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ABSTRACT

A conceptual design of a 300-Mw(e) Supercritical Pressure Power

Reactor (SPPR) was completed. The reactor utilizes the inverted cluster-

type fuel element as the pressure member. Operating with turbine conditions

of 3500 psi and 1050 F with two reheats to 1000 F, the direct-cycle power

plant achieves a net thermal efficiency of 43 per cent. Based on the pre-July,

1961, uranium price schedule, unit power costs of 6. 56 mills/kwh are attained

when calculated in accordance with the Nuclear Power Plants Cost Evaluation

Handbook. Capital costs of $175 per net kw were obtained. The revised

uranium price schedule results in power costs estimated at 6. 09 mills/kwh.

Capital costs of about $150 per net kw appear attainable with this concept.

The major unknown in the SPPR concept is the long-term (25, 000 to 40, 000

MWD/MT), high temperature irradiation behavior of the fuel element.
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ECONOMIC EVALUATION OF A 300-Mw(e)

SUPERCRITICAL PRESSURE POWER REACTOR

INTRODUCTION

The incentive to use higher temperature and pressure working fluids

in power-generating cycles arises because increased thermal efficiency can

be obtained. Higher thermal efficiencies, if not accompanied by proportional

increases in capital investment or operating expense, will lower power-

generation costs. During the past decade, six fossil-fueled steam power

plants in the United States have extended the working fluid conditions into the

supercritical pressure and temperature ranges with gross efficiencies of

about 45 per cent. Confirming the success and anticipated benefits of super-

critical operation, a number of new, fossil-fueled, supercritical plants are

being designed or constructed.

It is natural to consider the application of nuclear power to supercritical

steam generation with some optimism because nuclear reactors, with their

comparatively high power densities, can afford to use high temperature

pressure member materials which would be prohibitively expensive in fossil-

fired steam generators with their extended heat transfer surface. Hence,

once the technology of reactor operation at supercritical conditions has been

established, the temperature limit (and therefore the cycle efficiency) for

economic operation will depend more on materials development and less on

materials cost, rather than the converse which is true for fossil-fueled

plants.

To delineate the potential benefits of supercritical operation and high-

light anticipated development problems, the Evaluation and Planning Branch,

Division of Reactor Development, requested the Hanford Laboratories to

undertake an economic evaluation of a reactor producing supercritical

pressure steam for a 300-Mw(e) turbine. The resulting conceptual design

and economic evaluation of the Supercritical Pressure Power Reactor (SPPR)

were performed in accordance with the Nuclear Power Plants Cost Evaluation

Handbook. (1)

-9-





HW- 68420

SUMMARY

The type of reactor selected for evaluation of the supercritical pressure

concept is a light water-cooled, light water-moderated reactor which utilizes

an inverted cluster-type fuel element(2) as the reactor pressure member.

Supercritical pressure steam is generated in the reactor at 1050 F and 3500 psi

and flows directly to the turbine. Through a series flow arrangement and

regenerative heat exchangers, two stages of reheat are provided, resulting in

a net power generating efficiency of 43 per cent.

Economic evaluation of a 300-Mw(e) reactor facility, made in accordance

with the Nuclear Power Plants Cost Evaluation Handbook, is summarized as

follows.

Capital Charges 3. 54 mills /kwh

Fuel Cycle Cost 2. 19 mills/kwh

Operation and Maintenance 0. 42 mill/kwh

Other Fixed Charges 0. 41 mill/kwh

Total Unit Power Costs 6. 56 mills/kwh

Capital costs of $175 per net kw are obtained. Unit power costs of 6. 09 mills/kwh

are obtained with the July, 1961, uranium price schedule.

The capital costs reflect several features inherent to the SPPR concept.

First, there is no pressure vessel required in addition to the inverted cluster

fuel element. Second, the unpressurized moderator simplifies fuel handling

and control rod installation, and permits the use of water for shielding. Third,

a direct cycle can be used between the reactor and the turbine. Fourth, the

absence of high temperature water in reservoir quantities permits low pressure

containment and the housing of all the facility within the contained volume. The

high thermal efficiency (compared to saturated steam-generating reactors)

maintains an otherwise high fuel cycle cost competitive with other types of

reactors.
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Comparison of capital costs with extant fossil-fueled supercritical

power plants indicates that SPPR capital costs of about $150 per net kw can

be attained. Resulting unit power costs, utilizing the revised fuel charges

and based on the Cost Evaluation Handbook, are as follows.

Capital Charges 3. 10 mills/kwh

Fuel Cycle Costs 1.72 mills/kwh

Operation and Maintenance 0. 42 mill/kwh

Other Fixed Charges 0. 41 mill/kwh

Total Unit Power Costs 5. 65 mills/kwh

Reduction of fuel cycle costs by 0. 25 to 0. 50 mill/kwh appears obtainable

by optimizing the inverted cluster fuel element design and by using lower

cross-section pressure member materials.

The SPPR concept is primarily contingent on the successful fabrication

and long-term irradiation (25, 000 to 40, 000 MWD/MT) of the inverted cluster

fuel element at temperature and pressure. This will require a better knowledge

of the irradiated properties and the behavior of materials for the inverted

cluster fuel element, heat transfer at supercritical temperatures and pressures

at heat fluxes of 1 to 2 million Btu/(sq ft)(hr), and corrosion and material

transport in supercritical service. Consequences of a failure of a pressure-

bearing member in the inverted cluster fuel element need to be investigated.

The lack of lattice information on clump-type fuel elements in light water

lattices considerably hampered the study and will require additional investi-

gation. A limited amount of development will be required on power cycle

components external to the reactor, since the power cycle is almost identical

to that in extant fossil-fueled supercritical power plants. In accordance with

the criteria governing the study, it is believed that the necessary development

work in support of the reactor concept can be completed in an orderly manner

to permit construction to commence within five years.

-11-
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DESCRIPTION OF FACILITY

Power Cycle

General Description

The SPPR power cycle is based on utilization of supercritical pressure

water at initial turbine throttle conditions (3515 psia at 1050 F with double

reheats to 1000 F) to produce 300 Mw of electrical output at 1-1/2 inches of

mercury absolute. A flow sheet of the cycle is shown in Drawing SK-3-9859

and a heat balance diagram is in Drawing SK-3-9860. Condensate at 91. 7 F

(saturation temperature at 1-1/2 inches of mercury absolute condenser pressure)

is pumped from the condenser-deaerating hotwell through the turbine gland

seal condenser, prefiltered, and polished in mixed-bed deionizers. Three

stages of low pressure regenerative heating from the moderator raise the

condensate temperature to 158 F. The condensate is heated further to 286. 2 F

in three stages of low pressure feedwater heaters by steam extraction from the

main turbine. The last stage of this heating sequence is a deaerating heater.

The feedwater is pressurized by booster pumps to provide the necessary

net positive suction head (NPSH) for the turbine-driven main feedpumps, then

raised to 4600 psig, and further heated to 540. 3 F by four stages of steam

extraction from the main turbine. The feedwater enters the reactor at 540. 3 F

and about 4500 psig. The fluid temperature is raised to 805 F in the first

pass and to 1050 F in the second pass. Following the second pass, the super-

critical pressure fluid flows to the reheat heat exchangers, where heat is

transferred from the 1050 F supercritical pressure fluid to both the exhaust

steam of the high pressure and the first reheat units of the turbine. The

regenerative heating raises the reheat steam temperature to 1000 F and reduces

the supercritical pressure fluid temperature to 821 F. The fluid is returned to

the reactor for final heating to 1050 F before entering the high pressure unit

of the turbine at 3500-psig throttle pressure. Drawing SK-3-9860 shows a heat

rate of 7180 Btu/kwh, which is equivalent to 47. 5 per cent gross efficiency.

This heat rate is based on the total heat which is transferred from the reactor

fuel elements to the supercritical pressure coolant as related to the outputs of

the generators and the feedpump shaft. However, approximately 82, 200, 000

Btu/hr is supplied to the cycle from the regenerative heat exchange process

between the moderator and the feedwater.. This effect increases the heat rate

-12-
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to 7444 Btu/kwh, resulting in a gross efficiency of 45. 8 per cent. Some of

the heat in the moderator can not be utilized by the feedwater. Thus, this

surplus is rejected from the cycle and can be considered analogous to heat

losses in the boiler of a fossil-fueled plant. This loss is approximately

50, 000, 000 Btu/hr, which increases the plant heat rate to 7609 Btu/kwh,

thereby giving a 44. 9 per cent plant efficiency. The net heat rate based on

actual electrical output, is 7935 Btu/kwh and the corresponding net plant

efficiency is 43. 0 per cent.

Turbine-Generators

The turbine-generator selected for the SPPR conceptual design is a

cross-compound 3600/1800 rpm, double-flow exhaust, 38-inch last-stage

bucket, condensing reheat unit with a last-stage annulus area of approximately

190. 6 square feet. The machine name plate rating is 300 Mw at initial throttle

conditions of 3515 psia and 1050 F, with double reheats to 1000 F, a back

pressure of 3-1/2 inches of mercury absolute, and with 3 per cent makeup.

Design throttle flow rate is 1, 880, 000 lb/hr. The 3600-rpm shaft has one high

pressure unit, one first reheat unit, and two second reheat units. The 1800-rpm

shaft consists of two low pressure sections. Load split is about 60:40 between

the 3600-rpm unit generator rated at 224, 000 kva, 0. 85 P. F. , 0. 64 short circuit

ratio, 20 kv-output (30 psi hydrogen pressure), and the 1800-rpm unit generator

rated at 160, 000 kva, 0. 85 P. F., 0. 64 short circuit ratio, 20 kv-output (30 psi

hydrogen pressure). Both generators are cooled conventionally. Exciters are

shaft driven on both units and rated for 495 kw at 375 volts and 425 kw at 375 volts

for the 3600- and 1800-rpm units, respectively.

Condenser System

A single-pass, divided waterbox condenser with deaerating hotwell is

located below the low pressure turbine unit. The condenser design duty load is

1450 x 106 Btu/hr, requiring 110, 000 square feet of surface area with 57 F

circulating water flowing at 140, 000 gpm, 85 per cent cleanliness factor, and

1-1/2 inches of mercury absolute pressure.

Tubes are 1-inch OD, constructed of 18 Bwg Admiralty metal, and have

an effective length of 40 feet. At design conditions, the pressure drop is 13. 7 feet

of water at a design velocity of 7 fps. During normal operation, the condenser

-13-
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is capable of handling the exhaust steam from the main and feedpump turbines.

An integral depressurizing and desuperheating section is included to accom-

modate turbine bypass steam.

The hotwell capacity of 40, 000 gallons provides approximately 15

minutes of condensate holdup during normal operation. Guaranteed oxygen

content of the condensate leaving the hotwell is 0. 01 cc/l (14 ppb).

Air is removed prior to startup by a single stage, noncondensing

evacuator utilizing steam from the flash tank. During normal operation, air

leakage is removed by one of two twin-element, two-stage steam jet ejectors

with surface inter-coolers and after-coolers. Each unit is designed to handle

187. 5 lb/hr of air-vapor mixture at 84. 2 F and 1-1/2 inches of mercury

absolute. Motivating steam requirement is 1500 lb/hr at 125 psig. Condenser

circulating water, chlorinated to control marine growth, is provided by two

one-half capacity, vertical, mixed-flow pumps located at the river pumphouse.

Each pump is rated for 72, 000 gpm flow at 40 feet TDH. Water is pumped to

the condenser in two 54-inch lines, and returned to the river through one 78-

inch line. Each line has butterfly valves for containment purposes.

Condensate and Feedwater Pumping Systems

Three one-half capacity condensate pumps, each rated at 1500 gpm with

250 feet TDH, pump the condensate through the water polishing equipment and

the low pressure feedwater heaters to the deaerating heater. The pumps are

of the vertical, mixed-flow type with electrical drivers.

Three one-half capacity, electrically driven booster pumps are located

below the deaerating heater and ahead of the main feedpumps. They are rated

for 2100 gpm at 250 feet TDH, and are used to assure adequate suction head

for the main feedpumps. The main feedwater pumping system consists of two

horizontal pumps (one 4000-gpm full capacity and one 2000-gpm half capacity),

each capable of developing 11, 200 feet of head. The full capacity unit is turbine

driven and utilizes steam extraction from the main turbine. The electrically

driven half capacity unit provides start-up flow throughput and serves as an

emergency backup in case the steam supply to the turbine-driven unit is lost.

Both pumps are multistage units with speed-changing provisions. The turbine-

driven pump operates at a maximum speed of 4100 rpm; the electrically driven

pump operates at 3600 rpm.
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Condensate Polishing System

Rigid control of feedwater quality is necessary in the direct-cycle

plant to minimize the deposit of solids in the reactor and turbines. The

proposed condensate specifications are as follows.

Total Dissolved Solids 50 ppb

Silica 20 ppb

Iron 10 ppb

Copper 5 ppb

Dissolved Oxygen 7 ppb

pH 8.7 to 9.0

A condensate polishing system for full-flow cleanup provides the high purity

water to the feedwater system. Condensate at 91. 7 F is pumped through

three of four one-third capacity cellulose, removable, cartridge-type

filtering units to remove suspended particles. Each unit contains 250 square

feet of effective surface area. The filtered condensate is polished in three

high flow, mixed-bed demineralizers. Normal flow rate is 50 gpm/sq ft.

The bed resins are regenerated externally by sluicing the resins to the

regenerating equipment.

Feedwater Heating System

Feedwater Heaters: Numbers 1, 2, and 3

Heaters 1, 2, and 3 are regenerative heat exchangers, wherein the

heat from the moderator is transferred to the feedwater. Total duty

load of the three heaters is 82, 204, 000 Btu/hr with a terminal difference

of 5 F. Each heat exchanger will have two shell passes and four tube

passes. Total effective surface area is 26, 200 square feet. Carbon

steel is the construction material.

Feedwater Heaters: Numbers 4 and 5

Two heaters use low pressure steam extraction from the main turbine

for feedwater heating. The heaters are the horizontal U-type with condens-

ing and subcooling sections. Terminal temperature difference is 5 F and
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approach difference is 10 F. Drain from the Number 5 heater cascades

to the Number 4 heater, and the Number 4 drain is pumped into the primary

piping. Construction material is carbon steel. Tubes are 5/8-inch OD, 18

Bwg, ASTM A179.

Deaerating Heater: Number 6

The deaerating heater is designed to deliver 1, 936, 400 pounds of water

per hour at the saturation temperature corresponding to the heater pressure.

The heater pressure is 54. 2 psia and the corresponding temperature is

286. 2 F. Heater feed requirements are 64, 560 pounds of steam per hour,

457, 980 pounds of heater drain per hour from the high pressure feedwater

heaters, and 1, 413, 860 pounds of condensate from the low pressure feed-

water heater. The heater unit has a horizontal double-shell design. The

deaerating tank contains a spray section for primary heating and vent

condensation and a tray section for final heating and deaeration. Heater

shell exposed to corrosive gases is lined with stainless steel. Guaranteed

oxygen content is 0. 005 cc/.

The storage tank has a capacity of 12, 000 gallons which provides a 3-

minute supply to the reactor at rated conditions.

Feedwater Heaters: Numbers 7, 8, 9, and 10

The four stages of the high pressure feedwater heaters are the horizontal

U-type with integral desuperheating and drain-cooling sections. A fifth

heater serves as a spare unit. Drains are cascaded from the highest steam

side pressure unit to the next lower one, except that a heater drain pump

is provided between the steam side of the lowest pressure unit and the

deaerator. Approach terminal difference is 10 F on all heaters. Terminal

differences vary from 0 to -3 F. The tubes are carbon steel ASTM A210,

of 5/8-inch OD, 13 Bwg.
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Reheat Heat Exchangers

Two reheats to 1000 F are made in the power cycle. Because of the

relatively high flux density of the reactor fuel elements, the high specific

volume exhaust steam from the turbines cannot be reheated directly in the

reactor except at extremely high velocities with attendant high pressure losses.

For this reason, reheat is accomplished through regenerative heat exchangers,

whereby supercritical fluid at 1050 F transfers the necessary heat to the low

pressure steam side. Each of the two reheat systems consists of two units of

counterflow heat exchangers. The lower pressure turbine exhaust steam flows

in the shell side and the higher pressure supercritical fluid in the tube side.

Total surface area requirements are approximately 22, 000 and 19, 000 square

feet for the first and second reheats units, respectively. Tubes are 1/2-inch OD,

14 Bwg, AISI 316 SS.

Moderator System

The reactor is moderated with light water. It is introduced at the

bottom of the reactor tank at 90 F and dispersed upward in the approximately

5/8-inch gaps formed by the fuel elements and the control rods. Neutron and

gamma heating in the moderator and control rods, plus heat lost from the

fuel elements through the zircaloy fuel element shell, result in about 39 Mw

of heat addition to the moderator. A moderator flow rate of 3800 gpm is

required to keep the maximum local temperature to less than 200 F. The

average moderator temperature leaving the top of the tank is 164 F. These

temperature limits permit use of a nonpressurized reactor tank. The over-

flow from the top of the reactor tank is retained in the reactor pool and

utilized as a shield.

The moderator-shield water is pumped from the reactor pool by two of

three half capacity, vertical, mixed-flow pumps into the regenerative heat

exchangers to heat the feedwater from 96 to 158 F. Three two-shell pass, four-

tube pass heat exchangers, each with 9000 square feet of surface area and connected

in series, are used for this service. Moderator temperature leaving the system

of heat exchangers is 114 F, after transferring 24 of the 39 Mw absorbed
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by the moderator. The remaining heat is dissipated to the service cooling

water and rejected. The moderator cooling heat exchanger system has two

shell-and-tube heat exchangers in series with a combined surface area of

14, 000 square feet. Effluent moderator is 90 F.

Following reduction in temperature, up to 5 per cent of the total

moderator flow is diverted for cleanup to the two-unit moderator, mixed-bed

demineralizing system. One unit is capable of normal cleanup, thereby

permitting the second unit to be on regeneration cycle at any time. Normal

throughput flow rate is 5 gpm/sq ft. In emergency, rates may be increased

to 50 gpm/sq ft for short periods, which permits total moderator cleanup with

both demineralizers in operation.

Power Piping

Pipe sizes and specifications for the primary system are shown in

Drawing SK-3-9864. Carbon steel ASTM A53 is specified for low pressure

systems from the condenser to the booster pump; carbon steel ASTM A106C

is designated for the runs from the main feedpump to the reactor. All reactor

piping which includes jumpers, distribution headers, and the pipe run to the

high pressure turbine, are ASTM A312 for TP316 material, or A336 for F8m.

Reheat lines are 2-1/2 w/o Cr, 1 w/o Mo ASTM A335-P22.

Turbine Bypass System

The turbine bypass system is utilized if the turbine-generator trips out

or when severe load reductions occur. The reactor can continue to operate at

full power with coolant flow maintained. The bypass system further provides

the path for flow through the reactor during startups (prior to obtaining proper

steam conditions for turbine operation) and during shutdowns.

In the operation of the bypass system following sudden unloading of the

turbine-generators, the reheat heat exchangers must continue to operate so

that the supercritical fluid leaving the second reactor pass at 1050 F is cooled.

This ensures that the heat content of the third pass fluid will not reach tempera-

tures which overstress the fuel element pressure members. Accordingly, the
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turbine bypass system must follow the normal flow sequence, that is, from

the high pressure turbine throttle point to the exhaust, through reheat heat

exchangers IA and 1B, through reheat heat exchangers 2A and 2B, through

the flash tank, and into the main condenser. The flash tank is used in this

sequence to provide regulated steam for the deaerator, the high pressure

feedwater heater, the feed pump turbine, and the main turbine steam seal

(during startups). Each of the lines bypassing the turbine sections is

provided with a depressurizing and desuperheating system to simulate the

adiabatic expansion process in the turbines. Flow and enthalpy conditions can

be maintained within acceptable limits to avert pressure or thermal shocks in

the piping system.

Reactor

The SPPR core, Figure 1, consists of 595 inverted cluster-type fuel

elements suspended in a large pool of unpressurized light water moderator,

Drawing Sk-3-98 51, Sheets 1 and 2. The fuel elements are grouped into 85

clusters of seven fuel elements each with a single inlet and outlet coolant

connection. The clusters are suspended from a steel framework immediately

above the moderator pool. The active zone of the reactor is 10 feet high and

about 12 feet in diameter. The fuel elements are separated by a 1-3/4-inch

gap consisting of 1-3 /8 inches of water and 3/8 inch of control rod or control

rod follower.

Because of nuclear heating in the moderator and control rods and the

heat loss from the fuel elements, the moderator coolant stream initially is

maintained apart from the surrounding water shielding by a thin-walled,

stainless steel cyclinder which is open at the top but has a sealing door

arrangement at the bottom. Baffling in the tank ensures proper distribution

of the flow within the core. The moderator flow (3800 gpm at 164 F bulk

outlet) mixes with the shield water after passing through the core and returns

to the regenerative heat exchanger, where it is cooled to 90 F. The moderator

and primary systems are separated to avoid primary system contamination in

case of fuel element failure.
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The reactor shielding is water. The top and side shields are about

8 to 10 feet thick; the bottom shield, because of fuel-handling requirements,

is substantially thicker. Concrete retaining walls provide final radiation

attenuation to levels comparable to that experienced in surrounding areas.

The heat generated in the shield water is added to that of the moderator and,

to some extent, reclaimed in the primary system feedwater heating circuit.

The reactor water pool is lined with 16 gauge stainless steel to facilitate

decontamination if necessary. It is not anticipated that the reactor pool concrete

walls will be activated significantly.

Piping to and from the 85 fuel element clusters is on the top face of the

reactor, Drawings SK-3-9862 and SK-3-9863. Access can be gained during

reactor shutdown. The 85 2-inch ID, 3-inch OD inlet pipes and 85 outlet pipes

are installed permanently up to the vertical run above the reactor face. When a

fuel element cluster is discharged from the reactor, the lines are cut and

temporarily plugged. During the transfer operation, the inlet and outlet jumpers

are frozen near the supply headers to simplify the rewelding of the new fuel

element cluster into the system. The operation is not particularly time consum-

ing nor burdensome because only 15 to 20 fuel clusters are discharged each

year (exclusive of fuel failures). Alternate procedures for fuel discharging are

described later in this report. All fuel is handled within the reactor pool and

under water shielding. Except for a unidirectional transfer mechanism under

the reactor, there is no special fuel-handling equipment. The charging method

is the reverse of the discharging method; hence, all operations on piping

systems are performed on the top face of the reactor.

While the benefits of fuel element management through interchanging

fuel element clusters within the reactor core were not examined, the ability to

do so appears no more difficult than routine charging and discharging.

