportunity for problems with electircal circuitry;

mechanically coupled interlocks are used in preference to electri-

cal interlocks wherever possible;

4) Providing duplicate functional systems where failure would prevent

safe completion of an operation;

5) Providing for mechanical override on mechanisms whose failure

would cause jamming of the machine;

6) Locating drives and actuators external to the cask shielding where-

ever practical to permit direct service access; and

7) Locating closure fasteners on upper surface so that the machine

may be disassembled under water in case access to the interior

should be required when fuel is in the machine.

b. Bridge-and-Carrier (Dwgs. 7547-74102 & 7547-74106)

The fuel handling machine travels between working stations by a rail

mounted bridge and cask carrier. The fuel handling cask is supported by this

structure. The bridge structure, 54 ft 4 in. long and 11 ft 5 in. wide, travels

on rails whose span is 51 ft 2-1/2 in. It is driven by a hydraulic motor through

a pair of clutches and a gear train. The driving action of the gear train is

through a gear rail fixed to the pile room floor, located beside each rail. By

using the positive driving capability of the bases, skidding of the bridge is

avoided: The bridge carries a pair of rails mounted 90* to its travel, which

support the cask carrier. The span of these rails is 9 ft 6 in.

The cask carrier is mounted to travel crosswise on the bridge

supported rails. The cask carrier, llftxflft, is rigidly attached to support the

fuel handling cask. It is driven by a hydraulic motor through clutches and a

gear train from a gear rack mounted on the bridge.
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Since both the bridge and cask carriage are driven from a fixed gear

rack, their coordinate location can be mechanically determined from the driving

gear position; hence, a mechanically coupled coarse indexing system is used.

The mechanical coarse indexing system is terminated in a covered manhole in

the control room. Selsyn sending units are located in the manhole to provide

indication by receiving units at the control panel. The coarse indexing system

will locate any coordinate position for the fuel handling machine within a

1-1/2 in diameter circle.

c. Fine Indexing (Dwg. 7547-74105)

The fine indexing system, used to provide precise positioning of the

cask under the desired channel to be serviced, will bring the machine into place

if it is within a 2-inch-diameter circle of the desired location. Fine indexing is

to within 0.010 in. Two mechanisms comprise the fine index system: 1)

pneumatic piston actuated dowels, and 2) pneumatically released clutches in the

drive system. The dowels with tapered ends engage holes with tapered entries

to physically move the entire machine into fine indexed position. The pneumati-

cally released clutches free the drive system so that the machine can be moved

by the dowels. A common pneumatic line supplies the clutches and index pin

extending pistons; hence, when the pistons are energized to drive the dowels,

the clutches are simultaneously released. Releasing pressure from the dowels

engages the clutches to make the drive system effective so that that the machine

may be moved to another station. The fine indexing system is made up of

rugged components, and its reliability is assured by the absence of intricate

position-sensing and feedback devices.

d. Airlock, Seals, and Purge System (Dwgs 5747-74101 & 7547-74103)

The cask is sealed to the reactor by a face seal on the gaslock sleeve.

The gaslock sleeve is designed to allow a deviation of 0.010 in. from parallel on

the reactor loading face. The gaslock sleeve is moved into sealing position on

the reactor face, by pneumatic cylinders. The pneumatic supply is interlocked

at the control valves to ensure that the gaslock moves into contact with the

loading face after the indexing dowels are fully extended. This prevents damage

to the seal which could result if the cask were moved for fine indexing with the

seal in contact. The airlock includes a purge passage and connections. The

purge system is used to replace air in the airlock with helium after it is
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connected to the reactor. A continuous sweep of helium flows around each fuel

element to remove any dust or particulates thus promoting cleanliness within

the cask. By the same token, the purge system minimizes the opportunity for

contamination of the reactor seal plug and its sleeve in the reactor shield. The

gaslock sleeve terminates on the cask end at a valve seal plate. The valve

plate is a component of a combination gate valve and chuck, shown on

Drawing 7547-74103. The valve is pneumatically activated. The control valve

which supplies the pressure to the actuator for this valve is ineffective until

the gaslock-sleeve-lift-cylinder is pressurized.

The chuck portion of the combination gate valve and chuck shown on

Dwg. 7547-74103 is made in the form of two independently actuated plates, each

is cut to a half-circle to form a half-chuck. Each half-circle is made in the

form of two hinged quarter circles so that gripping effectiveness is not depend-

ent on precise dimensioning of a fuel element. Each half-chuck is moved into

position by a pneumatic cylinder. Gripping force is controlled by regulating

pressure at the source of supply. The chuck is used to hold a column of fuel

above the fuel cask magazine during the time the last fuel element in the

column is lowered into the magazine, the magazine is indexed, and the ram

extended to provide column support.

The use of the hinged or segmented grip avoids the possibility of

sticking or of jamming the fuel in the chuck. The use of double end rods in the

actuating cylinders for the chuck plates and air valves provides a means for

direct mechanical override which would be used in the unlikely event of

malfunction.

e. Fuel and Plug Magazine (Dwgs. 7547-74101 & 7547-74104)

Magazine storage for fuel and plugs is provided in the cask. Two

magazines in the form of cylinders, pierced axially to receive fuel, are used.

Each magazine has 21 holes, 3-ft long; hence, storage is available for 126 ft

of fuel elements and reactor plugs; or in terms of reactor channels, containing

30 ft of fuel each, and 18 ft of plugs each, 2 channels can be accommodated.

This allows for the machine to contain a full channel of new fuel, two channels

of spent fuel and one channel of reactor plugs with space remaining for 6 new

reactor plugs. The above listing merely shows capability; almost any desired

combination of new fuel, spent fuel, and reactor plugs to suit a planned

operation can be placed in the turrets.
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. Indexing of the cask turrets is by a Geneva mechanism driven by a

sealed shaft, extending outside the cask, which is coupled to a hydraulic motor.

The Geneva mechanism provides precise angular positioning of the turret, with

relatively inaccurate angular positioning of the input, thus making it virtually

impossible to locate any passage in the turret incorrectly. The external location

of the drive unit makes it possible to perform maintenance work on the drive,

or to manually override the drive motor, if necessary, to complete an operation

part way through an operating cycle.

Of the two magazines, one is provided with water cooling with a heat

removal capability of 25 kw. This serves to dissipate afterglow heat from

irradiated fuel elements while they are in the machine. Cooling is by conduction

across a gas space and through the steel liner of the turret which contains the

fuel element. Coolant water does not contact the fuel.

f. Ram Lift Cylinder System

The ram used to raise and lower the fuel is the rod of a 5-in pneuma-

tic cylinder whose stroke is 68 in. In addition to inlet ports normally found on

this type of cylinder, an intermediate port is provided. The purpose of this

port is to cause the piston to stop in a position where the chuck grips the fuel.

When the ram is traveling downward, the normal exhaust port at the lower end

of the cylinder is closed, and the intermediate port is valved to exhaust from the

cylinder; hence, when the piston passes the intermediate port, gas remaining

below this port is trapped in the cylinder, to stop piston movement. When the

piston has stopped, the fuel slug is in position to be gripped by the chuck.

Activation of the chuck opens a blocking valve from the normal exhaust port of

the cylinder, and the operator can regain control of the lowering action by

opening the normal exhaust port control valve.

When fuel is being moved upward out of the cask to the reactor, the

normal upper exhaust port in the cylinder is blocked, and the intermediate port

is valved to exhaust gas. When the piston covers this port, gas trapped in the

upper end of the cylinder prevents further movement upward. Action of the

chuck and release of the normal upper exhaust is accomplished in manner and

sequence similar to the described for lowering fuel.

To provide protection against malfunctioning of the ram lift cylinder,

a pair of duplicate cylinders is used, either may be used independently of the
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other. The two cylinders are mounted on a tool slide to permit the positioning

of either, under the fuel passage. Positioning is accomplished by using

pneumatic cylinders to move the tool slide to the desired position.

g. Cask Enclosure (Dwg. 7547-74101)

Containment of contamination and inert atmosphere in the cask is

provided by a gas-tight envelope. The envelope which forms the structure of the

cask is of welded construction with gland-sealed penetration for rotating shafts.

A gasket-sealed cover on the top side completes the envelope. Bolts are used

to secure the cover to the cask structure. The working mechanism, turrets,

lift cylinders, and turret index mechanism are integral with the lower structure,

making it possible to remove the upper cover without distrubing the working

mechanisms. This arrangement allows simple procedures to be used for

cleaning the cask interior of highly radioactive objects such as fuel slugs which

cannot be removed in the normal manner. This operation would be done in the

cask service area with the cask under water.

The situation just described, a radioactive object which the machine

cannot eject by use of its inherent capabilities, is a highly unlikely situation.

In the design of a machine of this type, it is necessary that means for overcom-

ing the most remote type of malfunction be provided. This illustrates the point

that a method is available to cope with even the most extreme type of malfunction

or problem.

h. Shielding (Dwg. 7547-74101)

Shielding for this machine is in the form of lead, poured into welded

steel containers. Fixed lead shielding is integral with the cask body or

envelope in areas where the inherent structure alone does not provide adequate

shielding. Wherever possible, the design takes advantage of structural

material to provide shielding, so that the total weight of the machine is kept at

a minimum. The only shielding which is movable is the shieldskirt. It is made

movable so that operating clearance is provided while moving between stations,

and continuity of shielding is provided while the machine is working with

irradiated objects.

i. Reactor Seal Plug (Dwg. 7547-74105)

The reactor seal plug, while not a part of the fuel handling machine,

is a key component required for the fuel handling machine to perform its tasks.

NAA-SR-6100

76 iv-62



Since the seal plug for the kind of fuel handling system described here deter-

mines the complexity of the fuel handling machine, it is included in this

discussion.

Functions of the reactor seal plug listed in Section IV-D-2 lead to the

following design requirements:

1) It must provide shielding effectiveness equal to that of the

reactor lower shield;

2) It must support itself, and a column of fuel and shield plugs in

the reactor during the time the reactor is operating;

3) It must be capable of being locked or unlocked under control of

the fuel handling machine operator;

4) It must effect a seal to contain the reactor core gas; and

5) It must be compatible with the fuel handling machine so that

neither the plug nor the fuel handling machine becomes unduly

complicated.

Based on the above listed requirements, the plug was designed so that

it is operated by the inherent movement capability of the lift ram. Unlocking is

accomplished by lifting the plug, using a controlled, limited force applied to the

ram. The plug is locked in position by the same action, except that an

appreciably higher force is applied to the ram. This design offers the advanta-

ges that the plug locking action is under full control of the operator at all times,

and that no separate actuating device is required on the cask.

Alternate design items considered and discarded are:

1) A plug whose locking or unlocking action is predetermined by

the operator and programmed prior to contact by the fuel

handling machine. This type of plug would offer the advantage

of allowing the operator to program plugs to be removed at the

reactor face; then, only if the machine were indexed to a

programmed plug, would it be able to serve that channel.

This advantage, however, is less attractive than the advantage

of being able to replace a plug once removed, should it be

necessary to reseal a channel with the same plug due to an

unexpected operating situation; or
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2) A plug which requires a separate actuating device in the cask.

This alternate is attractive from the standpoint of separating

the operating functions performed by the machine. The poten-

tial advantage is somewhat less attractive when it is considered

that the plug becomes only slightly less complicated and the

cask mechanism becomes more complicated by the addition of

another mechanism.

The preceding consideration governed selection of the reactor seal

plug shown on Dwg. 7547-74105. Title I design and development test results

will establish the best final configuration for a seal plug for this application.

j. Repair and Service Access

Repair or service access for this machine is primarily by direct

contact. Shielding is provided to permit work on the machine even when the

machine is filled with irradiated fuel. Means for mechanical override are

provided wherever feasible. In the event of failure of an actuating component,

where mechanical override is not feasible, duplicate functional components are

provided. By these means, irradiated materials can be safely removed from

the machine to permit repair under all normal contingencies.

A gas purge and sweep system are provided to eliminate the possibil-

ity of internal contamination so that work can be performed on the machine

components by direct contact. On occasion, it may be necessary for workers

to wear respirators while cleaning up contamination prior to working on

machine components. It is conceivable that an irradiated fuel slug will break up

inside the machine, so that it cannot be removed by the mechanism. For this

possible contingency, it will be necessary to seal the space around the fuel

handling machine service area, and fill the space with water while the fuel

element is removed. This work would be performed by workers above the

water using extension wrenches and tools to perform this work. This is not an

anticipated routine operation, and would be used as a last resort if everything

else fails.

k. Controls, Interlocks, and Information Feedback

The activating systems are either pneumatic or hydraulic. This
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allows control by valves throughout. Valves are located outside the sub-pile

room and are actuated by solenoids controlled by the operator in the control

room. This system allows the use of blocking type interlocks wherein a block

valve in a supply line is held closed by another component until that component

has completed its operation so that the operator cannot initiate the next step in

sequence until the machine is capable of safely performing the next task.

Interlock bypass capability is provided in the system to permit handling abnor-

mal situations.

The location of the operator's control room, adjacent to the sub-pile

tunnel where the machine operated, minimizes the amount of information

feedback required by the operator. Closed circuit TV cameras are placed at

locations where the operator view is limited. Operating situations within the

cask are not visible; therefore, the operator is given feedback information on:

1) Gaslock position,

2) Gaslock valve open or closed,

3) Lift ram position,

4) Turret position,

5) Reactor seal plug locked or unlocked,

6) Gripping chuck open or closed, and

7) Fuel handling machine location.

The above listed items are some of the feedback information which

is displayed on the operator's control panel.

NAA-SR-6100
IV-65 79



E. CONTROL ROD AND CONTROL ROD DRIVE

1. General

The gene ral layout and construction of the control rod and control rod

drive is illustrated on Drawing 7547-71601. The 68 top mounted control rods are

placed in the core as shown on Drawing 7547-71002. The control rod, poison

column is 4 in. in diameter and 25 ft long. The control rod has a stroke of 27 ft

6 in. The control rod poison column is attached to the drive mechanism by a

hanger tube which operates through a shield plug. The control rod drive mecha-

nism is driven by two pinions and travels on two racks inside the drive housing.

This method is selected because it requires minimum head room and needs no

sliding seal on a hot rack.

2. Control Rod

The 25 ft long poison column is approximately centered in the 30 ft high

active core while in the full-in position and the bottom of the column is approxi-

mately flush with the top of the active core in the full-out position. In this man-

ner, the poison column is always shielded by the biological shield.

The poison column absorber material is commercial grade boron carbide

powder with a minimum boron concentration of 69%. The powder (0.53 mm and

smaller) is vibration-packed to a minimum density of 1.5 gm/cc. The powder

material is packed in a 1/8-in. annulus formed by two concentric stainless steel

tubes. The- tubes will be clad on the surface in contact with the boron carbide

powder, with a material compatible with the boron carbide at the operating tem-

peratures. The total column is divided into 25 sections approximately 1 ft in

length. Each annular section is sealed at the top and bottom with a clad stainless

steel end cap. The top end of each can is vented by small drilled holes to allow

the release of the generated helium gases.

The poison cans, as described above, are suspended on a retainer tube.

Every other can is suspended directly from the retainer tube to eliminate weight

buildup on any one can. The poison column is designed for operation at a tem-

perature of approximately 1600*F maximum and with a life expectancy of approx-

imately twelve years. Replacement is effected by the refueling machine through

seal plugs in the bottom grid plate (not shown in the drawings).
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The hanger tube operates through the concrete shield plug which is located

in the reactor top grid. When the control rod is in the full-up position, the lower

end of the hanger tube fits snugly into the bottom of concrete shield plug to form

a secondary gas orifice; the primary gas orifice being located in the top of the

concrete shield plug. The upper end of the hanger tube forms a protective hous-

ing around the control rod instrumentation. Near the upper end of the hanger

tube, is located a hanger tube seal. In the event that the control rod drive must

be removed, the drive is driven past its normal down position; the hanger tube

seal then enters and seals in the gas orifice bore. The primary shock absorber

is in a partially compressed condition in this position. The drive is then dis-

connected from the hanger tube and removed, leaving the. hanger tube in position

sealing off the reactor atmosphere.

3. Control Rod Drive and Housing

The control rod drive housing is a gas-tight enclosure with two racks and

two cable baffles. The electrical leads and gas supply line enter near the top of

the drive housing. The power and instrumentation cables enter at the top of the

drive housing and form a single loop, slightly longer than one-half the length of

the housing when the drive assembly is in the up position. The purpose of the

cable baffles is to keep the cables free and clear of the drive assembly while it

is traveling up and down in the housing. The gas line is required for flushing

the housing free of radioactive gases prior to sealing the hanger tube.

The control rod drive consists of three main sections: (1) gear housing,

(2) instrumentation housing, and (3) clutch housing. The gear housing carries

the drive pinions, bevel gears, pinion guide rollers that are required to keep

drive pinions engaged with racks, and drive guide rollers to prevent the drive

from rubbing the inside of the drive housing. The instrumentation housing is

bolted to the underside of the gear housing and contains the rod position indicator

gearing, instruments, and upper and lower limit switches. The clutch housing

is bolted to the upper side of the gear housing. The centrifugal clutch, used for

controlling control rod drop velocity during a scram, and the electrical clutch,

which releases the rod for scram, are located inside the clutch housing. The

drive motor is mounted on the top of the clutch housing.

The shock absorber system consists of a primary and a secondary shock

absorber. The primary shock absorber would absorb the impact energy of the
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control rod in the event of a normal controlled scram. A normal controlled

scram would be when the electric clutch disengages and the centrifugal clutch

regulates the drop velocity of the control rod. The purpose of the secondary

shock absorber is to absorb the energy of the control rod in the event of a mal-

function of the centrifugal clutch during a scram. The secondary shock absorber

would take a permanent deformation and would require the installation of a new

absorber after such a scram.
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F. HEADER SYSTEM PIPING

1. General

Appropriate header assemblies, ensuring even flow distribution in the

different core regions, distribute coolant flow to the various tubes which pene-

trate the top reactor grid plate. Two inlet and two outlet headers are provided

for each core region. Each header collects the tubes adjacent to two of the-four

fuel elements in each graphite block. Each header is separated from the joining

piping by blocking valves. In case of any tube failure in the reactor, one half of

the coolant flow through any region of the reactor may be shut down, while the

other half provides coolant for each graphite block, provided the reactor is shut

down. In this manner, flow to the leaking tube can be stopped, and appropriate

repairs may be made as described in section V-B.

All material for piping and headers in the high pressure systems of the

reactor plant is austenitic stainless steel ASTM A312 Type 304 for temperatures

to 800*F and Type 347 for higher temperatures. This choice of materials was

dictated by the ground rules established for this study, and in our opinion would

be replaced by chrome-moly steels in any actual plant built. The basis for our

opinion and the cost savings realized by such replacement are indicated in Vol. II,

Section III. The low pressure reheat system is built of chrome-molybdenum al-

loy steel ASTM A335 Grade P2 (1/2 chrome 1/2 moly) for the inlet, Grade P11

(1-1/4 chrome 1/2 moly) for the outlet temperatures.

All pressure parts are designed in accordance with the requirements of

the ASME Boiler and Pressure Vessel Code, Section I. Piping also complies

with'the requirements of the American Standard Code for Pressure Piping ASA

B31.1.

Safety valves are provided on the boiler drum and on the superheater and

reheater headers as required by the Boiler Code.

2. Header System

Above the biological shield, a 68-ft square and 35-ft high gallery space is

provided to accommodate the header system and facilitate the manifolding of the

coolant tubes into the appropriate headers. The header arrangement is shown on

Drawing 7547-73001 and 73002. The headers are located adjacent to the four

sides of the gallery. The boiler and superheater headers branch into perpen-

dicular subheaders which are placed above the dividing spaces between the
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graphite logs where control rods are not installed. The subheaders are provided

with welded-in nipples, and tubing connects these nipples with the cooling tube

ends above the reactor top grid plate. These tubes are bent to the required

shape, and both ends are welded into the system. Drawing 7547-73002 illustrates

the manifolding of tubes belonging to one graphite block. This design provides

sufficient space for welding, inspection, and maintenance of the joints.

In order to obtain the objective concerning the division of the coolant sys-

tem, the coolant tubes from each graphite block join four different groups of sub-

headers (two inlet and two outlet headers) which run in both main directions. In

the reheater and the reflector cooling regions the coolant tubes connect directly

with their respective headers without the use of subheaders.

The entire header system consists of the following headers and sub-

headers:

Boiler Inlet:

Boiler Outlet:

Superheater Inlet:

Superheater Outlet:

Reheater Inlet:

Reheater Outlet:

Reflector Inlet:

Reflector Outlet:

4 headers, 12-in., Schedule-140; each, with 7 subheaders
6 in., Schedule-160

4 headers, 16-in., Schedule-140; each, with 7 subheaders
8-in., Schedule-140

4 headers, 10-in., Schedule-120; each, with 9 subheaders
6 in., Schedule-160

4 headers, 10-in., Schedule-140; each, with 9 subheaders
6 in., Schedule-160

2 ring headers with 14-in. and 16-in., Schedule-40 sections
each

2 ring headers with 18-in. and 20-in., Schedule-80 sections
each

2 ring headers 4-in., Schedule-160 each

2 ring headers 6-in., Schedule-160 each

3. Steam Drum

The steam drum is provided to separate the steam generated in the re-

actor from the steam-water mixture and to provide adequate water storage to

ensure a positive supply to the recirculating pumps.

The steam drum is located in an elevated extension of the header gallery

having the centerline of the drum approximately 49 ft from the vertical center-

line of the reactor and 50 ft above the top of the reactor top grid structure as
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shown on Drawing 7547-73002. This location of the drum assures sufficient

natural circulation to remove decay heat in case the recirculating pumps become

inoperative.

The drum.has an internal diameter of 60 in. with 5-1/2 in. wall thickness.

It is approximately 50 ft long and made of SA-212-B lined with 1/4 in. of ASTM

A240 Type S stainless steel plate. The separation of steam and water. takes

place in centrifugal type primary separators and the steam is further purified by

secondary steam dryers.

4. Recirculating Pumps

Three half-size recirculating pumps are installed below the steam drum

extension of the header gallery in three separate compartments. This arrange-

ment, together with appropriate block valves, provides access to any of the

pumps, during full power operation of the reactor with the other two pumps.

Vertical type centrifugal pumps have been selected which will develop a

head of 240 ft at 11,500 gpm. Each pump is driven by a 900 hp motor with an

eddy current coupling to control pumping rate. A controlled leakage seal is em-

ployed whereby boiler feed pump pressure is utilized to prevent recirculation

loop water from leaking into the pump room.

5. Piping

The following steam and water piping is included inside the reactor plant

shielding ahd is considered part of the reactor piping:

a) The recirculating loop piping which consists of the following: Three

16-in. Schedule-140 downcomers which connect the boiler drum in-

dividually to the suction of each recirculating pump; three 16-in.

Schedule-140 pump discharge lines which join in a discharge header

of the same size, each of the two ends of this header connecting to

two of the boiler inlet headers listed in section IV. F. 2.; and the

four 16-.in. boiler outlet headers which extend to the steam drum

area of the gallery, each joining the steam drum with two 12-in.

Schedule-140 risers,

b) Two 12-in. Schedule-120 lines which carry the saturated steam

from the drum to the superheater inlet headers,
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c) Two 12-in. Schedule-140 main steam lines which run from the super-

heater outlet headers to the turbine area,

d) Two 16-in. Schedule-30 cold reheat lines and two 20-in. Schedule-

60 hot reheat lines which connect the reheat inlet and outlet headers

respectively with the turbine area,

e) The reflector cooling piping which consists of two 4-in. Schedule-160

inlet lines from the turbine area and two 6-in. Schedule-160 risers

to the steam drum, and

f) Portions of the 14-in. Schedule-140 boiler feed water piping which

are inside the concrete enclosure of the drum are also considered

part of the reactor plant piping.

6. Valves

The valves listed below are installed in the reactor plant piping described

in the preceding paragraphs. This valve system enables the operator to shut off

coolant flow to one half of any reactor region according to the conditions stipu-

lated earlier in this section. Furthermore, any of the three recirculating pumps

may be separated from the system. The material of the valve corresponds to the

respective pipe material.

Pipe Line Number Size Rating.Type
_____________ _(in.) (psi) T i

Recirculating Pump Suction 3 16 1500 gate

Recirculating Pump Discharge 5 16 1500 gate

Recirculating Pump Discharge 3 16 1500 check

Risers 4 16 1500 gate

Saturated Steam 2 12 1500 gate

Main Steam 2 12 2500 gate

Cold Reheat 2 16 600 gate

Hot Reheat 2 20 600 gate

Reflector Cooling Inlet 2 4 1500 gate

Reflector Cooling Outlet 2 6 1500 gate

Feed Water 1 14 1500 gate
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7. Supports and Flexibility

The main objective of the piping support design outside the reactor core

is to minimize pipe stresses due to the restraint imposed by the thermal expan-

sion of the components. Consequently, free movement of the steam drum,

headers, and piping is ensured, wherever feasible, by using constant support

spring hangers and Grinnell stress-trol constant supports. The constant support

spring hangers provide an equal supporting load in all positions of travel. The

stress-trol constant supports are motor operated hangers which change the length

of the support on signals from a load or temperature sensing device.

In case of differential expansion between components or where free move-

ment cannot be ensured for any other reason, adequate pipe loops are provided

to take care of the thermal expansion. At the pipe penetrations through the re-

actor building walls, bellows type expansion joints are installed to seal the at-

mosphere of the reactor plant enclosure.

G. CONTROL AND INSTRUMENTATION

The reactor instrumentation consists of the following main systems: (1) Re-

actor Plant Control System, (2) Nuclear Instrumentation System, (3) Plant Pro-

tective System, (4) Radiation Monitoring System, and (5) Leak Detection System.

1. Reactor Plant Control System

a. General

The objectives of the reactor plant control system are:

1) To provide for automatic operation from 40 to 100% of rated

s.team load,

2) To provide manual operation from 0 to 100% of rated steam load,

3) To eliminate any need for continuous manual control at power

level,

4) To optimize the plant response to load changes,

5) To provide means for startup,

6) To provide means for shutdown, and

7) To maintain satisfactory flux distribution through the core.
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It is recognized that a detailed analysis by analog computer is neces-

sary to verify the performance of the reactor control systems under transient

conditions. The reactor control system is shown on the Primary Control Dia-

gram 7547-07001.

b. Load Control

The reactor control system is a load-following system which follows

turbine load changes through pressure measured at the first stage of the high

pressure turbine and main steam header pressure. The first stage pressure is

transmitted to the rod control system as power demand, and the main steam

header pressure is transmitted to the rod control system as an error signal.

The function of the rod control system is to regulate the reactor power

level to maintain equilibrium between turbine load demand and reactor heat gen-

eration. The nuclear flux level channels provide the nuclear power signal to the

neutron recorder which transmits this signal to the rod control system.

The rod control system is composed of components shown in Fig-

ure IV-G-1.

c. Steam Temperature Control

The purpose of the steam temperature control system is to hold super-

heater and reheater outlet temperatures at 1000 F. The superheat temperature

is controlled by regulating the quantity of attemperating water injected into the

superheater outlet; this is accomplished by measuring superheater outlet temper-

ature and using the first stage turbine pressure signal as an anticipatory demand

signal which provides a means of changing the attemperating water quantity with-

out waiting for the temperature to change. The reheat temperature is controlled

by regulating the quantity of attemperating water injected into the cold reheat

lind by measuring the reheat outlet temperature. Refer to Primary Control

Diagram 7547-07001.

d. Reactor Feedwater Control

The feedwater control system is basically a three-element conventional-

type system with steam flow, feedwater flow, and drum level controlling the water

flow rate to the reactor by variable speed couplings on the reactor feed pumps.

Feedwater will be introduced to the reactor through the steam drum

and through the reactor reflector region to the drum. A temperature controller

NAA-SR-6100
88 IV-74



POWER
E RRO R ROD0
DEAD CONTROLLER

A LAR M BA ND
ow z

ANNUNCIATOR

POWER MANUAL
4 ERROR CONTROL

vi STEAM z INDICATOR
HEADER

PRESSURE STEAM
ERROR HEADER >

MONITOR PESF R

PRESSURE ROD
INDICATOR DRIVE

STEAM HEADERS

PRESSURE

COMPARATOR
STEAM STEAM
HEADER HEADER POWER

PRESSURE PRESSURE COMPARATOR
SE T POIN T ER ROR CMARAR

STEAM HEADER INDICATOR DEAD BAND

PRESSURE

SE T POINT

RATE LIMITER POWER POWER POWER POWER
TRIM TRIM DEMAND ERROR

INDICATOR COMPUTER INDICATOR MONITOR

STEAM HEADER

PR ESSURE

CE ONT OWER DEMAND POWERSTATION 
DEMAND SET POINT 

REAN

SUMMER COTROL LIMITER

fst STAGE TURBINE POWER POWER
PRESSURE SIGNAL DEMAND DEMAND ALARM

COEPATER RATE ANNUNCIATOR
COMPUTER LIMITER

Figure IV-G-1. Rod Control System

NAA-SR-6100
IV-75

89



will divert the water flow through the reflector by adjusting the feedwater bypass

control valve to hold the temperature of the water from the reflector to the drum

slightly below drum saturation temperature. Refer to Primary Control Diagram

7547-07001.

e. Boiling Region Recirculation Control

A signal, proportional to steam quality leaving the coolant tubes in the

boiling region, is obtained through the measurement of downcomer flow, attem-

perating water flow, and steam flow. This signal is used to adjust the variable

speed eddy-current couplings on the forced circulation pumps, thus controlling

the ratio of water circulated to steam produced. This system is based on the

following:

Steam Quality - Dry Steam _ Steam Flow-Attemperator Water Flow
Wet Steam Total Downcomer Flow

Refer to Primary Control Diagram 7547-07001.

2. Nuclear Instrumentation System

a. General

The function of the reactor nuclear instrumentation system is to moni-

tor the core flux and leakage flux for indication, protective action, and control

by means of an in-core detector and a detector at the periphery of the reactor.

The use of in-core detectors permits a close surveillance of the core for flux

mapping, fuel burnup, and power measurement related to heat balance. The use

of detectors at the periphery of the reactor are required for the intermediate

range of power measurement since the in-core detector does not offer a sufficient

dynamic range. The system provides signals to the plant protective system for

alarm, power set back, and scram purposes; and signals to the plant control sys-

tem to aid in regulating the reactor power level both automatically and manually.

The nuclear instrumentation system is designed to use solid state devices in the

measuring system and logic units. A neutron source is provided in a fuel ele-

ment channel for startup.

b. Startup Channels (Figure IV-G-2)

Four neutron-sensitive high-temperature fission chambers are used

for both initial criticality and normal startup monitoring of the reactor. The

channels are identical except for the position of the chambers relative to the core.
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Figure IV-G-2. Startup Channels
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The four chambers are suitably located around the core with each group of two

chambers located in a different axial position to permit overlap of information

after a given group of detectors has become saturated. The detector and cable

are contained as an integral housing and the housing is part of the positioning

mechanism. A source range interlock is incorporated in the log count rate

metering circuit of channels with the lowest measuring range to prevent rodwith-

drawal unless the counting rate is above a given point and the channel is operating.

c. Intermediate Range Channel (Figure IV-G-3)

Two intermediate range monitor channels employing compensated ion-

ization chambers partially overlap the range of the startup channels and cover

the neutron flux level to full power. The startup channels and the intermediate

channels provide neutron flux level information over the range from source level

to full power. Outputs are provided for log level information and period protec-

tive action. A flux comparator in the power level channels and a period bypass

unit permit adjustable period cutoff over the range 1 to 100%. The flux level in-

formation is displayed on both a recorder and indicators. The period auctioneer-

ing unit selects the shortest period from a period computer for scram or setback.

An annunciator is activated by the period auctioneering unit.

d. Protective Channels and Control Channels (Figure IV-G-4)

The protective channels and control channels are from the same group

of in-core detectors. The use of in-core detectors for control and protective

action offers the advantages of close surveillance of the core since each section

of the core is loosely coupled neutron-wise and permits integration of the core

power mapping system.

The in-core detectors for these channels comprise 64 detectors con-

tained in 16 detector arrays. Each array has four detectors which are located on

four horizontal planes in the core. Four detector arrays are assigned to each of

the reactor sections; boiler, superheater, reheater and radial reflector. By

further relative displacement of each detector in an array, the core is monitored

both radially and axially. During initial operation, the detectors are calibrated

by use of an activated wire technique.

The auctioneer amplifier selects the highest of four input signals to be

applied to the control system averager and to the coincidence circuit for the pro-

tective system. The use of the averager permits a more accurate computation
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of the power level in each section of the reactor core. Averager units are only

used in the boiler, superheater, and reheat section, since the reflector is water

cooled. The output of each averager unit is fed into the neutron power level av-

erager unit in the control system where a weighted average is taken to obtain an

overall neutron power level signal for the reactor.

Associated with each auctioneer amplifier, is a display unit which

monitors each in-core detector. A selector-switch-and-reactor is provided to

display the output of each detector or of the highest auctioneering output from any

one of the four detectors in a given array. Four tricolor lights are used to indi-

cate scram, operate, and low.

The coincidence circuit is used to prepare a signal to the protective

system for scram or setback. The coincidence circuit is designed to obtain any

coincidence arrangement within the realm of the number four; one out of four,

two out of four, or three out of four.

e. Core Power Mapping System

To utilize the reactor more efficiently, the optimum design power

distribution must be maintained in the core. As poison buildup over a period of

time and as power level are changed within the reactor, there is a tendency for

the power distribution to shift if all the control rods are moved in groups in or

out of the core. As previously described, neutron flux measurements from within

the core are used to program control rods to maintain desired power distribution

and are also used as input to the protective system for alarm and/or setback if

local high flux levels occur. By analyzing the local flux measurements, the aver-

age and peak fuel burnup in each fuel channel may be determined.

The core power mapping system uses the same in-core detectors as

those used in the control and protective system channels. A versatile mapping

system is obtained by using a scanner unit and a profilometer. A scanner unit

and profilometer is associated with each reactor section; boiler, superheater,and

reheater. The scanner unit can be programmed to have any type of flux trav-

erse as a function of distance. The value of the neutron flux as a function of

distance is displayed on the profilometer.
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3. Plant Protective System

a. Objectives

This system provides detection and monitoring functions, annuncia-

tion, and automatic corrective action of all pertinent abnormal variables. This

system is in addition to the normal plant control system, which is designed to

handle all normal process changes and upsets that may occur in the reactor-

steam portion of the plant.

Overall protective system design is based on the following concepts:

1) That the protective system detect abnormal variable conditions

which are of such severity that continuation would endanger

personnel or cause damage to the plant,

2) That the protective systems include circuitry for the prevention

of automatically increased core reactivity during periods of pre-

established abnormal conditions,

3) That the protective systems include independent circuitry for

reactor setback and shutdown during periods of pre-established

abnormal conditions,

4) That the protective system design be such that an alarm function

will be presented prior to initiating automatic corrective action,

and

5) That primary automatic controllers, which are provided with

automatic reset control functions, are deactivated upon initiation

of automatic protective action.

b. Component Description

The protective system is designed to provide three types of corrective

action, the use of which depends on the nature of the abnormal condition and are

as follows:

1) Rod interlock system;

2) Reactor setback system;

3) Reactor scram (shutdown) system;
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Each of the three types of corrective-action systems is

provided with independent annunciator units which include both

oral and visual presentations;

4) The system is designed such that an alarm will be given prior to

the time automatic corrective action is initiated;

5) The system is provided with an independent annunciator which

identifies the first abnormal condition producing automatic cor-

rective action;

6) Functional test circuits are provided to make regular checks on

the complete functioning of the circuitry in the protective system;

and

7) Malfunction annunciators are provided for all protective input

functions employing coincidence circuitry. These error-

detecting circuits indicate component failure or unsafe conditions.

c. Operation

(1) Rod Interlock System

The rod-withdrawal-interlock circuit prevents withdrawal of the

control rods when conditions exist which would result in no flux level indication,

incorrect flux level indication, or potentially unsafe reactor startup conditions

caused by one of the following:

a) Short period (intermediate range),

b) Low detector supply voltage, or

c) Nuclear instrumentation power failure.

(2) Reactor Setback System

The reactor setback circuit is designed to drive the control rods

down when any of the following conditions exist:

a) Manual setback is depressed,

b) High neutron flux exists in boiler section (coincidence),

c) High neutron flux exists in superheater section (coincidence),

d) High neutron flux exists in reheater section (coincidence),
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e) Short period transient is indicated (intermediate range),

f) High temperature exists at boiler section outlet (coincidence),

or

g) Pressure suppression system is at high pressure.

Setback corrective action produces continued power reduction until all conditions

causing a setback are corrected.

(3) Scram Shutdown Circuit (Scram)

The reactor shutdown circuit is designed to insert all rods, de-

activate the automatic control system, and activate the decay cooling or cor-

rection control system when any of the following conditions exist:

a) Manual scram button is depressed,

b) High neutron flux exists in boiler section (coincidence),

c) High neutron flux exists in superheater section (coincidence),

d) High neutron flux exists in reheater section (coincidence),

e) High temperature at superheater outlet (coincidence),

f) Loss of electrical load to turbine generator,

g) Turbine tripped, due to speed,

h) Failure of electrical power to protective system, nuclear

instrumentation, and control system;

i) Loss of condensate pumps

j) Loss of feedwater pumps (loss of two pumps),

k) Loss of boiler recirculating pumps (loss of two pumps),

1) Loss of condenser vacuum,

m) Loss of steam drum level,

n) High temperature at boiler section outlet (coincidence),

o) High pressure in pressure suppression system, or

p) Short period transient indicated (Intermediate range).
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4. Radiation Monitoring System (Figures IV-G-5 through IV-G-8)

The function of the radiation monitoring system is to provide radiation

level and alarm information to aid in the operation of the plant and to protect

operating personnel. The manner in which the information is displayed permits

further analysis by detailed health physics techniques.

The system comprises two basic subsystems: the process radiation mon-

itoring and area-personnel radiation monitoring systems. Both subsystems em-

ploy scintillators or Geiger Mueller tubes as the detector element. All of the

system except the detectors are located in the radiation monitoring panel located

in the main control room.

Those channels associated with the monitoring main condenser, deminer-

alizer, and water discharge use a swirl-type detector which gives the proper

geometry for measuring low levels in the range 1 x 10- y c/cc to 1 x 10 1. c/cc.