Discharged fuel elements are moved to storage racks adjacent to the

reactor pool by an auxiliary portable crane arrangement. The racks can hold

the entire core plus storage elements in case complete access to the reactor

pool is required. A sealing door between the reactor pool and storage permits

either reservoir to be drained independent of the other.
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The control rods enter the reactor core from the top face. The

primary criterion for placement of control rods was that of obtaining

optimum physics and control characteristics in the reactor, since there

are no dictates on vessel penetration limitations and the control rod resides

in low temperature unpressurized water. For reasons described later, the

reactor is controlled by 85 control rods. Each control rod is honeycomb

shaped and completely encloses one fuel cluster. The rods are 3/8 inch thick,

except where they adjoin another control rod, at which surfaces they are 3/16

inch thick. The poison portion of the control element is 10 feet long and

constructed of AISI 304 SS. Each control element has an aluminum follower of

identical dimensions. It is planned to discharge the control element with the

fuel cluster and to separate them in the storage basin. Since the tolerances

between the control rods and fuel elements are not very restrictive, the new

fuel cluster will be fitted into the discharged control rod prior to charging in

the reactor.

The possibility of a variable lattice to attain more uniform radial flux

distributions was considered and found feasible. Varying the "apparent" thickness

of the control elements with inert material would effectively change the moderator-

to-fuel volume ratio. However, the benefits of a variable lattice were not explored

in detail.

Fuel Element

The fuel element for the SPPR, Figure 2, consists of a hexagonal block

of enriched UO2, 10 feet long, about 2 inches across the flats, and penetrated

by 36 coolant channels, Drawing SK-3-9853. The reactor contains 595 fuel

elements arranged in a hexagonal array. The fuel elements are bound into

clusters of seven. The clusters are the basic fuel unit with respect to charging,

discharging, monitoring, and flow control.

The fuel element assembly contains the pressure member of the

primary coolant system. It is a 3/16-inch ID tube of Hastelloy X material (or

low cobalt Hastelloy X-280) with an average wall thickness of about 27 mils.
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The pressure tubes will be procured and fabricated into a heat exchanger-

type bundle complete to the header units, which distribute and combine the

flows, Drawing SK-3-9854, so that no fabrication of the pressure members

is required during fuel element fabrication.

The fabrication process for the fuel element is essentially vibratory

compaction of the UO2 , Appendix D. The Hastelloy X tube bundle is placed

within the hexagonally shaped Zircaloy outer can with ZrO2 insulation, and

the UO2 powders are vibrationally compacted about the tube bundle. Densities

of 90 to 92 per cent TD are estimated for this technique in the geometry shown

on Drawing SK-3-9853, with somewhat higher densities for alternate fabrication

techniques discussed in Appendix D.

Next to the pressure-bearing member, the ZrO2 insulation is the most

important to the success of the inverted cluster fuel element. In this type of

reactor where the primary coolant and the moderator are separated, the heat

which is generated in or transferred to the moderator must be transferred

(through regenerative heat exchangers) to the primary coolant to prevent

significant increases in the heat rate (Btu/kwh). As presently conceived, the

loss in cycle efficiency in the SPPR from heat rejection in the moderator is

about 1 per cent. To minimize the heat loss, the insulating material between

the UO2 and moderator should have a very low thermal conductivity, be

compatible with UO2 at elevated temperatures, maintain its properties to

exposures of 25, 000 to 40, 000 MWD/MT, and be compatible with the fabrication

process. The material which fulfills these requirements, as best can be

determined from extant data, is calcium oxide-stabilized zirconia with 50 per

cent porosity, described in Appendix D. To decrease further the heat loss

from the fuel element, the pressure members can be located toward the outer

surface of the UO2, so that the A T across the zirconia is reduced, or alternately,

the outside surface of the fuel element can be scalloped to maintain a uniformly

lower temperature. The temperature at the UO2-zirconia interface is calculated

to be about 1500 to 2000 F above the coolant temperature at the maximum flux

position during equilibrium operation, Figure 20.
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An important question concerning the inverted cluster fuel element

is its behavior after failure of a pressure member. Flow rates from a

parted 3/16-inch tube were calculated to be about 2 to 3 lb/sec for super-

critical temperature fluid and about 6 lb/sec for subcritical temperatures.

To minimize failure of the pressure member, each fuel cluster (seven fuel

elements) will be operated for a time at reactor coolant temperatures and

pressures in an out-of-reactor facility prior to charging into the reactor.

It is anticipated that "incubation" type failures will be eliminated in this

manner.

Failures of pressure members will occur and it will be necessary to

contend with them. Since the nature of a failure is unpredictable, it is

,desirable to list possible techniques by which the consequences of a failure

can be made less serious.

(1) A moisture detection system is connected to each fuel element to

give immediate warning of tube leakage. Since very small leaks

probably will develop into large leaks rather rapidly, the monitor

must function continuously. (The monitor system also vents fission

gases, which are released within the fuel element outer jacket to the

fission gas disposal system. ) It remains to be determined whether a

continuous helium bleed through the fuel element, or a vacuum, or

neither of them, will be most effective in moisture detection (and

fission gas purging). A fuel element failure is likely to contaminate

the moderator rather than the primary coolant system. However, the

moderator system is designed for full flow cleanup after fuel element

failure.

(2) Vent passages may be provided within the fuel element to facilitate flow

of escaping primary coolant to "blowout panels" at appropriate locations

in the fuel element. Though not shown on the drawings in this report,

such features can be incorporated.
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(3) As presently designed, each fuel element is enclosed at all times by

a control rod or follower. This limits the effect of a pressure member

blowout to the fuel element in question. Of course, such an occurrence

may prevent control rod insertion. For this reason, additional shut-

down control (about 10 per cent Ak) is provided.

In summary, the effect of a catastrophic failure of a pressure member

is a major unknown in this reactor concept. The number of such failures may

be minimized by inspection and preirradiation tests, and those which do occur

can be meliorated to prevent major reactor damage, to lessen hazard, and to

decrease outages.

Control

Several facets of the SPPR design complicate calculation of the control

requirements for the reactor.

(1) The fuel element is not "divided" as finely as generally is found in light

water-moderated reactors. Hence, there is little extant literature on

lattices of the SPPR type.

(2) The change in density of the moderator is small compared to boiling

water and pressurized water reactors. The average temperature rise

from shutdown to full power is less than 100 F. On the other hand,

the change in density of the primary coolant within the inverted cluster

fuel element is much larger-about a factor of eight (based on the

reactor average) from shutdown to full power. The volume of water

within the fuel element is about one sixth as much as that surrounding

the fuel element.

(3) The average temperature of the UO2 in the fuel element is higher than

an equal volume of UO2 in a boiling water or pressurized water reactor.

This occurs primarily because (1) the heat flows "inward" in the fuel

element rather than "outward" as in a cylindrical element and (2) the

coolant temperature is higher. This effect, together with the lumped

nature of the fuel element, gives a smaller Doppler coefficient under

operating conditions of the reactor.
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(4) By placing the pressure member of the reactor within the fuel element,

the fuel element cost is higher (other factors being equal) than if the

pressure member is not integral to the fuel element. Consequently,

longer exposures are necessary to minimize fuel cycle costs. The

control system must be capable of holding sufficient burn-up allowance

to reach the expected exposures for minimum fuel cycle costs (about

25, 000 to 40, 000 MWD/MT).

(5) The large number of parallel flow paths through the reactor (about

5000 in the first pass and about 2500 in each of the other two passes)

emphasizes the need to minimize flux distortions in the core so that

individual tube flows will remain nearly constant. That is, the flow

in tubes which generate higher powers must not be starved because

of higher pressure drops caused by local flux disturbances.

(6) The failure of a pressure member undoubtedly will bulge the hexagonally

shaped Zircaloy can on the fuel element exterior and may prevent

insertion of the control element surrounding that fuel element. It is

desirable that it not prevent insertion of adjacent control rods.

Description

The SPPR control system was designed with considerable flexibility and

contingency (1) as required by the lattice calculations, (2) to meet certain of the

criteria listed here, and (3) to compensate for the lack of experimental data on

SPPR type lattices. The cross section of the control element is honeycombed,

totally enclosing each fuel element, Drawing SK-3-9855. Within the cluster of

seven fuel elements, the control element is 3/8 inch thick; around the cluster

it is 3/16 inch thick. This preserves the uniformity of the lattice across the

reactor. A full-length follower of aluminum is attached to each of the 85

stainless steel control rods to preserve the moderator-to-fuel volume ratio

under all power-generating and reactor core conditions. In addition, align-

ment is maintained within and between the control elements by rollers mounted

on the control element.
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Each control rod is actuated by a cable-winch arrangement to increase

reactivity, and by gravity to decrease reactivity. Each control element weighs

about 1000 pounds. A magnetic clutch on the control rod winch is de-energized

for the scram operation. If acceleration (in addition to that of gravity) is

required, a pneumatic or hydraulic cylinder can be attached to the control

elements. A decelerating spring is provided for each control rod on the

cable-hoisting mechanism.

There appear to be no mechanisms by which a control rod can be ejected

from the reactor core in an uncontrolled manner. A cable failure causes the

control rod to fall into the reactor. A stop on the top of the control element

(or the bottom of the reactor tank) prevents the control rod from falling through

the reactor. The control rod is discharged with its fuel element by raising it

to its upper position, disconnecting the cables, and lowering it with the fuel

element. The control element is separated from the fuel cluster assembly

in the storage basin, inspected, and returned to the reactor with the new fuel

cluster.

Flux-Peaking Factors

The various flux-peaking factors have varying influences on the different

design limits of the reactor, such as the "whistle" limit of 755, 000 Btu/(sq ft)(hr),

the pressure member wall temperature (1200 to 1300 F, depending on pressures),

and the degree of flow unbalance within the fuel element cluster. The flux-

peaking factors and their estimated influence on the design parameters are

listed in Table I.

The radial and axial flux-peaking factors of 1. 2 and 1. 5, respectively,

appear representative of values which can be maintained in a reactor similar

to the SPPR. Both factors are considered to contribute fully to the whistle limit

and to the pressure member wall temperature. However, in this latter instance,

the radial maximum flux does not coincide with the maximum coolant tempera-

tures (and hence with maximum pressure member wall temperature), since the

low temperature pass through the reactor encompasses the central zone of the

reactor where the radial flux should be maximum. The maximum coolant

Defined in Appendix E.
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TABLE I

FLUX-PEAKING FACTORS

Peak-to-Average
Value

1.2

Effect of Factor
on

Whistle Limit,
Per Cent

100

Effect of Factor
on Local

Tube Temperature,
Per Cent

100

Effect
on Flow

within

of Factor
Unbalance
Cluster

1.15

Axial 1. 5

Intercontrol Rod

Transient

Over Power

Flux Depression

Totals

100

100

100

100

100

1.14

1.10

1.14

1.30

3.34

100

100

100

100

Symmetrical About
Cluster

1.14

Symmetrical About
Cluster

Symmetrical About
Cluster

75 (The maximum
flux occurs in the
UO 2 cooled by the
"low" temperature
coolant. )

755, 000 Btu/(sq ft)(hr) Maximum

C'
CD

1.21

1.59

226, 000 BtuI(sq ft)(hr) Average

0n

Factor

Radial
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temperature occurs at the outlet to the second and third passes; the maximum

pressure member wall temperature occurs near the end of the second pass,

Figure 18. The axial flux is assumed to contribute nothing to the flow unbalance,

since it can be considered "symmetrical" through the cross section of the fuel

cluster.

The intercontrol rod peaking factor or azimuthal factor arises from

the various control rod configurations which can occur in an operating reactor-

for instance when one control rod is withdrawn fully and adjacent rods are

inserted fully. A factor of 1. 14 was selected because that is the reported

measured value for Dresden. (3) With the control rod design which uses rod

followers, the factor appears conservative. Since this peaking factor can

occur at the point of radial and axial flux peaking, it must be accounted for

fully in the whistle limit and in the pressure member wall temperature. A

significant portion of the intercontrol rod factor is felt on fuel cluster flow

unbalance.

The transient peaking factor is assumed to be 1. 10. It represents the

flux unbalance which can occur during control rod adjustments. This peaking

factor can coincide with radial and axial flux peaking, so it must be accounted

for fully in the whistle limit and pressure member wall temperature. Its

effect should not be significant in fuel cluster flow unbalance because of its

limited "sphere" of influence.

The overpower peaking factor arises from overshooting the rated power

level. It is limited, if for no other reason, by the turbine overspeed governor,

which trips out the reactor at that point. Obviously, it is added to other flux-

peaking factors. Because of its symmetrical nature, however, it does not

contribute to the fuel cluster flow unbalance.

The flux depression factor arises because of the lumped structure of

fuel element and the flux depression which occurs within it, Figure 3, and

because the corner channels are in a higher flux zone (due to their proximity

to the corner of the fuel element). A factor of about 1. 3 is calculated for

these effects. Since they appear in every fuel element, they are added to other
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flux-peaking factors for the whistle limit. They are seen as only partial

contributors to the pressure member wall temperature, since the maximum

fluxes occur in the outermost tubes which have the lowest coolant temperature

(being the inlet to each pass through the reactor). By recombining the flow

at the end of the downward pass, any temperature inequalities are cancelled

and a "bulk" temperature is presented to each of the upflow tubes. Since

the upflow tubes are in a region of lower flux, the pressure member wall

temperature is not subjected to the maximum flux in the reactor (as presently

designed). In the case of flow unbalance, this factor is felt only partially

because of (1) the recombined flow at the end of the downflow pass and (2)

the reduced flux distortion among the inner upflow tubes.

Two other factors influence the various limits applied to the fuel

element-the pressure member spacing and dimensional tolerance. Ideally

perhaps, the fuel element should be constructed with only that amount of

UO2 surrounding each tube which will lead to a uniform coolant-pressure

member heat flux of about 750, 000 Btu/(sq ft)(hr). While such a design may

be possible, it appears impractical with the proposed fabrication technique.

From the point of view of fuel cycle costs, it is desirable to space the tubes

in accordance with the power-generation pattern within the fuel to minimize

the volume of cladding. However, this will influence a number of other

factors (pressure drop, wall temperatures, etc.). Necessarily, pressure

member spacing is part of the optimization study required for the fuel ele-

ment design. In any case, it appears that the fuel element should be designed

with sufficient devices to space the pressure member tubes in such a manner

that the heat flux to each is approximately uniform. Then a part of the flux

depression factor of 1. 3 can be used to cover the variations in heat flux

which will be imposed on each pressure member due to dimensional tolerances.

Instrumentation

The normal nuclear safeguard, process monitoring, and turbine

protection instruments are provided for the necessary control and monitor

functions in a nuclear plant. These include such instruments as reactor flux

monitors, coolant activity monitors, building radiation monitors, liquid level
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indicators, pH meters, conductivity meters, and turbine overspeed trip

devices. In addition, special process instrumentation is necessary for the

control and protection of the reactor and the turbine plant. These instruments

(1) provide a balanced operation in terms of pressure, temperature, and flow

in the reactor and to the turbines; (2) maintain the variables within tolerable

load variations at the operating level; and (3) initiate automatic power setback

or reactor scram if the variation exceeds pre-established limits. The more

important equipment is as follows.

Flow Monitor

The plant primary flow is measured in the feedpump suction piping with

a low pressure, differential flowmeter. The measured value is the total reactor

flow, hence, the turbine throttle flow. The output signal from the meter is

transmitted to the turbine pump drive control, which in turn increases or

decreases the pump speed as required to maintain flow. Flow indications

exceeding or falling below preset limits causes an automatic reactor scram and

transfer to turbine bypass operation.

The spray attemperation lines for the second and third pass inlet headers

are taken from a point between the last stage of feedwater heating and the reactor

inlet. The lines allow a maximum of 5 per cent of design throttle flow to each

header. Flow is measured by differential pressure meters in each line, thereby

permitting the flow through each reactor pass to be determined in conjunction

with the total flow produced by the feedpump.

The radial power distribution in the reactor requires orifices in each

jumper (connecting line from header to fuel element cluster) to produce minimum

variation from the average enthalpy rise. The orifices are adjustable, although

adjustments cannot be made during the reactor operation. The orifices

principally provide coarse control of the enthalpy rise, and variations from

cluster to cluster are to be expected. Fine adjustment is made by the manipulation

of the control rods.
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Temperature Monitor

The bulk outlet temperature of each pass, as well as of the cluster, must

be maintained below a designated value to assure that pressure members,

piping components, and other equipment (including the turbine throttle), do

not exceed their design conditions. The temperature of each header is

monitored. The second and third pass outlet water temperature monitors

provide the sensing signal to the flow control valves of the spray attemperation

line. A high header temperature admits attemperation flow to the inlet side

header of the reactor pass. Continued high temperature less than 25 F above

the design temperature necessitates power setback for all tubes. Header

temperature exceeding 25 F above normal initiates an automatic reactor

scram.

The temperature-flow control problem in the SPPR differs in two

respects from those encountered in fossil-fueled supercritical plants. Power

level changes and power unbalances can be enacted much more rapidly in a

reactor, since the fuel-firing capacity and modes of unbalance (loss of a

firing unit) in a conventional plant are limited. On the other hand, the

circulation rate in the SPPR is so high (45 seconds from main feedpump to

turbine and 5 seconds from reactor inlet to reactor outlet) that temperature

changes are almost immediately detected.

While the reactor is normally under load-following control in the power

range, flux trimming (or temperature control on individual clusters) is performed

manually on an override basis. In effect, the operator has a visual display of

outlet temperatures from each fuel cluster, presented by green for proper

temperatures, yellow for low temperatures, and red for high temperatures.

In this manner, the operator readily can trim the reactor neutron flux. In-

core flux monitors are installed as adjuncts to the temperature system.

Pressure Monitor

A pressure-monitoring system protects the reactor, the turbine, and

the flow system components from pressures which exceed the design limits,

and from gross reactor or cluster coolant loss. Pressures exceeding or
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falling below the preset trip limits automatically scram the reactor.

Pressure pickup elements are provided in each jumper and header, and at

key locations throughout the flow systems.

Load Follower

The reactor plant must be capable of following normal variation in load

demands based on the requirements of the electrical distribution system.

Specifically, the load follower controls the reactor flow (that is, turbine

throttle flow) with a minimum of disturbances in the reactor temperatures

and in the turbine throttle temperature and pressure.

When a load change signal is given, the turbine control valves admit

greater steam (for power increase demands) or lesser steam for power

decrease demands) to the turbine. Simultaneously, control signals are

transmitted to the feedpump drive control and to the control rod programmer

to regulate the feedpump turbine speed and the over -all reactor power,

respectively.

Rupture Monitor

The SPPR design differs from most reactor concepts in the manner of

monitoring for fuel element failures because it is unlikely that fuel failures

will contaminate the primary coolant system. A pressure member failure

releases supercritical fluid to the fuel element proper, and, if a sufficiently

large leak develops, to the moderator system. A failure mechanism of this

type gives reasonable assurance that the primary system will not be contaminated

when fuel elements fail, but it does require a moderator system which is designed

to cope with gross contamination. Further, the conventional techniques of

monitoring for fuel failures do not apply or are very difficult to apply with any

assurance of proper response. Hence, what amounts to a moisture detection

system has been applied to each fuel element cluster. A continuous monitor

is provided for moisture content within each fuel element (combined in cluster

samples). When moisture is detected in the fuel element, the reactor is shut

down immediately, cooled off, and the offending cluster is discharged.
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Since the types and modes of failures of inverted cluster fuel elements

are unknown, the parameters to the design approach cannot be described.

The moisture detection line also is used as a vent for released fission

gases or volatile fission products formed in the fuel element. Provision for

their handling is included in the radioactive waste disposal facility.

Control Room

The principal station controls and readout display are in the central

control room on the second floor (26-foot level), Drawing SK-3-9849. The

control room panel boards are arranged by functional categories and include

sections for turbine, switchgear and generator, reactor, process, and

special controls. The main reactor controls, such as the manual control rod

override switches, are operated from the desk console. Relay racks for

electric, electropneumatic, and pneumatic devices are contained in racks next

to the wall which separates the control room from the process area.

Fuel Handling

The basic unit in the fuel handling operation is the cluster of seven fuel

elements, of which there are 85 in the reactor. All fuel is handled within the

reactor pool and, with the exception of the transverse conveyor, Drawing

SK-3-9851, all operations are performed from the operating level with an

auxiliary portable crane. As presently designed, the control element surrounding

each fuel cluster will be discharged with the cluster.

A new fuel element cluster, which is to be charged in the reactor, is lowered

into the transverse conveyor and inserted in the previously discharged control

element. The inlet and outlet cooling lines to the cluster are sealed to prevent

water entry during the transfer. The new cluster is placed under its lattice

position and raised into the reactor core where it is attached to the reactor grid

plate at the reactor top face. The cooling lines are attached to their respective

jumpers and the control mechanisms are assembled.
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To discharge an irradiated fuel element, the control rod is withdrawn

to its uppermost position and the coolant piping is disconnected. The

mechanism holding the fuel element cluster to the reactor grid plate is

removed and the cluster lowered into the transverse conveyor under the reactor.

The cluster is moved to a storage rack adjacent to the reactor for cooling.

The control element is left in the transverse carrier to receive the new fuel

element cluster.

The exact technique for discharging fuel elements depends to some

extent on the closure which joins the cluster piping to the permanent piping,

and on the technique for orificing the reactor. No acceptable proven fitting

is available for this type of service; thus, the reactor is designed conceptually

with all welded approach piping. On this basis, it will be necessary to cut

the approach piping immediately prior to discharge and to cap the permanent

piping temporarily. The coolant in the fuel elements of that cluster begins to

heat and boil, since very little heat is transferred to the moderator because

of the insulating properties of the calcium-stabilized zirconia. However, it

is anticipated that the percolation within the fuel element is all the cooling

required during discharge and subsequent storage.

Prior to charging a new cluster, the approach piping is frozen near the

distribution headers to prevent flow through the element during rewelding

operations. With an average of about 15 to 20 fuel clusters discharged per

year, this operation should not prove burdensome. If proven fittings become

available, the recharging operation will require less reactor face time for fuel

handling. The orifices required on the fuel clusters are installed before charg-

ing them. If further analysis indicates that the orifices need to be changed or

adjusted frequently, then a "Grayloc" type vessel nozzle with an adjustable

orifice may be welded on the approach piping at the end of the vertical rise from

each header. A metallic membrane can be fabricated in the nozzle to prevent

gross leakage during orifice adjustment. If desirable, the orifice can be used to

limit flow during the discharge operations.

The entire top face of the reactor is insulated with fill-type insulation

to facilitate top face operations. The insulation can be vacuumed from any

sector of the reactor which requires maintenance or handling of fuel.

Conventional pipe insulation is used several feet above the reactor face.
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Fuel elements to be shipped from the facility are loaded into the

shipping cask in the storage facility area and are transported by the main

building crane to a shipping truck which is brought into the containment

hemisphere.

Site and Plant Description

General Description

The plot plan for the SPPR, Drawing SK-3-9842, is similar to that

specified in the Cost Evaluation Handbook. The site is 1200 acres of grass-

covered, level terrain on the east bank of the North River, 35 miles north

of Middletown, the nearest large city. Highway access to the site consists

of an existing 15-mile secondary road to a state highway. Railroad access

is provided by construction of a 5-mile spur to the B & M railroad. A barge

landing is located at the site to facilitate water access.