To measure levels below this point, detailed sampling and radio-assay techniques

are employed. Where possible, linear counting ratemeters are used to obtain a

greater degree of accuracy.

The helium system effluents, after sufficient hold-up time, are monitored

by use of a scintillation detector and a single channel analyzer to determine the

level of xenon-133 which may be present due to fission product activity.

The area and personnel radiation monitoring subsystem comprises scin-

tillation detectors, linear counting ratemeters, and a multipoint recorder. The

linear amplifier and discriminator for each channel is contained within the linear

counting ratemeter.

The radiation monitoring alarm subsystem is contained within the radi-

ation monitoring panel and comprises a multi-point annunciator. Only one main

radiation level annunciator is associated with the main control console. With

any over-radiation level alarm, the operator must scan the radiation monitoring

annunciator to determine which particular monitor is giving the alarm.

5. Leak Detection

The purpose of the leak detection system is to detect the occurrence of a

steam leak in the reactor coolant tubes.

A steam leak occurring anywhere in the coolant tubes will be detected by

an infrared analyzer which will continuously analyze the helium circulating
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through the core for water vapor. This system shall include a water vapor

alarm contact and a strip chart recorder mounted on the leak detection section

of the main control board. Upon detection of excess moisture, the reactor would

be immediately shutdown.

In order to determine which of the reactor coolant tubes is leaking, a

condenser type microphone with an integral preamplifier will be mounted on each

of the 1296 outlet coolant tubes in the pipe gallery. Each microphone assembly

will be attached to its coolant tube with a steel rod mounting bracket equipped

with cooling fins to enable the microphone to operate at the ambient temperature

condition.

The sound of a steam leak in any of the coolant tubes will be transmitted

through the tubing, picked up by the microphone, amplified, scanned by a stepping

switch and transmitted to electroacoustic inspection units which indicate the

acoustic level on a sound volume indicator and actuate an alarm light at the de-

sired sound level. Provisions for group or single point scanning are included.

Each acoustic inspection unit is equipped with a variable frequency filter,

adjustable sensitivity, low frequency cutoff, high frequency cutoff and a head-

phone jack. The scanning is automatically stopped on the point which actuates

the alarm in order that the operator can analyze the magnitude of the leak by

logging in the sound volume indicator reading and listening to the sourd through

the headphones. The scanning can be started, moved back to a point, forward a

point, or stopped at any time by turning a manual scanning switch.

The other components which comprise this acoustical system are:

1) One 200 volt dc power. supply, and

2) 1300 alarm lights.

6. Control Room

All controls and indicators necessary for the remote startup, shutdown,

and operation of the reactor and turbine system are mounted on the control con-

sole. Refer to the Control Room Layout, Drawing 7547-72201. All historical

and trend data recorders are mounted on the conventional boards surrounding

the control console. The control boards are fabricated from standard structural

steel members to form a rigid selfsupporting framework. All control board lay-

outs are of the conventional type. No graphic or semi-graphic layouts will be

used.
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The control room will be completely enclosed, air-conditioned, and will

be classified electrically as a general purpose area.

All indicating instruments and controls essential for boiler unit operation

will be grouped according to related function on the center section of the control

console opposite the steam and feedwater section of the conventional board. All

indicating instruments and controls essential for nuclear reactor operation will

be grouped according to related function on the center and left wing of the control

board. The right wing of the control console will contain all the required turbo-

generator and condenser controls.

The electrical section of the conventional board will contain all the re-

quired high voltage breakers, auxiliary system breakers, and a mimic bus. The

generator section of the conventional board will contain all the required volt-

meters, wattmeters, rotor and stator temperature recorders, and synchroscope.

The auxiliary section of the conventional board will contain all the re-

quired indicators and recorders for the water purification system, the decay

heat removal system, and the leak detection system. The temperature section

of the conventional board will contain all the required process temperature indi-

cators and recorders. The nuclear section of the conventional board will con-

tain all the required nuclear flux level recorders and indicators not required for

console operation. The in-core monitor indicators and in-core flux profile re-

corder will be mounted in the left wing of this nuclear section. The recorders

mounted on the steam and feedwater section of the conventional control board

will provide the operator with historical and trend data of various boiler functions

such as steam and feedwater pressure, temperature, flow, and drum level. Re-

corders on the turbo-generator section of the conventional control board will

provide the operator with similar information on various turbine functions.

All alarm annunciators will be installed along the top portion of the con-

ventional panelboard in the section according to its related function, with the ex-

ception of a leak detection and radiation monitoring alarm which will be mounted

in the console nuclear section.
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H. REACTOR AUXILIARY SYSTEM

1. Liquid Waste Disposal

a. General

The liquid waste disposal system handles all waterborne and solid

wastes that have been exposed to radiation. The system functions include:

1) Hold-up (to permit short-lived radioactive decay),

2) Demineralization,

3) Concentration, and

4) Permanent Storage.

The system is basically divided into two streams: (1) low level neutral

waste, and (2) high level waste. A diagram of the system is shown in Figure

IV-H-1.

b. Low Level Waste

One 2500 gallon capacity tank receives all low level activity aqueous

wastes. The fluid from this tank can either be discharged to the river or earth,

or pumped through a 25 gpm capacity demineralizer. The discharge from the

demineralizer can be stored in two 10,000 gallon aluminum tanks. Sampling

points and instrumentation are provided to permit accurate determination of

radioactivity levels of the liquids stored. Pumps are provided to convey the

stored liquids to the condensate storage or discharge to the river.

c. High Level Waste

One 5000 gallon tank receives all high activity high mineral content

aqueous wastes. Neutralization can be accomplished in this tank; pumps are

provided to transfer the liquid to the waste concentrator. Instrumentation is

provided to monitor radioactivity level, pressure, temperature, and pH. The

tank material will be suitably lined carbon steel.

(1) Concentrator

All high activity level wastes are pumped into the concentrator.

Regeneration liquids from the demineralizers and solutions from the gas purifi-

cation scrubbers are examples of types of liquids handled. A transfer pump of

2 gpm capacity transfers the liquid from the receiver tank to the waste concen-

trator. Heat is supplied to the concentrator by 50-psig steam thru 40 square
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feet of heating surface. The volume of the wastes will be reduced by a factor of

10 by means of evaporation. The concentrate will be pumped to a 10,000 gallon

liquid waste storage tank and the vapor will be condensed in an overhead con-

denser and discharged by a pump through a demineralizer to hold up tanks.

(2) Liquid Waste Storage

The 10,000 gallon capacity liquid waste storage tank will be a con-

crete chamber lined with a suitable coating to retain all the liquid. It is anti-

cipated that final off-site disposal will be utilized. Proper instrumentation and

pumps for removal of contents is provided.

(3)Solid Waste

The solid wastes consist of spent resins, failed gas purification

system equipment, radioactive clothing, and "hot" tools. With exception of the

resins, the above items will be small in number and will be deposited in suitable

shielded containers for off-site disposal.

In the case of gas purification system equipment, a separate cell

is provided for preparing the waste for disposal. Such equipment does not re-

quire continuous disposal like the resins or like most of the liquid and gaseous

wastes.

For estimating purposes, the spent resin storage is assumed to

consist of two 4000 gallon stainless steel clad carbon steel tanks into which all

radioactive ion-exchange resins are sluiced. The sluicing water would be re-

claimed in the liquid waste system.

2. Helium System

a. General

The helium system is a closed cycle system with purification. Helium

is fed into the bottom of the reactor core and flows toward the top of the core in

the annuli between the fuel elements and the moderator blocks. Ducts around the

girth of the reactor near the top of the active core remove the helium from the

moderator gap and exhaust the helium to a purification system. A purification

system is provided to remove graphite off-gas products from the helium before

it is reintroduced into the core, thus maintaining an inert gas blanket on the core.

This purification system will also remove fission products as indicated below,

although it is debatable whether this is actually required.
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b. Fission Product Release

No data are currently available on release of fission products from

UC 2 -graphite matrix fuel, so estimates were made using methods derived for

determining release of fission products from UO 2 and from uranium-solution

impregnated graphite.

(1) Mechanism .of Release

The release of fission products from the UC 2 -graphite matrix ele-

ment will be by two processes: (1) the diffusion of fission products from the UC2

particles, and (2) recoil of fission product fragments out of the UC2 into the

graphite with their subsequent diffusion out of the graphite. The release of nu-

clides by the UC2 is dependent on the half life of a given nuclide, the tempera-

ture of the fuel, and the size of the UC2 particle.

For a given temperature, the fraction of a nuclide that escapes

from the UC2 increases quite rapidly with increasing half life. In effect, the

material through which the nuclide diffuses acts as a holdup medium. The shorter

the half life of the nuclide, the smaller the fraction that will diffuse out. Diffu-

sion coefficients increase with temperature; hence, the diffusion rate of any

given nuclide increases with temperature. The larger the UC2 particle, the

smaller the surface area for any given quantity of UC2 ; hence, the smaller the

quantity of fission product fragments that escape due to recoil.

When considering fission product release from the fuel, daughter

products of those nuclides which diffuse must also be considered. For example,

lanthanum- 140, which has a boiling point above 3300*F would not be expected to

diffuse from the fuel; yet, it may very likely be in the gas stream because of the

decay of xenon- 140 which would definitely diffuse.

(2) Activity of Gas System

In order to estimate the level of activity in the gas system, with un-

34
clad fuel, use was made of an analytical study by W. B. Cottrell et al. , at ORNL..

This analytical study was based on diffusion of fissionproducts from UO 2 -graphite

matrix elements; and used diffusion coefficients for UO 2 measured by Westing-
35

house and diffusion coefficients for graphite measure by Atomics Inter-

national.3Only nuclides with chain fission yields of 0.1% or greater,

and with gamma ray energies of 0.5 Mev or greater were considered. In addi-

tion, only xenon, krypton, bromine, iodine, rubidium, and cesiumwere assumed

to diffuse from the UC 2 particles.
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Table IV-H-1 contains the calculated estimate of the fission prod-

uct activity in the gas system when at equilibrium and with no purification. It

is estimated that the fuel would contain about 2.0 x 109 curies of similar fission

products. As indicated, the calculations are only for certain specific nuclides

and it has been estimated that the total system activity would be ten times that

calculated. 34 Furthermore, as mentioned previously, the data are calculated

for a U0 2 -graphite matrix, rather than for UC2 -graphite; hence, are only indi-

cative of the level of activity which could be present in the gas system with no

purification, using unclad fuel elements.

Use of a coating on the fuel elements will reduce the release of fis-

sion products by as much as a factor of 106. Considerable experimental work is

required to define activity release from coated elements.

c. Purification

(1) Factors Affecting Purification

Purification of the gas stream will be accomplished by: (a) decay of

fission products, (b) deposition on primary surfaces, and (c) removal in a puri-

fication system. There is insufficient experimental information available to

predict deposition rates; therefore, this effect is neglected when estimating ef-

fects of purification. However, the strong possibility of deposition is evident by

noting the melting and boiling points given in Table IV-H-2 for the various nu-

clides; which, calculations have shown, can exist in the gas stream. Materials

such as zirconium, niobium, barium, lanthanum, yttrium, strontium, cerrium,

and tellurium might be expected to collect on colder surfaces in the system.

Decay of the fission products can be calculated and purification

system removal efficiencies can be assumed. The equilibrium activity of the gas

system, neglecting deposition, is a function of both the removal system efficiency

and the cycle time; or, the time it takes the gas to make a complete circuit from

the purification system through the reactor and back through the purification sys-

tem. Knowledge of cycle time is required for determination of the rate at which

the purification system is removing activity; hence plays an important part in the

determination of the amount of daughter products a parent nuclide will manufac-

ture before the parent is completely removed.
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TABLE IV-H-1

EQUILIBRIUM GAS ACTIVITY
(CURIES)

Nuclide No Purification I = 3 x 10- 5 sec~ 1

Br8 4

Br8 7

Kr87

Kr8 8

Rb8 8

Rb8 9

Y9 0

Sr 9 1
Y91m

Y9 1

Y92

Y 9 3

Y9 4

Zr9 5

Nb95

Te1 2 9 m

Te131m

1131

1132

Te133

1133

1134

1135

Xe135m

Xe1 3 5

I136

Ba1 3 7

Cs138

Ba1 3 9

La1 4 0

La' 4 '

La1 4 2

Ce1 4 3

Ba'1 4 0

5.64 x 104

9.87 x 104

1.7 x 105

3.23 x 105

3.64 x 105

3.56 x 105

5.48 x 105

4.25 x 105

6.06 x 105

3.08 x 105

1.04 x 105

4.76 x 104

1.08 x 105

1.08 x 105

7.38 x 103

3.84 x 103

2.3 x 106

2.65 x 105

1.27 x 104

1.07 x 106

3.02 x 105

4.8 x 105

1.44 x 105

4.8 x 105

4.5 x 104

3.92 x 106

4.44 x 105

.2.71 x 105

4.07 x 105

4.7 x 105

1.09 x 105

1.82 x 104

4.07 x 105

1.48 x 107
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5.23 x 104

9.85 x 104

8.2 x 104

2.25 x 105

2.16 x 105

3.48 x 105

1

2.12 x 105

7.72 x 104

2.32 x 103

1.39 x 105

4.08 x 104

4.53 x 104

4.45 x 102

3.45

6.2 x 103

3.6 x 103

7.5 x 104

1.93 x 105

1.26 x 104

3 x 105

2.66 x 105

2.36 x 105

6.8 x 104

1.25 x 105

4.5 x 104

1.07 x 102

3.92 x 105

2.16 x 105

1.15 x 103

2.85 x 105

9 x 104

2.91 x 103

8.34 x 103

3.86 x 106Total ,



TABLE IV-H-2

PHYSICAL PROPERTIES OF CERTAIN ELEMENTS

Element MP(*F) BP(*F) Solubility

Xe -220 -164 Soluble in some organics

Kr -272 -252 Soluble in some organics

Br 19 138 Soluble in alkaline solution

Rb 101 1292 Decomposes in water

I 235 363 Soluble in alkaline solution

Te 847 2530 Soluble in alkaline solution

Cs 83 1236 Soluble in water

Ce 1190 2555 Soluble in dilute acid

Ba 1560 2080 Decomposes in water

La 1520 3270 Decomposes in water

Sr 1470 2100 Forms Sr (OH)2 in water

Y 2720 4530 Soluble in alkaline solution

Zr 3325 - Soluble in HF

Nb 4380 - -

(2) Effect of Purification on Equilibrium Gas System Activity

Purification efficiency is defined as a, and cycle time is defined as

T (sec). The cycle time of 7 hr and a purification system efficiency of 90% yields

calculated equilibrium activity of 3.86 x 106 curies as shown in Table IV-H-1.

While the total equilibrium activity during operation is only re-

duced by a factor of about 5 with the purification system, a much more significant

reduction is occurring in regard to the long-lived nuclides as may be seen from

the reduction of theY90 Y91,Zr95 Nb95,Ba3,and La0 nuclides. This

reduction of the long-lived nuclides would materially reduce the dose rates asso-

ciated with any in-core components after shutdown. Operation of the gas system

for a period of 24 to 48 hrs after shutdown of the reactor should eliminate practi-

cally all gaseous activity.
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(3) Proposed Purification System

A description of some methods of helium purification43 can be

found in a recently published ORNL report. A purification system can be pro-

posed, based partially on actual operating systems and partially on the physical

or chemical properties of the fission products which must be removed. Table

IV-H-2 lists the pertinent properties of each chemical species which served as

the basis for the proposed purification system.

Figure IV-H-2 is a flow diagram of the purification system pro-

posed for the GBSR. It is similar to that proposed for the GCR-2. The sys-

tem processes the total flow of purge gas which passes through the core. A

research and development program will finalize the design.

The oxidizer is a bed of CuO catalyst. The optimum temperature

for oxidizing the hydrogen and carbon monoxide must still be established.

The oxidized helium stream, at essentially atmospheric pressure,

now passes to a regenerative heat exchanger where it gives up its heat to the

purified helium flowing to the reactor. The gas then flows to a cooler to bring

the gas to approximately 100 F. During this cooling step, water may be con-

densed from the gas, depending upon the water pickup in the reactor. The gas

is next compressed to approximately 50 psig so that the rest of the purification

system will not have to be excessively large in volume.

Following compression, the gas is passed through two packedd-bed,

aqueous, sodium hydroxide scrubbers and a packed-bed water scrubber. These

scrubbers would be packed with Raschig rings or some other type of tower pack-

ing to ensure intimate gas to liquid contact. The CO2 in the gas reacts with the

caustic to form sodium carbonate or bicarbonate. It is believed that the bulk of

the fission products will be removed in these scrubbers. As can be seen from

Table IV-H-2, bromine, yttrium, tellurium, iodine, barium, and cesium are

either soluble or decompose in caustic solutions. In addition, rubidium and

lanthanum are reported to react with water, and strontium is reported to form

strontium hydroxide in water. The reaction rates and equilibrium values for

these various reactions have not been found in many cases; therefore, sizing of

the scrubbers for this conceptual design was somewhat arbitrary.
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Except for the xenon and krypton, those fission products which do

not react with the caustic or the water have melting points above 6000*C and are

few in number; namely, cerium, zirconium, and niobium. It is believed that if

these fission products get as far as the scrubbers, they will be removed as par-

ticulates.

From the aqueous scrubbers, the gas. is passed through synthetic

zeolite beds which dry the helium to a dew point of minus 100 F, measured at

100 psig. This is considerably less than 1 ppm of water. Two beds are provided

so that one bed is regenerated with hot gas while the other bed is on-stream.

Each bed has an 8 hr on-stream capacity. The regeneration system consists of

a blower, a cooler-condenser, and a heater. Water from the cooler-condenser

is piped to the liquid waste system.

From the dryers, the gas passes through one of two activated char-

coal beds which absorb the krypton and xenon from the helium. These are the

only items which would not be required if the purification system was designed

to handle only graphite off-gases. One bed is regenerated while the other bed is

absorbing the noble gases. Regeneration is accomplished by heating and evacu-

ating the bed to remove the noble gases and any absorbed helium. These de-

sorbed gases are pumped to the waste gas storage system.

(4) Arrangement and Maintenance of Purification System

The gas purification system will be handling a highly radioactive

gas; hence, the equipment will undoubtedly be highly contaminated, even after

flushing of fission products from the scrubbers and solid beds. It is believed

that remote replacement is much more practical than contact-in-situ maintenance

for such equipment. General design principles applicable to this type of equip-

ment have been developed which ensure that equipment pieces and components

can be remotely removed and replaced.

The gas system is envisioned as occupying two cells. These cells

are located immediately adjacent to the reactor. Cell Number 1 is the main

process cell and it is about 33 ft long by 15 ft wide by 25 ft high. The cell is

equipped with a crane and a mechanical arm. No crane or manipulator operation

is required except when needed for maintenance. Viewing is accomplished by

use of an end window and an in-cell TV system. No man-access is permitted in

cell Number 1.
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Cell Number 2 is a maintenance, decontamination, and waste prep-

aration cell. It is equipped with a pair of mechanical arms, two viewing windows,

a TV system, and a maintenance turntable. The maintenance turntable is a flat,

large, steel table which can rotate and move in a vertical direction. Such equip-

ment has been developed for hot cell usage.41 Defective equipment brought from

cell Number 1 by the crane, through the inter-cell access lock, is placed on this

table for inspection. Being moveable, the table can bring the defective compo-

nent into the best possible viewing area.

Remote repair can be accomplished at this point, if feasible; or,

the component can be prepared for waste disposal; or, it may be possible to de-

contaminate it so that contact maintenance can be effected. In any case, failure

of the component affects the operation of the gas system and the reactor only as

long as it takes to insert a replacement. Actual maintenance of the defective

component can be accomplished any time after the system is back in operation.

This type of maintenance procedure on the gas system ensures a much higher

degree of operating reliability than would exist if a procedure employing only

contact maintenance is used.

d. Disposal of Gaseous Wastes

(1) Holdup

The gas purification system is the only system in which the fission

product gases xenon and krypton are found. These gases are concentrated in an

absorption bed which is periodically regenerated by heating and evacuation. The

off-gas from these beds is pumped by means of a diaphragm type compressor to

gas cylinders. Assuming a 100% release of these gases, it is estimated that

less than one-half cubic foot per day of xenon and krypton are released by the

fuel. No detailed information is available on adsorption of helium on the char-

coal but it is believed to be low, since charcoal is used or planned for use as a

helium purifier in several applications.

For estimating purposes, three 1 ft3 cylinders, each having a stor-

age capacity of 220 SCF, are assumed to make up the gas storage volume. Each

cylinder is in a concrete lined hole. After decay of the xenon, the bottles can be

manually handled, since the long lived krypton is a soft or beta emitter.
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(2) Permanent Storage

The cylinders containing krypton are disposed of off-site so that no

permanent on-site storage facilities are required. It is believed that less than 2

cylinders/yr would have to be shipped off-site.

(3) Coolant Cycle Noncondensables

Gaseous effluent from the air ejectors and evacuators is monitored,

diluted in ventilating air from the plant, and discharged through the ventilating

stack. These effluents will never contain any fission gases or fission products,

because of the complete separation of the fuel and the coolant in the reactor core.

3. Reactor Water Purification

The GBSR steam generator will operate with extremely high purity water.

In order to limit the radioactivity build-up in the boiling section, limit the scale

build-up on the boiler tube surfaces and minimize the carry-over to the super-

heater; a side stream demineralizer is utilized. The recirculating water in the

boiler section will be maintained at a maximum of one part per million total

solids. The major potential sources of reactor water impurities are as follows:

a) Corrosion and erosion of metal surfaces in the system,

b) Feedwater, and

c) Make-up water.

A full flow condensate water treatment system is provided to demineralize

both feedwater and make-up water. The condensate treatment system is designed

to produce an effluent with a content of 5 ppb. A mixed bed demineralizer and

full flow filter is provided.

A reactor water purification system will be provided to reduce the reac-

tor water impurities in a side stream to 5 ppb. This side stream will consist of

80 gpm of water diverted from the discharge side of the recirculating pumps and

returned to the steam drum. The system will consist of a regenerative heat ex-

changer, a nonregenerative heat exchanger, a filter, a mixed bed demineralizer,

and a full flow filter. Since the radiation activity level of these resins may be

quite high, the resins will be sluiced to the waste disposal area for disposal. No

regeneration is contemplated. A diagram of the system is shown on Figure IV-

H- 3.
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4. Poison Injection System

An additional safety measure incorporated in the GBSR design is a grav-

ity-actuated, liquid poison, injection system. This is a back-up system, for use

in the unlikely event that control rods fail to shut down the reactor. The poison,

an 80% saturated solution of sodium octoborate in water (1.56 lb Na2B801 3 -4H2 0

per gallon), is stored in a stainless steel lined tank above the level of the steam

drum. Injection of 168 gallons of the octoborate solution (worth approximately

13 to 14% reactivity) will result in the reactor becoming at least 5% subcritical

with the reactor cold, clean, and all rods out of the core.

The poison injection operation will be carried out by actuating the re-

motely-operated valves in the pressure equalizing line and in the poison injection

line. Interlocked with the preceding, is the inlet valve to the reactor water de-

mineralizer . Upon initiating the poison injection operation, the demineralizer

will be automatically removed from service, thus preventing the octoborate solu-

tion from flowing through the demineralizer loop.

The octoborate solution will enter the reactor coolant stream on the suc-

tion side of the recirculation pumps. This ensures rapid introduction of the poi-

son to the boiling region. Should the recirculation pumps be out of service due

to loss of auxiliary power, the octoborate solution will be distributed through

the boiling region by natural circulation.

A steam heating coil is provided in the poison storage vessel to prevent

thermal shocking of the reactor boiling region. Drains from the coil are re-

turned to the main condenser.

The other connections to the poison storage vessel are: vent line, pres-

sure equalizing line, sampling line, fill line, injection line, and a relief valve.

Pressure and temperature measuring elements and a level indicator with appro-

priate high and low level alarms are incorporated into the system instrumenta-

tion. All piping in contact with steam or the poison solution is type 304 stainless

steel. A diagram of the system is shown in Figure IV-H-4.

The use of a gravity actuated system provides an effective poison injec-

tion system in that no pumping power is required, pressure equalization can be

accomplished regardless of reactor operating pressure, and all valve operations

are of a fail safe nature.
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5. Fuel Storage Cooling System

The functions of the fuel storage cooling system are to:

a) Remove the heat given off by radiation from the spent fuel contained

in the inverted thimbles in the storage pool and

b) Maintain the necessary water purity to prevent excessive corrosion.

The fuel storage cooling system was sized to accommodate either of the

following conditions:

a) Unloading of the entire core over a period of two to three months,

and

b) Storage of elements for a minimum of 90 days prior to shipment,

and shipment once every two years. This assumes that on the aver-

age, one equivalent column of spent fuel is placed in the pool every

two days, and assumes that it takes two hours from unloading to

placing in pool.

Due to the above, a maximum heat release of 7 million Btu/hr results.

The fuel storage cooling system consists of two pumps, a filter, a heat

exchanger, make-up water line, demineralizer, and associated instrumentation.

Two 400 gpm pumps, for alternate use, pump the pool water through a heat ex-

changer to keep the pool below 120 F. Copper piping is used throughout. The

heat exchanger is made of admiralty tubing, naval brass tube sheet, and a brass

shell. Approximately 1000 square feet of heat exchanger surface is provided.

A diagram of the system is shown on Figure IV-H-5.

6. Shield Cooling

The shield cooling system removes the heat absorbed in the shield cool-

ing coils. These cooling coils are located in the top and bottom grid, on the

periphery of the core tank, and in the concrete adjacent to the core tank. Approx--

imately 400 gpm water is pumped through the shield cooling coils to keep the tem-

perature below 125* F. A 300 ft2 heat exchanger cools the shield cooling water

to 110 F. A by-pass filter and demineralizer assures the cleanliness of the

water used in the process. The system includes an alternate pump, emergency

make-up water line, expansion tank, sample station, vent, and make-up line.

The materials of construction are carbon steel. A diagram of the system is

shown on Figure IV-H-6.
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7. Emergency Condenser (See Figure IV-H-7)

An emergency condenser is provided for use in all emergency shutdowns

and as an alternate heat sink to the main condenser in normal shutdowns. It is

sized to continuously handle 2% of full reactor power. The steam side of the

condenser is kept flooded when not in operation, so that upon admission of steam,

the condenser will initially handle considerably more than its design heat rating.

The use of the emergency condenser is discussed in more detail in the section

covering operation, Section V-B.

The system consists of: a condenser designed to operate at pressures up

to 400 psia and temperatures up to 1000* F; a 1580 gpm, centrifugal circulating

water pump; two, 40 gpm, centrifugal condensate pumps; and appropriate instru-

mentation. The circulating water and condensate pumps are motor driven and

are tied to the diesel electric generator back-up system to ensure operation in the

event of normal auxiliary power failure.

Condensate from the condenser will be pumped to the drum; a branch line

will supply water to the high pressure turbine, by-pass attemperator. A connec-

tion between the condensate storage tank and the suction of the emergency con-

denser condensate pumps is provided to supply water to the reactor coolant sys-

tem and attemperator, if the supply of steam to the emergency condenser is in-

terrupted. This would probably necessitate allowing the reactor pressure to drop

approximately 200 psi as described in the section on operation.

8. Header Room Vent System

The header room vent system is provided as protection against an incident

resulting in a break of any of the coolant pipes outside the reactor. The header

room vent system consists of a vent stack on top of the reactor building and a

quench system in the header room. The reinforced concrete stack is 10-feet ID

at its base (el 1069) and 5-feet ID at the top which extends 140 feet above grade.

The quench system consists of spray headers evenly distributed through-

out the header room and the lower portion of the vent stack. In the very improbable

event of a coolant pipe rupture, steam and water would escape into the header room

resulting in an immediate pressure rise. The pressure increase would automatic-

ally initiate the quench system which is fed from the fire protection system. On

the same pressure increase signal, the quick opening louvers at the base of the

stack would open to allow safe venting and dispersal of some of the noncondensed
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steam as well as of the non-condensibles. The vent stack can also be used for

the safe release of condenser off-gas and air from the ventilation system.

9. Containment

The containment design philosophy for the GBSR is predicated on the

assumption that the Most Credible Operating Accident (MCOA) can be satisfac-

torily "contained" by a system utilizing the pressure suppression concept. This

concept was proposed by PG&E as the basis for the containment system design

for their Humboldt Bay Reactor.44 The PG&E design was recently accepted as

adequate by the Advisory Committee on Reactor Safeguards.45

The conceptual application of the pressure suppression concept to the

GBSR is shown in Figure IV-H-8. Here the helium tank takes the place of the

dry well in the Humboldt Bay design. The tank contains the reactor core and

is penetrated by the closed circuit coolant tubes through the top face. Each

coolant tube penetration is provided with double seals to prevent leakage to the

header room above the reactor. The 12, 24-inch vent pipes from the helium

tank penetrate through the primary shield and each branch out to 4, 12-inch nozzles

which dip into the vapor condensing pool. The atmosphere within the tank will

normally be a mixture of helium and some fission products, at an average tem-

perature of approximately 1100* F, and at a slightly negative pressure which is

maintained by the helium circulating pump.

As shown in the architechtural Drawings 7547-79201 and 7547-79202, the

suppression chamber, mid-plane, is 25 ft below grade, 30 feet in height, and is

filled half way with the condensing pool water. The 8-ft wide annular pool sur-

rounds 3000 of the reactor circumference. The proper water level in the pool

will be maintained to ensure a positive water seal between the helium tank and

the suppression chamber. The vapor-tight gas space above the water pool is

connected by a pipe to the helium purification system to permit purging in case

of an incident.

The Most Credible Operating Accident for the GBSR is defined as a com-

plete rupture of the "donut" header connecting a downcomer tube with four riser

tubes in the boiler section of the reactor. In the very improbable event of such

a break, steam and -r, ter would immediately enter the helium tank; and, as it

flashes and expands, it will raise the pressure above the normal operating level.

Preliminary calculations indicate that the rate of this pressure buildup will be of
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the order of 1 to 2 psi/sec thus indicating that no serious pressure waves or

transient pressure peaks would result. The helium tank and vent pipes are de-

signed for 20 psig pressure and will be fabricated to ASME pressure vessel code

requirements. Adequate instrumentation is provided to ensure immediate reac-

tor shutdown, coolant system depressurization, and isolation of the damaged

section to minimize the loss of coolant.

The vent system, in conjunction with the suppression chamber, will

counteract any abnormal pressure build-up in the helium tank, thus ensuring its

integrity at all times. In case of any helium and fission products carryover,

the pool would tend to retain most of the fission products and only a very small

fraction of any radioactive contaminants (other than noble gases) will escape

into the suppression chamber. The maximum potential pressure build-up in the

suppression chamber is well within its structural limitations; this pressure re-

turns to atmospheric shortly after the event. All vents are provided with proper

ball-type vacuum breakers to prevent pool water from ever being siphoned into

the reactor. These vacuum breakers are normally closed and thus prevent the

escape of gases from the reactor into the area above the pool. A thin layer of

very low vapor pressure liquid (organic in nature) on top of the pool will mini-

mize vapor carryover into the reactor during normal operation.

As described in the previous section, the steam quenching and venting

system is designed to handle any major coolant line rupture outside the reactor.

This supplements the plant containment provisions in much the same manner as

does the off-gas disposal system for current water reactors.
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I. ELECTRICAL SYSTEMS

1. General

This section outlines the basic electrical components required for the

nuclear portion of the plant. Also included, is a description of these components

and their requirements in regard to safe operations.

The design of the electrical distribution system assumes two sources of

4.16 kv, 3-phase, 60-cycle power (normal station service and reserve station

service) are provided for the conventional plant, and that they are available for

the nuclear loads as shown.

The electrical system is designed to provide the degree of reliability and

quality of power required for various load classification. The reactor electrical

loads are classified into three main groups as follows:

a) General Service Loads

General lighting, heating and ventilating, receptacles, cranes,

and related loads required for maintenance and comfort which are

not essential for continuous plant operation. Because of the latter

criteria, these loads have only one source of power.

b) Startup Loads

Recirculation, boiler feed pumps, and similar loads necessary

to start the reactor.

c) Auxiliary Loads

These loads are essential for continuous operation and are di-

vided into three major classifications in accordance with their re-

quirements. These classifications follow.

a. Standard Auxiliary Loads

Pumps, fans, compressors, and related loads required for continuous

operation, but not necessary for protection of equipment and personnel, nor for

a safe and orderly shutdown in case of a power outage. To obtain high continuity

of service, these loads are provided power from at least two independent sources.
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b. Vital Auxiliary Loads

Pumps, battery chargers, building exhaust fans, radioactive vent fans

and compressors, lights, emergency cooling system, fuel handling machine, and

other loads which can tolerate only a short time power outage for the protection

of equipment and personnel. These loads are normally fed from the same power

sources as the standard auxiliary loads, except that diesel-generators provide

back-up power to these loads in case of a general power outage.

c. Critical Auxiliary Loads

Those loads requiring power continuity of the highest order for con-

tinuous operation, safe and orderly shut-down, and protection of personnel and

equipment. Safe operation will not be compromised, and is paramount in the de-

sign of the critical system. To obtain this reliability, these loads are fed di-

rectly from station batteries, or provided battery back-up power. The critical

loads are sub-divided into two classifications which follow.

(1) Noise Sensitive Critical Loads

Highly sensitive nuclear instruments which require failure-free,

precisely regulated, 120 vac power. These instruments cannot differentiate be-

tween a scram signal and voltage transients which occur in standard electrical

systems. An isolated electrical system including batteries, battery chargers,

and motor-generators provides the required stability.

(2) Non-Noise Sensitive Critical Loads

Control rod drives, valves, annunciators, emergency lights,

switchgear control power, and similar loads which must have continuous, or in-

stantaneously available power, but are not affected by voltage fluctuations.

These loads will be rated 125v dc; 120 v single-phase, 60 cycles ac; or 208 v,

1 or 3-phase, 60 cycles ac. The dc loads are fed directly from a station battery.

The ac loads are served from 120/208 v critical control centers. These control

centers are normally served from the auxiliary power system and are automati-

cally transferred to the noise-sensitive critical buses if auxiliary power is lost.

2. Operation

a. Power Source

The nuclear facility is provided primary power at 41 6 0v from two in-

dependent sources -normal station source and reserve station (startup) source.
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On plant startup, the reserve station source supplies the power. Since the re-

serve station source is connected to the transmission network, it is not dependent

on plant operation for power. After the reactor is operating and the turbine gen-

erator is producing power, the electrical loads will be transferred to the normal

station source. During routine operation, the primary power will be supplied

from the normal station source, and the reserve station source will be used for

standby. In case of a power failure in the normal source, the load will be auto-

matically transferred to the reserve. Retransfer to the normal source will be

by manual means only.

b. The 4160 and 480v Systems (Drawing 7547-79401)

The 4 160v system consists of two switchgear buses which are fed by

double breakers from either the normal or reserve station source. From this

point, power is distributed directly to large motors and to load centers which

transform the voltage to 480 v. Switchgear A, B, and C comprise the 480 v dis-

tribution system. The vital loads receive power from switchgear A and B.

Should a major power outage ever occur, such as the complete loss of

the 4160 v system, diesel-driven emergency generators, arranged for automatic

starting and load application, furnish power to the vital loads. Upon loss of

480 v power, the first diesel-generator will start automatically. If the first

diesel does not start within 20 seconds, or if it is overloaded, the second unit

will start automatically. The normal starting system will be air actuated. In

addition, provisions will be included to permit use of the amortisseur windings

to start either generator as a motor. Synchronizing devices will permit parallel

operation with each other, and with the 480 v system on restoration of normal

system power. During the interval between the loss of system voltage and the

availability of power from the diesel generators, the emergency system must

supply power to the critical loads. This emergency power source is derived

from storage batteries.

c. The 120/208 v ac and 125 v dc Systems (Drawing 7547-79202)

To provide maximum reliability, and to separate the noise-sensitive

from the non-noise sensitive critical loads, two 125 v dc buses are provided.

Connected to each dc bus is a storage battery rated 200 ampere-hour capacity at

the standard 8-hour discharge rate. Three static, dry type rectifiers furnish

power to the dc buses. The batteries normally "float" on their respective buses,
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and the rectifiers supply battery-charging current and the power required by the

dc loads.

Two motor-generators are connected to one dc bus. These units fur-

nish precisely regulated, noise-free, 60 cycle, 120/208 v, three-phase power

for the noise-sensitive instruments. The motor-generators are fed directly

from one dc bus to provide a constant voltage source free of switching disturb-

ances. The non-noise sensitive critical dc loads are connected to the other bus.

The remainder of the non-noise sensitive critical loads are normally fed from

the auxiliary system by two transformers. If the auxiliary system voltage falls

below a predetermined value, the critical control centers are automatically

transferred to the motor generators. The motor generators are sized to handle

the entire non-noise sensitive load and noise-sensitive instrument load.

The emergency condition is considered to be the loss of system volt-

age. In this event, the motor-generator sets operate at full capacity, and feed

the noise-sensitive instrument panels and the critical control centers through

the transfer switches. The automatic starting mechanism on the diesel-

generators senses the loss of voltage and acts to start the unit and place it in

operation. This action should normally be accomplished in a short time, there-

by relieving the batteries and returning the critical system to the normal oper-

ating condition.

3. Design Requirements

a. .4160 v Switchgear

The 4160 v switchgear is assumed to be of the indoor type, metal-

clad with drawout, air circuit breakers. The breakers are three pole and have

an interrupting rating of 35,000 amperes at 4160 v ac, a momentary rating of

60,000 amperes, and a basic insulation level of 60 kv. The breakers are oper-

ated by 125 v dc solenoids. Control will be local, remote, or both as indicated,

with control power supplied from a station battery.

Six 4160 v breakers are required for the nuclear complex. Three

breakers feed the recirculation pumps, and three feed the 480 v load centers.

In general, nuclear auxiliary motors rated 250 hp and above will be served from

the 4160 v switchgear. Drawing 7547-79403 gives outline dimensions and ar-

rangements for the 4160 v switchgear.
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b. 480 v Switchgear

Three 480 v switchgear units (A, B, and C) are provided for the nu-

clear loads. Switchgear A and B comprise a double ended, secondary selective

unit substation equipped with a normally-open bus tie breaker. This unit is ar-

ranged with one 4160-480 v, dry type transformer on each end of the switchgear

sections. Drawing 7547-79403 gives outline dimensions and arrangements for

the 480 v switchgear.