The SPPR plant is centered on the site within a fenced area on the bank

of the North River. A 5. 3-acre area above the high-water mark is leveled

for the plant. The plant consists of one large reactor building, a river pumping

station, waste burial facilities, sewage treatment facilities, switchyard, barge

landing, parking lot, and guard house.

Containment Vessel

Virtually all major plant facilities are located within the single large

reactor building. This represents a substantial deviation from most reactor

plant designs, in which the reactor, turbine, administration, and other

miscellaneous facilities generally are in separate buildings. The centralized

layout of the SPPR plant is made possible primarily by the simplicity of the

concept. The equipment and systems can be fitted conveniently into one

containment vessel, which is designed to provide sufficient space to service

the turbine-generator units with a gantry crane.

The use of one large containment vessel to house the entire facility

minimizes piping runs and vessel penetrations for the reheat functions, and

eliminates supercritical pressure containment valves. Alternate containment
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schemes can be used as, for instance, a smaller, higher pressure vessel

with separate turbine building. The very low pressure buildup after complete

loss of the primary coolant while at power (taken as the maximum credible

incident), together with the aforementioned considerations, suggests a large,

low pressure containment system. The maximum credible incident would

result in a pressure of less than 3 psig, without the benefit of the vapor

suppression system which is included in the design.

Pressure suppression or controlled release was not considered for the

SPPR because the design parameters for such facilities with supercritical

fluids was not known, rather than because of any inherent feature associated

with the supercritical concept.

The reactor building has a 180-foot diameter hemispherical dome of a

geodesic design and is made of 3/16-inch steel mounted on a 22-foot high

cylindrical concrete wall. The entire structure is sealed to a concrete floor

slab, from which all major equipment is supported. The vessel is sealed to

withstand and contain internal pressures up to about 5 psig. Design of the

structure is based on the Puerto Rican BONUS reactor containment concept.

The layout of facilities within the reactor building is shown in Drawings

SK-3-9843, -9844, -9845, -9846, -9847, and -9848. Contamination and

radiation is controlled by housing all radioactive systems within a concrete-

walled room known as the process area. The design is such that any pressure

buildup within the process area is relieved through the reactor pool, thereby

scrubbing out radioactive materials. In addition, there is a water spray

system in the process area to help suppress any incident.

The top of the process area, at the +42-foot level, houses the turbine-

generator units. A 100-ton gantry crane is mounted at this level to service the

turbine-generator units and to move fuel element casks in and out.

On one side of the process area are located the reactor pool and inter-

connected storage basin. The reactor pool acts as reactor shielding, vapor

suppression, moderator storage, and cooling and shielding for charge-discharge

fuel movements. The fuel element storage basin and the fuel transfer facility

are interconnected to the reactor pool and utilize the same water.
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On the other side of the process area is the three-floor service area.

Shop, electrical equipment, and contamination control areas are on the

ground floor; the offices and eating areas are on the first floor (elevation

+12 feet); the control room and storage areas are on the second floor

(elevation +26 feet).

The reactor building normally is entered by air lock into the service

area. A second air lock is provided into a clean equipment area adjacent to

the service area. This latter air lock is large enough for a fork lift truck

or for fuel element movement. A freight door is provided adjacent to the

second air lock for truck movement of major pieces of equipment or fuel casks.

Waste Disposal

The radioactive waste disposal system, Drawing SK-3-9849, is designed

to control all solid, liquid, and gaseous radioactive, wastes of the SPPR.

Control methods include demineralization, filtration, concentration, decay,

semipermanent burial, and off-site disposal.

The waste disposal facility is unique in that virtually all of it is within

the reactor building-only the burial facilities are outside-in close proximity

to the waste sources, and therefore necessitates only three penetrations of

the containment vessel.

Nearly all disposal operations are accomplished remotely from the

waste control room. All valve and pump controls are located centrally

there, along with all monitoring instrumentation. The waste pumps and most

control valves are in one room to facilitate maintenance. The tanks are in

separately shielded vaults with access through removable concrete covers.

(1) Solid Waste Disposal

Solid wastes are stored either in the 10, 000-cubic foot solid waste

disposal pit or prepared for ocean burial. A baling machine is utilized

to reduce the size of compressible items. Small items for off-site

disposal are placed in 55-gallon drums, encapsuled in concrete, and

buried in the ocean by normal commercial means. Larger equipment

items are handled with methods dictated by the equipment size and

radiation level.
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(2) Liquid Waste Disposal

The liquid waste disposal system is designed to provide maximum

flexibility in disposing of these wastes. The system includes three

5000-gallon waste hold-up tanks which permit temporary storage and

sampling of liquids to determine the appropriate disposal method.

From these tanks, the liquid wastes may be (1) passed through a

filter and demineralizer, (2) sent to an evaporator for concentration

and storage in two 150, 000-gallon liquid waste burial tanks, (3)

discharged directly to the liquid waste burial tanks, or (4) discharged to

the river via the primary condenser water return line. In addition,

there are provisions for sending certain wastes directly to either the

waste filter-demineralizer system or the river. Provisions are

included to neutralize certain wastes before they are sent to the waste

hold-up tanks or other portions of the system.

Resins from the four condensate demineralizers are sluiced to the

resin regeneration system. There the mixed-bed resin is separated

hydraulically into the separate anion and cation resins, regenerated,

the fines removed, and remixed in the regenerated resin storage tank.

The regenerated resin can be either returned to the demineralizers or,

if the level is too high, transferred to the resin burial tanks. Normally,

the regenerated resin is held as replacement resin for the next batch of

spent resin from a demineralizer. The four condensate demineralizers

are large enough that any three of them can handle the full primary flow;

thus, one can be off the line for regeneration purposes at any time.

Resins from the moderator and waste demineralizers are expected

to accumulate more highly radioactive material than the condensate

resins. Therefore, these resins may be sluiced directly to the resin

burial tanks instead of being regenerated. The filter cake from the waste

filter is handled similarly.
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The resin burial tanks consist of two 20, 000-cubic foot, stainless

steel-lined tanks located underground at the waste burial facility.

The tanks are encapsuled in concrete. Facilities are provided to

return the sluicing liquid for reprocessing to either the filter-demin-

eralizer system or the waste hold-up tanks. Although the resin normally

remains in these tanks, provision is made to transfer the resin to

concrete-shielded containers for ocean burial by commercial means.

(3) Gaseous Waste Disposal

Gaseous wastes consist primarily of the fission gas products bled

continuously from the fuel elements to a collection header leading to

the waste gas compressor. The compressor discharges the gas at

25 psig through a surge tank to one of three decay tanks. After a

suitable delay (about 60 days) has reduced the radiation level to tolerable

limits, the gas is bled slowly to the exhaust ventilation system and out

the stack. This is done only when there are no temperature inversions

(approximately 50 per cent of the time), so that maximum air dilution

is achieved.

Miscellaneous Services

The service water system is shown in Drawing SK-3-9861. Service

water for process cooling, plant makeup, emergency fog spray, and internal

fire protection is supplied from a deepwell within the containment structure.

Three pumps, each rated at 2500 gpm and 240 feet of head, are available for

these services. Two of the pumps are driven electrically, one of which is

powered by the 480-volt emergency bus. The third pump is diesel driven.

The use of the different power source for driving the pumps is based on the

need to assure flow, particularly to the fog spray and fire protection systems,

during emergencies which lead to the loss of one or more power sources.

Normal service requirements are supplied adequately by two pumps.

Water from the deepwell is pumped directly to the process water system

for cooling such equipment as turbine hydrogen coolers, air compressors,

and aftercoolers. Direct supply also is provided to the moderator coolers.
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Pressure in the cooling side (deepwell water) is maintained above the

hot side (moderator) to prevent leakage of contaminants to the cooling side.

Effluent water is piped to the main condenser drain line and is discharged

to the river. If the service water side becomes contaminated by coincident

loss in pressure and cooler failure, the river drain automatically closes

to prevent river contamination and the reactor is scrammed.

The plant make-up water supplied from the deepwell is deionized in

mixed-bed demineralizers and stored in the 75, 000-gallon demineralized

water storage basin. Makeup to the condenser hotwell, to the reactor pool,

and to the chemical addition unit is pumped from the basin.

The plant domestic water supply is pumped from a separate deepwell

source. Separation of the domestic water system from the service supply

prevents contamination of the domestic supply in the event of service water

contamination.

The internal fire protection water is provided by the service water

deepwell pumps. External fire protection water is made available by a diesel-

driven pump located at the river pumphouse.

The filtered ventilation air for the containment vessel is supplied by

two fans with a combined capacity of 150, 000 scfm. Complete change of

air can be made in about 10 minutes. Ductwork directs the air movement

from the areas of least contamination to those of greatest contamination.

Air is maintained at negative pressure except in the administration area

and control room, which are maintained at atmospheric pressure. Two

exhaust fans remove the air from the containment vessel to the filter vault

and thence to a 200-foot ventilation stack. The vault contains prefilters,

absolute filters, and charcoal filters. During the summer, air to the control

room and the administration area is cooled by refrigeration. Ventilation air

to service area, turbine room, and controlled access process area is washed.

Electric heaters in the ductwork provide building heat in the winter.
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Compressed air for instruments is provided by two dual-control,

nonlubricated, carbon ring compressors, each rated at 120 scfm and 125

psig. The low pressure limits of the dual controls are set for 90 psig in one

unit and 75 psig in the second unit. The air system is complete with intake

filter -silencers, aftercoolers, separators, electrodryers and air receiver.

Service air is provided by two dual-control, oil-lubricated, piston-type

compressors, each rated at 150 psig; one unit has a capacity of 150 scfm

and the second or stand-by unit has a 100 scfm capacity. Each unit is provided

with intake filter-silencer, aftercooler, moisture separator, and oil pre-

filter. A common air receiver is used for both compressors. The breathing

air system is supplied from the service air system.

The plant auxiliary electrical system is shown in Drawing SK-3-9869.

The output power from the two generators are fed for export to two 20 kv/230

kv step-up transformers. Plant auxiliary power requirements are tapped

from the output side of each of the transformers, and the power is fed back

to the plant through two auxiliary step-down transformers. During startups

and emergencies, the high voltage side of the auxiliary transformers is

switched to accept power from the network distribution source. Two power

distribution systems to the plant are maintained between the 230-kv bus and

the 480-volt bus. Loads are distributed in such a manner that failure of

any electricalcomponent in one system allows plant operation to continue at

reduced loads.

The normal auxiliary power required at equilibrium operation for the

SPPR is approximately 12, 800 kw, which includes the 9930-kw shaft output

for the feedpump turbine. This power is significantly less than that required

in fossil-fueled plants, where the equipment for handling fuel, air, and gases

make up the largest block of power load demand.

The electrical motor horsepower requirements for the SPPR include

one start-up feedpump of 7000-hp rating, two condenser circulating water

pumps with 900-hp ratings, and all remaining motors at 200 hp each or less.

The feedpump motor voltage is 13. 8 kv, circulating water pumps are 4160

volts and all motors of less than 200-hp rating are connected to the 480-volt bus.
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The low voltage sides of the two 4160-volt/480-volt transformers

are split into two buses each, giving a total of four 480-volt buses. One of

these buses is connected to the automatic starting emergency diesel generator

rated at 650 kw. This emergency bus feeds one of each of the condensate,

booster, moderator, and deepwell pumps and an instrument air compressor.

When a low voltage signal is given, all equipment loads are dropped auto-

matically, although the booster pump output is maintained by flywheel. After

the emergency diesel generator has attained power to restore a 480-volt load to

the emergency bus, the connected equipment automatically is brought to

operation sequentially by time-delay relay actuations.

The power for equipment which cannot be interrupted even for a short

period is supplied from the 125-volt d-c bus system. During normal operation,

the station battery voltage is maintained and the d-c instruments operated from

static rectifiers. After loss of normal power and before the emergency diesel

generator can become effective, the d-c power is provided by the batteries.
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REACTOR PHYSICS

The inverted cluster-type fuel element was selected for the SPPR

after preliminary analyses of several fuel element types and configurations.

Selecting what appears an appropriate compromise among the several

competing factors of reactor design, reactor physics calculations are

restricted to the fuel element geometry shown on Drawing SK-3-9853 and

to the number of cells presently comprising the reactor. The physics

characteristics of several variant lattices are analyzed. Independent vari-

ables are enrichment, moderator-to-fuel volume ratio, and coolant conditions.

The effect of inserted control elements in each system also is determined.

The calculations and results described here pertain to reactor performance

at initial enrichment concentrations with the moderator and coolant at

conditions of expected power operation.

The SWAP three-group diffusion theory computer code for the

IBM-7090 is used for the bulk of the computations. All cell and reactor

configurations are specified in one-dimensional geometry (concentric

cylindrical annuli); perpendicular effects are supplied as axial bucklings.

The one-dimensional nature of the calculations requires that gross fuel

regions in the reactor core consist of homogeneous mixtures which dupli-

cate the effect of the detailed, uniform array of cells it represents. The

cell geometry is treated more directly by this annular substitution. The

material composition of each annular region is specified by macroscopic

neutron cross sections; these are dependent on isotopic composition,

density, neutron spectrum, and assumed energy group limits.

In reactor core calculation, the reactor core-is divided into three

annular regions of different coolant conditions. The first pass (approxi-

mately 217 cells) is cooled by light water with an average density of

0. 4 g/cc; the second (approximately 168 cells) and third (approximately

210 cells) passes have coolant at 0. 1 g/cc average density. The core is

surrounded radially by a reflector of light water 1. 0 foot thick. An

infinite reflector is assumed in the axial direction.
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Cell Calculations

Each reactor configuration analyzed is composed of cells of uniform

enrichment and lattice spacing. However, the three-pass flow system

through the reactor necessitates that the core be divided into three regions,

each having different coolant conditions. Results of cell calculations are

used to calculate the "homogenized" constants which represent these core

regions, and which depend on the fine structural flux in the cells. The group

fluxes in the cells are assumed to have zero gradients at the inner and

outer cell boundaries. The annular cell regions and their outside radii are

given in Table II.

TABLE II

CELL REGIONS FOR FLUX CALCULATIONS

Region Number
Outer Radius,

cm Material

1 0.97475 Fuel

2 1.03062 Hastelloy

3 1.18422 Water Coolant

4 1.23072 Hastelloy

5 2.02052 Fuel

6 2.07522 Hastelloy

7 2.23322 Water Coolant

8 2.28282 Hastelloy

9 3.08082 Fuel

10 3. 13 49 2 Hastelloy

11 3. 29372 Water Coolant

12 3.33882 Hastelloy

13 3.63272 Fuel

14 4. 61972 Zirconia

15 4. 69972 Zirconium

16 6.09972* Moderator

17 6.57597 Control Rod or
Zirconium Rod Follower

* The effective moderator annulus AR was varied.;
in this case, a OR of 1. 4 cm is shown.
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Cell Flux

The three-energy-group flux and power generation distribution for

a cell is shown in Figure 3. This particular cell has the coolant conditions

of the first pass through the reactor, an enrichment of 3. 0 w/o U2 3 5 , and

an effective moderator annulus AR of 1. 4 cm. A zirconium rod follower

occupies Region Number 17 (Table II). While the flux distributions of

Figure 3 are relative, the cell power distribution is normalized to a reactor

power of 698 Mw where the cell is assumed to be the center one and the

radial distribution passes through an axial average power.

The homogenized material parameters which are to represent this

cell type in the first coolant pass region are the volume- and flux-weighted

mean values of the individual regional parameters of the cell.

The power distribution in the cell also is shown in Figure 3. The

fuel near the surface of the element is about twice as "reactive" as the

fuel at the center, as would be predicted qualitatively from the thermal

neutron gradient within the cell. In the interests of better fuel utilization,

attention in future studies of this concept should be given to methods for

attaining a greater degree of internal moderation than that which presently

is provided by coolant at supercritical temperatures and pressures. This

problem is part of the remaining optimization study of the SPPR inverted

cluster fuel element.

The effect of fuel density on the kco was examined and is shown in

Figure 4. A 10 per cent increase in the density of an annulus of fuel, which

occupies 1.0 sq cm cross-sectional area at an average radius of 3.5 cm,

increases k, by 6. 85 mk. But the same density change in the same amount

of fuel at the element center increases k, by only 2.50 mk. The importance

of this curve rests in two factors: first, the potential variations in fuel

design which can be obtained by density methods; and second, the need to

design the SPPR fuel element in a manner which minimizes undesirable

density gradients.

* The effective moderator annulus is defined as the average cylindrical
water gap surrounding each fuel element and is approximately the gap
between the fuel element and control rod or follower.
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Infinite Multiplication Factor

A display of the infinite multiplication factors of each cell analyzed

in this study (first coolant pass conditions) is shown in Figure 5. Values

to the left of the peak of each curve reflect under-moderation where (1) the

resonance escape probability becomes greater, (2) the thermal utilization

becomes lower, and (3) the value of kc, reaches a peak and begins dropping.

Reactor Calculations

Reactor Flux Distribution

The infinite multiplication of a cell with first pass coolant conditions

is about 1. 0 mk greater than that of cells in the other two passes. Excepting

this difference, reactor calculations concerned uniformly loaded cores. A

typical normalized flux and power distribution is given in Figure 6. As in

Figure 1, the spectrum has a high epithermal-to-thermal ratio. The Westcott

"r" value is about 0. 18 at the outer edge of the fuel in cells which make up this

core. Return of neutrons to the system by the water reflector is manifest

in a radial reflector savings of about 10 cm.

The magnitude of fine structure is shown in Figure 6 at the center

cell position. A detailed cell of the inner coolant zone type is specified as

part of the reactor configuration for all reactor cases. It is included primarily

to provide a detailed local environment for each region of the cell at a con-

venient position in the core. This facilitates the calculation of the statistical

weight distributions which apply to a given cell region.

The power distribution for such a uniform loading is by no means

typical of the probable shape during operation of the SPPR. Increased enrich-

ment of outer core zones most probably would flatten the flux. An alternative

or auxiliary flattening scheme is to vary the moderator-to-fuel volume ratio

along the core radius or in annular zones-a system which can be incorporated

readily in a reactor with an unpressurized moderator and unrestricted reactor

core dimensions. This method would associate less moderator with cells in

the inner zones and more in the cells near the reflector. It is expected,

however, that a decrease in moderator density in any zone would decrease the

multiplication.

-70-



1I. 3 4.0 w/o U235

3.0 w/o U235

1.2 -

1. 1 - 2.0 w/o U235

-o

-o 1.2 -

C23

1.5 w/o U235

0.9 -

0.8
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Effective Moderator Annulus Thickness, cm

FIGURE 5

.0O

Lattice Infinite Multiplication o





-72-

1 0' I I I j ' -I I I ' i I | 1
180_

0
U

U)

120

C

- Fast

100

Epithermal

0

----. / Power

060

40 1
Thermal

20

0

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

Reactor Radius, cm

FIGURE 6

AEC+GE RICHLAND. WASH, Normalized Reactor Flux and Power Distribution

HW-68420

0 1

180 190





HW-68420

Effective Multiplication

Figure 7 presents the calculated values of k as a function of the

moderator-to-fuel volume ratios for several enrichments. The one-group

transport theory computer code, IDIOT, is used for calculations at enrich-

ments of 3.5 and 5.0 w/o U235. The values for enrichments of 1.5, 2.0,

3.0, and 4.0 w/o U235 are calculated using the SWAP code. An essential

difference between the two sets of calculations is the omission in the cells

treated by IDIOT of the zirconia of cell Region Number 14 and of the zir-

conium rod follower of Region Number 17 (Table II). Also, a fixed total

buckling is assumed in those IDIOT calculations where the SWAP results

reflect a changing reactor size as the amount of moderator changes. That

is, in the SWAP calculations, the total number of cells is preserved but

the cell sizes are changing with a variable moderator annulus thickness.

The peaks of the 3.5 and 5.0 w/o U235 curves would move toward a some-

what smaller moderator annulus if the additional scattering from zirconia

is present. The peak in the 3.0 w/o U235 curve is at a moderator-to-fuel

volume ratio of 2.0.

Perturbation calculations of SWAP predict an error of 25 mk for an

error of 10 per cent in the assumed epithermal absorption cross section

near the peaks of the keff curves. Because it is difficult to specify the

resonance effects in spectra of such "hardness", a possible error of 100 mk

should be accepted.

The shape of the multiplication curves with the relatively flat maxi-

mum permits fairly large dimensional variations within the lattice without

making significant changes in the effective multiplication. Dimensional

variations as large as 1/16 to 1/8 inch may be possible without adversely

affecting the engineering and physics considerations of the lattice.

Migration Area

Leakage from the reactor is reduced as the migration area becomes

smaller. A one-group, nonleakage probability may be written
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N = 2B2
BTot

where:

M2 = migration area, and

B Tot = total reactor geometric buckling.

In the SWAP calculations the reactor becomes larger as the moder-

ator annulus increases, and

24082
B2  _ =2.4048 Tot R'

where:

H = the extrapolated system height, cm; and

R = the extrapolated system radius, cm.

From the preceding equations and Figure 8, it is deduced that

increased moderation reduces leakage from the system.

Prompt Lifetime

As a measure of the nuclear hazard which may exist in the SPPR,

the prompt lifetime of neutrons is calculated and depicted in Figure 9.

The values compare favorably with those obtained for other slightly

enriched UO2 water-moderated reactors. The damping factor to nuclear

excursions, specifically the fuel temperature coefficient, probably will be

weaker in the SPPR because of the generally higher UO 2 temperatures of

the inverted cluster fuel element.

Doppler Fuel Temperature Effect

The values calculated for the fuel temperature effects shown in

Figure 10 are based on experimentally measured values of the change in

the resonance integral with fuel temperature change, as determined for a

light water-moderated, UO 2 fuel piece of approximately the same surface-
(4)to-mass ratio as the SPPR fuel piece. This information, when coupled

with SWAP perturbation calculations of the change in multiplication due to

change in the resonance cross reaction for absorption, yields the cold-to-hot
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fuel temperature allowance. The experimentally determined empirical

relation,

AZ (T) = -(1.76 f 0.08) + (0.099 0.005) '1TF,
where:

AE = the change in the resonance integral, and

T = temperature in degrees Kelvin,

was determined at 500 C. But the average value of 0F (T), between room

temperature and the power operation fuel temperature of 2000 C, is

expected to be one-half the value measured at 500 C. This latter state-

ment is assumed in Figure 10.

Reactor Control

Excess allowances of reactivity, which must be held in control rod

neutron absorption at initial startup, total about 225 mk. The separate

effects are listed below.