Section A is normally fed from 4160 v switchgear 1 and Section B from

4160 v switchgear 2. The normally-open bus tie breaker permits serving both

480 v sections from either 4160 v bus. This versatility provides the reliable

primary power required for auxiliary loads. In general, auxiliary motors rated

between 50 and 200 hp will be fed directly from switchgear A or B, and smaller

loads will be served from control centers which are fed from switchgear A or B.

Switchgear C is a single ended unit substation with a 4160-480 v, dry

type transformer. Because this unit has only one feed, it is relegated to serve

those loads classified as general service.

It is assumed that these units will also supply a portion of the 480 v

power for the conventional portion of the plant. For this reason, transformer

ratings are not indicated, but it is estimated that the nuclear portion of the plant

will require 1,000 kva at 480 v.

The 480 v unit substations are of the indoor type with the transformers

close coupled to metal-clad switchgear containing low voltage, drawout, air cir-

cuit breakers. The interruption rating is assumed to be 35,000 amperes; how-

ever, certain breakers may have a continuous rating which will result in a higher

interruption rating. Each breaker will be equipped with the accessories indicated

in the single line diagram. Breaker operation is by 125 v dc solenoids which are

fed from a station battery.

c. 480 v Control Centers

These control centers supply power for the smaller loads. They are

fed from switchgear A, B, or C depending on the load classification. The con-

trol centers are indoor, free standing, dead-front type with enclosed drawout

control assemblies. Starter units will be combination type with molded case cir-

cuit breakers and individual control transformers to provide 120 v ac control.
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Breakers will be "F" frame, and starters will be size "1" or larger. Wiring

will be NEMA Type B. The control centers will be arranged so that each-center

feeds a particular type load, i. e., purification, valves, demineralization, radio-

active waste, heating and ventilating, etc., wherever practical. In addition,

they will be located to provide the most economic feeder system.

Control centers located near the switchgear may be subjected to short-

circuit currents that exceed breaker interrupting ratings. Control centers so

affected will be equipped with reactors to limit the short-circuit current to per-

missible levels.

d. Emergency Power System

(1) Description

(a) Vital System

Auxiliary loads which can tolerate a short time power outage,

but which must be subsequently energized for the protection of personnel and

equipment, have been classified vital. The power for these loads is supplied

from 480 v switchgear A and B. A normally-open bus tie breaker enables feed-

ing both sections from 4160 v switchgear 1 or 2. In addition, two independent

sources of primary power feed the 4160 v system- normal station and reserve

station service transformers. Thus, the complete loss of power for these loads

is contingent upon loss of the normal station source with a coincident fault on the

reserve station source.

Two diesel-generators, one connected to switchgear A and the

other to B, provide backup power for vital loads in the event of a complete loss

of 480 v power. Each diesel-generator is sized to handle two-thirds of the vital

load.

(b) Critical System

The characteristics of the GBSR are such that certain auxiliary

loads require a continuous, or instantaneously available source of power. This

system is termed critical because it is essential for the safety of personnel and

the protection of equipment. The power system which serves these loads is de-

signed to be failure free. To achieve this goal, storage batteries are used for

the primary or back-up source of power. The critical system provides power

for the noise-sensitive and the non-noise sensitive critical loads.
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(2) Detailed Requirements

(a) Battery Chargers and Batteries

Three 25 kw battery chargers are provided for the nuclear facil-

ity. Two chargers are regular duty units and the third is standby. Outline di-

mensions and arrangement of the battery room is shown on Drawing 7547-79403.

The battery chargers supply regulated power to the 125 v dc

loads, and float charge the 125 v batteries. Each battery charger has a rated

output of 200 amperes at 125 v dc with sharply drooping voltage characteristics

above rated kw output. Normally, the battery chargers will operate independ-

ently of each other, but they are designed to permit parallel operation. The

power source to each battery charger is 480 v, 3-phase, 60 cycles.

The rectifiers are static, dry semiconductor type. The rms

ripple voltage does not exceed 2% of the dc voltage. The regulators are of the

static type with no electronic tubes or moving parts. Steady state output voltage

is regulated to within * 1% from zero to full load with an input voltage variation

of 10%. The recovery time to stable voltage, following a 10% voltage transient

in the ac supply, is within 0.25 second. The regulators can be manually adjusted

to permit output voltage over the range of 104 to 140 volts.

Two 125 v batteries are required. Each battery will be rated

200 ampere hours, minimum eight hour rate. The batteries are 60 cell, lead

acid Plante type. Included as part of the batteries are two tier, step type steel

racks of earthquake construction; intercell connectors; and all standard auxiliary

equipment normally supplied with batteries of this class.

(b) 125 v dc Switchgear

Two dc buses are provided. Since a portion of the critical load

is noise-sensitive, it is paramount that the buses be electrically isolated during

normal operation. A normally-open bus tie breaker provides this isolation.

Under emergency conditions, this breaker can be closed so that both batteries

may share the load. Over-current protection for the batteries in the form of

automatic tripping devices is not provided, since they are considered expendable

in the most extreme emergency. However, circuit interrupters are employed

for battery switching instead of ordinary disconnect switches, since switching

procedures may be undertaken during a period when battery current is excessively
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high. The dc switchgear includes air circuit breakers, motor starter, instru-

ments, and relays. The switchgear is rated for 125 v dc, and all components

operate satisfactorily over the range of 105 to 140 v dc.

The circuit breakers are molded case type, two pole, manually

operated and trip free with a thermal magnetic trip unit for each pole, where

indicated; they are equipped with an inverse-time thermal element for overload

protection and an instantaneous magnetic element for short-circuit protection.

Circuit breakers included are:

1) Battery Circuit Breakers:

2, circuit breakers, 400 ampere frame, nonautomatic

2) Bus Tie Circuit Breaker:

1, circuit breaker, 400 ampere frame, nonautomatic

3) Battery Charger Circuit Breakers:

2, circuit breakers, 225 ampere frame, fixed-thermal,

adjustable magnetic series trip, with reverse current trip

attachment set to trip at 10 to 15% rated current reversal

2, circuit breakers, 225 ampere frame, fixed-thermal,

adjustable magnetic series trip attachment. These break-

ers are mechanically interlocked as shown on the drawing

and are equipped with reverse current trip attachments as

above.

4) M-G Set Circuit Breakers:

2, circuit breakers, 400 ampere frame, fixed-thermal,

adjustable magnetic series trip.

In addition, the switchgear includes breakers, and motor-

starters as follows:

1) 6, combination starters, reduced voltage with 100 ampere

frame, nonadjustable series trip circuit breakers

2) 5, circuit breakers, 100 ampere frame nonadjustable

series trip.
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(c) Motor-Generators and Control Panels

Two motor generator sets and control panel supply the critical

power. Each motor generator has a rated output of 15 kva at 0.8 power factor,

120/208 v, 3-phase, 60 cycles and is driven by a 125 v dc motor. The.power

source for the motor, the generator excitation system, the voltage is from a

125 v battery. All equipment operates satisfactorily with a voltage variation be-

tween 105 to 140 v.

Normal operating load is approximately 20 to 25% full load, but

may increase instantaneously to 100%. The normal load consists of noise-

sensitive instruments only. The instantaneous load increase occurs when sys-

tem power is lost and the motor-generators supply all ac critical loads.

The control panel is equipped with separate voltage and fre-

quency regulators for each motor generator. The regulators are automatic,

static type, and maintain generator terminal voltage at 120/208 v 0.5% and

frequency at 60 cycle 0.5% from no load to full load under steady state condi-

tions. The 24-hour integrated frequency accuracy is at least 1 cycle per min-

ute. Voltage and frequency are maintained within 1% with a dc voltage step

change of 10%. Voltage is maintained within 10% and frequency to within 3%

for an instantaneous load change from 20% load to 100% load.

(d) Diesel-Generators

Two diesel-generators are proposed for the GBSR. Each diesel-

generator is designed as a complete unit to provide emergency power for essen-

tial services with reliability of automatic start and operation being of prime im-

portance. Except for air compressors and fuel oil transfer pump motors, the

unit is completely independent of external power sources. Combustion and cool-

ing air is taken from the engine room. The design conditions are as follows:

1) Generator rating - 500 kva, 0.8 power factor, 480 v,

3-phase, 4-wire, 60-cycles

2) Exciter voltage - 125 v dc

3) Alarm and control circuit voltage - 125 v dc.

The generator is the open, drip-proof type capable of carrying

full rated load continuously without exceeding the permissible temperature rise.

The generator will be provided with damper (amortisseur) windings. The
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exciter will be direct-connected or belt driven and of sufficient capacity to main-

tain generator terminal voltage no lower than 380 v when starting a 100 hp fan

motor with an existing 100 kva load.

The largest suddenly applied single load will be the full voltage

starting and acceleration of a 100 hp, 60 cycle, 440 v reactor building exhaust

fan. This load may be imposed when the generator is carrying a steady-state

load of 100 kva at 85% power factor. During the transient period, the generator

terminal voltage will be maintained at not lower than 380 v by the excitation sys-

tem. Other loads will be manually started to provide a sequential loading sched-

ule.

Each diesel-generator unit includes the following equipment:

1) Diesel engine, generator, and exciter mounted on a rigid

steel sub-base;

2) Complete auxiliary systems including:

a) Air starting system;

b) Fan-cooled radiator cooling water system;

c) Pressure lubrication system;

d) Mechanical fuel injection system with day tank; and

e) Fuel oil transfer pump and motor.

3) Engine gauge board with associated instruments; and gen-

erator control panel with associated instruments andequip-

ment.

Each unit is capable of the following operations:

1) Local and remote manual starting and stopping;

2) Automatic starting on remote signal;

3) Remote manual synchronization;

4) Local and remote control of engine speed and generator

voltage; and

5) Automatic application of a small lighting load and the man-

ual application of heavy loads after auto-start.
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The starting system will be air actuated. The air starting equip-

ment will include three air receivers, one motor-driven air compressor, one

gasoline driven air compressor, and the necessary valves, fittings and control

equipment. Each air receiver will have capacity for five starts without recharg-

ing.

Relief valve, pressure gauge, and shutoff valves will be included

with each receiver. Motor-driven air compressors will be supplied with both

manual and automatic start-stop control. The gasoline-driven compressor will

be started manually. Lube oil and jacket-water electric heaters are included to

facilitate starting.

(e) Motors

For most applications, the motors will be general purpose, three

phase, squirrel cage, induction motors with NEMA Class A insulation specially

treated for boilerhouse service. In general, the motors will be specified to with-

stand full voltage starting with starting torque similar to NEMA design B. The

locked rotor kva per horsepower will be NEC Code F or lower. Motors rated

250 hp and above will be rated 4,000 v, those below 250 hp will be rated 440 v.

Motors that require electrical service designated critical will be

rated either 208 v, 3-phase, 120 v single-phase or 125 v dc. These motors will

be fed from the critical service control centers or from a station battery. The

rod drive motors will be 120 v, split phase, permanent magnet, synchronous

motors and will be fed from the critical service control centers.

Motors will be located outside radiation areas wherever possible.

If it is necessary to locate motors within radiation areas, they will be specified

with Class H insulation and Class A thermal capacity. Each motor will be se-

lected to satisfy load and environment conditions under which it must operate.

Drip-proof, totally enclosed, waterproof or dust-tight enclosures will be used to

ensure satisfactory operation. Motors within the containment area, or other

areas where temperature may be higher than normal, will be rated for continuous

operation at the expected maximum ambient temperature.

(f) Lighting

General purpose lighting is by 277 v fluorescent units. Feed to

these units will be from 480/277 v, 3-phase, 4 wire lighting panels. Supplemen-

tary lighting will be incandescent, and will be supplied from 120/208 v, 4 wire
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panels. Emergency lighting will be provided to maintain sufficient illumination

for safe exit and minimum operational requirements. The emergency lighting

will be normally fed from the supplementary source, and will be automatically

transferred to the 125 v dc source upon failure of the ac system.

Wall switches will be provided for rooms which are used infre-

quently or where the lights are normally off. All other lights will be switched

at the lighting panel. Design illumination level for specific areas will be in ac-

cordance with latest accepted standards.

(g) Raceways and Wiring

Trays, conduit, and ductwork will be used for all electrical and

instrument wires. Trays will be used wherever practical for horizontal wire

runs except for single direct runs. Separate trays will be used for 480 v power

and control; communication; pH, thermocouple, and low signal instrumentation.

Conduit will be used for 4160 v systems. Minimum conduit size

will be 1-inch except for cases where smaller connections are required. The

raceways will be sized in accordance to NEC.

Cable for power and control smaller than No. 4, and used for

circuits rated 480 v and lower may be prime quality TW. Cable larger than

No. 4 will be synthetic rubber insulated. Cable for 4160 v systems will be in-

sulated with natural rubber and sheathed with neoprene in accordance with UL

approved Type RWSN.

Seals will be used for all conduits and cable penetrating a radio-

active to a nonradioactive area. The seals will be of sufficient tightness to pre-

clude air leakage between personnel areas and areas of contamination or above

atmospheric pressure.

(h) Grounding

Electrical equipment will be grounded by means of bare copper

conductor to the ground grid. Grounding connections will be by the "Cadweld"

process. The ground wire will not be more than one trade size smaller than the

power conductors nor smaller than No. 12. All ground conductors will be stranded.

(i) Communications

The communication system will be an expansion of that provided

for the conventional portion of the plant.
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J. PLANT FACILITIES

1. Introduction

The following is a general description of a reactor building to contain the

GBSR at a hypothetical site chosen by the AEC for all types of Nuclear Plants

being studied on the Ten Year Plan, and the Nuclear Superheat Evaluation

Studies. The building is so designed that it will fit into almost any plot plan

with a conventional turbine building. Within this building are facilities for the

containment, support, and shielding (where necessary) of the reactor, fuel

handling system, reactor cooling system, reactor coolant purification system,

reactor sweep gas purification system, reactor biological shield cooling system,

spent fuel storage pool cooling system, radioactive waste disposal system, and

emergency cooling system.

In order that a common cost can be used by the A & E for the following

systems and facilities in all types of plants in the Superheat Evaluation Study;

the reactor control room, cable spreading room, personnel decontamination

facilities, radioactive laundry, reactor building heating and ventilating system,

fire protection system, communications systems, offices, and rest rooms

which would be included in an actual reactor building design have been included

by the A & E in the conventional turbine building design. However, the reactor

building is designed so that these facilities and services may be added without

any changes made in the existing basic building layout and arrangement.

2. Construction and General Building Arrangement

Construction described herein is based on compliance with the "Uniform

Building Code" as published by the "Pacific Coast Building Officials Conference".

The structure will be classified under "occupancy" as defined in "United

Building Code" as a "Group B" structure for the steel frame, metal siding

portion and "Group E, Division 1", for the vaults, cells, and tunnels, with

appropriate separation of the two groups.

The building and structure is designed to meet the wind and snow loads

and comply with the seismic conditions as described in "Attachment 2 Ground

Rules for Evaluating Steam Cooled Power Reactor Plants".

The Reactor Building is composed of the following five main areas

within the structure:
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a) Reactor Area - including the vapor suppression chamber.

b) Heat Transfer System Areas - Steam Drum, Pump Rooms, and

Pipe Gallery.

c) Auxiliary Systems Areas - Reactor Coolant Purification, Reactor

Biological Shield Cooling, Spent Fuel Pool Cooling, Emergency

Cooling, Helium Purification, and Waste Hold-up Tanks.

d) Fuel Handling Areas - Fuel Handling Tunnel, Access Shaft, New

Fuel Storage, and Spent Fuel Storage Pool.

e) High Bay Areas - Laydown and Service Area.

The overall facility size is approximately 160 feet long, 100 feet wide,

152 feet high with 62 feet below grade (grade is assumed to be at el 980 ft

above sea level), and 90 feet above grade excluding the vent stack. All areas

requiring major structural support will extend approximately 50 feet below

grade to bedrock.

The reactor enclosure and associated portions of the plant, except the

high bay area, are housed completely in a reinforced concrete structure of size

and shape as shown on Drawings 7547-79201 and 7547-79202; they have sufficient

wall thickness to comply with structural and radiation shielding requirement.

The roof of the pipe gallery consists of weather proofed segmented concrete

slabs which can be removed by a crane in the unlikely event that it is desired to

remove a graphite column. The portion of the building covering the high bay

area is a steel structure 80 feet long, 74 feet wide, and 89 feet high. The struc-

ture has insulated sandwich type metal siding and a built-up roof.

The high bay area is equipped with a 60-ton crane for handling the shield

plugs and the fuel shipping casks. The crane travel provides coverage over the

motor truck and rail car access area.

3. Equipment Location

a. Reactor

The reactor is located in the south end of the reactor building on the

same north-south centerline as the turbine generator. The reactor is shielded

on the sides by 8 feet of concrete, and on the top and bottom by concrete and

steel grid plates. The reactor cavity is 56 feet ID and 61 feet high with the top

of the lower grid plate at el 940 ft.
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b. Heat Transfer System

Located directly above the reactor upper grid plate, are the steam

and water headers, in a room which is approximately 66 feet square and 35 feet

high. Labyrinths are provided on the exterior of the south end of the building,

where steam lines penetrate the steam header room wall, to prevent radiation

streaming through the pipe penetration ports toward the turbine building. The

west side of the steam header room is open to the steam drum room to provide

pipe access to the steam drum. The headers are shielded on the sides and top

by ordinary concrete.

The steam drum is located approximately 45 feet west of the center-

line of the reactor at el 1055 in a room 66 ft long, 25 ft wide and 55 ft high to

allow sufficient expansion of pipe from the headers. A section 6-ft wide is cut

through the extreme west side of the floor of the steam room to the pump rooms

below and extends for the full length of the room to provide pipe access to the

three main circulating pumps below and to provide gas expansion in case of a

steam pipe rupture in any of the pump rooms. The steam drum is shielded on

the top and sides by ordinary concrete.

The recirculating pumps are each located in rooms directly below the

steam drum room. Each room is approximately 22 x 19 and 28 ft high with

the floor at el 974. Each room is independently shielded with ordinary concrete.

Equipment access is through temporary openings in the west wall of each room

by way of an access shaft on the west side of the building. Personnel access for

the north and central pump room is by way of a stair-well from the laydown area

at grade level. Personnel access to the south pump room is by way of a stair-

well from the passage way between the reactor and turbine buildings.

c. Auxiliary Systems

The reactor emergency cooling system is in a room, 14 x 22 x 15 ft

high, which is located in the southwest corner of the building at el 954. The

reactor water purification system is in a room, 14 x 40 x 15 ft high which is

located just north of the emergency cooling system and west of the reactor.

The radioactive waste disposal system is in a room, 14 x 34 x 15 ft

high, which is located in the west side of the building just north of the water

purification system.
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The radioactive waste storage tanks are in a room, 24 x 24 x 23 ft

high, which is located in the northwest corner of the building at el 954 The

roof of the storage tank room forms part of the laydown area at grade. The

radioactive fuel pool cooling system is in a room 20 x 17 x 23 ft high, which

is located in the north end of the building just east of the storage tank room.