Item Excess Allowance, mk

Doppler Fuel Temperature 25

Equilibrium Xenon and
Samarium 35

Xenon Override 40

Fuel Burnup 115

Other Temperature Effects 10

TOTAL 225

Calculations with SWAP indicate that this control strength, plus a

safety margin for accidental shutdown of 100 mk, is met easily with the

rod system previously described. Figures 11 and 12 present the fully

inserted rod worth of AISI 304 SS and Hastelloy X systems. The hexago-

nally shaped "shroud" type control rods, which completely enclose each

cell have a wall thickness of 3/8 inch. The control rod worth is nearly

proportional to the rod thickness because the rods are gray.
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Miscellaneous Parasitic Absorption

By comparing the perturbation coefficients of regions in the detailed

cell at the reactor center position, some estimates of the poisoning worth

of structural components may be made. The reactivity effects listed below

are obtained by (1) normalization to the exact solution for the AISI 304 SS

control rod system (with zirconium follower), and (2) relation to the pertur-

bation coefficient of that rod residing in detail in the central cell. The

selection of an aluminum control rod follower is expected to reduce the

20-mk reactivity loss reported for the zirconium.

Material Estimated Worth, mk

All Hastelloy Tubes -80

Zirconium Rod Followers -20

Zirconia Insulation + 4.5

Zirconium Cladding - 1.0
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REACTOR ECONOMICS

The unit cost of producing power with the SPPR is determined to be

6. 56 mills/kwh, as shown in Table III. This economic evaluation is made

on the basis of criteria described in the Nuclear Power Plants Cost Evaluation

Handbook. (1) The SPPR is considered to produce 300 Mw(e) net power and

to operate with an 80 per cent plant operating factor at a 43 per cent net

thermal-to-electrical conversion efficiency. The uranium price schedule in

effect prior to July of 1961 is used in determining unit cost. On the basis

of the new schedule. the unit power cost will be reduced to 6. 09 mills/kwh.

This significantly lower power cost is achieved in two ways-high

thermal-to-electrical conversion efficiency and low capital cost. The high

efficiency of the supercritical steam cycle tends to offset an otherwise high

fuel cycle cost. Therefore, the SPPR has the advantage, common to most

nuclear plants, of potentially lower fuel costs than conventional power plants.

At the same time, the simplicity of the SPPR cycle and the absence of expensive

reactor core components makes capital costs only slightly higher than.those of

conventional power plants. Therefore, the SPPR maintains the cost advantages

of both nuclear and conventional power plants.

Capital Costs

A summation of capital costs is shown in Table IV and a detailed summary

of direct construction costs is included as Appendix J. Indirect cost percentages

are taken from the Cost Evaluation Handbook. The direct construction costs

are developed with standard techniques for preparing "scope" type estimates.

Where the scope of the study does not permit the detailing of a particular

facet of the design, rather generous allowances are made. Hence, additional

capital cost reductions are expected after preparation of a more detailed

design. For instance, the reactor building (containment structure) has as its

only precedent the Boiling Nuclear Superheat Reactor (BONUS) containment

structure. A recent cost estimate from the BONUS Reactor for construction

of the hemisphere, interior concrete, structural steel, and other components

is about 2 million dollars. A vessel of similar size for the SPPR (including

items comparable to the BONUS facility) is estimated at approximately double

the BONUS reactor costs, or 3. 9 million dollars.
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TABLE III

POWER COST SUMMARY

Annual Expense,
Dollars

Unit Cost,
Mills/kwh

Fixed Charges

Depreciating Capital @ 14. 3 Per Cent

Capital Cost Less Land

Nondepreciating Capital @ 12. 5 Per Cent

Land and Land Rights

Working Capital

Insurance

Total Fixed Charges

Operating Expense

Fuel Cycle

Operating and Maintenance

Total Operating Expense

Total Cost

7, 436, 000

45, 000

533, 000

273, 000

8, 287, 000

4, 591, 000

889, 000

5, 480, 000

13, 767, 000

3. 54

0.02

0.25

0. 13

3.95

2. 19

0. 42

2. 61

6. 56
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TABLE IV

CAPITAL COST SUMMARY

Account
Number

Direct Construction Cost

21 Structures and Improvements

22 Reactor Plant Equipment

23 Turbine-Generator Plant

24 Accessory Electrical Equipment

25 Miscellaneous Power Plant Equipment

Total

Indirect Construction Cost

General and Administrative @ 9. 2 Per Cent

Subtotal

Miscellaneous Construction @ 1. 0 Per Cent

Subtotal

Architect-Engineer Design and Inspection
Services @ 13. 9 Per Cent

Subtotal

Nuclear Engineering @ 10. 7 Per Cent

Subtotal

Start-Up Costs, 0. 35 x 889, 000

20 Land and Land Rights

Subtotal

Contingency @ 10 Per Cent

Subtotal

Interest During Construction @ 8. 1 Per Cent

Subtotal

Total Capital Cost

Capital Cost,
Dollar s

5, 076, 000

11, 900. 000

12, 480, 000

1, 350, 000

400, 000

31. 206, 000

2, 871, 000

34, 077, 000

341. 000

34, 418. 000

4, 784, 000

39. 202, 000

4, 195, 000

43:, 397, 000

311, 000

360. 000

44. 068, 000

4, 407, 000

48, 475, 000

3, 926, 000

52, 401. 000

52, 400, 000

-85-



HW -68420

This cost estimate is considered reliable because approximately 40

per cent of the total direct construction cost is comprised of majcr pieces of

equipment. Quotations were obtained from vendors in determining these costs,

Table V. It would take rather large errors in the remainder of the estimate

to affect substantially the over-all estimate. In fact, the direct construction

cost estimate would have to be low by 10. 5 million dollars to raise the SPPR

power cost by 1 mill/kwh. This relationship is shown in Figure 13. An

error of 56 per cent in the remainder of the estimate would be required to raise

the unit power cost 1 mill/kwh.

TABLE V

VENDOR QUOTATIONS ON MAJOR EQUIPMENT ITEMS

Item Quotation

Turbine-Generator and Accessories $9, 800, 000

Condenser, Circulating Pumps, Condensate 908; 000
Pumps, Air Removal Equipment, and Supports

Feedwater Heaters (Seven) 610, 000

Feedwater Pump, Turbine -Driven 560, 000

Feedwater Pump, Electrically Driven 190, 000

Moderator Heat Exchanger 131, 000

Moderator Cooler 70, 000

Deaerator 40, 000

Total Quoted Prices $12, 309, 000
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Effect of Direct Construction Cost on Power Cost

Perhaps the most significant facet of the SPPR capital cost is the

low cost per kilowatt of electrical output ($175). This is considerably

lower than that usually reported or predicted for other nuclear plants,

and compares favorably with many fossil-fueled plants. Moreover, this

cost probably can be reduced further by detailed design efforts, increased

plant size, or both.

For example, there appears to be the potential for approximately

a 3 million dollar reduction in the direct costs of Structures and Improve-

ments and Reactor Plant Equipment. This would reduce the costs to

$159 per kw, or very nearly that of the Breed fossil-fueled supercritical

* The Breed plant, located near Terre Haute, Indiana, is operated by
the Indiana and Michigan Electric Power Company.

AEC-GE RICHLAND. WASM
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plant which has a reported cost of $145 per kw. The unequal sizes (the Breed

plant is a 500-Mw(e) unit) can account for the remainder of the difference.

The Breed plant, as well as other supercritical power plants, has a

similar steam cycle and nearly identical equipment as the SPPR (except for

the size, of course). The basic difference between the two plants is that the

Breed plant requires a steam generator and coal- and ash-handling systems,

while the SPPR requires a reactor and radiation- and contamination-control

systems. The steam generator for the Breed plant costs 10 to 12 million

dollars or about $22 per kw (estimated at $24 per kw for a 300-Mw(e) plant).

By comparison, if half the cost of the reactor building (for the nuclear features),

and the full cost of the radioactive waste treatment facilities, reactor vessel,

control rods and drives, moderator system, and fuel-handling system are

added together, the total is 4. 4 million dollars or $14. 70 per kw. In other words,

the difference between the SPPR and the Breed plant amounts to at least $9 per

kw advantage for the SPPR and indicates that capital costs of $150 per kw can

be achieved. The reason for the higher cost of $175 per kw obviously results

from a high direct cost estimate for the SPPR, higher indirect costs, or a

combination of both. In any case, the SPPR capital cost does not appear low.

The capital costs obtained for the SPPR also can be justified on the basis

of other nuclear plant costs. A single low pressure containment vessel (in the

SPPR size) should be cheaper than separate buildings with a high pressure

containment structure. There are no steam generator and related secondary

coolant facilities of indirect cycle plants. There is no reactor vessel and

conventional shielding. No reflector system is required. Even the supercritical

turbine-generator unit is somewhat less expensive than lower pressure units

because a small(er) volume of steam is handled. In short, the capital investment

in SPPR should be less because of the inherent simplicity of the concept.

Depreciating Capital Charges

These charges are calculated at 14. 3 per cent per annum on all capital

costs, with the exception of land and land rights, as recommended in the Cost

Evaluation Handbook. Depreciating capital charges for the SPPR amount to

3. 54 mills/kwh.
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Nondepreciating Capital Charges

These charges are calculated at 12. 5 per cent per annum on the cost
of land and land rights and working capital. The amount of working capital

required was determined in accordance with the Cost Evaluation Handbook,

and the calculation is shown in Table VI. Total nondepreciating capital charges

amount to 0. 28 mill/kwh.

TABLE VI

WORKING CAPITAL

Annual Expense,
Dollars

Annual Operating Expense @ 2. 7 Per Cent

Fuel Cycle Cost @ $4, 591, 000 124, 000

Operating and Maintenance Cost @ $889, 000 24, 000

Core Fabrication Cost @ 60 Per Cent (0. 6 x 35.5 x 103 x 190. 28) 4, 053, 000

Maintenance Materials and Operating Supplies
@ 25 Per Cent (0. 25 x 264, 000) 66, 000

Total Working Capital 4, 267, 000

Insurance Charges

Insurance costs for the SPPR are determined from the rates specified

in the Cost Evaluation Handbook. Specifically, nuclear liability insurance

coverage is equivalent to $150 times the maximum thermal power level in

kilowatts, subject to a maximum requirement of 60 million dollars. By

these criteria, the SPPR would require maximum coverage at an annual

premium of $260, 000. In addition, government indemnification is required

at an annual rate of $30 per Mw(t) or $20, 940 for the SPPR. The total annual

SPPR insurance cost, therefore, is $280, 940 or 0. 134 mill/kwh.
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Fuel Cycle Costs

Fuel cycle costs for the SPPR are optimized through a program utilizing

the computer codes described in Appendix L. The optimum case is not realized

fully, but extrapolation of the data indicates that the fuel cycle cost could be

lowered approximately 0. 3 mill/kwh from the quoted value of 2. 186 mills/kwh,

and that the new uranium price schedule again would lower it approximately

0. 40 to 0. 45 mill/kwh.

The case which is nearest the optimum (30, 771 MWD/MT versus

40, 000 MWD/MT), as determined by computer codes, gives fuel cycle costs of

2. 132 mills/kwh. Calculation of this case, in accordance with the Cost Evaluation

Handbook and based on a net thermal efficiency of the SPPR of 43. 0 per cent

(the computer runs used 41. 2 per cent, as based on early estimates of cycle

efficiency), resulted in a fuel cost of 2. 186 mills/kwh. The computation is showA

in Appendix K and is summarized below.

Mills/kwh

Conversion and Fabrication 0. 554

Burnup 1.386

Separation 0.085

Conversion 0. 050

Shipping 0. 062

Use 0. 296

Plutonium Production (Gross) 0. 247 (Credit)

Total 2. 186

The selected fuel cycle utilizes uranium which is enriched initially

to 4. 08 per cent and irradiated to exposures of 30, 771 MWD/MT. The final

concentration is 1. 27 per cent; 6. 8 grams of plutonium are produced per kg

of uranium discharged. A semigraded cycle discharges one sixth of the core

at a time. Three discharge batches are accumulated for shipment to the

separations plant.
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About two thirds of the fuel cycle cost results from burn-up charges

and about one fourth of it from fuel element conversion and fabrication.

Burn-up charges can be reduced by three techniques.

(1) The uranium price schedule may be lowered.

(2) Other charges which comprise the fuel cycle cost (especially the fuel

element fabrication cost) may be decreased so that minimized fuel

costs will occur at lower exposures, thereby requiring less enrichment.

(3) Fuel element components may be used which have lower neutron

absorption cross sections, again requiring less enrichment. In

particular, if Hastelloy X could be replaced by a material with a cross

section similar to the niobium or zirconium alloys, a significant portion

of the 80 mk invested in the Hastelloy X tubes could be reclaimed. As

shown in Figure 24, the fuel cost could be reduced by 0. 4 to 0. 5 mill/kwh

(based on the pre-July, 1961, uranium price schedule).

The second major contributor to the fuel cycle cost, fuel element conversion

and fabrication, is influenced primarily by the cost of the fuel element. Each

fuel element is estimated to cost $9000 to fabricate, as delineated below.

Tubing Bundle (Procured from Vendor) $2, 000

ZrO2 Insulation 250

Zirconium Sheathing 750

Fabrication 3, 500

Cluster Fabrication (Per Fuel Element) 1, 000

Contingency 1, 500

Total $9, 000

The cost per pound of jacketed uranium is about $70.

The costs of the individual components for the fuel element were obtained

in the form of quotations from vendors or from known material costs. Vendor

quotations were solicited for the tubing bundle in quantities of several and of

1000 pieces, fully inspected and pressure tested. The quotations for small

quantities are about $2000 each; for large quantities, they are less than $1500 each.
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The more conservative cost of $2000 was utilized in estimating total fabrication

cost. The fabrication cost of $3500 per fuel element amounts to approximately

400 hours of manpower. In arriving at this value, each operation in fuel

fabrication was listed and appropriate manpower requirements assigned.

From consideration of the factors discussed above, it is concluded that

a SPPR fuel cycle cost may be attained that is as much as 1 mill/kwh less

than the 2. 19 mills/kwh cost quoted above.

Operating and Maintenance Costs

Annual expense for operating and maintaining the SPPR is estimated at

$889, 000, or 0. 42 mill/kwh. A breakdown is shown in Table VII. This cost is

based entirely on the figure specified in the Cost Evaluation Handbook, for

300-Mw(e) reactors.

TABLE VII

ANNUAL OPERATING AND MAINTENANCE EXPENSE

Number of
Personnel
Required

Plant Management 4

Technical Staff 6

Operating Staff 36

Maintenance Staff 13

Subtotal for Labor 59

Fringe Benefits and Payroll Burden
@ 20 Per Cent

Subtotal for Labor and Payroil Burden

Materials and Supplies

Subtotal for Labor, Materials, and
Supplies

General and Administrative @ 14 Per Cent

Total Annual Operating and Maintenance
Expense

Annual Expense,
Dollars

37, 000

44, 600

261, 200

87, 200

430, 000

86, 000

516,000

264, 000

780, 000

109, 000

Unit Cost,
Mill/kwh

0. 0176

0. 0212

0. 124

0.0415

0. 204

0. 041

0. 2 45

0. 1 26

0. 371

0. 052

889, 000
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Assuming that different operating and maintenance philosophies of

the utilities are normalized, it is reasonable to expect operating and

maintenance costs to be influenced principally by two factors-the complexity

and the size of the plant. The SPPR operating and maintenance costs should

be lower than other nuclear concepts because of fewer systems, equipment,

controls, and the centralized arrangement. The high thermal efficiency

substantially reduces thermal ratings, which also should reduce costs.

However, no credit for these conditions is taken in the calculations.

A lower cost than that specified in the Cost Evaluation Handbook does not

seem justified, since no nuclear plants and few conventional plants have

achieved a figure of 0. 42 mill/kwh.
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DEVELOPMENT PROBLEMS AND DESIGN STUDIES

All new reactor concepts require the solution of numerous develop-

ment problems and design studies before the reactor can be constructed

and operated successfully. In the SPPR, the various problems arise

primarily because of the temperatures and pressures involved. The more

prominent development problems and design studies for the SPPR are

delineated here. It appears that all of them can be resolved successfully

in an orderly manner within the five-year period prescribed as a ground

rule for this study.

Reactor Components

Fuel Element

The SPPR concept depends primarily on the successful fabrication

and long-term irradiation of the inverted cluster fuel element. Facets of

the fuel element design which must be resolved are as follows.

(1) Materials Development

The availability of a satisfactory pressure-bearing member is

fundamental, This implies that strength properties of the pressure-

bearing member should not be significantly less than that of unirradi-

ated Hastelloy X, Figure 16. Further, the properties of the material,

primarily stress-rupture strength, ductility, and corrosion resistance,

should not change significantly during long-term irradiation. No

material with proven properties for SPPR conditions is presently

available. However, a substantial program of high temperature

irradiation testing, including that of Hastelloy X, is in progress at

Hanford( ) and other sites.

(2) Materials Compatibility

The compatibility of UO2 and the pressure-bearing member at

1 200 to 1 400 F for extended irradiation times is fundamental to the

success of the fuel element. Data reported for nickel-base alloys

at interface temperatures of 2000 F show these materials to be

compatible with UO2-(6)
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Similarly, the compatibility of the insulating material and the

UO2 at 2500 to 3500 F for extended irradiation times is fundamental

to the success of the fuel element. In addition, the insulating mate-

rial should retain its resistance to heat flow during the irradiation

period. It is possible that a diffusion barrier will be required to

limit the solid state diffusion of ZrO2 and UO2 during irradiation.

(3) Fuel Element Fabrication

Based on vendor response, there seems no reason why the

pressure-bearing member cannot be fabricated satisfactorily. One

vendor suggested the nicrobraze furnace process for fabrication of

the tubing bundle, resulting in only two pressure welds in the entire

assembly. The ZrO2 , CaO-stabilized insulating material, can be

fabricated as required. As discussed in Appendix D, the vibratory

compaction technique for placing the UO2 fuel has received consider-

able attention of Hanford and appears to meet satisfactorily the needs

of the fabrication process. Densities of about 90 to 92 per cent are

anticipated for this fabrication technique in the SPPR-type geometry.

Heat Transfer and Fluid Flow

The reliability of pressure drop and heat transfer data under super-

critical conditions directly influences basic analyses of fuel element opti-

mization, flow distribution, coolant temperature unbalances, pressure

member stresses, and transient behavior of pressure, temperature, and

flow. Data available are sufficient for a conceptual study, but uncertainties

remain which impede more detailed consideration.

Specifically, two areas can be considered major problems which

require experimental investigation--"whistle" phenomena and pressure drop

characteristics. While general information relating to the causes and

effect of whistle have been established, (18) a more detailed study to define

quantitatively the influences of pressure, temperature, flow rate, heat flux,

and geometry is necessary. Studies of pressure drop show that coolant flow

and temperature unbalances, pressure losses, and fuel element stress levels

are influenced strongly by assumed friction factors and physical properties.
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Piping

As presently conceived, all high pressure piping in the SPPR is

welded; that is, no high pressure fittings or flanges are used. Fuel ele-

ments are discharged by cutting the inlet and outlet piping to each fuel

cluster in the vertical run of pipe above the fuel element. The new (or

relocated) fuel element is rewelded to the permanent piping.

While only 15 to 20 fuel clusters are discharged each year, it is

desirable to have a readily detachable flange or seal to avoid the cutting

and rewelding operations on the top face of the reactor. Since neither of

these items are used in fossil-fueled supercritical pressure power plants,

they are a development problem. Vendor inquiries disclose one seal

(Resistoflex), Figures 14 and 15, which appears applicable to the SPPR

and which has undergone several thousand pressure cycles at supercritical

pressure conditions and temperatures of 400 to 500 F. The gasket mate-

rial is metallic. For SPPR use, one end of the seal may be welded

permanently to the vertical inlet and outlet pipes to the clusters. The

other end can be welded to the fuel element pipes and then cut off for reuse

prior to shipping the irradiated fuel from the facility. Successful testing of

a seal for this application could simplify the fuel-handling and orifice-

changing operations. Another one designed for supercritical pressures

and temperatures is a Grayloc seal. However, testing information is not

available on it.

Fuel Element Failure and Failure Detection

The mode of failure of a pressure-bearing member within the fuel

element, its influence on adjacent members, fuel elements, and control

rod operation is significant in reactor operation and safeguards analysis.

The results of failure tests could have significant influence on the reactor

design.; hence, their effects must be established.

Moreover, the effect of a fuel element failure should be minimized

after it is initiated. Since the supercritical fluid "leaks" into the UO 2 after

pressure member failure, moisture detection appears promising as an early

failure warning detection device. The detection system for the SPPR
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presupposes that rapid detection of small water leaks in the pressure mem-

bers can be made routinely prior to gross failure of the fuel element. While

the supercritical concept does not hinge on the success of this premise, a

satisfactory detection device would result in improved operating efficiency.

Design Analysis

Fuel Element Optimization

Since so many variables in the fuel element design are interdependent,

it has not been possible to optimize fully the design. The values reported for

such factors as fuel costs, pressure drops, pressure member thicknesses,

pressure member spacing have only been worked out far enough to ensure

the feasibility of the design. Significant improvement in fuel element design

and fuel costs are anticipated when the interplay of the following factors are

considered as a unity, and as a function of fuel, pumping, and equipment

costs: fuel element pressure; fuel element pressure drop; pressure member

wall thickness; pressure member diameter; power density; pressure spacing;

pressure member spacing; and fuel element heat loss.

Flow Analysis

Each flow pass through the SPPR contains several thousand parallel

flow paths. This is little different from the large pressure tube reactors

(such as the Hanford production reactors), but the significant change in

density which occurs in the SPPR (a factor of about ten from reactor i.nlet

to turbine throttle valve) accentuates the problem. The hottest channel,

which needs the greatest flow, contains the fluid with the lowest density and

hence has high pressure drop and high outlet temperature. No unstable flow

condition appears to occur with the fixed pressure drop through each

7-element cluster, but analyses are needed to ensure that tube wall tempera-

tures are within allowable stress values for each pressure member configura-

tion and reactor operating condition.

Transient Analysis

The general method of starting up and shutting down the SPPR and the

operation of it under the more common transient conditions are described in

Appendix F. A more detailed analysis of the temperature and pressure
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transients which occur in the piping, equipment, and fuel elements should

be made to ascertain that the controls can respond properly within required

limits.

Temperature Monitoring and Zone Control Analysis

The SPPR has three zones in which the outlet temperature is control-

led: the first pass at 805 F, the second and third passes at 1050 F. For

turbine operation, the temperatures must be controlled to within about

25 F of the design value. The three-zone feature, coupled with the need to

avoid severe over-temperature conditions within the fuel clusters and at

the turbine, may pose a difficult control problem. Minor temperature

variations can be corrected by attemperation at the inlet to the second and

third passes. An analog study of the effect of various disturbances promul-

gated by the reactor control system or flow systems is necessary,

Stress Analysis

In any high temperature and high pressure facility, the thermal

stress and expansion problems in the various members are important.

Expansion of the pressure members (in the fuel elements), operating at

different temperatures, requires thorough analysis. Similarly, detailed

stress calculations of the header collection and distribution systems within

each fuel element and cluster are needed.