The roof of this room also acts as part of the laydown area at grade level.

Equipment access to the emergency cooling system room, reactor

water purification room, and radioactive waste disposal system room, is

provided through temporary openings in the west wall of each room by way of the

equipment access shaft on the west side of the building. Equipment access to

the tank room and pool cooling room is by way of temporary openings in the

floor of the laydown area above the rooms. Personnel access to all these

rooms at el 954 is by way of a corridor and a stairwell from the laydown area.

The necessary shielding for each room is provided with concrete.

The helium purification system is in a room 22 x 26 x 14 ft. high,

which is located just west of the reactor at el 940. An operator's area is

provided just south of the room with a shielded viewing window in the wall

separating the helium system and related remotely operated maintenance

equipment from the operator's area. Personnel access to the operator's area

is by way of a stairwell in the south end of the building. A maintenance area is

provided just north of the helium system room for servicing radioactive equip-

ment from the helium system. An operator's area is also provided just north

of the maintenance area with a viewing window in the shield wall which separates

the two areas.

Equipment which is to be removed from the helium system will be

packaged in shielded containers in the maintenance area and removed through

the operator's area and up through the open shaft in the stairwell to the laydown

area at grade level. The helium system area and maintanance area are

provided with limited remotely operated equipment satisfactory for the removal

and shielded packaging of the special equipment in the system.

The equipment in these areas consists of a 3-ton crane, a one ton

monorail, and a remotely operated manipulator.
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d. Fuel Handling System

The spent fuel storage pool is 40-ft long x 25-ft wide 56-ft deep and

is located just north of the reactor with the bottom of the pool at el 940. The

pool capacity is 1300 complete channels of fuel and it has an additional 120 ft2

area for cask storage. The pool will contain approximately 53 ft of water and

will be covered with a sheet metal hatch when not in use to prevent foreign

matter from contaminating the pool.

New fuel is stored in a room, 20 x 16 x 13 ft, just north of the

radioactive fuel storage pool at el 940. New fuel will be taken down to the

room by a dumbwaiter from grade level. Personnel access is by way of a

.corridor and the stairwell from the laydown area at grade level.

The fuel handling area is a tunnel directly under the reactor and fuel

storage areas whose centerline lies on the north-south centerline of the reactor.

It is 56-ft wide and extends the full length of the building to provide access for

the fuel handling machine to the reactor and to the radioactive and new fuel

storage areas. The floor of the tunnel is at el 918 and the tunnel is 14-ft deep.

At the north end of the building a 20 x 20 ft vertical shaft is provided from

grade to the tunnel. The north end of the tunnel can be separated from the rest

of the working area with manually erected water tight steel bulkheads; thus,

providing a space which can be filled with water to act as shielding material if

it becomes necessary to do maintenance on the fuel handling machine.

e. High Bay Area

Motor truck and rail car facilities are provided in the north end of

the building. A 60-ton crane services the laydown area, fuel storage pool, and

the fuel handling machine access shaft.

4. Shielding (Other than reactor)

Due to the interaction of fastneutrons (E >10 Mev) with the oxygen in

water, the isotope N16 is formed [i.e., 016 (n, p) N 1 6 ] . Although the N1 6

formed has a half-life of only 7.35 sec, it constitutes a major source of activity

in water during reactor operation because of its energetic decay gamma rays

(i.e., Ey= 6.1 Mev).

The GBSR is composed of boiling water and steam cooled regions. Since

the density of water molecules in the steam regions is less than in the boiling

region, the N16 activity is calculated for the boiling region only.
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The following information was used as the basis for calculating N1 6

activity:

a) Core power = 760 Mwt (55% of this is generated in the boiling

region).

b) Residence time in active core = 4.8 sec.

c) Transit time (from end of active core) to reach the pipe gallery =

1.2 sec.

d) Transit time (from end of active core) to reach the steam drum =

4.5 sec.

e) Pipes in gallery are 16-in. Schedule-140 (wall thickness =

1.438 in.) and are located about 13 ft from the reactor floor.

f) The steam drum is 60 in. ID (wall thickness = 5-1/2 in. and about

17 ft from outside of the 5 ft concrete shield wall.

g) Water flow rate through the boiling water section is 6.97 x 106

lb/hr.

From the above information, the N16 activity leaving the core is

6 * 3 35.74 x 10 dis/cm -sec or 155pLc/cm . By the time the water enters the pipe
6 3 3gallery, the activity has reduced to about 4.7 x 10 dis/cm -sec or 123,bc/cm.

At the entrance to the steam drum, the activity has decayed to 3. 7 x 106

dis/cm3-sec or 100, c/cm3

Based on an average gamma-ray energy of 6.1 Mev the dose rate at

13 ft from the pipes in the gallery with no shielding is 70 r/hr. To reduce this

to 1 mr/hr a thickness of approximately 5 ft of ordinary concrete is required.

Since there is a longer average decay time for water in the steam drum

and the drum wall is 5-1/2 in. thick, only about 4 ft of concrete is required to

reduce the dose rate at 17 ft from its surface to 1 mr/hr.

Even though the activity is high in the pipe galleries during operation,

the activity decays rapidly after shutdown and thus allows direct maintenance of

the piping within a relatively short time. Also, since the pumps are in

individually shielded rooms, one pump could be shut down for direct mainten-

ance while the remainder of the system is still in operation.

*disinteg rations
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V. PLANT OPERATION

A. NORMAL OPERATION

1. General

A power plant interconnected with a large electric grid requires two very

important operating capabilities. The first is response to changes in load de-

mand, and the second is ease of startup and shutdown. Since the equipment, with

the exception of the reactor, is similar to a modern fossil-fueled plant, the oper-

ation of the conventional portions of the plant requires essentially no new oper-

ating techniques.

A detailed evaluation of the reactor's operating characteristics, particu-

larly with regard to load changes, has not been made. Although the response to

large load changes may be somewhat sluggish due to the large heat storage capa-

city of the graphite moderator, it is felt that ultimately the heat storage capacity

may prove to be an advantage in load changes rather than a detriment. In addi-

tion, any change of the void fraction in the boiling region of the reactor will have

a negligible effect on the power level due to the relatively small amount of water

in the core compared to the graphite moderator.

There are a number of automatic controls in the steam cycle which are

designed to maintain the temperature and pressure of the steam at design values

during power operation. When the automatic controls are in operation, the sys-

tem control is completely automatic under normal conditions from moderate

power to full load. The proper response time for the various controllers must

be determined from transient studies. However, in view of the thermal inertia

of the reactor, no difficulty is envisioned in controlling any of the system pa-

rameters.

Fueling of the reactor is accomplished on a daily basis while the reactor

is operating.

2. Startup

Two types of startup are described: the first is the initial startup or

startup after an extended period of shutdown, and the second is a startup after

the reactor has been shutdown for a short period of time.
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a. Type 1: Initial Startup (See Figure V-A-1)

The condition of the plant at the time of initial startup is as follows:

control rods in; condensate pumps in service with water pressure up through the

last high pressure heater; outlet valve of the high pressure heater closed; tur-

bine stop valve, intercept valve, and bypass valves closed; and inlet valve to the

emergency condenser closed.

The air vents located on the steam drum, superheater, and reheater

are opened. The boiler fill valve is opened and the boiling region of the reactor

is filled to drum operating level. The superheater and reheater fill valves are

opened and the superheater and reheater are flooded. One or more recirculation

pumps are started, and forced recirculation flow is established between the drum

and the boiler tubes. Control rods are positioned in the active core regions to

achieve criticality. A low thermal output is attained, and the temperature of the

coolant water is raised gradually as allowed by the thermal stresses of the sys-

tem.

As boiling begins, all air is vented from the sytem's high points. The

escape of steam from the vents indicates that all air has been purged at which

time the vents are closed. Power level is increased in the boiling region, and

the drum pressure is increased. When the pressure is sufficient to force the

coolant out of the superheater, the high pressure turbine bypass valve is opened

and a flow is established through the superheater and reheater. The boiler feed

pumps maintain proper drum level. Opening the intermediate and low pressure

turbine bypass valve permits a flow from the reheater to the main condenser.

If the flow of steam is initially too low to cool the superheater and reheater tubes

adequately, condensate from the superheater fill line and bypass line attemper-

ator can be injected in sufficient quantity to provide the necessary cooling.

A previous check ensures that all preparations have been carried out

in the turbine plant for putting the unit on the line. At a suitable drum pressure,

the turbine throttle valves are cracked open, and the unit is rolled off turning

gear and brought to speed. The turbine bypass valves are manipulated to pass

excess steam to the main condenser, a portion of this steam being bled off for

feedwater heating. When the turbine generator reaches full speed, it is synchro-

nized and loaded (reactor pressure is still below rating, and continues to in-

crease), and the turbine bypass valves are closed. When rated steam pressure
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is reached, the recirculation flow is increased to full rating, and the generator

electrical load increased as required. The control rods are adjusted to provide

an optimum power distribution within the core.

b. Type 2: Re-Startup (Start after short outage)

It is anticipated that a pressure close to operating pressure will be

maintained in the system by decay heat generation or low power operation for a

short shutdown. Dependent on the length of the shutdown, the steam from the re-

actor will be flowing either to the main condenser or the emergency condenser.

If the flow is to the emergency condenser before the turbine throttle is cracked,

the intermediate and low pressure turbine bypass valve will be opened and the

emergency condenser inlet valve will be closed. From this point, the startup

parallels the steps outlined for the initial startup.

3. Shutdown

A normal shutdown of short duration is accomplished while maintaining

system pressure. The turbine is removed from the line in any approved manner,

and the reactor steaming rate is reduced by manipulation of the reactor control

rods. The reactor recirculation pumps continue to operate, and the steam gen-

erated passes through the superheater and, after pressure reducuon and attem-

peration, to the reheater. From the reheater, the steam passes through the

intermediate and low pressure turbine bypass line where it is pressure reduced

and attemperated before passing into the main condenser.

Should the shutdown be of such duration that the reactor is shut down but

it is desired to maintain system pressure as high as possible, the steam gener-

ated by decay heat will be diverted to the emergency condenser rather than to the

main condenser. Since the emergency condenser is maintained at a pressure

close to reheater pressure, the temperature of the condensate is close to the

saturation temperature at reheater pressure. As a result of returning relatively

hot condensate to the boiling region of the reactor, the subsequent restarting of

the reactor and turbo-generator to service is facilitated and the startup period

is shortened.

Normal plant shutdowns of long duration are performed by reducing the

reactor output steam flow and temperature to a minimum followed by tripping

the turbine generator and the reactor. The inlet valve to the emergency conden-

ser is opened and decay heat is removed by circulation of water and steam
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through the reactor boiling, superheating, and reheating regions. When the

steam flow and pressure have fallen to a low value and the reactor has cooled

sufficiently, the coolant tubes can be flooded.

B. ABNORMAL OPERATION

1. Emergency Shutdown (Turbine trip or reactor scram)

For all cases of emergency shutdown, a prime consideration is the pro-

tection of the reactor coolant tubes. In the event of a reactor scram, or a tur-

bine trip, the high pressure turbine bypass valve and the inlet valve to the emer-

gency condenser are opened automatically, either by electrical signal or because

of a pressure buildup, since these valves are pressure relief valves. Two valves

are provided in each line for safety reasons in case one valve does not function.

A flow of steam for decay heat removal is provided from the drum,

through the superheater and reheater, and on to the emergency condenser. From

the emergency condenser, the condensate is pumped to the steam drum. A por-

tion of the condensate is available for desuperheating the steam in the high pres-

sure turbine bypass line.

If it is determined that the system outage will be of short duration, the

reactor is kept close to operating pressure and ready for restarting. If the out-

age is to be for an extended period, the reactor will be allowed to decrease in

pressure and cool off. Assuming all electric auxiliaries are available, and de-

pendent on the nature of the emergency, the main condenser can be used as a heat

sink in place of the emergency condenser. Manual override of the automatically

operated valves is incorporated to ensure maximum flexibility.

Should a trip occur with a simultaneous loss of normal auxiliary power, the

emergency diesels will be automatically started to provide power to the emergency

condenser circulating water pump and condensate pumps. Coolant flow in the boil-

ing region is by natural circulation. In this way, decay heat removal is assured.

To conform to the AEC ground rules a system is provided to bypass 100% of

the steamto the condenser in case of an emergency shutdown. However, we believe

that more detailed consideration of the characteristics of this reactor would prove

that such a by-pass is not required. The reactor is scrammed immediately upon a

turbine trip so that within 3 minutes the heat generation is down to 2% of full power

(approximately the design rating of the emergency condenser). During this initial

3-minute period, sufficient flow can be maintained through the reactor
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by relieving the excess steam through the heat transfer system relief valves. The

large heat storage capacity of the moderator ensure that momentary flow changes

do not significantly affect the temperature of the various core components.

The steam from the relief valves can be released either to the stack or

to the vapor suppression pool. Exhaust to the stack from the relief valves, in

the case of the GBSR, releases only N16 and A41. These are the same constitu-

ents that are continuously released to the stack from the steam jet air ejector

off-gases. No xenon, krypton, or fission products are contained in the steam

due to the complete separation of the fuel and coolant.

The condenser would be provided with a 10 to 20% full flow desuperheater for

normal startup and shutdown purposes. During an emergency shutdown, less

than 7000 gallons of condensate would be lost due to venting the steam rather

than providing a 100% bypass flow desuperheater for the condenser. The choice

of treating additional feedwater rather than desuperheating appears more than justi-

fied because of the infrequent occurrence of an emergency shutdown from full load.

2. Tube Rupture

In the event of a tube leak or rupture, the reactor will be shut down im-

mediately. Use of the tube leak detection system previously described in Sec-

tion IV-G will pinpoint the location of the leak. At this time, the appropriate

header inlet and outlet valves are closed to isolate the section of the reactor

containing the leaky tube. The isolation procedure will remove from service

one half of the coolant tubes of the affected region (boiling, superheating, or

reheating). In this way, the coolant flow is maintained in the other half of the

affected region and fully in the other two regions.

Access to the pipe gallery is available as soon as the N16 activity (7.35

sec half-life) decays to a permissible level. All the piping is fully insulated and

the gallery is maintained below 125 to 140*F by the ventilation system.

Pressure in the isolated header system is reduced by draining or venting

the header. At this point, personnel can enter the pipe gallery and plug the in-

let and outlet to the tube group containing the leaky tube. Preceding or concur-

rently with this operation, the fuel column is removed from the fuel channel ad-

jacent to the leaky tube. Once these operations are accomplished, the header

inlet and outlet valves are opened to restore the coolant circuit to normal oper-

ation.
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The objective is to detect tube leaks as soon as possible before they in-

crease in size, and thus minimize the amount of steam introduced into the core.

Should any pressure buildup occur in the core, it will be relieved to the vapor

suppression system as previously described in Section IV-H.

3. Loss of Coolant

One of the hazards to be considered in a nuclear power plant is loss of

coolant. Under normal operating conditions and for emergency shutdown, the

coolant for GBSR is water and steam. Reactor heat must be removed to prevent

damage to the material in the core due to overheating. Therefore, an examina-

tion of the result of loss of coolant becomes pertinent. Before proceeding, it

should be noted that the large mass of graphite in the GBSR core and its great

heat capacity considerably slow down any tendency for rapid core temperature

changes. This is a decided advantage when considering the effect of a loss of

coolant flow on the core.

The first case postulated is a turbine trip-out and loss of auxiliary power.

At this instant, the reactor will be scrammed and, as described in the section on

emergency shutdown, the emergency condenser will automatically be brought into

operation. At the same time, the stand-by diesel will be started to provide power

to the emergency condenser circulating water pump and condensate pumps.

Coolant flow in the boiling region of the reactor will be by natural circulation.

This is sufficient to maintain an average temperature within approximately 2*F

of the average operating temperature of the core.

The second condition considered is that all outside power sources are

severed and a break in a main coolant line results in the turbine being tripped.

As a result of the extensive header isolation system described previously, leaks

can be isolated and there i3 only a remote possibility of serious escape of cool-

ant from the system. Should the unlikely possibility of serious leakage occur,

the drum pressure would be allowed to drop to approximately 2000 psi. At this

time, the outlet of the emergency condenser will be closed and the emergency

condenser condensate pumps will take suction from the condensate storage tank

and pump water to the drum. The resultant rise in core temperature will be

held within safe limits since a flow of coolant will be maintained.

The third case considered is that all outside power sources are severed,

a break in the coolant piping results in a turbine trip out, and the stand-by
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diesel will not start. The improbability of the occurrence of this series of events

is probably greater than that which would be required to cause a situation termed

the "maximum credible incident." Under this most improbable situation, no

coolant would be available to cool the reactor and the average temperature would

rise approximately 150*F after 10 hours. In such a case some source of auxil-

iary power would have to be obtained within 10 hours to protect the material in

the reactor. This is the worst conceivable condition; but, due to the mass and

heat storage capacity of the graphite, the average core temperature does not

reach an unsafe temperature for some time. This would provide ample time

either to start the diesel, restore outside power service, or bring in a portable

diesel generator.

Similar to the above condition would be loss of all power but retention of

coolant pressure. In this case, the capacity of the drum would provide coolant

for approximately one hour after reactor scram. Again, some source of power

would have to be obtained within this time to provide power to the emergency

condenser circulating water pump and condensate pumps.

4. Contamination of Turbine Equipment (with fission products)

The GBSR generates superheated steam in pressure tubes. These tubes

penetrate the reactor core and the steam is fed to the turbine in a "direct" cycle.

Due to this design, the working fluid (steam) is completely separated from the

fuel elements; therefore, it is not possible for the steam to carry fission prod-

ucts to the turbine, condenser, or any other main steam cycle equipment.

In other direct cycle reactor plants which utilize nuclear superheat and

have the fuel elements in contact with the coolant, cladding damage in the super-

heater can allow a large carryover of fission products into the turbine. As a re-

sult of such a fission product carryover, maintenance on the turbine and associ-

ated equipment for these plants would be more difficult than for the GBSR, par-

ticularly if fission product plating-out occurs. Also, more complex and ex-

pensive seal arrangements are necessary for these other plants to prevent fission

products from being carried by steam into the atmosphere from the seals of the

turbines, valves, and pumps.

C. MAINTENANCE

The design of the GBSR is predicated on ability to maintain, by direct means,

certain portions of the reactor plant such as the heat transfer system. The
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design takes advantage of tools, procedures, and methods which are conventional,

as nearly as possible. This philosophy aids in attainment of a high availability

factor for the reactor portion of the plant and contributes to low maintenance

cost.

One portion of the plant requires complete remote maintenance; this is the

helium purification system. The process equipment is contained within a hot

cell in which maintenance operations are carried out by use of an overhead crane

and mechanical arms. View of the operation is through leaded glass windows.

A small separate cell is provided in which a failed component can be repaired

remotely, prepared for disposal, or decontaminated for contact maintenance.

Maintenance of equipment in the turbine portion of the plant is performed on

a direct contact basis.

Where a possibility of equipment contamination exists, such as in certain

parts of the fuel handling machine, provision is made for remote or semi-remote

maintenance. These areas are indicated in sections of the report covering spe-

cific pieces of equipment.
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ABSTRACT

A conceptual design of a 318 Mw(e) Graphite Moderated Boiling

and Superheating Reactor (GBSR) is described in Vol. I. This

volume contains a discussion of potential improvements to the

concept and a description of the required research and

development.

Design improvements are described which yield total energy

cost reductions of 0.45 mills /kwh as compared to the reference

design, for a plant which could be in operation in 1967-68.

Further improvements are described for a "second generation"

large plant which would yield total energy cost reductions of

2. 1 to 2.5 mills /kwh.

A Research & Development program including a reactor

experiment which leads to construction of the first large plant

is described. The program totals approximately $16,000,000 over

a 6 -year period and includes design and construction of the reactor

experiment.
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I. INTRODUCTION

The Graphite Moderated Boiling and Superheating Reactor (GBSR) was

studied by the Nuclear Power Group; first by themselves, and then in conjunction

with Atomics International. Subsequent to the joint Nuclear Power Group -

Atomics International Study, the Atomic Energy Commission funded this present

study as a part of an AEC overall evaluation study on steam cooled reactors.

The design of the conventional portion of the plant and the cost normalization

was done by Kaiser Engineers under contract to the AEC and is not described in

this report.

Certain ground rules were established by the AEC in an effort to normalize

all studies. These ground rules included definition of the plant site, selection of

certain materials of construction, specification of maximum materials temper-

atures, and, in most instances, specification of maximum allowable fuel

exposures.

Representatives of the New England Electric System and of the Southern

California Edison Company participated with Atomics International in this

evaluation study. Their contributions to the study are gratefully acknowledged.

This report, covering the present study, is issued in two volumes. Volume

I contains a technical description of the plant and its operation. Volume II

contains a discussion of potential improvements to the concept and a description

of the required research and development.
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II. SUMMARY OF REPORT

A. REFERENCE DESIGN ECONOMICS

The economics of the reference design are discussed in detail in the Kaiser

Engineers' report on steam cooled reactors, KE 60-31. The zirconium alloy

boiler tube design was costed as the reference design since it had total generating

cost approximately 0.25 mills lower than the all stainless tubed design.

B. ECONOMIC POTENTIAL

There are several areas in the reference design where changes would reduce

the power costs predicted for the GBSR. Foremost among these is the basic

task of optimizing the system from heat transfer, physics, and steam cycle

considerations. It is estimated that a minimum $7/kw reduction in total capital

costs and a 0.1 mill/kwh reduction in fuel cycle costs could be achieved by

optimizing the system.

Other areas where obvious reductions in capital costs can be achieved are

in the choice of materials of construction for the heat transfer system and the

elimination of a 100% steam bypass system in case of turbine trip. The ground

rules for this study dictated use of stainless steel for all ex-core primary water

and high pressure steam systems and use of a 100% bypass system. By fabrica-

ting the heat' transfer system from more conventional materials such as ferritic

steels, the plant capital costs can be reduced by $5/kw. By eliminating the

100% bypass system another $5/kw can be saved.

Another improvement in the heat transfer system, which reduces capital

costs, would be the incorporation of a once-through boiling region where the

exit quality of the saturated steam is essentially 100%. This process change

can reduce plant capital costs by another $4/kw through the elimination of the

recirculation system and a reduction in the size of other header piping. A fifth

area where capital costs can be significantly reduced is the peak/average power

ratio. Capital cost savings of $15/kw would be gained through a sophisticated

design whereby the overall peak/average power ratio is reduced by 25%.

Two major methods of further improving the fuel cycle costs of the GBSR

concept were studied. One method involves the use of low neutron cross section

materials in the entire core. The second method involves a reduction in the
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overall peak/average power ratio. A third method, not considered in this study,

which might reduce fuel cycle costs involves the use of a thorium-uranium fuel

cycle, similar to that proposed for the High-Temperature, Gas-Cooled Reactor

concept.

The use of a low-neutron cross section material for the pressure tubes in

the steam cooled regions of the core requires development of an alloy. Candi-

dates for development include zirconium, beryllium, and aluminum-powdered-

metal products containing aluminum oxide. Development of such an alloy can

reduce fuel cycle costs by 0.20 mill/kwh as compared to a design utilizing

Zircaloy pressure tubes in the boiling region only.

A lower overall peak/average power ratio improves the specific power of

the reactor; and, therefore, reduces the fuel inventory charge. A 25% reduction

in the overall peak/average power ratio effects a 0.1 mill/kwh reduction in fuel

cycle cost.

Lower manufacturing costs for the fuel are probably inevitable after this

fuel has been manufactured in large lots. It has been estimated that fuel costs

can be cut at least 0.10 mill/kwh through lower manufacturing costs.

Experience gained in designing and constructing large GBSR plants should

enable an eventual reduction in the very high indirect charges (about 60% total)

assigned to the reference design. A 40% reduction in burden charges reduces

capital costs by at least $30/kw.

Table II-B-1 presents a summary of expected potential cost reductions as

compared to the reference design for the first actual large plant (1967) and

subsequent plants. It appears that, for a 1967 plant, $17/kw readily can be

removed from the reference design plant capital costs by optimization and

proper material and system selection. This would amount to 0.35 mills /kwh at

14% capital charges and 80% plant factor. In addition, once-through boiling

and higher specific power in a later plant save another $19/kw in total capital

costs. This, combined with savings in indirect charges, would reduce capital

charges another 0.8 - 1.0 mill/kwh. Construction of units larger than 300 Mw(e)

further reduces capital costs. It is estimated that a 500 Mw(e) plant would have

capital costs of about $20/kw or 0.4 mill/kwh less than a 300 Mw(e) plant.
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TABLE II-B-1

SUMMARY OF POTENTIAL COST SAVINGS
AS COMPARED TO REFERENCE DESIGN

(in mills /kwh)

1967-300 Mw(e) 1975-300 Mw(e) 1975-500 Mw(e)

Capital 0.35 1.15 - 1.35 1.55 - 1.75
Working Capital 0.10 0.10
Insurance 0.05
Operation & 0.10

Maintenance
Fuel 0.10 0.3 - 0.5 0.3 - 0.5

Total 0.45 1.55 - 1.95 2.1 - 2.5

Core optimization of the 1967 plant would reduce reference design fuel

cycle cost by 0.10 mill/kwh. In addition, use of higher specific power and

lower fuel manufacturing costs, would reduce fuel costs by another 0.2mill/kwh,

as would low-neutron cross section pressure tubes in the steam cooled regions.

C. RESEARCH AND DEVELOPMENT PROGRAM

The research and development program described herein has been developed

so that a large size GBSR, 300 Mw(e), can be in operation by the middle of 1967,

as per ground rule of the AEC superheat reactor study. However, it may be

advisable to set back this startup date until mid-1968 to allow more time for the

operation of the experimental reactor before finalizing design of the large

reactor. The proposed overall schedule to meet the ground rule for 1967 startup,

is shown in Figure II-C-1.

Due to the modular design of the GBSR, the reactor-experiment approach

was chosen as having great value in establishing ultimate feasibility and in

piloting reactor improvements. The reactor experiment approach to proving

feasibility of the system is estimated to be less expensive and time consuming

than construction of a prototype size reactor; and, in the case of the GBSR,

should be just as informative. The GBSRE is envisioned as a 10-20 Mw(th)

reactor system with a small turbine generator and/or a heat exchanger system

to simulate turbine generator operation as it reflects on the reactor portion of

the system.
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The proposed Research & Development program for the development of the

GBSR is divided into two phases; first, R & D for the reactor experiment, and

second, additional R & D for the large size plant. Phase-I of the R & D is

estimated to cost around $5.5 million, and is expected to last about 30 months.

Phase-II R & D is expected to require about 42 months at an estimated cost of

around $3.3 million. The design and construction of the reactor experiment,

exclusive of R & D and operating costs, is estimated to be in the neighborhood of

$7.5 million.

A wide variety of development programs will be undertaken during these

phases. Since on-power refueling is to be performed in the GBSR, an adequate

fuel handling machine must be built; this includes the design and testing of

components as well as the construction and thorough testing of a prototype

machine which will be utilized on the reactor experiment. Several mockups of a

GBSR graphite column will be used to prove out the core structural design, to

determine thermal stresses, and to verify the calculated heat transfer and fluid

flow properties of the system. The fuel element and other materials of core

construction, such as coolant tubes and control rods, will require proof testing

for long term use. Several problems of reactor instrumentation are evident and

require some R & D effort. A helium purification system which will adequately

remove the fission products which leak into the helium from the fuel must be

proven in the reactor experiment.

A notable feature of the GBSR research and development program is that it

is very broad-based; that is, many of the individual areas of GBSR development

are already under study by other AEC contractors for other programs. This is

expected to prove extremely beneficial to the GBSR research and development

program.
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PROPOSED CONSTRUCTION SCHEDULE

ITEM/ CALENDAR YEAR 1961 62 63 64 65 66 67 68
FY-.] j62 63 64 65 66 67 68

REACTOR EXPERIMENT

R 8 D
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OPERATION

LARGE REACTOR
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III. DESIGN IMPROVEMENTS

A. GENERAL

Since this reactor concept is relatively new, there are many areas where

the capital and fuel costs can be improved by design changes, optimization, and

selection of optimum materials. As indicated in this section, there are several

areas of improvement which can be incorporated into the first large plant

scheduled for completion in 1967-68. In addition, as indicated in Volume I,

Section V-B-1, the 100% steam bypass system can be eliminated from any

actual plant to be built.

There are other improvements that could be incorporated in subsequent

plants. To conform to the ground rules of this study, these improvements are

listed under a 1975 plant; however, this does not mean that they could not be

incorporated into plants which could be built between 1967 and 1975.

B. OPTIMIZATION

The reference design presented in this study has not been optimized in

terms of nuclear, heat transfer, or steam cycle considerations. Such an

optimization cannot be made, short of Title I design effort and some R & D. It

would be fortuitous if this reference design is within 10% of its optimum. By

assuming that the reactor performance is increased by 10% because of optimiza-

tion, this results in a direct capital cost saving of $5/kw. This is accomplished

because the reactor building and all of the reactor plant equipment, with the

exception of the heat transfer system, remains the same and consequently costs

less in $/kw because of the higher rating of the plant.

In addition to the capital cost reduction which could be expected by optimiza-

tion, it is probable that fuel costs would be reduced by nuclear optimization of

the plant. If, by optimization, the enrichment is lowered by 10%, the fuel cycle

costs wopld be reduced by 0.1 mill kwh. This reduction can also be accomplished

by a 5% reduction in enrichment along with the 10% increase in reactor perform-

ance.

C. EX-CORE MATERIALS

The use of type-304 stainless steel as the ex-core heat transfer system

construction material is considered highly, perhaps excessively, conservative.

A significant reduction in the capital cost of the GBSR may be achieved through

use of a chrome-molybdenum (Croloy) ferritic steel or carbon steels. The NPR
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reactor presently being built at Hanford will use carbon steel throughout the

primary loop which is operating in excess of 500 F. The AlW naval test

reactor at Arco also uses a carbon steel primary loop.

The ex-core heat transfer system has very low exposed surface area, in

comparison to the heat transfer tubing in the core; scale formation is therefore

negligible in spite of the lower corrosion resistance of the low-alloy steel as

compared to stainless steel. The low-alloy steels exhibit corrosion rates

20-30 times lower than carbon steel.

The amount of carry-over of scale to the superheater and the turbine will be

determined primarily by the ability of the steam flow of this system to carry

particulate matter through the piping and tubing. The amount of corrosion pro-

duct carried by the steam from the steam separator will be, for practical

purposes, independent of the corrosion rate of the water system. A bypass

water purification system maintains primary loop purities to desired levels.

The service temperatures are not in excess of the capability of the ferritic

steels or, in some areas, carbon steel. In fact, the majority of existing steam-

generation facilities utilize these steels almost exclusively, and with a high

degree of success.

Fabricating procedures are well established for the ferritic steels. Pre-

and post-weld heat-treatments are recommended; associated costs may be

significant in complex heat-exchange equipment but are negligible for large

piping where the ratio of number-of-welds to weight-of-metal is low, as is the

case in the GBSR ex-core system.

The higher corrosion allowances required for the ferritic steels is also

negligible with respect to the total wall thickness of ex-core piping. Since the

ex-core piping is not exposed to a high neutron flux level, radiation-induced

effects are not a consideration in materials selection.

It has been estimated that use of ferritic steels in all portions of the ex-core

heat transfer system, now specified as stainless steel, would reduce reactor

direct costs by $900, 000 and turbine plant direct costs by $250, 000.

D. ONCE-THROUGH BOILING REGION

As compared with the reference deisgn, higher exit steam qualities from the

boiling region can result in a decrease in the capital cost of the reactor. It is
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believed that there is really no obstacle to increase the steam quality to 100%

and make the GBSR boiler region a once-through system. Heat transfer data

are needed on burn-out heat fluxes and flow stability for GBSR conditions before

such a system can be designed.

With a once-through boiling region, the recirculation pumps and associated

headers and valves are eliminated, and the steam drum is eliminated or replaced

by a much smaller steam dryer unit. In addition, the cross-sectional area of

the boiler inlet headers is decreased by a factor of 3 and the cross-sectional

area of the boiler outlet headers is decreased by a factor of 1.3.

It is estimated that capital cost savings of $4/kw would be effected by

utilizing a once-through system as compared to the reference design.

E. LOW NEUTRON CROSS SECTION PRESSURE TUBES

At the present time, there are no known low cross section materials which

are suitable for the steam cooled regions. Beryllium offers promise of being a

suitable material but experimental data are lacking. Current British investiga-

tions on aluminum-powdered-metal (APM) containing approximately 10% alumin-

um oxide are showing promising results for low temperature steam cooled

regions. Experimental conditions include temperature to 932 F and pressures

to 1000 psi . An approach by which zirconium or other low cross section

materials might find application in the steam cooled regions is that of cladding.

The use of a corrosion-resistant clad divorces the function of corrosion-

resistance from that of strength; an aluminum-bearing, high strength zirconium

alloy such as those currently being developed at AI2 could be used as the core

material.

F. FUEL FABRICATION

The fuel fabrication costs were estimated for the first core loading of fuel.

It is estimated that in subsequent manufacturing of elements the cost of fabricat-

ing and coating the fuel would be reduced by about 30%. This would reduce the

total fuel fabrication cost by about $20/kgm or the fuel cycle cost by about

0. 10 mill/kwh.

G. HIGHER AVERAGE SPECIFIC POWER OR POWER DENSITY

The peak/average power ratio in the reference design was calculated to be

2. 7:1. More sophisticated future designs coupled with continuous fuel manage-

ment will yield a significant reduction in the peak/average ratio. For example,
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with a peak/average ratio of 2.1:1 the core of the reference design would yield

410 Mwe. This would result in a direct capital cost saving of $10/kw; because,

with the exception of the heat transfer system, the reactor plant capital costs

would not change.

Higher average specific power would also decrease fuel cycle costs because

of a reduction in use charges. For the example cited above, fuel cycle costs

would be decreased by approximately 0.1 mill/kwh.

H. INDIRECT CHARGES

Under the ground rules established for this study, the indirect construction

costs, engineering, design and inspection, contingencies, and interest costs

amounted to greater than 60% of the direct charges. While this may be realistic

for a first nuclear plant of a given type and size, it seems only reasonable that

similar sized subsequent plants should show marked economies in these indirect

charges. This should be particularly true for a system like the GBSR where

construction is straightforward and little close tolerance fabrication is involved.

If in subsequent plants indirect charges are reduced by 40%, the capital cost

savings are of the order of $30 or more per kw for a GBSR, dependent on the

total direct construction costs.

I. POTENTIAL 1967 PLANT

Although the reference design presented in this report presents a 318 Mw(e)

plant for operation in 1967, there are several areas of cost reduction which

would undoubtedly be incorporated into any actual first large plant built. Fore-

most among these in capital cost reductions would be an overall optimization of

the plant, an incorporation of ferritic steels into the heat transfer system, and

an elimination of the 100% steam bypass to the condenser to have been used in

case of turbine trip; the latter was included in the reference design because

of the AEC ground rules. These three items have the effect of reducing the

total capital costs by $17/kw. Optimization would also reduce fuel cycle costs

by 0.10 mills/kwh.

J. POTENTIAL 1975 PLANT

A 1975 plant would incorporate the improvements suggested for the potential

1967 plant outlined in the previous paragraph. In addition; capital costs would
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be further reduced by utilization of a once-through boiler region; higher average

specific power; reductions in the indirect charges, because of knowledge and

experience gained in designing and constructing one or more. large GBSR plants;

and by cost reductions in materials like graphite and zirconium. Consequently,

for a 1975 plant, it is estimated that capital costs would be reduced by

$50 - $70/kw for a nominal 300 Mw(e) plant and $70 - $90/kw for a nominal

500 Mw(e) plant.

Fuel cycle costs also will be reduced in a 1975 reactor by higher average

specific power, lower fuel fabrications costs, utilization of low neutron cross

section pressure tube materials in all portions of the core, and by possible use

of a thorium fuel cycle. It is estimated that these improvements will give fuel

cycle cost improvements of the order of 0.4 - 0.5 mills/kwh. If for any

reason a low neutron corss section material could not be used for the steam

cooled regions, fuel cycle cost improvements would be reduced by 0.2 mill/kwh.
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IV. RESEARCH AND DEVELOPMENT

A. PROGRAM DESCRIPTION

1. Cost and Schedule

This entire R&D program is based on startup operation of a large size

GBSR plant by the middle of 1967 as per ground rule of AEC superheat reactor

study. However, it may be advisable to set back this startup date until mid-1968

to allow more time for operation of the experimental reactor before finalizing

design of the large reactor. The 1968 startup for the large plant also would

allow all of its directly associated design and R&D programs to be set back one

year.

The GBSR development program is divided into two phases: first, the

basic R&D and the design, construction, and operation of a reactor experiment;

and second, the specific R&D and the design and construction of a large size

reactor power plant (300 Mwe). The proposed overall schedule is shown in Fig-

ure IV-A-1. Included in this schedule is the R&D program estimated for the

large plant construction.

The R&D for the reactor experiment is expected to require 30 months at

an estimated $5.5 millions. The R&D for the large size reactor is estimated as

$3.3 millions and is planned to extend over a 42 month period. The end product

of Phase I would be the operation of a reactor experiment to verify design param-

eters and point out any additional changes to be incorporated into the final design

of the large size plant. The estimated cost of the experimental reactor per se

is $7.5 millions, including design costs. The end product of Phase II R&D is the

construction of a large size GBSR power plant.

2. Heat Transfer and Fluid Flow

The heat transfer and fluid flow characteristics of the GBSR must be

investigated during the R&D program. A scale mockup of a GBSR graphite col-

umn, including the coolant tubes and a non-nuclear heat source, appears to be

a good experimental tool for the determination of the overall three dimensional

heat transfer in the GBSR lattice. Many of the fluid flow characteristics can be

determined from this mockup; such as, pressure drop, void fraction in the boil-

ing region, and flow stability during transients. Analytical procedures will be
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PROPOSED CONSTRUCTION SCHEDULE

ITEM/CALENDAR YEAR 1961 62 63 64 65 66 67 68
FY- 62 63 64 65 66 67 68

REACTOR EXPERIMENT

RB& D 31

TITLE I

TITLE 2
CONSTRUCTION

OPERATION

LARGE REACTOR

R SaD 42

TITLE I

TITLE 1 24

CONSTRUCTION I
OPERATION

Fig. IV-A-1 GBSR Proposed Construction Schedule
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developed from this data to adequately represent core heat transfer, both during

normal operations and transients.