Reactor Physics

Lattice Spacing

Two basic design variables are involved in the optimization of the

lattice geometry: the moderator-to-fuel volume ratio, and the hetero-

geneity or coarseness of the lattice. The primary problems are (1)

reactivity change during startup (or cold water injection), (2) Doppler

(prompt) temperature coefficient of the fuel, (3) fuel cycle economics, and

(4) flux-peaking factors.

Because of the separation of coolant and moderator systems, the

SPPR is unlike reactors with the conventional pressurized water systems.

The SPPR lattice is inherently more heterogeneous than is customary for
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pressurized water or boiling water reactors.; therefore, it may have maxi-

mum reactivity at a lower moderator-to-fuel volume ratio. The coolant

system, with its potentially large density changes, no longer provides an

effective negative reactivity coefficient to limit power excursions; hence,

greater reliance must be placed on the Doppler effect. However, the

Doppler effect tends to be smaller than usual due to the reduced surface-

to-mass ratio of the fuel. To compensate for it, the moderator-to-fuel

ratio may be reduced below the peak-reactivity value, although the reduc-

tion is limited by several factors. First, the moderator "thinness" is

limited to the point where distortions or dimensional tolerances in the fuel

elenients or control rods produce asymmetry in the moderator adjacent to

the fuel surface, resulting in significant changes in local keff. Second,

reduction of moderator-to-fuel volume ratio also increases the start-up

reactivity transient and the cold water hazard, although this difficulty is

much less serious than in the usual PWR designs. A third limiting factor is

the loss of control element worth. Fuel cycle economics represent a

fourth limit, and they in turn depend strongly on such factors as the capture-

to-fission ratio (alpha) of U 2 3 5 . With the comparatively high fuel fabrication

cost for the SPPR, the optimum fuel cycle tends to be one of relatively high

exposure, and the economic optimum may well occur at a moderator-to-

fuel ratio lower than that determined by some of the other limiting factors.

The determination of the optimum lattice spacing for the SPPR design

is, therefore, a balance among considerations of fuel stability, heat transfer,

fuel cycle economics, and the afore-mentioned lattice problems.

Thorium Fuel

A significant variation in the basic design of the SPPR is the thorium

fuel cycle. It is more efficient than the uranium-plutonium cycle of highly

undermoderated lattices, and may offer improved fuel cycle economics,

reduced sensitivity to distortion or misalignment of fuel, and greater reactor

safeguards. The control problem may limit the use of thorium fuel, partiicu-

larly at high specific power, when the protactinium transient is most severe.
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Internal Moderation

An alternative fuel design, which may have desirable engineering

and physics characteristics, is one in which all or part of the moderator is

inside the fuel element. This gives improved flexibility in adjustments of

the fuel surface-to-mass and the moderator-to-fuel ratios. Insulated water

channels within the fuel provide perhaps the most effective internal modera-

tion. Alternatively scattering diluents such as beryllia or magnesia may

be used in the U0 2 fuel to improve the fuel temperature coefficient without

requiring significant geometry changes.

Plutonium Buildup

In most light water-moderated reactors, control rods produce local

depressions of thermal neutron flux which inhibit the burnout of plutonium

more than the production of plutonium. Thus, if a rod is left in an inserted

position for a long time, its withdrawal leaves a plutonium-enriched fuel

region exposed to the ambient thermal flux, and power peaking results.

Frequent control shuffling and partial reliance on uniformly distributed

poisons remedy the problem. Their effect on SPPR operation should be

investigated.
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APPENDIX A

POWER CYCLE CONSIDERATIONS

Throttle Pressure and Temperature

The supercritical pressure central station has achieved a prominent

status in the power industry, as exemplified by the number of plants built

in recent years and by those that are planned in the future by the various

utilities. The first two plants, Philo Number 6 and Eddystone Number 1,

were designed for initial throttle conditions of 4500 psig at 1150 F and of

5000 psig at 1150 F, respectively. These plants demonstrated the technical

feasibility of operation at the afore-mentioned conditions. However, they

showed also that the present cost of materials does not make operation in

the 4500 to 5000 psig pressure range and at a temperature of 1150 F

economically feasible. As a result, subsequent plants have "standardized"

at 3500 psig and about 1050 F.

Early in the SPPR study, utilization of the technically proven condi-

tions of the Philo Number 6 and Eddystone Number 1 plants was considered,

since reactor concepts with high power densities and compact equipment

arrangements could reduce the high cost of materials. General studies

of throttle pressure effect indicated that thermal efficiency gains are not

particularly significant above 3500 psig. Hence, a throttle pressure of

3500 psig was selected. Simultaneously, studies of reactor fuel element

heat transfer, reactor neutron flux-peaking characteristics, and pressure

member stresses indicated that an average steam temperature of 1050 F

was reasonable. From these considerations, the SPPR throttle conditions

are established at 3500 psig and 1050 F.

Reheat

Moisture removal by reheat or by mechanical means is necessary

to reduce turbine blade erosion and is desirable in decreasing the cycle

heat rate. Thermodynamically, the first and second reheats are worth

4. 5 to 5 and 2 per cent in net heat rates, respectively.
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Evaluation of the cycle established that reheat cannot be achieved by

direct in-reactor heating of the exhaust steam because of the high specific

volume of the media to be heated and the attendant high pressure loss. How-

ever, a regenerative type of method appears feasible for transferring heat

from the supercritical fluid to the exhaust steam and for returning the

relatively low volume supercritical fluid to the reactor for additional heat-

ing. No significant control problems are envisioned.

The regenerative heat exchange process requires a reheat temperature

less than the "hot" or supercritical pressure side temperature of 1050 F; hence,

resulting in the selection of 1000 F for the reheat temperatures.

A heat exchanger system with stainless steel tubes, for reheating the

exhaust steam to 1000 F, is estimated at about $650, 000. The worth of 1 per

cent in heat rate efficiency is about $250, 000 in direct construction cost.

Thus, gains of 6. 5 to 7 per cent in heat rate efficiency at a cost of $650, 000

are adequately justified.; therefore, double reheats to 1000 F are included in

the SPPR cycle.

Moderator Heat Generation

Approximately 6 per cent of the reactor thermal power is removed by

the moderator. This represents the heat transferred from the fuel element

through the outer Zircaloy shell and generated by neutron and gamma heating

in the moderator and control elements. Although the shell is lined inside

with zirconium dioxide, which has a relatively low thermal conductivity of

3. 6 Btu/(hr)(sq ft)(*F/in.), the large shell surface exposed to the moderator

permits the transfer of about 19 Mw of heat (under equilibrium conditions).

In boiling water and pressurized water reactor concepts, the

moderator and the coolant are the same fluid and require a single-flow

system. Thus, heat generated in the moderator is utilized fully and can be

passed directly to the turbine (or steam generator). The SPPR concept,

on the other hand, is based on the pressure tube type of fuel elements in which

the coolant operates at supercritical pressure conditions and the moderator is

unpressurized. Therefore, two separate flow systems are required, The

possible use of a pressure vessel to permit a single moderator and coolant

flow system is discussed in Appendix B.
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The moderator system should be an unpressurized unit to avoid

certain inherent complexities in the design. One criterion is that any

local moderator temperature be less than 200 F. This temperature limit

requires a moderator flow rate of some 3800 gpm with an average outlet

fluid temperature of about 165 F. The moderator heat loss is conserved

by heating the feedwater in the first stages of the heating cycle.

The possibility of directly introducing the moderator into the feed-

water system was studied. In this type of a system, special piping and a

reactor flow back-up system prevent contamination of the feedwater system

when a fuel element fails. Also, the moderator flow is greater than the

normal condensate or feedwater flow at those stages which could utilize

the low temperature moderator. Thus, a certain amount of the moderator

heat must be rejected. Possible feedwater contamination and probable

incomplete heat utilization led to the selection of a regenerative heat

exchanger system which maintains distinct moderator and feedwater flow

systems.

The regenerative heat exchanger system utilizes about 60 per cent

of the moderator heat for feedwater heating. If the heat transferred to the

moderator from the fuel element is reduced to 5 Mw, about 95 per cent of

the total heat in the moderator can be utilized. The presently reported

net plant efficiency of 43.0 per cent can be increased to 43. 8 per cent.

Several methods may accomplish it, such as increase of insulation thickness,

reduction of outer surface UO2 temperatures, and internal moderation to

decrease the heat transfer surface. Another means of improving the heat

rejection rate from the cycle is through higher moderator temperatures.

This approach requires some degree of moderator system pressurization.

Whether this method can be justified economically requires detailed studies

of the cost of pressurizing the system, the cycle heat balance, and related

matters.

Turbine-Generators

Several turbine cycles were examined for the basic requirements

of 3515 psia and 1050 FTT with double reheats to 1000 F. The following

heat rate and cost data are assembled for the more promising machines.
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Relative Heat Rate
at 1.5 Inches Cost,

Type of Mercury Absolute Dollars

CC 4F-29 1.0235 9, 280, 000

CC 6F-26 1.0217 9,540,000

CC 2F-38 1.0193 9,130,000

CC 2F-43 1.0127 9,760,000

Relating the dollar worth of 1 per cent in heat rate efficiency and the initial

cost of the machine, the CC 2F-38 unit gives the highest economic return

and therefore is chosen for the SPPR.

Feedwater Heaters

A major problem in the existing supercritical pressure central

stations is the copper carry-over from the feedwater system, which leads

to copper deposits on the turbine blades. The carry-over generally is

attributed to copper-containing tubes, such as 90:10 cupro-nickel and

Monel, in the feedwater heaters.

Independent of this problem, the use of carbon steel tubes in feed-

water heaters is becoming increasingly popular for economic reasons.

This economic advantage of carbon steel heater tubes holds even at high

pressures and temperatures, in spite of the thicker tube walls and larger

surface areas that are required in the carbon steel design. The disadvan-

tage of carbon steel is the need for a corrosion-free atmosphere. This

problem does not appear particularly difficult from the standpoint of

operation and maintenance.

With this in mind, it appears that carbon steel provides significant

advantages for the SPPR concept. Accordingly, all feedwater heater tubes

and low pressure heat exchanger tubes call for ASTM-A179 or ASTM-A210.

Feed pumps

The feedwater pumping station for the SPPR plant consists of a full-

capacity, turbine-driven pump; a one-half capacity, electrically driven

pump; and three one-half capacity, electric booster pumps. The station is

between the deaerator storage tank and feedwater heater Number 6 (fourth

from the last heating stage). The main feedpumps are capable of producing
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11, 200 feet of head and are multistage, high shaft speed, horizontal units.

The booster pumps produce 250 feet of head and feed the suction side of

the main feedpumps. The booster pumps provide the required NPSH for the

high speed pumps, regardless of the load on the deaerator.

Initial phases of the study placed the deaerator at a height sufficiently

above the feedpump suction to provide the necessary NPSH statically. It

was believed that single-stage pumping would be more economical than a

split- or two-stage pumping arrangement, even though the last four stages of

feedwater heaters had a design pressure of 4750 psig. Subsequently, new

information on the feedpumps showed that the high shaft speed is desirable,

thereby necessitating a higher NPSH than was contemplated originally.

Additionally, arrangement of the equipment required that the deaerator or

any potentially "hot" equipment be confined below the 42-foot turbine floor

level. Thus, dynamic means of assuring the NPSH on the feedpump became

necessary, and booster pumps were added between the deaerator and the

feedpumps.

The most economical arrangement of the two-stage pumping system

is not investigated in this study. Conceivably, the main feedpumps could

be located downstream of some of the present high pressure heaters, thereby

reducing the capital expenses of the feedwater system. An optimization study

requires complete information on such items as pump characteristics and

cost for different output capabilities and heater costs as a function of pressure.

This information could not be developed readily.

The high head developed by the feedpumps indicates pump shaft speeds

up to 7500 rpm. The speed and the large shaft horsepower for the pump

suggest that there is considerable advantage in utilizing a turbine drive for

the feedpump. For high speeds, the usual turbine is noncondensing with

extraction and exhaust steam from the feedpump turbine being used to heat

the low pressure feedwater. The SPPR cycle utilizes moderator regenerative

heating for this stage of feedwater heating, hence, extraction from the pump

turbine cannot be used and a condensing feedpump turbine is stipulated. The

shaft speed of a condensing turbine unit is generally less than that of a non-

condensing type because of the large volume and high moisture content of
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the exhaust steam in the condensing unit. Current information indicates

a feasible maximum turbine speed of 4100 rpm, and this speed has been

selected for the turbine-driven feedpump.

The condensing turbine with speed step-up gear attains maximum

pump speed of 7500 rpm. However, the savings in the pump costs at higher

speeds are offset by the added cost of the step-up equipment and the controls,

and by additional maintenance.
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APPENDIX B

PRESSURE MEMBER CONSIDERATIONS

Because the primary coolant was limited to water, the choice of a

pressure member to contain the supercritical fluid is limited to a pressure

vessel of some type or to a pressure tube. The latter could either contain

the fuel elements or be contained in the fuel elements, as in the case of an

inverted cluster fuel element.

For a pressure vessel, contacts were made with several vessel

fabricators to determine the practicality of building a supercritical pressure

vessel with an inside diameter of 8 feet. The replies generally indicated that

a vessel of this size, designed for 650 F and 3500 psi, is feasible.

Following are quotations from their correspondence.

(1) "As you well realize, the use of clad steels or multilayer construction
for a vessel operating at this high temperature (1050 F) is also
impractical. The backing steel of the clad would have very low
allowable design stress, thereby making the total wall thickness
prohibitive. Since the multilayer construction obtains one of its
advantages of prestressing the inner layers, this high operating tem-
perature would in effect stress relieve the vessel, therefore losing this
advantage.

"At 650 F, there are a number of alloy steels that may warrant your
consideration. All of these steels, within certain production limitations,
could be clad with stainless steel to insure the water purity. ASTM
A-302 has received wide acceptance and has the best background as
the most suitable material. This was used in the clad form for the
Shippingport Reactor and the KAPL designed Dresden Reactor, as well
as other vessels. This material can be obtained in gages up to 10",
even though the heaviest gage employed to date is 8-5/8" gage. ASTM
A-202 and A-204 might also be considered; however, due to the gage,
additional data would have to be developed to receive ASME Code
approval. "

(2) "For a vessel of this size, the gage of any material chosen would exceed
the existing ASTM and ASME Code limitations; therefore, modifications
to the chemistry and heat treatments would be necessary to obtain the
specified physicals.
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"To the best of our knowledge, multiwall construction has not been
used for nuclear pressure vessels. While this type of design might
be feasible with 650 F operating temperature, the vessel size would
probably preclude the use of this method of construction. Also, this
design and fabrication could prove very expensive, as the design would
have to be checked by a 'proof test'.

"We recognize that the closure design for such a vessel will be a
difficult problem and cannot recommend reduced diameter at the top
since we do not know your requirements for replacement of core for
refueling handling mechanisms.

(3) "The reduction of the shell design temperature to 650 F would permit
the use of the low alloy steels such as SA-302, Grade B in a solid or a
multi-layer vessel. Again the size and locations of nozzles and main
closure might limit the application. The hazards associated with
internally insulated or cooled shells must, of course, be carefully
considered. To insure safe operation, some means of monitoring the
complete shell temperature all of the time must be devised.

"Shipment of a vessel designed for these conditions will be a severe
problem if the weight approaches 500, 000 pounds. This factor would
also have to be considered in the design and fabrication. "

During this inquiry, the facets of plant design and reactor operation

associated with a pressure vessel design were considered. They can be

enumerated as follows.

(1) Moderator Density

The change in water density from subcritical temperatures of about

550 F to supercritical temperatures of 1050 F is by a factor of about

ten. For "conventional" moderator-to-fuel volume ratios of about

2 to 1, this complicates the usual lattice arrays. This problem can

be surmounted (7) by using a supercritical pressure, subcritical tempera-

ture moderator separated from the primary coolant system.

(2) Outlet Coolant Temperatures

Large enthalpy changes per unit temperature occur in the coolant

through the critical region and small enthalpy changes per unit temperature

take place at 1000 to 1100 F. These changes magnify the effect of neutron

flux distribution and unbalance in the core on outlet temperature variations.

With the enthalpy increase of 1000 Btu/lb (550 to 1100 F), a 10 per cent
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overpower factor produces a temperature about 150 F above the

average. Each of the several ways to guard against excessive outlet

temperatures due to flux-peaking leads to undesirable complications.

(3) Power Cycle Reheat

The common use of reheat in fossil-fueled power plants suggests

its use in reactor facilities to improve the heat rate. The large

volume of steam to be reheated (at typical pressures of 1000 psi and

300 psi) precludes returning it to the reactor vessel for reheating.

Hence, some type of intermediate heat exchanger is necessary, and

this raises the question of what to do with the reheating fluid (with

its supercritical properties) after it passes through the heat exchanger.

Ideally, it should be returned to the reactor inlet, but pumps of this

type and size for supercritical fluids are not available commercially.

Other possibilities involve undesirable power cycle complications.

With the exception of questionable availability of a pressure vessel of

proper size, these three considerations may be translated into economic factors

and need not be a deterrent to supercritical operation with a pressure vessel

type of reactor. Research and development probably can surmount the pressure

vessel fabrication problems. For this study, however, other approaches did

not offer these uncertainties and complications, so the pressure vessel type

of reactor was not considered further.

At the present time, a pressure tube reactor, in which the fuel element

is contained within the pressure member and which operates with supercritical

pressures, is impractical because of the tube wall thicknesses required and

of the neutron cross sections of materials capable (potentially) of operation

under these conditions. For instance, Hastelloy X pressure tubes have wall

thicknesses of a 0. 25 to 0. 5 inch, depending on the design bases. This does not

preclude pressure tube reactors from supercritical operation, but it probably

delays their use until high temperature materials with low cross sections are

commercially available.
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The inverted cluster fuel element has a pressure tube design which

takes advantage of maximizing the uranium-to-cladding ratio by placing the

uranium exterior to the cladding, and which gains additional advantage by

placing the cladding in a slightly lower neutron flux region. Three questions

required affirmative answers prior to choosing the inverted cluster fuel element

for the SPPR study.

(1) Can a pressure member bundle be fabricated on a mass basis from

materials potentially suitable for long exposures of 25, 000 to 40, 000

MWD/MT?

(2) Can an inverted cluster element be fabricated by extant techniques?

(3) Can the fuel cycle costs compete economically?

The study bears out the affirmative answers to these initial questions.

Whether the inverted cluster fuel element is more competitive than pressure tube

or pressure vessel reactors under conditions other than those assigned for the

SPPR study was beyond the scope of this study.

The selection of Hastelloy X for the pressure member does not imply

that it is the best material for this application, and it is certainly not the strongest

material available, Table VIII. The basic criterion is that the pressure member

material should present a reasonable promise of success in this application with

adequate research and development effort. Secondary criteria are: (1) adequate

stress-rupture strengthat 1300 F for 100, 000 hours at pressures of 3500 to

4500 psi; (2) good corrosion resistance in supercritical pressure and tempera-

ture service; (3) fabricable into tubes of about 1/4-inch diameter with wall

thicknesses of 20 to 40 mils; (4) compatibility with UO2 at temperatures up to

1500 F; (5) physical properties not affected adversely during irradiation; (6)

adequate thermal shock resistance; and (7) reasonable neutron cross sections.

Initially, precipitation-hardened materials were avoided because post-

fabrication solution heat treatment of the pressure member material could

affect adversely the integrity of the fuel assembly. This consideration is no

longer valid since the pressure member will be installed properly conditioned.

Hence, while precipitation-hardened materials were not included in this study,

there is now no reason for excluding them.
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All the materials listed in Table VIII can be fabricated into thin wall

tubing. Nimonic 80A, D979, and Hastelloy R235 have excellent stress-rupture

strengths at 1350 F, and the latter two even at 1500 F. This would allow

coolant outlet temperatures of 1250 to 1350 F with gross cycle efficiencies in

excess of 50 per cent. Experience with these materials is rather limited.

Hence, they were not given further consideration for this application.

Because of its present and proposed uses in nuclear applications, coupled

with its high temperature strength, Hastelloy X is selected as the candidate

pressure member material. It compares favorably with the listed criteria.

With respect to the listed criteria, the following can be stated.

(1) The stress-rupture strength of Hastelloy X is shown in Figure 16.

These data are an extrapolation of 5000-hour, stress-rupture data on

unirradiated sheets of Hastelloy X. If significant changes in the irradiated

properties do not occur or can be circumvented, it adequately meets the

strength criterion.

(2) Pray and Boyd(8) have shown that Hastelloy X is compatible with water

and steam to temperatures of 1000 F with corrosion rates of less than

a mil for SPPR exposures. At 1350 F and 5000 psi, the corrosion rate

increases to about 0. 3 mil per month with evidence of scaling.

(3) There is considerable experience in fabricating Hastelloy X in small

diameter, thin-walled tubes. To date, however, it is welded, not

seamless.

(4) Paprocki and Dickerson(6) states that Hastelloy X and UO2 are compatible

at temperatures exceeding 1500 F.

(5) Information on the irradiated properties of Hastelloy X (low tem-

perature irradiation) indicates that the yield strength, tensile strength,

and elongation are not changed significantly at fluxes to 5 x 1020nvt.

Pessl(5) found that the impact strength is not changed significantly (for

SPPR application) at fast fluxes of 1. 3 x 1020 (1 Mev) and for the

conditions of the test. The information on irradiated Hastelloy X is

far from conclusive, but it is encouraging.
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(6) Pessl further shows that the thermal shock strength is quite adequate

for application as the pressure member of the fuel element.

In summary, Hastelloy X shows considerable potential for use as the

pressure member in supercritical pressure service. However, additional

information on its irradiated properties, especially at high temperatures, is

needed. D979 and Hastelloy R235 also are attractive, because they give

potential increases in power cycle efficiency of 3 to 4 per cent.
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APPENDIX C

MODERATOR CONSIDERATIONS

Three moderator types were considered for the SPPR: light water,

heavy water, and graphite. The capital costs and fuel cycle costs associated

with light water moderation are used as the basis for comparison.

Light Water (H 2 0)

There are two significant engineering problems associated with light

water moderation-small lattice spacing and flux peaking. The lattice spacing

(about one inch between fuel elements) limits the number and complexity of

operations which can be performed on the reactor face(s). This consideration

points toward the use of the seven-fuel element cluster concept previously

described. Additionally, in-core components (exclusive of fuel elements and

control rods) are limited in size and number. The flux-peaking problems in

light water lattices are also of concern. Initially, a moderator-to-fuel volume

ratio of 2 to 1 was selected for the lattice, although it was recognized that the

clumped-type fuel element might require ratios quite different from pressurized-

or boiling-water reactors. The simplest light water design has the fuel elements

hanging in a pool of water. If significantly smaller than usual moderator-to-

fuel volume ratios were required (which make the lattice construction doubtful),

or if the desirable control or lattice characteristics could not be achieved,

several possibilities were envisioned.

(1) The light water may be diluted with heavy water to spread out the

lattice, essentially the spectral shift.

(2) Internal moderation in the fuel elements may be used to obtain smaller

moderator-to-fuel volume ratios; external moderation may be reduced

or eliminated.

(3) Voids in the moderator may be created by one of several techniques

for effectively reducing its density.

-117-



HW-68420

These proposals still represent possibilities for lattice improvements

which remain to be evaluated. However, since fuel element spacings of greater

than an inch are indicated, further work on the aforementioned possibilities was

discontinued.

Heavy Water (D 20)

The use of heavy water as a moderator is based on the economic balance

between fuel cycle costs and nondepreciating capital costs of the heavy water

inventory. The nondepreciating capital cost is calculated on the basis of the

estimated number of fuel elements in the SPPR (about 600) and an average power

density of approximately 15 MW/MT. With an 8-inch lattice, exclusive of the

reflector, a core size of about 20 feet in diameter is obtained. If the active zone

length (10 feet) plus the top and bottom reflectors equal 12 feet, the D2 0 inventory

at $28 per pound amounts to about 6 million dollars. The fixed charge rate for

nondepreciating capital is 12-1/2 per cent, or about $750, 000 per year, which

amounts to about 0. 4 mill/kwh for a 300, 000-kw facility. Fuel cycle costs are

about 0. 25 mill/kwh less for a D20-moderatedreactor of this size than for a

light water-moderated reactor. The cost of a side reflector of D20 doubles the

0. 4 value. D2 0 losses of a gallon per day increases the power cost by 0. 04

mill/kwh. Other factors favor D 2 0 moderation (a flatter core, for instance),

still others detract from it (such as more expensive coolant loop and reactor core

components). However, the net balance favors light water.

Decreased heavy water costs or interest rate for nondepreciating capital

assets might change these considerations.

Graphite

Four considerations present themselves with graphite as a moderating

material: (1) inverted cluster fuel element container material, (2) graphite

temperatures, (3) reaction of graphite and supercritical water, and (4) fuel

cycle costs.
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In an inverted cluster fuel element operating without a significant

heat sink external to the fuel element, the outer fiber temperatures may

be 3000-4000 F. This poses two problems-providing a "container" for the

UO2 in the fuel element, and maintaining acceptable graphite temperatures.

The latter problem can be solved by a cooling system for the graphite. The

former problem appears much more difficult; indeed, this study did not

uncover a proper material for the application.

With graphite temperatures in the range of 3000 F, the graphite-water

reaction with supercritical fluid may be difficult to handle. Although it was

not investigated thoroughly, a venting system might be provided through the

graphite blocks to minimize the damage and reactions.

A thorough analysis was not made of fuel cycle costs for graphite

moderators. Rather, an estimate was based on neutron leakage (estimated at

30 to 50 mk) from a graphite-moderated core operating at power densities of

15 Mw/MT average. This leakage increases fuel cycle costs 0. 3 to 0. 5

mill/kwh. Since the decrease in fuel cycle costs between heavy and light water

is about 0. 25 mill/kwh, the graphite-moderated reactor should be less than

this figure. Hence, it is concluded that, in a reactor of this size, the graphite

moderator does not compete economically, other things being equal.

-119-





HW-68420

APPENDIX D

FUEL ELEMENT DESIGN AND FABRICATION

While vibrational compaction does not represent the only process for

fabricating fuel elements for the SPPR, it is the most promising process at

the present time. Several other fuel fabrication techniques were considered,

including those utilizing sintered UO2 compacts with holes for the pressure

tubes, and sintered UO2 cylinders inserted between the pressure tubes with

the space between the tubes and cylinders filled with vibrationally compacted

UO2.

Sintered UO2 compacts provide a high density fuel of high compressive

strength and excellent fission gas retention. However, they are difficult to

fabricate in an unusual geometry, such as that of the inverted cluster fuel

element. Exacting tolerances of both the pressure tubes and the fuel components

are required. In addition, the fabrication steps of the fuel element assembly

are complicated. Fuel must be inserted over the small pressure tubes before

the tubes are welded to the headers and before the pressure system is tested.

The use of both sintered UO2 pellets and vibrationally compacted UO2

particles is possible. Small sintered UO 2 cylinders can be placed between

the pressure tubes. The remaining space between the sintered cylinders

and the Hastelloy X tubing is filled with vibrationally compacted UO2.

This technique used the advantages of both fabrication techniques. It probably

would result in a higher fuel density than vibrationally compacted UO2 alone,

and would assist in spacing the pressure tubes during the vibration loading.

However, the technique is limited to certain geometries and requires more

fabrication steps than the vibrational compaction process. A problem also

may be encountered in obtaining enough space between the pressure tubes

to insert the UO 2 cylinders.

The vibrational compaction method 1 1 with fused UO 2 particles simplifies

the fabrication and assembly of the fuel element. It is adapted particularly well

to unusual fuel geometries not amenable to conventional fabrication processes.

-120-



HW- 68420

Other advantages include relaxed tolerances of the fuel element components

and lower fabrication costs. The usually desirable UO 2 properties of high

compressive strength and excellent fission gas retention are not particularly

important in the SPPR due to the stresses which would be placed on the UO2

and the provision for venting the fission gas. The decreased density from near

theoretical to about 90 per cent density is not particularly significant because

of the ease with which the reactor constants can be varied or adjusted.

Stabilized zirconia has been chosen as the fuel element insulation because

of its desirable thermal, physical, and irradiation properties. (12, 13, 14) ZrO 2

(50 per cent porosity) has unusually low thermal conductivity which, when

combined with its high melting point, makes it excellent insulation for the outside

of the fuel element. Completely stabilized in the cubic form with CaO, it

remains stable at all temperatures up to its melting point of 2550-2600 C and

exhibits excellent thermal shock resistance. Stabilized zirconia is fabricated

with a porous structure (approximately 50 per cent voids) with a bulk specific

gravity of 2. 5 and a thermal conductivity of 3. 6 Btu/(hr)(sq ft)(F/in.) at

1600 F. These properties make CaO-stabilized zirconia ideal for the SPPR

reactor, where heat conservation is important. Zirconia may be fabricated

into a wide variety of shapes by slip casting, dry pressing, and extrusion.

When irradiated, ZrO2-UO2 and ZrO2-UO2-CaO exhibit remarkable

stability. Cubic CaF 2 structures are very resistant to destruction by
(15)

radiation. These materials include UO 2 plus ZrO 2 , and UO2 plus CaO-

stabilized ZrO.

An important facet of the SPPR fuel element design is the interface of

the zirconia and the UO2. Temperatures of 2000 to 3500 F may be experienced

routinely there. The degree of solid state diffusion which occurs between the

ZrO2 and UO2 is unknown, but if it proves significant, a diffusion barrier will

be provided between the two materials.
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The following procedure is a brief step-by-step summary of the

fuel element fabrication.

(1) The pressure member is received as a completely fabricated and

tested unit. The ZrO2 spacer plates are installed prior to welding

or brazing the Hasteiloy X tubes to the collection and distribution

headers.

(2) The ZrO 2 interlocking, insulating slabs and the pressure member

are fitted into the hexagonally shaped Zircaloy shell.

(3) The graphite (or ZrO2 ) supporting cup is positioned in the bottom of

the outer shell and the bottom Zircaloy end cap is welded to the shell.

(4) The assembly is positioned vertically.

(5) The upper spacer is raised to the header, which makes room.for the

insertion of two nylon eight-tine forks to position the 36 pressure

tubes during the fuel loading.

(6) A mechanical arm is connected to the headers of the pressure tubing

to transmit the energy from the vibrator to the pressure tubes.

(7) The particulate, fused UO2 is introduced into the fuel cavity between

the raised ZrO2 spacer and the top of the bottom section of the

Zircaloy shell. The assembly is vibrated as the UO2 is loaded.

(8) As the height of the UO2 increases in the fuel element, the nylon

forks are raised, always remaining above the top of the UO 2 . After

the desired density and fuel height is attained, the forks are removed.

(9) The two-piece, split ZrO 2 support for the top spacer is positioned

on top of the ZrO2 insulation.

(10) The top section of the Zircaloy shell is positioned over the pressure

tubing and welded to the bottom section.

(11) The space between the top spacer and the top of the 20-foot assembly

is filled with ZrO2 powder insulation, which is inserted through the

fission gas relief hole in the upper fuel cap.
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(12) The fission gas relief hole is fitted to the external piping.

(13) The fuel element is helium leak-tested.

(14) The element is assembled to the cluster header piping system.

(15) The seven-fuel element cluster is subjected to appropriate temperature

and pressure tests.
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APPENDIX E

HEAT TRANSFER AND FLUID FLOW CONSIDERATIONS

General Discussion

Reports on studies of heat transfer characteristics for the supercritical

pressure water are limited. Theoretical analyses have been presented by

Deissler(l6) and by Goldman. (17) Experimental work at the SPPR conditions

include those by Chalfant( 1 8 ) and by Dickinson and Welch. (19) In general,

agreement of the experimental studies is good, and the data should be adequate

for predicting the heat transfer rates.

Perhaps the most significant aspect of the supercritical pressure heat

transfer experiments is the "whistle" phenomena reported by Chalfant. During

the experiment, certain conditions led to whistling noises accompanied by

pressure pulsations and vibrations. Although study of the whistle effect was

limited in conditions, it did show that the heat flux at which the phenomena

occurs can be raised by increasing the pressure, reducing the inlet tempera-

ture, and increasing the flow rate. Pressure pulsations were as large as

1000 psi, and whistling sound frequencies ranged from 1400 to 2200 cps.

Several methods to eliminate whistling were tried. If a heated section was

placed downstream of the test section, or if an orifice was inserted downstream

or upstream of the test section, the phenomena were delayed or eliminated.

For these reasons, Chalfant suggested that whistling would be improbable in

a supercritical pressure water reactor. In a nuclear fuel element, additional

heating occurs downstream of the maximum heat flux zone and orifices are

required to distribute properly the flow in parallel channels.

Defining the exact conditions at which whistling occurs was not within

the scope of Chalfant's study. Thus, only estimates are made for the SPPR

application, where whistling is estimated at 1, 500, 000 Btu/(hr)(sq ft).

Whether the whistling phenomena presents a real limit for the SPPR is not

known. Based on Chalfant's conclusions, no significant problems are

anticipated, since either the (axial) heat distribution or the flow-limiting
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orifices alleviate the whistling problems. As an added margin of safety, the

maximum permissible heat flux under transient conditions was reduced by

a factor of two to about 750, 000 Btu/(hr)(sq ft), and the maximum steady state

heat flux was reduced about 25 per cent to accommodate transient power.

Published information on fluid friction also is limited. Current analytical

studies depend on physical properties which are not defined fully. Thus, these

methods introduce significant uncertainties. Limited experimental studies were

reported by Chalfant. The data were presented as the friction factor multiplied

by the product of mass velocity and tube diameter, both raised to the 0. 3 power,

versus the bulk temperature. Data variations of 15 per cent existed about the

mean curve.

When the experimental friction factor values are compared with the

conventional Moody curves, good agreement exists at 500 to 800 F, where

physical property data are known. At 1050 F, however, Chalfant's data are

lower by 15 to 20 per cent.

The difference between the two sources is not surprising. Experimental

techniques do not evaluate the temperature-dependent properties and their large

variation across the film. On the other hand, theoretical correlations require

first the proper evaluation of a mean temperature and then the use of extrapolated

values of the physical properties. The use of Chalfant's data for the SPPR design

is believed more realistic for this reason.

Fuel Element

The geometry of the fuel element was selected early on the basis of general

compatibility with reactor physics, engineering, and fuel cycle considerations.

"Freezing" of the design permitted detailed analyses of these facets of reactor

design. Consequently, no attempt is made to optimize the fuel element design

with respect to the information developed during the study. Where deficiencies

may occur in the present fuel element, their effect on other parameters are

evaluated qualitively. The fuel element heat transfer, pressure drop, and stress

characteristics are examined for the design shown in Drawing SK-3-9853. It

is assumed that the average coolant temperature rise is 540 to 805 F in the first
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pass, 805 to 1050 F in the second pass, and 820 to 1050 F in the third pass.

The present core concept provides a flow-control orifice in each coolant

supply jumper to a cluster of seven fuel elements. The flow is distributed

to compensate for the radial heat distribution in the reactor, so that the

average enthalpy rise of all clusters in any one reactor pass is approximately

equal. Flow to each of the fuel elements within the cluster and to each

3/16-inch coolant tube is not controlled; the distribution is primarily a

function of the heat input to the coolant in the individual tube. For a fixed

pressure drop imposed across the cluster, flow in tubes with high heat input

is "choked" due to the higher specific volume of the flowing fluid. Those

tubes with low heat input have higher flows. Thus, tubes of high heat

generation produce coolant and wall temperatures which differ considerably

from the average tube. In Chalfant's data, however, the choking effect

decreases at higher temperatures. Pertinent information from the flow and

the heat transfer studies of the present fuel element design is summarized

below.

Pressure Drop and Coolant Temperature

The calculations of pressure drop and tube coolant temperature

assumed a maximum heat flux in the reactor of 750, 000 Btu/(hr)(sq ft)(F).

Applying the peaking factors discussed earlier, the (maximum) average

reactor flux is assumed to be 240, 000 Btu/(hr)(sq ft)(F). Within the context

of the reactor peaking factors, local heat flux factors must be assigned to

determine the flow distribution in the individual 3/16-inch coolant channels.

Accordingly, the following assumptions are made.

(1) The average reactor heat flux, 240, 000 Btu/(hr)(sq ft)(F), is equal

to the average heat flux in the second reactor flow pass. This heat

flux is 1.05 times that of the average in the third pass, and 1. 1

times less than the average in the first pass.

(2) The cluster with the highest power generation in a reactor flow pass

has an average heat flux 1. 1 times that of the average in that pass.
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(3) The maximum power fuel element in the maximum power cluster

has an average heat flux 1. 2 times that of the cluster.

(4) The maximum power tube of the maximum power fuel element has an

average heat flux 1. 21 times that of the fuel element.

Based on the preceding assumptions, the following values are calculated:

(1) the total flow in the maximum power cluster required to produce bulk coolant

temperature equal to the pass outlet temperature, and hence the average fuel

element and tube flows; (2) based on calculation (1), the pressure drop of the

average tube flow (by iterative calculation process starting at the fixed conditions

of the downstream end); and (3) for the pressure drop available, the flow, and

hence coolant temperature, of the highest heat flux tube in the cluster (by

iterative calculation).

The foregoing calculations were made for the three reactor passes,

beginning at the reactor outlet and working upstream. The calculated pressure

drops were 63 psi in the first pass, 330 psi in the second pass, and 550 psi in

the third pass. The total pressure drop of approximately 1000 psi (including

header and heat exchanger losses) is similar to fossil-fueled supercritical power

plants. The coolant temperatures as a function of tube length for the hottest

tube in each reactor pass are shown in Figures 17, 18 and 19. Maximum

conditions are listed below.

Maximum Power Tube Coolant
Pass Bulk Outlet Temperature, F Temperature,. F

1 805 1100

2 1050 1200

3 1050 1140

The difference between the maximum tube outlet temperature and the

bulk temperature in the first pass apparently results from the high enthalpy

rise and the large specific volume change which occur in that pass. The

calculations for the pressure drops and tube coolant flow rates are based on

two-step increment through the fuel elements. Coolant properties at the inlet,

the intermediate header, and the outlet of the fuel element are used. This
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procedure assume s that the coolant properties vary linearly from one end

of the fuel element to the other. Since the results are sensitive to the

assumed coolant properties, additional increments refine the calculations.

Regardless of the method, however, the results depend on the reliability of

the physical properties of the fluid and the friction factors. Knowledge of

these properties is not as well established for supercritical fluids as for

subcritical water and steam; hence the results should not be accepted with

the degree of confidence that single-phase flow calculations warrant. However,

the calculations for this study are made with data which are believed the most

reliable at this time.

Tube Wall Temperatures and Stress Analyses

From the results of coolant flow distribution and temperature calculations,

the tube wall temperatures for the highest heat flux tube in each of the three

passes are calculated. The results are plotted in Figures 17, 18, and 19, and

show the calculated inside and outside wall temperatures. Film coefficients

to determine the temperature difference between the tube wall and coolant

are based on the experimental data of Dickinson and Welch. (19) The primary

(circumferential) stresses in the pressure members can be calculated for

each pass from the pressure drop calculations. Based on the thermal gradient

through the tube wall, the secondary stresses on the pressure member are

calculated. They are plotted with the allowable stresses in Figures 17, 18,

and 19. The allowable circumferential stress limit at a given wall temperature

is assumed to be either one fourth of the yield strength or the stress-rupture

strength at 100, 000 hours, whichever is lower. The combined primary and

secondary stress limits are assumed to be 0. 2 per cent of the offset yield

strength or the endurance limit, whichever is higher. (20) The endurance limit

is based on Hastelloy B, since data for Hastelloy X are not available. All

data are for unirradiated material.

The results show that the primary stresses are slightly greater than

the allowable stresses in the maximum temperature region of the coolant tubes

in the. first and second passes. The combined primary and secondary stresses

appear within the acceptable limits in all cases.
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UO2 Temperature

The UO2 temperatures through the fuel element cross section are

determined. The calculations are based on the following assumptions: (1)

tube wall temperatures (OD) of 1300 F; (2) heat fluxes in the inner and outer

tubes of 620, 000 and 750, 000 Btu/(hr)(sq ft), respectively, (3) a UO2 thermal

conductivity of 1. 5 Btu/(hr)(ft)(F); and (4) each tube surrounded by a UO2

cylinder with an adiabatic outer surface and uniform heat generation. A

temperature map is shown in Figure 20. A maximum UO2 temperature of

about 4800 F occurs at the center of the fuel element.

Analysis of Calculations

The preceding analyses indicate four intimately related areas of design

which require further consideration: (1) primary stresses in maximum flux

tubes, (2) maximum UO2 temperatures, (3) the peak-to-average coolant

temperature rise in the first pass, and (4) the flux-peaking factor values which

influence flow and temperature unbalance.

Calculating the primary stresses in the pressure members from heat

fluxes higher than exist in the reactor, 790, 000 versus 755, 000 Btu/(hr)(sq ft),

reduces the stresses to less than the allowable limits. The potential allowable

heat fluxes in supercritical service probably exceed one million, so that the

fuel element design should be "debottlenecked" to take advantage of the high

possible heat flux. The debottlenecking process can be applied in several areas,

all of which decrease maximum tube wall temperatures. Assuming that the flow

unbalance factors (or hot spot factors) are unchangeable, the following

approaches are available.

(1) The enthalpy rise per pass through the reactor may be decreased. The

effect can be seen by comparing the coolant temperature data of the

first pass with that of the second or the third pass. For this study, the

average enthalpy rise n the first pass was more than twice the enthalpy

rise of the second or the third pass. The enthalpy rise per pass can be

limited by increasing the number of flow passes into and out of the

reactor. However, this solution either requires an attendant increase

* Based on results reported in HW-69945, Thermal Conductivity of UO2 by
J. L. Daniel (to be published).
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in the reactor pressure drop if the same size core is retained, or

results in increased fuel cycle cost if the core size is enlarged. A

more desirable alternate might be external regenerative heat

exchangers to provide additional preheat to the reactor inlet feed-

water in a manner similar to that employed for the turbine cycle

reheat system.

(2) The pressure member tubes may be spaced to match the power

generation within the fuel element. This tends to balance the flow and

prevents any "choking" action. Similarly, more uniform UO2 tempera-

tures should result.

(3) The number of inlet channels may be decreased and the number of

outlet channels or tubes increased. The net result would be similar to

those in the second approach.

(4) The diameter of the pressure tubes may be increased to decrease the

pressure drop and tendency for "choking".

The gains from optimizing the fuel element design are obviously significant

and merit additional study.
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APPENDIX F

REACTOR OPERATION

General Discussion

The reactor is operated by manipulating the 85 control rods for

power level, temperature distribution, and flux control. It is scrammed

by either a manual or automatic trip of the safety circuit, which inserts

the control rods. Simultaneously, the turbine-generator trips.

Normal Start-up Operation

The reactor is brought critical by appropriate manipulation of the

control rods. Power is increased to 20 Mwon a period not less than 20 seconds

and then held at this level temporarily until conditions are determined to

be normal. Power then is increased at such a rate that the maximum

temperature increase in the primary system is 600 F per hour. Below

800 F, the half-capacity, electrically driven feedpump is used and all

fluid is bypassed around the turbine. When the primary coolant tempera-

ture reaches 800 F, the turbine admission valves gradually open with

compensating closure of the bypass valves. As steam is admitted to the

turbine-driven feedpump, which causes it to start picking up the load,

the speed of the electrically driven feedpump is reduced in a compensat-

ing manner. After full power conditions are achieved and the turbine-

generator is operating at normal speed with no load, the turbine-

generator gradually is brought to full load over approximately a

90-minute period. Total time required for a plant startup is estimated at

approximately 5 hours.

Startups after shutdowns of short duration (that is, hot startups)

are accomplished in a similar manner with the exception that system

temperatures are already high. The reactor can be operated at full power

in approximately 1 hour.
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Normal Power Operation

During equilibrium power operation, the 85 control rods are adjusted

as necessary to control the primary coolant outlet temperature in each of

the three passes through the reactor.

If load decrease is called for, the turbine admission valves close

along with compensating opening of the turbine bypass valves. The excess

supercritical fluid is bypassed through desuperheaters to the condenser.

The reactor power level then can be either lowered or maintained constant,

depending on the anticipated extent of the reduced load.

Load increases are accompanied by a compensating increase in output

of the turbine-driven feedpump. Constant coolant outlet temperatures are

maintained byincreasingthe reactor power. Control rods can be moved as

a bank to permit reasonably rapid power level changes with fairly constant

temperature control. The rate at which rods may be removed as a bank is

limited in order to prevent the excessive rates of reactivity input which

result in reactor excursions.

Normal Shut-down Operation

Plant shutdowns can be either controlled or emergency. In either

case, the operation is similar. The turbine-generator is tripped, causing

automatic bypass of the primary coolant. The turbine-driven feedpump is

cut off and the electrically driven feedpump picks up the load. The rate of

cooling is regulated by flow control with the electrically driven feedpump

and by control of steam from the flash tank used to heat the feedwater and

to operate the deaerator. The remainder of the steam is bypassed to the

condenser.

Emergency Operation

Certain emergency situations are anticipated during SPPR operation.

Some of these situations are discussed in Appendix G. However, a discus-

sion of plant operation during total power failure, fuel element failure, and

contamination release is pertinent at this point.
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Total power failure is accompanied by an automatic reactor scram.

Approximately 15 seconds after the power fails, the automatic sequence

of starting the diesel generator and of assuming emergency loads is

completed. The primary system temperature is cooled at the maximum

rate utilizing the turbine bypass system and the turbine-driven feedpump.

Emergency power is supplied to one booster pump which circulates the

primary coolant when an adequate steam supply for the turbine-driven

feedpump is not available.