3. Fuel Element

The fuel element development program will include tests to determine the

steam - fuel element reaction rate both from a corrosion and erosion standpoint.

If these tests indicate the need for a coating on the fuel elements, tests must be

performed to evaluate coating materials such as SiC or Si-SiC. This coating

should not prevent the escape of fission products from the fuel, but must be able

to prevent the environs from attacking the fuel to any undesirable extent. An

analytical study of potential uranium migration in the fuel is also recommended.

Indications are that fuel migration at very high temperatures is significant. Al-

though GBSR fuel elements are not subjected to these extreme temperatures, the

long life expected of the GBSR fuel suggests that the high temperature diffusion

data be compiled, analyzed, and applied to GBSR conditions. Limited experi-

mental verification also may be desirable. Capsule experiments on the specific

GBSR fuel at operating conditions are recommended.

4. Materials

The R&D program for materials for core construction will include studies

on the moderator graphite, the pressure tube materials, and fabrication and join-

ing techniques. A statistical study of the quantity and composition of the gas ther-

mally desorbed from the mold-grade graphite specified for the GBSR is consid-

ered highly desirable. Outside of the thermal neutron absorption cross section

determinations and radiation-induced outgassing experiments made on mold grade

graphite for the Hallam Reactor, no radiation experiments are known to have been

made. It is expected that the commercial grades should behave similarly to the

nuclear grades when exposed to irradiation. A limited amount of irradiationdam-

age data is available for 1800 F irradiations.

Even though there is high confidence regarding the applicability of the

materials specified for the GBSR pressure tube service, long-time test data are

required for Boiler Code approval of the materials proposed for pressure

service. One of the tasks recommended in the GBSR development program deals

with the generation and compilation of such data. The fabrication and joining of

these materials poses a problem which must be thoroughly investigated. The

development of a small, resistance-heated, clam-shell device which would
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facilitate field-brazing is considered a highly desirable R&D task. Effective

quality control procedures will have to be established if the several miles of tubing

in the GBSR are to be free of flaws and defects. The thin-wall nature of some of

the tubing does not introduce the problems in quality control that might be ex-

pected at first glance. A simple hydraulic pressure test will cause tube rupture

at most defects. Eddy-current examination is extremely useful for thin wall

tubing. R&D effort on inspection procedures and tubing specification is recoyn-

mended.

5. Gas Purification System

Since fission products are allowed to escape from the fuel into the sweep

gas, helium, an adequate clean-up system for this gas must be developed. It

is recommended that bench scale studies of this system be performed during

Phase I of the R&D program and that the resulting design be built, and tested on

the reactor experiment.

6. Core Assembly

Another part of Phase I of the R&D program will be a scale mockup of a

graphite column, including the lateral guide structure fastened.to the top grid,

and sufficient attendant equipment such as: support structure, housing, heat

source and heat sink, means to simulate seismic loads, and instrumentation.

This is required to obtain the necessary information concerning the mechanical

problems and stress levels to be encountered, before final design of the proto-

type columns in the reactor experiment is made. The design of this column is

currently based on the criteria that each column is guided and supported individ-

ually at the top and bottom and is separated from the surrounding columns by

a gas gap.

7. Instrumentation and Control

'Several problems involving reactor instrumentation are evident at the

present time and require development work during the R&D program. A core

flux mapping system must be developed along with appropriate methods to ensure

load matching of the boiler, superheater, and reheater regions of the core over

wide ranges of power output and long periods of burnup. The proposed flux map-

ping system for the GBSR utilizes 64 incore detectors in 16 different radial loca-

tions, each location having 4 detectors in axial array. A scanner unit is used
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along with a profilometer which will display the value of the neutron flux as a

function of distance. Also, the sonic devices proposed for leak detection and

tube rupture location must be further developed and tested.

8. Control Rods and Drives

Control rod materials must be tested during the R&D program for the

GBSR. If the reference design control rod material does not meet expectations,

rare earth oxides (such as gadolinium oxide and samarium oxide as used in the

Hallam control rods) can be used in the GBSR. A control rod and drive mecha-

nism for the reactor experiment must be fabricated and completely proof-tested

during the R&D program.

9. Fuel Handling Machine

Since one of the important advantages of the GBSR is on-power refueling and

resultant fuel cost savings, it is mandatory that an adequate fuel handling ma-

chine be designed, a prototype built, and that the prototype be thoroughly tested.

During the early days of Phase I, the preliminary design of this prototype machine

will be carried out, the problem areas will be clearly defined, and several indi-

vidual components will be fabricated and tested. Two items which are now known

to require component development tests are: (a) the fuel holding chuck, and (b)

the reactor seal plug.

Testing of the fuel chuck will be required to establish the best geometry

for gripping and holding at design temperature while using the anticipated weight

load. The need for hand finishing or surface treatment of chuck jaws will be de-

termined. Development of the reactor seal plug will include design configura-

tions other than those presented in the reference design in order to find the con-

figuration which is most reliable for the application. A sufficient number of

runs will be made with the final configuration to ensure complete reliability of

the latching and unlatching action.

When component development tests are completed, these components will

be incorporated into the design of the reactor experiment fuel handling machine.

This machine will be built, and a series of tests of the completed ma-

chine will be run to ensure that all components function in a coordinated fashion.

These tests will use one or more simulated reactor fuel cells, will start with
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cold tests, and will be followed by tests using simulated fuel slugs at reactor

temperature to prove the machine's capability to perform in a reliable manner.

When these tests are satisfactorily completed, the machine will be dismantled

and shipped to the experimental reactor for installation.

B. OTHER AEC SPONSORED R&D

A notable feature of the GBSR research and development program is that

it is very broad based; that is, many of the individual areas of GBSR develop-

ment are already under study by other AEC contractors for other programs. A

list of AEC sponsored development work being performed by others which will

help advance the GBSR technology includes:

1) Low neutron cross section pressure tube materials

a) Westinghouse

b) GE - Hanford

c) Argonne

d) Allis-Chalmers

e) GE - San Jose

f) Battelle

g) Canadian AEC

h) Atomics International

2) Fuel element - physical properties,

tion development

PWR Program

NPR Program

BWR Program

BWR Program

BWR Program

General

Candu Program

SGR and Pluto Programs

irradiation behavior and fabrica-

a) National Carbon General

b) Battelle Pebble Bed Reactor

c) Oak Ridge Advanced Gas Cooled Reactor

d) General Atomic HTGR

e) Argonne Superheat Program

f) Atomics International SGR Program

3) Effect of pressure tube rupture on graphite stack

a) GE - Hanford NPR Program

4) Fission product evaluation and purification

a) Battelle Pebble Bed Reactor

b) Oak Ridge Advanced Gas Cooled Reactor

c) General Atomic HTGR

d) Los Alamos Turret
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5) Power matching and operation of integral reactors

GE - San Jose

GNEC

Allis-Chalmers

Argonne

Superheat Program

Superheat Program and BONUS

Pathfinder Reactor Program

Borax-V

6) Graphite

GE - Hanford

Oak Ridge

General Atomic

Atomics International

English AEA

NPR Program

Gas Cooled Reactor Programs

HTGR

SGR Program

Gas Cooled Reactor Programs

C. PHASE I - REACTOR EXPERIMENT R&D

The R&D program has been divided into 10 cost areas, excluding the experi-

mental reactor itself. The analytical and experimental activities which will be

carried out prior to and during the construction of the reactor experiment are

outlined below. The estimated cost for each area is also given.

1. Fluid Flow and Heat Transfer - $540,000

This area comprises:

a) Construction of a scale model GBSR graphite column including cool-

and tubes and fuel channels utilizing a non-nuclear heat source in

these channels. The following investigations will be covered utiliz-

ing this cell:

1) Determination of overall 3-dimensional heat transfer in the

lattice, both for normal and abnormal reactor operations.

2) Determination of heat transfer across the helium gaps.

3) Determination of temperature distribution in the graphite.

4) Determination of burnout heat flux and flow stability vs mass

velocity in the pressure region of interest for high quality

steam.

5) Determination of pressure drop in boiler, superheater, and

reheat cells.
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6) Determination of void fraction in tube as a function of distance

along the boiler tubes.

7) Determination of whether or not boiling will occur in boiling-

region downcomers.

8) Determination of the hot spot factors for the reactor regions.

b) Development of analytical procedures to adequately represent the

above experimental findings so that predictions of conditions to be

expected in the reactor as a whole may be made.

c) Performance of transient analysis on the system heat transfer and

fluid flow.

2. Fuel Element - $1,090,000

This area comprises:

a) Performance tests to determine steam-fuel element reaction rates

both from a corrosion and erosion standpoint. If coatings are re-

quired, tests must be performed on various fuel element coatings

to evaluate the effectiveness of the protection which they will afford

the fuel element.

b) Performance of analytical and possibly experimental studies on the

potential migration of uranium in the fuel element.

c) Determination of physical properties of the fuel element at condi-

tions of interest.

d) Performance of fuel element irradiation tests to verify burnup ex-

pectations and to determine effect on properties of interest.

e) Determination of radiation emissivity of fuel surface.

3. Materials (other than fuel) - $990,000

This area comprises:

a) Determination of erosion-corrosion properties of core materials at

conditions of interest.

b) Determination of erosion effects of steam jet on graphite.

c) Determination of long time properties of pressure tube materials.
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d) Investigation of induction brazing as a joining technique for similar

and dissimilar metal tubing for water and steam system.

e) Development of an automatic welding or brazing and heat treating

device for field fabrication of a pressure tubing system.

f) Determination of composition of mold-grade (CS) graphite off-gas.

g) Development of fabrication of and tests on materials for control rods.

h) Determination of behavior of borated diatomaceous earth insulation

under irradiation to find out whether or not the mixture will lose

boron to the reactor system.

4. Physics - $350,000

This area comprises:

a) Development of an appropriate graphite thermalization scheme in-

cluding spatial dependence of neutron temperature, so that more

exact analytical representation of the reactor system can be

achieved.

b) Development of an appropriate fuel programming analysis method

for the proposed multienrichment, multiregion core.

5. Auxiliary Systems - $530,000

This area comprises:

a) Performance of bench scale studies to permit selection of the most

promising fission product purification techniques. This includes

tests on items such as: CuO oxidizer, caustic and water scrubbers,

charcoal traps, filters, etc.

b) Performance of tests to verify vapor pressure suppression system,

which would include:

1) Steam-water rate of escape tests.

2) Transient pressure response tests (probably in a fractional

scale model).

3) Full scale static condensation tests.

4) Water retention of fission products.
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6. Core Assembly and Piping - $600,000

This area comprises:

a) Performance of the following investigations through use of a full

scale model of the graphite column and coolant tubes and/or smaller

sections of same:

1) Determination of effect of temperature gradients on the flat-

ness of the mating faces of the graphite blocks and, if effected,

what the profile of the machined surface should be to ensure

contact at all times at the outer peripheral surface. Also de-

termination of what stresses exist in the pin at this contour.

2) Determination of whether or not there is any differential tem-

perature between the threaded graphite pins and the adjacent

threaded graphite block; and, if so, how much preload is re-

quired on the graphite pin when screwing in place.

3) Determination of proper contour of graphite thread for maxi-

mum strength with consideration of the pin, the block, and

ease of installation.

4) Verification of calculated stresses and deformations in the

tubes and fittings within the graphite logs.

5) Verification of the magnitude of the stress due to temperature

gradients and other static loads on the milk-bottle shaped

structure attached to the bottom of the top grid plate.

6) Determination of coefficient of friction of the tubing materials

against the graphite, when operating at the given temperature

and load conditions.

7) Determination of coefficient of friction of graphite against

graphite under operating conditions.

8) Determination of the best method for venting a coolant tube

leak through a helium annulus.

b) Investigation and development of a nondestructive method of testing

the graphite screws to ensure that there are no cracks or defects in

the plane subjected to tension stress.
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c) Investigation of the method of fabrication of the helical pipe expan-

sion section and its development, if necessary.

7. Reactor Control and Instrumentation- $360,000

This area comprises:

a) Development of fabrication of and tests on an adequate leak detec-

tion system.

b) Development of and tests on a core power mapping system.

c) Development of a load and power matching system.

8. Control Rods and Drive - $570,000

This area comprises:

a) Development of and tests on a hanger rod scram seal.

b) Designing of and tests on an emergency snubber (honeycomb or equal).

c) Development of and tests on a regular snubber.

d) Designing of and tests on a centrifugal clutch.

e) Testing of the entire prototype rod and control system.

9. Fuel Handling - $310,000

This area comprises:

a) Development of and tests on a shield plug latch mechanism.

b) Development of and tests on a chuck mechanism for holding the fuel

column.

c) Development of and tests on the complete fuel handling machine.

10. Coordination, Reports, Travel, and Other - $180,000

This area comprises:

a) Provision of overall coordination for R&D effort.

b) Provision of necessary funds for travel.

c) Provision of necessary funds for report writing, processing, print-

ing and distributions.
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D. REACTOR EXPERIMENT

Due to the modular design of the GBSR, a reactor experiment will have

great value in establishing ultimate feasibility and in determination of valuable

reactor improvements. The design of this GBSRE will incorporate all experi-

mental features which are required to prove the concept. The reactor experi-

ment approach to prove feasibility of the system is estimated to be less expen-

sive than construction of a prototype size reactor and in the case of the GBSR

should be just as informative. The cost of the GBSRE, including design and

construction, but not including operation, is estimated to be in the neighborhood

of $7.5 million.

The GBSRE is envisioned as a 10-20 Mw(t) reactor system. The heat sink

can be a small steam turbine generator set and/or a heat exchanger with a con-

trol system to simulate turbine generator operation as it reflects on the reactor

portion of the system. In this manner, the load following characteristics of the

system can be determined as well as the power matching within the reactor core

regions.

E. PHASE II- LARGE PLANT R&D

This R&D program for the large size GBSR plant is mainly a component

development program and design scale-up verification. This program and its

costs are outlined below.

1. Fluid Flow and Heat Transfer - $460,000

By use of a full size GBSR graphite column, including coolant tubes,

verify the following:

a) Heat transfer in the lattice.

b) Pressure drop through the tubing.

c) Flow stability during transients.

2. Fuel Element - $1,200,000

a) Conclude long burnup irradiation tests and perform post irradiation

analyses of the samples.

b) Complete all work on evaluation and environmental tests on fuels

and coatings, and evaluate advanced fuel concepts such as BeO

coated UO 2 in graphite and UO2 in BeO matrix.
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3. Materials (Other than fuel) - $525,000

a) Determine long time effects of simulated GBSR helium on Zircaloy-4.

b) Determine long time mechanical properties of annealed and cold-

worked Zircaloy-4.

c) Perform development work on a Zircaloy- stainless steel transition

joint.

d) Perform studies on clad zirconium alloys for superheater applica-

tion. These might include stainless-clad, high-strength zirconium

or Zircaloy-4-clad, high-strength zirconium.

e) Evaluate iron base, high-strength alloys for superheater application.

f) Evaluate beryllium or beryllium alloys as boiler and superheater

tubing materials.

4. Physics - $175,000

Perform necessary critical experiments to verify calculations and deter-

mine conditions to be expected in a large core.

5. Auxiliary Systems - $220,000

Perform tests to verify calculations on vapor pressure suppression sys-

tem to be used for a large size reactor. This would consist mainly of transient

pressure response tests in a fractional scale model.

6. Core Assembly and Piping - $100,000

Construct a full scale graphite column including any modification indicated

by previous testing to experimentally verify calculated design criteria for:

a) Thermal stresses in the graphite pins and blocks, and

b) Thermal stresses in the pressure tubing.

7. Reactor Control and Instrumentation - $75,000

Evaluate and improve leak detection system and core power mapping sys-

tem and incorporate any modifications indicated by operation of the reactor ex-

periment.
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8. Control Rods and Drive - $275,000

Fabricate and test complete prototype control rod and drive, including

any modifications indicated by reactor experiment operation.

9. Fuel Handling - $100,000

Test complete fuel handling machine for large reactor including any modifi-

cations incorporated into the design through operation of the reactor experiment.

10. Coordination, Reports, Travel,and Other - $190,000

a) Provide overall coordination for R&D effort.

b) Provide necessary funds for travel.

c) Provide necessary funds for reporting.

F. PHASE III- LONG RANGE R&D

This phase of the research and development program for the GBSR is in

support of certain advanced design improvements such as those described in

Section III of this report.

It is expected that once-through boiling can be used in the GBSR; therefore,

part of the Phase III of the R&D would be devoted to establishing the necessary

design information, provided other experimental work has not previously estab-

lished such information. At present, heat transfer data are needed on burnout

heat fluxes and on flow stability.

Another area which requires continued investigation is that of low neutron

cross section materials for pressure tubes in the boiler, superheater, and re-

heater regions. These investigations include work on materials such as Zir-

caloy-4 and Beryllium, and on compositie tube wall designs. In conjunction

with this, various joining techniques will be tested and developed as needed.
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V. DISCUSSION OF Mw(e) CONCEPT

To date, all of the design and economic studies for a GBSR system have been

based on a large size power plant. However, due to the comparatively low fuel

cycle costs, the economics of a small size, 40 Mw(e), GBSR power plant may be

attractive. Much of the mechanical design of the core established for the large

GBSR would hold true for the smaller size.

The main advantages which are expected for the GBSR over other reactor

systems, when used in the smaller size range, are greater steam cycle effi-

ciency, lower fuel costs, and lower containment costs. Also use of a reactor of

this size could be a logical step between a reactor experiment and a large size

plant.

Table V-1 indicates the cost of a 44 Mw(e) (gross) coal fired conventional

plant as estimated by Kaiser-AEC in their comparative evaluation of small size

reactors. 3

TABLE V-1

CONVENTIONAL AND NUCLEAR PLANT COSTS, 44 Mw(e)

Conventional - Coal Nuclear

Annual charge rate (%) 14 6.4 14 6.4

Capital cost ($/kw(e) 307 307 357 416

Total fixed charges (mills/kwh) 6.4 2.9 7.7 4,2

Operating and maintenance (mills/kwh) 1.2 1.2 1.3 1.3

Nuclear insurance (mills/kwh) - - 0.7 0.7

Fuel (mills/kw-h) (Coal - 354/106 Btu) 3.8 3.8 1.7 1.7

TOTAL 11.4 7.9 11.4 7.9

If the nuclear fuel costs for a small GBSR are assumed to be 1.7 mills /kwh,

the allowable fixed charges for a nuclear plant with break-even power costs would

be as shown in Table V-1. For a 14% annual charge rate, the GBSR with break-

even power costs could have a capital cost of $357 per kw(e) and for a 6.4% charge

rate, the capital cost could be $416 per kw(e) allowing 0.4 and 0.3 mill/kwh

respectively for fixed charges other than capital costs. Scaling the total capital

cost of the 300 Mw(e) plant by the 0.7 power law of the output gives a unit capital

cost of $360 per kw for a 40 Mw(e) plant.
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A complete evaluation of the small size GBSR could not be performed at

this time due to restricted time available. However, because of the low fuel

cycle costs of the GBSR concept, it appears that a small size GBSR may be

competitive with conventional plants, especially where charge rate on capital

investment is low.
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