The consequence of a fuel element failure cannot be predicted

accurately. A rupture may be determined by one or more of several indi-

cators, including high moisture content in the fuel element gaseous waste

system, low turbine inlet pressure, high moderator temperature, and

flux disturbances. When a fuel element rupture is indicated, the reactor

is scrammed.; cooldown and depressurization of the primary coolant sys-

tem proceeds at the maximum rate. The moderator system is switched

to total cleanup operation utilizing high flow rate demineralization with both

moderator ion exchangers in service. Entry to the reactor is made as

quickly as temperatures and pressures permit (approximately 1.5 hours

after shutdown) and the damaged fuel cluster or clusters are isolated and

discharged from the reactor by standard discharge techniques.

To prevent uncontrolled contamination release outside the reactor

building, both the exhaust air and condenser water return systems are

monitored continuously. If high exhaust activity is indicated, the following

automatic operations occur, (1) the reactor is scrammed, (2) both the

supply and exhaust fans are tripped off, and (3) containment valves in the

ventilation supply and exhaust lines close.

The ventilation system is restarted and reactor operation is resumed

only after the source of the high activity is found and corrected.

If high effluent activity is indicated, the reactor is scrammed and

a containment valve is closed in the condenser water return line. Depres-

surization and cooldown of the primary system proceeds at the maximum
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rate possible. Condensate cooling water requirements are satisfied by

directing the effluent to one of the two liquid waste burial tanks. After the

source of contamination is found and corrected, the condenser water return

valve is reopened and reactor operation is resumed.
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APPENDIX G

REACTOR HAZARDS

It is difficult to predict the hazards from the conceptual design of a

reactor. But the areas of greatest hazard can be delineated. For the SPPR,

they include: (1) fuel element pressure member failure, (2) fuel element

cluster connecting piping failure, (3) main header failure, (4) primary

coolant system thermal shock, (5) turbine failure, (6) electrical power

failure, (7) reactor power excursion, and (8) fuel element meltdown.

Failure of a fuel element pressure member and the consequences

are discussed earlier in this report. Tests will be necessary to establish

the sequence of events which follows a gross failure of a pressure member,

and to determine those additional design features necessary to cope with it.

Failure of the inlet connecting piping to a fuel element cluster causes

backflow through that cluster. The pressure monitor on the cluster scrams

the reactor. The pressure tubing in the fuel elements of that cluster might

be overheated, but the short-term, stress-rupture strength of the material

probably would prevent its failure. Based on boiler tube failures at super-

critical power plants, it is believed that the primary coolant system will

not be damaged by thermal shock resulting from the ensuing blowdown.

Potentially, one of the most serious failures is the gross parting of

one of the two main distribution headers located on each side of the reactor.

While this problem has not been considered in detail with respect to fuel

element temperatures. there are sufficient alternate flow paths to the

reactor through the attemperators that a single gross failure will not cause

core meltdown.

Severe thermal shock to the primary system could result from

gross failure of a major component in the system or from malfunction of

some control mechanism in that system. With a recirculation time of

45 seconds (not including condenser residence time), any malfunction of

flow controls is sensed quickly throughout the system. The magnitude of

-139-



HW- 68420

the thermal stresses is only conjecture at this point, but they will surely

exceed that of a fossil-fueled plant because of the shorter recirculation time.

Turbine failure should result in an incident similar to a generator

dropout because of the missile shielding installed around the turbine.

Appropriate missile shielding is provided where the turbine casing is too

thin to stop blade penetration.

Facility operation during an electrical power outage is discussed in

Appendix F. It appears to present no unusual hazard to reactor operation.

At present, the source of a reactor power excursion in the SPPR is

unknown. Control rod malfunction causes the control element to fall into

the reactor. The only source which can eject a control element is the drive

winch used for positioning it. However, it contains all the safeguards

normally placed on control-drive mechanisms. A negative moderator

coefficient tends to shut the reactor down after void formation in the moder-

ator. A negative over-all power coefficient does likewise on a power

excursion.

If all flow is interrupted to a fuel element so that the stored energy

and decay heat cannot be extracted, the U0 2 probably will melt. Whether

the ZrO2 insulation will prevent contact with the zirconium jacket is unknown.

If the molten UO 2 did contact the zirconium jacket, it is doubtful that it

would melt through the jacket because of the moderator water on the exterior.

If the jacket can maintain its integrity during an incident like this, the

consequences of loss of coolant are lessened significantly.
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APPENDIX H

WATER CHEMISTRY AND CONTAMINATION CONTROL

The importance of water purity for the prevention of solids deposit

in supercritical power cycles has been stressed in reports on the design

and initial operating experiences(21, 22, 23) of several supercritical power

plants. Specifically, lack of ultrapure water can lead to deposits of solids

in the turbine and on the heat transfer surfaces of the steam system components,

which in turn lead to hot spots with attendant lack of heat removal and

decline in cycle efficiency. Additionally, a nuclear reactor supercritical

power plant is concerned with the deposit of radioactive materials in the

piping system. Solids can be introduced to the feedwater through three

main sources: (1) dissolved solids in the make-up water, (2) solids from

untreated circulating water through leakage in condenser components or

by a condenser tube failure, and (3) corrosion or metal pickup in the piping

systems.

The make-up water can be demineralized to negligible values of

total dissolved solids content; hence, no problem exists other than provid-

ing, at reasonable cost, water of purity consistent with expected contamina-

tion from other sources. Raw water leakage through condenser tube sheet

joints or as a result of tube failure presents a different type of problem.

Mechanical means of preventing leakage, isolating contaminated areas,

and detecting leakages must be provided.

Certainly some solids escape to the feedwater cycle, no matter how

elaborate the make-up water treatment or condenser leakage prevention and

detection. Further contamination is expected from metal corrosion products

or from metal pickup. Deposition of solids and/or corrosion products may

occur in the steam cycle components. In spite of continual study, little is

known of the exact conditions which lead to the pickup, carry over,, and deposit,

or of the effect of the deposition on the feedwater cycle at the supercritical pres-

sure conditions. Extensive laboratory experiments provide further support

for the study of this phase of water chemistry.( 2 4 ) To date, little agreement
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appears in the data other than the conclusion that ultrapure water is a

requirement in supercritical pressure water power plants..

One facet receiving major attention is the so-called "copper problem".

Philo Plant Number 6 and Avon Plant Number 8 report deposits of cuprous

and cupric oxide in the turbines.(25, 26) The source of copper is attributed

to the copper-bearing tubes in the feedwater heating system. Whether the

pickup occurs in the water side or the steam side of the heaters has not been

determined.

Based on the foregoing considerations, the concept of water chemistry

developed for the SPPR is set forth below.

(1) Water Analysis

General problems associated with water chemistry in conven-

tional plants vary significantly from nuclear plants because of the

radioactivity inherent in a reactor. Accordingly, the tolerable

limits of impurities in fossil-fueled plants could differ from a

reactor plant. Without definite knowledge of the effects of radio-

activity, however, the water purity requirements must be tempered

with those which are reasonable in similar applications. Based on

this consideration, the water quality of the SPPR is specified as

follows:

Total Dissolved Solids 50 ppb

Silica 20 ppb

Iron 10 ppb

Copper 5 ppb

Dissolved Oxygen 7 ppb

pH 8.7 to 9.0

These requirements are comparable to the best water quality used

in extant fossil-fueled supercritical plants.

(2) Make-up Water

The make-up water requirements for the SPPR is expected to be

less than 1 per cent or less than 40 gpm. Mixed-bed demineralizers

provide water of adequate quality and make-up water conductivity is

monitored continuously.
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(3) Condenser Leakage

Condenser tubes may be rolled or welded to the tube sheet and

double tube sheets may be provided. Discussions of condenser

leakage problems with manufacturers show that special preventa-

tive techniques or methods with their attendant higher cost (up to

10 per cent for double tube sheet construction) may not be justified.

First, tube-rolling techniques are advanced sufficiently that signi-

ficant leaks should not occur. Second, contamination by tube fail-

ures is more likely and leads to far greater contamination of the

condensate. Thus, the SPPR condenser design is based on the

rapid detection of condenser leakage (by condensate conductivity

measurements in the hotwell) and the isolation of the hotwell area

which becomes contaminated. This permits continued reactor

operation at reduced loads. To meet these requirements, the

condenser design has rolled tubes in a single tube sheet and a

divided water box with a longitudinally split condenser arrangement.

The hotwell is divided into compartments so that the contaminated

local hotwell area can be valved off from the condensate cycle.

(4) Metal Pickup and Corrosion Products

All condensate from the condenser is treated in mixed-bed

demineralizers with high flow rates. Cellulose prefilters to

remove insoluble impurities are provided. Removal of the impuri-

ties by filtration permits more dependable and less expensive water

treatment.

The condensate comprises approximately 70 per cent of the total

flow which enters the reactor. The remaining 30 per cent is intro-

duced into the cycle as feedwater heater drainage. Except at startups,

heater drainage apparently have not greatly affected the deposition

problem in existing supercritical pressure plants.

To remove the sources attributed to the copper deposits in the

turbines, the feedwater heaters for the SPPR are carbon steel. The
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economics of carbon steel tubes have received considerable atten-

tion, but it is believed that no supercritical pressure plant uses

them. Possibly the iron oxide pickup, which has not been serious

to date in operating plants, could become a major problem. However,

the use of carbon steel as power piping in the feedwater system is

commonplace. There appears to be no real disadvantage in its use

in the feedwater heaters at temperatures up to 550 F. The feed-

water oxygen content is reduced to less than 7 ppb (0. 005 cc/1) by

the deaerating heater. Chemical additions maintain the pH at 8. 7

to 9.0. Both factors help minimize corrosion.

The magnitude of radioactive contamination of the primary sys-

tem piping and components is unknown. Certainly the water quality

control measures discussed here limit the problem arising from

external sources. Those arising from corrosion of the pressure

members are of particular concern. The Hastelloy X pressure

member is the low cobalt alloy, but the high nickel content leads

to considerable cobalt formation through the various reactions with

nickel (and subsequently with copper). The estimated uniform corro-

sion during the 5- to 6-year fuel element exposure period (average) is

about 2 mils. Just how much of this material is deposited on the

turbine blades and elsewhere in the coolant system represents a

major unknown.
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APPENDIX J

DETAILED CONSTRUCTION COST SUMMARY

Description

LAND AND LAND RIGHTS

Materials
and

Equipment,
Dollars

201 Land and Privilege

Total Cost: Acct. No. 20

21 STRUCTURES AND IMPROVEMENTS

211 Ground Improvements
2 General Yard Improvements
3 Railroads

Total Cost: Item 211

70, 000
200, 000

270, 000

212 Buildings
212A River Pump House

.3 Substructure Concrete,
Including Excavation and
Backfill

.4 Superstructure

.5 Services

Total Cost: Item 212A

212B Miscellaneous Buildings
Dry Waste Shelter
Guard House
Barge Landing

Total Cost: Item 212B

Total Cost: Item 212, Buildings

218 Stack and Filter

219 Reactor Containment Structures
. 3 Substructure Concrete,

Including Excavation and
Backfill

.4 Superstructure

. 6 Building Services

Total Cost: Item 219

Total Cost: Acct. No. 21

167,000 134,000 301,000

15, 000
8, 000

190, 000

10, 000
9, 500

20, 500

40, 000

230, 000

195, 000

17, 500
8, 500

160, 000

10, 000
9, 500

16, 500

36, 000

196, 000

105, 000

32, 500
16, 500

350, 000

20, 000
19, 000
37, 000

76, 000

426, 000

300, 000

247, 000 192, 000 439, 000

1, 052, 000
615, 000

1, 374, 000
420, 000

1, 914, 000 1,986, 000

2, 609, 000 2, 467, 000

2, 426, 000
1, 035, 000

3, 900, 000

5, 076, 000

Acct.
No.

20

Labor,
Dollars

Total,
Dollars

360, 000

360, 000

150, 000
300, 000

450, 000

80, 000
100, 000

180, 000
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Description

REACTOR PLANT EQUIPMENT

221 Reactor Equipment
. 1 Reactor Vessel
. 2 Reactor Controls

Total Cost: Items 221.1 and . 2

. 6 Moderator Initial Charge
(Including Cladding, If Any)

.61 Moderator

Total Cost: Item 221. 6

Total Cost: Item 221

222 Heat Transfer Systems
. 4 Coolant Supply and Treatment

.42 Purification System

Total Cost: Item 222. 4

Total Cost: Item 222

223 Fuel-Handling and Storage

Equipment

. 1 Cranes and Hoisting
Equipment

.2 Special Tools and Service
Equipment

Total Cost: Item 223

225 Radioactive Waste Treatment
and Disposal

. 1 Liquid Wastes

. 2 Gaseous Wastes
.3 Solid Wastes

Total Cost: Item 225

Materials
and

Equipment,
Dollars

240, 000
1, 150, 000

1, 390, 000

195, 000

195, 000

1, 585, 000

220, 000

220, 000

220, 000

100, 000

77, 000

177, 000

275, 000
18, 000
23, 000

316, 000

Labor,
Dollars

60, 000
50, 000

110, 000

45, 000

45, 000

155, 000

80, 000

80, 000

80, 000

Total,
Dollars

300, 000
1, 200, 000

1, 500, 000

240, 000

240, 000

1, 740, 000

300, 000

300, 000

300, 000

10, 000 110, 000

3, 000 80, 000

13, 000 190, 000

175, 000
12, 000
17, 000

204, 000

450, 000
30, 000
40. 000

520, 000

226 Instrumentation and Control
. 1 Primary Plant Control

System
. 2 Heat Transfer System
. 4 Radioactive Waste System
. 5 Radiation Monitoring

Total Cost: Item 226

705, 000 255, 000 960,000

235, 000
55, 000
65, 000

1, 060, 000

145, 000
20, 000
20, 000

440, 000

380, 000
75, 000
85, 000

1, 500, 000

Acct.
No.

22
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Description

227 Feedwater Supply and
Treatment Systems

. 1 Raw Water Supply System

. 2 Purification and Treatment
System, Including
Evaporators

. 4 Feedwater Heaters

. 5 Reactor Feedpumps

Total Cost: Item 227

228 Steam, Condensate, and
Feedwater Piping

229 Miscellaneous Reactor Plant

Equipment

Total Cost: Acct. No. 22

Materials
and

Equipment,
Dollars

110, 000
40, 000

1, 590, 000
1, 000, 000

2, 740, 000

3, 075, 000

280, 000

9, 453, 000

Labor,
Dollars

20, 000
10, 000

110, 000
120, 000

260, 000

1, 225, 000

Total,
Dollars

130, 000
50, 000

1, 700, 000
1, 120, 000

3, 000, 000

4, 300, 000

70, 000 350, 000

2, 447, 000 11, 900, 000

23 TURBINE-GENERATOR UNITS

231 Turbine-Generators
. 1 Foundation
. 2 Turbine-Generators
. 3 Accessory Equipment and

Missile Shield

Total Cost: Item 231

232 Circulating Water System
. 1 Pumping and Regulating

Equipment
. 2 Circulating Lines
. 3 Intake and Discharge

Total Cost: Item 232

233 Condensers

234 Central Lubricating System

235 Turbine Plant Boards,
Instruments, and Controls

236 Turbine Plant Piping

237 Auxiliary Equipment for
Generators

110, 000
9,800, 000

250, 000

10, 160, 000

218, 000

87, 000
145, 000

450, 000

70, 000
630, 000
120, 000

180, 000
10, 430, 000

370, 000

820, 000 10,980, 000

21, 500 239, 500

45, 000
83, 500

150, 000

132, 000
228, 500

600, 000

800,000 100,000 900,000

~L.

238 Other Turbine Plant Equipment *

Total Cost: Acct. No. 23 11, 410, 000 1, 070, 000 12, 480, 000
* Included in the cost of the turbine-generator

Acct.
No.
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Description

ACCESSORY ELECTRIC EQUIPMENT

241 Switchgear

242 Switchboards

244 Electrical Structures

245 Conduit

Materials
and

Equipment,
Dollars

285, 000

135, 000

5, 000

15, 000

246 Power and Control Wiring 105, 00(

247 Station Service Equipment 525, 00(

Total Cost: Acct. No. 24 1, 070, 00(

25 MISCELLANEOUS POWER PLANT EQUIPMENT

251 Cranes and Hoisting 170, 00(
Equipment

252 Compressed Air- and Vacuum-
Cleaning Systems

253 Other Miscellaneous Equipment

Total Cost: Acct. No. 25

0

0

0

0

55, 000

130, 000

355, 000

Labor,
Dollars

45, 000

35, 000

5, 000

25, 000

105, 000

65, 000

280, 000

Total,
Dollars

330, 000

170, 000

10, 000

40, 000

210, 000

590, 000

1, 350, 000

10, 000 180, 000

25, 000

10, 000

45, 000

80, 000

140, 000

400, 000

Acct.
No.,

24
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APPENDIX K

FUEL CYCLE COST WORK SHEET

The fuel cycle cost for the SPPR is calculated as prescribed in the

Cost Evaluation Handbook. The data required for the calculation are based

on the "minimized" cost data reported in Appendix L. As mentioned previously,

a true minimized fuel cost was not attained. A summation of all fuel cycle

costs on a dollar/kg-charged basis is listed in Table IX and data used for the

calculation are listed in Table X. The fuel cycle cost calculation is demonstrated

below.

CALCULATIONS

Charges Incurred Prior to Delivery to Reactor Site

Use Charges

(1) Transit to Conversion Site (and Fabricator)

Quantity:

Time:

Unit Value:

Use Charge:

1. 0 (1. o + 0. 01 + 0. 01 + 0. 10)

= 1. 12 kg of Uranium per kg of Uranium Charged

20 Days

$548. 46 per kg of Uranium
20

1. 12 x 0. 04 x 548. 46x 365

= $1. 35 per kg of Uranium Charged

(2) Conversion and Fabrication

Quantity:
(Average)

Time:

Unit Value:

Use Charge:

1. 0 + 0. 02 + 0. 10

= 1. 12 kg of Uranium per kg of Uranium Charged

5. 92 MT
1. 42 MT per 30 Days

= 125 Days

$548. 46 per kg of Uranium
125

l.12x0.04x548.46 x 365

= $8. 43 per kg of Uranium Charged
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(3) Transit to Reactor

Quantity:

Time:

Unit Value:

Use Charge:

1. 00 kg of Uranium per kg of Uranium Charged

20 Days

$548. 46 per kg of Uranium

1. 00 x 0. 04 x 548. 46 x 20

= $1. 20 per kg of Uranium Charged

Loss Charge

(1) Conversion and Fabrication Losses

Quantity Lost:

Unit Value:

Loss:

1. 00 x (0.01 + 0.01)

= 0. 02 kg of Uranium per keg of Uranium Charged

$548. 46 per kg of Uranium

0. 02 x 548. 46

= $10. 97 per kg of Uranium Charged

Shipping Charge

(1) Transit to Conversion Site (and Fabricator)

Quantity:

Unit Charge:

Shipping:

1. 00 (1 + 0. 01 + 0. 01 + 0. 10)

= 1. 12 kg of Uranium per kg of Uranium Charged

$1. 50 per kg of Uranium

1. 12 x 1. 5

= $1. 68 per kg of Uranium Charged

(2) Transit of Recycled Scrap to Atomic Energy Commission

Quantity:

Unit Charge:

Shipping:

0. 10 kg of Uranium per kg of Uranium Charged

$1. 50 per kg of Uranium

0. 10 x 1. 5

= $0. 15 per kg of Uranium Charged

(3) Transit to Reactor

Quantity:

Unit Charge:

Shipping:

1. 00 kg of Uranium per kg of Uranium Charged

$1. 50 per kg of Uranium

1.00 x 1.50

= $1. 50 per kg of Uranium Charged

(Note: $3 per kg of Uranium is the nominal total for shipment of new fuel. )
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Conversion and Fabrication

Processing costs associated with recycle (rework) are assumed in the

unit charges below.

Quantity: 1. 00 kg of Uranium per kg of Uranium Charged

Unit Charges: $15 per kg of Uranium for Conversion, $150 per kg

of Uranium for Fabrication

Conversion and
Fabrication: $165 per kg of Uranium Charged

Charges Incurred at Reactor Site

Use Charges

(1) Delivery of Charging Batch Prior to Charging

Quantity: 1. 00 kg of Uranium per kg of Uranium Charged

Time: 30 Days

Unit Value: $548. 46 per kg of Uranium
30Use Charge: 1. 00 x 0. 04 x 548. 46 x 365

= $1. 80 per kg of Uranium Charged

(2) Spare Fuel Inventory

Quantity: 0. 04 kg of Uranium per kg of Uranium in Reactor*

Time: 1956 Days

Unit Value: $548. 46 per kg of Uranium

Use Charge: 0. 04 x 0. 04 x 548. 46 x 1956
= $4. 70 per kg of Uranium Charged (Throughput)

(3) Irradiation Invento

Quantity:
Unit Value:

(Average)

Time:

Use Charge:

ry

1. 00 kg of Uranium per kg of Uranium Charged

1/2 x (548. 46 + x112.80)

= $328. 41 per kg of Uranium

30,771 MWD/MT = 1956Day
0. 80 x 698 Mw(t)1/3 5. 5 M T Unit s =195Dy

1.00 x 0.04 x 328.41 x 1956

= $70. 40 per kg of Uranium Charged

S

* Spare fuel on hand is 1. 42 MT Units, or '. 4 = 0. 04 kg per kg in reactor.
Average residence of fuel in reactor is 19 56days (see Item (3)), this page.
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(4) Decay Storage

Quantity:

Unit Value:

Time:

Use Charge:

0. 96 kg of Uranium per kg of Uranium Charged

$112. 80 per kg of Uranium

396 Days

0. 96 x 0. 04 x 112. 80 x 396

= $4. 70 per kg of Uranium Charged

Depletion Charge and Credit

(1) Uranium Consumed

Initial Quantity:

Unit Value:

Initial Value:

Discharge
Quantity:

Unit Value:

Discharge Value:

Depletion Charge:

(2) Plutonium Credit

Quantity

Unit Value:

Credit:

1. 00 kg of Uranium per kg of Uranium Charged

$548. 46 per kg of Uranium

$548. 46 per kg of Uranium Charged

0. 96 kg of Uranium per kg of Uranium Charged

$112.80 per kg of Uranium

0. 96 x 112.80

= $108. 29 per kg of Uranium Charged

$548. 46 - $108. 29

= $440. 17 per kg of Uranium Charged

6. 8 grams of Plutonium per kg of Uranium x 0. 96 kg

of Uranium per kg of Uranium Charged

= 6. 53 grams of Plutonium per kg of Uranium Charged

$12 per Gram of Plutonium

6. 53 x 12 = $78. 36 per kg of Uranium Charged

Charges Incurred in Chemical Processing

Use Charges

(1) Transit to Processing Site

Quantity:

Unit Value:

Time:

0. 96 kg of Uranium per kg of Uranium Charged

$112. 80 per kg of Uranium

20 Days
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Use Charge:
20

0.96x0.04x 112.80x 365

= $0. 24 per kg of Uranium Charged

(2) Chemical Separation

Quantity:

Process Rate:

Batch Size:

Unit Value:

Time:

Use Charge:

(3) Conversion

Quantity:

Unit Value:

Time:

Use Charge:

0. 96 kg of Uranium per kg of Uranium Charged

0. 9256 MT Units per Day

17. 05 MT Units

$112.80 per kg of Uranium

(17. 05)
0. 9256 + 30 = 48 Days/Batch

0. 96x0. 04x112.80x 48

= $0. 57 per kg of Uranium Charged

0. 96 x 0. 99

= 0. 95 kg of Uranium per kg of Uranium Charged

$112.80 per kg of Uranium

0. 99 x (17.05) + 5 = 23 Days

0. 95 x 0. 04 x 112.80x 2365
= $0. 27 per kg of Uranium Charged

(4) Transit to Commission Receiving Point

Use charge for this period is included in the separation and conversion

use charges.

Loss Charges

(1) Separation Loss, Uranium

Quantity:

Unit Value:

Loss:

0. 01 x 0. 96

= 0. 0096 kg of Uranium per kg of Uranium Charged

$112.80 per kg of Uranium

112. 8 x 0. 0096

= $1. 08 per kg of Uranium Charged

-153-



HW-68420

(2) Separation Loss, Plutonium

Quantity:

Unit Value:

Loss:

0. 01 x 6. 8 x 0. 96

= 0. 0652 gram of Plutonium per kg of Uranium

Charged

$12 per gram of Plutonium

12 x 0. 0652

= $0. 78 per kg of Uranium Charged

(3) Conversion Loss, Uranium

Quantity:

Unit Value:

Loss:

0. 003 x 0. 99 x 0. 96

= 0. 00285 kg of Uranium per kg of Uranium Charged

$112.80 per kg of Uranium

112.80 x 0. 00285

= $0. 32 per kg of Uranium Charged

(4) Conversion Loss, Plutonium

Quantity:

Unit Value:

Loss:

0. 01 x 0. 99 x 6.8 x 0. 96

= 0. 0646 gram of Plutonium per kg of Uranium Charged

$12 of gram of Plutonium

12. 0 x 0. 0646

= $0. 78 per kg of Uranium Charged

Shipping Charges

(1) Transit to Processing Site

Quantity:

Unit Charge:

Shipping:

0. 96 kg of Uranium per kg of Uranium Charged

$16. 00 per kg of Uranium

0.96 x 16.0

= $15. 36 per kg of Uranium Charged

(2) Transit to Commission Receiving (Supply) Point

Quantity:

Unit Charge:

Shipping:

0. 96 x 0. 99 x 0. 997

= 0. 948 kg of Uranium per kg of Uranium Charged

$1. 00 per kg of Uranium

0.948 x 1.00

= $0. 95 per kg of Uranium Charged
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Processing Charges

(1) Separation

Quantity:

Process Rate:

Batch Size:

Unit Charge:

Turnaround:

Separation:

0. 96 kg of Uranium per kg of Uranium Charged

0. 9256 MT Units per Day

17. 05 MT Units

$17. 00 per kg of Uranium, Plus Turnaround

8 Days

0. 96 x 17. 0 x 0. 9256 + 17.05

= 0.96 x 17.0 x 1.55

= $25. 30 per kg of Uranium Charged

(2) Conversion, Uranium

Quantity:

Unit Charge:

Conversion:

0. 96 x 0. 99

= 0. 95 kg of Uranium per kg of Uranium Charged

$5. 60 per kg of Uranium

0. 95 x 5. 60

= $5. 32 per kg of Uranium Charged

(3) Conversion, Plutonium

Quantity:

Unit Charge:

Conversion:

0. 96 x 6. 8 x 0. 99

= 6. 46 grams of Plutonium per kg of Uranium Charged

$1. 50 per gram of Plutonium

6. 46 x 1.50

= $9. 69 per kg of Uranium Charged

-155-



TABLE IX

FUEL CYCLE COST SUMMARY

Processing,
Dollars

Fabrication

Transit to Conversion Site
(and Fabricator)

Conversion and Fabrication
Transit to Reactor

Subtotal

At Reactor

Preirradiation Inventory
Irradiation
Decay

Subtotal

Chemical Processing

Transit to Process Site
Separation
Uranium Conversion
Plutonium Conversion
Transit to Receiving Point

Subtotal

TOTALS

165.00

165. 00

25. 30
5. 32
9. 69

40. 31

205 31

Shipping,

Dollars

1.83

1. 50

3. 33

15.36

0.95

16. 31

19. 64

Use Charge,
Dollars

Uranium
Loss or

Consumption,
Dollars

Plutonium
Loss or

Production,
Dollars

1. 35

8.43
1.20

10.98

6.50
70. 40

4.70

81. 60

0.24
0. 57
0. 27

1. 08

93. 66

10. 97

10.97

440. 17

440. 17

1.08
0.32

1.40

452. 54

(78. 36)

(78. 36)

0. 78

0. 78

1. 56

(76. 80)

Note: All costs are in dollars per kg of uranium charged.

Totals,
Dollars

3. 18

184. 40
2. 70

190.28

6.50
432. 21

4.70

443. 41

'
I.

U1,
a)

15. 60
27.73

5. 91
10.47

0. 95

60.66 n

694. 35
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Unit Energy Cost

The total fuel cycle cost is $694. 35 per kg of uranium charged to t he

reactor, as shown in Table IX. Based on an average fuel burnup of 30, 771

MWD/MT and an over-all plant efficiency of 43 per cent, the net electrical

kwh yield per kg of uranium charged to the reactor is:

(30, 771 x 10-3 MWD/kg of uranium x (0. 43 x 24 x 103) kwh/MWD

= 3. 176 x 105 kwh/kg of uranium charged.

Thus, the fuel cycle cost is:

($694. 35 /kg of uranium) x 103 (mills/dollar)

3. 176 x 105 (kwh/kg of uranium)
= 2. 186 mills/kwh

TABLE X

FUEL CYCLE COST DATA

Parameters

1. Fuel Composition

2. Cladding Material

3. Fuel Enrichment When Charged
to Reactor

4. Fuel Enrichment When Discharged
from Reactor

5. Average Fuel Burnup

6. Plutonium Concentration in
Discharged Fuel

7. Rated Gross Power Level

8. Rated Net Power Level

9. Reactor Fuel Loading, Initial

10. Total Fuel Discharged Per
Initial Fuel Loading

11. Description of Fuel Management

Program

(a) Per kg of uranium discharged

Units

Per Cent of
U2 3 5

Per Cent of
U 23 5

MWD/MT
Units

g /kg of
Uranium (a)

MW(t)

MW(e)

MT Units

MT Units

Quantity

U0 2

Zircaloy-2

4.08

1. 27

30, 771

6.80

698

300

35. 5

34. 1

Semigraded
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TABLE X (contd.)

Parameters

12. Predicted Plant Operating Factor

13. Shipping Time, Commission to
Fabricator

14. Shipping Time, Fabricator to
Reactor

15. Shipping Time, Reactor to
Chemical Processing Site

16. Conversion and Fabrication Plant
Throughput Rate

17. Time Between Delivery of Fuel
Batch to Reactor Site and Charging
to Reactor

18. Spare Fuel Maintained on Hand at
All Times, Exclusive of Discrete
Charging Batches (Average)

19. Batch Size Charged to Reactor Per
Refueling

20. Batch Size Discharged from
Reactor Per Refueling

21. Number of Discharge Batches
Accumulated for Chemical
Processing Campaign

22. Irrecoverable Losses During
Conversion of UF6 to UO2

23. Irrecoverable Losses During
Fabrication

24. Conversion and Fabrication,

Recycle to Commission

25. Minimum Decay Cooling Period
for Irradiated Fuel

26. Irrecoverable Loss During
Chemical Separation, Uranium

Unit s

Per Cent

Days

Days

Days

MT Units/Month

Days

MT Units

MT Units

MT Units

Per Cent (a)

Per Cent(a)

Per Cent(a)

Days

Per Cent(c)

(a) Percentage of finished product from fabrication
(b) Includes time spent in transit to and in storage at
(c) Percentage of weight fed to separation

Quantity

80

20

20

20

1. 42

30

1.42

5.92

5.68

3

1.0

1. 0

10. 0

1. 0

chemical processing
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TABLE X (contd.)

Parameters Units

27. Irrecoverable Loss During
Chemical Separation, Plutonium

28. Irrecoverable Loss During
Conversion, Uranium

29. Irrecoverable Loss During
Conversion, Plutonium

30. Chemical Separation Plant
Processing Rate

31. Conversion and Fabrication
Processing Cost (Excluding
Shipping, Use Charges, and
Losses)

32. Shipping Charge, Commission
to Fabricator

33. Shipping Charge, Fabricator to
Reactor

34. Shipping Charge, Reactor to
Chemical Processing Site

35. Use Charge Rate

36. Uranium Values at Enrichment
Prior to Irradiation (As UF6 )

37. Uranium Values at Discharge
Enrichment (As UF 6 )

38. Conversion Charge, UNH to
UF 6

39. Conversion Charge, Plutonium
Nitrate to Plutonium Metal

40.

41.

Plutonium Value (Credit)

Shipping Charge, Chemical Process
Site to Commission Receiving
Plants (Uranium and Plutonium)

42. Se

(a)
(b)
(c)
(d)
(e)
(f)

(g)
(h)

parations Plant Daily Charge

Per Cent(a)

Per Cent (b)

Per Cent(b)

MT Units/Day

Dollars/kg of
Uranium (c)

Dollars /k of
Uranium(d

Dollars/kg of
Uranium(d)

Dollars/k of
Uranium( )

Per Cent /Year

Dollars/kg of
Uranium

Dollars/kg of
Uranium

Dollars/kg of
Uranium (e

Dollars /g(f)

Dollars /g(g)

Dollars/kg of
Uranium(h)

Dollars / Day

Quantity

1. 0

0. 3

1. 0

0. 9256

165

1. 50

1. 50

16

4. 0

548. 46

112.80

5. 60

1. 50

12. 0

1.0

17, 000

Percentage of weight fed to separation
Percentage of weight fed to conversion
Cost per kg of uranium fabricated
Cost per kg of uranium shipped
Cost per kg of uranium fed to conversion
Cost per gram of plutonium fed to conversion
Delivered to Commission as metal
Cost per kg of uranium shipped, includes charge for shipping plutonium
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APPENDIX L

STUDIES OF FUEL CYCLE COST MINIMIZATION

The fuel cycle costs for the SPPR assume a greater importance to

over-all unit power costs than in other reactors because the pressure mem-

ber is included in the fuel element, and naturally results in higher fuel

costs. Hence, minor physics or design improvements result in significant

fuel cycle cost savings. The limited time and funds of this study make it

impossible to truly optimize the fuel design; however, it is possible to

establish trends and in some cases to make reasonable estimates of cost

reductions which may accrue through certain technological advances.

Three facets of fuel element design--fuel exposure, specific power,

and moderator-to-fuel volume ratio--have almost no effect on the capital

costs of the SPPR, primarily because there is no reactor pressure vessel.

A small reactor core has no special economic significance; hence, the

moderator-to-fuel volume ratio and the size. of the fuel element are

primarily of concern with respect to the fuel cycle costs. Consequently,

these three variables are evaluated for minimum fuel cycle costs. Where they

do not conflict with desirable physics characteristics, they are the bases

of the SPPR design.

Three other facets of fuel element design give a measure of the

potential fuel cycle costs for the SPPR--pressure member neutron absorp-

tion cross section, fuel element fabrication and jacketing cost, and uranium

price schedule. As new materials become available which may be substi-

tuted for the high(er) cross-sectioned Hastelloy X, such as niobium or

zirconium alloys, the enrichment levels and/or exposures can be reduced.

Fabrication and jacketing costs and uranium costs are straightforward in

their effect on fuel cycle costs. A parameterized study of these variables

was performed and is summarized here. As indicated in the text of the

report, the first group of three variables, when properly optimized, lowers

the reported fuel cycle costs from 2. 19 mills to 1.80 to 1.90 mills/kwh,

primarily the result of increasing the exposure to 40, 000 MWD/MT.
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The potential from the second group of three variables (excluding the

revised uranium price schedule announced in June of 1961) is estimated at

about 0. 4 mill/kwh (the effects on cost are not additive, of course). Hence,

a potential fuel cycle cost of 1.00 to 1.50 mills/kwh is possible for the

SPPR.

Description of the Work

The minimization of SPPR fuel costs is performed in four steps,

each utilizing computer codes to develop the information needed for the

succeeding step. In the first step, the PUCK code is used to survey the

fuel cycle costs for various reactor models to determine those which

warrant further detailed study. Subsequent lattice and design specifications

are analyzed by the use of transport theory to obtain thermalized lattice

parameters by means of the IDIOT code. Epithermal effects are deter-

mined by conventional four-factor empirical formulations. These param-

eters are utilized for comparison and normalization purposes in the

MELEAGER code to determine core conditions at the beginning and end of

the burn-up period. Finally, fuel costs are determined for the various

previously developed burn-up models by the QUICK code, incorporating

the various economic parameters described in the Cost Evaluation Handbook.

Coincident with the determination of the minimum fuel cost for the

SPPR, the effect of varying certain key parameters on fuel cycle costs is

determined. The results of this work are described below.

Effect of Fuel Exposure

The effect of fuel exposure on fuel cycle costs is shown in Figure 21.

SPPR fuel cycle costs are abnormally high for low fuel exposures, primarily

because of the short amortization period for the high fuel fabrication costs.

Increased usage charges and working capital costs tend to counteract the

lower fabrication, burnup, and separation costs at higher exposures, so

that a minimum fuel cost results. Neither curve is exactly correct for the

SPPR; the working capital charges for the one curve are too high and the

working capital is deleted entirely from the second curve. The correct curve
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falls somewhere between the two. It is apparent, however, that the fuel

cycle cost can be reduced approximately 0. 30 mill/kwh by increasing the

fuel exposure to 40, 000 MWD/MT, the maximum established for this study.

Effect of Specific Power

Fuel cycle costs tend to decrease with increased specific power

because the number of fuel elements required for a specified thermal out-

put decreases. In the SPPR inverted cluster fuel element this trend

reverses itself as the fuel fabrication cost rises (due to more expensive

components and more difficult fabrication operations) and as the cladding-

to-uranium ratio increases. The latter factor requires higher enrichments.

The effect of specific power on fuel costs is shown in Figure 22.

This curve does not apply directly to SPPR fuel costs because it is based

on a power density of 18.3 Mw/MT for fuel elements with fabrication costs

of $70 per pound of uranium. The SPPR fuel element has the same fabri-

cation cost, but operates at a specific power of 19. 62 Mw/MT of uranium.

Considering this difference in parameters, the SPPR specific power

is near the optimum. However, the possibility remains that fuel cycle

costs can be lowered by increasing specific power. Figure 22 is based on

operating the fuel elements at a thermal flux limit of 750, 000 Btu/(hr)(sq ft).

If this limit can be raised so that the specific power can be increased without

changing fabrication costs, then lower fuel costs result.

Effect of Moderator-to-Fuel Volume Ratio

The moderator-to-fuel volume ratio was varied to determine the

effects of resonance escape probability and thermal utilization on fuel costs.

The results are shown in Figure 23. Optimum fuel costs occur with slightly

under-moderated lattices, but not necessarily with lattices giving maximum

reactivity. Uranium costs and usage charges also affect the relationship

between amount of moderation and fuel costs. Figure 23 is based on the

uranium price schedule prior to July of 1961.
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The SPPR fuel cost was determined by utilizing a moderator-to-

fuel volume ratio of 1.86, or slightly higher than the optimum. It appears

that fuel costs can be reduced approximately 0.03 mill/kwh with optimum

moderation.

Effect of Fuel Element Cladding Materials

The effect of various pressure member materials on fuel cycle

costs is shown in Figure 24. The lower cross-sectional materials require

lower enrichment levels,. and the fuel cost decrease stems primarily from

this source. As a simplifying assumption, no variation was made in the

charges in fuel element fabrication cost resulting from the use of different

tubing materials. Figure 24 is also useful in estimating the effect on fuel

costs of adding or deleting pressure members in the fuel element, or in

changing their wall thicknesses.

Effect of Fuel Element Fabrication Cost

Variation in fuel element fabrication cost considerably affects fuel

costs, Figure 25. This effect very likely will be greater than is shown

because the minimum fuel cost for each fabrication cost is used, regard-

less of the exposure required to achieve the minimum. At low fabrication

costs, less exposure is required to minimize fuel cycle costs. But at

higher fabrication costs, longer exposures are required to amortize these

costs. For example, the SPPR fuel elements, which cost about $70 per

pound of uranium to fabricate, have a minimum fuel cost occurring at an

exposure greater than the 40, 000-MWD/MT limitation placed on this study.

Again, the curve is useful in determining the potential gains of lowered

fabrication costs.

Effect of Uranium Price

SPPR fuel cycle costs are calculated on the basis of the higher

uranium price schedule in existence prior to June of 1961. However, in

anticipation of price changes, fuel costs are calculated utilizing 50 and 75

per cent of the old price schedule as parameters, along with 6 and 4 per

cent usage charges. The results are shown in Figure 26.
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The new price schedule is

schedule for SPPR enrichments.

the SPPR fuel cycle cost would be

under the new schedule to a value

approximately 70 per cent of the old

Extrapolating for the new usage charge,

reduced approximately 0. 49 mill/kwh

of 1. 72 mills/kwh.
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APPENDIX M

CHARACTERISTICS OF THE SPPR

General Characteristics

Thermal Power, Mw
Net Electrical Power, Mw
Net Efficiency, Per Cent
Gross Efficiency, Per Cent
Auxiliary Power, Mw
Equivalent Main Feed Pump Power, Mw

Fuel and Core Assembly

698
300

43. 0
44. 9*

2.83
9.93

Fuel Material
Weight of U0 2 in Core, Pounds
Density UO Grams/cc
Weight of U 3 5 in Core, Initial, Pounds 3

Average, Pounds 2
Enrichment, Per Cent U 2 3 5 , Initial

Final
Specific Power, Mw/MT of Uranium, Average

Maximum
Moderator Space Between Fuel Elements, Inches
Volume of H 2 0/Volume of U0 2 in Core,

Without Coolant
With Coolant Cold
With Coolant Hot

Number of Fuel Elements
Number of Fuel Clusters
Number of Fuel Elements Per Fuel Cluster
Fuel Element Type

UO 2 Enriched
88, 655
9.98 (91 Per Cent TD)

180
090

4.08
1.27

19.62
65. 5

1.75

2. 32:1
2.61:1
2.38:1

595
85

7
Hexagonal, Internally
Cooled Inverted Cluster

Number of Cooling Tubes Per Fuel Element 36
Cooling Tube Material Hastelloy X
Cooling Tube Wall Thickness, Inch 0. 027
Fuel Element Active Length, Feet 10
Fuel Element Over-all Length, Feet 20
Fuel Element Dimensions, Inches 2 on Flat
Heat Transfer Area Per Foot of Fuel

Element, sq. ft. 1.765
Heat Transfer Area Per Fuel Element, sq. ft. 17. 65
Lattice, Inches 5.22
Weight of UO2 Per Foot of Fuel Element, Pounds 14. 9
Fuel Jacket Material Zirc aloy- 2
Jacket Wall Thickness, Inch 0. 030
Core Diameter, Feet 11

* Defined earlier in the report

s
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Number of Control Rods
Control Rod Material
Control Rod Type
Control Rod Thickness, Inch
Control Rod Follower Material

Reactor Vessel

Material
Inside Diameter, Feet
Inside Height, Feet
Wall Thickness, Inch
Weight, Tons

Heat Removal

Effective Heat Transfer Area, sq ft
Maximum Heat Flux, Btu/(hr)(sq ft)
Average Heat Flux Reactor, Btu/(hr)(sq ft)
Average Core Power Density, kw/l
Maximum Fuel Temperature, F
Maximum Fuel Jacket Surface Temperature,

Hastelloy
Zircaloy

Number of Coolant Passes

Number of Fuel Elements
Inlet Temperature, F
Outlet Temperature, F
Inlet Pressure, psig

Turbine Throttle Pressure, psig
Coolant Flow Rate, lb/hr 1,
Coolant Cycle Time (from Pump to

Turbine), Seconds
Coolant pH

Nuclear Characteristics

Average Fuel Irradiation Level at
Discharge, MWD/MT

Initial Enrichment, Per Cent U 2 3 5

Final Enrichment, Per Cent U 2 3 5

Total Final Plutonium Concentration,
Pu2 3 9

Pu2 4 0

Pu2 4 1

Pu2 4 2

85
AISI 304 SS
Hexagonal Honeycombed

0. 375
Aluminum

AISI 30 4 SS
13
30
0.5
6. 375

10, 500
755, 000
228, 000

-25.0
4800

F
1300

200
3

First
Pass

~217
540. 3
805

4550
3500

880, 000

Second
Pass

168
805

1050
4450

Third
Pass

-210
821

1050
4100

45
8.7 to 9.0

30, 771
4.08
1.27

g/kg 6.8
4.24
1.41
0.81
0.30
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Excess Reactivity
Equilibrium Xenon and Samarium,
Xenon Override, mk
Burn-up Allowance, mk
Temperature Coefficient, mk
Other Temperature Effects, mk
Shut-down Margin, mk
Total, mk

Power-peaking Factors
Axial
Radial
Intercontrol Rod
Overpower
Transient
Flux Depression Within Fuel
Product

Moderator Characteristics

Moderator Coolant
Coolant pH
Inlet Temperature, F
Outlet Temperature, Average, F

Maximum, F
Weight Flow, lb/hr
Reactor Heat in Moderator, Mw
Reactor Heat in Moderator, Per Cent

Power Cycle Components

Turbine type
Number of Reheats
High Pressure Stage Conditions 1
First Reheat Conditions 1
Second Reheat Conditions 1
Exhaust Pressure, Inches of Mercury
Condenser Size, sq ft 110,
Number of Feedwater Stages, Including
Deaerator
Number of Feedwater Pumps
Rating of Feedwater Pumps, Steam-Driven

Electrically Driven

Generator Rating

Number 1 Unit (High Pressure)
Speed, rpm
Rating, kva
Output Voltage, kv
Hydrogen Pressure, psi

Number 2 Unit (Low Pressure)
Speed, rpm
Rating, kva
Output Voltage, kv
Hydrogen Pressure. psi

mk 35
40

115
25
10

100
325

1.5
1.2
1.14
1.14
1.10
1.30
3.33

H2O

90
165
200

1.9 x 106
39. 2
5.62

Cross Compound
2

.050

.000
000

3

F,
F,
F,
.5

3515 psia
912 psia
299 psia

000

10 with one spare
2
1 at 4600 psi, 4000 gpm
1 at 4600 psi, 2000 gpm

3600
224, 000

20
30

1800
160, 000

20
30
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